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(57) The present invention addresses the problem of
providing a method for differentiating primordial germ
cells into functionally mature GV stage oocytes by in vitro
culture. The present invention pertains to a method for
differentiating primordial germ cells into functional GV
stage oocytes in vitro including (a) a step for forming sec-
ondary follicles by culturing primordial germ cells and
feeder cells adjacent to the primordial germ cells under
conditions that eliminate the effects of estrogen or factors
having a similar function to estrogen, (b) a step for par-
tially cleaving the bonds between the granulosa cell layer
and the thecal cell layer among the oocyte, granulosa
cell layer, and thecal cell layer that constitute the formed
secondary follicles, and (c) a step for differentiating the
oocytes into functional GV stage oocytes by culturing the
oocytes and granulosa cell layer that constitute the sec-
ondary follicles and the thecal cell layer in medium in-
cluding a polymer compound.
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Description

[Technical field]

[0001] The present invention relates to a culture method for differentiating a primordial germ cell into a functionally
mature oocyte.

[Background art]

[0002] Only germ cells can pass genetic information to the next generations. Furthermore, the egg of the germ cells
plays a role of initiating development and leading the early development, and thus, the egg is in charge of a very important
primary role. A large number of primordial germ cells in the mitotic stage are present in a fetal gonad of a mammalian
female. Before birth, they all shift to the meiosis and differentiate into oocytes. Having shifted to meiosis, the oocytes
cannot proliferate again, and the oocytes in the ovary are in an arrested developmental stage. Depending on an estrous
cycle and the number of ovulations unique to animal species, only a part of the oocytes can grow and maturate. Accord-
ingly, the number of fertile eggs produced by females in their lifetime is very small compared with the number of primordial
germ cells and sperms as male germ cell (see Non-Patent Literatures 1 and 2). Also, the detailed mechanism of differ-
entiation into functional eggs has not yet been clarified. In the light of the foregoing, the establishment of an in vitro
culture method for differentiating primordial germ cells into eggs can be one approach to overcoming the above problem
in oogenesis. Also, the establishment of such an in vitro culture system ensures a new resource of eggs. For now,
however, there are no reports that female primordial germ cells before meiosis and immature oocytes before folliculo-
genesis could successfully differentiate into functional eggs (that is, ones capable of producing offspring) by in vitro
culture. This is due to the fact that follicle formation and oocyte growth / maturation cannot be reproduced under culture
conditions to sufficiently support differentiation into eggs.
[0003] Some in vitro culture systems for producing fully functional eggs from primordial germ cells have been proposed,
but those systems have not yet reached full-term development because of abnormal follicle formation and insufficient
oocyte growth.
[0004] For example, Non-patent literature 3 discloses a method for enhancing efficiency in the differentiation into
oocytes in the metaphase of the second meiosis by culturing a part of female mouse gonad 12.5 days post coitum (dpc)
embryos (fetal ovaries) of female mice in the presence of Activin A and then by co-culturing the oocytes with preantral
granulosa cells (PAGCs). However, there are no reports that eggs obtained by the method of Non-patent literature 3
could develop to mouse offispring.
[0005] In mice, there is another report that the 12.5-dpc fetal gonads were transplanted in adult female mice and that
secondary follicles taken 14 days after the transplantation differentiated into functional eggs capable of producing offspring
by in vitro culture (see Non-Patent Literature 4). Recently, primordial germ cell-like cells have been produced from ES
cells and iPS cells by in vitro culture. As also reported, these cells were co-cultured with 12.5-dpc gonadal somatic cells
to produce cell aggregates, and they were transplanted inside of the mouse body to differentiate into functional oocytes
capable of producing offspring (see Non-Patent Literature 5). In Non-Patent Literatures 4 and 5, however, target cells
are necessary to be transplanted inside of the mouse body in order to bring about meiosis and folliculogenesis and to
obtain mature oocytes. That means, an individual mouse is required for the oocyte growth, and oocytes are not fully
maturated by in vitro culture.
[0006] Non-patent literature 1 discloses an oocyte culture method including a step of culturing a complex of oocytes
and its peripheral somatic cells in the presence of a high-molecular-weight compound. The method in non-patent literature
1 can efficiently mature oocytes isolated from adult ovaries in vitro. However, the method in non-patent literature 1
includes a step of obtaining oocytes arrested at prophase in first meiosis by collecting oocyte-granulosa cell complexes
from developing follicles in a living body and a step of performing in vitro-growth and in vitro-maturation of the obtained
oocytes. This means that the method is not one comprising a step of initiating in vitro culture with primordial germ cells.
[0007] Thus, at this time, there are no reports on a method enabling primordial germ cells or primordial germ cell-like
cells to develop to functional oocytes without using the living body. If any method enables mammalian primordial germ
cells before meiosis to develop to the functional oocytes by in vitro culture, the method ensures a huge amount of oocytes.
The method would be also helpful to visualize and understand the complicated mechanisms of oogenesis. Therefore,
a method which can produce functional oocytes from the primordial germ cells by in vitro culture was desired.

[Prior art]

[Patent literature]

[0008] [Patent literature 1] Japanese Unexamined Patent Application Publication No.2004-173635
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[Non-patent Literature]

[0009]

[Non-patent literature 1] Tam, P.P. & Snow, M. H. "Proliferation and migration of primordial germ cells during com-
pensatory growth in mouse embryos." J Embryol Exp Morphol 64, 133-147 (1981)

[Non-patent literature 2] Miyano, T. JSAR Outstanding Research Award. "In vitro growth of mammalian oocytes." J
Reprod Dev 51, 169-176 (2005)

[Non-patent literature 3] Zhang, Z. P. et al., "Growth of Mouse Oocytes to Maturity from Premeiotic Germ Cells In
vitro" PLoS One 7, e41771 (2012)

[Non-patent literature 4] Shen W, Zhang D, Qing T, Cheng J, Bai Z, Shi Y, Ding M, Deng H., "Live offspring produced
by mouse oocytes derived from premeiotic fetal germ cells." Biol Reprod 75, 615-623 (2006)

[Non-patent literature 5] Hayashi K., et al, "Offspring from Oocytes Derived from in vitro Primordial Germ Cell-like
Cells in Mice." Science 338, 971-975 (2012)

[Summary of invention]

[Problem to be solved by the invention]

[0010] The problem of this invention is to provide a method for differentiating a primordial germ cell into a functional
oocyte. Also, the problem of this invention is to provide a method for obtaining functional eggs from oocytes obtained
by a differentiation method.

[Means for solving the problem]

[0011] In order to solve the above problems, the inventors of the present invention studied an ovarian culture method
to enhance initial events such as meiosis, folliculogenesis, and follicle growth. First, a 12.5dpc fetal gonad was cultured
in a 10% FBS-containing alpha-MEM medium on Transwell®-COL for 17 days by an air-liquid interface method (Trowell,
O.A. "The culture of mature organs in a synthetic medium." Exp Cell Res 16, 118-147 (1959)), as known standard culture
conditions.
[0012] SCP3, a meiosis marker, in the 12.5dpc fetal gonad was immunostained, and SCP3-positive cells were not
detected. However, at day 5 of the culture, a number of SCP3-positive cells were detected, regardless of co-culture with
mesonephros. This means that oocytes can initiate meiosis even in vitro culture. For the continuous oocyte growth at a
later stage from secondary follicle formation in ovary, a complicated vascularized-tissue and blood flow is required.
However, since in vitro-cultured ovaries do not have such tissue and blood flow, it is necessary to isolate secondary
follicles and to culture them in vitro. On the other hand, having isolated secondary follicles from the ovary at day 17 of
the culture, the inventors found that more than 100 growing oocytes existed in one ovary. However, it was difficult to
isolate follicles formed by the ovarian culture adopting known culture conditions. Normal follicles form a round structure
in which the surface of the oocyte is surrounded by a granulosa cell layer which is further surrounded by a theca cell
layer and grow. On the other hand, in cultured ovaries, the number of such round follicles is small, follicles are fragile,
and when the follicles are isolated, a large number of oocytes became denuded. Laminin, a basal membrane-structural
protein forming the follicle and granting strength thereto, was immunohistochemically analyzed in the ovary obtained by
in vitro culture. The result shows that the basal membrane (laminin) was localized in a round shape surrounding the
follicle when the ovary tissue derived from a mouse at 10 days after birth is cut in plane and observed. On the other
hand, in in vitro cultured ovary, laminin was observed in a patches shape on the same plane, not forming a round shape.
In addition, the abnormal formation of the theca cell layer was remarkable, for instance, although the theca cell population
is originally located in the exterior of the follicle and originally supposed to be independent to each follicle, a part of the
theca cell population is shared with the upper and lower, left and right adjacent follicles, and a floral shaped-localization
of laminin was observed (Figure 5a). Therefore, a novel method enabling follicle isolation was required.
[0013] Then, the inventors of this application focused on effects of sex steroid hormones (in particular, estrogen and
a factor having a similar function to estrogen) in culture medium during in vitro culture of the gonad. As a result of intensive
studies, the inventors found that a method including a step of eliminating the effects of estrogen and the factor having
a similar function to estrogen in the medium for the gonad culture can produce secondary follicles in large numbers,
essentially required for the differentiation into functional eggs.
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[0014] Additionally, the inventor studied on the in vitro organ culture of the obtained secondary follicles. As a result,
the inventor found that functionally mature oocytes could be produced by the method including a step of partially disso-
ciating cells between the granulosa cell layer and the theca cell layer in follicles when secondary follicles are cultured
in vitro and the step of culturing oocyte-granulosa cell complexes in a medium containing a high-molecular-weight
compound.
[0015] One aspect of this invention relates to:

[1] A method for differentiating a primordial germ cell into a functional GV stage oocyte by in vitro culture, comprising:

(a) a step of producing a secondary follicle by culturing the primordial germ cell and supporting cells adjacent
to the primordial germ cells under conditions that eliminate the effects of estrogen or a factor having a similar
function to estrogen;

(b) a step of partially dissociating cells between the granulosa cell layer and the thecal cell layer, wherein the
oocyte, the granulosa cell layer, and the thecal cell layer constitute the produced secondary follicle; and

(c) a step of differentiating the oocyte into the functional GV stage oocyte by culturing the oocyte, the granulosa
cell layer, and the thecal cell layer that constitute the secondary follicle in a medium containing a high-molecular-
weight compound.

One embodiment of the method for differentiating the primordial germ cell into the functionally mature GV stage
oocyte by in vitro culture according to this invention is characterized in that:
[2] the culture under conditions that eliminate the effects of estrogen or the factor having a similar function to estrogen
in step (a) comprises culturing in the presence of an estrogen inhibitor or culturing using a serum-free medium.

[0016] One embodiment of the method for differentiating the primordial germ cell into the functionally mature GV stage
oocyte by in vitro culture according to this invention is characterized in that:

[3] the estrogen inhibitor used in step (a) is an estrogen receptor antagonist.
One aspect according to this invention relates to:
[4] A method for differentiating a primordial germ cell into a functionally mature GV stage oocyte by in vitro culture,
comprising:

(a) a step of producing the secondary follicle by culturing the primordial germ cell and supporting cells adjacent
to the primordial germ cells under conditions that eliminate the effects of sex steroid hormone or a factor having
a similar function to sex steroid hormone;

(b) a step of partially dissociating cells between the granulosa cell layer and the thecal cell layer, wherein the
oocyte, the granulosa cell layer, and the thecal cell layer constitute the produced secondary follicle; and

(c) a step of differentiating the oocyte into a functional GV stage oocyte by culturing the oocyte, the granulosa
cell layer, and the thecal cell layer that constitute the secondary follicle in a medium containing a high-molecular-
weight compound.

