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BioAoyia BAactokuTTApWYV KAl AVOLYEVVNONG

2TOXOL TOU paBrpatoc eivat ot poLtnTec:

Na peAetrioouvv Tou¢ BaoctkouC HOPLAKOUC MNXOVIOUOUC Ttou SLEmouv Tn BloAoyia

TWV EUBPUIKWY & TWV EMayOoueVWV BAACTOKUTTAPWV.

Na peAetnoouv touc Baotkolc poplakoUC punxoviopoUc tou SLEmouy tn Bloloyia

TWV LOTOELS LKWV BAACTOKUTTIAPWV.

No peAetrioouv TIC epapUOYEC TwV Ttapamavw otnv Yyeia kat va avtiAngBouv
TIC duvatotnNteC avamTuénG KOLVOTOMWV Bepamneutikwy KUTTOPLKWV

TIPOOEYYLOEWV.

Noa peAetioouvv BaokoUg LOPLAKOUG UNXAVIOMOUG TToU SLETIOUV TN BLOAoYia TwWV KAPKIVIKWY BAACTOKUTTAPWV.
Noa peAetrioouv Ti¢ BACLKEG apxEC TNG Mnxavikng lotwv.
Na avayvwpilouvv touc¢ BaocikoU¢ NOKoUG/VOULKOUG TIPOPRANHATIONOUE TIOU TIPOKUTTOWVE OO TN MEAETN TWV

BAOCTOKUTTAPWY KAl TwV EPAPHOYWYV TOUC



BioAoyia BAactokuttapwV Kat AVvOoyEvVvNoNG

MepLexopevo tou padnpatog

Eloaywyn otn BloAoyia twv BAactokuttapwy (Stem Cells- SC).
[evikec ApxEc Artopovwongc, KaAALEpyelag kat dtadopormnoinong SC.
H Moplakn Baon tng moAuvduvapiog.

Artopovwon, kaAALEpyela kat dtadopomoinon twv ESC

Entayopeva toAvduvapo BAaotokuttapa (iPS).

Edappoyeg twv ESC.

Ta SC evnAikou (ASC) kot ol epapUOYEC TOUC.

VYVY VY VY VY VY

Kapkivika BAaotokuttapa (CSC) BloAoyila Ko VEEC TPOOEYYIOEL,  OTN
BEPATEVUTIKNA TOU KAPKivou
O ApPXEG MNXAVLKAG LOTWV.

O BAaoTtoKUTTOPA KOL KOWVWVLOL
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Meplypappa

Tt elva Ta BAaoToKUTTOPQ;

Moti elval To BAoOTOKUTTOPO OTO ETMLKEVTPO TOU €VOLADEPOVTOC;
Mou evtomnilovtol oTov opyaviouo ta BAacToKUTTOPA;

Me TtoLo TPOTO YIVETAL N AIMOUOVWOoN TwV BAACTOKUTTAPWV;
Moo eivat to evdladEpov otnv Epguva ota PAacToKUTTAPA;
Mola elval N KATAoTAoN CAUEPO OTOV TOUEQ TWV BEpaTeLwyY MoU

XPNoLomoLouV BAactokutTapa;



ATtO TO KUTTOPO OTOV OPYAVIOMO

Opyavikdé cuoTnua - Opyaviouog

Kuttapo 1I0TOG opyavo




OAa ta KUTTOPO. TOU OPYOVLOMOU ELvaLl
QITOYOVOL EVOC KUTTAPOU







[Lott elval ta PAoCTOKUTTOPO OTO ETILKEVTPO
TOU eviLladEPOVTOC;

diagopoTroinon

Matl pag divouv tn duvatotnta va avamtuéou e
KUTTAPLKEG Bepaneieg avayévvnong yla Lo oelpa

VOO AT 1] TPOUHATLOMOUC OTIWG:

» daBnAtn

» VEUPOEKPUALOTIKEC A0BOEVELEC Lab-Grown Blood Stem Cells
Produced at Last

> Tp aU l.la.t LG H.O U q TO U thla l.o U uU EAO U Two research teams cook up recipe to make long-sought cells in mice and people

» OVOTTTUELAKEC OLOTAPAYEC




[1aTi €ival Ta BPAACTOKUTTAPA OTO ETTIKEVTPO
TOU EVOIAPEPOVTOC;

AugnTIKoi TTapPAyOVTEG XNUIKG oApaTta

[MpooTraBouue va eTTavaAGPOUPE Ta YEYOVOTA TTOU PUCIOAOYIKG CUPBaivouv

KaTa TN dlagopoTtroinon!

< >

Maykpeatika

Muika

Neupwveg

Ta BAaCTOKUTTAPO UTTOPOUV PE KATAAANAOUG XEIPIOMOUG va dlagopoTroinfouv
in vitro o€ d1APOPOUC KUTTAPIKOUC TUTTOUC



KatevBuvopuevn dtadopormolnon o€ VEUPWVEC

BAactokuTtTapa Neupoodaipibia NeupwvEg



[Mou evtornilovtal ta BAacToKUTTOPO;




[MoU evtomilovtal Ta PAocTtoKUTTOPO,;




BAaotokuttopa: tumot (a)

‘'OAou¢ TOUG KUTTAPLKOUC
TUTOUG TOU OWUATOG

Amtoyovol Toug Amtoyovol Toug ATOyovol Touc
dladopormolouvtal o€ Sdladopormolovvtal o€ Stadopomnolovvtal o€

LLEPLKOUC noAAoug AGAOUC TOUC
KUTTOPLKOUC TUTTOUC KUTTOPLKOUC TUTTOUC KUTTOPLKOUC TUTTOUC

TOU OWMOTOC TOU CWMATOC

AuTtoovaveéwaon — Topoywyn AmoyovwY.Jtou aVNKouV o€ SLapOPETLKOUC
KUTTOPLKOUC TUTTOUG




EuBpuika BAaotokutTOpO

= 2006 Nature Publishing Group

Nature Reviews | Genelics

To 1981 amopovwOnkav ta epuPpuika BAaotikd kuttapa (Evans and Kaufman, 1981;
Martin, 1981) — n avalAtnon &vOC TETOlOU KuTtoplkol TtUMou Paoclotnke ota
dedopéva amod TNV LEAETN TWV.-TEPATOKAPKLVWLLATWV.
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ATIO TTOU atopovwvovTal Ta BAactokUTTOpO;

2tov avBpwro

euPpuika BAaotokuTTOpA OO BAOCTOKUOTELC

, , , : e NEW ENGLAND
OWHATLKA BAACTOKUTTAPO OTTOUOVWVOVTAL ATTO: JOURNAL of MEDICINE

Muelo twv ootwv (xpnon oxedov 60 xpovia)

Hematopoietic reconstitution in a patient with Fanconi‘s anemia by means of
umbilical-cord blood from an HLA-identical sibling

KOttapa nepidpeptkov aipato
p p p u q Eliane Gluckman', Hal E. Broxmey rleen D. Auerbach®, Henry S. Friedman®, Gordon W. Douglas®,
Agnes Devergie', Helene Esperou’, Dominique Thierry®, Gerard Socie', Pierre Lehn', Scott Cooper®,

Denis English®, Joanne Kurtzberg®, Judith Bard’, and Edward A. Boyse’

BONE MARROW
DONORS WORLDWIDE

H EAAaSa €xeL €va amo ta xapnAotepa mocoota eBeAoviwv Sotwv / TANBUCUO
(30.000 oto)xoc 160.000 = 2% yia 80%)




Tparnelec BAaoToKUTTAPWV

2TOV AVOPWTTO CWHATIKA PAACTOKUTTOPO QTIOLLOVWVOVTOL ATTO:

» OupaAoTTAOKOUVTLAKO OlLpaL
» Tpamelec duAaENC Twv BAaotokutTapwy Tou OMNA (OudalomAaKOUVTLKO alpa) eite

WC EVOAAQKTLKA TtNYN LUEAOU N ylal LEANOVTLKEC KUTTOPLKEC Bepareieg Baotoueveq

o€ BAaotokuTTOPOL. Storing
your baby's
stem cells

» Tpamelec LOLWTLKEC 1) SNUOOLEC

» ATtokAeLoTIKn xprion N dwpea? S
» 2tnVv EE oL oényiec to 2004.



Tpamelec PAOOTOKUTTAPWV

2TOV AVOPWTTO CWHATIKA PAAOTOKUTTOPO ATIOLLOVWVOVTOL ATTO:

NeoylAa dovtia

AAAoUG LoToUC T AUToKUTTOPA , K.OL

Stermn cells with their efficacy demonstrated in clinical studies in a variety of
intractable diseases and other disorders

Current stem cells to protect yourself in the future .

-'ﬁraﬂﬁmﬂwmrﬂ;ﬁ' stem cells)

! L

This is a cell storage service in which stem cells collected from your
fat are stored frozen as a kind of “insurance” in a nitrogen tank at

—150°C and will be used for the treatment of diseases and other
purposes in the future. Regenerative medicine with stem cells, which

maximizes the body's innate regenerative ability, is a medical treatment
with unlimited potential.

" Cosmatic Surgery Seishin is the first in Japan's to introduce cryopresarvation of e 5 te m S 0 U rce
adipose tissus-derived stem cells (stem cell bank) in cosmetic surgeny




2012 Nobel Prize in Medicine

J. Gurdon S CINERELE]
Department of Zoology, University of Cambridge Institute of Cardiovascular.Disease, San Francisco

"revolutionized our understanding of how cells and
organisms develop”



JTO €pyaotnplo €va €

yupatotnTa




Emavoampoypopuuatic o

OLaPOPOTTOINGCN




BAootokuttapa: tumot (B)

6Aoug Toug
TUTTOUG TOU
OWHATOG

ATtOyovol Toug
Sdladopormnolovvtal oe

LLEPLKOUC

KUTTOPLKOUC TUTTOUC

TOU CWMATOC

Amtoyovol Toug
Sladopormolovvtal o€

noAAou¢
KUTTOPLKOUC TUTTOUC

TOU CWOTOC

ATtoyovol Toug
Sladopormolovvtal o€

OAOUC TOUC

KUTTOPLKOUC TUTTOUC
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[ToLo elval To evOLadEPOV yLa TNV EPELVA OTA
BAoaotokUuTTOPQ,

Na kataAaBoupe mwc Asttovpyouv ta BAactokuTtTapa, va Bpoupe ta dlaitepa
XOPOLKTNPLOTLKA TOU Kol Ttw¢ Ta Slatnpouv

Na avakaAUPoUUE HE TTIOLOUC UNXaVIoUoUC yivetal n dtadopormoinon

Na kataAaBoupe tn Bloloyia micw amno Eva voonua

Noa mpoomnabrjooupe va ptidéouvpe Stadopomolnpuéva KUTTAPA 0TO EPYAOTPLO
Na oxeblacoupe Kol va OOKLUOOOULE KUTTOPLKEC Oeparmeiec oe oepad

TTOLBOAOYIKWV KATOOTAOE WV



[Mwc xpnotpomotlovvtol Ta PAacToKUTIOPA KO
TTOLEC Elvall OL SUVATOTNTEC;

diseases
in a

| dish ‘

» Mnyxoviopol aoBevelwv
» EAeyxoc dapuakwy

A
Clinical development ' Skin biopsy
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Large scale therapeutics screen Reprogramming
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\

(Kif4 ) Myc
Disease-specific phenotypic )
assay ) ) ) )
Derivation of iPSC lines

]

8| ‘ T In vitro differentiation @
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Current Opinion in Genetics & Devalopmeant




Kuttoplkec Oeparmelec

AvarmAoon kopdlakoU LotoU TOVTILKOU HETA aTto
TPOUMATIOMO KOl HETOHOOXEVON avBpwriivwy ES
SladopomolnueEvwy o€ kapdlopuokuttapa. Ta

avOpwriva KUTTopo KadE.

Myosin=ged 4%
Brown = pan hliman-marker
" _i{




Xpnuoatodotnon

|6pupata
H owkoyevela tou Reeve peow tou Christopher & Dana Reeve Foundation €xel
EMLOOTIOEL EPEVVNTKA TIPOYPAUMATO 0TO TESLO TwV BAACTOKUTTAPWY UE TEPLTOU

22 gkatoppupla SoAapLa.



Xpnuotodotnon

Etapeiec Blotexvoloyiog mou
emevdlUouV OTNV £peuva Kol
otnv avamtuén Tpoiloviwv
amno PAaoctokuTtTOpA

Mesaoblast is a world leader in
innovative cellular medicines.

——




Xpnpatodotnon

What is the Precision Medicine Initiative?

Mission statement:

To enable a new era of medicine through research, technology, and policies that
empower patients, researchers, and providers to work together toward
development of individualized care.




EuBpuika PAactokUTTOPAO KoL KUTTOPLKEC Beparelec
- KAWLKEC SOKLUEC

M Phasel MPhase1/2 MPhase?2 Phase 2/3 Phase 3
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/ Phase 2
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/ Phase 1

H cuvtputtikn mAsloPndia twv kKAVIKwY Sokipwyv adopa owpatikd BAactokUTTOp




Democracy Dies in Darkness

By Steven Reinberg
HealthDay Reporter s
Friday, January 23, 2009; 12:00 AM i

FRIDAY, Jan. 23 (HealthDay News) -- The first human trial using embryonic
stem cells as a medical treatment has been approved by the U.S. Food and Drug

Administration.
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*"'“‘i*“ ok ﬂnaSun:ﬁ].r morning in earlyﬁ]'lﬁ, Lu:as’r_’Tn*dﬂer was driving to gef'some donuts for

W) 7 ' his grandm&ﬂ'rer A deer jurnped in front of his truck. Lucas to avoid it and \:
crashed, suffering a severe spinal cord injury that left him ral zec from the neck down.

N

Lucas took part in a CIRM-funded clinica he second pel " !
get 10 million stemn cells transplanted ito his neck. He has regained the use ¢ uf his 2 arms
and hands, and this is a promising signalin a m;md to test whether the stem cell
treatment can restore function after splnar cord injury.

&
In August of 2017, Lucas threw the first pitch at a Milwaukee Brewers' baseball game.

In third grade, he told his class he wanted to be a neuro-computational engineer—
someone who builds computer-based models to explain biological data and functions
of the brain. Mow, after his accident his ambitions are even more clear. He's wants to
be a part of advancing science and helping make injuries like his a thing of the past.

Aztenas, the comgey behind this stem cell research, has now
completed enralling all 75 patients im this clirdcal trisl



EuBpuika BAACTOKUTTOPO KOI KUTTORIKEC
OepaTreieg - KAIVIKEC OOKIMES

Disease

iIPSCs and/or
ES cells

Robust
differentiation

Cell type

Current stage

Age-related macular
degeneration

CJ

Retinal pigment
epithelium

Clinical Phase |
and Phase |

Parkinson disease

@

A9 dopaminergic
PIELIFO

Clinical Phase |

Spinal cord injury

@

Oligodendrocyte
progenitor

Clinical Phase |

Diabetes Myocardial infaretion

CJ CJ

Pancreatic islet B-cell Cardiomyocytes
progenitor E‘E

Clinical Phase |-l Clinical Phase |

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

MARCH 2016 | VOLUME 17




EuBpuika BAACTOKUTTOPO KOI KUTTAPIKEC
OepaTreiec - KAIVIKEC DOKIMEC

Enc.ﬁlpsulatmgﬁ
the pmblem Ve afﬁ_ ; i

Ce Htlurup Luu]’d ure type 1 diabetes l.| omnly “" o

the mmune systemn didn 't gel in the v -1;

35 days of carefully swap-ping 5 different growth media and
mixing in 11 different factors, including sugars and proteins.

Nature 2016, 540, 560-562




EuBpuika BAACTOKUTTOPO KOI KUTTORIKEC
OepaTreieg - KAIVIKEC OOKIMES

Table | Clinical trials with cells derived from human embryonic stem cell and human-induced pluripotent stem cells.

HMo.

MNCTOIZ17008
MCTOI344993
MCTO 345006
MNCTOI 467832
MCTOIGE2SSSY
NCTOIET482S
MNCTOIERI 261
MCTORGTI00
MCTOZ239354
NI BG0EY
MCTO2I02157
MCTOM445617
MCTO2452723
MNCTO2463344
MNCTOMEATSE
MCTOZ 590692
MCTOXT497 34
MCTOX755426
MNCTOZFRA576
MCTORR2337S
MNCTOZS41991
MCTORMS40T
MNCTO3 19636
MNCTO2 162926
MCTO3 B350
ChiCTR-CCR-1 5005968
Chil TRACHCR- | 5000054
ChiCTRAOCE- | 5007055

LIMIMI0000 1 1955

Cell origin  Device

hESC

hESC
hESC
hESC
hESC
hESC
hESC
hESC
hESC
hESC
hESC
hESC

phEsc

hESC

hil"s autal

hESC

hESC
hESC

Wil kg

hESC
hESC
hESC
hESC
hESC
hESC
hESC
hESC

hil'S autol

hiPSC allog

GRMNOPCI
MADS-hRPT
MAL-hRPE
MADR-hRFE
MADES hRPt
MaAD-hRPE

Derived cells

Feetinal pigmented epith,
Fstirall pigrmented epith.
Retnal pigrmented epith.
Retinal pigrmented epith.
Feetinal pigmented epith.
CO 54 B+ progen.

f Cell progenitors
Oligodendrocits progenit.
Fietinal pigmented epith,
Meural ster cells

Retnal pigrnented epith.
Retnal pigrmented epith.
Fetinal pigmented epith,
Fustirall pigrrented epith.
Retnal pigrmented epith.
M5

Comeal epithelum
Fustinal pigrrsented epith.
Fictinal pigrmented cpith.
Drospamine-secreting nerve

Sponsor
Asterias Biotherapeutics

Astellas Inst, Regen Med,
Astellas Inst. Regen Med,
Astellas Inst. Regen Med,
CHABatech CO., Lid
CHABiotech CO., Led
Pimer

ViaCyte

Cell Cure Meurcscienons
Asterias Biotherapeutic.
Astellas Inst. Repen Med,

Cyto Therapeutics Pry Lim.

