ETH Library

Characterization of in vitro
systems to generate oocytes
and substitutes of sperm from
pluripotent stem cells
Doctoral Thesis
Author(s):
Aizawa, Eishi
Publication date:
2019
Permanent link:
https://doi.org/10.3929/ethz-b-000391005
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

DISS. ETH NO. 26420

Characterization of in vitro systems to generate
oocytes and substitutes of sperm from pluripotent stem cells

A thesis submitted to attain the degree of

DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)

presented by

Eishi Aizawa
M.Sc. University of Tokyo
born on 19.02.1982
citizen of Japan

accepted on the recommendation of
Prof. Anton Wutz
Prof. Antoine Peters
Prof. Gerald Schwank

2019

Table of Contents
Summary ......................................................................................................... 3
Zusammenfassung .......................................................................................... 4
Abbreviations .................................................................................................. 5
1. Introduction ................................................................................................. 8
1.1

Overall development of germ cells ..................................................... 8

1.2

Fertilization and parthenogenesis ..................................................... 9

1.3

Preimplantation development .......................................................... 13

1.4

Germ cell specification ...................................................................... 16

1.5

Sex differentiation and meiotic initiation ........................................ 17

1.6

Oogenesis ........................................................................................... 19

1.7

Genomic imprinting .......................................................................... 23

1.8

Pluripotent stem cells ....................................................................... 25

1.9

Haploid embryonic stem cell ............................................................. 27

1.10 Studies on germ cell development by in vitro culture ..................... 29
2. Aim of the thesis ....................................................................................... 32
3. Results ....................................................................................................... 33
3.1

Establishment of an in vitro culture for pluripotent stem cells into
oocytes ............................................................................................... 33

3.1.1

Overall design of in vitro culture ............................................... 33

3.1.2

In vitro differentiation of PGC-like cells from pluripotent stem
cells ............................................................................................. 34

3.1.3

In vitro differentiation of primary oocytes from PGC-like cells . 37

3.1.4

In vitro growth and maturation of MII oocytes from primary
oocytes ......................................................................................... 42

3.1.5

Preimplantation development of in vitro-derived oocytes ........ 45

3.1.6

Assessment of in vitro culture stages ........................................ 48

3.1.7

Immunostaining analysis of in vitro-derived oocytes ............... 53

3.2

Application of haploid embryonic stem cells as a substitute of sperm

3.2.1

Generation of ΔIG- and ΔH19-DMRs haploid ESC lines .......... 57

3.2.2

Generation of blastocysts by injection of haploid ESCs into oocytes

3.2.3

Generation of mice by injection of haploid ESCs into oocytes .. 63

4. Discussion .................................................................................................. 66
4.1

Development of proliferative outgrowths from rOvaries ................ 66
1

4.2

Large scale development of putative growing oocytes ..................... 69

4.3

Abnormal development of oocytes by in vitro culture ..................... 70

4.4

Low competency of preimplantation development in PSC-derived
oocytes ............................................................................................... 73

4.5

Formation of triploid embryos by injection of haploid ESCs into
oocytes ............................................................................................... 75

4.6

Outlook: Possibility to generate totipotent cells from pluripotent stem
cells .................................................................................................... 77

4.7

Conclusion ......................................................................................... 79

5. Materials and methods ............................................................................. 80
5.1

Animals .............................................................................................. 80

5.2

Establishment of an in vitro culture for pluripotent stem cells into
oocytes ............................................................................................... 80

5.2.1

PSC lines ..................................................................................... 80

5.2.2

Germ cell differentiation ............................................................ 80

5.2.3

IVDi culture ................................................................................ 81

5.2.4

IVG culture ................................................................................. 81

5.2.5

IVM ............................................................................................. 82

5.2.6

Parthenogenetic activation ........................................................ 82

5.2.7

IVF .............................................................................................. 82

5.2.8

Immunostaining analysis ........................................................... 83

5.3

Application of haploid embryonic stem cell as a substitute of sperm

5.3.1

Haploid ESC lines ...................................................................... 85

5.3.2

Embryo construction .................................................................. 85

5.3.3

Embryo transfer ......................................................................... 86

5.3.4

Karyotyping ................................................................................ 86

5.4

Genotyping ........................................................................................ 87

5.5

Transcription analysis ...................................................................... 87

5.6

Cell culture medium ......................................................................... 88

5.7

Oligos ................................................................................................. 91

5.8

Antibodies .......................................................................................... 93

6. Reference ..................................................................................................... 94
Acknowledgements ....................................................................................... 104

2

Summary
The genome of germ cells and their epigenetic information are crucial
for species since they are transmitted to the offspring. Defects of genetic and
epigenetic information in germ cells often cause disorders in the offspring.
However, much remains to be elucidated how the gametic genome is correctly
established and organized to achieve a totipotent configuration after
fertilization. In order to address these questions, this thesis aims to establish
an in vitro culture system for differentiation of mouse pluripotent stem cells
(PSCs) into oocytes. Furthermore, an application of PSC as a substitute of
sperm is investigated to understand the role of the paternal genome for
contribution to a totipotent zygote.
In order to establish an in vitro culture system of oocytes, differentiation
of PSCs was performed by mimicking in vivo conditions of female germ cell
development. After the culture for 45 days, PSCs developed into mature
oocytes, which could be fertilized with sperm and proceeded through
preimplantation development. The in vitro culture system and PSC-derived
oocytes were also assessed by comparison with in vivo-derived cells.
Generation of a paternal-like genome was demonstrated by modifying
differentially methylated regions (DMRs) of imprinted genes in the genome
of haploid embryonic stem cells (hapESCs). Full-term mice were derived by
injection of the hapESC nuclei into oocytes to investigate their contribution
to totipotent zygotes.
The results confirm PSCs as a resource for replicating the entire
development of oocytes by in vitro culture. This observation enables the in
vitro study on oocyte development including the mechanism of how oocytes
acquire correct epigenetic marks. Also, hapESC nuclei are confirmed to
possess the potential to replace paternal genome on fertilization by genetic
modification. This thesis advances the tools to facilitate studies on epigenetic
mechanisms of germ cells.
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Zusammenfassung
Das Genom von Keimzellen und deren epigenetische Information sind
entscheidend für eine Spezies, da sie an die Nachkommen weitergegeben
werden. Defekte der genetischen und epigenetischen Information in
Keimzellen führen oft zu Krankheiten des Nachwuchses. Wie das Genom der
Gameten erstellt und organisiert wird um nach der Befruchtung eine
totipotente Konfiguration zu erreichen ist noch nicht vollständig geklärt. Um
diese Fragen zu beantworten, versucht diese Arbeit ein in vitro
Zellkultursystem zu etablieren um pluripotente Mausstammzellen (PSZ) zu
Eizellen zu differenzieren. Weiters wird eine Anwendung untersucht um PSZ
als Ersatz für Sperma zu verwenden, um die Rolle des väterlichen Genoms in
der totipotenten Zygote zu verstehen.
Um das Zellkultursystem für Eizellen zu etablieren wurden PSZ
differenziert

indem

Kulturbedingungen

ähnlich

der

natürlichen

Eizellentwicklung gewählt wurden. Nach 45 Tagen in Kultur hatten sich die
PSZ zu reifen Eizellen entwickelt, die mit Sperma befruchtet werden konnten
und die Präimplantationsentwicklung durchschritten. Das in vitro System
und die daraus resultierenden Eizellen wurden des weiteren mit in vivo
Eizellen verglichen.
Die Erstellung eines pseudo-väterlichen Genoms wurde durch die
Veränderung
geprägten

unterschiedlich

Genen

im

methylierter

Genom

haploider

Regionen

von

embryonaler

genomischStammzellen

demonstriert. Gesunde Mäuse konnten durch die Injektion von modifizierten
haploiden Stammzell-Zellkernen in Eizellen erhalten werden, um die
Beteiligung des väterlichen Genoms zur totipotenten Zygote zu untersuchen.
Die vorliegenden Resultate bestätigen, dass PSZ ein Modelsystem zum
Studium der vollständigen Entwicklung von Eizellen in vitro darstellen.
Diese Beobachtung erlaubt die in vitro Untersuchung der Eizellentwicklung
inklusive der Mechanismen wie epigenetische Informationen etabliert
werden. Des weiteren wurde bestätigt, dass genetisch modifizierte haploide
Stammzell-Zellkerne die Fähigkeit besitzen, das väterliche Genom bei der
Befruchtung zu ersetzen. Diese Doktorarbeit leistet Beiträge zur Erforschung
der epigenetischen Mechanismen in Keimzellen.
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Abbreviations
Abbreviation

Definition

Al

Allantois

AMH

Anti-Müllerian hormone

ATAC-seq

Assay for transposase-accessible chromatin using sequencing

ATPase

Adenosine 5'-triphosphatase

BF

Bright field

BLIMP1

B lymphocyte-induced maturation protein-1

BMP

Bone morphogenetic protein

BrdU

Bromodeoxyuridine

BrUTP

5-bromouridine 5’-triphosphate

BVSC

Blimp1-Venus and Stella-ECFP

CAG

The cytomegalovirus early enhancer and chicken β-actin

CaMKII

Calmodulin-dependent protein kinase II

Cas9

CRISPR-associated protein 9

CHO

Chinese hamster ovary

COC

Cumulus-oocyte complex

CRISPR

Clustered regularly interspaced short palindromic repeats

CXCR4

C-X-C chemokine receptor type 4

CZB

Catot-Ziomek-Bavister

DAPI

4’,6-diamidino-2-phenylindole

DAZL

Deleted in azoospermia-like

DMR

Differentially methylated region

DNA

Deoxyribonucleic acid

DNMT

DNA methyltransferase

dpc

Days post coitum

dpp

Days postpartum

DPPA3

Developmental pluripotency-associated 3

DUX

Double homeobox

EGFP

Enhanced green fluorescent protein

ER

Endoplasmic reticulum

ERV

Endogenous retroviruse

E

Embryonic day

EB

Embryoid body

EGC

Embryonic germ cell

EGF

Epidermal growth factor

EGTA

Ethylene glycol tetraacetic acid

Epi

Epiblast

EpiLC

Epiblast-like cell

EpiSC

Epiblast stem cell

ESC

Embryonic stem cell

ExE

Extraembryonic ectoderm

5

FACS

Fluorescence-activated cell sorting

FGF

Fibroblast growth factor

FOXL

Forkhead box protein

FOXO3

Forkhead box O3

FSH

Follicle-stimulating hormone

GDF

Growth differentiation factor

GFP

Green fluorescent protein

gRNA

guide RNA

GTL

Glycosyltransferase

GV

Germinal vesicle

GVBD

Germinal vesicle break down

hapESC

Haploid embryonic stem cell

HCG

Human chorionic gonadotropin

HOX

Homeobox

H3K4ac

H3 lysine 4 acetylation

H3K4me3

H3 lysine 4 trimethylation

H3K9me2

H3 lysine 9 di-methylation

H3K27ac

H3 lysine 27 acetylation

H3K27me3

H3 lysine 27 trimethylation

H3R26me

H3 arginine 26 methylation

ICM

Inner cell mass

IG

Intergenic germline-derived

IGF

Insulin growth factor

IP3

Inositol-1,4,5-trisphosphate

iPSC

Induced pluripotent stem cell

IVDi

In vitro differentiation

IVG

In vitro growth

IVF

In vitro fertilization

IVM

In vitro maturation

KLF

Krüppel-like family of transcription factor

KSOM

Potassium simplex optimization medium

LH

Luteinizing hormone

LIF

Leukemia inhibitory factor

LINE-1

Long interspersed nuclear element-1

MACS

Magnetic-activated cell sorting

MERVL

Murine endogenous retrovirus with leucine tRNA primer

M-phase

Mitotic phase

mRNA

Messenger ribonucleic acid

MT

Mutant

mTORC

Mechanistic target of rapamycin complex

MZT

Maternal-to-zygotic transition

MII

Meiosis II

OCT4

Octamer-binding transcription factor 4

PB

Polar body
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PCR

Polymerase chain reaction

PDH

Pyruvate dehydrogenase

PGC

Primordial germ cell

PGCLC

PGC-like cell

phESC

Parthenogenetic haploid embryonic stem cell

PIP2

Phosphatidylinositol-4,5-bisphosphate

PI3K
PLCζ

Phosphoinositide 3-kinase
Phospholipase C zeta

PN

Pronuclear stage

Pol II

RNA polymerase II

PRC

Polycomb repressive complex

PRDM

PR domain containing

PSC

Pluripotent stem cell

PTEN

Phosphatase and tensin homologue

RA

Retinoic acid

RNA

Ribonucleic acid

rOvary

Reconstituted ovary

RSPO

R-spondin

SCF

Stem cell factor

SDF1

Stromal cell-derived factor 1

Sm

Somite

SOX

SRY-box

SRY

Sex determining region Y

SSEA

Stage specific embryonic antigen

STRA8

Stimulated by retinoic acid 8

SYCP

Synaptonemal complex protein

TCA

Tri-carboxylic acid

TE

Trophectoderm

TET3

Tet methylcytosine dioxygenase 3

TFAP2C

Transcription factor AP-2 gamma

TGF

Transforming growth factor

TSC

Trophoblast stem cell

UV

Ultraviolet

VE

Visceral endoderm

WT

Wild type

XEN

Extra-embryonic endoderm stem

ZGA

Zygotic genome activation

ZP

Zona pellucida

5hmC

5-hydroxymethylcytosine

5mC

5-methylcytosine
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1. Introduction
1.1

Overall development of germ cells
In organisms with sexual reproduction germ cells are the source of

totipotent zygotes, which can ensure the creation of new individuals. The
genome and epigenetic information are transmitted to the offspring through
germ cells. All germ cell lineages in mice are derived from primordial germ
cells (PGCs), which are the origins of two gametes, termed oocytes and
spermatozoa (Figure 1). PGCs arise from the proximal epiblast during
embryogenesis (Ginsburg et al., 1990; McLaren & Lawson, 2005). In contrast
to somatic cells, a germ cell undergoes meiosis as well as mitosis, followed by
differentiation into either gamete. Germline development is a process that
segregates germ cells from somatic cells and finally leads to the production of
haploid gametes. During germline development in female mice, underlying
cells pass several processes involving PGC specification, migration to gonads,
meiosis and development into oocytes. Oocytes acquire unique epigenetic
patterns with dynamic changes through their developmental process. Finally,
a spermatozoon fertilizes an oocyte to form a zygote, followed by
embryogenesis for the next generation.
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Figure 1. Overview of mouse germ cell development. (Top) A scheme of germ cell development
from a zygote to gametes in mice. (Bottom) Key events from a zygote to a secondary oocyte,
followed by fertilization. During germ cell development in female mice, cells pass the process
involving PGC specification, proliferation, migration to gonads, meiosis, and development
into matured oocytes. Al, allantois; dpc, days post coitum; Epi, epiblast; ExE, extraembryonic
ectoderm; ICM, inner cell mass; PB, polar body; PGC, primordial germ cell; Sm, somite; TE,
trophectoderm; VE, visceral endoderm; ZP, zona pellucida.

1.2

Fertilization and parthenogenesis
In mammals, a multicellular organism originates from a single cell,

termed zygote. An adult human with a weight of 70 kg is estimated to consist
of totally 3.7 x 1013 cells, which develops diversely from a zygote through
embryogenesis (Bianconi et al., 2013). The transition of an unfertilized egg to
a developing embryo undergoes a sequence of events with rapid changes so
that two terminally differentiated gametes turn into a single totipotent cell.
Fertilization is the process in which two haploid gametes, an oocyte and
a spermatozoon, fuse to form a diploid zygote. In mice, phospholipase C zeta
(PLCζ) in a sperm head diffuses into the oocyte cytoplasm at the fusion of two
gametes’ membranes (Saunders et al., 2002). PLCζ catalyzes the formation of
inositol-1,4,5-trisphosphate (IP3) from phosphatidylinositol-4,5-bisphosphate
(PIP2). Subsequently IP3 binds its receptor, leading to Ca2+ release from the
9

endoplasmic reticulum (ER) and the cytosolic oscillation of Ca2+ is initiated
(Xu et al., 1994). This Ca2+ oscillation triggers several events including
cortical reaction and cell cycle resumption, and a sequence of these events are
known as oocyte activation (reviewed by Liu, 2011 & Miao et al., 2012).
Exocytosis of cortical granules, evoked by the Ca2+ oscillation, induces the
extrusion of their contents into the perivitelline space, and the zona pellucida
is biochemically modified to block the polyspermy. The Ca2+ oscillation also
triggers the cell cycle resumption of oocytes arrested in metaphase of meiosis
II (MII) by increasing calmodulin-dependent protein kinase II (CaMKII)
activity, leading to the degradation of M-phase promoting factor (Markoulaki
et al., 2003; Backs et al., 2010).
Both an oocyte and a spermatozoon are highly differentiated cells and
have different epigenetic marks and organization. While the maternal
genome is diploid and is packaged with histones, the paternal genome is
haploid and most of its genome, but not all, is packaged with protamines
(reviewed by Albert & Peters, 2009; Zhou & Dean, 2015). At the same time as
the oocyte activation, the paternal nucleus undergoes decondensation with
replacement of protamines by stored maternal histones, followed by the
formation of the pronucleus. The maternal pronucleus is also formed when
the cell cycle resumption is induced, and the maternal genome completes
meiosis. Subsequently, two parental nuclei translocate toward each other and
break down in the center of the zygote. The parental chromosomes form two
bipolar spindles to congress maternal and paternal genomes independently
(Mayer et al., 2000; Reichmann et al., 2018). These two spindles align before
anaphase, and then the first cleavage proceeds with parental genomes
separated.
Initially, paternal and maternal genomes possess different epigenetic
profiles. On fertilization, both parental genomes undergo global DNA
demethylation of methylated cytosines (Figure 2). The paternal genome
actively loses its methylation in the early 1-cell zygote prior to the start of
DNA replication (Mayer et al., 2000; Oswald et al., 2000). This active
demethylation results in the conversion of 5-methylcytosine (5mC) to 5-
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hydroxymethylcytosine (5hmC) through several steps (Gu et al., 2011; Iqbal
et al., 2011; Wossidlo et al., 2011; Amouroux et al., 2016). Base excision DNA
repair causes genome wide loss of sperm-derived 5mC, followed by de novo
and maintenance of DNA methylation by zygotic DNMT1 and DNMT3A.
Subsequently, newly deposited 5mC is hydroxylated by TET3 activity and
forms 5hmC. On the other hand, the maternal genome is passively
demethylated over successive cell cleavages. The histone modification, H3
lysine 9 di-methylation (H3K9me2), is enriched in maternal chromatin,
leading to the binding of a maternal factor STELLA (also known as DPPA3 or
PGC7) to protect against conversion of 5mC to 5hmC (Nakamura et al., 2007;
Nakamura et al., 2012).
Histone remodeling is also asymmetrical in paternal and maternal
chromatin. After protamine removal, the paternal genome is repackaged with
acetylated maternal histones. Histone H3 lysine 4 trimethylation (H3K4me3)
and histone H3 lysine 27 trimethylation (H3K27me3), associated with active
and repressed genes respectively, are extensively established on the paternal
genome in the zygote (Sarmento et al., 2004; Heijden et al., 2005; Santos et
al., 2005). In contrast, a non-canonical pattern of H3K4me3 is established in
a transcription-independent manner at intergenic domains in oocytes (Zhang
et al., 2016). This acquisition of non-canonical H3K4me3 appears to have
roles on genome-wide transcriptional silencing during oocyte maturation and
on resumption of meiosis after fertilization. Through activity of H3K4
demethylases, KDM5B and KDM1A, the non-canonical maternal H3K4me3
is reprogrammed following fertilization, which is associated with zygotic
genome activation (Dahl et al., 2016; Liu et al., 2016; Zhang et al., 2016) (also
see a chapter “1.3 Preimplantation development” on zygotic genome
activation). Maternal H3K27me3 is inherited to a zygote and establishes a
non-canonical imprinting in the early embryo (Inoue et al., 2017). Several
genes are reported to be silenced by H3K27me3 on the maternal chromosome,
thereby mediating paternal specific expression.
In addition to DNA methylation and histone remodeling, chromatin
structure progressively changes. ATAC-seq and Hi-C data demonstrated that
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zygotes have a relaxed chromatin state (Du et al., 2017; Wu et al., 2016).
Subsequently, embryos establish a higher-order structure of chromatin
during preimplantation development, which enables the interactions between
promoters and enhancers.
Parthenogenesis is a form of asexual reproduction in which embryos
develop from unfertilized oocytes. Production of parthenogenetic offspring
occurs naturally in various animals such as nematodes, aphids, rotifers,

