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Bmp4

|

Smad1/5
Smad4

Dnmt3b
Uhrf1

. stella
- Dnd1 Kit E-cadherin

w

Germ cell development

(Kurimoto et al., Genes Dev., 2008; Yamaji et al., Nat. Genet., 2008;
Ohinata et al., Nature, 2005; Cell, 2009; Seki et al., Development, 2007)
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(Ohinata et al., Cell, 2009)

PGC-like cells induced from epiblasts
by cytokines including BMP4 ex vivo

Blimp1-mVenus Stella-ECFP
7~ - P ¥ s
g .
Ex vivo PGCs contribute to spermatogenesis Spermatozoon Such spermatozoa contribute
upon transplantation into testes from ex vivo PGCs to fertile offspring
Acr/Act-EGFP
flagellum
- nucleus
- :
nucleus
-

Seminiferous tubule contributed
by ex vivo PGCs
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Pro-spermatogonia Semilbeyihs i
PGCs N / O N spermatids Spermatozoa

Al\\\ PGCs in genital ridges @ @ — @ @ \

Type A Type B

¢ :
SPRTIRiegon Antral follicles
Secondary

follicles

Primordial Primary /
Oogonia follicles follicles

ingonads  Ovaries

Migration

Genome-wide DNA demethylation Mitotic arrest] | | Meiosis_____| Spermiogenesis____|

.
Repression of

somatic program [ Imprint acquisition |

Potential pluripotency

| Imprint acquisition |

Jdetermination

Meiosis| Prophase arrest  Meiosis Il |
Folliculogenesis

(Saitou and Miyauchi, Cell Stem Cell, 2016)

Histone modification changes
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mESCs/miPSCs
(XY or XX)

Blimp1-mVenus:
Stella-ECFP
(BVSC)
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(Hayashi et al., Cell, 2011; Science, 2012)

Floating aggregate

;L':’Ilt:;e Transplantation

Into neonatal testes

(epiblast-like cells)

mPGCLCs
(mPGC-like cells)
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Reconstituted ovary
Transplantation into
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Spermatogonia — Sperm

MOUSE ( / Ishikura et al., Cell Rep., 2016; Cell Stem Cell, 2021

(reconstituted testes)
PSCs —— EpiLCs — mPGCLCs

Hikabe et al., Nature, 2016
(Katsuhiko Hayashi: reconstituted ovaries)

Oocytes

Transcriptional/Signaling mechanism of PGC specification:

Nakaki et al., Nature, 2013; Yamaji et al., Cell Stem Cell, 2013; Aramaki et al., Dev. Cell, 2013
Chromatin/Nucleome programming during in vitro germ-cell development:

Kurimoro et al., Cell Stem Cell, 2015; Shirane et al., Dev. Cell, 2016; Nagano et al., EMBO J, 2022; NSMB, 2025

Fertile offspring from sterile sex chromosome trisomic mice:
Hirota et al., Science, 2017: with James Turner

In vitro propagation of PGC(LC)s/Mechanism for female germ-cell sex determination:

Ohta et al., EMBO J, 2017; Biol. Reprod., 2020; Miyauchi et al., EMBO J, 2017; Nagaoka et al., Science, 2020;
Nosaka et al., Dev. Cell, 2025



Culture of mPGCLCs
(SCF, forskolin/rolipram
on m220 feeders)

An initial phase of
propagation (12 h)
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mPGCLC expansion, epigenetic reprogramming, female germ-cell development
mPGCLC induction (SCF, forskolin/rolipram on m220 feeders)
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Oocyte growth
(SCF, other cytokines, mTOR stimulators, antioxidants, forskolin/rolipram on m220 feeders)
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c24 cells
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Antral oocytes in vivo c34 cells
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In vivo
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(Nosaka et al., Dev. Cell, 2025)
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The Impact of Developmental Biology on Pluripotent
Stem Cell Research: Successes and Challenges

Janet Rossant!:2*

1Program in Developmental and Stem Cell Biology, Hospital for Sick Children

2Department of Molecular Genetics

University of Toronto, 555 University Avenue, Toronto, ON M5G 1X8, Canada

*Correspondence: janet.rossant@sickkids.ca
DOI 10.1016/j.devcel.2011.06.010

Research on developmental pathways in model organisms provides key information on how to isolate,
maintain, and differentiate human pluripotent stem cells. However, details of developmental pathways differ
even across mammalian species. Full realization of the potential of stem cells will require more direct studies

of human or primate developmental biology.