Actellas Inst. Regen Med.
Moorfickis Fye Hosp, MHS
Regenerative Patch Tech.
Southweest Hospital, China
Chinese Acadesry 5S¢
Federal Liniv. 530 Paulo
Cymata [ herapreutics
Astellas Inst. Regen Med.
Chincse Acadermy S
Chinese Acaderry 5S¢
ViaCyte

Winlyte

Eye Instiute Xiamen Link.
Chinese Acadery S
RIKEMN Center for Diew. Bial
RIEEMN Center for e Biol
Center for iP5 Cel Res.

Country Phase Startdate Final date Mo.ofpat. Status

LIsA
LISA,
Lsa,

|

10
141
1/

|
141
|

I

Oct-10
Apr-11
Apr-1
Mow-11
Sep 12
Sep-12
Jun-15
Jun-13
Sep-14
Mar 15
Mar-15
Jul-17

Mar-16
Jul-12

Jul 15

Oct-15
May- 15
Apr-17
Augl5
Mar I
Jun-13
Mar 17
May-17
k17

Jul 17

Oict-15
Jun-16
Sep-15
Feh- 17
Sop 14
2018

Juk13

Pasg 15
A 15
Sep-15
e 15
Apr-16
M- 16
Jur- 18

Jan-21

Sep 19
Dic- 18
Dac-29
Mar-19
Dhc-29
Apr 16
Sep-22
Dec- 17
Dhec-20
Jun-19

Sep 19
Dec-19
Dec-20
Dhec- 20
Jur-18

Dec 20
Diec-18
17

Dec-17

Sep 15

5
13
13
12

3
12
]

&

40
15
35
13
12
In
10
20
15
10
18
I
I
]
50
15
45
20
]
1]

5

|

Cm'#emu.i-




BAaotokuttopa, MoALtikn Kot o o
Philippines Investigating 3 Politician

No IJ.OGEO' La Deaths Allegedly From Stem Cells in
Germany

Fosted on June 23, 2013

Stem cell doctor forced to close his clinic after child’s ;
death is back in bust [epuavia 2012 —
eath is back in business n mepimwon me XCell

The boss behind Europe's largest stem cell clinie, which was shut down following the Center (Twpa  OTo
death of a child in its care, is back in business working in partnership with a British Aipavo)
laboratory.

[Mapda 10 OTI 0€ TTOAANEG TTEPITITWOEIG DEV
EXOUV ViVEI Ol ammapaitNTeG OOKIMEG,
UTTAPXOUV  KAIVIKEG TToU  QOKIuAdouv
KAtrolou TUTTOU  Begpartreie¢  ouvrbwg
BaclouEveg o€ BAACTOKUTTAPA MUEAOU, 1y KN | N S -
AMQ@IAEYOUEVEG OXI MOVO WG TIPOG TO | O B TOCCAND = (3 oS
ATTOTEAEOUA OGAAG KAl WG TIPOG T B %7 o1 SceaLiegel

KUTTOPQ TTOU JETAPOOXEUOVTAI

To vopoBeTIKO TTAQicIo dlaPépEl aTTO
XWpPa o€ Xwpa.

SSLe TS S -

Itadia 2013 — n epitrwon tng Stamina



Ta BAacTOKUTTOPO KOl EUEIC..
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~ death is back in business

The boss behind Europe's largest stem cell clinic, which was shut down following the
death of a child in its care, is back in business working in partnership with a British
laboratory.

0 Don’t market stem-cell
.«r " products ahead of proof

The controversy over an unproven stem-cell therapy in Italy highlights the
dangers of doing translational medicine in reverse, argues Paolo Bianco.

COMTRAETOVEYER INE

Philippines Investigating 3 Politician

H MNoAiteia TpéTrel va puBuioel.... Deaths Allegedly From Stem Cells in
Germany

1 June 23, 2013




MaOnpata kabe Asvutepa 16-18 p.p. (kat kamola E€Tpal)

*H mapoucia cag oto paBnua amoteAel Paociky mpolmoBeon ylo va pabete!

...... yU auto .... Eivat umoxpewtikiy! (1 anouvoia)

*[Tw¢ Ba SouvAePoupe?

MopakoAoUBWVTAC CUCTNUOTIKA HECO OO TIC SNUOCLEVCELC TNV EPEUVNTLKN

nopela opadwyv e onuovtikn cupBoAn oto medio!
» ATO TN Mo OELPA TELPOUATWY OTNV ETMOUEVN !

» Epunveio-Zupnepaopo-2xedlacpoc emopevne paonc — NEa mepaporta



Mafnupoata kabe Asutépa 16-18 p.u. (kat karola e€tpa)

*H tapovcia oac oto padnua anoteAet Baoikn mpolindBeon ya va padete!

...... yU auto .... Elvat urtoxpewtikn! (1 anouvoia)

BaOuoAoyia
* Epyacia oto omitt
* Mapouvolaoelc (opadec Twv 2)

Agv umtapyouv e€etaoelg Tov lovvio!



N mpokaBoplotel

BAOOTOKUTTAPWVY




T1 €ival Ta BAACTOKUTTAPQ;

Autoavaveéwon — TaPAywyn Omoyovwyv Tou avikouv o€ OladopeTIKOUC
KUTTOPLKOUC TUTTOUC

BAaoTikd

\ - 2¢& TTopeia diagoporroinong

TTapodIKA TTOAAATTAACI0{OpEVO

/ 4

. 2 ¢ TTopEia diagpopoTroinong
/ ° HETETIG ‘ / - TTapodikd TToAAaTTAao1a{OEVO
° \ ' \ Te ropeia S1APOPOTToINoNS
BAaoTikO TapodIkd TToAAaTTAaC a6 EVO







BAaotokuttOpa: TUTOL

‘'OAou¢ TOUG KUTTAPLKOUC
TUTOUG TOU OWUATOG

Amtoyovol Toug Amtoyovol Toug ATOyovol Touc
dladopormolouvtal o€ Sdladopormolovvtal o€ Stadopomnolovvtal o€

LLEPLKOUC noAAoug AGAOUC TOUC
KUTTOPLKOUC TUTTOUC KUTTOPLKOUC TUTTOUC KUTTOPLKOUC TUTTOUC

TOU CWHATOC TOU CWMATOC
OAIFTOAYNAMA MOAYAYNAMA OAOAYNAMA

AuTtoovaveéwaon — Topoywyn AmoyovwY.Jtou aVNKouV o€ SLapOPETLKOUC
KUTTOPLKOUC TUTTOUG




ATTOo aUTO TO KUTTOPO MTTOPEI
va TTpokUyel éva éuppuo KAI OAoBGV apa

eEweUPPUIKEG DOMEG
T~ (Totipotent)

totipotent stem cells

fertilised eqa

AT1TO aUTO TO KUTTAPO 4 .
MTTOPEi VO TTPOKUYEI T, MoAuduvapa

oA6KANnpo £uppuo s (Pluripotent)

blastocyst mntaininF
5

pluripotent stem cel

OAlyoduUvapua
\ (Multipotent)

| Y

= =W
hematopoeitic 5 s neural 5:::5 mesenchymal 5Cs
tissue-specific 5Cs

isolated pluripotent 5Cs
from inner cell mass

cultured pluripotent 5Cs

blood celle cells of nervous systerm
e ¥ bones, cartilags, etc.




BioAoyia BAaotokuttapwyv Kol
Avaygvvnoncg

Martin Evans’ saga

H. ZtuvAwavomntoUAov - M. Tpnyopiouv 2025




BAaotokUtTOpa

» Q¢ BAaoctokUTTOPO YOPOKTNPLlETaL €va KUTTAPO TO OTOL0 €XEL TNV LKAVOTNTA Va
avtoavaysvvatat (6nA. va Sivel amoyovouc idloug pe autod) aAld kot va Olvel
QIoyovou¢ ou eival dtadopomolnpueva KUTTApO.

» O opoc epdaviletal amd tov Ernst
Haeckel o omolog tov xpnotpomnolel ylo to
YOVILOTIOLNMEVO QUYO aAAA Kal yla €va
npodpopo apxaiko LLOVOKUTTOPO
OpYQVLOUO.

- . Sehildhrbte (8 Wocke ) Tt (K Tz}
Dog and human embryos at 4 weeks, at 6 weeks, shown above a 6-week
turtle embryo and 8-day hen embryo (Haeckel 1868) as convincing proof of
evolution.

» Apyotepa o Ernst Neumann (ulog)
XPNOLUOTIOlNOE aUTOV TOV OpOo yLoL va
urtoONAWoeL €val KUTTAPO TOU HUEAOU
TWV 0OOTWV A0 TO OTOolo Tapayovtal Ta

KUTTOPO TOU OLLUOTIOLNTLKOU GUCTAMOTOC. A ' -

Draft by Ernst Neumann showing the development of erythropoiesis in
embryonic liver 1914; GrLK: great lymphozyt (stem cell); Erblk:
Erythroblast; Rk: original nucleus of reticulum cell(another picture see
button stem cell).



Ta TEPATWHLOTA KOl TAL TEPOLTOKAPKLIVWHATOL

e Ta TEPATWHATA KOl TO TEPATOKAPKLVWHOTA Elval
KOPKLVOL TWV KUTTAPWV TNC OVOTTOPAYWYLKAC OELPAC
(Germ cell tumors -GCT).

» Ta GCT yapaktnpilovtal amd tnv mopouciol MOAAWV
SLAPOPETIKWY KUTTAPIKWY TUTWV (KoL TwWV TPLWV
BAaotikwv otolfadwyv) autd Oeiyxvel otL oL Kopkivol
autol tpogpyxovtal oo moAvduvapa KoTTopa.

Teratoma



Ta TEPOTWLOTA KOLL TOL TEPOTOKAPKLVW LLOLTAL

There is much confusion regarding the terminology of teratoma/
teratocarcinoma in the experimental setting, partially owing to
inconsistencies in the use of medical terminology (Damjanov and Andrews,
1987).

From a histopathological point of view, benign GCTs with differentiation to all
embryonic germ layers are termed “teratomas.” These can be mature
teratomas (which contain only mature, well-differentiated tissues) or
immature teratomas (which contain tissues of more embryonic,
less-differentiated nature).

If the tumors also contain clusters of totally undifferentiated, highly maligaant
embryonic carcinoma cells, than they are defined as “teratocarcinomas”
(Gonzalez-Crussi, 1982; Pierce et al., 1960).

Lensch and Ince, 2007



Ovopaocav to MoAUSUVOUO KUTTAPO TIOU
guBlvovtav yl TNV  KOPKLVOYEVEDH
pluripotent tumor initiating cell embry-
onal carcinoma cell (ECC).

Ta ECC eival ta mpwta BAactokuttapo
MOV YOPAKTNPLOTNKAV HE KPLAPLO TO
ovamTtUéLaKG OUVAMLKO Kol TNV OwTo-
avavewon (1964)
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Ta ECC

Metapooxevuon gvog ECC (Kleinsmith and Pierce (1964) €xeL wc¢ amotéAecpa TO
OXNUOTLOUO EVOC OYKOU TToU TtepLAaPAVEL:

* ECC (kOkKivo BENoC) aAAd Kol
* TOAAOUC AAAOUC KUTTAPLKOUC TUTIOUG.
eTa nelpapata avtd katedeav tnv moAvduvapia twv ECC.

e T B
"-*":':::"5‘ i3y .n

Ta ECC e&ivau taa mpwta
BAooTIKA KUTTOpQ Tov
xapaktnpiotnkav (1964)

ME KPP0 TO avOTUiLaKO
SUVAMIKO KaL« TRV  QUTOo-
OLVOLVEWGH:
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Ta TEPATWHLOTA KOl TAL TEPOLTOKAPKLIVWHATOL

Ta TEPATWHOTA KOl TO TEPATOKAPKLVWUOATA €lval

KOPKIVOL TWV KUTTAPWV TNC QVOTTOAPAYWYLKAC OELPAC
(Germ cell tumors -GCT).

Ta GCT yapaktnpilovtal amo tnv mapoucia TMOAAwWV
SLAPOPETIKWY KUTTAPIKWY TUTMWV (KoL TwV  TPLWV

BAaotikwv otolPadwyv) autd Oelyvel otL oL Kopkivol
auTtol mpogpyxovtal amno moAvduvapa KutTTapa.

eO Stevens €deLe OtL oto OoTEAEXOC 129 mapatnpeital

AUENUEVN oOUXVOTNTA TEPATWHATWY KOL TEPOATOKAP-

KLWVWUATWV.




Origin of Testicular Teratomas From Pri-
SUMMARY—Teratomas were experimentally induced in testes of strain 129

L3 | P
mordial Germ Cells in Mice Bl ¥ .l mice when 12%-day genital ridges from fetuses were grafted into the testes
| g% of adults. Seventy-five percent of 194 testes developing from implanted
§I"{4, SI¥/+, and +/+ genital ridges contained teratomas. These
gonads had normal numbers of primordial germ cells. In contrast, only 3%
of 75 SF/SF and §/¢/5/° testes contained teratomas. These gonads had

LEROY C. STEVENS, The Jackson Laboratory, Bar Harbor, very few primordial germ cells. This finding supports strongly the hypothesis

Maine 04609 " Sl that testicular teratomas in mice are derived from primordial germ cells.—

J Nat Cancer Inst 38: 549-552, 1967.

Pierce et al. (19) and I (27) have observed struc-
tures in a transplantable teratoma of the mouse
with epithelia resembling neural fold, amnion,
yolk sac, and condensations of mesodermal cells

: . i 2 F ertdtss SR resembling somites, all in their proper relationships
Genital ”dge Y SERA T o SR I to one another. I believe that these structures in
. Y A » the mouse are embryoid, and Pierce e al. (19)
think that human teratocarcinomas are similar to

those found in the mouse.

Ta Treipdpara autd £6&IEaV OTI OTIG YEVVNTIKEG AKPOAOQPIEG ATTAVTOUV KUTTAPO HE 1010TNTEG TTAPOUOIES
ME auTég Twv ECC.




DEVELOPMENTAL BIOLOGY 21, 364-382 (1970) When 3- and 6-day mouse embryos are grafted into the testes of

adults they become disorganized and develop into growths composed
of many kinds of tissues. In some grafts, some of the cells remain un-
differentiated for remarkably long periods of time. These cells are

. i ae ; pluripotent and they may continue to proliferate indefinitely and
The Development of TransPIantable Teratocarcinomas & - serve as stem cells of teratomas. These teratomas can be transplanted

. ® N ] serially, and they may be composed of many kinds of tissues, or
from Intratesticular Grafts of Pre- and 2 : “ =M they may progress along one of several morphological lines. For
H . 1 & : 4 example, they may bhecome predominantly embryonie, neural, or
PDStlmp|antatlon Mouse Embryos | Sy parietal volk sac tumors. When some of these transplantable tera-
tomas were grafted intraperitoneally, they produced embryoid

Leroy C. STEVENS __ B bodies which morphologically resemble early normal mouse embryos.

ine 04609 " Ul Teratomas were derived from embryos of strains 129/Sv, A/He, and

The Jackson Laboratory, Bar Harbor, Maine F, hybrids between these strains. The tumors resemble in every

respect the spontaneous testicular teratomas characteristic of strain
Accepted August 8, 1969 129/8v.

Fic. 5. Metastatic growth in the left renal lymph node derived from a 6-day embrvo
grafted to the testis for 30 days. Note ciliated epithelium and bone (upper right).
Lymphoid cells below.

Fic. 7. Transplantable teratoma OTT 5568 derived from a 3-day embryo. Solid
clump of undifferentiated cells surrounded by mesenchyme. Fifteenth transplant gen-

eration.

Fi6. 8. Transplantable teratoma OTT 5938 derived from a 3-day embryo. Bone
with marrow, immature muscle fibers, and ciliated epithelium.

Fic. 9. Primary graft which gave rise to transplantable teratoma OTT 6196. Car-
tilage, muscle, epithelium, neural tissue, pigment, and embryonic cells.

Ta Ttreipdpyata autd £€0€i1Sav OTI oTa  QUOIOAOYIKA EuBpua
aTTavTOUV KUTTAPA ME 1010TNTEG TTOPOMOIES JE auTéEG TwV ECC.



Egg cylinder
stage embryo

Genital ridge

Spontaneous in
human and mice
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JNUOVTIKO POAO OTOl TELPAMATO AUTA Tailel n nAkkia Twv
EUBpPLWV.

Movo oOtav xpnolgomowovoav Eufpua nAwkioag < E7 n
YVEWNTIKEG akpoAodieg E 11- E13.5 £matlpvav TEpPATWHATO KO
TEPOTOKOPKIVWHOTA.

MNapoucioc TOAUSUVAUWY KUTTAPWVY OTOL OCUYKEKPLUEVA
otadLa Kot SOMEG.




Multipotentiality of Single Embryonal Carcinoma Cells*

Lewis J. Kiemnsmitit AND G. Barry PiErce, Jr.}
(Department of Pathology, The University of Michigan, Ann Arbor, Michigan)

TABLE 2

IncipEnce (PER CENT) oF DIFFERENTIATED Tis8UES, GROWTH RATE, AND
Empryoip Bopy Propuction or SEvERAL CLONES

Croves
TISSUES PRESENT Stock TERATO-
NRS-CI 18 NRS-C1 33

Number of tumors:* 14

Embryonal carcinoma 100
Astrocytes 100
Ependyma 100
Simple glands 76
Trophoblast 39
Squamous epithelium 79
Mesenchyme 71
Cartilage 50
Bone 7
Smooth musecle 87
Striated muscle 43
Notochord 0
Ciliated epithelium 71
Visceral yolk sac 100
Parietal yolk sac 79

E88cccocoB8ESEE

Growth rate (days) 28 35

Embryoid bodies 2-layered 2-layered 3-layered

* At least five generations.

NRS-Cl 38

In order to test the hypothesis that embryonal carcinoma cells are multipotential
stem cells of a teratocarcinoma, an #n vivo cloning technic was designed. Small em-
bryoid bodies containing mostly embryonal carcinoma were obtained from ascitic con-
version of a murine teratocarcinomsa and were dissociated with trypsin to form a sus-
pension of single cells; the single cells were picked up in small capillary tubes and
transplanted directly into mice.