Daphnia and Hymenoptera (reviewed by Otto & Jarne, 2001; Engelstädter,
2017). In higher animals, parthenogenetic offspring is not normally produced
in nature, but parthenogenetic embryos can be experimentally produced by
manipulation of gametes (reviewed by Wutz, 2014). In mice, parthenogenetic
haploid embryos have been generated by various approaches of oocyte
activation using, for example, ethanol (Kaufman, 1982), strontium chloride
(O’Neill et al., 1991), Ca-ATPase inhibitor (Kline & Kline, 1992), IP3 receptor
agonist (Brind et al., 2000) and PLCζ (Yoon et al., 2012). Nowadays, artificial
oocyte activation has taken important roles for assisted reproductive
technology as well as for biological studies (Ramadan et al., 2012).
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1.3

Preimplantation development
In mammals, early embryonic development is organized first by

maternal factors accumulated during oogenesis, and later by new transcripts
from the zygotic genome (Figure 2). Although a substantial amount of
maternal mRNA resides in 1C zygote, the most of these mRNAs selectively
degrades by the end of 2-cell stage and is replaced by zygotic transcripts,
referred to as the maternal-to-zygotic transition (MZT) (Pikó et al., 1982;
Alizadeh et al., 2005).
The minor wave of zygotic genome activation (ZGA) is initially detected
during S-phase of the 1C zygote with higher activity in the male than the
female pronucleus, and subsequently the burst of transcription occurs during
the mid-to-late 2-cell stage (Matsumoto et al., 1994; Bouniol et al., 1995; Aoki
et al., 1997). These initiations of the genome are known as the minor ZGA and
the major ZGA respectively. The wave of the major ZGA activates thousands
of genes and transposable elements including the endogenous retroviruses
(ERVs), long interspersed nuclear element-1 (LINE-1),

(Hamatani et al.,

2004; Svoboda et al., 2004; Zeng et al., 2004). Especially murine endogenous
retrovirus with leucine tRNA primer (MERVL) elements are transiently
activated, engaging 3% of the transcribed mRNA, but the expression is
rapidly silenced after the 2-cell stage (Kigami et al., 2003; Peaston et al., 2004;
Svoboda et al., 2004).
The mechanism underlying the regulation of ZGA remains unclear
(reviewed by Eckersley-Maslin et al., 2018). Nevertheless, recent studies have
indicated important implications. Abe et al. has demonstrated that the minor
ZGA is required for the major ZGA using a reversible inhibitor of Pol IImediated transcription (Abe et al., 2018). Transient treatment with the
inhibitor of the 1-cell embryo resulted in the developmental arrest of most
embryos at the 2-cell stage and in retention of the H3K4me3 mark, which
decreases normally in late preimplantation embryos (Zhang et al., 2016).
The transcription factor Dux has been proposed to have an important
role in ZGA. Using a model of 2-cell-like cell in embryonic stem cells (ESCs)
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(see a chapter “1.7 Pluripotent stem cell”), DUX was shown to bind and
activate ZGA transcripts including ERV family repeats and ERV-linked genes
(De Iaco et al., 2017; Hendrickson et al., 2017; Whiddon et al., 2017). Also,

Dux was necessary and sufficient for the transition from ESCs to 2-cell-like
cells (Hendrickson et al., 2017). Furthermore, the CRISPR-Cas9 mediated
depletion of the Dux cluster in zygotes exhibited downregulation of ZGA genes
(De laco et al., 2017). However, in contrast, a recent publication reported that
maternal and zygotic knockout Dux embryos could survive to adulthood
(Chen et al, 2019). The transcriptome analysis of the knockout embryos also
showed a minor effect on ZGA by the loss of DUX, and most DUX targets in
2-cell-like cells were activated. The role of Dux on ZGA is still controversial.
It is also implicated that mitochondrial enzymes have a role in the major
ZGA (Nagaraj et al., 2017). Pyruvate is present in the mouse oviductal fluid,
and embryos fail to develop beyond the 2-cell stage in culture medium
containing the similar proportions but lacking pyruvate (Brown and
Whittingham, 1991). The enzyme pyruvate dehydrogenase (PDH), which
initiates the tri-carboxylic acid (TCA) cycle in mitochondria, localizes in the
nucleus in the mid 2-cell stage (Nagaraj et al., 2017). However, the PDH
exclusively localizes outside of the nucleus without pyruvate, and these
embryos lacked the major ZGA. Also, 2-cell embryos grown in the medium
lacking pyruvate exhibited the elimination of several histone marks including
H3K4 acetylation and H3K27me3, indicating PDH nuclear localization is
possibly a critical step for correct chromatin remodeling and ZGA.
At the onset of the major ZGA, newly synthesized embryonic transcripts
start the replacement of maternal factors for the further preimplantation
development. Totipotency markers such as MERVL and Zscan4 highly
express at the 2-cell embryo but gradually decrease and become silent at the
4-cell stage (Hamatani et al., 2004; Zeng et al., 2004). Instead, pluripotency
markers such as Oct4 and Nanog start expression from the late 4-cell stage.
Transplantation studies have demonstrated that a blastomere in the 2-cell
stage is competent to develop to a viable mouse (Tarkowski et al., 1959;
Tsunoda et al., 1983). Also, some blastomeres at 8-cell stage embryos possess
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the competency to develop all lineages in chimeric mice (Rossant, 1976; Kelly,
1977). Heterogeneity of blastomeres was reported to start at the 4-cell stage
with the differences of PRDM14 expression and the arginine 26 residue of
histone H3 (H3R26me) level (Piotrowska-Nitsche et al., 2005; Torres-Padilla
et al., 2007; Burton et al., 2013). The first lineage specification is observed at
morula stage, segregating trophectoderm (TE) and inner cell mass (ICM)
(reviewed by Chazaud & Yamanaka, 2016). Subsequently at the blastocyst
stage, ICM is specified into epiblast and primitive endoderm.

Figure 2. Overview of transcription and DNA methylation during mouse preimplantation
development. Fertilization triggers resumption of oocyte meiosis followed by the decline of
developmental potency from the totipotent zygote through to the blastocyst. Maternal
mRNAs are rapidly degraded (green line) during two waves of zygotic genome activation
(ZGA; orange line): minor ZGA in the zygote and major ZGA in the 2-cell embryo. DNA
methylation is dynamically lost during preimplantation development: active demethylation
of paternal 5mC (blue solid line) through de novo 5hmC formation (blue dashed line) in the
zygote; passive demethylation of maternal 5mC during cleavage divisions (red line).
(prepared by reference to Eckersley-Maslin et al., 2018; Ladstätter & Tachibana 2019)
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1.4

Germ cell specification
The germ cell fate in mice is induced in epiblasts at around embryonic

day (E) 6.0 in response to bone morphogenetic proteins (BMPs), including
BMP4 and BMP8, from the extraembryonic ectoderm (Lawson et al., 1999;
Ying et al. 2000). BMP4 signals the most proximal epiblast cells through the
SMAD complex at E5.5-5.75, followed by the expression of transcriptional
regulators, Blimp1 and Prdm14 (Ohinata et al., 2005; Vincent et al., 2005;
Yamaji et al., 2008). The BMP8 signal blocks inhibitory signals against germ
line specification from the anterior visceral endoderm (Ohinata et al., 2009).
The expression of Blimp1 and Prdm14 distinguishes PGC precursors from
surrounding cells in the epiblast destined for the somatic lineage. After
specification, PGCs are established at around E7.25 as a cluster of
approximately 40 cells within the extraembryonic mesoderm, which express

Stella, a maternal effect gene that is also expressed zygotically until the
blastocyst stage (Ginsburg et al., 1990; Payer et al., 2003). The expression of

Nanog and Sox2, known as pluripotent marker genes, decrease in early
Blimp1-positive cells but increase later in PGCs. In contrast, various somatic
genes including Hox genes and DNA methyltransferases are highly expressed
in Blimp1-positive cells, but their expression decreases in PGCs.
After specification, PGCs start proliferating rapidly and migrate along
the hindgut endoderm toward the genital ridges, which are the precursors of
gonads and will form either the ovary or the testis (Ginsburg et al., 1990). The
migration path for PGCs is controlled by SDF1 and CXCR4, which are
expressed by somatic cells of the genital ridge and by PGCs respectively
(Molyneaux et al., 2003; reviewed by Richardson and Lehmann, 2010). Also,
a receptor tyrosine kinase c-KIT (also known as KIT) is expressed in PGCs
throughout migration from E7.25 (Yabuta et al., 2006). Its ligand stem cell
factor (SCF; also known as KIT ligand), which is expressed by somatic cells
surrounding PGCs throughout migration, are required for PGCs motility and
survival (Gu et al., 2009).
Extensive

epigenetic

reprogramming

occurs

in

PGCs

during
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specification and migration. The E6.5 epiblast cells exhibit high level of CpG
methylation (70%-85%), then the methylation level is reduced to 30% in E11.5
and to around 10% in E13.5 PGCs (Kurimoto et al., 2008; Seisenberger et al.,
2012). This genome-wide DNA demethylation results in the erasure of sexspecific imprints. Also, it has been reported that the initiation of global DNA
demethylation with simultaneous TET1 recruitment has important roles on
the removal of PRC1-mediated repression of genes on PGC to gonocyte
transition (Hill et al., 2018). Global chromatin remodeling is also observed in
PGCs, including reduction of H3K9me2 and elevation of H3K27me3 during
migration (Seki et al., 2005; Kurimoto et al., 2015). In female mice, Xchromosome inactivation is initiated around E5.5. In contrast to the global
increase of H3K27me3 level, the inactive X-chromosome exhibits a gradual
reduction in H3K27me3 in female PGCs and X-reactivation is initiated
during migration. Consequently, both X chromosomes in female PGCs are in
an active state before oogenesis (reviewed by Ohhata and Wutz, 2013).
PGCs colonize in the emerging gonad at around E10.5 to E11.5. Female
germ cells proliferate by mitosis until E13.5 and are termed oogonia until the
entry of meiosis. About 6,000 germ cells reside in one gonad at E13.5 (Pepling
& Spradling, 2001; Findlay et al., 2015).

1.5

Sex differentiation and meiotic initiation
After migration to gonads, the development of germ cells starts to be

regulated by signals from gonadal somatic cells and undergo sex dimorphic
lineages. Male gonadal somatic cells, termed pre-Sertoli cells, begin to
express the sex-determinant gene Sry at around E11.0. Sry expression
reaches its highest level at E11.5 and is silenced shortly after E12.5 (Hacker
et al., 1995). Sry directly activates a transcription factor, Sox9, which
upregulates Fgf9 expression (reviewed by Tanaka & Nishinakamura, 2014).
Subsequently, the Sox9-Fgf9 positive feedback loop is established to maintain
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a high level of Sox9 expression, leading to the differentiation of gonadal
somatic cells into Sertoli cell lineage. In female gonads, the absence of SRY
releases Wnt4 and Rspo1 expression. RSPO1 stimulates the expression of

Wnt4, leading to increase cytoplasmic β-catenin level (Chassot et al., 2008;
Tomizuka et al., 2008). β-catenin also activates a forkhead transcription factor,

Foxl2. The high level of WNT4, RSPO1, β-catenin and FOXL2 counteracts
Fgf9 and Sox9 expression, initiating the differentiation of female somatic cells
into granulosa cell lineage (Schmidt et al., 2004; Heikkila et al., 2005; Kim et
al., 2006; Parma et al, 2006). Germ cells are then directed to differentiate
along either a male or a female developmental pathway by signals from the
somatic cells in the gonad environment (Adams & McLaren, 2002; Best et al.,
2008).
After migration to gonads, female germ cells proliferate exponentially
by mitosis and differentiate to oogonia. The number of germ cells reaches the
maximum of 15,000 per ovary at E15.5 and subsequently decreases (Findlay
et al., 2015). In parallel, some oogonia start the development to primary
oocytes by entering meiosis around E13.5 (Monk & McLaren, 1981). Initiation
of meiosis is triggered by the increase in the level of retinoic acid, synthesized
by retinaldehyde dehydrogenases present in the mesonephros and the
developing ovary (Kumar et al., 2011; Bowles et al., 2016). Retinoic acid binds
to the retinoic acid receptor present in oogonia and induces the expression of
a transcription factor, Stra8 (Koubova et al, 2006). The timing of meiotic entry
is coordinated by the Polycomb repressive complex 1 (PRC1), which represses

Stra8 and other factors involved in early meiosis programs until retinoic acid
reaches a threshold (Yokobayashi et al., 2013). STRA8 upregulates Dazl and

Sycp3, which are involved in the formation of the synaptonemal complex
essential for the onset of meiosis (Reynolds et al., 2007; Lin et al., 2008). Once
entered meiosis, oocytes progress through stages of leptotene, zygotene and
pachytene, and then arrest at the diplotene in meiotic prophase I (Borum,
1966). Most germ cells reach the diplotene stage by 5 days postpartum (dpp)
(reviewed by Pepling, 2012).
It has also been reported that female germ cells form clusters of up to
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30 cells in gonads, called cysts, between E10.5 and E13.5 (Ruby et al., 1969;
Pepling & Spradling, 1998; Lei & Spradling, 2013). Incomplete cytokinesis in
proliferating germ cells results in formation of intercellular bridges between
daughter cells in the cysts (reviewed by Pepling, 2006). Some organelles,
including centrosomes, Golgi bodies and mitochondria, have been reported to
transfer selectively from a small number of germ cells to one specific germ
cell between E14.5 and birth (Lei & Spradling, 2016). These germ cells, which
provided organelles, undergo programmed cell deaths. On the other hand,
surviving germ cells, which obtained organelles from other germ cells, enrich
their organelles and differentiate to oocytes. Between E17.5 and postnatal 5
dpp, cyst clusters begin to break down to form primordial follicles, which are
complexes of primary oocytes and squamous pregranulosa cells surrounding
primary oocytes (Pepling & Spradling, 2001).