In the past decade, there have been major
advances in our understanding of the
basic biology of stem cell self-renewal
and differentiation in many different
systems. One of the major drivers for this
growth has been the excitement about
the potential of stem cells for under-
standing and treating human disease.
Pluripotent stem cell research is the fast-
est rising area. This rise was fueled initially

opmen
cell reg
ahead.

E FZRetiFHid e ERE LEEROERICIE
EFHLLRBRERFMOREENFHIARIEE,

Understanding Pluripotency:

Mouse versus Human

Our understanding of the regulatory
networks that underlie the initiation and
maintenance of the pluripotent state has
expanded considerably based on both

the naive state under certain conditions
(Hanna et al., 2010a). EG cells are derived
from culturing early primordial germ cells
and show many of the same properties
as ES cells in terms of differentiation and
chimera formation. EG cells have been
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Key differences from mice:

Much longer time, asynchronous developmental transitions
divergent signaling, transcriptional and metabolic regulation

Testos Pro-spermatogonia Spermatogonia Spermatozoa
Genital ridges

s Type A TypeB

in yolk sac  Hindgut | €™, @ @ & — @ @

U Rofnd

spermatids

Antral follicles

Y Primordial Secondary
Migratingd— GO follicles folhcles

z ' ’..'.'.‘

A Y fpPGCs — = Primarys 5 ) Oocyles
- ﬁ/ — / 230|[Q0gonia \ follicles .‘., 2% Y
. A (]

o e @

~ PGCs in gonads— Ovaries

Migration Spermiogenesis

PGC specification [ [Mitotic arrest Meiosis| |

| Imprint acquisiton |

Pro-spermatogonia
Epigenetic reprogramming 2SIl [ Tmprint acquisiton |

| Meiosis| Prophase arrest Meiosis |}
Folliculogenesis

(Saitou and Miyauchi, Cell Stem Cell, 2016)
Mechanism of human germ-cell development remains largely unknown.
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(Sasaki, Yokobayashi et al., Cell Stem Cell, 2015; Yamashiro et al., Science, 2018;
Murase et al., EMBO J., 2020; Murase, Yokogawa et al., Nature., 2024)

Floating aggregates BMP-driven 72 c88

BMLF:: hPGCLC differentiation

SCF
EGF
ActA e

CHIR

BT

hiPSCs (XY or XX) iMeLCs - OF

(incipient mesoderm-like cells) p Y

b 4
XY: BLIMP1-tdTomato; TFAP2C-EGFP (BTAG)
hPGCLCs — -
XY: TFAP2C-EGFP:DAZL-tdTomato (AGDT) Mitotic . Oogonia
pro-spermatogonia

XYIXX: TFAP2C-EGFP;DDX4/VASA-tdTomato (AGVT)
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Growth curve and doubling time

BMP-driven hPGCLC differentiation

hPGCLCs Mitotic pro-spermatogonia/Oogonia

(adRPMI, 15%KSR, 2.5%FBS, SCF/forskolin, BMP2, bFGF , IWNR1 on m220-5 feeders)

M1-AGVT _c12 c42 c92
o T = % g :

reporter / surface marker positive cell fold-change

T T 0 5 10 15
50 100 doubling time [day]

0% | . 24.65% Al 92.48%

culture days

O SECETANEE 187 > Billions-fold amplification

F2-AGVT  c13 ci
- 0.00% 0.17% = [0.00% 29.45% » 41% 76.60% > 85.21%

Karyotype

A —

= 70.55%

AG
XYIXX: TFAP2C-EGFP;DDX4/VASA-tdTomato (AGVT)

AGDT AGVT
DDX4/VASA: one of the genes up-regulated upon their promoter demethylation

in mitotic pro-spermatogonia/oogonia (“germline genes”)
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(Murase, Yokogawa et al., Nature, 2024)
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%% : Human in vitro gametogenesis

Robustly reconstituted

Phase 1:

PGC specification

Phase 3: Phase 4:
Spermatogenesis

(Meiosis)

Spermatogonia differentiation
(Epigenetic Programming)