From over 1700 single cell grafts, 44 clonal lines were obtained ; 43 of these lines were
teratocarcinomas composed of as many as fourteen well differentiated somatic tissues
in addition to embryonal carcinoma. These 43 lines varied in their degree of differ-
entiation, capacity to produce embryoid bodies, and in growth rate. The remaining
clonal line showed limited potential for differentiation, producing only yolk sac, tropho-
blast, and embryonal carcinoma.

The results demonstrated the multipotentiality of single embryonal carcinoma cells,
as well as the heterogeneity of the embryonal earcinoms of a teratocarcinoma. The
capacity of single embryonal carcinoma cells to differentiate into benign tissues sup-
ports neither the dogma of the irreversibility of the malignant transformation nor the
somatic cell mutation theory of cancer. These findings were interpreted as giving
strong support to the stem cell theory of cancer.

This paper demonstrates the multi-
potentiality of single embryonal carcinoma
cells and presents the technique which was
successful in cloning embryonal carcinoma
by enzymatic dissociation of cells from
fresh tissue, followed by
transplantation of single cells.

‘Eva povadiké KUTTOPO TToU METAMO-
oXeUETAl in vivo va OVOOUOTHOEl €vav
Oyko Trou TreplAaupBavel wg kai 14
OI0Q@OPETIKA €idn OIAQOPOTTOINHEVWYV

d8a58EEER52

a7 KUTTAPWV.

3-layered



Ta EpBpuika
BAaotokuttopa

OL peA€tec mou eiyxav yivel ota
TEPOTOKAPKIVWHOTA EHELYVAV TNV
urapén MOAUVSUVAUWY KUTTAPWV
MOPOUOLWY  HE  OUTA  TWV

TEPATOKOPKLVWUATWV.

Anpoupyndnkav OPKETEC
KUTTOPLKEC OELPEC TIOU
TIPOEPXOVTIOV  QTO KOTTOpOL

TEPATOKOPKLVWUATWV.

NORMAL MOUSE TERATOMA

t 1

development differentiation
in utero in situ

transfer to
extra-uterine site

- TERATOCARCINOMA
BLASTOCYST  injection into blastocyst .

subcutanepus | | culture
injection in witro

TERATOCARCINOMA
STEM CELL LIME

differentiation
in vitro

J
DIFFERENTIATED
CELL CULTURES

Fi1G. 1. Relationship between normal embryos and teratocarci-
noma stem cells. Adapted from Martin (10).




J. Embryol. exp. Morph. Vol. 28, 1, pp. 163-176, 1972

Printed in Great Britain SUMMARY
A clonal tissue culture strain of pluripotent cells has been isolated from a transplantable
teratoma of inbred strain of mice 129 Sv-SI' CP. This cell strain SIKR when re-inoculated
. . . P into mice produces teratomas containing at least ten types of tissue. Sub-clones have been
The isolation and properties isolated and two types distinguished.
. ) . . s (1) “C-type’ with a densely-piled in vitro growth. These are tumourigenetic and pluripotent
Of a e]onal tissue Cllltlll e strain Of IJllll'lPOteIlt Sy g displaying a comparable range of differentiation to the original SIKR.
A (2) ‘E-type’ spreading, often epithelioid growth. These grow to a lower density in culture
mouse teratoma CCHS _ than ‘C-type’, Mostly non-tumourigenetic; in those cases where a tumour has been obtained
it did not display multiple differentiations.
1 The results are interpreted as demonstrating that the culture consists of equivalently pluri-
By MARTIN J. EVANS! potent cells which may become determined and differentiate spontaneously in vitre into

From the Department of Anatomy and Embryology, slower growing cell types which are continuously overgrown by the culture.

University College London

Table 2. Tissues found in the tumours produced after subcutaneous
inoculation of mice with SIKR and 10 different sub-clones of STKR

Tumours from SIKR sub-clones

_—
5
+
+
+
+
..I..
+
+

|
|
|
J

SIKR
Tissue tumours

Embryonal carcinoma
Mesenchyme
Epithelium
Embryonal yolk sac
Neural tissue
Cartilage
Keratinizing epithelium
Trophoblast

Muscle

Adipose tissue
Sebaceous gland

++++++ >
++++++ | o

+ 4+ | oo
++++++ 0

+H+4+++++ |0
+ 4+

+ o+ttt |
+ .

A B
Fig. 3A. A typical C-type colony of teratoma cells in vitro; phase contrast. x

3B. An area from a clone of E-type teratoma cells in vitro; phase contrast.
5.

++++ 4+
e A
+ -

O Evans cival o TTpwTto¢ TTou Ba KAAAIEPYNOEL-KUTTAPA TEPATOKAPKIVWHATWY
TTPOOTIAOWVTAC VA Ta UEAETACEL Kal in vitro kKal Ol MOVO in vivo HETA QTTO
METANOOXEUON.



Cell, Vol. 2, 1683-172, July 1874, Copyright © 1074 by MIT

The Morphology and Growth of a Pluripotent
Teratocarcinoma Cell Line and its
Derivatives in Tissue Culture

Figure 4. Comparison of Subclones of SIKR: Morphology
Stock cultures of each of the subclones were trypsinized and plated at 3 = 10% cells/47mm tissue culture dish (Sterilin). Phase contrast
photoemicrographs, total magnification 150 x .

Cultures of the clonally derived pluripotent terato-
carcinoma cell line, SIKR, are heterogeneous.
They are characterized by the presence of two cell
types—the “C cells”, which grow as tight, round
colonies on a monolayer of the morphologically
distinct “E cells". In conirast to the C cells, whose

proliferation is apparently uninhibited by high cell
density, the E cells show density-dependent inhibi-
tion of growth. Subclones of SIKR are of two types:
they are either similar to the parent culture, in that
they contain both C and E cells (CE subclones)
and are themselves tumorigenic and pluripotent;
or they are composed only of E celis (E-ype sub-
clones), which are primarily not tumorigenic, but

and

. -

S p
. C cells —— (\ E cells
) -

may become so after spontaneous transformation
in vitro. The tumors formed by transtormed E cells
(E-t cells) are monolypic (“fibroblastic™), consist-
ing of one cell type which is not clearly identifiable,
but which is distinctly not embryonal carcinoma.

It is concluded that the tumorigenic C cells are
the stem cells of this teratocarcinoma line, and that
they give rise to nontumorigenic E cells in vitro,
but that the reverse does not occur. It Is suggested
that the C to E transition represents cell determi-
nation in vitro. The interest of this cell culture
system for both developmental and oncological
studies is discussed.

C cells: 15 pm in diameter with
a large nucleus, containing a
single large basophilic inclusion,

with relatively little

cytoplasm

o

= (ﬁE-t cells
S

-,
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® O nAnBuopocg twv SIKR eival etepoyevng — 2 TUTOL
KUTTOPWV.

® 'Evoc oo auToug Toug TUTTOUC TTOPAYEL TOV EQLUTO TOU
aAAQ Kol Tov aAAo.

Aev cupBaivel to avtiotpodo! O C—+E kat oyt o E—+C

® H petatporn) C—E nwc edw UmAapxeL KUTTAPLKOC
NPOKAOOPLOMOC

Elvat moAuduvopa;;
Molol mapayovteg ennpealouV TOV KUTTAPLKOTIPOKABOPLOUO;;;
MriopoU e Vo TOPATNPNOCOUE Tn dladlkaota in vitro;
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ABSTRACT The differentiation in vitro of clonal pluri=
potent teratocarcinoma cells is reported. The first stage of
- - this process is the formation of simple embryoid bodies
Proc. Nat. Acad. Sci. USA ] which are identical to those found in animals bearing
Vol. 72, No. 4, pp. 1441-1445, April 1975 # intraperitoneal teratocarcinomas. They consist of an inner
eore of embryonal earcinoma cells surrounded by a layer
of endodermal cells which produce Reichert’s membrane.
The endodermal cells become apparent shortly after the
Emhryoid Bodies In Vitro are lnnuel; attached to the il.lhtrl.ll.un. One clonal terato-
; carcinoma line was found to produce complex cystic
(mouse tumors/tissue culture/pluripotent cells/cell determinationfendoderm) g ! embryoid bodies in vitro. Following fi ation of the
' G endodermal cells, extensive differentiation to a wide
GAIL R. MARTIN AND MARTIN J. EVANS : ' variety of cell types occurs. There are similarities between
the process of embryoid body formation and the early
events of differentiation of the mouse embryo.

The results described confirm that
the clumps formed in vitro are
embryoid bodies.

Fia. B Bubsequent differentiation fmm embryoid bodies
formed in vitro. (A) Pluripotent cells were plated as a single-cell
suspension. Four days later embryoid bodies were found floating
in the medium. These were reattached to the substratum by
plating in fresh medium. Seven days later cells had migrated out
to form a halo around the embryoid body. Phase contrast »91.2.
(B) Neural differentiation at the periphery of a halo of dif-
ferentisted cells surrounding an embryoid body, twenty days
after plating a single cell suspension. Phase contrast 3 52.8.

Fic. 2. &ggregate:e- of embryonal carcinoma rdh 5 days after
plating & single cell suspension. Phase contrast 200 (approx.).
(A) Pluripotent ecells. The endodermal cell layer is apparent.
(B) Nullipotent cells. No endodermal layer has formed.

Fiz. 5. Cystic embryoid bodiea formed in vitro. Aggregates
found floating in the medium approximately 2 weeka after
plating a single cell suspension. >80 (approx.).

..... The observations described here indicate that the early differentiation of
teratocarcinoma cells in vitro is not a disorganized process, but that it parallels the
early development of the mouse embryo......
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Fic. 1. Relationship between normal embryos and teratocarci-
noma stem cells. Adapted from Martin (10).




I had turned my anxiety into my profession.

Proc. Nai. Acad. Sci. USA
Vol. 70, No. 10, pp. 29882092, October 1973

ABSTRACT Syngeneic antisera have been produced in
mouse strain 129/Sv-CP males against the primitive cells of

. . ' teratocarcinoma. These sera react specifically with the
Surface Antigens Common to Mouse Cleavage Embryos and Primitive primitive cells and are negative on various types of dif-

Teratocarcinoma Cells in Culture ferentiated teratoma cells derived from the same original
(cytotoxic test/peroxidase-coupled antibody against mouse immunoglobulin/cell differentiation) ra & tumor. Thﬂ} are negative. on all other mouse cells test,ed,

with the exception of male germ cells and cleavage-stage
KAREN ARTZT, PHILIPPE DUBOIS, DOROTHEA BENNETT*, HUBERT CONDAMINE, ] embryos. Thus, teratoma cells possess cell-surface antigens
CHARLES BABINET, AND FRANCOIS JACOB -

in common with normal cleavage-stage embryos.

Fia. 3. Peroxidase test on 129 morulae (magnification:
X 800°. (a) Preimmunization serum 1:800; (b) antiserum against
F9, 1:800.
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Fate of teratocarcinoma cells
injected into early mouse embryos

V. E. ParaioaNNOU
M. W. McBURNEY
R. L. GARDNER
Department of Zoology,
University of Oxford,
South Parks Road, Oxford, UK
M. J. EVANS
Department of Anatomy and Embryology,
University College London,

Gower Street, London WC2, UK Nature Vol. 258 November 6 1975

Table 3 Chimaeric animals
GPL

Age at death (d)
Skeletal muscle

1
E

g
3
2

2
g

Animal code
Animal fate
Blood

Spinal cord

Tumour location

SIKR-OSB

=

MNone

MNone

0o - 0

None

T T I N

o]

MNone
T6 5., under ear
base of tail

Ti8 s5.C, genital region

I I 0

cercbellum

T &= I

T38

0

under ear

throat

throat

neck

thorax
s.c. below eye
abdominal cavity
5.c. under ear

T43
T65 C86
T72 Ca6 d

o

jany
nAnNaOann 0O 0no

Fig. 1 Chimaeric animals. a. Animal T8% at 6 weeks of age

...... that some of these animals showed later-origin tumMours Of v TR b Ak

k, Killed; d, died; L. live; H, host; C, chimearic; —, not analysed; ?, not analysable; s.c., subcutaneous.

regions.

differentiated cell types.



Fate of teratocarcinoma cells
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Table 3 Chimaeric animals
GPL

*
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Age at death (&)
Skeletal muscle

2
3
3
g
E

Animal fate
Spinal cord

Tumour location

MNone

]
0
[
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T84 [ C17
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MNone

Ml
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. . Fig. 1 Chimaeric animals. a. Animal T83 at 6 weeks of age
that_ some _of these animals showedslater-origin tumours R i s
. . reglons.
differentiated cell types.

k, Killed; d, died; L. live; H, host; C, chimearic; —, not analysed; ?, not analysable; s.c., subcutaneous.




Proc. Nat. Acad. Sci. USA
Vol. 72, No. 9, pp. 3585-3589, September 1975
Cell Biology

Normal genetically mosaic mice produced from malignant
teratocarcinoma cells
(embryonal carcinoma/teratoma/embryoid body core cells/blastocyst injection/allophenic mice)

BEATRICE MINTZ AND KARL ILLMENSEE
Institute for Cancer Research, Fox Chase, Philadelphia, Pennsylvania 19111

-

no. of metaphases

-
o

~ © O 8 -
M MmO <
no. of chromosomes

FIG. 3 (left). Living embryoid body “cores” (clear, bottom) of
embryonal carcinoma cells after removal of the yolk sac “rinds”.
Intact embryoid bodies (dark, top) are shown for comparison.

FIG. 4 (right). The normal chromosome number of 40 is the
modal number in metaphases of embryonal carcinoma cells taken
from the “cores” of embryoid bodies grown only in vivo.

6 o g mare

FIG. 9. Glucosephosphate isomerase strain-specific allelic var-
iants in starch gel electrophoresis of tissue homogenates from 129
(slot a) and C57 (b) controls, and a 1:1 control mixture (c). Female
mosaic mouse no. 2 has tumor-derived (129-strain) cells in thymus
(d), kidneys (e), and reproductive tract (f), but not in blood (g).

ABSTRACT Malignant mouse teratocarcinoma (or em-
bryonal carcinoma) cells with a normal modal chromosome
number were taken from the “cores” of embryoid bodies
grown only in vivo as an ascites tumor for 8 years, and were
injected into blastocysts bearing many genetic markers, in
order to test the developmental capacities, genetic constitu-
tion, and reversibility of malignancy of the core cells. Ninety-
three live normal pre- and postnatal animals were obtained.
Of 14 thus far anaqyzed, three were cellular genetic mosaics
with substantial contributions of tumor-derived cells in many
developmentally unrelated tissues, including some never
seen in the solid tumors that form in transpfmt hosts. The
tissues functioned normally and synthesi their specific

ized
products (e.g., immunoglobulins, adult hemoglobin, liver pro-
teins) coded for by strain-type alleles at known loci. In addi-
tion, a tumor-contributed color gemne, steel, not previously
known to be present in the carcinoma cells, was detected
from the coat phen . Cells derived from the carcinoma,
which is of X}'i’ sex cEromosome constitution, also contrib-
uted to the germ line and formed reproductively functional
sperms, some of which transmitted the steel gene to the prog-
eny. Thus, after almost 200 transplant generations as a hi
malignant tumor, embryoid body core cells appear to be de-
elopmentally totipotent and able to express, in an orderly
sequence in differentiation of somatic and germ-line tissues,
many genes hitherto silent in the tumor of origin. This exper-
imental system of “cycling” teratocarcinoma core cells
hrough mice, in conjunction with experimental mutagenesis
of those cells, may therefore provide a new and usetful tool
for biochemical, developmental, and genetic analyses of
mammalian differentiation.

The results also furnish an unequivocal example in ani-
als of a non-mutational basis for transformation to malig-
nancy and of reversal to normalcy. The origin of this tumor
rom a disorganized embryo suggests that malignancies of
some other, more specialized, stem cells might arise compa-
ably through tissue disorganization, leading to developmen-
al aberrations of gene expression rather than changes in
rene structure.




DEVELOPMENTAL BIOLOGY 21, 364-382 (1970)

The Development of Transplantable Teratocarcinomas
from Intratesticular Grafts of Pre- and
Postimplantation Mouse Embryos!

Leroy C. STEVENS
The Jackson Laboratory, Bar Harbor, Maine 04609

Accepted August 8, 1969

When 3- and 6-day mouse embryos are grafted into the testes of
adults they become disorganized and develop into growths composed
of many kinds of tissues. In some grafts, some of the cells remain un-
differentiated for remarkably long periods of time. These cells are
pluripotent and they may continue to proliferate indefinitely and
serve as stem cells of teratomas. These teratomas can be transplanted
serially, and they may be composed of many kinds of tissues, or
they may progress along one of several morphological lines. For
example, they may bhecome predominantly embryonie, neural, or
parietal volk sac tumors. When some of these transplantable tera-
tomas were grafted intraperitoneally, they produced embryoid
bodies which morphologically resemble early normal mouse embryos.
Teratomas were derived from embryos of strains 129/Sv, A/He, and
F, hybrids between these strains. The tumors resemble in every

respect the spontaneous testicular teratomas characteristic of strain
129/8v.

Fic. 5. Metastatic growth in the left renal lymph node derived from a 6-day embrve
grafted to the testis for 30 days. Note ciliated epithelium and bone (upper right).
Lymphoid cells below.

Fic. 7. Transplantable teratoma OTT 5568 derived from a 3-day embryo. Sold
clump of undifferentiated cells surrounded by mesenchyme. Fifteenth transplant gen-
eration.

Fi6. 8. Transplantable teratoma OTT 5938 derived from a 3-day embryo. Bone
with marrow, immature muscle fibers, and ciliated epithelium.

FiG. 9. Primary graft which gave rise to transplantable teratoma OTT 6196. Car-
tilage, muscle, epithelium, neural tissue, pigment, and embryonic cells.




I had turned my anxiety into my profession.