1.6

Oogenesis
Oogenesis is the developmental process in which primary oocytes

become a mature oocyte, conferring totipotency to the genome of the zygote
on fertilization (Figure 3). Mouse fetuses possess about 11,000 germ cells per
ovary at birth, however because of massive cell loss during cyst break down,
the number decreases to about 5,000 per ovary at 10 dpp (Findlay et al., 2015).
Although some studies have reported the existence of female germline stem
cells (Johnson et al., 2004; Johnson et al., 2005; Zou et al., 2009), it is
generally thought that a subset of oocytes is released to the further
development only from the pool of these germ cells at birth throughout the
reproductive age until menopause (Zhang et al., 2012). For an example in
humans, women have approximately 800,000 primordial follicles at birth, and
about 1,000 of them start to grow each month, with only one oocyte reaching
the ovulatory stage (McGee and Hsueh, 2000).
In the perinatal period, oocytes and pregranulosa cells form primordial
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follicles (Pepling & Spradling, 2001). Follicular development begins around
birth, whereas most of the primordial follicles remain arrested in meiotic
prophase I (McGee & Hsueh, 2000). The KIT ligand, which expression is
controlled by the mechanistic target of rapamycin complex1 (mTORC1)
signaling in granulosa cells of the primordial follicles, plays an important role
in the quiescence or awakening of dormant primary oocytes (Li et al., 2010;
Zhang et al., 2014). The binding of KIT ligand to its receptor in primary
oocytes activates the phosphoinositide 3-kinase (PI3K) signaling pathway,
leading to the hyperphosphorylation of the forkhead transcription factor,
FOXO3 (Reddy et al., 2008). Accordingly, the nuclear export of FOXO3 due to
its hyperphosphorylation induces resumption of oocyte growth (John et al.,
2008).
Once awakened from the dormant stage, primordial follicles develop to
primary follicles, characterized by the differentiation of the flattened
pregranulosa cells to cuboidal granulosa cells (reviewed by Rimon-Dahari et
al., 2016). Subsequently, the transition from a primary follicle to a secondary
follicle, which contains two or more layers of granulosa cells and an additional
outer layer of theca cells, is governed by bidirectional communication between
oocytes and surrounding somatic cells through different signaling molecules
(Harlow et al., 2002; reviewed by Knight et al., 2012; reviewed by Sanchez &
Smitz, 2012). GDF9 and BMP15, expressed by oocytes, have a central role in
this communication, which are responsible for the production of protein
signals by granulosa cells and differentiation of theca cells (Yan et al., 2001;
Liu et al., 2015). Among diverse signaling molecules from surrounding
somatic cells, Activin A and TGF-β, produced by granulosa cells and both
granulosa and theca cells, respectively, have major roles in promoting preantral follicle growth (reviewed by Oktem & Urman, 2010).
In proportion as the development of secondary follicles, granulosa cells
are separated into two cell types, mural granulosa cells and cumulus cells,
leading to the formation of the follicular antrum (Diaz et al., 2007). At the
stage of antral follicles, a pituitary gonadotropin, follicle-stimulating
hormone (FSH), has key roles in granulosa cell proliferation, luteinizing

20

hormone (LH) receptor expression and estrogen production (reviewed by
Monniaux et al., 2014). Subsequently, dominant antral follicles are selected
for ovulation in response to the preovulatory LH surge, generated by the
hypothalamus-pituitary-ovary feedback system. This selection leads to the
oocyte maturation, including resumption of meiosis in the germinal vesicle
(GV) oocyte towards the metaphase II (MII) stage, the rupture of the follicle,
and the release of a cumulus-oocyte complex (COC) (reviewed by Huang &
Wells, 2011).

De novo DNA methylation of maternal genome is established during the
postnatal growth of oocytes, beginning at around 10 dpp or when an oocyte
reaches at least 40-45 µm in diameter (Smallwood et al., 2011; Shirane et al.,
2013; Stewart et al. 2016). Transcriptionally inactive regions of the oocyte
genome are hypomethylated unlike the genome of sperm and most somatic
cells (reviewed by Stewart et al. 2016). Recent publications have reported that
STELLA has important roles in preventing excessive de novo methylation (Li
et al., 2018; Du et al., 2019). UHRF1 is known as a factor essential for DNA
methylation mediated by DNMT1 in growing oocytes. STELLA binds to a
homeodomain of nuclear UHRF1 and achieves the cytoplasmic sequestration
of UHRF1, resulting in the acquisition of DNA demethylation. Accordingly,
DNA methylation is preferentially acquired in gene bodies compared with
intergenic regions, and the CpG methylation level of both GV and MII oocytes
reaches around 50% (reviewed by Stewart et al., 2016; Hanna et al., 2018).

21

Figure 3. Summary of mouse oogenesis and folliculogenesis. Developmental stages from
primordial germ cell (PGC) to cumulus-oocyte complex (COC) are indicated: PGC and oocyte
(blue); pregranulosa cell, granulosa cell and cumulus cell (orange); theca cell (green). Major
factors and signaling pathways involved in each process are indicated in boxes (Huang &
Wells, 2011; Rimon-Dahari et al., 2016). Oocyte and follicle size ranges at each stage are
indicated at the bottom (Lees-Murdock et al., 2008).

22

1.7

Genomic imprinting
Organisms with sexual reproduction possess two sets of chromosomes,

one inherited from a mother and one from a father. In mammals, most of two
copies of each gene have the same potential for expression, but a subset of
genes restricts the expression from either maternal or paternal chromosome
because of genomic imprinting (reviewed by Ferguson-Smith, 2011). Genomic
imprinting is a form of epigenetic inheritance in which a genomic region
maintains information about its parental origin. For the case of human
genome, the restriction of gene expression by genomic imprinting is displayed
by a few hundred genes, termed imprinted genes, among approximately
25,000 genes (reviewed by Barlow & Bartolomei, 2014). Despite a fraction of
a percent, imprinted genes play a crucial role in mammalian development.
Expression of imprinted genes is regulated by imprinting control regions
(ICRs) that are marked by DNA methylation on the maternal or paternal
allele. To date, all the ICRs overlap with differentially methylated regions
(DMRs) that exhibit allelic DNA methylation in the genome (Arnaud et al.,
2010). When the ICR is deleted, loss of gene expression is observed in some
imprinted genes (Wutz et al., 1997; reviewed by Bartolomei 2009).
Interestingly, most ICRs are methylated on the maternal allele (Bartolomei,
2009). This methylation is established during oocyte growth phase prior to
the ovulation (Lucifero et al., 2002). In contrast, three ICRs (H19/Igf2,

Dlk1/Gtl2, and Rasgrf1) are methylated on the paternal allele in the
mitotically arrested germ cells, termed gonocytes, between E12.5 and birth
(Li et al., 2004; Bartolomei, 2009).
A maternal and paternal genome are required for normal mammalian
development. Parthenogenetic or gynogenetic embryos possess twice the
expression level of maternally expressed imprinted genes, and lack
expression of paternally expressed genes, which leads the lethality of embryos
(reviewed by Barlow & Bartolomei, 2014). The reverse case also causes
lethality for androgenetic embryos, which possess two copies of the paternal
genome.
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Several studies have contributed to the identification of key imprinted
genes that cause defects in monogenetic embryos. A noteworthy study
demonstrated the generation of bi-maternal mice using nongrowing primary
oocytes as substitutes of paternal genome (Kawahara et al., 2007). Since
nongrowing oocytes have not acquired de novo methylation, these oocytes can
be considered ‘imprint free’. Also, considering that three ICRs (H19/Igf2,

Dlk1/Gtl2, and Rasgrf1) are methylated during spermatogenesis, this study
targeted the deletion of both H19-DMR and Dlk1-Gtl2 intergenic germlinederived (IG)-DMR in nongrowing oocytes (Figure 4). On the maternal allele,

H19-DMR is unmethylated and bound by CTCF, which inhibits enhancers to
access the promoter of paternally expressed Igf2 gene. The deletion of H19DMR prevents the binding of CTCF, resulting in repression of H19 expression
and induction of Igf2 expression. Similarly, deletion of IG-DMR was applied
to repress the maternally expressed Gtl2 gene and to induce the paternally
expressed Dlk1 gene. This study demonstrated the generation of bimaternal
mice by cell fusion of MII oocytes and nongrowing oocytes carrying double
deletions of H19- and IG-DMRs. This result indicates that H19-DMR and IGDMR are the key paternal barrier that prevents the embryonic development
in parthenogenetic embryos.
The mechanism underlying regulation of imprinted genes is diverse and
different in imprinted clusters (reviewed by Ferguson-Smith, 2011; FergusonSmith, 2018). The roles of imprinted genes in mammalian development have
not been fully elucidated. To date, several approaches including genetically
modified gametes and haploid embryonic stem cells (hapESCs) have been
applied to studies on roles of imprinted genes in development (see “1.9
Haploid embryonic stem cell”). Genomic imprinting is an important factor for
the establishment of totipotent cells in mammals.
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Figure 4. Models of imprinting at the H19-Igf2 and Dlk1-Gtl2 loci. (A) The maternally
expressed H19 gene is located adjacent to the paternally expressed Igf2 gene. Both genes are
regulated by H19-DMR, that is methylated on the paternal allele. On the maternal allele,

H19-DMR is unmethylated, and is bound by the chromatin insulator CTCF, that prevents
the access of downstream enhancers to the Igf2 promoter. (B) The Dlk1-Gtl2 imprinted region
contains a primary IG-DMR and secondary Gtl2-DMR that overlaps with the promoter of the
Gtl2. Both DMRs are paternally methylated. Gtl2 lncRNA induces PRC2 mediated silencing
of Dlk1. (Adapted from Kameswaran & Kaestner, 2014)

1.8

Pluripotent stem cells
At the onset of implantation, a mouse blastocyst consists of three stem

cell lineages: the epiblast, the trophectoderm and the primitive endoderm
(reviewed by Schrode et al., 2013). These cell lineages have contributed to
establish cell lines in vitro, which are embryonic stem cells (ESCs),
trophoblast stem cells (TSCs) and extra-embryonic endoderm stem (XEN)
cells respectively (Evans & Kaufman, 1981; Martin, 1981; Tanaka et al, 1998;
Kunath et al., 2005). The epiblast of post-implantation mouse embryos has
also been used to establish pluripotent stem cells, referred to as epiblast stem
cells (EpiSCs) (Brons et al., 2007; Tesar et al., 2007). Furthermore, a stem cell
line with blastomere-like features was derived from a mouse cleavage-stage
embryo recently and was named expanded-potential stem cell (Yang et al.,
2017).
ESCs are known to differentiate into every tissue of the adult including
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the germline in mice (Bradley et al., 1984). Their pluripotent stage is kept
under certain conditions in vitro owing to their self-renewal capacity (Smith
& Hooper, 1987; Williams et al., 1988; Ying et al., 2008). It has also been
reported that states of ESCs are slightly different depending on culture
conditions, commonly referred to as naïve and primed states (reviewed by
Nichols & Smith, 2011). The naïve state corresponds to the cellular state of
the inner cell mass of the preimplantation blastocyst, while the primed state
indicates the post-implantation epiblast cells. The primed state ESCs are
distinguishable from EpiSCs, which show primed characteristics but require
FGF and Activin signaling for their self-renewal. Interestingly, a rare subset
of 2-cell-like cells have been identified in primed ESCs (Macfarlan et al., 2012).
These cells lack the pluripotency proteins OCT4, SOX2 and NANOG, but
MERVL and MERVL-linked genes were activated spontaneously similar to 2cell embryos. Furthermore, these 2-cell-like cells contributed to both the
embryonic and extra-embryonic tissues in vivo.
Previous studies have shown that pluripotent cell lines that were highly
comparable to ESCs were also derived in vitro from PGCs of mouse embryos
in consequence of epigenetic reprogramming (Durcova-Hills et al., 2006;
Labosky et al., 1994; Leitch et al., 2010; Matsui et al., 1992; Tada et al., 1998).
These cell lines are called embryonic germ cells (EGCs) and they are almost
indistinguishable from ESCs. PGCs are programmed to undergo global DNA
demethylation, however, ESCs and EGCs exhibited equivalent global DNA
methylation levels when both were cultured under the same condition (Leitch
et al., 2013). Also, another pluripotent cell line was established from male
germ cells. Spermatogonial stem cells (SSCs) in the testis are unipotent stem
cells for spermatozoa (reviewed by Sahare et al., 2018). However, the SSCs
showed properties as pluripotent stem cells after being isolated from the adult
testis and cultured in vitro (Guan et al., 2006). These cells are named
multipotent adult germline stem cells (maGSCs). The maGSCs exhibited the
differentiation to 3 germ layers as well as the germ cell lineage when they
were transplanted into immunodeficient mice and blastocysts.
Induced

pluripotent

stem

cells

(iPSCs)

were

discovered

by
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reprogramming of mouse fibroblasts with overexpression of 4 transcription
factors: Oct4, Sox2, Klf4 and c-Myc (Takahashi & Yamanaka, 2006). The
iPSCs are also almost indistinguishable from ESCs in morphology, gene
expression and epigenetic state (Wernig et al., 2007). Furthermore,
contribution of iPSCs to adult chimeras when transplanted into blastocysts
demonstrates iPSCs as pluripotent stem cells similar to ESCs (Maherali et
al., 2007; Okita et al., 2007; Wernig et al., 2007). Interestingly iPSCs,
generated from somatic cells, also contributed to the germline of chimeras,
indicating somatic cells have the capacity to become germ cells when
reprogrammed.

1.9

Haploid embryonic stem cell
Mouse haploid embryonic stem cells (hapESCs) are unique stem cell

lines established first from a parthenogenetic blastocyst (Leeb & Wutz, 2011).
A hapESC possesses only one set of chromosomes, that is 20 chromosomes in
mice, similar to gametes. Because of genomic imprinting and gene dosage
compensation, haploid development is restricted without diploidization.
Nevertheless, recent studies reported the generation of haploid neural stem
cells differentiated from hapESCs (Xu et al., 2017; Gao et al., 2018).
Due to its uniqueness of haploidy, hapESCs have been applied for
various studies in original manners (reviewed by Wutz, 2014). One
application is for genetic screening. While heterozygous mutations in diploid
cells are often masked phenotypically, hemizygous mutations in haploid cells
directly express phenotypes. For example, gene trap vectors have been
applied to screen genes required for chemical toxicity, self-renewal of ESCs
and X-chromosome inactivation (Elling et al., 2011; Pettitt et al., 2013; Leeb
et al., 2014; Monfort et al., 2015).
Another considerable application of hapESCs is as substitutes of
gametes. Since the finding that parthenogenetic embryos failed to develop
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due to the lack of paternal genome contribution (Surani & Barton, 1983),
pioneering studies have revealed genomic imprinting as a critical factor of
gametes for correct development of embryos (Figure 5). As described in “1.7
Genomic imprinting”, previous studies demonstrated the possibility to use
oocyte genomes as substitutes of spermatozoa for fertilization by targeting

H19-DMR and IG-DMR (Kono et al., 2004; Kawahara et al., 2007). In 2012,
two independent groups reported that injection of androgenetic hapESCs into
oocytes could give rise to the development of healthy mice (Li et al., 2012;
Yang et al., 2012). Oocytes genomes were also substituted by hapESC nuclei
for generation of mice (Wan et al., 2013). Furthermore, androgenetic and
parthenogenetic hapESCs with deletions of H19- and IG-DMRs contributed
to mice generation as substitutes of spermatozoa (Zhong et al., 2015; Li et al.,
2016; Zhong et al., 2016).
In contrast to oocytes and spermatozoa, genetic mutations can be easily
applied to hapESCs owing to their self-renewal capacity. Therefore,
introducing genetic modifications into the mouse germline with hapESCs is a
considerable approach. Li et al. recently identified specific amino acids of
DND1 were critical for PGC development by the approach using hapESCs as
substitutes of spermatozoa (Li et al., 2018).
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Figure 5. A chronological list of key studies on substitutes of gametes in mice. A percentage
in parentheses represents the success ratio of mice development among transferred embryos.
IG, intergenic germline-derived; phESC, parthenogenetic haploid embryonic stem cell;
ahESC, androgenetic haploid embryonic stem cell.

1.10

Studies on germ cell development by in vitro culture
Germ cells are the origin of new individuals and their genetic

information is inherited to the next generation. This remarkable capacity of
germ cells has fascinated researchers to understand the mechanisms that
underlie germ cell development. Considering the limited resources and access
to germ cells, establishment of their in vitro culture system has potentially
significant contribution to elucidate fundamental principles on germ cell
development.
The first noteworthy study on germ cell development in vitro was
reported in 1971, which demonstrated the culture of mouse ovarian
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fragments collected from 16 dpp fetuses for 45 days (Odor & Blandau, 1971).
Development of oocytes was observed with their diameters around 70 µm in
multilaminar follicles. Entering the 2000s, several studies reported
generation of germ cells from pluripotent stem cells including ESCs, iPSCs,
EpiSCs and EGCs (Table 1). The first study that generated oocyte-like cells
from pluripotent stem cells was reported using spontaneous differentiation of
ESCs (Hübner et al., 2003). These oocyte-like cells showed the expression of
oocyte-specific markers, ZP2 and ZP3, but lacked the expression of another
marker, ZP1. While most of studies took approaches based on the undirected
differentiation of the pluripotent stem cells followed by the selection of rare
germ cell-like cells, 2 studies succeeded in generating PGC-like cells from
mouse ESCs and iPSCs by 2 step culture using a cocktail of growth factors
(Hayashi et al., 2011; Hayashi et al., 2012). These PGC-like cells gave rise to
functional spermatozoon- or oocyte-like cells when transplanted into recipient
seminiferous tubules or ovaries respectively. Also, functional spermatozoonlike cells were produced through overexpression of key transcription factors
for PGC specification (Nakaki et al., 2013).
Recently a remarkable study on an in vitro culture covering the entire
female germ line was reported (Hikabe et al, 2016). A series of culture steps
for 45 days demonstrated specification of PGC-like cells, differentiation into
primary oocytes, and development into MII oocytes from pluripotent stem
cells including ESCs and iPSCs. Furthermore, these MII oocytes successfully
fertilized with spermatozoa and developed to full-term pups after
transplantation into surrogate mothers. On the other hand, the success rate
of full-term development was 0.65% (13 pups from 1,997 2-cells). The reasons
and factors that cause such low developmental competency for these oocytes
are still unclear. Nevertheless, this study demonstrated that functional
oocytes could be obtained from PSCs in culture.
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Table 1. Summary of studies on germ cell development in vitro
References

Origin

Sex

Cell type obtained

Strategy for differentiation

Functional assays

Odor &
Blandau,
1971
Obata et al.,
2002

E16 ovary

Female

Oocyte-like cells

Fragments culture on rose chambers with
MEM containing horse serum

Not tested

E12.5
gonad

Female

Reconstituted
oocytes

Gonad culture, then tansfer of immature
oocyte nucleus to enucleated fully grown
oocyte

Offsprings delivery

Hübner et
al., 2003

ESC

Male,
Female

Oocyte-like cells

Spontaneous differentiation without growth
factors in adherent cultures

Parthenogenic
blastocyst-like
formation

Toyooka et
al., 2003

ESC

Male

PGCLC, Sperm-like
cells

EB formation and co-culture with cells
producing BMP4, then transplantation

Sperm-like cells
formation

Geijsen et
al., 2004
LachamKaplan et al.,
2006
Nayernia et
al., 2006

ESC

Male

EB formation and RA treatment

ESC

Male

Spermatids-like
haploid cells
Oocyte-like cells

Blastocyst-like
formations
Not tested

ESC

Male

PGCLC, sperm-like
cells in vivo when
transplanted

EB formation and RA treatment, then
transplantation into seminiferous tubles

Offsprings delivery
(prematurely death)