One embodiment of the method for differentiating the primordial germ cell into a functionally mature GV stage oocyte
by in vitro culture according to this invention is characterized in:
[5] the method according to the above [4], wherein the culture under conditions that eliminate the effects of sex
steroid hormone or a factor having a similar function to sex steroid hormone in step (a) comprises culturing in the
presence of a sex steroid hormone-inhibitor or culturing using a serum-free medium.
One embodiment of the method for differentiating the primordial germ cell into a functionally mature GV stage oocyte
by in vitro culture according to this invention is characterized in:
[6] the method according to the above [5], wherein the sex steroid hormone-inhibitor is an estrogen inhibitor or an
androgen inhibitor, or a combination thereof.
One embodiment of the method for differentiating the primordial germ cell into a functionally mature GV stage oocyte
by in vitro culture according to this invention is characterized in:
[7] the method according to any one of the above [1] to [6], wherein the partial dissociation of the cell layers in step
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(b) is carried out by enzymatic treatment and/or by physical means.
One embodiment of the method for differentiating the primordial germ cell into a functionally mature GV stage oocyte
by in vitro culture according to this invention is characterized in:
[8] the method according to any one of the above [1] to [7], wherein in step (c), the high-molecular-weight compound
is at least one compound selected from the group consisting of polyvinylpyrrolidone, Ficoll®, hydroxypropylmethyl
cellulose, and serum albumin.
The method for differentiating the primordial germ cell into a functionally mature GV stage oocyte by in vitro culture
of this invention includes a combination of two or more features described in embodiments according to any one of
the above [1] to [8].
One aspect according to this invention relates to:
[9] A GV-stage oocyte obtained by the method according to any one of the above [1] to [8].
One aspect according to this invention relates to:
[10] A method for producing a functional egg, comprising:
a step of subjecting a GV-stage oocyte obtained by the method according to any of Claims 1 to 5 to in vitro maturation
culture to resume meiosis.
One aspect according to this invention relates to:
[11] An egg obtained by the method according to any one of the above [10].
One aspect according to this invention relates to:
[12] A kit for differentiation of a primordial germ cell into a functional egg in vitro, comprising:
an estrogen inhibitor, a serum-free medium, a serum replacement, an enzyme for dissociating cells, or a high-
molecular-weight compound, or a combination thereof.
One aspect according to this invention relates to:
[13] A kit for differentiation of a primordial germ cell into a functional egg in vitro, comprising:
a sex steroid hormone-inhibitor, a serum-free medium, a serum replacement, an enzyme for dissociating cells, or
a high-molecular-weight compound, or a combination thereof.

[0017] The property of the GV-stage oocyte or egg obtained by the method according to the above [9] or [11] is different
from that of the GV-stage oocyte or egg obtained by known in vitro-culture method. However, it takes a long time to
clarify such differences in property between them. Taking into account the importance of rapidity on a patent application
system, it is impractical to wait for the completion of clarifying such differences. Thus, the GV-stage oocyte or the egg
according to the above [9] and [11] is specified by the method for producing thereof.

[Effects of invention]

[0018] According to the method of this invention, the method is a two-step culture method in which a primordial germ
cell is used as a starting material, comprising a step of culturing the primordial germ cell before meiosis or the gonad
only comprising the primordial germ cells, and a step of subjecting a secondary follicle obtained by the culture to in vitro
maturation, and a functionally mature oocyte can be obtained by the method. For example, the method of this invention
can produce mature eggs in about one month from primordial germ cells in fetal mouse-derived gonads.

[Brief description of the drawings]

[0019]

[Figure 1] Figure 1a is an image showing a 12.5-dpc female fetal mouse derived-gonad. Figure 1b are images
showing female primordial germ cells derived from an ovary at day 0 of the culture (left side) and a cell at day 5 of
the culture without mesonephros (right side) which processed for immunostaining with anti-SCP3 antibody. The
nucleus was stained with DAPI. SCP3, a meiosis marker, was negative at day 0 of the culture. On the other hand,
SCP3 was positive at day 5 of the culture, which means the primordial germ cells differentiated into oocytes.

[Figure 2] Figure 2 explains each of the experimental conditions in "1. In vitro organ culture of gonad" of the example
described below.

[Figure 3] Figure 3 are images under an optical microscope showing the ovaries obtained by in vitro-culturing a
12.5-dpc fetal mouse-derived gonad under conditions described in Example 1 described below. Figures 3a to 3d
respectively show the ovaries obtained by culturing under each condition of (i) FBS group (figure 3a), (ii) SPS group
(figure 3b), (iv) FBS/SPS group (figure 3c), or (v) FBS/10mM ICI group (figure 3d) described in Example 1 below.
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[Figure 4] Figure 4 is a graph showing the comparison of the number of secondary follicles collected from one ovary
which was obtained by each of experimental groups in "1. In vitro organ culture of gonad" of the example described
below.

[Figure 5] Figures 5a and 5b are images of ovaries at day 17 of the culture of (i) FBS group (figure 5a) or (v)
FBS/10mM ICI group (figure 5b) described in "1. In vitro organ culture of gonad" of the example below, a section
thereof, and immunostaining images in which anti-laminin antibody was used. Figure 5c is an image of a 10-days-
old mouse-derived ovary and a section thereof, and an immunostaining image in which anti-laminin antibody was
used. Bar = 100 mm.

[Figure 6] Figure 6 shows the oocyte-granulosa complexes obtained from follicles at day 12 of the follicle culture (at
day 29 from the onset of the organ culture of a gonad). Figure 6b shows fully grown oocytes at germinal vesicle
(GV) stage (in figure 6b, cumulus cells surrounding oocytes are removed).

[Figure 7] Figures 7a to 7j are images of follicles at day 3 to day 12 of the culture on Millicell ® membrane in "3. In
vitro culture of secondary follicle" described below. Figures 7k to 7t are images of follicles at day 3 to day 12 of the
culture on Transwell®-COL membrane in "3. In vitro culture of secondary follicle" described below. The follicles in
figure 7 are ones obtained by culturing a gonad under the conditions of ICI group. Bar = 100 mm.

[Figure 8] Figure 8 is a graph showing the capacity for producing steroid hormone measured with an enzyme
immunoassay kit (Cayman), when the follicles obtained by the organ culture of (v) FBS/10mM ICI group were cultured
in method in "3. In vitro culture of secondary follicle" of the example below. A significant difference in the concentration
of steroid hormone is determined by t-test. *(asterisk) stands for a significant fluctuation of the measurement value
of steroid hormone compared to that at 2 days ago (*P<0.05, **P<0.01) . The error bar indicates the standard
deviation (n=4).

[Figure 9] Figure 9 shows the result on the methylation state of imprinting genes (Igf2r and H19) in oocytes obtained
in "3. In vitro culture of secondary follicle" described below by the bisulfite method. Igf2r is an imprinted gene subject
to maternal allele-specific hypermethylation. H19 is an imprinted gene subject to paternal allele-specific hypermeth-
ylation. The bar in the bar graph respectively shows analyzed DNA strands, the black part in the bar shows the rate
of methylated CpG sites in the analyzed DNA strands, and the white part in the bar shows the rate of non-methylated
CpG sites in the analyzed DNA strans. #1 and #2 samples are different and independent to each other.

[Figure 10] Figure 10 shows the result on the methylation state of imprinted genes (Igf2r, H19, Litl, Snrpn, and
Peg1/Mest) in offspring obtained in "8. In vitro fertilization of in vitro mature oocyte and embryo transfer" in which
eggs were obtained by the method in "3. In vitro culture of secondary follicle" and "6. Maturation to egg by in vitro
culture" described below by the bisulfite method. Igf2r, Lit1, Snrpn, and Peg1/Mest are imprinted genes subject to
maternal allele-specific hypermethylation. H19 is an imprinted gene subject to paternal allele-specific hypermeth-
ylation. The bar in the bar graph respectively shows analyzed DNA strands, the black part in the bar shows the rate
of methylated CpG sites in the analyzed DNA strands, and the white part in the bar shows the rate of non-methylated
CpG sites in the analyzed DNA strands. #1 and #2 samples are different and independent to each other. #3 sample
is control (offspring developed from a living body derived-oocyte by the same method).

[Figure 11] Figure 11a shows the result of karyotype analysis of oocytes at second meiosis during the culture
described in "6. Maturation to egg by in vitro culture". Figure 11b shows cumulus-oocyte complexes (COCs) at MII
stage obtained in "6. Maturation to egg by in vitro culture" of the example below. Figures 11c and 11d show the
image of a blastocyst and offspring obtained by the method in "8. In vitro fertilization of in vitro mature oocyte and
embryo transfer" of the example below.

[Figure 12] Figure 12 is a graph showing the comparison between the survival rates of offspring obtained by the
method in "8. In vitro fertilization of in vitro mature oocyte and embryo transfer" of the example below and offspring
developed from living body-derived oocytes.

[Figure 13] Figure 13 are the images under an optical microscope (bright field: BF) and the images under a fluorescent
microscope showing Blimp 1 reporter gene (BV; a primordial germ cell marker) expression or Stella reporter gene
(SC; a primordial germ cell marker and an oocyte marker) expression on PGCLC derived from ES cells and gonad
somatic cells in 1 week, 2 weeks, or 3 weeks after the onset of the culture method described in "II-2. Production of
secondary follicle" of "10. In vitro culture method for producing functional GV-stage oocyte and functional egg with
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PGCLC derived from pluripotent stem cell" described in the example.

[Figure 14] Figure 14 are images under an optical microscope showing secondary follicle at day 2 (figure 14A) or
in 1 week (figure 14B) or 2 weeks (figure 14C) after starting the culture method described in "II-4. In vitro growth
culture of secondary follicle" of "10. In vitro culture method for producing functional GV-stage oocytes and functional
eggs with PGCLC derived from pluripotent stem cells". Figure 14D shows COCs isolated from the grown secondary
follicle at the 11th day from starting the culture method.

Figure 14E shows the image under an optical microscope of mature eggs (MII stage) obtained by the method
described in "II-5. In vitro maturation (IVM) into oocyte by in vitro culture" of "10. In vitro culture method for producing
functional GV-stage oocytes and functional eggs with PGCLC derived from pluripotent stem cells" described below.

[Figure 15] Figure 15 shows images of new born offspring having normal size of placenta (left figure in Fig. 15) and
normal adult mouse grown therefrom (right figure in Fig. 15)

[Description of embodiments]

[0020] One aspect according to this invention is a method for differentiating a primordial germ cell into a functionally
mature GV stage oocyte by in vitro culture, comprising:

(a) a step of producing a secondary follicle by culturing the primordial germ cell and supporting cells adjacent to the
primordial germ cells under conditions that eliminate the effects of sex steroid hormone (for example, estrogen or
a factor having a similar function to estrogen);

(b) a step of partially dissociating cells between the granulosa cell layer and the thecal cell layer among an oocyte,
the granulosa cell layer, and the thecal cell layer that constitute the produced secondary follicle; and

(c) a step of differentiating the oocyte into a functional GV stage oocyte by culturing the oocytes, the granulosa cell
layer, and the thecal cell layer that constitute the secondary follicle in a medium containing a high-molecular-weight
compound.