Proc. Nai. Acad. Sei. USA
Vol. 70, No. 10, pp. 2088-2092, October 1973

Surface Antigens Common to Mouse Cleavage Embryos and Primitive
Teratocarcinoma Cells in Culture

(cytotoxic test/peroxidase-coupled antibody against mouse immunoglobulin/cell differentiation)

KAREN ARTZT, PHILIPPE DUBOIS, DOROTHEA BENNETT*, HUBERT CONDAMINE,
CHARLES BABINET, AND FRANGOIS JACOB

ABSTRACT Syngeneic antisera have been produced in
mouse strain 129/Sv-CP males against the primitive cells of
teratocarcinoma. These sera react specifically with the
primitive cells and are negative on various types of dif-
ferentiated teratoma cells derived from the same original
tumor. They are negative on all other mouse cells tested,
with the exception of male germ cells and cleavage-stage
embryos. Thus, teratoma cells possess cell-surface antigens
in common with normal cleavage-stage embryos.

Fic. 3. Peroxidase test on 129 morulae (magnification:
* 800", (a) Preimmunization serum 1:800; (b) antiserum against
F9, 1:800.

The same specific cell surface antigens are present upon the cells of early mouse

embryos and germ celis !
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Changes in protein synthesis during differentiation
of embryonal carcinoma cells, and a comparison
with embryo cells

By R. H LOVELL-BADGE! anp M. J. EVANS!

From the Department of Genetics,
University of Cambridge

- siS3J0ydoDae g

EC cells very similar to early embryo.cellstypes but in
particular 5 day ectoderm

Two-dimensional electrophoresis was used to find changes in protein synthesis occurring
as pluripotent embryonal carcinoma (EC) cells differentiate to give embryoid bodies in vitro.
2-D patterns from other embryonic cell lines, and from the inner cell mass (ICM) cells of
mouse embryos, were also analysed for the expression of those proteins showing some
change during embryoid body formation and for overall differences between these and the
EC cells.

Most changes in protein synthesis occurred before 12 h but endoderm was not discerned
morphologically on the outside of EC cell clumps until at least 18 h after their suspension.
The number of changes occurring is small compared with the number of polypeptides
resolved, but is in line with similar studies. Comparisons with nullipotent EC cells and an
endodermal cell line have allowed these changes to be assigned, tentatively, to the different
cell types within embryoid bodies, and may allow them to be used as markers of differentiation.

Comparisons between the 2-D patterns derived from ICMs and EC cells reveal substantial
differences between the two that might not have been expected from their developmental
homology. The importance of these differences to their pluripotentiality is discussed.

Protein changes during differentiation of EC cells

PSMB (hours in suspension)
M 1 6 12182430364860 72 96 Nulli PSAS-E STO ICM

Spot na.

m -
Fig. 4. Diagrammatic representation of the protein changes occurring during EC

cell differentiation and the expression of these proteins in other cell types. * Refers
to lower M.W. form. * Refers to higher M.W. form. .... .. , Undetectable; —,

Jjust detectable.
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Establishment in culture
of pluripotential
cells from mouse embryos

M. J. Evans* & M. H. Kaufman¥

Pluripotential cells are present in a mouse embryo until at least

an early post-implantation stage, as shown by their ability to

take part in the formation of chimaeric animals’ and to form

teratocarcinomas®, Until now it has not been possible to es-
i 4 ‘

tablish progressively growing cultures of these cells /n vitro, and
cell lines have only been obtained after teratocarcinoma forma-
tion {n vive. We report here the establishment in tissue culture of

Departments of Genetics* and Anatomyt, University of Cambridge, pluripotent cell lines which have been isolated directly from /n

Downing Street, Cambridge CB2 3EH, UK

Narure Vol 292 9 July 1981

Fig.1 Groups of pluripotential embryo cells (arrowed) growing in
monolayer culture on a background of mitomycin C-inhibited STO
cells. The isolation of a definite cell line from a blastocyst takes only
~ 3 weeks and the pluripotential cell colonies are visible within 5
days of passage. We have had 30% yield of lines from blastocysts in
one experiment. Two of the lines have been rigorously cloned by
single-cell isolation but most were only colony-picked—this makes
no difference.

vitro cultures of mouse blastocysts. These cells are able to
differentiate either in vitro or after innoculation into a mouse as
a tumour in vivo. They have a normal karyotype.

Efforts to isolate normal conterpart of EC cell

Only very small numbers of founder cells available?
Improve cloning / media. (Martin’s Magic
Medium” or MMM)

*Timing? Early stages

*Conditions to retain pluripotency — normal cells
differentiate quickly in culture?

Kaufman used implantational delay to grow
parthenogenetic embryos to an early post-
implantation stage.
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cells from mouse embryos .
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Fig. 2 Karyotype of an embryo-derived pluripotential cell line,
40XY. Over 80% of the spreads of this clonal line possessed 40
chromosomes and had a clearly identifiable Y chromosome.

Pluripotential cells are present in a mouse embryo until at least
an early post-implantation stage, as shown by their ability to
take part in the formation of chimaeric animals’ and to form
teratocarcinomas®, Until now it has not been possible to es-
tablish progressively growing cultures of these cells /n vitro, and
cell lines have only been obtained after teratocarcinoma forma-
tion {n vive. We report here the establishment in tissue culture of
pluripotent cell lines which have been isolated directly from /n
vitro cultures of mouse blastocysts. These cells are able to
difierentiate either in vitro or after innoculation into a mouse as
a tumour in vivo. They have a normal karyotype.

Fig.1 Groups of pluripotential embryo cells (arrowed) growing in
monolayer culture on a background of mitomycin C-inhibited STO
cells, The isolation of a definite cell line from a blastocyst takes only
~ 3 weeks and the pluripotential cell colonies are visible within 5
days of passage. We have had 30% yield of lines from blastocysts in
one experiment. Two of the lines have been rigorously cloned by
single-cell isolation but most were only colony-picked—this makes
no difference.
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of pluripotentlal take part in the formation of chimaeric animals’ and to form
cells from mouse embryos teratocarcinomas®, Until now it has not been possible to es-
tablish progressively growing cultures of these cells /n vitro, and

- » cell lines have only been obtained after teratocarcinoma forma-

M. J. Evans* & M. H. Kaufman¥ tion {n vive. We report here the establishment in tissue culture of
Departments of Genetics* and Anatomyt, University of Cambridge, pluripotent cell lines which have been isolated directly from /n
Downing Street, Cambridge CB2 3EH, UK vitro cultures of mouse blastocysts. These cells are able to
differentiate either in vitro or after innoculation into a mouse as

Nature Vol. 292 9 July 1981 a tumour in vive. They have a normal karyotype.

culture or inserted into the cells via transformation W
with specific DNA fragments, has been presented as

an attractive proposition. In many of these studies
the use of pluripotential cells directly isolated from

~ the embryos under study should have great
” yo cells (arrowed) growing in
(V) advantages. mitomycin C-inhibited STO
. P from a blastocyst takes only
~ 3 weeks and the pluripotential cell colonies are visible within 5
. . X ) ) days of passage. We have had 30% yield of lines from blastocysts in
Fig. 2 Karyotype of an embryo-derived pluripotential cell line, one experiment. Two of the lines have been rigorously cloned by
40XY. Over 80% of the spreads of this clonal line possessed 40 single-cell isolation but most were only colony-picked—this makes

chromosomes and had a clearly identifiable Y chromosome. no difference.




Establishme llt. in culture Pluripotential cells are present in a mouse embryo until at least
of pluripotentlal . an early post-implantation stage, as shown by tllleir ability to
take part in the formation of chimaeric animals' and to form

cells from mouse embryos teratocarcinomas®, Until now it has not been possible to es-
; tablish progressively growing cultures of these cells /n vitro, and

M. J. Evans* & M. H. Kaufmant » cell lines have only been obtained after teratocarcinoma forma-
Departments of Genetics* and Anatomyt, University of Cambridge tion in vive. We report here the establishment in tissue culture of

Downing Street, Cambridge CB2 3EH, UK pluripotent cell lines which have been isolated directly from /n
vitro cultures of mouse blastocysts. These cells are able to

Nature Vol 292 9 July 1981 _ fiml::riﬂ:: ::lﬂt[lg! e;!ﬁtuv:r :it::xn::glion il.:to 2 mouse as

Fig. 3 Inter-relationships of cell lines, teratocarcinomas and
embryoid bodies with normal mouse embryos. Arrows indicate
routes of cell transfer: a, formation of teratocarcinoma by ectopic
implantation of embryos; &, formation of embryoid bodies from
teratocarcinoma and vice versa; ¢, derivation of cell culture from
embryoid bodies; d, cell culture obtained directly from solid
tumours; e, differentiation to embryoid bodies from culture; f,
formation of solid tumours on reinjection of cells from culture; g,
transfer of embryonal carcinoma cells either from cell culture or
from the core of an embryoid body or from a solid tumour backto a
blastocyst. All these procedures may result in chimaerism of the
resulting mouse; k, the missing link supplied here.
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J ABSTRACT  This report describes the establishment directly

Proc Natl Acad sl:: U8 8 December l661 O from normal preimplantation mouse embryos of a cell line that

Develui)mentalfiology ’ L forms teratocarcinomas when irdected into mice. The pluripotency

b of these embryonic stem cells was demonstrated conclusively by

the observation that subclonal cultures, derived from isolated sin-

. . Lk gle cells, can differentiate into a wide variety of cell types. Such

Isolation of a pluripotent cell line from early mouse embryos oty embryonic stem cells were isolated from inner cell masses of late

cultured in medium conditioned by teratocarcinoma 7 blastocysts cultured in medium conditioned by an established ter-

stem cells ' atocarcinoma stem cell line. This suggests that such conditioned

] ) o medium might contain a growth factor that stimulates the prolif-

(embryonic stem cells/inner cell masses/differentiation in vitro/embryonal carcinoma cells/growth factors) eration or inhibits the differentiation of normal pluripotent om-

GaAIL R. MARTIN bryonic cells, or both. This method of obtaining embryonic stem

Department of Anatomy, University of California, San Francisco, California 94143 cells makes feasible the isolation of p]uripotent Ce“i ]i“es fI"O'I'II

various types of noninbred embryo, including those carrying mu-

tant genes. The availability of such cell lines should make possible
new approaches to the study of early mammalian development.

Communicated by ] . Michael Bishop, September 14, 1981

ESC-IC

<34

Fic. 5. Differentiation of ESC-ICR cells in vitro. A variety of cell types are apparent during the 6 weeks after the reattachment to tissue culture
dishes of embryoid bodies form:ll by u::SC-ICR)c(-Bl)ssg(c;?per} t?hf:;mnh‘;:; dﬂﬂcﬁf‘,w oit" live oeel:l;,u(l.&pprc(n‘:lrnately xé(li()). (f&(}hgt Iflel]la, (]!l?)
neuron-like cells, (C) endodermal cells. (Lower) (D) ion of ic-em ure showi ilage. roxima x%100.) (E) Live cells : e :
forming tubules. (Approximately X35.) (F) Section of area sretalyoprites embedding in plastic. Tabules am filled witha mnyu]nr, acellular deposit. Fic. 2. Morphological similarity of embryo-derived ESC-ICR cells
(Approximately x100.) to PSA-1 embryonal carcinoma cells. (Upper) Cells growing on a fi-

broblastic feeder layer. (Lower) Mass cultures of the cells seeded in the
absence of feeder cells. (Phase-contrast microscopy; approximately
%250.)
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Isolation of a pluripotent cell line from early mouse embryos
cultured in medium conditior

stem cells
(embryonic stem cells/inner cell masses/differentiation i NORMAL MOUSE TERATOMA

GaiL R. MARTIN I 1
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Fic. 5. Differentiation of ESC-ICR cells in vitro. A ve
dishes of embryoid bodies formed by ESC-ICR cells. (U]
neuron-like cells, (C) endodermal cells. (Lower) (D) Sect
forming tubules. (Approximately % 35.) (F) Section of area
(Approximately x100.)

DIFFEREMTIATED
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noma stem cells. Adapted from Martin (10).

ABSTRACT  This report describes the establishment directly
from normal preimplantation mouse embryos of a cell line that
forms teratocarcinomas when injected into mice. The pluripotency
of these embryonic stem cells was demonstrated conclusively by
the observation that subclonal cultures, derived from isolated sin-
glaneﬂs,canddferenﬁatemwawidevaﬁetyofeelltypes Such

Fig. 1. Relationship between normal embryos and teratocarci-

were isolated from inner cell masses of late
| medium conditioned by an established ter-
Il line. This suggests that such conditioned
1 a growth factor that stimulates the prolif-
+ differentiation of normal pluripotent em-
. This method of obtaining embryonic stem
he isolation of pluripotent cells lines from
bred embryo, including those carrying mu-
bility of such cell lines should make possible
e study of early mammalian development.
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logical similarity of embryo-derived ESC-ICR cells
il carcinoma cells. (Upper) Cells growing on a fi-
ver. (Lower) Mass cultures of the cells seeded in the
cells. (Phase-contrast microscopy; approximately



Formation of germ-line chimaeras

from embryo-derived & The recent availability in culture of embryo-derived pluripotential
| cells which exhibit both a normal karyotype and a high differentia-

tive ability' has encouraged us to assess the potential of these
@ cells to form functional germ cells following their incorperation
Allan Bradley*, Martin Evans®, Matthew H. Kaufmant P2 @) into chimaeric mice, We report here the results of blastocyst

teratocarcinoma cell lines

& Elizabeth Robertson® ' VZ=7 injection studies using three independently isolated XY embryo-

= jo=~ derived cell lines (EK.CP1, EK.CCL.1 and EKCC1.2) which pro-

* Department of Genetics and T Department of Anatomy, St~ duce a very high proportion (>50%) of live-born animals that are

g:;:;:is:!tyeog‘l(!:; T::d%?knownmg street, overtly chimaeric. Seven chimaeric male mice, derived from these

get ' three lines, have, so far, proved to be functional germ-line
chimaeras.

MATURE VOl 309 17 MAY 1984

Table 1 Rates of construction of chimaeras

rerm-line

Cell line in aeras
EK.CPI
EK.CC1.1 Fig. 1 Six of the seven germ-line

chimaeras described in Tables |
EK.CCl.2 and 2. a, CPL.3; b, CPLS: ¢

CPl.11: 4, CC1.1.3; e, CC1.2.6; |, {}0‘.{,]

CC1.2.8. Between Band |2 embryo-

derived cells were introduced into

the blastocoelic cavity of host-
fertilized blastocysts homozygous
for the recessive albino locus. The
blastacysts were then allowed to
re-expand and were subsequently
transferred to the uterine lumen of
recipients on the third day of
pseudopregnancy. All the concep-
tuses were allowed to develop to
term, and live-born animals were
scored for the presence of eye and
coat pigmentation at or shortly
after birth.
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Ta ESC epdavitouv moAAEC opolotnteg pe ta ECC :

v’ otn popdoloyia,

v\ 0TI oUVONKEC KAAALEPYELAC KOl

v.  ota enupavelaka avtiyova mou ekppalouv (m.y Betikd yla
aAkaAlkn pwodataon)

aAAa

v €YouVv PpUCLOAOYLKO KOPUOTUTIO

v peyaAUtepo avamtuélako SUVALLLKO
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Ta ESC onwc ta ECC eival wovad vo OXNHOTIOOUV OYKOUC HLETA QO HETAUOOXEUOHN OE
OVOOOKOTECTOAUEVA TIOVTIKLAL.

Opwe ol xipatpeg amo ESC dev epudavitouv dykouc .

Evw 6ev avamtuoovtov MoTte KUTTOPO TNG YAUETIKAC oepdc amo ta ECC amo ta ESC

oxnuatilovtal- germ line transmission!
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EuBpuika BAacToKUTTOPO
Elvat kUTTOpa Tou €XouV T SuVATOTNTA VO QLUTOOVOLVEWVOVTOLL

Elvar kUttapa mou 6ev €xouv OladopomolnBel kol oL amoyovol Toug

nePLAapBAavouv OAOUG TOUG KUTTOPLKOUG TUTIOUG TOU atopou (aAAd oyt
eEWeUPPUIKEC SOMEC)

Etvai moAvduvapa (oAoduvapa povo to (UywTo Kol Ta tpwipo PAactopepidia)
Elval kUTTopa tou v £xouv akopa EELOIKEVTEL N tpokaBopLoTel

KaBe KUTTapO TOU CWHATOC Elval Amoyovos TwV UPPUIkwY BAACTOKUTTAPWV
Amopovwvovtal ano thv EKM

[la tn dtatripnon Tn¢ autoduVAaULaC TOUC ATALTOUVTOL OUYKEKPLUEVEC CUVONKEG
aAAlwe Stadopormolovvtal aubopunta

2TO £UBpuo elval mapovTa yLa HULKPO XPOVLKO dldotnua in vitro oAU peyaAoG
apLOpoc dlapeocswy (ouvBnkec!!)



AUTOOVOVEWGCN — TOPAYWYN OTOYyOVWY TIOU ovAKOUV O€ SladopeTIKOUC
KUTTOPLKOUC TUTIOUC

BAaoTikd

\ 2¢& TTopeia diagoporroinong
TTapodIKA TTOAAATTAACI0{OpEVO

. 2 ¢ TTopEia diagpopoTroinong
/ ° BAaoTiko / - TTapoSIkd TTOAAATTAAC10{OIEVO
\ ] \ 2¢e ropeia diagpopoTtroinong
BAaoTikO TapodIkd TToAAaTTAaC a6 EVO
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MrtopoU e va PTLAEOULE VEVETLKA
TPOTIOTIOLNMEVA (WOL;

Mrmopel UWKO VYEVETIKO UAIKO va esvowpatwBel o€
BAaoTtokUOTN KOl VOL TTOPOULLE OLITOYOVOUC TTou Ba To £Xouv;



ABSTRACT Explanted mouse blastocysts were micro-
injected in the blastocoel cavity with simian virus 40
' (SV40) viral DNA. After surgical transfer to the uteri of
. ) ilg . pseudopregnant surrogate mothers, approximately 409,
gﬁ?‘i’jlva;&cf ?dplfciggﬁﬂ April 1974 ' of the blastocysts developed to term and became healthy
o AR ! 13 adults without apparent tumors at 1 year of age. Molecular
hybridization tests for the presence of SV40-specific DNA
sequences were conducted on DNA extracted from various
organs of these animals. Between 0.5 and 13 SV40 genome
L = . s . equivalents per diploid mouse DNA value were found in
Simian Virus 40 D‘NA Sequences in DNA of Healthy Adult Mice Derived come organs of approximately 40% of the adult sucvivors:
from Preimpl_antatlon B]agtocygtg [njected with Viral DNA this represents a substantial augmentation of the amount
administered per embryo. The results are consistent with
(blastocyst microinjection in vitro/development/DNA reassociation kinetics of simian virus 40) the working hypothesis that the SV40 DNA may have been
integrated into the host genome; alternatively, the viral
RUDOLF JAENISCH* AND BEATRICE MINTZ} DNA may have replicated as an extrachromosomal entity or
by lytic infection in a few permissive cells. Persistence of
the viral DNA from preimplantation stages to adult life
may thus provide a new tool for experimental investigation
of vertical transmission and expression of tumor viruses.