Qing et al.,
2007

ESC

Male

Oocyte-like cells

EB formation and co-culture with ovarian
granulosa cells

Not tested

Ohinata et
al., 2009

E6.0
Epiblast

Male

PGCLC, sperm-like
cells in vivo when
transplanted

Adherent culture with conditioned media
containing BMP4 and BMP8B, then
transplantation into seminiferous tubules

Offsprings delivery

Eguizabal et
al., 2009

ESC, EGC

Male,
Female

EB formation, then RA treatment or culture
with CHO cells

Not tested

Hayashi et
al., 2009

EpiSC
from E6.5
Epiblast

Not
specified

PGCLC by RA
treatment, PGCLC in
meiosis by CHO
cells
PGCLC, oocyte-like
cells when cocultured

Conditioned media containing BMP4, then
co-culture with E12.5 female gonadal cells

EGC derivation from
PGCLC

Young et al.,
2010
Hayashi et
al., 2011

ESCs

Male

PGCLC

EB formation with BMP2/4/8B

Not tested

ESC,
E5.75
Epiblast,
EpiSC
iPSC

Male

PGCLC, sperm-like
cells in vivo when
transplanted

Adherent culture with conditioned media
containing BMP4/8B, then transplantation
into seminiferous tubles

Offsprings delivery

Male

PGCLC, sperm-like
cells in vivo when
transplanted

EB formation and RA treatment, then
transplantation into seminiferous tubles

Not tested

Hayashi et
al., 2012

ESC, iPSC

Female

PGCLC, oocyte-like
cells in vivo when
transplanted

Adherent culture with conditioned media
containing BMP4 and BMP8B, then
transplantation into ovary

Offsprings delivery

Nakaki et al.,
2013

ESC

Male

EpiLC induction and overexpression of
transcription factors

Offsprings delivery

Kimura et
al., 2014

ESC

Male

PGCLC, sperm-like
cells in vivo when
transplanted
PGCLC

Culture with OP9 feeders and MEK
inhibitor treatment

Zhou et al.,
2016

ESC

Male

Spermatid-like cells

PGCLC differentiation, then co-culture with
neonatal testicular somatic cells

EGC derivation, No
spermatogenesis
after implantation
Offsprings delivery

Morohaku et
al., 2016

E12.5
gonad

Female

Oocyte-like cells

Two step-culture using collagenase and
Polyvinylpyrrolidone

Offsprings delivery

Hikabe et al.,
2016

ESC, iPSC

Female

Oocyte-like cells

PGCLC differentiation, then co-culture with
E12.5 gonadal somatic cells

Offsprings delivery

Ishikura et
al., 2016

ESC

Male

Spermatogonia-like
cells

PGCLC differentiation, then co-culture with
E12.5 gonadal somatic cells.
Transplantation of spermatogonia-like cells

Offsprings delivery

Zhu et al.,
2012

EB culture with conditioned media from
testicular cell culture

CHO, Chinese hamster ovary; EB, embryoid bodies; EGC, embryonic germ cell; EpiLC, Epiblast-like cell; EpiSC, Epiblast stem cell;
ESC, embryonic stem cell; iPSC, induced pluripotent stem cell; PGC, primordial germ cell; PGCLC, PGC-like cell; RA, Retinoic acid
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2. Aim of the thesis
Richard Feynman, a theoretical physicist once famously said “What I
cannot create, I do not understand”.
Germ cells are the origin of new individuals. The genome of germ cells
and their epigenetic information are transmitted to the offspring. Despite this
remarkable capacity of germ cells, how gametic properties are correctly
established has remained unclear. The aim of this thesis is to understand how
germ cells establish their genomic information correctly and acquire the
competency to form a totipotent zygote.
In order to address these questions, generation of oocytes from
pluripotent stem cells in vitro was targeted by mimicking in vivo conditions
to study female germline development. This approach was taken to figure out
important factors that are required for the normal development of oocytes.
Also, genetically modified haploid genome was generated and investigated to
study key genomic information of a male gamete. As Richard Feynman’s
words, these reconstitutions using fundamental principles provided
important mechanistic insights into female germ cell development and
paternal gametic genome.
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3. Results
3.1

Establishment of an in vitro culture for pluripotent stem cells into

oocytes
3.1.1

Overall design of in vitro culture
In vitro culture to generate oocytes from PSCs provides opportunities to

elucidate the mechanism underlying oocyte development and to overcome the
limitation of resources. Several studies have reported the generation of
oocytes in vitro (see a chapter “1.9 Studies on germ cell development by in
vitro culture”), however, only one study successfully generated fertile oocytes,
which developed to full-term mice after fertilization (Hikabe et al., 2016).
Considering that this study was also the only report which mimicked in vivo
conditions of the entire germ cell development, it is anticipated that oocytes
require stepwise development to acquire competency for totipotent zygotes,
including proper epigenetic modifications and accumulation of maternal
transcripts.
In this context, the entire in vitro process of oocyte development from
PSCs was designed by mimicking in vivo development (Figure 6). Germ cell
differentiation was performed for the first 8 days to differentiate PSCs to
epiblast-like cells (EpiLCs) and furthermore to PGC-like cells (PGCLCs).
Subsequently, during the stage of in vitro differentiation (IVDi), PGCLCs
were mixed with somatic cells from embryonic gonads for 2 days to form
reconstituted ovaries (rOvaries) and rOvaries were cultured for 21 days to
differentiate PGCLCs to primary oocytes. During the stage of in vitro growth
(IVG), follicles were mechanically separated from rOvaries and were cultured
for 13 days, followed by in vitro maturation (IVM) to obtain matured MII
oocytes.
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Figure 6. Overview of the culture system. Schematic illustrations represent the conditions of
in vitro culture for the entire development of mouse female germ cells, corresponding to the
culture period (solid line), developmental stages (dashed line) and cell types (square). EpiLC,
epiblast-like cell; PGCLC, primordial germ cell-like cell.

3.1.2 In vitro differentiation of PGC-like cells from pluripotent stem cells
Germ cell differentiation from PSC has been attempted in several
studies (see a chapter “1.9 Studies on germ cell development by in vitro
culture”). By mimicking the in vivo conditions, one study reported the
successful development of male PGC-like cells (PGCLCs) in vitro, which
developed to fertile spermatozoa after transplantation to recipient
seminiferous tubules (Hayashi et al., 2011). The same protocol of germ cell
differentiation was applied to female PSCs and fertile oocytes developed after
transplantation of PGCLCs to recipient ovaries (Hayashi et al., 2012).
Taking consideration of these reports, the same protocol was applied
also in this project. The protocol starts from differentiation of PSCs to
epiblast-like cells (EpiLCs) for the first 2 days and then to PGCLCs for
subsequent 6 days using several growth factors (Figure 7 (A)). Totally 3 PSC
lines were used; ESC and iPSC lines bearing Blimp1-Venus and Stella-ECFP
reporters (BVSC-ESC and BVSC-iPSC lines), and ESC line bearing CAGEGFP reporter (GFP-ESC line). At day 2 of the culture, the morphology of
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BVSC-ESCs turned rapidly to be flat (Figure 7 (B)). Then the cells were
harvested and were cultured in low-binding plates to form embryoid bodies.
Expression of Blimp1-Venus started at day 4, and Stella-ECFP expression
was observed from day 5-6 of the culture (Figure 7 (C)). Considering the
expression of Blimp1 and Stella starts around E6.25 and E7.25 respectively
in vivo, the expression time points of these 2 markers in vitro resembled ones
in vivo. Flow cytometry analysis showed that 1.1% and 5.1% of BVSC-ESCs
and BVSC-iPSCs in embryoid bodies were positive respectively for both

Blimp1-Venus and Stella-ECFP. Also, 2 surface markers for PGCLCs, SSEA1
and integrin-β3 (Hayashi et al., 2011), were used for BVSC-ESC and GFPESC lines, which resulted in 4.3% and 6.0% positive for both SSEA1 and
integrin-β3, respectively.
In order to analyze the change of transcription induced by
differentiation, day 0, 2 and 8 BVSC-ESCs and GFP-ESCs were sampled and
their total RNA was analyzed using quantitative PCR. As expected,
upregulation of PGC markers including Blimp1, Prdm14, Tfap2c and Stella
were observed in cells that were positive for both Blimp1-Venus and StellaECFP at day 8 of the culture in both cell lines. The epiblast marker, Dnmt3b,
was upregulated at day 2 and downregulated at day 8 in both cell lines. These
results indicated that cells at day 2 transiently differentiated to EpiLCs and
successfully developed to PGCLCs at day 8.
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Figure 7. In vitro differentiation of PGC-like cells from pluripotent stem cells. (A) A scheme
of differentiation from PSCs to PGCLCs. (B) Morphology of BVSC-ESC line and expression
of reporters during differentiation to PGCLCs. Expression of Blimp1-Venus started at day 4.
Stella-ECFP expression was observed at day 6 and 8. Scale bar, 100 µm. (C) Flow cytometry
analysis of BVSC-ESC, BVSC-iPSC and GFP-ESC lines at day 8. Female E12.5 gonads were
analyzed as a control. Blimp1-Venus and Stella-ECFP were detected in both BVSC-ESC and
BVSC-iPSC lines. SSEA1 and Integrin-β3 were detected in BVSC-ESC, GFP-ESC lines and
E12.5 gonads. (D) Quantitative PCR analysis for differentiated cells and E12.5 gonads. Cells
at day 0, 2 and 8 of the culture were sampled in BVSC-ESC and GFP-ESC lines (n = 1).
Female E12.5 gonads were sampled as a control (n = 1). At day 8, cells positive or negative
for both Blimp1-Venus and Stella-ECFP were harvested for BVSC-ESC line. Also, cells
positive or negative for SSEA1 and Integrin-β3 were sampled for iPSC-ESC line and E12.5
gonads. Gene expression normalised to Gapdh relative to BVSC-ESC line at day 0. PSC,
pluripotent stem cell; EpiLC, epiblast-like cell; PGCLC, primordial germ cell-like cell; BF,
bright field.

3.1.3 In vitro differentiation of primary oocytes from PGC-like cells
After specification of germ cell fate in vivo, PGCs migrate to gonads and
differentiate along a sex-dependent manner in response to signals from
somatic cells in the gonad (see a chapter “1.5 Sex differentiation and meiotic
initiation”). Also, in vivo development and maintenance of oocytes are
attained through interactive signals between oocytes and surrounding
somatic cells in the follicle environment (see a chapter “1.6 Oogenesis”). In
these contexts, somatic cells in female gonads are necessary for further
development of PGCLCs.
To isolate somatic cells of female E12.5 gonads, PGCs positive for both
SSEA1 and PECAM-1 were removed by magnetic-activated cell sorting
(MACS). Gonadal somatic cells and PGCLCs were mixed at day 8 of the in
vitro culture in order to mimic the gonadal and follicle environment (Figure
8 (A)). After formation of rOvaries at day 10, rOvaries were transplanted on
membranes of transwells and were kept for 21 days with changing medium.
Expression of Stella-ECFP was observed robustly and evenly across a rOvary
at day 10 (Figure 8 (B)). Subsequently, the expression became faintly and
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sparsely at day 17. It is likely that germ cell cysts were formed, and many
germ cells underwent programmed cell death after nursing selected germ
cells for oocyte differentiation around day 17 of the culture (see a chapter “1.5
Sex differentiation and meiotic initiation”). Consistent with this assumption,
strong and spotted expression of Stella-ECFP was observed in a rOvary at
day 20. These strong spots gradually enlarged, resulting in the emergence of
oocytes at day 31. Formation of zona pellucida was observed in these oocytes,
and a germinal vesicle (GV) was seen in some oocytes. Also, oocytes were
surrounded by Stella-ECFP negative cells, most probably granulosa cells and
theca cells grown from gonadal somatic cells, and formation of follicles were
observed in rOvaries.
In order to estimate the developmental stage of oocytes and follicles at
day 31 of the culture, diameters of iPSC-derived oocytes and follicles were
measured (Figure 8 (C) (D)). As controls, oocytes and follicles from in vivoderived ovaries at 3, 6 and 9 dpp were also sampled. The result of
measurement showed that the size of iPSC-derived oocytes at day 31 (mean,
54.1 µm) was comparatively similar to the one of 9 dpp oocytes (mean, 55.2
µm). The size of iPSC-derived follicles (mean, 80.7 µm) was closest to the one
of 6 dpp follicles (mean, 75.0 µm). This result implies that the thickness of
somatic cell layer of iPSC-derived follicles was smaller than one of in vivoderived follicles considering the size of oocytes.
In contrast to the normal formation of oocytes and follicles in rOvaries,
some rOvaries exhibited abnormal development (Figure 9 (A); Table 2). In
many cases of abnormal development, rOvaries formed small outgrowths
protruded from round rOvaries between day 18 and 21. Then, these
outgrowths rapidly expanded within several days. These proliferative
outgrowths expressed GFP when GFP-ESC-derived PGCLCs were used for
rOvaries, indicating the proliferative outgrowths originated from GFP-ESCs.
In the case when BVSC-ESC or -iPSC lines were used for rOvaries, expression
of Blimp1-Venus or Stella-ECFP was not observed in the proliferative
outgrowths. In order to confirm their origin, totally 6 proliferative outgrowths
were sampled from different iPSC-derived rOvaries. Genotyping revealed
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that all the proliferative outgrowths carried Blimp1-Venus and Stella-ECFP
reporters, indicating the tissues were derived from BVSC-iPSCs (Figure 9 (B)).
Also, in few cases of abnormal development, rOvaries segmented and
diminished gradually with a few or no development of oocytes.
rOvaries with non-oocyte development were observed at the ratio of
16.7% and 16.5% for BVSC-ESC and -iPSC lines respectively when Blimp1Venus and Stella-ECFP positive PGCLCs were used for rOvaries (Table 2).
On the other hand, all rOvaries exhibited abnormal development for GFPESC and BVSC-ESC lines when PGCLCs positive for both SSEA1 and
integrin-β3 were used for rOvaries. These results indicate that SSEA1 and
integrin-β3 did not work as markers for PGCLCs although cells sorted by
these 2 markers showed expression of PGC-specific genes (Figure 7 (D)). Also,
the selection of PGCLCs by fluorescence-activated cell sorting (FACS) at day
8 is presumably the critical process to avoid abnormal development of PSCderived cells in rOvaries (also see a chapter “4.1 Development of proliferative
outgrowths from rOvaries”).
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Figure 8. In vitro differentiation of primary oocytes from PGC-like cells. (A) A scheme of
differentiation from PGCLCs to primary oocytes for BVSC-iPSC line. At day 8 of the culture,
PGCLC population, positive for both Blimp1-Venus and Stella-ECFP, was sorted by FACS.
Subsequently PGCLCs were cultured with somatic cells sorted from female E12.5 gonads by
MACS to form rOvary. (B) Morphology of BVSC-iPSC-derived rOvary and expression of

Stella-ECFP from day 10 to 31 of the in vitro culture. At day 31, oocytes were dissected from
rOvary (bottom right). Scale bar, 100 µm. (C) Morphology of BVSC-iPSC-derived follicles at
day 31, and in vivo-derived follicles at 3, 6 and 9 dpp. Stella-ECFP expression was merged
with the bright field image of BVSC-iPSC-derived follicles. Scale bar, 50 µm. (D) Oocyte and
follicle diameter of iPSC-derived follicles at day 31, and in vivo-derived follicles at 3, 6 and 9
dpp. ****P<0.0001; **P<0.01; ns, non-significant. FACS, fluorescence-activated cell sorting;
MACS, magnetic-activated cell sorting.

Figure 9. Proliferative outgrowth development from rOvaries. (A) Morphology of rOvaries
with proliferative outgrowths. Bright field images were merged with Stella-ECFP (left) and
CAG-GFP (right). PGCLCs positive for both Blimp1-Venus and Stella-ECFP or for both
SSEA1 and integrin-β3 were used for BVSC-iPSC-derived (left) or GFP-ESC-derived (right)
rOvary respectively. Scale bar, 200 µm. (B) Genotyping of proliferative outgrowths sampled
from BVSC-iPSC-derived rOvaries.
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Table 2. Summary of non-oocyte development in rOvaries.

Cell line

Cells sorted

All rOvary

rOvary with only
oocyte development
(% of all rOvary)

rOvary with nonoocyte development
(% of all rOvary)

GFP-ESC

SSEA1 +
Integrin-β3 +

42

0
(0%)

42
(100%)

BVSC-ESC

SSEA1 +
Integrin-β3 +

7

0
(0%)

7
(100%)

BVSC-ESC

Blimp1-Venus +
Stella-CFP +

24

20
(83.3%)

4
(16.7%)

BVSC-iPSC

Blimp1-Venus +
Stella-CFP +

980

818
(83.5%)

162
(16.5%)

3.1.4 In vitro growth and maturation of MII oocytes from primary oocytes
Considering that PSC-derived oocytes and follicles at day 31 of the
culture were similar to in vivo-derived oocytes and follicles from 6 and 9 dpp
mice in sizes, most of in vitro-derived follicles were primary and secondary
follicles often observed in prepubertal ovaries (Figure 8 (C)(D)). In order to
achieve further development to antral and preovulatory stages, PSC-derived
follicles were treated with FSH from day 31 (Figure 10 (A)). Also, granulosa
cells in growing antral follicles are known to secrete AMH and inhibin, both
of which are inhibitory factors for the development of primary and secondary
follicles (Durlinger et al., 2001; Pellatt et al., 2010; Namwanje & Brown, 2016;
also see a chapter “1.6 Oogenesis”). In order to prevent these inhibitory factors
secreted from neighboring follicles, rOvaries were dissected mechanically to
isolate follicles at day 31 of the culture.
There is a study that reported treatment of collagenase for secondary
follicles increased granulosa cell proliferation in vitro (Morohaku et al., 2016).
Following this report, PSC-derived follicles were subjected to treatment with
collagenase at day 33 (Figure 10 (A)(B)). Morphology of follicles did not
change significantly from day 31 to 37, but some follicles expanded around
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day 39 due to granulosa cell proliferation (Figure 10 (B)). At day 44, some
follicles reached their diameter over 400 µm. On the other hand, dark dead
cells also emerged especially at the border of follicles around day 44.
Two studies took an approach to culture 1-3 follicles isolated from
cultured gonads or rOvaries during IVG (Hikabe et al., 2016; Morohaku et al.,
2016). However, by my hands, majority of follicles (88%) did not expand well
and their diameter reached less than 400 µm when the same approach was
used (Figure 10 (C)). Therefore, isolation and culture of 4-10 follicles were
adopted during IVG, which resulted in 19.6% of follicles with their diameter
over 400 µm.
At day 44 of the culture, follicles over 200 µm were harvested and were
subjected to IVM (Figure 10 (D)). After 16 hours of IVM, oocytes and
surrounding somatic cells formed viscous COCs, which morphology was
similar to in vivo-derived ones. Isolation of oocytes in COCs by hyaluronidase
treatment demonstrated that some oocytes developed to MII oocytes, which
showed extrusion of first polar bodies (Table 3).
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Figure 10. In vitro growth and maturation of BVSC-iPSC-derived follicles. A scheme of the
generation of MII oocytes from rOvary during in vitro growth and maturation. (B)
Development of BVSC-iPSC-derived follicles isolated from rOvaries. Bright field images were
merged with Stella-ECFP expression. Scale bar, 200 µm. (C) Follicle development ratio at
day 44 of the culture. Diameters of BVSC-iPSC-derived follicles were measured in 2
conditions; 1-3 follicles (left) and 4-10 follicles (right) for culture during IVG. Brackets
represent number of follicles. (D) IVM of iPSC-derived-follicles. Bright field images were
merged with Stella-ECFP expression for BVSC-iPSC-derived follicles (left top and bottom)
and oocytes (right bottom). Oocytes without Stella-ECFP expression were presumably
derived from PGCs in E12.5 gonads contaminated at day 8 of the culture. Scale bar, 100 µm.