[0021] In this specification, the term "primordial germ cell" means a cell which is to be differentiated into a germ cell
and a cell which is to be differentiated into an egg or a sperm through an oogonia or a spermatogonia.
[0022] The primordial germ cell may be one derived from a living body and may be a primordial germ cell like a cell
(PGCLC) differentiated from a pluripotent stem cell. When the primordial germ cell is collected from the living body, for
instance, the primordial germ cell can be collected together with the gonad from the female fetal mouse (11.5 to 12.5
dpc). When the gonad is collected from the living body, it can be collected with mesonephros accompanying or mes-
onephros can be disconnected from the gonad. The "primordial germ cell" used for this invention includes a primary
oocyte which is differentiated from the primordial germ due to its developmental stage progress and whose meiosis has
started. The method of the present invention can differentiate such primary oocytes into functional GV stage oocytes as
well. The primary oocyte used for this invention is one before the onset of folliculogenesis.
[0023] As mentioned above, in this specification, the term "primordial germ cell" includes a primordial germ cell like a
cell (PGCLC) differentiated from a pluripotent stem cell. The term "pluripotent stem cell" means an undifferentiated cell
having "self-renewal capability" to proliferate maintaining the undifferentiated state and "pluripotent differentiation capa-
bility" to differentiate into all types of ectodermal cell, endodermal cell, and mesodermal cell. Examples of pluripotent
stem cells include, but are not limited to, pluripotent pluripotent stem cells (iPS cells), embryonic stem cells (ES cells),
embryonic germ cells (EG cells) derived from primordial germ cells, testicular tissues multipotent germline stem cells
(mGS cells) isolated in the process of establishing GS cells from mice, Muse cells isolated from bone marrow mesen-
chymal cells, and the like The "pluripotent stem cell" include, but are not limited to, for example, induced pluripotent
stem cells (iPS cells), embryonic stem cells (ES cells), embryonic germ cells derived from primordial germ cells (EG
cells), multipotent germline stem cells which can be isolated in a culture process for establishing GS cells from a testis
tissue (mGS cell), Muse cells isolated from bone marrow mesenchymal cells, and the like. The ES cells may be ES cells
generated by nuclear reprogramming from somatic cells. The above mentioned pluripotent stem cell can be obtained
by known methods.
[0024] The iPS cell is a cell to which some genes are introduced and which has the capability to be reprogrammed to
various tissue cells or organ cells. In this invention, an iPS cell which can be used for the induction of the differentiation
of the primordial germ cell may be one derived from a primary cultured cell of a somatic cell collected from an appropriate
donor, or one derived from an established cell line. Since an iPS cell can differentiate into any ectodermal cell, endodermal
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cell, and mesodermal cell, the somatic cell used for the preparation of the iPS cell can be essentially one derived from
either type of the ectodermal cell and the endodermal cell. Cells from Skin, hair, gums, blood, and the like with less
invasiveness which are easy to harvest is preferable as the somatic cell used for the preparation of the iPS cell in this
aspect of this invention. The preparation method for iPS cells can be conducted according to known methods in this art.
Concretely, for example, the preparation method disclosed in known literatures such as Okita K. et al, "Generation of
germline-competent induced pluripotent stem cells." Nature 448, 313-317 (2007), Hamanaka S. et al., "Generation of
germline-competent rat induced pluripotent stem cells" PLoS One 6(7), e22008 (2011), and Ohnuki M. et al., "Generation
and characterization of human induced pluripotent stem cells." Curr Protoc Stem Cell Biol. Jun Chapter 4: Unit 4A.2,
(2009) can be used.
[0025] In this invention, ES cells used for the induction of differentiation of the primordial germ cell are obtainable by
known methods. For example, it can be established by collecting inner clump of cells from a blastocyst of a fertilized
egg of a target animal and by culturing the inner clump of cells on feeder cells derived from fibroblast cells. In addition,
ES cells established by culturing an early embryo produced by nuclear transfer with a somatic nucleus can be also used.
[0026] The method for inducing the differentiation of an iPS cell into a primordial germ cell can be performed by referring
to known methods such as Non-patent literature 5, Hayashi K. et al., "Reconstitution of the mouse germ cell specification
pathway in culture by pluripotent stem cells." Cell, Aug 19, 146(4), 519-32 (2011), Hayashi K. et al., "Generation of eggs
from mouse embryonic stem cells and induced pluripotent stem cells." Nature Protocols 8, 1513-1524 (2013); and Sasaki
K. et al., "Robust In vitro Induction of Human Germ Cell Fate from Pluripotent Stem Cells." Cell Stem Cell Jul 1, pii:
S1934-5909(15)00299-4, doi: 10.1016/j.stem.2015.06.014 (2015). The method for inducing the differentiation of an ES
cell into a primordial germ cell can be performed by referring to known methods such as Non-patent literature 5, Hayashi
K., "Reconstitution of the mouse germ cell specification pathway in culture by pluripotent stem cells." Cell Aug 19, 146(4),
519-32 (2011), Nakaki et al., "Induction of mouse germ-cell fate by transcription factors in vitro" Nature, 501, 222-226
(2013), Kimura T. et al., "Induction of Primordial Germ Cell-Like Cells From Mouse Embryonic Stem Cells by ERK Signal
Inhibition." Stem Cells 32, 2668-2678 (2014)
[0027] When PGCLCs derived from pluripotent stem cells are used as primordial germ cells, it is desirable to remove
undifferentiated cells from the pluripotent stem cell population which is processed for differentiation induction. Such a
method is known, for example those cells can be easily removed from the PGCLC population differentiated from pluripo-
tent stem cells with a technique such as Fluorescence-activated cell sorting (FACS) by prospectively introducing a
nucleic acid encoding a fusion protein comprising Blimp1, a primordial germ cell marker gene, and a reporter protein,
into pluripotent stem cells.
[0028] In this specification, a "primordial germ cell" includes a primordial germ cell derived from a living body and a
primordial germ cell-like cell derived from a pluripotent stem cell which is modified by a method of genetic engineering
as mentioned above.
[0029] As a method for genetically modifying a primordial germ cell derived from a living body and a primordial germ
cell-like cell derived from a pluripotent stem cell, a target nucleic acid or a vector can be introduced to those cells by
using a known method. For example, microinjection, electroporation, lipofection, or nucleic acid transfer with a virus
vector can be used. The method for introducing an external gene or an external nucleic acid fragment is not limited to
the above method as long as the modified primordial germ cell can be differentiated into the functional oocyte by the
method of this invention.
[0030] One skilled in the art can perform a genetic modification to a primordial germ cell at an appropriate timing. For
example, in mice, it can be performed during the period of 11.5dpc to 12.5dpc. When the primordial germ cells derived
from the pluripotent stem cells were used, the pluripotent stem cells can be genetically modified by known methods
before the induction of differentiation into the primordial germ cells. Such genetic modification can be performed by
reference to the method described in, for example, Watanabe et al., "Gene transfection of mouse primordial germ cells
in vitro and analysis of their survival and growth control." Exp Cell Res 230, 76-83 (1997).
[0031] The term "supporting cell" means a cell surrounding the primordial germ cell and being able to differentiate into
a granulosa cell or a theca cell in the sexual-differentiated ovary. Since the supporting cell differentiates into a granulosa
cell or the theca cell in the future, it can be used for co-culture with a primordial germ cell. Thus, the culture of primordial
germ cells is preferably performed by culturing gonads themselves or by co-culturing of primordial germ cells and
supporting cells which contact with each other. When a PGCLC derived from a pluripotent stem cell is used as primordial
germ cell, a somatic cell derived from the gonad collected from the living body can be used as supporting cell. When a
somatic cell derived from a gonad collected from a living body is used as the supporting cell, the culture step of preliminarily
producing an aggregate comprising PGCLC derived from the pluripotent stem cell and the somatic cell derived from the
gonad is preferably added before "(a) the step of producing a secondary follicle by culturing a primordial germ cell and
supporting cells adjacent to the primordial germ cells under conditions that eliminate the effects of sex steroid hormone
(for example, estrogen or the factor having a similar function to estrogen)". The method for collecting a somatic cell
derived from a gonad and the method for producing an aggregate comprising a PGCLC derived from pluripotent stem
cells and somatic cells derived from the gonad can be performed according to the method in Non-patent literature 5.
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For example, the method for collecting a somatic cell derived from a gonad comprises surgically collecting a gonad and
dissociating the somatic cells from the gonad with trypsin etc. In this method, it is preferable to remove germ cells
internally existing in a living body-derived gonad. The method for removing those germ cells internally existing in the
gonad can be performed by known methods. For example, those internally existing germ cells can be removed by
magnetic activated cell sorting with anti-SSEAl antibody or anti-CD31 antibody. The gonad for collecting the somatic
cell as the supporting cell is preferably one derived from fetuses. In mice, for example, the gonad derived from a fetal
mouse at 12.5dpc is preferable. One skilled in the art can select the gonad at an appropriate stage depending on the
animal species derived therefrom based on the disclosure of this specification and the common knowledge in the art.
[0032] The method for producing an aggregate comprising a PGCLC derived from pluripotent stem cells and somatic
cells derived from a gonad can be performed by mixing/aggregating the PGCLC derived from pluripotent stem cells and
somatic cells derived from the gonad, and by culturing those mixed and aggregated cells with GK15 medium containing
retinoic acid (GMEM supplemented with 15%KSR, 1xGlutaMax, 1x penicillin/streptomycin(100 U/ml Penicillin and 0.1
mg/ml streptomycin), 100mM 2-mercaptoethanol, and 1mM retinoic acid). A culture plate with low adsorption property is
preferably used for the culture. In mice, the culture period for producing the aggregate is for 2 to 3 days, preferably 2
days. One skilled in the art can set the appropriate culture period depending on the animal species. The ratio of mixing
a PGCLC derived from pluripotent stem cells and somatic cells derived from the gonad is not limited as long as the
produced aggregate can form a secondary follicle and a functional GV stage oocyte. For example, in mice, the ratio
between the number of PGCLCs derived from pluripotent stem cells and the number of somatic cells derived from the
gonad is preferably about 1:10.
[0033] The cryopreserved primordial germ cell, the cryopreserved supporting cell, or the cryopreserved gonad con-
taining the primordial germ cell and the supporting cell can be also used. The cryopreservation method can be performed
according to known methods. For example, the primordial germ cell and the supporting cell can be cryopreserved by
slow freezing method with 10%DMSO medium or with cryopreservation agent commercially available (CELLBANKER
®), and the cryopreservation of the gonad can be performed according the method described in "9. Vitrification and
thawing" of the example below.
[0034] The primordial germ cell which can be used for this invention is one derived from a mammal which is, but not
limited to, such as a pig, cow, horse, sheep, goat, dog, cat, rabbit, hamster, rat, mouse, and human.
[0035] The method of this invention comprises "(a) a step of producing a secondary follicle by culturing a primordial
germ cell and supporting cells adjacent to the primordial germ cells under conditions that eliminate the effects of sex
steroid hormone (for example, estrogen or a factor having a similar function to estrogen)".
[0036] In step (a), the primordial germ cell and supporting cells adjacent to the primordial germ cells are cultured under
conditions that eliminate the effects of sex steroid hormone (for example, estrogen or a factor having a similar function
to estrogen). When the gonad collected from a living body is used, it is not necessary to isolate the primordial germ cell
and the supporting cell from the gonad, and it is sufficient to culture the gonad as it is, the isolated aggregate of the
isolated primordial germ cell and supporting cells, or some tissue sections. In this specification, the term "culturing a
primordial germ cell and supporting cells adjacent to the primordial germ cells" in step (a) includes culturing the gonad
containing the primordial germ cell and the supporting cell, the aggregate of the isolated primordial germ cell and the
isolated supporting cells, or a part thereof. As long as a functional oocyte can be obtained, the primordial germ cell and
the supporting cell can be isolated from the gonad and can be used for the culture. When a primordial germ cell-like cell
derived from a pluripotent stem cell is used, it is preferable to prepare the aggregate comprising PGCLCs derived from
pluripotent stem cells and somatic cells derived from the gonad preliminarily, as mentioned above. The term "primordial
germ cell" may be a primary oocyte initiating meiosis and being in a state before forming a follicle. For that, the term