LIVER + KIDNEYS TagrE 1. Detection of SV40 DNA in DNA extracted from
varipus mouse organs

No. of SV40 copies per diploid mouse
DN A value

Liver and kidneys Brain
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Fia. 1. Reassociation kinetics of ®P-labeled 8V40 DNA in
the presence of unlabeled DNA extracted from pooled liver and

kidneys of each of 7 (numbered) mice derived from blastocysts . . _
injected with BV40 DNA. The reaction mixtures, containing 0.5 The number of SV40 genome equivalents in the DNA ex

ng/ml of #P-labeled SV40 DNA (L6 X 10* cpm/ug), 680 ug/ml tracted from these mouse organs was caleulated according to
of mouse- or calf-thymus DNA in 0.01 M Tris-HCI, pH 7.4, . = 3

1 mM EDTA, 1 M NaCl, were heat-denatured and incubated at preaious I'I'.I.Et-l'lll:ldﬁ {‘JI} from the data in F@‘ 1 ‘B.I:I.d 2' for each of
B68°, Sn];anr were rml:;;vad lt;jﬂam:e;him a:in.d the fmct.i?lnglf the 10 mice with evidence of SV40 after m]tﬂt.]ﬂl] of BV40 DN A
8V40 reannealed was determi y digestion wit . . " ' i

nuclense. The resuls are plotted as the reciprocal of DNA re- in the preimplantation hlﬂ‘a-tl:l{':jfﬂt BtAge. _Lwar and kidneys were
maining single-stranded as & function of time. Calf-thymus DNA pooled from each of 25 mice tested; braine of 15 of the 25 were
(= C.T.) and calf-thymus DNA plus 1.8 ng/ml of unlabeled

SV40 DNA (= C.T. + SV40) were included as controls. Each tested, n.t. = not tested.

point represents a total of 2000 cpm.
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Germ-line transmission of genes
introduced into cultured
pluripotential cells by retroviral vector

Elizabeth Robertson, Allan Bradley, Michael Kuehn
& Martin Evans

Department of Genetics, University of Cambridge, Downing Street,
Cambridge CB2 3EH, UK

NATURE VOL. 323 2 OCTOBER 1986

Embryonic stem cells isolated directly from mouse embryos’ can
be cultured for long periods in vitro and subsequently repopulate
the germ line in chimaeric mice®’. During the culture period these
embryonic cells are accessible for experimental genetic manipuia-
tion* . Here we report the use of retroviral vectors to introduce
exogenous DNA sequences into a stem-cell line and show that
these modified cells contribute extensively to the somatic and
germ-cell lineages im chimaeric mice. Compared with current
methods for manipulation of the mouse genome, this approach —
has the advantage that powerful somatic-cell genetic techniques

can be used to modify and to select cells with germ-line potential,
allowing the derivation of transgenic strains with pre-determined
genetic changes. We have by this means inserted many proviral
vector sequences that provide new chromosomal molecular markers
for linkage studies in the mouse and that also may cause insertional
mutations.

Fig. 2 A, Southern blot analysis of DNA samples from F,
offspring of two germ-line chimaeric males. Samples are distributed
as follows. A, V29.7 progeny; lanes a, g, V29.7.1; b, h, V29.7.2; ¢,
i, 'V29.7.3; d, j, ¥29.7.4; e, k, V29.7.5; f, I, V29.7.6. 2A.5 progeny;
lanes m, p, 2A.5.10; m, g, 2A.5.11; o, r, 2A.5.12. B, Chromosomal
integration of MPSV mos'neo retroviral vector. B, BamHI: H,
HindlII restriction sites; LTR, long terminal repeat. Single line,

chromosomal DNA,; double line, vector DNA.

Methods. A, The two restriction enzymes used here cleave once
in the proviral vector outside the region of homology with the
pSV2neo probe, consequently each restriction fragment on the
autoradiograph corresponds to a fragment containing a unique
integration site of a proviral vector genome. DNAs were prepared
from whole newborn animals (V29.7 progeny) or from livers from
l.week-old animals (2A.5 progeny). Samples (3 pg) were digested
with BamHI (lanes b-g; m-o) or with HindIII (lanes a, h-1 p-r),
fractionated on 0.7% agarose gels, transferred to nylon membranes,
hybridized with nick-translated pSV2neo, washed and autoradio-

graphed using standard procedures.

“cultured embryonic cells provide an efficient means for the
production of transgenic animals”

“it may also eventually be possible to produce specific
alterations in endogenous genes through homologous
recombination with cloned copies modified in vitro”




Germ-line transmission of genes
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pluripotential cells by retroviral vector
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Embryonic stem cells isolated directly from mouse embryos’ can
be cultured for long periods inzgirm and subsequently repopulate
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methods for manipulation of the mouse genome, this approach ——
has the advantage that powerful somatic-cell genetic techniques

can be used to modify and to select cells with germ-line potential, Fig. 2 A, Southern blot analysis of DNA samples from F,
allowing the derivation of transgenic strains with pre-determined offspring of two germ-line chimaeric males. Samples are distributed
genetic changes. We have by this means inserted many proviral as follows. A, V29.7 progeny; lanes a, g, V29.7.1; b, h, V29.7.2; ¢,

LR

. i, V29.7.3; d, j, V29.7.4; e, k, V29.7.5; f, I, V29.7.6. 2A.5 progeny;
vector sequences that provide new chromosomal molecular markers lanes m, p, IA5.10; m, g 2A.5.11: o, 7. 2A.5.12. B, Chromosomal

for linkage studies in the mouse and that also may cause insertional integration of MPSV mos 'neo retroviral vector. B, BamHI; H,
mutations. HindlII restriction sites; LTR, long terminal repeat. Single line,
chromosomal DNA,; double line, vector DNA.
Methods. A, The two restriction enzymes used here cleave once

“« . . .y in the proviral vector outside the region of homology with the
cultured embryonic cells provide an efficient means for the pSV2neo probe, consequently each restriction fragment on the

production Of transgenic animals” flutomd?ogm_ph correqunds to a fragment containing a unique
integration site of a proviral vector genome. DNAs were prepared

from whole newborn animals (V29.7 progeny) or from livers from

. . e 1-week-old animals (2A.5 progeny). Samples (3 pg) were digested
“it may also eventually be possible to produce specific with BamHI (lanes b-g; m-o) or with HindIII (lanes a, k-1 p-r),

. . fractionated on 0.7% agarose gels, transferred to nylon membranes,
alterations in endogenous genes throug h homologous hybridized with nick-translated pSV2neo, washed and autoradio-

recombination with cloned copies modified in vitro” graphed using standard pracedures.




Insertion of DNA sequences into the
human chromosomal $-globin
locus by homologous recombination

Oliver Smithies”, Ronald G. Gregg’, Sallie S. Boggs*,
Michael A. Koralewski” & Raju S. Kucherlapati

A ‘rescuable’ plasmid containing globin gene sequences allowing recombination with homologous chromosomal sequences
has enabled us to produce, score and clone mammalian cells with the plasmid integrated into the human B-globin locus.
The planned modification was achieved in about one per thousand transformed cells whether or not the target gene was
expressed.

NATURE VOL. 317 19 SEPTEMBER 1985
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pSV2neo’'probe pS\/2neo+IVS2 pS\{2neo probe

Fig. 3 Nitrocellulose blots of digests of DNA from two of the
& G418-resistant colonies from pool 1 (see text and Table 2) and
from untreated Hu 11 hybrid cells. The blots were: a, Xbal digests

hybridized to a probe specific for pSV2Neo-derived sequences; b,

BstXI Xbal Xbal digests hybridized to probes specific for the [VS-2 of the
77Kbweenmne - human 5-globin gene and for pSV2Neo sequences; ¢, Bst X1 digests
: hybridized to a probe specific for pSV2ZNeo sequences. Samples
B probe are: Hy, untreated Hu 11 hybrid cells; L, the G418-resistant colony
= IVS2 probe L; P, the G418-resistant colony P. Measured fragment sizes are

shown in kb.
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Targetted correction of a mutant HPRT
gene in mouse embryonic stem cells

Thomas Doetschman®, Ronald G. Gregg*,
Nobuyo Maeda*, Martin L. Hoopert,
David W. Meltoni, Simon Thompsoni

& Oliver Smithies*§

NATURE VOL. 330 10 DECEMBER 1987

Fig. 2 ES cell colonies, growing on primary

embryonic fibroblasts in the presence of HAT,

14 days after electroporation of HPRT™ ES

cells in the presence of the correcting plasmid.

a, A large colony scored as HPRT" (see text).

b, A small colony scored as HPRT . Scale
bar, 100 pm.

Two recent developments suggest a route to predetermined alter-
ations in mammalian germlines. These are, first, the characteriz-
ation of mouse embryonic stem (ES) cells' that can still enter the
germline after genetic manipulation in culture’ and second, the
demonstration that homologous recombination between a native
target chromosomal gene and exogenous DNA can be used in
culture to modify specifically the target locus®. We here use gene
targetting functionally to correct the mutant hypoxanthine-
guanine phosphoribosyl transferase (HPRT) gene in the ES cell
line which has previously been isolated and used to produce an
HPRT-deficient mouse®. This modification of a chosen gene in
pluripotent ES cells demonstrates the feasibility of this route to
manipulating mammalian genomes in predetermined ways.




Proc. Natl. Acad. Sci. USA
Vol. 86, pp. 8927-8931, November 1989
Genetics

Germ-line transmission of a planned alteration made in a
hypoxanthine phosphoribosyltransferase gene by
homologous recombination in embryonic stem cells

(gene targeting /chimeras)

BEVERLY H. KoLLER*, LORA J. HAGEMANNT, THOMAS DOETSCHMANY, JOHN R. HAGAMAN*, SHIU HUANG*,
PHILLIP J. WiLLIAMS*, NEAL L. FirsTt, NoBUYO MAEDA*, AND OLIVER SMITHIES*

Proc. Natl. Acad. Sci. USA
Vol. 86, pp. 8932-8935, November 1989
Genetics

Inactivating the B2-microglobulin locus in mouse embryonic stem
cells by homologous recombination

(class I antigens/gene targeting)

BEVERLY H. KOLLER AND OLIVER SMITHIES

ABSTRACT Embryonic stem cells (derived from 129/0la
mice) containing a mutant hypoxanthine phosphoribosyltrans-
ferase gene that had been corrected in vifro in a planned
manner by homologous recombination were injected into blas-
tocysts obtained from C57BL /6] mice. The injected blastocysts
were introduced into pseudopregnant female mice to complete
their development. Eleven surviving pups were obtained. Nine
were chimeras: six males and three females. Two of the males
transmitted the embryonic stem cell genome containing the
alteration in the hypoxanthine phosphoribosyltransferase gene
to their offspring at high frequencies. These experiments
demonstrate that a preplanned alteration in a chosen gene can
be made in the germ line of an experimental animal by
homologous recombination in an embryonic stem cell.

ABSTRACT We have inactivated, by gene targeting, the
endogenous B;-microglobulin gene in a mouse embryonic stem
cell line. A cloned fragment of the B8,-microglobulin gene with
the coding sequence disrupted by the insertion of the neomycin-
resistance gene was used to transfect the embryonic stem cells.
G418-resistant colonies were selected and then screened using
the polymerase chain reaction to identify those in which the
incoming DNA had integrated into the embryonic stem cell
genome by homologous recombination. Of a total of 234
G418-resistant colonies screened, 2 correctly targeted colonies
were identified. Chimeric mice carrying the inactivated B,-
microglobulin gene have been obtained from both of these
targeted embryonic cell lines. Breeding of offspring from such
animals will allow investigation of the effects of homozygous
loss of B;-microglobulin.
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Site-directed mutagenesis by gene targeting in

mouse embryo-derived stem cells.

Thomas KR, Capecchi, M.R.

Targeted disruption of the murine
int-1 proto-oncogene resulting in
severe abnormalities in midbrain
and cerebellar development

Kirk R. Thomas & Mario R. Capecchi*

Howard Hughes Medical Institute, Department of Biology
and Human Genetics, Salt Lake City, Utah 84112, USA
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| am a very gene-centric
guy. Not because genesdo
everything, but because
genes are the easiest place
to be able to dissect
complex biological
phenomena with great
precision

We mutated, by gene targeting, the endogenous
hypoxanthine phosphoribosyl transferase (HPRT) gene in
mouse embryo-derived stem (ES) cells. A specialized
construct of the neomycin resistance (neor) gene was
introduced into an exon of a cloned fragment of the Hprt
gene and used to transfect ES cells. Among the G418r
colonies, 1/1000 were also resistant to the base analog 6-
thioguanine (6-TG). The G418r, 6-TGr cells were all shown
to be Hprt- as the result of homologous recombination
with the exogenous, neor-containing, Hprt sequences. We
have compared the gene-targeting efficiencies of two
classes of neor-Hprt recombinant vectors: those that
replace the endogenous sequence with the exogenous
sequence and those that insert the exogenous sequence
into the endogenous sequence. The targeting efficiencies
of both classes of vectors are strongly dependent upon the
extent of homology between exogenous and endogenous
sequences. The protocol described herein should be useful
for targeting mutations into any gene.

THE int-1 proto-oncogene was ﬁrs! 1dentllied as a gene activated
in virally i d mouse y tu 12, Expression studies,
however, suggest that the normal function of this gene may be in
sper is and in the develop of the central nervous
system® >, Genes sharing sequence similarity with int-1 have been
found throughout the animal kingdom. For example, int-I has
54% amino-acid identity to the Drosophila segment polarity gene
wingless (wg-)‘ Both the ine-I and wg gene products seem to be
bly involved in cellcell signalling”"".
We have now explored the function of int-] in the mouse by
disrupting one of the two int-I alleles in mouse embryo-derived
stem cells using positive-negative selection'?. This cell line was
used to generate a chimaeric mouse that transmitted the mutant
allele to its progeny'>'S. Mice hetemzygous for the int-I null
mutation are normal and fertile, wh mice h Vg for
the mutation may exhibit a range of phenotypes from death before
birth to survival with severe ataxia. The latter pathology in mice
and humans is often iated with defects in the cerebell
Examination of int-1/in1-1- mice at several stages of embryo-
genesis revealed severe ahnormslitles in the development of the
phalon and met indicating a prominent role for
the int-1 protein is in the induction of the mesencephalon and
cerebellum.
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FIG. 3 Comparison of brains from heterozygous and homozygous, int-1~
mice. a and b, 17.5 day embryos were fixed in Bouin's reagent (Sigma). The
yolk sacs were removed for DNA analysis as described in Table 1. Following
two days in fixative, the brains were dissected, rinsed in PBS and photo-
graphed at x6 magnification. The field of view is 510 mm. Arrows indicate
the cerebellar region absent in the homozygote. ¢ and d The brains shown
in @ and b were embedded in paraffin, sectioned (10 wm), and stained by
haematoxylin and eosin (H and E) regressive staining. The figld of view is
6 x4 mm. Arrows indicate mesencephalic tissue absent in the homozygote.
e and f Brains were dissected from adult (5 week) mice, fixed in PLP,
embedded in paraffin, sectioned (8 um) stained with H and E. The field of
view is 6 x4 mm. tc, telencephalon, msc, mesencephalon; mtc, meten-
cephalon; pcp, posterior choroid plexus,

We mutated, by gene targeting, the endogenous
hypoxanthine phosphoribosyl transferase (HPRT) gene in
mouse embryo-derived stem (ES) cells. A specialized
construct of the neomycin resistance (neor) gene was
introduced into an exon of a cloned fragment of the Hprt
gene and used to transfect ES cells. Among the G418r
colonies, 1/1000 were also resistant to the base analog 6-
thioguanine (6-TG). The G418r, 6-TGr cells were all shown
to be Hprt- as the result of homologous recombination
with the exogenous, neor-containing, Hprt sequences. We
have compared the gene-targeting efficiencies of two
classes of neor-Hprt recombinant vectors: those that
replace the endogenous sequence with the exogenous
sequence and those that insert the exogenous sequence
into the endogenous sequence. The targeting efficiencies
of both classes of vectors are strongly dependent upon the
extent of homology between exogenous and endogenous
sequences. The protocol described herein should be useful
for targeting mutations into any gene.

THE int-1 proto-oncogene was ﬁrs! 1dentllied as a gene activated
in virally i d mouse y tu 12, Expression studies,
however, suggest that the normal function of this gene may be in
sper is and in the d of the central nervous
system® >, Genes sharing sequence similarity with int-1 have been
found throughout the animal kingdom. For example, int-I has
54% amino-acid identity to the Drosophila segment polarity gene
wingless (wg-)‘ Both the ine-I and wg gene products seem to be
bly involved in cellcell signalling”"".
We have now explored the function of int-] in the mouse by
disrupting one of the two int-I alleles in mouse embryo-derived
stem cells using positive-negative selection'?. This cell line was
used to generate a chimaeric mouse that transmitted the mutant
allele to its progeny'>'S. Mice hetemzygous for the int-I null
mutation are normal and fertile, wh mice h Vg for
the mutation may exhibit a range of phenotypes from death before
birth to survival with severe ataxia. The latter pathology in mice
and humans is often iated with defects in the cerebell
Examination of int-1/in1-1- mice at several stages of embryo-
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m The Nobel Prize in Physiology or Medicine 2007
" Mario R. Capecchi, 5ir Martin J. Evans, Oliver Smithies
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"for their discoveries of principles
by of embryonic stem cells"



KaAAiépyera ESC tovtikou

OL koAAEpyele¢ ESC eival otnv ouola 7mpwrtoyeveic kaAAlEpyeleC €MOMEVWE OL OUVONKEG
KaAALEpYELOG Ba TpEmeL va SlatnpolV QUTEC TOUG LOLOTNTEGC WOTE va PNV amopovwbouv
riapalayyec e SLadopPETIKEC LOLOTNTEG.