3.1.5 Preimplantation development of in vitro-derived oocytes
In order to confirm the competency of preimplantation development,
BVSC-iPSC-derived COCs were fertilized with sperm after IVM (Figure 11
(A); Table 3). At 6 hours after IVF, formation of 2 pronuclei were observed in
embryos. The fertilized embryos developed to 2-cell stage (208 / 838), 4-cell
stage (85 / 838), morula (41 / 838), and finally to blastocysts at the ratio of
1.7% (14 / 838). These blastocysts formed distinct cavities, but the completion
of hatching was not observed probably because of insufficient expansion of
embryos.

Furthermore,

BVSC-iPSC-derived

oocytes

exhibited

lower

developmental ratio than in vivo-derived control oocytes during all the
preimplantation development.
Also, BVSC-iPSC-derived oocytes at 45 day of the culture were subjected
to chemical activation to confirm their competency of parthenogenetic
development (Figure 11 (B); Table 3). As expected, the embryos developed to
2-cell stage (483 / 5701), 4-cell stage (43 / 5701) and morula (2 / 5701), but no
embryo developed to blastocyst. As in the case with IVF, the efficiency of
parthenogenetic preimplantation development was lower in BVSC-iPSCderived oocytes compared with in vivo-derived oocytes.
These results indicate that BVSC-iPSC-derived oocytes possessed low
competency of preimplantation development at day 45 of the culture. It is
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possible that the long in vitro culture might have affected the abnormal
development of BVSC-iPSC-derived oocytes.

Figure 11. Preimplantation development of in vitro-derived oocytes. (A) Preimplantation
development of BVSC-iPSC-derived oocytes after IVF. Scale bar, 50 µm. (B) Preimplantation
development of BVSC-iPSC-derived oocytes after chemical activation. Embryos without

Stella-ECFP expression presumably developed from E12.5 PGCs, which were possibly mixed
with gonadal somatic cells for co-culture at day 8. Black arrows indicate morulae. Scale bar,
50 µm.
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Table 3. Summary of preimplantation development of in vivo-derived and BVSC-iPSC-derived oocytes
Source of
oocytes

IVF or
Activation

No. of rOvary

No. of
all oocytes

No. of
MII oocytes

No. of
2-cell embryos

No. of
4-cell embryos

No. of
8-cell embryos

No. of
morlae

No. of
blastocysts
(% of all oocytes)

In vivo

IVF

-

91

Not counted

69

67

66

62

58
(63.7%)

Activation

-

135

131

63

43

34

32

22
(16.3%)

IVF

72

838

Not counted

208

85

49

41

14
(1.7%)

Activation

416

5701

722

483

43

6

2

0
(0%)

BVSC-iPSC

Table 4. Summary of preimplantation development of 6 dpp follicle-derived and E12.5 gonad-derived oocytes
Source of
oocytes

IVF or
Activation

No. of rOvary

No. of
all oocytes

No. of
MII oocytes

No. of
2-cell embryos

No. of
4-cell embryos

No. of
8-cell embryos

No. of
morlae

No. of
blastocysts
(% of all oocytes)

6 dpp follicle

IVF

-

396

Not counted

227

152

139

139

48
(12.1%)

E12.5 gonad

IVF

26

584

Not counted

121

31

24

24

5
(0.9%)
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3.1.6

Assessment of in vitro culture stages
In order to identify which developmental stage caused low competency

of preimplantation development, each stage of in vitro culture system was
assessed. The assessment was performed by comparing the development of in
vivo-derived cells corresponding to the equivalent developmental stage of
PSC-derived cells (Figure 12 (A)). In addition to BVSC-iPSCs, E12.5 female
gonads and 6 dpp follicles were selected for comparison, starting from IVDi
and IVG respectively.
E12.5 gonads were dissociated at first, and then all the cells including
PGCs were used to reconstitute rOvaries. E12.5 gonad-derived rOvaries
formed distinct follicles at day 23 of the culture by applying the same protocol
for PSC-derived rOvaries (Figure 12 (B)). Subsequently 4-10 follicles were
dissected from the rOvaries and were cultured by following the IVG protocol.
Since dying cells emerged in several follicles, expanded follicles were
harvested at day 34 although the duration of IVG was 2 days shorter than
one for PSC-derived follicles. After IVM and IVF, E12.5 gonad-derived
embryos grew through preimplantation development, resulting in the
development of blastocysts at the ratio of 0.9% (Table 4).
6 dpp follicles were selected for comparison based on the result of similar
size as in vitro-derived follicles at day 31 (Figure 8 (D)). 4-10 follicles were
dissected from 6 dpp ovaries and were cultured by following the same IVG
protocol (Figure 12 (C)). Different from PSC-derived and E12.5 gonad-derived
follicles, 6 dpp follicles exhibited rapid proliferation of granulosa cells and it
was difficult to identify some oocytes under a microscope at day 12 of the
culture. Expanded follicles were harvested at day 12 and were subjected to
IVM and IVF. 6 dpp follicle-derived embryos developed to blastocysts at the
ratio of 12.1% (Table 4).
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Figure 12. In vitro development of E12.5 gonad- and 6 dpp follicle-derived oocytes and
embryos. (A) A scheme to assess stages of the in vitro culture. Duplex square indicates the
cells at the start of each in vitro culture. (a) ESC and iPSC develop through germ cell
differentiation to IVM. (b) E12.5 female gonads start from IVDi. (c) 6 dpp follicles start from
IVG. MII oocytes derived from each in virtro culture stage are fertilized with sperm to
compare the efficiency of blastocyst development. (B) Development of E12.5 gonad-derived
oocytes and embryos. Scale bar, 200 µm for IVDi and IVG; 50 µm for preimplantation
development. (C) Development of 6 dpp follicle-derived oocytes and embryos. Scale bar, 200
µm for IVG; 50 µm for preimplantation development.

Comparison of follicle expansion during IVG demonstrated that about
20% of BVSC-iPSC-derived (19.6%) and E12.5 gonad-derived follicles (22.7%)
reached a diameter of over 400 µm (Figure 13 (A)). In contrast, more than
twice of 6 dpp follicles reached a diameter of over 400 µm (48.7%). These
results corresponded to the efficiency of further preimplantation development
(Table 3; Table 4; Figure 13 (B)). While BVSC-iPSC-derived and E12.5 gonadderived embryos by IVF developed to blastocysts at the ratio of 1.7% and 0.9%
respectively, more than 7 times of 6 dpp follicle-derived embryos developed to
blastocysts (12.1%). Nevertheless, 6 dpp follicle-derived embryos exhibited
about 5 times lower ratio on blastocyst development compared to in vivoderived embryos (63.7%).
These results have 3 implications. First, BVSC-iPSC-derived and E12.5
gonad-derived rOvaries possessed comparatively similar developmental
competency for IVG and preimplantation development. Therefore, it is
possible that the stage of germ cell differentiation in vitro produced PGCLCs
comparable to PGCs in E12.5 gonads. Second, substantial decrease of follicle
expansion ratio for BVSC-iPSC-derived and E12.5-gonad derived follicles
during IVG indicate that the IVDi stage was not comparable to in vivo
development of PGC differentiation to oocytes and folliculogenesis. Decrease
of blastocyst development in BVSC-iPSC-derived and E12.5-gonad derived
embryos also indicates that the IVDi stage impaired preimplantation
developmental competency of oocytes. It is still unclear whether the culture
environment of IVDi and/or sample preparation for IVDi including disruption
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of gonadal structures to form rOvaries caused the impairment. Finally, less
efficient preimplantation development of 6 dpp follicle-derived embryos than
of in vivo-derived embryos indicates that IVG and IVM stages are still not
comparable to in vivo follicle development and oocyte maturation.
Concerning preimplantation development, the developmental ratio from
oocytes to blastocysts varied widely from 63.7% to 0% among the 6 samples
(Table 3; Table 4; Figure 13 (B)). Parthenogenetic activation of BVSC-iPSCderived oocyte was the only sample which did not show any blastocyst
development. The breakdown of developmental ratio is shown in Figure 13
(C), which represents the ratio of 2 developmental steps from 2-cell to 4-cell
embryo, and 4-cell to 8-cell embryo. Although parthenogenetic activation of
BVSC-iPSC-derived oocytes showed development from MII oocyte to 2-cell
embryo at the ratio of 66.9% (483 / 722), these parthenotes failed to develop
rapidly from 2-cell to 4-cell embryo (8.9%, 43 / 483), and from 4-cell to 8-cell
embryo (14.0%, 6 / 43). These results indicate that abnormal factors in BVSCiPSC-derived embryos possibly blocked the further development at the 2-cell
stage (also see a chapter “4.4 Low competency of preimplantation
development in PSC-derived oocytes”).
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Figure 13. The efficiency of IVG and preimplantation development of PSC-, E12.5 gonad- and
6 dpp follicle-derived oocytes. (A) Follicle development ratio during IVG. Diameters of BVSCiPSC-derived follicles, E12.5 gonad-derived follicles and 6 dpp follicles were measured at day
44, day 34 and day 12 of the culture, respectively. Brackets represent number of follicles. (B)
Transition of preimplantation development ratio. All the number of oocytes in each sample
was set as 100%. (C) Developmental ratio from 2-cell to 4-cell embryo (left) and 4-cell to 8cell embryo (right). Act, Activation.
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3.1.7 Immunostaining analysis of in vitro-derived oocytes
Considering the result that a substantial number of BVSC-iPSC-derived
parthenogenetic embryos were blocked at the 2-cell stage and no embryo
developed to a blastocyst, immunostaining analysis was performed to BVSCiPSC-derived parthenotes in order to identify factors which caused the failure
of preimplantation development. Since 2-cell stage is the critical term for the
maternal-to-zygotic transition (MZT), markers for zygotic genome activation
(ZGA), 5-bromouridine 5’-triphosphate (BrUTP) and PDH, were used for
analysis of 2-cell embryos. Also, histone marks on histone H3K4 and H3K27,
and DNA methylation marks, 5mC and 5hmC, were analyzed in 2-cell
embryos

because

correct

epigenetic

modification

is

required

for

preimplantation development as well as ZGA.
BrUTP assay to detect synthesis of nascent transcripts revealed that
about half of BVSC-iPSC-derived 2-cell embryos (8 / 15) failed to show
detectable staining (Figure 14 (A)). Nevertheless, some BVSC-iPSC-derived
2-cell embryos (5 / 15) exhibited distinct staining as detected in most in vivoderived 2-cell embryos (10 / 11). The result indicates that some, but not all,
BVSC-iPSC-derived 2-cell embryos failed to activate the zygotic genome.
Histone H3K4me3 and H3K27me3, associated with active and
repressed genes respectively, are maintained in maternal chromatin of a
zygote and a 2-cell embryo. The analysis demonstrated that most of BVSCiPSC-derived 2-cell embryos showed the maintenance of both H3K4me3 and
H3K27me3 comparable to in vivo-derived controls (Figure 14 (B)(C)). Lack of
H3K4ac is associated with ZGA failure (Nagaraj et al., 2017), and H3K4ac
staining was observed in BVSC-iPSC-derived 2-cell embryos. Both maternal
and paternal chromosomes are known to acquire H3K27ac after fertilization
(reviewed by Zhou and Dean, 2015). The staining demonstrated that
H3K27ac was properly acquired in all BVSC-iPSC-derived 2-cell embryos.
These results revealed that BVSC-iPSC-derived parthenogenetic embryos
acquired correct modifications of H3K4 and H3K27 at the 2-cell stage.
The maternal genome maintains its DNA methylation in a 2-cell embryo
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before passive demethylation over successive cell divisions. In contrast, the
paternal genome undergoes global DNA demethylation through the
conversion of 5mC, which is newly deposited by DNMT1 and DNMT3A, to
5hmC mediated by TET3 activity. The analysis of 5mC and 5hmC
immunostaining resulted in an unexpected pattern of staining (Figure 14 (D)).
Although 5mC was highly detected in BVSC-iPSC-derived 2-cell embryos,
most of these embryos also exhibited the staining of 5hmC. Since in vivoderived 2-cell embryos didn’t show detectable staining of 5hmC, the result
indicates that the maternal 5mC of BVSC-iPSC-derived 2-cell embryos
abnormally converted to 5hmC. Considering that binding of STELLA to
H3K9me2 protects against TET3 activity which converts 5mC to 5hmC in
maternal chromosomes (Nakamura et al., 2007; Nakamura et al., 2012), this
abnormal demethylation is possibly caused by the failure of protection
mediated by STELLA. Also, considering that 5mC is newly deposited by
DNMT1 and DNMT3A (Amouroux et al., 2016), it is possible that de novo
methylation and maintenance of 5mC by DNMT3A and DNMT1 had a
functional defect, resulted in abnormal demethylation. Further analysis is
required to identify the cause of this abnormal demethylation for BVSC-iPSCderived 2-cel embryos.
The enzyme PDH, which initiates TCA cycle in mitochondria, is thought
to have an important role in ZGA by localization in the nucleus of a 2-cell
embryo (Nagaraj et al., 2017). PDH phosphatase converts inactive
phosphorylated PDH (pPDH) to its active non-phosphorylated form.
Immunostaining analysis showed the nuclear localization of PDH in most of
BVSC-iPSC-derived 2-cell embryos (Figure 14 (E)). Although the staining of
PDH was not remarkable in both in vivo-derived and BVSC-iPSC-derived
embryos, PDH nuclear localization was confirmed when compared with
inactive pPDH localization exclusively outside of the nucleus.
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Figure 14. Immunostaining analysis of parthenogenetic 2-cell embryos. All 2-cell embryos
were parthenogenetically activated (A-E). 1-cell zygote was fertilized by IVF (D). (A)
Incorporation of BrUTP marks synthesis of nascent transcripts. (B) H3K4me3 and H3K4ac
staining. (C) H3K27me3 and H3K27ac staining. (D) 5mC and 5hmC staining. (E) pPDH
antibody targets inactive forms of PDH. PDH antibody targets both active and inactive forms
of PDH. ****P<0.0001; ***P<0.001; **P<0.01; ns, non-significant.
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3.2

Application of haploid embryonic stem cells as a substitute of sperm
The genetic information of an oocyte and a spermatozoon are inherited

to the offspring. Both maternal and paternal genomic information are
required for normal development of mice because monogenetic embryos cause
developmental defect due to the imbalance of genomic imprinting. Despite the
importance of gametic genome, much remains to be elucidated what is the
necessary genomic information of gametes to form a totipotent zygote. In
order to address this question, the study in this chapter 3.2 targets to
generate genetically modified haploid genome and to investigate the key
genomic information of a male gamete.