"culturing a primordial germ cell" includes culturing the gonad containing the primary oocyte initiating meiosis and being
in a state before forming a follicle, an aggregate of the isolated primary oocyte and supporting cells, or a part thereof.
[0037] In this specification, the term "estrogen" means one of sex steroid hormones which is generated from metabolism
of androgen in the granulosa cell of the ovary. The released estrogen activates the transcription of specific genes by
binding to estrogen receptors. Three types of estrogen, estron (E1), estradiol (E2), and estriol (E3), are known. In this
specification, the term "estrogen" includes those types of estrogen. Also, in this specification, the term "sex steroid
hormone" includes androgens besides estrogen, such as testosterone, dihydrotestosterone, and androsterone.
[0038] "A Factor having a similar function to estrogen" or "a factor having a similar function to sex steroid hormone"
is one having the same function to estrogen or sex steroid hormone or a similar function to estrogen or sex steroid
hormone. In this specification, the term "a similar function to estrogen" or "a similar function to sex steroid hormone"
means at least one function in culturing the primordial germ cell, of (i) the function to inhibit the oocyte cyst breakdown
in oocytes derived from the primordial germ cells and (ii) the function to inhibit the follicle formation. Such factor having
a similar function to estrogen or sex steroid hormone includes, for example, factors which can bind to the sex steroid
hormone receptor such as an estrogen receptor or an androgen receptor. In particular, such factor includes phenol red
and the like. Since serum may include unidentified factors having a similar function to estrogen besides estrogen or
androgen, the preferable embodiment can adopt the culture conditions which can eliminate the effects of such factors
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having a similar function to estrogen or sex steroid hormone.
[0039] The culture "under conditions that eliminate the effects of sex steroid hormone (for example, estrogen or a
factor having a similar function to estrogen)" includes culturing in the presence of a "sex steroid hormone inhibitor". The
"sex steroid hormone inhibitor" includes an androgen inhibitor, an estrogen inhibitor and a combination of an androgen
inhibitor and an estrogen inhibitor. The "estrogen inhibitor" or the "sex steroid hormone inhibitor" which can be used for
this invention is one having the effect to inhibit the activation of the estrogen receptor or the sex steroid hormone receptor
and comprise, for example, ICI 182,780 ((7R,9S,13S,14S,17S)-7-(9-(4,4,5,5,5-Pentafluoropentylsulfinyl)nonyl)-
7,8,9,11,12 ,13,14,15,16,17-decahydro-13-methyl-6H-cyclopenta[a]phenanthrene-3,17-diol) which is an antagonist for
the estrogen receptor. Also, the commercially available agents such as tamoxifen citrate, 4-hydroxytamoxifen, MPP
(4-[1-(4-hydroxyphenyl)-4-methyl-5-[4-[2-(1-piperidinyl)ethoxy]phenyl]-1H-pyraz ol-3-yl]-phenol), PHTPP (4-[2-Phenyl-
5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol), and G15 ((3aS,4R,9bR)-4-(6-Bromo-1,3-benzodioxol-5-
yl)-3a,4,5,9b-3H-cyclopenta[c]quin oline) can be used as those inhibitors. In addition, the commercially available agents
such as KW-365 (N-[4-[(Benzyl)(4-nitrophenyl)amino]-1-methylpyrrole-2-carbonyl]pyrrolidine) can be used as estrogen
inhibitor among the sex steroid hormone inhibitors. The estrogen inhibitor and the sex steroid hormone inhibitor are not
limited to the above agents, and any inhibitor can be used as long as it has the effect to inhibit the activation of the
estrogen receptor or the sex steroid hormone receptor and the effect to differentiate the primordial germ cell into the
functional oocyte.
[0040] The inhibition of the activation of the estrogen receptor or the sex steroid hormone receptor control the oocyte
cyst breakdown and/or the formation of primary follicles. Therefore, it is preferable to add the estrogen inhibitor at the
timing before the oocyte cyst breakdown and/or the formation of primary follicles. It is not necessary to perform the
culture "under conditions that eliminate the effects of sex steroid hormone (for example, estrogen or a factor having a
similar function to estrogen)" from the onset of the culture of the primordial germ cell and the supporting cells adjacent
to the primordial germ cell. It is preferable to perform the culture "under conditions that eliminate the effects of sex steroid
hormone (for example, estrogen or a factor having a similar function to estrogen)" at least at the timing of the oocyte
cyst breakdown and/or the formation of primary follicles.
[0041] The embodiment in which the estrogen inhibitor is used as sex steroid hormone inhibitor and mice are used
as animal species is explained below as an example: For example, in mice, almost all oocyte cysts break down from
17.5dpc to around the birth. Accordingly, it is preferable to add those inhibitors from the day of the culture corresponding
to such embryonic age. When the gonad is collected at 12.5dpc and the culture of the primordial germ cell starts from
the collecting day, day 5 of in vitro culture corresponds to 17.5dpc. The period for culturing in the medium containing
the estrogen inhibitor can preferably set to the period for the completion of the oocyte cyst breakdown and the follicle
formation. When the primordial germ cell from mice is cultured, it is not limited to, but preferable to culture the cells for
6 days from day 5 to day 11 of the culture. When the aggregate of the PGCLC derived from the mouse pluripotent stem
cell and the somatic cells is cultured, it is not limited to, but preferable to culture the aggregate for 4 days from day 7 to
day 10 of the culture counting from the onset of the culture of the aggregate preliminary prepared.
[0042] Although the embodiment using mouse is explained above, one skilled in the art can set the culture period
using "the estrogen inhibitor" according to the timing of oocyte cyst breakdown and the follicle formation in each animal
species. In addition to the usage of the "estrogen inhibitor", it is preferable to set the period for the culture "under conditions
that eliminate the effects of sex steroid hormone (for example, estrogen or a factor having a similar function to estrogen)"
to the period for the completion of the oocyte cyst breakdown and the follicle formation. The culture under such conditions
can start from the onset of the oocyte cyst breakdown or can stop before fully completing primary follicle formation.
[0043] The culture period for forming a secondary follicle from a primordial germ cell can be set depending on the
animal species from which the primordial germ cell for the culture was derived. It is preferable to take into account the
period for forming the secondary follicle from the primordial germ cell in a living body as a guideline of the culture period.
When mouse oocytes are cultured, it is preferable to culture the oocytes until the day corresponding to around 10 days
after birth. For example, when the oocytes collected from a fetal female mouse at 12.5dpc is used for the culture, it is
preferable to culture the oocytes for from 15 days to 18 days. When the aggregate of a PGCLC derived from mouse
pluripotent stem cells and somatic cells is cultured, it is preferable to culture the aggregate for from 11 days to 21 days
counting from the onset of the culture of the aggregate preliminary produced.
[0044] An estrogen inhibitor and a sex steroid hormone inhibitor can be used to add to a known basal medium for the
culture of the primordial germ cell. Such basal medium comprises, for example, α-MEM, PRMI1640, 199, StemPro-34
SFM, and serum or a serum replacement can be added into the basal medium. The basal medium which can be used
for step (a) of this invention is not limited to the above described medium as long as the primordial germ cell can
differentiate into a functional oocyte. When ICI182,780 is used as estrogen inhibitor in the culture for the mouse primordial
germ cell, the agent can be preferably added to the medium in a range from 0.01 to 50 mM (final concentration), more
preferably in a range from 0.1 to 10 mM (final concentration). One skilled in the art can adjust the timing of addition or
the concentration of the estrogen inhibitor, the basal medium to be used, and the estrogen inhibitor to be used, etc.
depending on the animal species from which the primordial germ cell was derived. Incidentally, for culturing in the period
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when the estrogen inhibitor is not added, it may be cultured using the basal medium listed above. Incidentally, the basal
medium may appropriately contain other components such as ascorbic acid and penicillin, as long as it does not interfere
with the cultivation of primordial germ cells into functional oocytes.
[0045] Another embodiment of the culture "under conditions that eliminate the effects of sex steroid hormone (for
example, estrogen or a factor having a similar function to estrogen)" is culturing with a serum-free medium. The serum-
free medium can be known serum-free media (for example, a serum-free medium prepared for usage as it is like StemPro
® 34 SFM) or can be a serum-free medium prepared with a serum replacement. When the serum-free medium is prepared
with a serum replacement, the serum-free medium can be prepared by adding a commercially available serum replace-
ment such SPS(Serum Protein Substitute), KSR(KnockOut Serum Replacement), and SSS(serum substitute supple-
ment) instead of FBS to the basal medium. The serum replacement is preferably SPS or KSR. As the basal medium
used for the preparation of the serum-free medium, a known medium such as α-MEM, DMEM, PRMI1640, 199, and
StemPro-34 SFM can be used. In step (a) of this invention, the basal medium which can be used for the serum-free
medium is not limited to one mentioned above as long as the primordial germ cell can differentiate into the functional
oocyte. When, for example, SPS is used instead of a serum such as FBS in the culture of the mouse primordial germ
cell under conditions that eliminate the effects of sex steroid hormone (for example, estrogen or a factor having a similar
function to estrogen), its concentration can be in a range from 5% to 20% (final concentration), more preferably 10%
(final concentration). One skilled in the art can adjust the concentration of the serum replacement, the basal medium to
be used, and the estrogen inhibitor to be used depending on the animal species from which the primordial germ cell
was derived. The period for the culture using the serum-free medium can be set to the period for the completion of the
oocyte cyst breakdown and the follicle formation. During the culture of the primordial germ cell in step (a), the serum-
free medium can be used from beginning to end.
[0046] One skilled in the art can adjust the timing to change the medium containing serum to the serum-free medium,
the basal medium to be used, and the estrogen inhibitor to be used depending on the animal species from which the
primordial germ cell derived. The culture during the period without serum-free medium is preferably performed with the
above mentioned basal medium supplemented with serum such as FBS. As mentioned above, in the culture of the
gonad, the culture can be performed with the serum-free medium from the beginning to end. The basal medium can
arbitrarily include other factors such as ascorbic acid and penicillin unless the factor inhibits the culture of the primordial
germ cell to the functional oocyte.
[0047] In the culture for forming the secondary follicle from the primordial germ cell, the combination of two or more
basal media as mentioned above can also be used. For example, according to one embodiment of this invention, α-
MEM can be used as basal medium in the first half period of the culture for forming the secondary follicle from the
primordial germ cell and StemPro-34 SFM can be used as basal medium in the later half period of the culture. Although
the formation of the secondary follicle from the primordial germ cell can be typically achieved with one basal medium,
it is preferable to change the basal medium because such medium change can enhance the proliferation of the granulosa
cell and can make the follicle structure indestructible for isolating the formed secondary follicle. Such effect to enhance
the proliferation of the granulosa cell is desirable especially in forming the secondary follicle from the cell aggregate
comprising a PGCLC derived from pluripotent stem cells and somatic cells derived from the gonad. For example, when
two basal media, α-MEM and StemPro-34 SFM, are used in the culture of the cell aggregate comprising a PGCLC
derived from mouse pluripotent stem cells and somatic cells derived from the gonad, α-MEM medium can preferably
change to StemPro-34 SFM medium from day 4 to day 8 after the onset of the aggregate culture, more preferably at
day 4 after the onset of the culture. Also in the culture of the primordial germ cell derived from mouse gonad, the culture
medium can change at the same period.
[0048] In the culture of the primordial germ cell in step (a), it is preferable to use a known insert membrane such as
Transwell®-COL membrane to a culture plate such as a 6-well plate. During the culture, the half amount of the medium
used for the culture can be replaced with a fresh medium every other day. One skilled in the art can arbitrarily select the
culture plate, the insert membrane and the timing of medium change etc. depending on, for example, the animal species
from which the primordial germ cell for the culture is derived and the like.
[0049] The method of this invention can produce a functional GV stage oocyte by further in vitro culturing the secondary
follicle obtained by step (a). Since the secondary follicle obtainable in step (a) constitutes a gonad or a part thereof or
a gonad like tissue or a part thereof, each secondary follicle can be subject to culture after physically isolating the
secondary follicles by using tungsten and the like.
[0050] In the method of this invention, the in vitro culture of the secondary follicle includes (b) a step of partially
dissociating cells between the granulosa cell layer and the thecal cell layer in which the oocyte, the granulosa cell layer,