AUTO onUaiveL OTL OL CUVBNKEC TPEMEL va StatnpolvTal APLOTEC YLa VoL LN SnHLoupYELTaL ETUAEKTLKN
niteon. AnAadn:

1)  Ta KUTTOPO VA TOPOLEVOUV OE LN SLadopomoLnUéEVn KATAOTAOH

2) Ta kuttopa vo SLotnpoUuV aKEPOLO TO OVOTTTUELOKO TOUC SUVAULKO

3) Ta kuttapa va Statnpouv GpucLloAoyLKO KOPUOTUTIO.

i i -
I:rr_l o . ,-,
..:"j'.f;.l i '!-"”‘r_*l_
= I-_L..-.:-'. - .?., ..|"'
T
! i s
i i3 h.a'.'rnlh.



KaAAEpyeia ESC tovtikou

Ta ESC tou movtikoU kaAAlepyouvTal:
1) mavw ot tannta (povr otolfada) woPAactwv oL omoiol €xouv aktivooAnBel wote va
unv dtatpouvtal f

2) Mapouocia LIF (BA. emopevo padnual)



KaAAiépysia ESC movtikou

[MpOKELUEVOU Va SLATNPAOOUV TIG LOLOTNTEC TOUC OTLG CUVONKEC KAAALEPYELOG :

1) Amodelyoupe TIC akpale¢ Kataotdoelc SnA. Aev amAWVOUUE Ta KUTTAPO OUTE TOAU
OpaLd OUTE TOAU TIUKVAL YLOL VO UNV TIPOKOAECOUME TNV QVATTUEN aVEUTIAOELS LKWV
KUTTAPWV.

2) [lapatnpoUUE To XpOvo SUTAACLACHOU TOUC IOV TMIPETEL va eival 15-20 h

3) [IpOKTLKG QUTO ONUOLVEL OTL KAOE TPELC NUEPEC XpELAlovVTOL aVaKAAALEPYELQAL.

Ot KataAAnAec ouvOnKecg KAAALEPYELAC YL KABE OELlpAd EAEYYXOVTOL:

a) LE TN XpAon tnS SOKLUNG oXNHUATIOHOU KAWVWVY. ZTtn SOKLUN auThH XPNOLUOTIOLEL KAVELC Evav
NMANBUOLO KUTTAPWV O SLODOPETIKA OPEMTIKA pEoA. Ta KUTTAPO OITAWVOVTOL LLE TETOLO
TPOTMO WOTE Vo oxnuaticouv kAwvoug (dnA moAU apatd). Metd amd 6-8 nUEPEC ol
KAAALEPYELEC OVLOTIOLOUVTAL KOl LEAETATOL O OPLOUOG TWV KAWVWV TTou avarmtuxonkav
o€ KAOe peoco aAAa Kal N popdoAoyia, EKPPOON CUYKEKPLULEVWY AVTLYOVWV KATL.

B) oxnuatiopog xipatpog —( ko yapetika kotropao!!)
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Proc. Nat. Acad. Sci. USA
Vol. 72, No. 4, pp. 1441-1445, April 1975

Differentiation of Clonal Lines of Teratocarcinoma Cells: Formation of
Embryoid Bodies In Vitro

(mouse tumors/tissue culture/pluripotent cells/cell determination fendoderm)

GAIL R. MARTIN AND MARTIN J. EVANS

ABSTRACT The differentiation in vitro of clonal pluri=
potent teratocarcinoma cells is reported. The first stage of
this process is the formation of simple embryoid bodies
which are identical to those found in animals bearing
intraperitoneal teratocarcinomas. They consist of an inner
eore of embryonal earcinoma cells surrounded by a layer
of endodermal cells which produce Reichert’s membrane.
The endodermal eells become apparent shortly after the
embryonal carcinoma cells have formed aggregates which
are loosely attached to the substratum. One clonal terato-
carcinoma line was found to produce complex cystic
embryoid bodies in rvitro. Following formation of the
endodermal cells, extensive differentiation to a wide
variety of cell types occurs. There are similarities between
the process of embryoid body formation and the early
events of differentiation of the mouse embryo.

“Without added feeders they begin to die. The cells survive for longer periods when passaged on
gelatin-coated dishes. Both the feeder layers and the gelatin coating of the substratum appear to
increase the spreading and attachment of the cells to the substratum; however, the feeder cells must
have some additional effect, since the cells do not survive indefinitely when passaged on gelatin-coated

dishes”

Fia. B Bubsequent differentiation fmm embryoid bodies
formed in witro. (A) Pluripotent cells were plated as a single-cell
suspension. Four days later embryoid bodies were found floating
in the medium. These were reattached to the substratum by
plating in fresh medium. Seven days later cells had migrated out
to form & halo sround the embryoid body. Phase contrast X912
(B) Neural differentiation st the periphery of a halo of dif-
ferentiated cells surrounding an embryoid body, twenty days
after plating a single cell suspension. Phase contrast  52.8.




Buffalo Rat Liver Cells Produce a Diffusible Activity Which Inhibits
the Differentiation of Murine Embryonal Carcinoma
and Embryonic Stem Cells

AUSTIN G. SMiTH! AND MARTIN L. HOOPER

Many pluripotent embryonal carcinoma (EC) cell lines and all embryonic stem (ES) cell lines have hitherto been
maintained in the undifferentiated state only by culture on feeder layers of mitomycin C-treated embryonic fibroblasts.
We now demonstrate that medium conditioned by incubation with BuiTalo rat liver (BRL) cells prevents the spontaneous
differentiation of such cells which occurs when they are plated in the absence of feeders. This effect is not mediated via
cell selection but represents a fully reversible inhibitory action ascribed to a differentiation-inhibiting activity (DIA).
BRIL-conditioned medium ean therefore replace feeders in the propagation of homogeneous stem cell populations. Such
medium also restricts differentiation in embryoid bodies formed via aggregation of EC cells and partially inhibits
retinoic acid-induced differentiation. The PSA4 EC line gives rise only to extréembryonic endoderm-like cells when
aggregated or exposed to retinoic acid in BRL-conditioned medium. This suggests that DIA may be lineage-specilfic.
DIA is a dialysable, acid-stable entity of apparent molecular weight 20,000-35,000. Its actions are reproduced neither
by insulin-like growth factor-II nor by transforming growth factor-8. DIA thus appears to be a novel factor exerting
a negative control over embryonic stem cell differentiation. © 1987 Academic Press, Inc.

regation-induced differentiation of PSA4 in nonconditioned (4,C) and BRL cell-conditioned media (B,D). PSA4 EC cells, previ
r times in BRL-medium, were induced to form embryoid bodies and subsequently outgrowths as d d under Materials and
ox¥lin and eosin (H and E) or periodic acid Schiff resgent (PAS). (A) Embryoid bodies
. gion of endodermal proliferation (arrow) in BRL-EfCy;. H and E, x6T. (C) Outgrowth,
containing diverse cell types, from embryoid body aggregated in EfC,; and allowed tn ach in OMA. H and E, ¥160. (D) Outgrowth from
embryoid body aggregated in BRL-EfC, and allowed to reattach in BRL-medium. PAS, x220,

A0 aend BRL-nmlive. {4}
BRL medium, third pass = M, 4 days after tranafer
from BRL-medium {1000,




Medium conditioned by STO mouse fibroblast cells inhibited both the spontaneous

Experimental Cell Research 154 (1984) 233-242 differentiation of NG2 embryonal carcinoma cells and the differentiation of F9 embryonal

; carcinoma cells induced by retinoic acid. This effect was due to a differentiation retarding

A Factor Produced by Feeder Cells Which Inhibits factor (DRF). Reduction in DRF activity in conditioned medium by boiling and by pronase

Embryonal Carcinoma Cell Differentiation treatment suggested the involvement of a polypeptide, which had an apparent molecular

Characterization and Partial Purification 3 weight of 57000 on gel filtration. A 28-fold purification of DRF was achieved. DRF delayed

- but did not prevent the extensive differentiation observed after prolonged culture of NG2

colonies. Conditioned medium could be successfully used to replace feeder cells in NG2

stock cultures. Media conditioned by a variety of other cell types also contained differenti-
ation retarding activity,
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Table 1. Description of conditioned media from various cell stocks

Days of
Cell line*® R Medium type % serum  conditioning

Hela DMEM 10
NIE-115 DMEM 5
H4-11-E-C, DMEM 5
§79 BME® 10
PYS-2 DPMEM 10
PSA-1-NG2 DMEM

PCCH/A/ DMEM

RCH-VR RPMI 1640

MA104 RPMI 1640
P3-X63-Ag8-653 DMEM

STO DMEM
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Fig. I. Inhibition of differentiation in NG2 colonies by STO feed nditioned medium. Colonies of
NG2 cells were grown from single cells in (a, ¢) normal medium; or (b, d) 25% STO feeder-
conditioned medium. The extensive differentiation to large extraembryonic endoderm cells seen at
the periphery of untreated colonies at day 6 of growth (a) was usually absent in treated colonies at the
same stage (b). The differentiated cells in untreated colonies were negative on alkaline phosphatase
staining (c, arrowed). Treated colonies tended to stain exclusively positive for alkaline phosphatase
activity (). (a, b) Phase contrast optics; (¢, d) bright field optics. Bar, 100 pm.
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Fig. 5. Gel filtration of STO feeder-conditioned medium, Curves represent DRF activity, as detecled
by alkaline phosphatase activities of lysates of cells grown in the presence of (@—@) 0.2 ml or
(@--—@) 0.05 ml of column fractions. Elution volumes of molecular weight markers, determined from
at least two runs, are indicated by arrows; values given are molecular weights in kD. Markers used
were: blue dextran (V,), bovine serum albumin dimer (MW 134000), bovine serum albumin (MW

o

Alkaline Phosphatasellim|} —
Alkaline Phosphatase{Limi}-—

|
100 160
Volume {m|] £7000), ovalbumin (MW 45000) chymotrypsin (MW 22 500), cytochrome ¢ (MW 12 500) and tritiated
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a
2




Experimental Cell Research 154 (1984) 233-242

A Factor Produced by Feeder Cells Which Inhibits
Embryonal Carcinoma Cell Differentiation

o

Alkaline Phosphatasellim|} —

(o)

Characterization and Partial Purification

PETER KOOPMAN and RICHARD G. H. COTTON

Small

Large

molecules.

molecules

Medium conditioned by STO mouse fibroblast cells inhibited both the spontaneous
differentiation of NG2 embryonal carcinoma cells and the differentiation of F9 embryonal
carcinoma cells induced by retinoic acid. This effect was due to a differentiation retarding
factor (DRF). Reduction in DRF activily in conditioned medium by boiling and by pronase
treatment suggested the involvement of a polypeptide, which had an apparent molecular
weight of 57000 on gel filtration. A 28-fold purification of DRF was achieved. DRF delayed
but did not prevent the extensive differentiation observed after prolonged culture of NG2
colonies. Conditioned medium could be successfully used to replace feeder cells in NG2
stock cultures. Media conditioned by a variety of other cell types also contained differenti-
ation retarding activity,
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Fig. I. Inhibition of differentiation in NG2 colonies by STO feed nditioned medium. Colonies of
NG2 cells were grown from single cells in (a, ¢) normal medium; or (b, d) 25% STO feeder-
conditioned medium. The extensive differentiation to large extraembryonic endoderm cells seen at
the periphery of untreated colonies at day 6 of growth (a) was usually absent in treated colonies at the
same stage (b). The differentiated cells in untreated colonies were negative on alkaline phosphatase
staining (c, arrowed). Treated colonies tended to stain exclusively positive for alkaline phosphatase
activity (). (a, b) Phase contrast optics; (c, d) bright field optics. Bar, 100 pm.

Fig. 5. Gel filtration of STO feeder-conditioned medium, Curves represent DRF activity, as detecled
by alkaline phosphatase activities of lysates of cells grown in the presence of (@—@) 0.2 ml or
(@--—@) 0.05 ml of column fractions. Elution volumes of molecular weight markers, determined from
at least two runs, are indicated by arrows; values given are molecular weights in kD. Markers used
were: blue dextran (V,), bovine serum albumin dimer (MW 134000), bovine serum albumin (MW
67000), ‘;}valbumin (MW 45000) chymotrypsin (MW 22 500), cytochrome ¢ (MW 12 500) and tritiated
water (V).



Inhibition of pluripotential embryonic
stem cell differentiation by
purified polypeptides

Austin G. Smith*, John K. Heath™¥,

Deborah D. Donaldsont, Gordon G. Wongi,
J. Moreau§, Mark Stahli & David Rogers:

Murine embryonic stem (ES) cells are pluripotent cell lines estab-
lished directly from the early embryo™ which can contribute
differentiated progeny to all adult tissues, including the germ-cell
lineage®, after re-incorporation into the normal embryo. They
provide both a cellular vector for the generation of transgenic
animals* and a useful system for the identification of polypeptide
factors controlling differentiation processes in early development®.
In particular, medium conditioned by Buffalo rat liver cells
coniam; a polypeptide factor, ES cell differentiation inhibitory

(DIA), which specifically suppresses the spontaneous
differentiation of ES cells in vitro, thereby permitting their growth
as homogeneous stem cell populations in the absence of
heterologous feeder cells®. ES cell pluripotentiality, including the
ability to give rise to functional gametes, is preserved after pro-
longed culture in Buffalo rat liver media as a source of DIA”.
Here, we report that purified DIA is related in structure and
function to the recently identified haemopoetic regulatory factors
human interleukin for DA cells®™® and leukaemia inhibitory
factor'®. DIA and human interleukin DA/leukaemia inhibitory
factor have thus been identified as related multifunctional regula-
tory factors with distinct biological activities in both early embry-
onic and haemopoetic stem cell systems.

HILDA (Human Interleukin for DA cells /LIF (Leukaemia Inhibitory Factor)

BJA (Differentiation Inhibiting Activity)

Fig. 2 Morphology of CP1 ES cells grown for six days in the
presence of 10ngml™ purified DIA (a), 10ngml™" purified
HILDA/LIF (b), and no additions (¢). Cells were propagated on
gelatinized tissue culture plates in the presence of Hams F12/DME
(50:30), 107*M 2-mercaptoethanol, 20% (by volume) feta

serum (Sera-Lab, UK). ES cell stocks were routinely maintained
in medium supplemented with 100-fold concentrated BRL con-
ditioned medium to a final concentration of 1.5%. Final

magnification x225.
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KaAAiépyera ESC tovtikou

OL koAAEpyele¢ ESC eival otnv ouola 7mpwrtoyeveic kaAAlEpyeleC €MOMEVWE OL OUVONKEG
KaAALEpYELOG Ba TpEmeL va SlatnpolV QUTEC TOUG LOLOTNTEGC WOTE va PNV amopovwbouv
riapalayyec e SLadopPETIKEC LOLOTNTEG.

AUTO onUaiveL OTL OL CUVBNKEC TPEMEL va StatnpolvTal APLOTEC YLa VoL LN SnHLoupYELTaL ETUAEKTLKN
niteon. AnAadn:

1)  Ta KUTTOPO VA TOPOLEVOUV OE LN SLadopomoLnUéEVn KATAOTAOH

2) Ta kuttopa vo SLotnpoUuV aKEPOLO TO OVOTTTUELOKO TOUC SUVAULKO

3) Ta kuttapa va Statnpouv GpucLloAoyLKO KOPUOTUTIO.
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KaAAEpyeia ESC tovtikou

Ta ESC tou movtikoU kaAAlepyouvTal:
1) mavw ot tannta (povr otolfada) woPAactwv oL omoiol €xouv aktivooAnBel wote va
unv dtatpouvtal f

2) Mapouocia LIF



KaAAiépysia ESC movtikou

[MpOKELUEVOU Va SLATNPAOOUV TIG LOLOTNTEC TOUC OTLG CUVONKEC KAAALEPYELOG :

1) Amodelyoupe TIC akpale¢ Kataotdoelc SnA. Aev amAWVOUUE Ta KUTTAPO OUTE TOAU
OpaLd OUTE TOAU TIUKVAL YLOL VO UNV TIPOKOAECOUME TNV QVATTUEN aVEUTIAOELS LKWV
KUTTAPWV.

2) [lapatnpoUUE To XpOvo SUTAACLACHOU TOUC IOV TMIPETEL va eival 15-20 h

3) [IpOKTLKO QUTO ONUOLVEL OTL KABE TPELC NUEPEC XPpELAlovTal AVAKAAALEPYELQL.

OL KataAANAeC ocuvONKeS KAAALEPYELOGC yla KABE oslpd eAEyxovTOL ME TN XPrnon the SOKLUAC
OXNUATIOMOU KAWVWYV. 2T SOKLUN auTh XPNOLUOTOLEL KavelC Evav MANOUOUO KUTTAPWV
o€ OLOPOPETIKA OpemTikd pEoA. Tar KUTTAPO OTMAWVOVTAL UE TETOLO TPOTIO WOTE va
oxnuaticouv kAwvoug (6nA moAU apatd). Metd amd 6-8 NUEPEC ol KAAALEPYELEC
LLOVLLLOTTOLOUVTOL KOl LEAETATAL O APLOUOC TWV KAWVWVY TIOU avamntuxonkav ce KaBe HEco

aAAd ko N popdoloyia, EKPpacn CUYKEKPLUEVWVY QVTLYOVWVY KATTL.