3.2.1

Generation of ΔIG- and ΔH19-DMRs haploid ESC lines
Previous studies have shown that mouse haploid genomes could

contribute to the genome of embryos as substitutes of sperm when injected
into matured oocytes (Figure 5). However, the developmental efficiency of
semi-cloned embryos was low in the range of 0.6-1.9% (Kono et al., 2004; Li
et al, 2012; Yang et al., 2012). The aberrant development of these embryos is
possibly caused by misregulation of imprinted genes. It has been reported
that inhibiting the expression of two paternally imprinted genes, H19 and

Gtl2, contributed the generation of mice in higher efficiency (1.9-20.2%)
(Kawahara et al., 2007; Zhong et al., 2015; Li et al., 2016; Zhong et al., 2016).
In order to follow the same strategy to inhibit these 2 maternally
expressed genes, the clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 system was applied to a hapESC line established
from 129S6/SvEvTac mouse oocytes to delete 2 DMRs, H19- and IG-DMR
(Figure 15(A)). After culture of single cells transfected with CRISPR-Cas9
plasmids and piggyBac transposon plasmids for EGFP expression, PCR-based
genotyping indicated the deletions of 2 DMRs in totally 6 ESC lines. Five ESC
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lines exhibited mixture of haploid and diploid karyotypes by flow cytometerbased analysis, and one line was totally diploidized. Among these 5 ESC lines,
2 lines (termed double-knockout cell line 1 (DK1) and DK2) were randomly
selected for further analysis. DNA sequencing confirmed the deletions of
4,268 bp in IG-DMRs for both DK1 and DK2 (Figure 15(B),(C)). Also, the
deletions of 3,908 and 3,927 bp in H19-DMR were confirmed in DK1 and DK2
respectively.
The maternally expressed gene H19, which locates close to the
paternally expressed gene Igf2 on mouse chromosome 7, is regulated by a
common H19-DMR (reviewed by Plasschaert & Bartolomei, 2014). Another
maternally expressed gene, Gtl2, resides in a large imprinted cluster on
chromosome 12 and is regulated by a paternally methylated IG-DMR. As
expected, transcriptional analysis exhibited the silencing of H19 and Gtl2 in
both DK1 and DK2. Expressions of paternally expressed genes, Igf2 and Dlk1,
in adjacent loci of H19 and Gtl2 respectively, were slightly reduced in both
DK1 and DK2 compared with the expression of a parental cell line (Figure
15(E)). These 2 cell lines, DK1 and DK2, displayed morphologically no
difference from a parental cell line, and their haploid karyotypes were
confirmed by counting chromosomes (Figure 15(D), (F)).
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Figure 15. Generation and characterization of ΔIG- and ΔH19-DMRs haploid ESC lines. (A)
A scheme of the generation of ΔIG- and ΔH19-DMR haploid ES cells. Parthenogenetic haploid
ESC lines were established by activation of mouse-derived oocytes, followed by deletions of
DMRs in the H19 and Gtl2 imprinted gene loci by the CRISPR/Cas9 system. (B) (Top) A
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design of gRNAs and primers targeting the deletions of IG- and H19-DMRs. (Bottom)
Genotyping of 2 haploid ESC lines derived after CRISPR/Cas9 deletions exhibited moderate
PCR amplifications for both IG-DMR (319 bp) and H19-DMR (407 bp) by primers targeting
deleted loci. (C) Genomic DNA sequences confirmed both haploid ESC lines lost IG- and H19DMRs. (D) Morphology of haploid ESC lines. (E) Transcriptional levels of imprinted genes
regulated by IG- and H19-DMRs (n = 2). Expressions of H19 and Gtl2, both of which are
maternally expressing genes, were significantly low in haploid ESC lines with deletions of 2
DMRs. Gene expression level was normalized to Gapdh relative to the parental cell line. (F)
Karyotyping of haploid ESC lines. Haploid karyotypes were observed in all 3 ESC lines.

3.2.2

Generation of blastocysts by injection of haploid ESCs into oocytes
In order to evaluate the contribution of the hapESC as substitute of

sperm for preimplantation development, single cells of DK2 were injected into
each MII oocyte superovulated from B6D2F1 female mice (Figure 16(A)).
Previous studies have shown that androgenetic hapESCs at M-phase
demonstrated better contribution as sperm substitute than at G0- or G1phase with extrusion of the second and pseudo polar bodies after injection
(Yang et al., 2012). Following this report, DK2 cells were treated with
colcemid and haploid cells at M-phase were sorted by flow cytometry (Figure
16(B)). Semi-cloned embryos were constructed by injection of the M-phase
DK2 cells into MII oocytes, followed by activation using strontium chloride.
After activation, the majority of semi-cloned embryos exhibited weak EGFP
expression in entire embryos except for a small portion of embryos, which
displayed single spots of EGFP expression (Figure 16(C)). This indicates
plasma membranes of most DK2 cells broke down during or after the injection,
but a few DK2 cells still maintained their formation after the injection. Semicloned embryos were cultured in vitro, developing to 2-cell stage at the ratio
of 58.3% (84/144) without the EGFP expression (Table 5). A few 4-cell embryos
started EGFP expression at day 2 after injection, followed by development to
blastocysts at the ratio of 11.1% (16/144). Interestingly, all the blastocysts
exhibited EGFP expression, indicating DK2 cells contributed to all the
blastocysts and no parthenogenetic blastocyst developed.
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In order to analyze constructed embryos, 3 ESC lines (termed ESC no.13) were established from semi-cloned blastocysts (Figure 16(D)). Genotyping
revealed that all 3 ESC lines possessed both wild-type and deleted mutant
alleles in IG- and H19-DMRs, presenting the contribution of DK2 genomes to
wild-type oocytes (Figure 16(E)). These 3 ESC lines were also karyotyped,
however, most cells in 2 ESC lines (no. 1 and 3) exhibited triploid, and only 1
ESC line (no. 2) exhibited diploid karyotypes (Figure 16(F); also see a chapter
“4.5 Formation of triploid embryos by injection of haploid ESCs into oocytes”).
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Figure 16. Generation of blastocysts and ESCs by injection of haploid ESCs into oocytes. (A)
A scheme of the generation of blastocysts and diploid ESC lines by injection of haploid ESCs
into oocytes. (B) Haploid ESCs were sorted by FACS after treatment with colcemid for 8h.
Population of haploid ESCs at M-phase (indicated by asterisk) was used for injection. (C)
Development of oocytes after injection of haploid ESCs. At day 2, some 4-cells started EGFP
expressions. At day 4, some morulae developed to blastocysts. (D) Derivation of ESC lines
from blastocysts generated by the injection of haploid ESCs into mouse-derived oocytes. (E)
Genotyping of the ESC lines. All 3 ESC lines, derived from the blastocysts (shown in (D)),
exhibited both wild type and mutant alleles for IG-DMR and H19-DMR, indicating both
oocytes and the hapESC genome contributed to the genome of blastocysts. (F) Karyotyping
of 3 ESC lines (shown in (D)). One ESC line (No. 2) exhibited diploid karyotype, and most
cells in other 2 ESC lines (No. 1 and 3) were triploid.

3.2.3

Generation of mice by injection of haploid ESCs into oocytes
Finally, in order to confirm whether semi-cloned embryos are competent

to develop to mice, semi-cloned 2-cell embryos were transferred to oviducts of
pseudopregnant Swiss Webster females. As control, outbred 2-cell embryos
derived from an albino strain, Swiss Webster, were also prepared by IVF.
Totally 39 semi-cloned and 20 control 2-cell embryos were transferred to 4
recipient females (Table 5). Among them, 2 recipient females successfully
delivered viable pups: 6 pups (termed progeny no.1-6) and 1 pup (progeny
no.7) from each recipient mouse (Figure 17(C)). Progeny no. 6 and 7 were only
pups which had black colored eyes and their toe biopsies showed EGFP
expression by UV exposure (Figure 17(A),(C)). Genotyping also confirmed
that progeny no. 6 and 7 were heterozygous in IG- and H19-DMR, carrying
both wild-type and deleted mutant alleles (Figure 17(B)). These 2 mice grew
up normally without any apparent phenotypes or health problems, and even
delivered full-term pups after mating with Swiss Webster males (Figure
17(D)).
The successful production of fertile mice demonstrates that hapESC can
be used as substitute of sperm. This hapESC technology possesses potential
of applications especially because genetic mutations can be easily applied to
hapESCs in contrast to oocytes and spermatozoa. The generation of gene63

modified mice, demonstrated in this study, is a considerable application. Also,
in order to study fundamental biology, hapESCs can be a powerful tool, for
example, for screening of factors required for fertilization or embryogenesis
through injection of gene-modified hapESCs into oocytes.

Figure 17. Generation of mice by injection of haploid ESC into oocytes (A) Toe biopsies of
progeny No. 1-7, born from 2 recipient mothers. Biopsies of No. 6 and 7 expressed EGFP by
UV exposure. (B) Genotyping of biopsies of progeny. Biopsies of progeny No. 6 and 7 exhibited
deletions of IG- and H19-DMR in an allele. (C) Progeny No. 1-7 at 0 dpp and 15 dpp. (D) Both
progeny No. 6 and 7 delivered full-term pups (indicated by asterisk) after mating with wild
type males. M, marker.
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Table 5. Summary of developmental efficiency by injection of haploid ESCs into oocytes.

In vitro culture
No. of oocytes
injected

No. of 2-cell
embryos

No. of 4-cell
embryos

No. of morulae

No. of blastocysts
(% of oocytes injected)

144

84

40

36

16
(11.1%)

Embryo types

No. of oocytes
injected

No. of 2-cell
embryos

No. of transferred
2-cell embryos

No. of delivered pups
(% of transferred 2-cell
embryos)

Control

-

-

20

5
(25%)

Semi-cloned

50

39

39

2
(5.1%)

Embryo transfer
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4. Discussion
4.1

Development of proliferative outgrowths from rOvaries
As shown in the chapter “3.1 Establishment of an in vitro culture for

pluripotent stem cells into oocytes”, rOvaries, consisted of PGCLCs and E12.5
gonadal somatic cells, formed follicles during the IVDi stage (Figure 8 (B)).
On the other hand, some rOvaries exhibited abnormal development, mainly
with proliferative outgrowths (Figure 9 (A); Table 2). These proliferative
outgrowths inhibited the development of follicles. Also, even when some
follicles developed in rOvaries with proliferative outgrowths, these follicles
showed poor development in the following IVG stage (data not shown).
Therefore, elimination of proliferative cell development during IVDi is
important for proper oocyte development.
Proliferative outgrowths did not show expression of Blimp1-Venus or

Stella-ECFP in BVSC-iPSC-derived rOvaries, but genotyping revealed that
these outgrowths were derived from BVSC-iPSCs (Figure 9 (A)(B)). This
result suggests that contamination of PSC-derived cells, which did not
differentiate to germline in rOvaries, caused development of proliferative
outgrowths. Also, all rOvaries with PGCLCs sorted by SSEA1 and integrinβ3 exhibited abnormal development, while rOvaries with PGCLCs sorted by

Blimp1-Venus and Stella-ECFP developed normally with follicle formation at
the ratio of about 83% (Table 2). These results indicate that selection of
PGCLCs is critical to avoid abnormal development of rOvaries.
Generation of oocytes from PSCs was successful only when cell lines
with BVSC reporters were used because surface markers, SSEA1 and
integrin-β3, were not sufficient for PGCLC sorting. In order to confirm SSEA1
and integrin-β3 as markers for PGCLC, flow cytometry data used for sorting
of BVSC-ESC-derived PGCLCs was verified (Figure 18 (A)). BVSC-ESCderived cells at day 8 of the culture showed clear population positive for both
SSEA1 and integrin-β3 at the ratio of 3.9%. Once this population was
measured with Blimp1-Venus and Stella-CFP, 99.1% of the population
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exhibited positive for Blimp1-Venus, which indicates most cells in this
population correctly differentiated to a germ cell lineage. However,
considering all the ovaries with PGCLCs sorted by SSEA1 and integrin-β3 did
not generate oocytes, the contamination of 0.9% of the population which was
negative for Blimp1-Venus possibly caused the abnormal development in
rOvaries. ,
In order to eliminate this small portion of contamination, not only
SSEA1 and integrin-β3 but also 3 additional PGC markers, c-KIT, EpCAM
and PECAM-1, were tested as candidates of PGCLC markers (reviewed by
Felici et al., 2005). Single staining of each antibody showed SSEA1, integrinβ3 and EpCAM marked clear peaks of staining, but c-KIT and PECAM-1 did
not (Figure 18 (B)). Gating of each peak (SSEA1, integrin-β3 and EpCAM) or
presumably positive population (c-KIT and PECAM-1) were analyzed by
Blimp1-Venus and Stella-ECFP, but none of these markers was sufficient to
gate a population positive for either Blimp1-Venus or Stella-ECFP.
Combination of 2 markers among these 5 showed more distinguishable
population positive for Blimp1-Venus. For example, double staining using
EpCAM and PECAM-1 antibodies identified a population positive for Blimp1Venus at the ratio of 97.2% (Figure 18 (C)). Nevertheless, no other
combinations identified better population than a combination of SSEA1 and
integrin-β3, which identified a population positive for Blimp1-Venus at 99.1%
(Figure 18 (A)). Combination of 3 or more antibodies were not compared.
Therefore, there is still a possibility to isolate better population by increasing
surface markers.
In order to avoid the development of proliferative outgrowths, another
considerable approach is to inhibit the development of cells which do not
differentiate to PGCLCs during the IVDi stage. In the field of regenerative
medicine especially, decreasing the risk of teratoma formation from PSCderived cells is one of important challenges, and several studies reported
effective approaches to decrease the risk (reviewed by Gorecka et al., 2019).
For example, a chemical inhibitor of human ESC- and iPSC-specific
antiapoptotic factors, quercetin, induced selective and efficient cell death of
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undifferentiated human PSCs in several differentiated cell types including
dopamine neurons and smooth-muscle cells (Lee et al., 2013). There is also a
study which reported that an epigenetic regulator, LSD1, acted at the initial
step of tumorigenesis (Osada et al., 2018). An LSD1 inhibitor, S2157,
prevented teratoma formation from human iPSCs transplanted into
immunodeficient mice. Considering these studies, application of inhibitors to
prevent teratoma formation from undifferentiated PSCs is potentially
applicable to rOvaries.
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Figure 18. Flow cytometry analysis of surface markers for PGCLCs. (A) Total population of
BVSC-ESC-derived cells at day 8 of the culture plotted by SSEA1 and integrin-β3 (left) and
by Blimp1-Venus and Stella-ECFP (middle). A population positive for both SSEA1 and
integrin-β3 was gated to plot in Blimp1-Venus and Stella-ECFP, demonstrating 99.1% of
gated cells were positive for Blimp1-Venus (right). (B) Single staining of BVSC-ESC-derived
cells at day 8 of the culture by PGC surface markers, SSEA1, integrin-β3, c-KIT, EpCAM and
PECAM-1. Cell populations with higher intensity of each marker were gated (top) and were
plotted by Blimp1-Venus and Stella-ECFP (bottom). (C) BVSC-ESC-derived cells at day 8 of
the culture were stained by EpCAM and PECAM-1 antibodies (left). A positive population of
both markers was plotted by Blimp1-Venus and Stella-ECFP (right).

4.2

Large scale development of putative growing oocytes
In the chapter “3.1.4 In vitro growth and maturation of MII oocytes from

primary oocytes”, follicles at day 31 of the culture in rOvaries were isolated
for the further development to antral follicles (Figure 10 (A)(B)). During this
IVG stage, unexpected development of a large number of cells was observed
(Figure 19 (A)). These cells with 12 to 40 µm in diameter were extruded from
most follicles. The number of these cells ranged from 10 to 200 from each
follicle.
A similar observation was reported when putative theca cell colonies
derived from 2-3 dpp mouse ovaries were cultured in vitro (Honda et al., 2009).
After 8-10 days of the culture, round cells with about 15-20 µm in diameter
protruded from the surface of the colonies. These round cells showed negative
for BrdU and positive for VASA, an oocyte marker; therefore, the authors
concluded these cells as primordial oocytes arrested in meiosis I. This study
also reported that these primordial oocytes reached about 35 µm and formed
a zona pellucida within 20 days of the culture.
It is unclear whether the cells extruded from follicles in this thesis are
oocytes or not, but these cells are possibly growing oocytes considering the
report above. Interestingly, these putative oocytes formed cyst-like clusters
especially with small putative oocytes (Figure 19 (A)). The size of putative
oocytes in cyst-like clusters was around 15 µm as reported for in vivo
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development (Peppling & Spradling, 2001).
Emergence of these putative oocytes raised a question on their origin
and which part of follicles developed these oocytes. Considering that StellaECFP expression was not detected in these putative oocytes, it is estimated
that the putative oocytes were not derived from PSCs. Nevertheless, the
origin is still unclear because cysts are formed between E14.5 and birth in
vivo, when Stella expression is transiently repressed in female germ cells
(Saitou & Miyauchi, 2016). It is also unclear about the location of the putative
cells in rOvaries. Even when only single follicles were carefully isolated from
rOvaries at day 31 of the culture, the extrusion of putative oocytes from these
follicles were observed during the IVG stage. This result indicates that a
somatic cell layer in a follicle possibly contained germ cells at day 31 of the
culture, which did not develop to oocytes during the IVDi stage. However, as
far as I know, no study has proved that germ cells presented in follicles except
for oocytes in vivo; therefore, it would be reasonable to assume that
undeveloped germ cells located in inter-folliclular spaces and were cultured
together with a follicle during the IVG stage. Further studies are required to
determine their origin and their location in follicles.

4.3

Abnormal development of oocytes by in vitro culture
At day 45 of the in vitro culture, development of MII oocytes derived

from PSCs was shown in the chapter “3.1.4 In vitro growth and maturation
of MII oocytes from primary oocytes”. Most of PSC-derived oocytes were
almost indistinguishable from in vivo-derived oocytes, however, abnormal
development was apparently observed in some PSC-derived oocytes. That is
the contamination of cells on the inner side of zona pellucida (Figure 19 (B)).
These abnormal oocytes with contaminating cells accounted for about
10% of all oocytes (23 / 233) harvested at day 45 of the culture. The size of
contaminating cells was about 6 µm in diameter, and their number ranged
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from 10 to 100 per oocyte. These contaminating cells were stained with DAPI
(data not shown), so they were not derived by fragmentation of ooplasm.
While Stella-ECFP was detected in the ooplasm and polar body, the
contaminating cells were negative for Stella-ECFP and Blimp1-Venus
(Figure 19 (B)). Therefore, these contaminating cells were presumably
somatic cells derived from E12.5 gonads. Despite the contamination, these
abnormal oocytes fertilized with sperm and developed through normal
preimplantation development.
The mouse zona pellucida consists of long and interconnected filaments,
composed of three glycoproteins, ZP1, ZP2 and ZP3 (reviewed by Wassarman,
2008). These glycoproteins are synthesized and secreted by growing oocytes
and assemble into long fibrils that constitute a matrix (reviewed by
Wasserman et al., 1996; Qi et al., 2002). Considering the structure of zona
pellucida, it is impossible for a cell with 6 µm in diameter to penetrate.
Therefore, the contaminating cells were probably on the inner side when the
zona pellucida was forming. The reason is unknown, but I assume some
glycoproteins secreted from growing oocytes presumably located alongside of
somatic cells and formed filaments to synthesize zona pellucida.
In order to prepare rOvaries, E12.5 gonads were dissociated and were
mixed with PGCLCs in a low-binding plate to form cell aggregates. It is
possible that components, especially basement membranes and extracellular
matrices, which contributed to achieve proper cell-cell interaction in gonads
were lost during this process. Furthermore, cells inside of rOvaries
presumably had difficulty to access nutrients and oxygen without blood
vessels, which possibly resulted in low secretion of extracellular components.
I assume that the lack of extracellular components in rOvaries resulted in the
formation of abnormal oocytes with contaminating cells.
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Figure 19. Development of putative oocytes and abnormal oocytes with contaminating cells.
(A) Putative growing oocytes extruded from a BVSC-iPSC-derived follicle at day 44 of the
culture. Stella-ECFP expression was merged to bright field images. The part in white square
(left) was enlarged to a right image. Bar scale, 50 µm. (B) BVSC-iPSC-derived oocytes with
cells on the inner side of zona pellucida, harvested at day 45 of the culture. The part in white
square (left) was enlarged to a middle image. Bar scale, 50 µm.
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4.4

Low competency of preimplantation development in PSC-derived

oocytes
Although some PSC-derived oocytes at day 45 of the culture developed
to blastocysts by IVF, the efficiency of the development was low at the ratio
of 1.7% (Table 3). Furthermore, no blastocyst developed from PSC-derived
oocytes by parthenogenetic activation. Compared to the development of in
vivo-derived oocytes to blastocysts at the ratio of 63.7% by IVF and of 16.3%
by activation, the competency of preimplantation development in PSCderived oocytes was quite low. The immunostaining analysis demonstrated
that PSC-derived parthenogenetic embryos exhibited failure of ZGA and
abnormal DNA demethylation (Figure 14). These abnormal developments
possibly caused the failure of preimplantation development in PSC-derived
embryos.