and the thecal cell layer constitute the produced secondary follicle. In the secondary follicle obtained by step (a), the
oocyte has a structure surrounded by the granulosa cell layer, which is further surrounded by the theca cell layer. In
step (b), the granulosa cell layer and the theca cell layer constituting the follicle are partially dissociated.
[0051] Dissociation between the granulosa cell layer and the theca cell layer can be performed by enzyme treatment
and/or physical treatment. In a preferable embodiment, the layers can be dissociated by the combination of enzyme
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treatment and physical treatment.
[0052] An embodiment using mouse will be explained below as an example. Regarding the enzyme treatment to
dissociate cells between the granulosa cell layer and the theca cell layer in the mouse secondary follicle, the treatment
of the mouse secondary follicle, for example, can be performed by treating with L15 medium containing 0.1% collagenase
type-I (Worthington Biochemicals, 295 u/mg) for 15 mins at 37 °C. To dissociate cells between the granulosa cell layer
and the theca cell layer physically, for example, pipetting with a glass capillary or a pipette can be performed. Dissociation
between the granulosa cell layer and the theca cell layer can be performed in an extent that all or a part of the theca
cell layer can be detached from the follicle.
[0053] Partial dissociation between the granulosa cell layer and the theca cell layer enables the medium to penetrate
into the portion in which the cell layers are dissociated, and the medium can directly reach to the granulosa cell. While,
in the experiment using the primordial germ cell derived from a mouse living body and not performing a step of partial
dissociation between the granulosa cell layer and the theca cell layer as step (b), no functional oocyte could be obtained.
The treatment to dissociate cells between the granulosa cell layer and the theca cell layer is preferably performed from
day 0 to day 7 from the onset of the follicle culture, more preferably from day 2 to day 4 of the culture. It is preferable
not to perform the treatment to dissociate cells between the granulosa cell layer and the theca cell layer soon after the
isolation of the secondary follicle, and preferable to perform the pre-culture for about 1 to 3 days, and such embodiment
enables the follicle to adhere to the inserted membrane and can make the follicle more stable. The medium for the pre-
culture can be the same medium used for the step (c). In a preferred embodiment, GDF9 and/or BMP15 can be added
to the medium for the pre-culture. Adding those compounds to the medium for the pre-culture of the secondary follicle
can further enhance the proliferation of the granulosa cell, although it is not necessary to add those compounds. In the
pre-culture of the mouse secondary follicle, for example, the αMEM medium can contain GDF9 and/or BMP15 in a range
from 10ng/ml to 20ng/ml.
[0054] Although the embodiment using mouse was explained above, one skilled in the art can arbitrarily adjust the
experimental conditions such as the timing of partial dissociation between the granulosa cell layer and the theca cell
layer and the concentration and the period for the enzyme treatment, the basal medium to be used, and the enzyme to
be used, depending on the animal species from which the primordial germ cell is derived.
[0055] The method according to this invention in in vitro culture of the secondary follicle, comprises (c) a step of
differentiating the oocyte into a functional GV stage oocyte by culturing the oocytes, the granulosa cell layer, and the
thecal cell layer that constitute the secondary follicle in the medium containing the high-molecular-weight compound
after the step (b) mentioned above.
[0056] In in vitro culture of the secondary follicle according to this invention, the medium prepared by adding the high-
molecular-weight compound to the basal medium is used. The basal medium includes known medium for the culture of
a germ cell line, such as α-MEM, DMEM, PRMI1640, and 199. In addition to the high-molecular-weight compound, the
basal medium may have modifications appropriate for the culture cell. For example, the basal medium can arbitrarily
contain Fetal bovine serum (FBS), Follicle Stimulating Hormone (FSH), and the like.
[0057] In step (c) according to this invention, the "high-molecular-weight compound" added to the medium is an organic
compound having a molecular weights from several tens of thousands to several million, and it includes both of natural
polymer (biopolymer etc.) and synthetic polymer. In particular, the "high-molecular-weight compound" used for this
invention is preferably one which has the property, for example, of high solubility in water, of extremely low toxicity, of
not destabilizing pH and the like in the medium during the culture, and that its original property is remained stable for a
long period.
[0058] The high-molecular-weight compound used for this invention includes, for example, synthetic polymer, polysac-
charide, protein, proteoglycan, and the like. The synthetic polymer includes, for example, polyvinylpyrrolidone (PVP; a
molecular weight of about 360,000) and polyvinyl alcohol (PVA; a molecular weight of about 70,000 to 100,000). The
polysaccharide includes, for example, Dextran, hydroxyethylated starch, and derivative of cellulose (for example, hy-
droxypropyl methylcellulose). Also, the polysaccharide includes, for example, Ficoll® (a molecular weight of 400,000)
which is a synthetic polymer of sucrose and glycosaminoglycan such as hyaluronic acid and chondroitin sulfate. The
protein incudes, for example, serum albumin (a molecular weight of about 69,000), and the proteoglycan includes, for
example, chondroitin sulfate proteoglycan.
[0059] In this invention, the preferable high-molecular-weight compounds include but are not limited to PVP, Ficoll®,
Hydroxypropyl)methyl cellulose, and serum albumin.
[0060] In addition to the above mentioned compounds, the high-molecular-weight compound used for this invention
comprises known compounds or compounds to be found or to be synthesized in the future which exhibits the similar
property. The compound exhibiting the "similar property" available in this invention are compounds which meet the
requirements for using in the culture, that the compound doesn’t impair oocyte’s survivability, that the somatic cell such
as the granulosa cell and theca cell surrounding the oocyte are not peeled away, that the oocyte doesn’t lose the oocyte-
based structure (no irregular and broad cell proliferation occurs) etc., and which has no effect to the differentiation into
the functional oocyte.
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[0061] The concentration of the high-molecular-weight compound varies depending on the animal species of the target
oocyte. For example, the compound can be used at a concentration in a range from about 1 to about 12% (w/v) of the
basal medium. In mice, the compound can be preferably be used at from 1 to 8% (w/v), more preferably from 1 to 4%,
most preferably 2% (W/v). In pig and cow, the compound can be preferably used at from 2 to 8% (w/v), more preferably
from 2 to 4%, most preferably 4% (W/v).
[0062] Although the object of the present invention can be achieved as long as the concentration of the high-molecular-
weight compound falls within the above range, there may be cases where the object of the present invention can be
achieved even at concentrations in other ranges. Concretely, a compound exhibiting high viscosity at a low concentration
such as hydroxypropylmethyl cellulose and glycosaminoglycan may be used at a concentration in the other ranges. For
example, in a culture of the porcine or bovine oocyte, the morphology of the complex consisting of the oocyte and the
somatic cells in the experiment using a certain type of hydroxypropylmethyl cellulose at 1% (w/v) was similar to that of
the good result of the experiment using PVP (molecular weight of 360,000) in a range from 2 to 4% (W/v), which means
that such concentration can accomplish the object of this invention.
[0063] In fact, the high-molecular-weight compound such as PVP and PVA is commonly used in the medium for
oocytes. In particular, it can be added to the medium not containing bovine fetal serum or serum albumin as a high-
molecular replacement. In this case, it is useful because it can prevent the oocyte from being damaged by avoiding the
contact with the bottom surface or the wall surface in the culture plate and with the interior and exterior surface of a fine-
drawn glass tube for an embryo operation. The concentration in a range from about 01% to about 0.4% is typically
sufficient to accomplish such object, and generally, the concentration is adjusted so as to be in such range. When serum
is added to the basal medium, it is often the case that a high-molecular-weight compound is not added. By contrast, this
invention could exhibit a completely different effect by increasing the concentration to from about 1% to about 12%,
whereas the conventionally used concentration in the range from about 0.1% to about 0.4% cannot exhibit the effect of
the object in this invention. Therefore, in the present invention, although it varies depending on the animal species of
the oocyte to be treated, it is important to add the high molecular weight compound at a concentration of about 2.5 times
or more even though the conventional concentration is 0.4%. When culturing pig or bovine oocytes, it is more preferable
to add the high molecular weight compound at a concentration of about 5 to 10 times or more when the conventional
concentration is 0.4%. When culturing mouse oocytes, it is more preferable to add the polymer compound at a concen-
tration of about 2.5 to 5 times or more when the conventional concentration is set to 0.4%.
[0064] The period for the secondary follicle culture in step (c) can be set to the period for forming the functional GV
stage oocyte from the oocyte in the secondary follicle, depending on the animal species from which the primordial germ
cell to be cultered is derived from. For example, in mice, in culturing the culture of the secondary follicle obtained by
step (a) by the method in step (c) can be performed preferably from 12 days to 16 days. As mentioned above, step (b)
can be performed at an appropriate timing at or after the onset of the culture of the secondary follicle.
[0065] According to this invention, the steps (a) to (c) mentioned above enable the primordial germ cell to differentiate
into the functional GV oocyte in vitro.
[0066] In this specification, the term "functional GV oocyte" means the GV oocyte (i) having the competency to mature
into an egg by in vitro maturation, and (ii) having the competency to develop to normal offspring by fertilizing with a
sperm, and (iii) from which the offspring derived has the competency to produce its subsequent normal offspring.
[0067] According to one embodiment of the present invention, a method for producing a functional egg by providing
GV stage oocyte obtained by in vitro culture of the above-mentioned follicle with in vitro maturation culture and resuming
meiosis is also provided. In this specification, the term "egg" refers to an egg that has reached the metaphase stage of
the second meiosis (MII stage) and has stopped at the stage of MII. Also, in this specification, the term "functional egg"
means the egg (ii) having the competency to develop to normal offspring by fertilizing with a sperm, and (iii) from which
the offspring derived has the competency to produce its subsequent normal offspring.
[0068] The GV stage oocyte obtained by in vitro culture of the secondary follicle of this invention can mature to an
egg by using a culture method commonly used for in vitro maturation of immature oocyte, and the obtained egg can be
used.
[0069] For the shift to the maturation culture, generally, COCs collected from the culture plate after completing the
culture for oocyte development are rinsed with the medium for the maturation culture and transferred into the finally-
used medium for the maturation culture. The maturation medium can be prepared for use by adding essential factors
such as sodium pyruvate and antibiotic substance to a known basal medium for the culture of the germ cell line, such
as α-MEM and 199, and by further adding gonadotropic hormone, growth factor, serum, follicle fluid, and the like to the
medium arbitrarily. The culture conditions preferable for the maturation culture of the oocyte are widely studied and
known in the art. The incubator in which the culture dish is installed is used in the same setting as that usually used for
a growth culture.
[0070] The eggs matured in this manner can be used for ordinary in vitro fertilization, and can be used for recipient
eggs for preparing parthenogenetic embryos and cloned animals.
[0071] One aspect of this invention provides a kit for differentiating a primordial germ cell into a functional oocyte or
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an egg in vitro. The kit according to this invention can include a sex steroid hormone inhibitor (estrogen inhibitor and/or
androgen inhibitor), serum-free medium, serum replacement, an enzyme for dissociating cells or a high-molecular weight
compound or a combination thereof. In a preferable embodiment, the kit includes at least two components selected from
the group consisting of (1) a sex steroid hormone inhibitor (estrogen inhibitor and/or androgen inhibitor), serum-free
medium, or serum replacement, (2) an enzyme for dissociating cells, or (3) a high-molecular weight compound. In a
more preferable embodiment, the kit includes three components of (1) a sex steroid hormone inhibitor (estrogen inhibitor
and/or androgen inhibitor), serum-free medium, or serum replacement, (2) an enzyme for dissociating cells, and (3) a
high-molecular weight compound. The kit can include other agents or instruments like a culture plate which are necessary
for the organ culture or the maturation culture.
[0072] This invention will be explained in more detail using the examples below. This invention is not limited to the
embodiments of the examples described below.
[0073] The publications disclosed in this specification will be incorporated by reference.