Murine embryonic stem (ES) cells are pluripotent cell lines estab-
lished directly from the early embryo™* which can contribute

lnhibition Of pluripotential embryﬂ“ic differentiated progeny to all adult tissues, including the germ-cell

lineage®, after re-incorporation into the mormal embryo. They

Stem CE’ll diﬂeIEntiatiOn hy ; provide both a cellular vector for the generation of transgenic
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actors controlling differentiation processes in early development”.
purlhEd pnlypeptldes . 4 : In particular, midium conditionl:zd by Buffalo “rat li\-:r cells
| contains a polypeptide factor, ES cell differentiation inhibitory
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o " . . heterologous feeder cells®. ES cell pluripotentiality, including the
J. Moreau§, Mark Stahli & David Rﬂger&‘i ¢ > | ability to give rise to functional g:metg: is preserved aftergpro-
longed culture in Buffalo rat liver media as a source of DIA’.
Here, we report that purified DIA is related in structure and
function to the recently identified haemopoetic regulatory factors
human interleukin for DA cells®® and leukaemia inhibitory
factor'. DIA and human interlenkin DA/leukaemia inhibitory
factor have thus been identified as related multifunctional regula-
tory factors with distinct biological activities in both early embry-
onic and haemopoetic stem cell systems.

Fig. 2 Morphology of CP1 ES cells grown for six days in the
presence of 10ngml™" purified DIA (a), 10ngml™" purified
HILDA/LIF (b), and no additions (¢). Cells were propagated on
gelatinized tissue culture plates in the presence of Hams F1
{50:50), 10~ * M 2-mercaptoethanal

serum (Sera-Lab, UK). ES cell stocks were routinely maintained
in medium supplemented with 100-fold concentrated BRL con-
ditioned medium to a final concentration of o. Final

magnification x225.
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Blood Cell Differentiation

PIuripotent Stem Cells
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2NMATOO0TIKA povomatia & rtoAuvduvapia ESC

> H avakaAvn otL ta kutttapa ES tou moviikoU amaltouv TTPOKELMEVOU va SlaTtnprRoouV thv
noAvduvapia toug tnv mapoucia LIF (leukemia inhibiting factor- IL-6 family) oto Bpemtiko
HLECO, TO EVOUCHO YLl TN UEAETN TNC oNUATOSOTNONG TOU amalteitol yia tTn dtatnpnon tng

noAuvduvapiacg.

> O LIF mapayetal ano ta KUTTtopa TS IpodoBAACTNG KOl EVEPYOTIOLEL:
1) Movoratt STAT
2) Movormatt MAPK

TRANSCRIFTION * SELF TRANSCRIPTION =#=
RENEWAL DIFFERENTIATION
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2npatodotika povornatia & moAvduvapio ESC

> H avakaAuvpn ot ta kutttapa ES tou
TIOVTIKOU  amoltolV  TIPOKELMEVOU  va
dlatnprioouvv tnv moAuduvapia toug tnv
napovoia LIF (leukemia inhibiting factor-
IL-6 family) oto Opentikd péoco, TO
gvouopa yla ™n HEAETN g
onNUAtodOTNOoNG TIOU QTOLTE(TOL YLt TN
dtatripnon tng noAvduvapioc.

> O LIF mopayetal amd ta KUTTTOpO TNC
TPOPOPAAOCTNG KOL EVEPYOTIOLEL:
1) Movormadrtt STAT
2) Movordatt MAPK




The propagation of embryonic stem (ES) cells in an undifferentiated pluripotent state is dependent on
leukemia inhibitory factor (LIF) or related cytokines. These factors act through receptor complexes containing
the signal transducer gp130. The downstream mechanisms that lead to ES cell self-renewal have not been

- -
Self-renewal Of plurIPOtent embryonlc delineated, however. In this study, chimeric receptors were introduced into ES cells. Biochemical and
Stem Cells i S mediated Via activati on functit’:um.a] studies of transfected’u:ells dem?nstrated a requirement for engagement and activation of the la'tent
trancription factor STAT3. Detailed mutational analyses unexpectedly revealed that the four STAT3 docking
Of STAT3 sites in gpl130 are not functionally equivalent. The role of STAT3 was then investigated using the dominant
interfering mutant, STAT3F. ES cells that expressed this molecule constitutively could not be isolated. An
a1z o ) . o3 episomal supertransfection strategy was therefore used to enable the consequences of STAT3F expression to
Hitoshi Niwa,  Tom Burdon, Ian Chambers, and Austin Smith be examined. In addition, an inducible STAT3F transgene was generated. In both cases, expression of STAT3F
in ES cells growing in the presence of LIF specifically abrogated self-renewal and promoted differentiation.
These complementary approaches establish that STAT2 plays a central role in the maintenance of the
pluripotential stem cell phenotype. This contrasts with the involvement of STAT3 in the induction of
differentiation in somatic cell types. Cell type-specific interpretation of STAT3 activation thus appears to be
A pivotal to the diverse developmental effects of the LIF family of cytokines. Identification of STAT3 as a key
GENES & DEVELOPMENT 12:2048-2060 © 1998 d transcriptional determinant of ES cell self-renewal represents a first step in the molecular characterization of

pluripotency.

Figure 3. Induction of differentiation by expression of STAT3F
in MG1.19 ES cells. (4) Proportion of differentiated colonies in
LIF-supplemented medium resulting from supertransfection of
STATS, antisense STAT3, and STAT3F expression vectors.
Colonies were fixed and stained with Leishman’s reagent after 8
days of selection, and the numbers of stem cell colonies and
differentiated colonies were scored. (B) Marker gene expression
in STAT3F supertransfectants. Expression of marker genes in
pools of MG1.19 cells supertransfected with STAT3 (lane 1),
STATS3 antisense (lane 2), and STAT3F (lane 3) expression vec-
tors. Total RNA was prepared after 8 days of selection in LIF-
supplemented medium, and 5-pg aliquots were analyzed by fil-
ter hybridization with B-globin, Rex-1, H19, and G3PDH
probes. The B-globin probe detects all transgene mRNA species
generated from pHPCAG, including an alternatively spliced
product from the antisense contruct. (O) Photomicrographs of
representative colonies 8 days after supertransfection with (1)
STATS, (if) STAT3F, and (iii) empty expression vectors and se-
lection in the presence of LIF, or (iv) induction of differentiation
by culture in the absence of LIF for 8 days.
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H ékdppoaon tng STAT-3 eilval amapaitntn yia t Slatpnon Tou TOAAATAQCLACMOU Kol TNG MoAuduvapiog.
Yriepékdpaon kuplapxng apvntikng PeTaAagng tng STAT-3 (katapyel SLUEPLOUO KOL HLETOTOTLON-OVTAYWVI(ETAL YL
docking sites gp130) obnyel o Stadopornoinon.

i: Ymepéxkdpaon STAT-3, ii: Ymepekdpaon STAT-3K.A,, iii: control popeag, iv: Aladopomnotnuéva ES.



2npatodotika povornatia & moAvduvapio ESC

Ta kOttapa ES tou moviikou amattouv TPOKELHEVOU va dtatnprioouv tnv moAuduvapia toug tnv mapoucia LIF

(leukemia inhibiting factor- IL-6 family)  aAAwv popiwv tng idLag otkoyévelag m.x. Oykootativn oto Bpentiko péco. O
LIF mapayetal ano ta kutttapa tng tpodoBAACTNC KoL EVEPYOTTIOLEL:
1) Movormatt STAT

2) Movoratt MAPK
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Suppression of SHP-2 and ERK Signalling Promotes

Self-Renewal of Mouse Embryonic Stemn Cells The propagation of pluripotent mouse embryonic stem (ES) cells depends on signals transduced through the cytokine

receptor subunit gp130. Signalling molecules activated downstream of gp130 in ES cells include STAT3, the protein tyrosine
phosphatase SHP-2, and the mitogen-activated protein kinases, ERK1 and ERK2. A chimaeric receptor in which tyrosine 118
in the gp130 cytoplasmic domain was mutated did not engage SHP-2 and failed to activate ERKs. However, this receptor did

Tom Burdon, Craig Stracey, lan Chambers, Jennifer Nichele support ES cell self-renewal. In fact, stem cell colonies formed at 100-fold lower concentrations of cytokine than the

and Austin Smith . |unmodified receptor. Moreover, altered ES cell morphology and growth were observed at high cytokine concentrations.
These indications of deregulated signalling in the absence of tyrosine 118 were substantiated by sustained activation of
STATS3. Confirmation that ERK activation is not required for self-renewal was obtained by propagation of pluripotent ES
cells in the presence of the MEK inhibitor PD098059. In fact, the growth of undifferentiated ES cells was enhanced by
culture in PD098059. Thus activation of ERKs appears actively to impair self-renewal. These data imply that the

Developmental Biology 210, 30-43 (1999) & self-renewal signal from gp130 is a finely tuned balance of positive and negative effectors. © 1999 Academic Press

»To povomatt MAP Tmou
gvepyormoleital ano tov LIF
HEow gp 130 evéxetal o€
yeyovota Tou oadopouv
NV npoaywyn ¢ 6lado-
pormoinong  mapd TV
avayévvnon/moAuvduva-
uia.

>Av  mopeumodlotel  TO
povomatt  oautd  (ava-
otoAeig petaAlagelg gp130
nou Oev EMUIPEMOUV TNV
gvepyornoinon tg MAPK)
E€XOUV WG QUMOTEAECUA TNV
EUPAVION  TIEPLOCOTEPWV
KN Stadopormnotnuévwy
eUBpuikwv cwpatiwy.

FIG. 7. Effect of PD098059 on ES cell pluripotency. ZIN40 ES cells were treated with 25 pM PD098059 plus 5 U/ml LIF for 48 h, refed
with medium containing LIF for a further 24 h, and then microinjected into C57BL/6 blastocysts. Embryos were collected at day 9.5 of
pregnancy and stained for B-galactosidase activity. Representative embryos are shown.

FIG. 8. Effect of PD0O98059 on ES cell differentiation in embryoid bodies. Aggregates of IOUDZ ES cells were formed in hanging drops
without LIF for 2 days. They were then transferred to bacterial dishes and cultured for 5 days in medium containing either no inhibitor or
25, 50, or 75 pM PD098059. After attachment overnight on gelatinised plates, the embryoid bodies were stained for B-galactosidase activity.







Leukemia Inhibitory Factor—dependent
Transcriptional Activation in Embryonic Stem Cells

Héléne Boeuf, Charlotte Hauss, Fabienne De Graeve,
Nathalie Baran, and Claude Kedinger

Abstract. STAT transcription factors are induced by a
number of growth factors and cytokines. Within min-
utes of induction, the STAT proteins are phosphory-
lated on tyrosine and serine residues and translocated
to the nucleus, where they bind to their DNA targets.
The leukemia inhibitory factor (LIF) mediates pleio-
tropic and sometimes opposite effects both in vivo and
in cultured cells. It is known, for example, to prevent
differentiation of embryonic stem (ES) cells in vitro. To
get insights into LIF-regulated signaling in ES cells, we
have analyzed protein-binding and transcriptional
properties of STAT recognition sites in ES cells culti-
vated in the presence and in the absence of LIF. We

. | have detected a specific LIF-regulated DNA-binding

activity implicating the STAT3 protein. We show that
STATS3 phosphorylation is essential for this LIF-depen-

dent DNA-binding activity. The possibility that ERK2
or a closely related protein kinase, whose activity is
modulated in a LIF-dependent manner, contributes to
this phosphorylation is discussed. Finally, we show that
the multimerized STAT3-binding DNA element con-
fers LIF responsiveness to a minimal thymidine kinase
promoter. This, together with our observation that
overexpression of STAT3 dominant-negative mutants
abrogates this LIF responsiveness, clearly indicates that
STATS3 is involved in LIF-regulated transcriptional
events in ES cells. Finally, stable expression of such a
dominant negative mutant of STAT3 induces morpho-
logical differentiation of ES cells despite continuous
LIF supply. Our results suggest that STAT3 is a critical
target of the LIF signaling pathway, which maintains
pluripotent cell proliferation.
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Figure 10. Stable expression of STAT3F dominant negative mu-
tant induces ES cell differentiation. Phase contrast micrographs
123 of Neomycin-resistant ES cell clones stably expressing the wild-
tvpe STAT3 (A) or the dominant negative STAT3F mutant (B).
The selected clones were grown on feeder layers of mouse em-
bryo fibroblasts (visible in A between the clumps of undifferenti-
ated ES cells) and continuously maintained in the presence of
LIF. (C) Western blot analysis of equivalent amounts of whole-
cell extracts of STAT3- (lane I) or STAT3F-transformed cells
(lane 2), or untransformed ES cells (lane 3). The arrow points to
the specific signal obtained with the monoclonal anti-STAT3 an-
tibody. Bar, 100 pm.

Figure 7. An ERK2-related MAP kinase is activated in ES cells
reinduced by LIF. Nuclear extracts from ES cells maintained with
LIF or without LIF for 12 h (—12h) and reinduced by LIF for 10
min, as indicated, were immunoprecipitated with the anti-ERK2
antibody, as described in Materials and Methods. Two thirds of
the reaction were assayed in an in vitro kinase assay using MBP
as an exogenous substrate (fop). The remaining third of the reac-
tion was analyzed by immunoblot with the anti-ERK? antibody
{boitom). The asterisk refers to the heavy chains of the Igs. Num-
bers on the right-hand side indicate the position of protein size
markers (kD).




ApPX....

Ta ES c¢€ivar kUTTOpO TIOU TIPETTEl va  aTro@acioouv  eav  Ba
auTtoavavewBbouv N av Ba diagopoTtroinbouv (kal o€ TI) o€ KABE diaipeon
TTOU KAVOUV.

AUTO €CapTATAl ATTO TO MIKPOTTEPIBAAAOV TOUG...QTTO TOUG TTAPAYOVTEG
TTou Ba £€pBouv o€ TTAPN.

MéExpi Twpa ywwpiloULUE...

Xwpic feeder cells Ala@opoTtroinon

Avakaiuyn LIF MovotraTia STAT kal ERK

Movotrarn ERK OXI atrapaitnto ya 1n diaripnon tng mToAuduvauiag
STAT3: AtrapaitnTn yia tn diatripnon 1nG TTOAUdUVANIaG.

Ouwc
Eivau amo pévn tng n STAT3 kavy yia va Olatnprnoel Tnv
TTOAUdUVAMIA;;;;
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OPQY (amapaitnToc yia TNV €mMRiwon TwV KUTTAPWY).

Mapoucia N2 ko B27 Tapayoviwv oT10 OpemTikd Ta KUTTAPA
TTapauévouv dwvrtava.

ETTopévwe Eva eUAOYO epwTnua Ba ATav.......

T1 Ba yivel av kaAAiepyriooupe Ta ES o€ BPeTTTIKO ...

ATtroucia Opou
[Mapoucia N2 kai B27
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Figura 1. LIF Plus BMP Sustain ES Cell Self-Rencwal in Serum-Free Madum

Oct4-GFP

Oct4-GFP

The cytokine leukemia inhibitory factor (LIF) drives
self-renewal of mouse embryonic stem (ES) cells by
activating the transcription factor STAT3. In serum-
free culiures, howewver, LIF is insufficient to block neu-
ral differentiation and maintain pluripotency. Here, we
report that bone morphogenetic proteins (BEMPs) act
in combination with LIF to sustain self-renewal and
preserve multilineage differentiation, chimera coloni-
zation, and germline transmission properties. ES cells
can be propagated from single cells and derived de
novo without serum or feeders using LIF plus EMP. The
critical contribution of BMP is to induce expression of
Id genes via the Smad pathway. Forced expression of
Id liberates ES cells fromm EMP or serum dependence
and allows self-renewal in LIF alone. Upon LIF with-
drawal, id-expressing ES cells differentiate but do not
give rise to neural lineages. We conclude that blockade
of lineage-specific transcription factors by Id proteins
enables the self-renewal response to LIF/STAT3.

10'°-

10° | _a LIF+BMP4
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Cumulative Oct4GIP
positive cells
S
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(A} Phase comtrast and fluorescent images of Oct4d-GiP cells culiured in N2B2T with the indicated factors. Tudd immunostaining detects
neurcnal differentiation; green fluorescence reflects activity of the Octd promoter in undifferentiated ES cells. Bar: 50 wm.

(B} Plot of cumulative Oct4-GFP positive undifferentiated ES cell numbers during progressive passaging in conventional medium with FCS
plus LIF or in N2B27 with LIF (10 ng/ml) plus BMP4 (10 ngdémi). Cultures weare passaged avery 48 hr using cell dissociation buffer and replated
at 4 = 10¢ cells par 10 cm?® well. The number of GFP-positive calls was determined by FACS analysis at aach passage.

{C) RT-PCR analyis of Octd, Nanog, T (brachyury), and Scx1 mAMNAs in (1) ES calls in N2B2T with LIF plus BMP for & passages, (2) ES calls
culiured in samm with LIF, {3) day 8 ambryoid bodies, and (4) day 8 embryoid bodies with retincic acid treatmment.
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The cytokine leukemia inhibitory factor (LIF) drives
self-renewal of mouse embryonic stem (ES) cells by
activating the transcription factor STAT3. In serum-
free culiures, howewver, LIF is insufficient to block neu-
ral differentiation and maintain pluripotency. Here, we
report that bone morphogenetic proteins (BEMPs) act
in combination with LIF to sustain self-renewal and
preserve multilineage differentiation, chimera coloni-
zation, and germline transmission properties. ES cells
can be propagated from single cells and derived de
novo without serum or feeders using LIF plus EMP. The
critical contribution of BMP is to induce expression of
Id genes via the Smad pathway. Forced expression of
Id liberates ES cells fromm EMP or serum dependence
and allows self-renewal in LIF alone. Upon LIF with-
drawal, id-expressing ES cells differentiate but do not
give rise to neural lineages. We conclude that blockade
of lineage-specific transcription factors by Id proteins
enables the self-renewal response to LIF/STAT3.

The definitive functional attribute of mouse ES cells is their capacity to re-enter embryonic development and contribute to the full repertoire of differentiated tissues in chimeric mice. We injected GFP

reporter ES cells into mouse blastocysts after propagation in N2B27 with LIF plus BMP for 3 weeks. Analysis at mid-gestation identified several chimeras with high ES cell contributions to a range of tissues. As a more
rigorous test, we used ES cells transfected with taugfp and selected and expanded in LIF plus BMP. Liveborn chimeras were obtained and two male animals transmitted the ES cell genome.
We investigated whether the response to BMP may be an adaptation of established ES cells to culture or is manifest during the initial stages of ES cell derivation. We plated blastocysts in N2B27 supplemented with

BMP plus LIF. After several days, expanded inner cell masses were dissociated and replated in the same culture conditions.
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Figure 2. Clonogenicity, Potency, and Deri-
vation of ES Cells in N2B27 with LIF Plus BMP
(A) CAG-taugfp transfectant colony isolated
by electroporation of E14Tg2a cells and se-
lection in puromycin.