Nevertheless,

other

reasons

for

the

low

competency

of

preimplantation development can be considered.
First, and mostly, the long 45-day culture presumably caused various
defects in PSC-derived oocytes. These possible defects include abnormal
epigenetic modifications and subsequent gene expression. Especially, DNA
methylation of imprinted genes and accumulation of maternal factors in
oocytes have critical roles in early embryos. The result in the chapter “3.1.6
Assessment of in vitro culture stages” showed that the IVDi stage was not
comparable to in vivo development. This result was consistent with the timing
of de novo DNA methylation, acquired in growing oocytes during the IVDi
stage. Therefore, abnormal epigenetic modifications during the culture
presumably caused low competency in PSC-derived oocytes.
Second, insufficient development possibly occurred in somatic cells in
follicles during the IVDi stage. Granulosa and theca cells are known to
support mutually a neighboring oocyte; therefore, the proper development of
somatic cells is important for oocyte development (reviewed by Knight et al.,
2012; Sanchez & Smitz, 2012). The measurement of the size of several follicles
demonstrated that the thickness of a somatic cell layer in PSC-derived
follicles was smaller than one in in vivo-derived follicles considering the size
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of oocytes (see a chapter “3.1.3 In vitro differentiation of primary oocytes from
PGC-like cells”). In other words, less somatic cells formed follicles in PSCderived rOvaries. This data implies that somatic cells in follicles were
possibly exposed to an improper culture condition or insufficient growth
factors secreted from oocytes, for example, GDF9 and BMP15. Such improper
development of somatic cells possibly caused abnormal development of
oocytes.
Third, at last, there is one concern about cell lines. In this thesis, oocytes
were generated in vitro using 2 cell lines, BVSC-ESC and BVSC-iPSC. Both
cell lines were established from a genetically modified mouse strain, carrying

Blimp1-Venus and Stella-ECFP transgenes (Ohinata et al., 2008). Blimp1Venus was designed to bear Venus, targeted to the plasma membrane,
recombined after the initial in-frame ATG of the exon 2. Stella-ECFP was
designed to bear ECFP recombined in the exon 2 of Stella in a frame-matched
manner. Stella is a maternal effect gene composed of 4 exons, which encode
150 amino acids. Stella-ECFP also encodes about 40 amino acids of STELLA.
A study reported that maternal STELLA is partially cleaved and an Nterminal fragment (1-60 amino acids) remains in the cytoplasm to participate
in intracellular trafficking (Shin et al., 2017). Prevention of this cleavage
caused multiple vesicles to aggregate and resulted in poor development of
fertilized embryos into blastocysts. Considering that both endogenous Stella
and Stella-ECFP transgene express in BVSC-ESC and BVSC-iPSC lines,
these excess N-terminal fragments could possibly disturb preimplantation
development of PSC-derived embryos.
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4.5

Formation of triploid embryos by injection of haploid ESCs into oocytes
In the chapter “3.2 Application of haploid embryonic stem cells as a

substitute of sperm”, the production of blastocysts was performed by injection
of ΔIG- and ΔH19-DMRs hapESCs into oocytes (Figure 16 (D)). Chromosome
counting of ESC lines established from these blastocysts showed not only
diploid but also triploid karyotypes (Figure 16 (F)).
HapESCs used for injection were treated with colcemid to harvest 2 sets
of chromosomes at the onset of mitotic spindle formation in M-phase hapESCs.
After injection into oocytes, it was expected that chromosomes were
segregated and one set of chromatids (1c) was extruded into a pseudo polar
body (Yang et al., 2012), resulting in the other 1c chromatids contributed to a
constructed embryo (Figure 20). However, the karyotyping showed 2 of 3 ESC
lines were triploid. Several reasons can be assumed why triploid cells were
generated. One possible reason is that a hapESC diploidized during the
process of injection or erroneously diploid ESCs were sorted by FACS (Figure
20 (C)). In this case, 2c chromatids of an ESC possibly contribute to an embryo,
resulting in the generation of a triploid embryo. Another possible reason for
triploid cells is that a set of chromatids of a hapESC was not extruded from
the ooplasm (Figure 20 (E)). In this case, totally 3 pronuclei, containing 2
pronuclei from hapESC genome and 1 pronucleus from maternal genome,
possibly form in a zygote, which results in diploid or triploid cells in an
embryo. Considering that a few cells in the 2 triploid ESC lines also exhibited
a diploid karyotype (Figure 16 (F)), it is likely that the latter case occurred in
constructed embryos.

75

Figure 20. Examples of possible ploidy by a hapESC injection into an MII oocyte. (A) A
planned case of an embryo construction. Injection of a M-phase hapESC into an oocyte is
followed by extrusion of 1c chromatids as a pseudo polar body, resulting in 2c chromatids in
each blastomere at the 2-cell stage. (B) In the case of no hapESC contribution to an embryo,
each blastomere at the 2-cell stage contain 1c chromatids, resulting in haploid and diploidized
cells in an embryo. (C) In the case of a diploidized ESC contribution to an embryo, each
blastomere at the 2-cell stage contain 3c chromatids. (D) In the case when a hapESC was not
at M-phase, only maternal chromosomes are segregated to 2 blastomeres and hapESC
chromosomes are possibly allocated to either blastomere. Then, 2 blastomeres contain either
1c or 3c chromatids. Considering the possibility of diploidization for 1c blastomere, as a result,
haploid, diploidized and triploid cells are possible in an embryo. (E) In the case when
extrusion of a pseudo polar body failed, a 2-cell embryo presumably forms diploid or triploid
blastomeres. A letter ‘c’ represents number of chromatids coding for the same genes or DNA
copies. Blue and red colors of chromatid number indicate paternal and maternal chromatids
respectively. A dot-line in ooplasm represents breakdown of a nuclear membrane.

76

4.6

Outlook: Possibility to generate totipotent cells from pluripotent stem

cells
In organisms with sexual reproduction, two gametes are necessary to
form a totipotent zygote which develops to an individual organism in natural
conditions. Several studies have reported the generation of bimaternal and
bipaternal mice, inherited by genomes of 2 mothers and 2 fathers respectively,
by using several biological resources (Kono et al., 2004; Kawahara et al., 2007;
Deng et al., 2011; Li et al., 2018). However, as far as I know, no study has
reported a mouse derived from single biological resource. I have a hypothesis
that generation of a totipotent cell which develops to a mouse from only one
PSC line could be achieved.
This thesis demonstrated the generation of oocytes derived from PSCs
in the chapter “3.1 Establishment of an in vitro culture for pluripotent stem
cells into oocytes”. Also, a haploid ESC was demonstrated to be a substitute
of sperm in the chapter “3.2 Application of haploid embryonic stem cells as a
substitute of sperm”. Considering that parthenogenetic haploid ESC lines are
established from only oocytes, it is theoretically possible to generate a haploid
ESC line from a diploid PSC line. Combining these results and the method, a
totipotent cell can be potentially generated by injection of a PSC-derived
haploid ESC into a PSC-derived oocyte (Figure 21).
In order to generate a totipotent cell, both an oocyte and a haploid ESC
would need to be derived from a PSC line and must function as gametes for
this approach. In this context, the approach to generate totipotent cells from
PSCs is potentially useful to capture mechanistic insights on how totipotency
is acquired from 2 gametes.
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Figure 21. A hypothetical scheme to generate a totipotent cell from a PSC line. A MII oocyte
and a haploid ESC with deletions of IG- and H19-DMRs are generated from a PSC line. The
haploid ESC is injected to the MII oocyte to generate a totipotent cell. PSC, pluripotent stem
cell; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell; DMR, differentially
methylated region.

78

4.7

Conclusion
In this thesis, generation of MII oocytes from PSCs was demonstrated

using an in vitro culture system. Some of these MII oocytes successfully
fertilized with sperm and developed to blastocysts. This successive
development covers the entire life cycle of mice; therefore, the culture system
can be a platform to study epigenetic transition and gene regulations
throughout the entire development of female germ cells. In contrast, oocytes
generated

by

this

culture

system

also

demonstrated

inefficient

preimplantation development. Further analysis of these oocytes will identify
the factor(s) which disrupted preimplantation development, and it will give
more mechanistic insights into oocyte development.
Also, generation of a totipotent cell was demonstrated by injection of an
epigenetically modified haploid ESC into an oocyte. This result indicates that
haploid ESCs can be a substitute of sperm, and furthermore, the role of a
spermatozoon for totipotency is mainly limited to providing paternal genome
information to an oocyte.
Since both oocytes and spermatozoa are not stem cells, production of
mice is commonly required to obtain genetically modified gametes. In contrast,
it is comparatively easy to perform genetic modifications in PSCs including
hapESCs. This advantage of PSCs expands the potential to use both systems
above to study germ cell development using genetic approaches. This thesis
demonstrated useful platforms to study epigenetic mechanism and gene
regulation of female germ cells and a totipotent cell development.
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5. Materials and methods
5.1

Animals
All animal experiments were performed under the license ZH152/17 in

accordance

to

the

standards

and

regulations

of

the

Kantonale

Ethikkommission Zürich.

5.2

Establishment of an in vitro culture for pluripotent stem cells into

oocytes
5.2.1 PSC lines

C57BL/6J females were mated with 129S6/SvEvTac males to obtain
hybrid embryos to establish ESC lines. After genotyping of sex, female ESCs
were co-transfected with a piggyBac vector carrying a CAG-EGFP-IREShygro transgene and a hyper piggyBac transposase expression plasmid using
lipofectamine 2000 by following a manufacture’s protocol. Subsequently
single cells with EGFP expression were sorted by FACS. After cell growth,
one colony was established as a cell line, termed GFP-ESC line. The BVSCESC line (described in Hayashi et al., 2012) and BVSC-iPSC line (described
as iPS TTF_4FC6 in Hikabe et al., 2016) were gifts from Mitinori Saitou and
Katsuhiko Hayashi. All these 3 cell lines were maintained using 2i+Lif
medium without mouse embryonic fibroblasts (MEFs) co-culture.
5.2.2

Germ cell differentiation
Differentiation of PSCs into EpiLCs and PGCLCs was induced by

culture conditions adapted from protocols published previously with a few
modifications (Hayashi et al., 2011; Hayashi et al., 2012; Hayashi et al., 2013).
For EpiLC differentiation, 3.4 x 105 PSCs/well were plated in a 6-well plate
coated with 16.7 mg/ml human plasma fibronectin in EpiLC medium. For
PGCLC differentiation, 2.25 x 105 EpiLCs/well were plated in a
Sphericalplates 5D plate (Kugelmeiers) with PGCLC medium. The medium
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was changed at day 1 with EpiLC medium, and at day 6 with GK15 medium
supplemented with SCF (50 ng/ml), LIF (500 IU/ml) and EGF (25 ng/ml).
5.2.3

IVDi culture
IVDi culture conditions were adapted from protocols published

previously with several modifications (Hikabe et al., 2016; Hayashi et al.,
2017). At day 8 of the culture, PGCLCs, positive for both Blimp1-Venus and

Stella-ECFP or for both SSEA1 and integrin-β3, were sorted and then purified
again by FACSAria III (BD Bioscience). At the same time, E12.5 female
embryonic gonads, derived from outbred of Swiss Webster mice, were
harvested. To isolate gonadal somatic cells, residual PGCs were removed by
MACS using both SSEA1 and CD31 antibodies (Miltenyi Biotech) in
accordance with the manufacturer’s protocol. PGCLCs were aggregated with
E12.5 female gonadal somatic cells in a low-binding 96-well plate Nunclon
Sphera (Thermo Scientific) for 2 days in GK15 medium supplemented with 1
μM retinoic acid. 5,000 PGCLCs and 50,000 gonadal somatic cells were
cultured to produce one rOvary.
At day 10 of the culture, rOvaries were washed with α-IVDi medium and
placed on Transwell-COL membranes (Coaster) contacted with surface of αIVDi medium. At day 12 of the culture, rOvaries were soaked in the medium
by adding 2 ml of α-IVDi medium per a well. At day 14, half of medium was
changed to Stem-IVDi medium. At day 17, all the medium was replaced to
Stem-IVDi medium supplemented with 600 nM fulvestrant (Merck). At day
21, the medium was replaced back to Stem-IVDi without fulvestrant. Half of
the medium was changed at day 12, 19, 21, 23, 25, 27 and 29.
5.2.4

IVG culture
IVG culture conditions were adapted from protocols published

previously with a few modifications (Hikabe et al., 2016; Hayashi et al., 2017).
At day 31 of the culture, follicles in rOvaries were mechanically dissociated
using 30G needles. Dissociated follicles were kept on the Transwell-COL
membranes contacted with IVG medium. At day 33, follicles were incubated
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in 0.1% collagenase type I (Worthington Biochemicals) for 15 minutes. After
washing with αMEM supplemented with 5% FBS 3 times, the Transwell was
replaced to another 6-well plate filled by IVG medium with the same height
of the membrane. From day 31 to 34, the IVG medium was supplemented
with 15 ng/ml BMP15 and 15 ng/ml GDF9. At day 34, follicles were soaked in
the medium by adding 2 ml of IVG medium per a well. Half of the medium
was changed at day 36, 38, 40 and 42.
5.2.5

IVM
IVG culture conditions were adapted from protocols published

previously (Hikabe et al., 2016; Hayashi et al., 2017). At day 44 of the culture,
oocytes and surrounding granulosa or cumulus cells were harvested from
expanded follicles with roughly over 200 µm in diameter by a fine glass
capillary. These complexes were transferred to IVM medium. At 16 hours of
culture, swollen cumulus-oocyte complexes (COCs) were subjected to
activation or IVF.
5.2.6

Parthenogenetic activation
Cumulus cells in COCs were stripped from oocytes by treating with

hyaluronidase (Merck). MII oocytes were determined by their morphology
with 1st polar body extrusion. All the oocytes harvested from COCs were
transferred to activation medium: KSOM (Millipore) supplemented with 5
mM strontium chloride (Merck) and 2 mM EGTA as described (Kishigami &
Wakayama, 2007). After 6 hours, activated embryos were transferred to
KSOM for preimplantation development.
5.2.7

IVF
Spermatozoa were collected from the cauda epididymis of B6D2F1

males and were capacitated by incubation for 1 hour in CZB (Millipore) or
Sequential Fert (ORIGIO). After capacitation, spermatozoa were incubated
with the COCs in CZB or Sequential Fert for 6 hours. The zygotes were
collected and transferred to KSOM for preimplantation development.
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5.2.8

Immunostaining analysis
PSC-derived 2-cell embryos were prepared by parthenogenetic

activation of oocytes after IVM. Control 2-cell embryos were prepared by
activation of oocytes harvested from superovulated C57BL/6J females.
Control 1-cell zygotes were prepared by IVF of oocytes and spermatozoa
harvested from superovulated C57BL/6J females and B6D2F1 males
respectively.
Concerning the immunostaining for histone marks and PDH, 2-cell
embryos were collected at 48 and 44 hours respectively after HCG injection
or start of IVM. Immunostaining was performed by following a published
protocol (Nagaraj et al., 2017). Embryos were fixed in 4% paraformaldehyde
in PBS for 30 minutes at room temperature, permeabilized for 30 minutes in
PBS with 0.4% Triton (PBST4), blocked in PBST with 3% BSA for 30 minutes
and incubated with the desired primary antibody in PBST plus 3% albumin
(PBST4A) overnight at 4C. The following day the embryos were washed in
PBST4 four times for 10min each, blocked with PBST4A, incubated with the
appropriate secondary antibody and DAPI overnight at 4C. Embryos were
washed again 3 times for 10min each in PBST4, then deposited on glass slides
and mounted in Vecta-shield (Vector Laboratories).
BrUTP incorporation assay was performed by following a published
protocol (Suzuki et al., 2015) with a few modifications. 2-cell embryos were
collected at 53 hours after HCG injection or start of IVM. BrUTP
incorporation

was

performed

by

electroporation

using

the

Super

Electroporator NEPA 21 (NEPAGENE). Embryos were washed in PBS and
then transferred in a line on the glass chamber between metal plates filled
with PBS containing 10 mM BrUTP (Merck). The poring pulse (voltage: 30 V,
pulse length: 3 ms, pulse interval: 100 ms, number of pulses: 6, +) and the
transfer pulse (voltage: 5 V, pulse length: 50 ms, pulse interval: 50 ms,
number of pulses: 5, ±) were applied. The embryos were washed twice and
cultured in KSOM for 1 hour. Subsequently, the fixation and immunostaining
of embryos were followed by the protocol for histone marks or PDH. Anti-
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BrdU antibody (Merck) was uses for the primary antibody.
Concerning immunostaining for 5mC and 5hmC, 2-cell embryos were
collected at 48 hours after HCG injection or start of IVM. Immunostaining
was performed by following a published protocol (Nakamura et al., 2007) with
a few modifications. Embryos were treated with 2 M HCl for 20 min and
subsequently washed with 0.05% Tween 20 in PBS (PBST5) after
permeabilization. The embryos were blocked for 1 h in 1% BSA and 0.05%
Tween 20 in PBS (PBST5A), and then incubated overnight in anti-5mC and
anti-5hmC antibodies. The following day, the embryos were washed in PBST5
four times for 10min each, blocked with PBST5A, incubated with the
appropriate secondary antibody and DAPI overnight at 4C. Embryos were
washed 3 times for 10min each in PBST5, then deposited on glass slides and
mounted in Vecta-shield.
After immunostaining of embryos, images were captured using a Leica
TCS SP8 confocal microscope. Processing and quantification of images were
performed using ImageJ/Fiji software. Quantified data was compiled and
analyzed by GraphPad Prism 8 software using two-tailed unpaired t test.
Data was considered significant if p < 0.05, and the error bars were ± SD.
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5.3
5.3.1