[Example]

[0074] In the examples below, all the animals were purchased from CLEA Japan. BDF1 mouse fetuses were collected
from C57BL/6N female mice crossed with DBA/2J male mice at 12.5dpc. Juvenile and adult female BDF1 mice (C57BL/6N
3 DBA/2J hybrid) were used for control and male BDF1 mice were used as sperm donors in the examples below. All
examples were approved by the Institutional Animal Care and Use Committee of the Tokyo University of Agriculture.

(1. In vitro organ culture of gonad)

[0075] For the medium of the organ culture, the basal medium supplemented with FBS (Gibco, Thermo Fisher Scientific
Inc.), SPS (SAGE In vitro Fertilization), the estrogen receptor antagonist, 7α, 17β-[9-([4,4,5,5,5-pentafluoropentyl]sulfi-
nyl)nonyl]estra-1,3,5(10)-triene-3,17-diol; ICI 182,780 (ICI; Tocris Bioscience), 4-hydroxytamoxifen(Sigma-Aldrich), and
MPP (Methylpiperidino pyrazole; Cayman Chemical) were added at the indicated concentrations for each experimental
group below. The α-MEM medium (Gibco, Thermo Fisher Scientific Inc.) supplemented with 1.5 mM 2-O-α-d glucop-
yranosyl-1-ascorbic acid (Tokyo Chemical Industry), 10 units/mL penicillin, and 10 mg/mL streptomycin (Sigma-Aldrich)
was used as a basal medium (referred to the basal medium hereafter as α-MEM).
[0076] ICI 182,780 and 4-hydroxytamoxifen was prepared as follows. ICI 182,780 and 4-hydroxytamoxifen was diluted
to 100mM using DMSO, and cryopreserved stock was prepared. MPP was diluted to 10mM using DMSO, and cryopre-
served stock was prepared. 1mM solutions of ICI 182,780 and 4-hydroxytamoxifen were prepared by diluting the 100mM
stocks 100-fold with DMSO just before use and were added to the medium at the indicated final concentrations for each
experimental group. MPP was added to the medium at 1mM as the final concentration just before use.
[0077] The gonads for the organ culture were collected with mesonephros or without mesonephros from female mouse
fetuses at 12.5dpc (Fig. 1a). 2.2ml of the medium was added to each 6-well culture plate used for the organ culture.
Transwell®-COL membrane (3.0-mm pore size, 24-mm diameter; Corning) was put on each well of the 6-well culture
plate. The gonads were transferred on the membrane and were cultured for 17 days at 37 °C under 5% CO2 and 95%
air. Approximately half of the medium in each well was replaced with fresh medium every other day. In the example in
which the gonad was cultured with mesonephros, mesonephros was removed from the gonad at day 7 of the organ culture.
[0078] The in vitro organ culture of the gonads was performed according to the following conditions described below.
The gonads were cultured for total 17 days in each conditions below (Fig.2):

(i) culture for the complete 17 days period in 10% FBS containing α-MEM (a-MEM + FBS; FBS group);

(ii) culture for the complete 17 days period in 10% SPS containing α-MEM (a-MEM + SPS; SPS group);

(iii) culture for the complete 17 days period in 10% KSR containing α-MEM (a-MEM + KSR; KSR group);

(iv) culture in 10% FBS containing α-MEM for 4 days with a shift to 10% SPS containing α-MEM for 6 days from
day 5 and a shift to 10% FBS containing α-MEM until day 17 from day 11 (αMEM+FBS/SPS; FBS/SPS group);

(v) culture in 10% FBS containing α-MEM for 4 days with a shift to 10% FBS containing α-MEM with the addition
of 10nM, 100nM, 1mM, 5mM, or 10mM (final concentration) ICI for 6 days from day 5 and a shift to 10% FBS containing
α-MEM until day 17 from day 11 (αMEM+FBS/10nM ICI; FBS/10nM ICI group, αMEM+FBS/100nM ICI; FBS/100nM
ICI group, αMEM+FBS/1mM ICI; FBS/1mM ICI group, αMEM+PBS/5mM ICI; FBS/5mM ICI group, or αM-
EM+FBS/10mM ICI; FBS/10mM ICI group);
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(vi) culture in 10% FBS containing α-MEM for 4 days with a shift to 10% FBS containing α-MEM with the addition
of 1mM (final concentration) 4-hydroxytamoxifen for 6 days from day 5 and a shift to 10% FBS containing α-MEM
until day 17 from day 11 (αMEM+FBS/1mM Tamoxifen; FBS/1mM Tamoxifen group);

(vii) culture in 10% FBS containing α-MEM for 4 days with a shift to 10% FBS containing α-MEM with the addition
of 1 mM (final concentration) MPP for 6 days from day 5 and a shift to 10% FBS containing α-MEM until day 17 from
day 11 (αMEM+FBS/1mM MPP; FBS/1mM MPP group).

[0079] Under the organ culture conditions in each experimental group described above, ovaries were obtained by
culturing the gonads. Images of the obtained ovaries under an optical microscope were shown in Fig. 3. In the ovary
obtained in (i) FBS group, the boarders between the follicles were unclear, and a part of the theca cell layers was shared
with the adjacent follicles and showed an abnormal follicle formation (Fig. 3a). On the other hand, in (ii) SPS group, the
abnormalities observed in FBS group were improved (Fig.3b). Also, the abnormalities were improved in the ovaries
obtained in (iv) FBS/SPS group. In the ovaries obtained in (v) FBS/ICI group, the abnormalities were significantly im-
proved, and a round shape of each follicle was clearly observed (Fig. 3d).
[0080] Secondary follicles were collected from the ovaries obtained in the in vitro organ culture of the gonads. The
number of the secondary follicles obtained from one ovary was compared to each of experimental groups, and Fig 4
shows its result. In (i) FBS group, only about 4 to 6 secondary follicles were collected from one ovary regardless of
mesonephros, whereas in (ii) SPS group, about 12 secondary follicles were collected from one ovary. In (iii) KSR group,
about 15 secondary follicles were collected from one ovary. In (iv) FBS/SPS group, 21 secondary follicles were collected
from one ovary. On the other hand, in (v) ICI group, the number of the collected secondary ovaries was increased
depending on the ICI concentration, and the number of the collected secondary ovaries in each group was significantly
increased compared to FBS group (Fig.4). Similarly, in (vi) FBS/1mM Tamoxifen group, 25 secondary follicles were
collected from one ovary, and in (vii) FBS/1mM MPP group, 15 secondary follicles were collected from one ovary.

(2. Histological analysis of ovary obtained by in vitro culture)

[0081] The ovaries cultured for 17 days in (i) FBS group or (v) FBS/10mM ICI group and the ovaries from female mouse
at 10 days after birth were processed for hematoxylin-eosin staining and laminin immunofluorescence staining.
[0082] Concretely, the ovaries were fixed for 4 hours at room temperature in 1% paraformaldehyde (PFA)/0.1% glu-
taraldehyde in 0.05 M phosphate buffer. For H&E staining, the ovaries were embedded in paraffin blocks after a routine
protocol, and 4-mm-thick serial sections were prepared. After H&E staining, sections were observed under an IX71
microscope (Olympus). For laminin immunofluorescence staining, ovaries were cut into four to eight pieces, and the
tissue sections were incubated for 3 days at 4 °C with an anti-laminin rabbit polyclonal antibody (Abcam) at a dilution of
1:100. Then the tissue sections of the ovaries were incubated for 3 days at 4 °C with an Alexa Fluor 488-conjugated
goat anti-rabbit IgG at a dilution of 1:500 (Molecular Probes, Thermo Fisher Scientific Inc.). The obtained tissue sections
of the ovaries were further processed for 4’,6-diamidino-2-phenylindole (DAPI; Life Technologies) staining. The tissue
sections of the ovaries were observed under Zeiss LSM 710 confocal microscope.
[0083] The results of hematoxylin-eosin staining and laminin immunofluorescence staining were shown in Fig. 5. In
the ovaries in (v) FBS/10mM ICI group, laminin is circularly localized around the follicle in all aspects on Z-axis in the
same manner as oxaries from the female mouse at 10 days after birth. On the other hand, in (i) FBS group, continuously
and circularly localized laminin on Z-axis was hardly observed. Although some ovaries of (i)FBS group show circularly
localized laminin, multioocyte follicle, a phenomenon that multiple oocytes exist in one follicle, was observed in such
ovaries (Fig. 5a). However, in (v) FBS/ICI group, such phenomenon was very few (Fig. 5b). In (v) FBS/ICI group, the
same images to the ovaries from the female mouse at 10 days after birth (Fig. 5c) was shown and the follicle formation
was improved.

(3. In vitro growth culture of secondary follicle)

[0084] The secondary follicles obtained by the in vitro organ culture of the gonads from the fetuses were processed
for in vitro growth culture. The inventors have revealed that it was effective to add a high-molecular-weight compound
to a medium for in vitro growth (IVG) of mouse secondary follicles (Patent literature 1). In this example, the culture was
performed with a medium supplemented with PVP which is a high-molecular-weight compound. Furthermore, the in-
ventors found out that oocytes can develop to functional eggs by dissociating a part of the cell layers between a granulosa
cell layer and a thecal cell layer which constitute a secondary follicle. Accordingly, in this example, the in vitro culture of
the follicle includes a step of partial dissociation between the granulosa cell layer and the thecal cell layer. More concretely,
the in vitro culture of the follicle was performed as follows.
[0085] After the culture of "1. In vitro organ culture of gonad" for 17 days mentioned above, the cultured gonads
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(ovaries) were transferred to L15 medium and the secondary follicles formed in the gonads were isolated from the
gonads, using a fine Tungsten needle. The secondary follicles were further cultured in α-MEM supplemented with 2%
(w/v) PVP, 5% FBS, and 0.1 IU/mL FSH (FOLLISTIM Injection 50; MSD). The secondary follicles were cultured on a
Millicell membrane (0.4-mm pore size, 27-mm diameter; Merck Millipore) in a 35-mm culture dish (Falcon, Corning). On
day 3 of the culture, the secondary follicles were transferred to 0.1% collagenase type I (Worthington Biochemicals)
containing L15 medium and treated for 15 min at 37 °C. Then, the theca cell layer of the secondary follicles was removed
by pipetting with a pulled fine-glass capillary. Fifty to 60 secondary follicles were cultured on Transwell®-COL or Millicell
membranes for another 9 to 13 days at 37 °C in the medium under 5% CO2 and 95% air. The inside and outside of the
membrane insert were filled with 1 mL and 2 mL medium, respectively. Approximately half the medium in each well was
replaced with fresh medium every other day.
[0086] According to the in vitro culture mentioned above, about 26 to 57% of the follicles which developed from the
oocytes of (ii) SPS group, (iv) FBS/SPS group, and (v) FBS/ICI group were sufficiently grown on day 12 to day 16 from
the onset of in vitro growth culture of the follicle (the average diameter of the oocytes obtained by the in vitro culture in
FBS/10mM ICI group was 80.0mm (n=85), the average diameter of the oocytes obtained from a living body was 89.9mm
(n=74)). The developed cumulus-oocyte complexes (COCs) could be isolated from these follicles (Fig. 6a and 6b, and
Fig. 7).