~2 wpf ~5 wpf ~8 wpf ~Birth ~After puberty
specification migration gonadal colonization sex-specific differentiation
Mitotic pro-spermatogonia Undifferentiated spermatogonia Spermatozoa
(‘? (XY) Meiosis
>@ - © =
PGCs GFRA1(+)
™ - . . DAZL(+) ETVS(+)
Epigenetic reprogrammin
(“ P'9 e 9 DDX4(+) NOBOX(+)
SOX17(+) FIGLA(+)
BLIMP1(PRDM1)(+) ; Q
TFAP2C(+) Q (XX) > 0 - >
Oogonia Meiotic prophase Oocyte growth
Oocytes Fully grown oocytes

Phase 1:

PGC specification

(Primordial follicle stage)

S Phase 4:

Oocyte growth

Oocyte differentiation
(Meiotic prophase)




Human in vitro gametogenesis
(Saitou and Hayashi, Science, 2021)

/ PGCLCs
0o (9

In vitro Spermato-  Immature
- onia oocytes
gametogenesis - 3
Germline | -' SIS
i?/ ‘ Die away <e——r~r" Sperm Oocytes
In one
s generation
| Genetic/epigenetic integrity?
Ethical issues? Basic mechanisms

Modeling infertility
Improving ART
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Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 8424-8428, September 1993
Developmental Biology

Derivation of completely cell culture-derived mice from
early-passage embryonic stem cells
(pluripotency /tetraploid embryos/chimeras)

ANDRAS NAGY*T#, JANET ROossANT*$, REkA NAGYY, WANDA ABRAMOW-NEWERLYY, AND JOHN C. RoDERST

*Division of Molecular and Developmental Biology and YDivision of Neuro- and Immunobiology, Samuel Lunenfeld Research Institute, Mount Sinai Hospital,
600 University Avenue, Toronto, ON, Canada M5G 1X5; tDepartment of Biochemistry, Lordnd Edtvos University, Budapest, Hungary; and ¥Department of
Molecular and Medical Genetics, University of Toronto, Toronto, ON, Canada M5S 1A8

Table 1. Developmental potentiality of ES cell lines at early-passage numbers (passages 6-8)
tested by ES cell-tetraploid embryo aggregates

Tetraploid

aggregates Midgestation Recovered

transferred, Resorptions, dead embryos,* Newborns, newborns,
Cell line no. no. no. no. no.

R1 53 21 6 9 3t
R2 k)| 7 7 0 0
R6 404

R13 37 17 5 2 0

*Resorptions above 4 mm in diameter at term were considered in this category.
TTwo of the three recovered newborns survived and reached adulthood.
#Uteruses with obvious signs of early abortion were recovered from these recipients at term.

Table 3. Prenatal developmental potential of R1 tested by Rl-tetraploid embryo aggregates as a function of in vitro culture time
(passage number)
Tetraploid

aggregates Midgestation
No. of transferred, Implantations, Resorptions, dead embryos, Newborns,
passages no. no. no. no. no.

Recovered
newborns,
no.

6-14 130 87 (67) 45 (35) 22117 20 (15)

16-24 162 109 (67) 51 (31) 46 (28) 12
x? 0.002 0.22 4.10 4.19

Pdf=1) >0.2 >>0.2 <0.05 <0.05

9
1

FiG. 3.

The numbers in parentheses are percentages of aggregates transferred.

tetraploid embryo aggregates.

Group of five Rl-derived animals produced by Rl
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FO generation mice fully derived from gene-targeted
embryonic stem cells allowing immediate
phenotypic analyses

William T Poueymirou', Wojtek Auerbach!, David Frendewey‘, Joseph F Hickey', Jennifer M Escaravage',
Lakeisha Esau!, Anthony T Doré!, Sean Stevens!, Niels C Adams!2, Melissa G Dominguez', Nicholas W Gale!,
George D Yancopoulos', Thomas M DeChiara! & David M Valenzuela!