Application of haploid embryonic stem cell as a substitute of sperm
Haploid ESC lines
Deletions of IG- and H19-DMRs in hapESCs were performed using the

CRISPR-Cas9 system as described previously (Zhong et al., 2015). To
generate CRISPR-Cas9 plasmid for gene mutation, sgRNAs of target genes
were synthesized, annealed, and ligated to the pX330 plasmid (Addgene) that
was digested with BbsI (New England Biolabs). Successful integration to
plasmids was confirmed by Sanger-Sequencing (Microsynth).
Haploid ESC lines were established from oocytes harvested from
superovulated 129S6/SvEvTac females by following a published protocol
(Leeb & Wutz, 2011) with minor modifications. Activation of oocytes were
performed in KSOM supplemented with 5 mM strontium chloride and 2 mM
EGTA as described (Kishigami & Wakayama, 2007). These haploid ESC lines
were maintained with irradiated mouse embryonic fibroblasts (MEFs),
derived from Tg(DR4)1Jae inbred E12.5 embryos.
A haploid ESC line, termed DM0, was co-transfected with a piggyBac
vector carrying a CAG-EGFP-IRES-hygro transgene, a hyper piggyBac
transposase plasmid and CRISPR-Cas9 plasmids above using lipofectamine
2000 by following a manufacture’s protocol. Subsequently single cells with
EGFP expression were sorted by FACS. After cell growth, these cell colonies
were genotyped and karyotyped using flow cytometry. After confirmation of
haploid karyotype, integration of EGFP transgene, and deletion of IG- and

H19-DMRs, then hapESC lines (termed DK1 and DK2) were maintained in
hapESC medium without MEFs.
5.3.2

Embryo construction
Embryo construction was performed by following a published protocol

(Zhong et al., 2015) with several modifications. DK2 cells arrested at M-phase
were sorted by FACS (MoFlo Astrios EQ, Beckman Coulter) after culturing in
medium containing 0.05 mg/ml colecimid for 8 hours. In parallel, MII oocytes
were harvested from superovulated B6D2F1 females. To generate semi-cloned
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embryos, each DK2 cell was injected into an MII oocyte by the piezo-driven
micromanipulator (Eclipse Ti, Nikon; PiezoXpert, Eppendorf). Constructed
oocytes were cultured in M16 medium for about 1 hour and then activated for
6 hours in KSOM supplemented with 5 mM strontium chloride and 2 mM
EGTA. After activation, all the constructed embryos were cultured in KSOM
medium.
5.3.3

Embryo transfer
For control, embryos derived from oocytes and spermatozoa of albino

outbred strain, Swiss Webster, were prepared by IVF on the same day of
embryos construction by hapESCs injection. The next day of embryo
preparation, 9-10 2-cell embryos derived from hapESC injection and 5 control
2-cell embryos were transferred into each oviduct of pseudo-pregnant Swiss
Webster females at 0.5 dpc. After about 19 days, pups were naturally
delivered from recipient females, and toe biopsies of pups were sampled for
genotyping.
5.3.4

Karyotyping
Karyotyping of ESCs was performed by counting chromosomes under a

microscope (Axio Observer Z.1, Zeiss). After harvesting cells from culture
plates, chromosome spread on glass slides was performed by following a
published protocol (Campos et al., 2009). Chromosomes on glass slides were
stained with Giemsa solution (Merck) for 5 minutes, followed by washing with
Gurr’s buffer. Subsequently, chromosomes of each cell were counted under the
microscope.
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5.4

Genotyping
DNA extraction from cells, embryos and biopsies was performed using

lysis buffer (100 mM Tris pH 8.5, 200 mM NaCl, 5 mM EDTA and 0.2% SDS)
supplemented with 0.1 mg/ml Proteinase K at 55°C for at least 4 hours.
Debris were pelleted by centrifuging for 5 minutes at 13000 rpm. Supernatant
was replaced into a new tube containing equal volume of isopropanol. After
mixing, the tube was centrifuged for 5 minutes at 13000 rpm to pellet
precipitated genomic DNA. The pellet was washed with 70% ethanol and
supernatant was discarded. The pellet was air-dried for 15 minutes and then
resuspended by 50-200 μl water. PCR was performed using Phusion Hot Start
II DNA Polymerase in accordance with the manufacturer’s protocol. PCR
products were separated regarding their fragment size by electrophoresis and
stained with ethidium bromide.
5.5

Transcription analysis
RNA was extracted using the RNeasy Mini Kit (Qiagen) in accordance

with the manufacturer’s protocol, including an on-column DNA digest using
RNase-free DNase (Qiagen). RNA concentration was determined using a
NanoDrop. Equal amounts of RNA were subjected to reverse transcription,
using the PrimeScript RT Master Mix (Takara). q-PCR experiments were
performed at a 384well format on a Roche 480 Lightcycler instrument using
the SYBR Green method (KAPA SYBR FAST qPCR KIT, Kapa Biosystems).
Fold change expression was calculated by the ΔΔct method. Gapdh expression
was used for normalization. Primers used for transcript expression analysis
are listed in Table 7.
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5.6

Cell culture medium
The cell culture medium used in this thesis is shown in Table 6.

Table 6. Medium and composition

MEF medium
Ingredient

Supplier / cat no.

DMEM

Thermo Fisher

FBS

biowest

Pen/Strep

Thermo Fisher

β-Mercaptoethanol

Merck

Concentration
41965-039

S1810-500
15140-122

M6250-250ML

10%
1%
114uM

ESC derivation medium
Ingredient

Supplier / cat no.

Concentration

DMEM

Thermo Fisher

FBS

biowest

Pen/Strep

Thermo Fisher

15140-122

1%

NEAA

Thermo Fisher

11140-035

1%

Sodium Pyruvate

Thermo Fisher

11360-039

1%

β-Mercaptoethanol

Merck

LIF

Homemade

500 IU/ml

Ingredient

Supplier / cat no.

Concentration

DMEM/F12

Thermo Fisher

Insulin

Merck

I1882-100MG

12.5 µg/ml

Apo-transferrin

Merck

T1147-500MG

50 µg/ml

Progesterone

Merck

P8783-1G

10 ng/ml

Putrescine

Merck

P5780-5G

8 µg/ml

Sodium selenite

Merck

S5261-10G

15 nM

BSA fraction V

Thermo Fisher

15260-037

25 µg/ml

Neurobasal medium

Thermo Fisher

12348-017

47.5%

A

Thermo Fisher

12587-010

1%

Pen/Strep

Thermo Fisher

15140-122

1%

L-glutamine

Thermo Fisher

25030-024

0.5%

β-Mercaptoethanol

Thermo Fisher

21985-023

99 µM

41965-039

S1810-500

M6250-250ML

15%

114 µM

N2B27 medium
21041-025

50%

B27 supplement minus Vitamin
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2i+Lif medium
Ingredient

Supplier / cat no.

Concentration

N2B27 medium

Homemade

PD0325901

Axon Medchem

1408

0.4 µM

CHIR99021

Axon Medchem

1386

3 µM

LIF

Homemade

100 IU/ml

Ingredient

Supplier / cat no.

Concentration

DMEM

Thermo Fisher

FBS

biowest

Pen/Strep

Thermo Fisher

15140-122

1%

NEAA

Thermo Fisher

11140-035

1%

Sodium Pyruvate

Thermo Fisher

11360-039

1%

β-Mercaptoethanol

Merck

LIF

Homemade

PD0325901

Axon Medchem

1408

1 µM

CHIR99021

Axon Medchem

1386

3 µM

-

hapESC medium
41965-039

S1810-500

M6250-250ML

15%

114 µM
1,000 IU/ml

EpiLC medium
Ingredient

Supplier / cat no.

Concentration

N2B27 medium

Homemade

KSR

Thermo Fisher

Activin A

Peprotech

120-14

20 ng/ml

bFGF

Peprotech

100-18B

12 ng/ml

10828-028

1%

GK15 medium
Ingredient

Supplier / cat no.

Concentration

G-MEM

Thermo Fisher

11710-035

-

KSR

Thermo Fisher

10828-028

15%

NEAA

Thermo Fisher

11140-035

1%

Sodium Pyruvate

Thermo Fisher

11360-039

1%

Glutamax

Thermo Fisher

35050-038

1%

Pen/Strep

Thermo Fisher

15140-122

1%

β-Mercaptoethanol

Merck

M6250-250ML

90 µM

PGCLC medium
Ingredient

Supplier / cat no.

Concentration

GK15 medium

Homemade

-

BMP4

Peprotech

315-27

500 ng/ml

SCF

Peprotech

250-03

100 ng/ml

EGF

Peprotech

315-09

50 ng/ml

LIF

Homemade

1,000 IU/ml
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α-IVDi medium
Ingredient

Supplier / cat no.

Concentration

aMEM

Thermo Fisher

22571-020

-

FBS

Thermo Fisher

A3161001

2%

Ascorbic acid

Merck

Glutamax

Thermo Fisher

35050-038

1%

Pen/Strep

Thermo Fisher

15140-122

1%

β-Mercaptoethanol

Thermo Fisher

21985-023

55 µM

A4544

150 µM

Stem-IVDi medium
Ingredient

Supplier / cat no.

Concentration

StemPro34 Basal Medium

Thermo Fisher

10639011

-

StemPro34 Nutrient Supp.

Thermo Fisher

10639011

2.5%

FBS

Thermo Fisher

A3161001

10%

Ascorbic acid

Merck

Glutamax

Thermo Fisher

35050-038

1%

Pen/Strep

Thermo Fisher

15140-122

1%

β-Mercaptoethanol

Thermo Fisher

21985-023

55 µM

A4544

150 µM

IVG medium
Ingredient

Supplier / cat no.

Concentration

aMEM

Thermo Fisher

PVP

Merck

PVP360-100G

2%

Ascorbic Acid

Merck

A4544

150 µM

Glutamax

Thermo Fisher

35050-038

1%

Pen/Strep

Thermo Fisher

15140-122

1%

β-Mercaptoethanol

Thermo Fisher

21985-023

100 µM

Sodium Pyruvate

Thermo Fisher

11360-039

55 µg/ml

FBS

Thermo Fisher

A3161001

5%

FSH

MSD Puregon 600 I.E./U.I.

100 mIU/ml

Ingredient

Supplier / cat no.

Concentration

aMEM

Thermo Fisher

32571-028

-

FBS

Thermo Fisher

A3161001

5%

Sodium Pyruvate

Thermo Fisher

11360-039

25 µg/ml

Pen/Strep

Thermo Fisher

15140-122

1%

FSH

MSD Puregon 600 I.E./U.I.

100 mIU/ml

EGF

Peprotech

4 ng/ml

HCG

Merck

32571-028

-

IVM medium

315-09

C1063-1VL

1.2 IU/ml
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5.7

Oligos
All the oligos used in this thesis is listed in Table 7.

Table 7. List of oligos

Name

Sequence (5' to 3')

Application

Blimp1-mVenus-5

ACT CAT CTC AGA AGA GGA TCT G

Genotyping

Blimp1-mVenus-3

CAC AGT CGA GGC TGA TCT CG

Genotyping

EGFP-F

GAC GTA AAC GGC CAC AAG TTC

Genotyping

EGFP-R

GAA GAA GTC GTG CTG CTT CAT GTG

Genotyping

H19-DMR KO-F2

GTG GTT AGT TCT ATA TGG GG

Genotyping

H19-DMR KO-R2

TCT TAC AGT CTG GTC TTG GT

Genotyping

H19-DMR WT-F

AGA TGG GGT CAT TCT TTT CC

Genotyping

IG-DMR KO-F

TGT GCA GCA GCA AAG CTA AG

Genotyping

IG-DMR KO-R

ATA CGA TAC GGC AAC CAA CG

Genotyping

IG-DMR WT-F

CCA CAA AAA CCT CCC TTT CA

Genotyping

Prdm14 WT-5

AAG GTT CTG GGA ACT GGA TGT C

Genotyping

Prdm14 WT-3

CAC AAT ATG CTG GCA TGC GTT C

Genotyping

Stella-CFP-5

CGA GCT AGC TTT TGA GGC TT

Genotyping

Stella-CFP-3

AAC TTG TGG CCG TTT ACG TC

Genotyping

SRY2

TCT TAA ACT CTG AAG AAG AGA C

Genotyping

SRY4

GTC TTG CCT GTA TGT GAT GG

Genotyping

Xist-14

GTA GAT ATG GCT GTT GTC AC

Genotyping

Xist-16

CTC CAT CCA AGT TCT TTC TG

Genotyping

H19-DMR oligo-1F

CAC CCA TGA ACT CAG AAG AGA CTG

sgRNA

H19-DMR oligo-1R

AAA CCA GTC TCT TCT GAG TTC ATG

sgRNA

H19-DMR oligo-2F

CAC CAG GTG AGA ACC ACT GCT GAG

sgRNA

H19-DMR oligo-2R

AAA CCT CAG CAG TGG TTC TCA CCT

sgRNA

IG-DMR oligo-1F

CAC CCG TAC AGA GCT CCA TGG CAC

sgRNA

IG-DMR oligo-1R

AAA CGT GCC ATG GAG CTC TGT ACG

sgRNA

IG-DMR oligo-2F

CAC CCT GCT TAG AGG TAC TAC GCT

sgRNA

IG-DMR oligo-2R

AAA CAG CGT AGT ACC TCT AAG CAG

sgRNA

Tracr-Rev

AAA AAA AGC ACC GAC TCG GTG CC

sgRNA cloning

U6-Fwd

GAG GGC CTA TTT CCC ATG ATT CC

sgRNA cloning

Blimp1-F

AGC ATG ACC TGA CAT TGA CAC C

Quantitative PCR
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Blimp1-R

CTC AAC ACT CTC ATG TAA GAG GC

Quantitative PCR

Dlk-F

ACT TGC GTG GAC CTG GAG AA

Quantitative PCR

Dlk-R

CTG TTG GTT GCG GCT ACG AT

Quantitative PCR

Dnmt3b-F

CTC GCA AGG TGT GGG CTT TTG TAAC

Quantitative PCR

Dnmt3b-R

CTG GGC ATC TGT CAT CTT TGC ACC

Quantitative PCR

Gapdh-1

AGG TCG GTG TGA ACG GAT TTG

Quantitative PCR

Gapdh-2

TGT AGA CCA TGT AGT TGA GGT CA

Quantitative PCR

Gtl2-F

TTG CAC ATT TCC TGT GGG AC

Quantitative PCR

Gtl2-R

AAG CAC CAT GAG CCA CTA GG

Quantitative PCR

H19-F

CAT GTC TGG GCC TTT GAA

Quantitative PCR

H19-R

TTG GCT CCA GGA TGA TGT

Quantitative PCR

Igf2-F

CTA AGA CTT GGA TCC CAG AAC C

Quantitative PCR

Igf2-R

GTT CTT CTC CTT GGG TTC TTT C

Quantitative PCR

Prdm14-F

ACA GCC AAG CAA TTT GCA CTA C

Quantitative PCR

Prdm14-R

TTA CCT GGC ATT TTC ATT GCT C

Quantitative PCR

Stella-F

AGG CTC GAA GGA AAT GAG TTT G

Quantitative PCR

Stella-R

TCC TAA TTC TTC CCG ATT TTC G

Quantitative PCR

Tfap2c-F

GGG CTT TTC TCT CTT GGC TGG T

Quantitative PCR

Tfap2c-R

TCC ACA CGT CAC CCA CAC AA

Quantitative PCR

92

5.8

Antibodies
All the antibodies used in this thesis is listed in Table 8.

Table 8. List of antibodies

Name

Company

Cat. No.

Application

Anti-Human/Mouse SSEA-1
Alexa Fluor 660

eBioscience

50-8813

FACS

APC/Cy7 anti-mouse CD326 (EpCAM)

BioLegend

118218

FACS

CD31/PECAM-1

Novus Biologicals

NB100-1642UV

FACS

PE anti-mouse/rat CD61

BioLegend

104307

FACS

PE-Cy7 Rat anti-Mouse CD117

BD Pharmingen

558163

FACS

Anti-SSEA-1 (CD15) MicroBeads

Miltenyl Biotec

130-094-530

MACS

CD31 MicroBeads

Miltenyl Biotec

130-097-418

MACS

Anti-BrdU

Merck

B8434-25UL

Immunostaining
(primary)

Anti-Histone H3 (acetyl K4)

abcam

ab176799

Immunostaining
(primary)

Anti-Pyruvate Dehydrogenase
E1-alpha

abcam

ab177461

Immunostaining
(primary)

Anti-5-Methylcytosine Mouse
mAB

Millipore

NA81-50UG

Immunostaining
(primary)

Histone H3K4me3

Active Motif

61379

Immunostaining
(primary)

Histone H3K27me3

Active Motif

39155

Immunostaining
(primary)

Histone H3K27ac

Active Motif

39685

Immunostaining
(primary)

PDH-E1alpha (D-6)

Santa Cruz
Biotechnology

sc-377092

Immunostaining
(primary)

5-Hydroxymethylcytosine

Active Motif

39069

Immunostaining
(primary)

Donkey anti mouse IgG Cy3

Jackson
ImmunoResearch

715-165-150

Immunostaining
(secondary)

Donkey anti mouse IgG 647

Jackson
ImmunoResearch

715‐605‐150

Immunostaining
(secondary)
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