(4. Assessment of follicle culture by hormone assay)

[0087] To assess steroidogenesis during the in vitro culture of the secondary follicles, progesterone and estradiol
levels in the medium were measured. More concretely, the secondary follicles obtained by the organ culture of (v)
FBS/10mM ICI group were cultured in the same manner to the in vitro growth culture of the secondary follicles described
in the above 3. (Fifty to 60 secondary follicles after collagenase treatment were put on one Transwell®-COL membrane
and cultured for 17 days). After day 3 of the in vitro growth culture, half the medium was replaced with fresh medium in
every two days. The progesterone and estradiol levels in the medium were measured in duplicate, using an enzyme
immunoassay kit (Cayman). The enzyme immunoassay was performed according to the manufacturer’s instructions.
The result is shown in Fig. 8.
[0088] As shown in Fig.8, progesterone and estradiol levels in the medium was time-dependently increased. These
results showed that the secondary follicles in vitro growth cultured according to the method of "3. In vitro culture of
secondary follicle" have the same steroidogenic capacity to one which the developing follicles in living body.

(5. DNA methylation analysis at imprinted loci in oocyte obtained by in vitro culture of secondary follicle)

[0089] To assess whether the oocytes obtained by "3. In vitro culture of secondary follicle" described above are the
functional oocytes, whether methylation imprints which are necessary for ontogeny were verified to be correctly modified.
In particular, the analysis was performed as follows. DNA was isolated from in vitro growth culture derived oocytes at
the GV stage which were obtained in FBS/10mM ICI group and pups developed therefrom. Isolated DNA was then
treated with sodium bisulfite (Qiagen) in order to convert unmethylated cytosine to uracil. Sodium bisulfite-treated DNA
was subjected to PCR using primers described in Table 1 below.
[0090] PCR products were cloned into the pGEM-T Easy vector (Promega) and sequenced on an ABI PRISM 3100
system (Applied Biosystems). At least 20 plasmid DNA clones in each sample were sequenced at each imprinted locus,
using QUMA software (Kumaki, Y. et al., "QUMA: quantification tool for methylation analysis." Nucleic Acids Res 36,
W170-175, doi:10.1093/nar/gkn294 (2008)).
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[0091] The results of DNA methylation analysis were shown in Figs 9 and 10. Fig. 9 shows methylation states in
oocytes obtained by in vitro culture of this invention, of H19 and Igf2r at the region cloned by the primer sequence shown
as 2nd in Table 1. Fig. 10 shows DNA methylation states in offspring developed from the oocyte obtained by the in vitro
method of this invention (#1 and #2) and DNA methylation states in offspring developed from the GV stage oocytes from
adult mice (#3). The results in Figs. 9 and 10 confirmed that maternal methylation imprints were established in oogenesis
even in in vitro culture.

(6. In vitro maturation to egg)

[0092] To assess whether the oocytes obtained by "3. In vitro growth culture of secondary follicle" described above
complete the meiosis normally, in vitro maturation culture of eggs was performed as follows.
[0093] The cumulus-oocyte complexes (COCs) were collected from the secondary follicles obtained by "3. In vitro
growth culture of secondary follicle" described above. Then, COCs were cultured with α-MEM containing 5% FBS, 0.1
IU/mL FSH, 1.2 IU/mL chorionic gonadotropin (Gonatropin, ASKA Pharmaceutical), and 4 ng/mL epidermal growth factor
(Gibco, Thermo Fisher Scientific Inc.) for 17 hours. Control COCs were collected from adult female mice 44 hours after
the injection with equine CG (Serotropin; ASKA Pharmaceutical). The obtained COCs obtained from the adult female
mice, in vivo-derived COCs, were cultured with α-MEM containing 5% FBS, 0.1 IU/mL FSH, 1.2 IU/mL chorionic gona-
dotropin, and 4 ng/mL epidermal growth factor in the same way to in vitro-derived COCs. As a result of in vitro maturation,
in (ii) SPS group, (iv) FBS/SPS group, and (v) FBS/ICI group, 77 to 95% oocytes released the first polar body after 17
hours and became MII oocytes (Fig. 11b and c).

(7. Karyotype analysis)

[0094] To assess whether the oocytes normally entered meiosis during in vitro maturation culture, oocytes processed
for karyotype analysis as follows. The fully grown oocytes in second meiosis were incubated in 0.6% sodium citrate for
5 min at room temperature and then spread on glass slides with Carnoy’s solution. Chromosomes were stained with
DAPI, and the karyotype was analyzed using a Zeiss LSM 710 confocal microscope (Carl Zeiss). As a result of karyotype
analysis, oocytes was haploid (N=20) and their meiosis normally progressed (Fig. 11a).

(8. In vitro fertilization and embryo transfer with in vitro-mature egg)

[0095] To assess whether the eggs obtained by the method described in the above "6. In vitro maturation to egg" have
the developmental competence to offspring, in vitro fertilization and embryo transfer of in vitro-matured eggs were
performed.
[0096] After 17 hours of the culture, the eggs with expanded cumulus cells were transferred into TYH medium (LSI
Medience Corporation) and fertilized with epididymal sperm. In (ii) SPS group, (iv) FBS/SPS group, (v) FBS/ICI group,
about 27 to 58% of eggs which processed for in vitro fertilization (IVF) were normally fertilized. Normally fertilized eggs
with 2 pronuclei were cultured in KSOM medium. About 83 to 97% Embryos from the fertilized eggs developed to the
2-cell stage. The embryos developed to the 2-cell stage by the culture were transferred into the oviducts of pseudopregnant
females at 0.5 dpc. Offspring were delivered by natural means or by caesarean section at 19.5 dpc. As a result, about
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14 to 40% of the transferred embryos developed to offspring. The obtained offspring were raised by foster mothers. The
offspring were weaned at about 4 weeks of age. This result shows that this method could produce offspring at high
efficiency in spite of using the primordial germ cell from the fetal stage as a starting material. As mentioned above, there
has been no report that eggs obtained by in vitro culture in which the primordial germ cell was used as the starting
material developed to offspring. Although there is a report that offspring were obtained from eggs which were obtained
by culture of non-growth phase oocytes from newborns, the results in this specification was significantly high to the
previously reported percentage (about 5.7%) of the offspring developed from transferred embryos. In in vitro culture
method for producing the functional egg from the primordial germ cell according to this invention, seven pups from one
ovary were obtained at a maximum, and on average, 0.3 to 3.3 pups were obtained from one ovary. Pups were physically
normal, and they developed normally. Male and female mice developed from eggs differentiated and matured in in vitro
culture could produce the offspring after sexual maturation (Table. 2 and Fig. 12). Table 3 shows the sex ratio (Table.
2a) and the birth weight ratio (Table. 2b) of pups obtained in this example (experimental group) to pups obtained by
using oocytes from a living body(control).

(9. Vitrification and Warming)

[0097] To assess whether the method for differentiating the primordial germ cell into the functional oocyte and egg
according to this invention can apply to the fetal-derived gonads processed for cryopreservation or vitrification, the
following experiments were conducted.
[0098] Vitrification and warming were conducted as follows by reference to Wang, X. et al., "Successful in vitro culture
of pre-antral follicles derived from vitrified murine ovarian tissue: oocyte maturation, fertilization, and live births." Repro-
duction 141, 183-191 (2011). Gonads collected from female fetuses at 12.5 dpc were dissected into two to three pieces.
Gonadal tissues were immersed in 2 mL solution 1, which consisted of L15 medium containing 4 mg/mL BSA (Sigma-
Aldrich), 10% (v/v) ethylene glycol (Wako), and 10% (v/v) DMSO (Sigma-Aldrich). Twenty minutes later, gonadal tissues
were transferred to 2 mL solution 2, consisting of L15 medium containing 4 mg/mL BSA, 17% (v/v) ethylene glycol, 17%
(v/v) DMSO, and 0.75 M sucrose (Wako). Three minutes later, gonadal tissues were placed into cryotubes (Iwaki, Asahi
Glass Co.) with 3 mL solution 2 and preserved in liquid nitrogen. To warm the vitrified gonadal tissues, 1 mL of 0.5 M
sucrose solution was added to the cryotube and then mixed by pipetting. The gonadal tissues were then washed se-
quentially with 0.25 M, 0.125 M, and 0 M sucrose solution every 5 min. Warmed gonadal tissues were subject to the in
vitro organ culture under the conditions of FBS/1mM ICI group in "1. In vitro organ culture of gonad" above, and isolated
follicles were subject to in vitro growth culture described in "6. In vitro maturation to egg" above. Then, the obtained
oocytes were assessed by the method described in "8. In vitro fertilization and embryo transfer with in vitro-mature egg".
[0099] The number of the collected oocytes from a vitrified ovary from gonads (about 14 follicles could be obtained
from one ovary) decreased compared to that from a non-vitrified ovary. However, oocytes obtained by in vitro culturing
the follicles for 13 to 16 days as mentioned above could differentiate to eggs after in vitro maturation, and the eggs could
develop to offspring.
[0100] Table 3 shows the result of the comparison on efficiency of the development to offspring from the eggs obtained
from the in vitro culture of the primordial germ cell, that from the eggs obtained from the in vitro culture of the secondary
follicles, and that from the eggs obtained from the in vitro maturation culture of the oocytes. All experimental groups
shown in Table 3 below performed the step (b) of partial dissociation between the granulosa cell layer and the theca
cell layer surrounding the oocytes in in vitro culture of the secondary follicles and the step (c) of culturing the complexes
of the oocytes and the granulosa cells in the medium containing the high-molecular weight compound after the above
dissociation step. As mentioned above, before this application, functional eggs could not be obtained by in vitro culture
method in which primordial germ cells were used as a starting material to obtain oocytes. However, according to the

[Table. 2]

a

q p

Experimental group 48.8% 51.2%

Control 43.5% 56.5%

b

Experimental group 1.53 6.53 8 g

Control 1.63 6.63 8 g
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method of this invention (SPS group, SPS/FBS group, FBA/1mM ICI group, FBS/5mM ICI group, FBS/10mM ICI group,
vitrification FBS/1mM ICI group), the method could produce offspring at high efficiency from the primordial germ cell as
an original material. In Table 3 below, the value of percentages described along with the number of collected COCs,
matured oocytes, eggs fertilized normally, embryos developed to 2-cell, or born pups shows each proportion to the
number of collected follicles (in GV group (control), the value of the percentage shows a proportion to the number of
collected COCs).

(10. In vitro culture method for producing functional GV stage oocyte and functional egg using PGCLC derived from 
pluripotent stem cell)

[0101] In this example, experiments were conducted to assess whether the in vitro culture of this invention can produce
functional GV stage oocytes and functional eggs from PGCLCs derived from pluripotent stem cell. In this example, the
method for producing PGCLCs from ES cells and iPS cells was performed in the same way to the method described in
a literature "Hayashi K. et al., ’Reconstitution of the mouse germ cell specification pathway in culture by pluripotent stem
cells.’ Cell, Aug 19, 146(4), 519-32 (2011)" unless otherwise specified. The purification of PGCLCs after inducing the
differentiation of pluripotent stem cells, the preparation of somatic cells from fetal gonads, and the production method
of aggregates of purified PGCLCs and fetal gonad-derived cells were performed in the same manner to the method
described in the literature "Hayashi K., et al, ’Offspring from Oocytes Derived from in vitro Primordial Germ Cell-like
Cells in Mice.’ Science 338, 971-975 (2012) (Non-patent literature 5)" unless otherwise specified.

<I Materials>

<I-1. ES cell>

[0102] ES cells used in this example were the ES cell line established from Blimp1-mVenus and Stella-ECFP(BVSC)
induced mouse (the Jackson Laboratory) blastocysts. Blimp1 is a PGC-like cell (PGCLC) marker gene, and Stella is a
PGCLC and oocyte marker gene. Karyotype of ES cells used in this example was that of a female cell having 40
chromosomes (38XX).