A useful approach for exploring gene function involves generating mutant mice from genetically modified embryonic stem (ES)
cells. Recent advances in genetic engineering of ES cells have shifted the bottleneck in this process to the generation of mice.
Conventional injections of ES cells into blastocyst hosts produce FO generation chimeras that are only partially derived from

ES cells, requiring additional breeding to obtain mutant mice that can be phenotyped. The tetraploid complementation approach
directly yields mice that are almost entirely derived from ES cells, but it is inefficient, works only with certain hybrid ES cell
lines and suffers from nonspecific lethality and abnormalities, complicating phenotypic analyses. Here we show that laser-
assisted injection of either inbred or hybrid ES cells into eight cell-stage embryos efficiently yields FO generation mice that

are fully ES cell-derived and healthy, exhibit 100% germline transmission and allow immediate phenotypic analysis, greatly
accelerating gene function assignment.

(Nat. Biotech., 25, 91-99, 2007)

Conventional blastocyst
injections

Zona pellucida

Trophectoderm /

ES cells

Epiblast
(inner cell

v mass)

Blastocoel

Blastocyst
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bright field

-

Conventional FO chimeras

[ e A e |

8-cell embryo laser-assisted
injections
Blastomeres
Zona

pellucida ™

\
o \. : Laser

Perivitelline

v ES cells

Blastocyst

Fully ES cell-derived FO mice
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¢? CelPress Graphical abstract

Live birth of chimeric monkey with high Y T T - —

>

Contribution from embryonic S’tem ce“s a states evaluation ‘ culture protocol

Morula Chimeric monkey
monkey ESCs injection blastocyst

Jing Cao,'*'? Wenjuan Li,%"® Jie Li,"-'® Md. Abdul Mazid,?'® Chunyang Li,"'® Yu Jiang,”'® Wengqi Jia,”*'? Liang Wu,?
Zhaodi Liao,'* Shiyu Sun,’* Weixiang Song,’ Jigiang Fu,’ Yan Wang,' Yong Lu,’ Yuting Xu,’ Yanhong Nie,’ Xinyan Bian,’
Changshan Gao,' Xiaotong Zhang,' Liansheng Zhang,' Shenshen Shang,’ Yunpan Li,? Lixin Fu,? Hao Liu,? Junjian Lal r
Yang Wang,® Yue Yuan,® Xin Jin,”-'° Yan Li,” Chuanyu Liu,” Yiwei Lai,® Xuyang Shi,® Patrlck H. Maxwell," Xun Xu,5? lGestation Gestation IVC
Longgi Liu,® Muming Poo,’** Xiaolong Wang,® Qiang Sun,’:%4* Miguel A. Esteban,%%°* and Zhen Liu'#%14

TInstitute of Neuroscience, CAS Center for Excellence in Brain Science and Intelligence Technology, CAS Key Laboratory of Primate
Neurobiology, State Key Laboratory of Neuroscience, Chinese Academy of Sciences, Shanghai 200031, China

(Cell, 186, 4996-5014) | - |
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Primed

ID of pregnant
surrogates
892
650
0314
525
957
626
846
542
588

957
669
874

Transferred
blastocysts
1

NNN=NNNMNNMNMNNMNDNON

Injected
ESC lines
cyES-1
cyES-1
cyES-1
cyES-1
cyES-2
cyES-2
cyES-2
cyES-2
cyES-3
cyES-2
cyES-1
CyES-2

Fetuses

SETIPEC G, TR SRS Qi QRN QT N, TR X, JHOEK G G 4

Gender

Female
Female
Female
/
Female
Female
Female
/
Female
Male
Male

. Male

Normal delivery at day 159 (#10)

Outcome

Early abortion at day 116 (#1)
Early abortion at day 78 (#2)

Early abortion at day 103 (#3)
Early abortion without fetus
Caesarean section at day 145 (#4)
Normal delivery at day 168 (#5)
Normal delivery at day 156 (#6)
Early abortion without fetus
Normal delivery at day 153 (#7)
Caesarean section at day 145 (#8)
Early abortion at day 90 (#9)

A total of 91 blastocysts were obtained from 206 injected morulae.
Of these, 74 blastocysts with clear GFP signals were transferred
into 40 surrogates, yielding 12 surrogates with confirmed
pregnancy. Among the 12 pregnancies, 4 aborted fetuses and 6
full-term live offspring were obtained.

The GFP sequence was detected by PCR analysis in one aborted
male fetus (#9) and one live-birth male (#10)

After surviving for 10 days, the health state of chimeric monkey
#10 deteriorated with respiratory failure and hypothermia, and it
was euthanized by a veterinarian for detailed analysis.
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