[Table 3]

Ovary culture 
Experimental 

group

No. of 
cultured 
gonads

No. of 
collected 
follicles

No. of 
collected 

COCs

No. of 
oocytes 
matured 
into MII

No. of 
eggs 

fertilized 
normally

No. of 
embryos 

developed 
to two-cell

No. of pups 
developed 

from 
embryos

No. of 
pups 
from 
an 

ovary

FBS
10 67 12 8 1 1 0 0

11.9% 11.9% 1.5% 1.5% 0

SPS
6 47 12 11 3 3 1 0.2

25.5% 23.4% 6.3% 6.3% 2.1%

FBS/SPS
9 216 60 46 18 15 6 0.7

27.8% 21.3% 8.3% 6.9% 2.8%

FBS/1mM ICI
19 641 340 321 168 155 31 1.6

53.0% 50.1% 26.2% 24.2% 4.8%

PBS/5 mM ICI
6 312 178 168 94 91 20 3.3

57.1% 53.8% 30.1% 29.2% 6.4%

FBS/10 mM 
ICI

6 505 281 256 148 138 19 3.2
55.6% 50.7% 29.3% 27.3% 3.8%

Vitrification 
FBS/1 mM ICI

4 57 39 37 19 15 2 0.5
68.4% 64.9% 33.3% 26.3% 3.5%

GV (control)
19 155 139 70 67 40 2.1

89.7% 45.2% 43.2% 25.8%
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<1-2. iPS cell>

[0103] In this example, iPS cells were obtained by inducing Oct4, Sox2, Klf4, and c-Myc to fibroblasts from mouse
fetuses at 12dpc was used (Okita et al., "Generation of Mouse Induced Pluripotent Stem Cells Without Viral Vectors"
Science Nov 7; 322(5903):949-53) . The mouse fetuses bearing Blimp1-mVenus and Stella-ECFP was contributed for
the iPS cell production of this example.

<1-3. Fetus gonad cell>

[0104] In this example, aggregates of PGCLCs and gonad-derived somatic cells were produced before in vitro culture
for forming secondary follicles derived from PGCLCs. The somatic cells to be aggregated with PGCLCs were collected
from male mouse fetuses at 12dpc. In particular, after surgically isolation of gonads from the mouse fetuses, cells
constituting gonads were dissociated by treating with 0.05% trypsin at 37 °C for 10 mins. Then, germ cells derived from
fetal gonads were removed by Magnetic activated cell sorting. Magnetic activated cell sorting was performed in the same
way to the method in Non-patent literature 5 except for using magnetic beads (Miltenyi Biotec) coated with anti-SSEAl
antibody and anti-CD31 antibody.

<II. Methods>

<II-1. Induction of PGCLC from pluripotent stem cell>

[0105] Induction of PGCLCs from ES cells or iPS cells were performed according to the method described in a literature
"Hayashi K. et al., ’Reconstitution of the mouse germ cell specification pathway in culture by pluripotent stem cells.’ Cell,
Aug 19, 146(4), 519-32 (2011)". ES/iPS cells used for the induction of PGCLCs were cultured in N2B27 medium containing
2i (PD0325901, 0.4mM: Stemgent, San Diego, CA; CHIR99021, 3mM: Stemgent) and LIF (1000 u/ml) under feeder-free
conditions for 2 days (5% CO2, 95% air, at 37 °C. The following experiments were performed under the same conditions).
Next, ES/iPS cells were differentiated into epiblast-like cells (EpiLCs) by culturing in N2B27 medium containing Activin
(20 ng/ml), bFGF (12 ng/ml), and KSR (1%) with a human plasma fibronectin-coated dish for 2 days.
The PGCLCs were induced under a floating condition by culturing EpiLCs in a low-cell-binding 96-well plate (NUNC) in
a serum-free medium (GK15; GMEM (In vitrogen) with 15% KSR, 0.1 mM NEAA, 1 mM sodium pyruvate, 0.1 mM 2-
mercaptoethanol, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2 mM L-glutamine) in the presence of BMP4 (500
ng/ml; R&D Systems), LIF (1000 u/ml; In vitrogen), SCF (100 ng/ml; R&D Systems), and EGF (50 ng/ml; R&D Systems).
[0106] To separate differentiated PGCLCs from undifferentiated cells, BV-positive cells, which indicates differentiated
PGCLCs, were isolated from the cell population containing PGCLCs induced from ES cells or iPS cells by Fluorescence-
activated cell sorting (FACS) with a flow cytometer (Aria II, BD Biosciences).
[0107] In the following examples, the term "PGCLC" includes a PGCLC derived from ES cells and a PGCLC derived
from iPS cells. The PGCLC derived from ES cells and the PGCLC derived from iPS cells were used in the following
examples under the same conditions, respectively.

<II-2. Aggregate culture of PGCLC and gonad-derived somatic cell>

[0108] Aggregate culture of PGCLCs and gonad-derived somatic cells were performed according to the method de-
scribed in Non-patent literature 5. In particular, PGCLCs and gonad-derived somatic cells were mixed at a ratio of 1:100
in Retinoic Acid-containing GK15 medium (GMEM with 15%KSR, 1xGlutaMax, 1xpenicillin/streptomycin, 100mM 2-
mercaptoethanol, and 1mM Retinoic Acid). PGCLCs and gonad-derived somatic cells were plating on a low-cell-binding
96-well plate (NUNC) at a proportion in which the number of cells constituting the aggregates is about 5500 cells/well
and cultured for 2 days to produce the aggregates of PGCLCs and gonad-derived somatic cells.

<II-3. Production of secondary follicle>

[0109] The aggregates of PGCLCs and gonad-derived somatic cells which were obtained by <II-2. Aggregate culture
of PGCLC and gonad-derived somatic cell> above formed secondary follicles by in vitro-culture as follows. In this
example, two basal media were used in the culture of the aggregates of PGCLCs and gonad-derived somatic cells.
From day 0 to day 4 of the culture, α-MEM supplemented with fetal 2% calf serum (FCS), 150mM ascorbic acid, 1x
GlutaMax, 1x penicillin/streptomycin, and 55mM 2-mercaptoethanol (IVD-αMEM medium) was used. From day 5, Stem-
Pro-34 SFM (Life technologies) supplemented with 10% FCS, 150mM ascorbic acid, 1x GlutaMax, 1x penicillin/strepto-
mycin, and 55mM 2-mercaptoethanol (IVD-SP medium) was used. In the period from day 7 to day 10 of the culture of
the aggregates of PGCLCs and gonad-derived somatic cells, IVD-SP medium supplemented with ICI 182,780(500nM)
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was used. The culture for forming secondary follicles from the aggregates of PGCLCs and gonad-derived somatic cells
was performed on Transwell®-Col over the entire period, for total 11 to 21 days. As a result, secondary follicles could
be observed on about day 9 to day 11 from the onset of the culture of the aggregates of PGCLCs and gonad-derived
somatic cells (Fig. 13, bottom line figures). As shown in Fig. 13, in secondary follicles formed on Week 3 from the onset
of the culture Blimp1 expression, a primordial germ cell marker gene, was not observed, and strong Stella expression,
an oocyte marker gene, was observed.

<II-4. In vitro growth culture of secondary follicle>

[0110] Production of a cumulus-oocyte complex (COC) was tested by in vitro culturing secondary follicles obtained in
<II-3. Production of secondary follicle> as follows.
[0111] The secondary follicles obtained by the culture was physically isolated with tungsten on Transwell®-Col. The
isolated secondary follicles were cultured in IVG medium (a-MEM supplemented with 5% FCS, 2% polyvinylpyrro-
lidone(Sigma), 150mM ascorbic acid , 1x GlutaMax, 1x penicillin/streptomycin, 100mM 2-mercaptoethanol, 55mg/ml
sodium pyruvate, and 0.1IU/ml FSH) in the presence of GDF9 (15ng/ml) and BMP15 (15ng/ml) on Transwell®-Col for
2 days (Fig.14A). On day 3 of the culture, the secondary follicles were transferred to L15 medium containing 1mg/ml
collagenase type-IV and treated at 37 °C for 25 mins to partially dissociate cells between a granulosa cell layer and a
theca cell layer. Then, the secondary follicles were continuously cultured in the above IVG medium without GDF9 and
BMP15 on Transwell®-Col (Fig. 14B and Fig. 14C). As a result, COCs could be isolated from the developed secondary
follicles with a glass capillary on day 11 (Fig. 14D).

<II-5. In vitro maturation to egg by in vitro culture>

[0112] COCs obtained in <11-4. In vitro growth culture of secondary follicle> were transferred to IVM medium (a-MEM
supplemented with 5%FCS, 25mg/ml sodium pyruvate, 1x penicillin/streptomycin, 0.1IU/ml FSH, 4ng/ml EGF, and
1.2IU/ml hCG) and cultured for 16 hours. Then, cumulus cells were dissociated from eggs with hyaluronidase, and
oocytes released the first polar body were used for in vitro fertilization as MII eggs.

<II-6. In vitro fertilization and embryo transfer with in vitro-mature egg>

[0113] The obtained MII eggs were co-cultured with sperms in IVF medium (HTF supplemented with 4mg/ml bovine
serum albumin). After about 6 hours, the fertilized eggs were transferred to fresh IVF medium and cultured for 1 day.
After the culture, embryos developed to 2-cell stage were transferred into the oviducts of pseudopregnant females at
0.5 dpc. Offspring were delivered by caesarean section at day 19 of the transfer. The obtained offspring were raised by
foster mothers, and developed to adults. As a result, the offspring developed to physically normal adults (Fig. 15).
Furthermore, Male and female mice developed to adults could produce the offspringafter sexual maturation. This indicates
that the in vitro culture method according to this invention can produce the functional GV stage oocyte and egg from a
PGCLC derived from ES cells or iPS cells.

[Sequence Listing]

[0114]
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Claims

1. A method for differentiating a primordial germ cell into a functional GV stage oocyte by in vitro culture, comprising:

(a) a step of producing a secondary follicle by culturing the primordial germ cell and supporting cells adjacent
to the primordial germ cells under conditions that eliminate the effects of estrogen or a factor having a similar
function to estrogen;
(b) a step of partially dissociating cells between a granulosa cell layer and a thecal cell layer, wherein the oocyte,
the granulosa cell layer, and the thecal cell layer constitute the produced secondary follicle; and
(c) a step of differentiating the oocyte into a functional GV stage oocyte by culturing the oocyte, the granulosa
cell layer, and the thecal cell layer that constitute the secondary follicle in a medium containing a high-molecular-
weight compound.

2. The method according to Claim 1, wherein the culture under conditions that eliminate the effects of estrogen or the
factor having a similar function to estrogen in step (a) comprises culturing in the presence of an estrogen inhibitor
or culturing using a serum-free medium.

3. The method according to Claim 2, wherein the estrogen inhibitor used in step (a) is an estrogen receptor antagonist.

4. The method according to any of Claims 1 to 3, wherein the partial dissociation of the cell layers in step (b) is carried
out by enzymatic treatment and/or by physical means.

5. The method according to any of Claims 1 to 4, wherein in step (c), the high-molecular-weight compound is at least
one compound selected from the group consisting of polyvinylpyrrolidone, Ficoll®, hydroxypropylmethyl cellulose,
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and serum albumin.

6. A GV-stage oocyte obtained by the method according to any of Claims 1 to 5.

7. A method for producing a functional egg, comprising:
a step of subjecting a GV-stage oocyte obtained by the method according to any of Claims 1 to 5 to in vitro maturation
culture to resume meiosis.

8. An egg obtained by the method according to Claim 7.

9. A kit for differentiation of a primordial germ cell into a functional egg in vitro, comprising:
an estrogen inhibitor, a serum-free medium, a serum replacement, an enzyme for dissociating cells, or a high-
molecular-weight compound, or a combination thereof.
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