(B} Single CAG-faugfp transfectant ES cell
and derivative colomy.

(C) Mid-gestation fetal chimera produced
from TP6.3 ES cells after 6 passages in N2B2T
with LIF plus BMP. GFP fluocrescence marks
ES cell progeny.

(D) Male chimera from CAG-taugfp trans-
fected ES cell with C57BIG mate and off-
spring. Agouti coat color denotes ES cell ori-
gin of offspring.

(E) Colony of first passage SF1 ES cells de-
rived in N2B27 with LIF plus BMP.

(F) Chimeras generated from SF1 ES cells
Bar: 50 wm.
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The cytokine leukemia inhibitory factor (LIF) drives
self-renewal of mouse embryonic stem (ES) cells by
activating the transcription factor STAT3. In serum-
free culiures, howewver, LIF is insufficient to block neu-
ral differentiation and maintain pluripotency. Here, we
report that bone morphogenetic proteins (BEMPs) act
in combination with LIF to sustain self-renewal and
preserve multilineage differentiation, chimera coloni-
zation, and germline transmission properties. ES cells
can be propagated from single cells and derived de
novo without serum or feeders using LIF plus EMP. The
critical contribution of BMP is to induce expression of
Id genes via the Smad pathway. Forced expression of
Id liberates ES cells fromm EMP or serum dependence
and allows self-renewal in LIF alone. Upon LIF with-
drawal, id-expressing ES cells differentiate but do not
give rise to neural lineages. We conclude that blockade
of lineage-specific transcription factors by Id proteins
enables the self-renewal response to LIF/STAT3.

Figure 3. BMP Signaling in ES Cells

(A) Reverse transcription-PCR analysis of
RNA samples from ES cells (1) in N2B27
with LIF plus BMP, passage 6, (2) in
serum plus LIF, no reverse transcriptase
control, (3) in serum plus LIF, (4) day 1
after plating in N2B27 without LIF or
BMP, and (5) day 5 without LIF or BMP.
(B) Immunoblots showing Smad1, erk

1 hour and p38 response to mock treatment

(non) or stimulation with LIF, BMP, or LIF
plus BMP for 15 min or 1 hr after
overnight culture in N2B27.

(C) Immunoblot showing STAT3 tyrosine
phosphorylation response to LIF, BMP,
and LIF plus BMP.

(D) Smad7 episomal transfectants
differentiate and express neural precursor
(Sox1-GFP) and neuronal (TuJ) markers
in the presence of serum and LIF.

(E) SB203580 (30 uM) p38 inhibitor does
not suppress either self-renewal in LIF
plus BMP or neural differentiation in LIF
alone. Oct4-GFP marks undifferentiated
ES cells and TuJ1 immunostaining
identifies neurons.

(F) Coimmunoprecipitation of active
Smad1 and STAT3 in ES cells. Left
panel: FLAG immunoprecipitates
following transfection with FLAG tagged
Smad1. Right panel: STAT3
immunoprecipitates from non-anipulated
ES cells. Cells were stimulated as
indicated for 1 hr.

Bar: 50 pm.
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The cytokine leukemia inhibitory factor (LIF) drives
self-renewal of mouse embryonic stem (ES) cells by
activating the transcription factor STAT3. In serum-
free culiures, howewver, LIF is insufficient to block neu-
ral differentiation and maintain pluripotency. Here, we
report that bone morphogenetic proteins (BEMPs) act
in combination with LIF to sustain self-renewal and
preserve multilineage differentiation, chimera coloni-
zation, and germline transmission properties. ES cells
can be propagated from single cells and derived de
novo without serum or feeders using LIF plus EMP. The
cnhc.al contrlhuhon of BMP is to induce expression of
“ria the Smad pathway. Forced expression of
s ES cells fromm BEMP or serum dependence
s self-renewal in LIF alone. Upon LIF with-
-expressing ES cells differentiate but do mot
» newural lineages. We conclude that blockade
-specific transcription factors by Id proteins
e self-renewal response to LIF/STAT3.

Figure 3. BMP Signaling in ES Cells

(A) Reverse transcription-PCR analysis of
RNA samples from ES cells (1) in N2B27
with LIF plus BMP, passage 6, (2) in
serum plus LIF, no reverse transcriptase
control, (3) in serum plus LIF, (4) day 1
after plating in N2B27 without LIF or
BMP, and (5) day 5 without LIF or BMP.
(B) Immunoblots showing Smad1, erk
and p38 response to mock treatment
(non) or stimulation with LIF, BMP, or LIF
plus BMP for 15 min or 1 hr after
overnight culture in N2B27.

(C) Immunoblot showing STAT3 tyrosine
phosphorylation response to LIF, BMP,
and LIF plus BMP.

(D) Smad7 episomal transfectants
differentiate and express neural precursor
(Sox1-GFP) and neuronal (Tud) markers
in the presence of serum and LIF.

(E) SB203580 (30 uM) p38 inhibitor does
not suppress either self-renewal in LIF
plus BMP or neural differentiation in LIF
alone. Oct4-GFP marks undifferentiated
ES cells and Tud1 immunostaining
identifies neurons.

(F) Coimmunoprecipitation of active
Smad1 and STAT3 in ES cells. Left
panel: FLAG immunoprecipitates
following transfection with FLAG tagged
Smad1. Right panel: STAT3
immunoprecipitates from non-anipulated
ES cells. Cells were stimulated as
indicated for 1 hr.

Bar: 50 ym.
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BMP Induction of Id Proteins Suppresses in combination with LIF to sustain self-renewal and

preserve multilineage differentiation, chimera coloni-

1 1 1 1 1 f - zation, and germline transmission properties. ES cells
Differentiation and Sustains Embryonic Stem Cell - zation. and germiinG trancmizsion proporiies. €3 colts
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Id genes via the Smad pathway. Forced expression of
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Qi-Long ‘flr‘lg, lJEtnan'H Nichols, lan Cham ' and allows self-renewal in LIF alone. Upon LIF with-
and Austin Smith drawal, id-expressing ES cells differentiate but do not
give rise to neural lineages. We conclude that blockade
of lineage-specific transcription factors by Id proteins

enables the self-renewal response to LIF/STAT3.

Figure 4. Expression and Function of Ids in ES Cells.
(A) LightCycler reverse transcription PCR analyses
of gene induction in response to LIF, BMP, or LIF
BMP. ES cells were cultured overnight in N2B27
alone, then stimulated for 45 min. (B) Northern
hybridization of Id mRNA expressionin Oct4-GiP
cells. Con: steady state EScells maintained in serum
containing mediumplus LIF. Lanes 2-11: Cells
cultured overnight in N2B27 without factors then
stimulated as indicated for 45 min. Fn, fibronectin.

Figure 5. Id Suppresses Neural Differentiation and Is
Required for ES Cell Self-Renewal (A) Phase contrast
and GFP fluorescence imagesof vector and Id3 stable
integrant 46Cclones after 6 days differentiation in
N2B27 without added factors. Id1 and Id2
transfectants showed similar suppression of neural
differentiation. (E) Overexpression of E47 blocks ES
cell selfrenewal, which can be rescued by increased
Id1. 46C/T ES cells were supertransfected with E47 or
cosupertransfected with E47 plus Id1 episomal
expression vectors and cultured for 6 days under
dual puromycin and zeocin selection in serum-
containing medium with LIF.

46C-vector

46C-id3




2NMATOO0TIKA povomatia & rtoAuvduvapia ESC

> 2ta kuttapa ES umapyouv untodoxeic ylia tov BMP-4.,

> H npocBnkn BMP-4 €xeL w¢ amotéleopa tn dwodpopuAAiwon tng Smadl.

> O BMP &ev enmnpedleL tn onpatodotnon peow STAT3 A Erk.

>0 BMP gnayel tnv €kdppoaon Twv Id.

»0L mapayovteg Id eival mpwteiveg mou ¢epouv to potifo bHLH kat aAAnAemibpolv pe
napayovteg E amopovwvovtag toug amno napayoviec bHLH pe Ogtikn dpdaon (r.x MASH-1)

> Kuttapa ES ta omoia untepekdppalouvv otabepa Id pmopolv va kaAAepynBouv napouaoia LIF ko

amoucio BMP dlatnpwvtag Tautoxpovwe tnv moAuduvapia touc.
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>Ta kuttapa ES amattouv mpokelpévou va moAAarmAooialovtal xwplc va Sladopormolouvrol
EKTOG aro LIF, kal opo.

> Av KaAALepynBouv xwpic opo,tote Sladopormolovvtal o€ MPOSpoa VEUPLKA KUTTOQA.

>Av KaAAlepynBolv xwpic LIF aAAda pe BMP tote Swadopomolouvtal PoC LECOSEPULKA KOl

OLLLLOTTOLNTLKA KUTTOPOL.




Embryonic stem cells are established directly from the
pluripotent epiblast of the preimplantation mouse embryo.

Physiological rationale for responsiveness of mouse embryonic stem cells 10 Tueir derivation and propagation are dependent upon

gp130 cytokines

Jennlfer Nichols'-", lan Chambers!, Tetsuya Taga? and Austin Smith’

Development 128, 2333-2339 (2001)

cytokine-stimulated  activation of gpl30  signal
transduction. Embryonic stem cells maintain a close
resemblance to epiblast in develop al potency and gene
expression profile. The presumption of eguivalence
between embryonic stem cells and epiblast is challenged,
however, by the finding that early embryogenesis can
proceed in the absence of gpl30. To explore this issue
further, we have examined the capacity of gpl30 mutant
embryos to accommodate perturbation of normal
developmental progression. Mouse embryos arrest at the
late blastocyst stage when implantation is prevented. This
process of diapause occurs naturally in lactating females or
can be induced experimentally by removal of the ovaries.
We report that gpl30-'~ embryos survive unimplanted in

Fig. 2. SSEA-1 immunostaining on
ICMs isolated from blastocysts delayed
for 6 days. (A) phase contrast, (B)
fluorescence (x40 objective). In situ
hybridisation for Sparc mRNA on
cultured ICMs from blastocysts delaved
for 6 days. (C) gpl30*'~, (D) gpl30~-

(%10 objective). ICM., proliferating
inner cell mass; VE, visceral endoderm;
PE, parietal endoderm.

the uterns after ovariectomy but, in contrast to wild-type
or heterozygous embryos, are subsequently unable to
resume development. Inmer cell masses explanted from
gpI30~  delayed blastocysts produce only parietal
endoderm, a derivative of the hypoblast. Intact mutant
embryos show an absence of epiblast cells, and Hoechst
staining and TUNEL analysis reveal a preceding increased
incidence of cell death. These findings establish that gpl130
signalling is essential for the prolonged maintenance of
epiblast in vivo, which is commonly regquired of mouse
embryos in the wild. We propose that the responsiveness of
embryonic stem cells to gpl30 signalling has its origin in
this adaptive physiological function.

Key words: Pluripotency, Blastocyst, Diapause, Epiblast, Self-
renewal, Stem cell, Mouse
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Fig. 4. Composite bright-field and fluorescence image of blastocyst
delayed for 3 days and stamed for TUNEL. Dead cells fluoresce.
Subsequent PCR analysis revealed that this embryo was gp/30-"—.
Images were collected using a %40 objective and Open Lab imaging
software.
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Fig. 5. Number of dead cells detected by
TUNEL analysis and Hoechst staining of
blastocysts from gpl 30*'~ intercross
matings delayed for 3 days. Wi'het,
combined gpf30++ and gpl+'—; null,
gpi30~"_ Emor bars denote standard
deviation. Using Student’s i-test
significantly more dead cells per embryo
are detected m the gpl 30~ category:
P<001 using TUNEL analysis; P<0.002
by Hoechst staining.
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2NMATOO0TIKA povomatia & rtoAuvduvapia ESC

>EuBpua ota omoia €xel yivel knock out eite to yovidio nmou kwdKomolel
to LIF eite to yovidio mou kwdikomoilel tn gpl30 &ev gudavilouv
nPoBANpATA LEXPL TO LECOV TNG EYKUHOOUVNC.

>0 poAog tou povomartiov LIF eivan n dtatipnon tng¢ moAvduvapiog Kata
™ duanawvon.

>Ta éuBpua ota omoia €xet yivelt knock out e&ite to yovidio mou
Kwdikomoel to LIF eite to yovidlo mouv kwdikonoiei to gpl30 dev unopouv
va avantuxfolv puololoyikd oe iepintwon dianavonc.



LIF ko duamavon

v EuBpuikA Stamavon: n rapodiki Stakorr tTne avartuéng tou epppuou.

v oAU ouvnOlopévn ota apBpodmnodoa.

v Tapatnpsitol os mMoANG €i6n BnAaotikwy riepimou 100 €xouv meplypadetl

v 0 puBuoc moAAAAQCLACHOU TWV KUTTAPWYV TNE BAaoTokVOTNG ETLBpadUVETaL
(oxebov otapatd)

v MEPLKEC LEPEC LEXPL KAL LEPLKOUC IVEC

v'3e vnAn evepyelakn katdotaon ATP/ADP

V' XounAr LETABOALKH Kol CUVOETIKY EVEpyOTNTOL

v YTIOXPEWTLKA OE HEPLKA £i6N ( vuxTepldeC, evtopodaya)- s€aoddlion yévvnong tou
HLKPOU TNV avolén

v Tleplotaotakr o€ GANO (TPWKTLKA, papoutodopa) (Stadopot reptBarlovikol Adyot)

v Emawvévapén tTnhe avamtuénc HETd amd aAlayr 0To OppoviKO tpodil TG HNTEPAC.
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Octd is a mammalian POU transcription factor ex-
Cell, Viol. 95, 379-391, October 30, 19948, pressed by early embryo cells and germ cells. We re-
; port that the activity of Oct4 is essential for the identity

£ y of the pluripotential founder cell population in the
Formation Of Pluripotent Stem Ce"S ; e W mammalian embryo. Oct4-deficient embryos develop

to the blastocyst stage, but the inner cell mass cells

in the Mam malian Em bl'yO Depends L e W8 are not pluripotent. Instead, they are restricted to dif-

- - ’ 4 i ferentiation along the extraembryonic trophoblast lin-

on the POU Transcription Factor Oct4 - . S cage. Furthermore, in the absence of a true nner call

" . b mass, trophoblast proliferation is not maintained in

Octd~'~ embryos. Expansion of trophoblast precur-

sors is restored, however, by an Oct4 target gene prod-

uct, fibroblast growth factor-4. Therefore, Octd also

determines paracrine growth factor signaling from
stem cells to the trophectoderm.

Jennifer Nichols,” Branko Zevnik,*S
Konstantinos Anastassiadis,T Hitoshi Niwa,*
Daniela Klewe-Nebenius,* lan Chambers,*
Hans Scholer,T and Austin Smith**¥

Figure 1. Morphology, Staining, and Cell Numbers of Embryos
from Intercross Matings of Oct4 Mutants (A) b-galactosidase
staining of 3.5-day blastocysts. Two embryos show light staining
characteristic of heterozygotes and two show the darker staining 3 i |
associated with homozygous mutants. Note the staining of the A

nurnber

inner cells in the latter (arrow). (B) Immunostaining of 3.5-day
blastocysts for Oct4. The panel shows three embryos with
immunoreactive ICMs and four nonstaining embryos. Seven out PR T e
of 32 intercross embryos examined at this stage failed to stain, N A e Cuiside
whereas the inner cell mass was strongly immunoreactive in all :
of more than 50 blastocysts examined from matings of wild-type
mice. (C) Confocal images after propidium iodide staining of two
of the embryos shown in (B), Oct4-positive (left) and Oct4-
deficient (right). (D) Inside and outside cell numbers determined
after differential labeling of freshly isolated 3.5-day embryos.
Individual specimens were recovered from the slides for
genotype determination by PCR. Data are means 6 SEM. There
are no significant differences within the groups (t test, P>0.75).
(E) Immunostaining of early morulae (2.5-day) for Oct4. Note the
nuclear localization in the two positively staining embryos. Three
out of 15 intercross morulae failed to stain, whereas 21/21
control embryos gave specific nuclear staining
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Figure 2. Outgrowth Cultures of Intercross Embryos (A—-C) Peri-implantation stage (5.25 days) wild-type (1/1) and
homozygous Oct4 mutant embryos (2/2) freshly dissected from nascent implantation sites (A) after overnight culture (B and
C). (D and E) Whole 3.5-day blastocyst cultures after 4 days. (F and G) Cultures of immunosurgically isolated internal cells
after 4 days. (D and F), Wild type; (E and G), homozygous Oct4 mutant. Objective magnification: (A) 34; (B—G) 310.
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Nanog acts in parallel with cytokine stimulation of
Stat3 to drive ES cell self-renewal. Elevated Nanog
expression from transgene constructs is sufficient for
clonal expansion of ES cells, bypassing Stat3 and
maintaining Oct4 levels. Cytokine dependence, multi-
lineage differentiation, and embryo colonization ca-
pacity are fully restored upon transgene excision.
These findings establish a central role for Nanog in
the transcription factor hierarchy that defines ES cell
identity.

(A) pPyCAGIP episomal expression vector. The plasmid carries a polyoma origin with the F101 mutation allowing episomal replication in ES
cells. cDNA is cloned directionally in place of the stuffer fragment within a transcription unit linked to the puromycin resistance gene (pac)

through an IRES.

(B) Reduced background of self-renewal in ES cells deleted for the lifr gene. E14/T or the lifr targeted subclone, LRK1, were transfected with
pPyCAGIP and plated at 10° per 9 cm petri dish. Selection was applied 30 hr later and plates stained for alkaline phosphatase after 12 days.
(C) Logic of the expression strategy. Plasmid directing ES cell self-renewal amplifies during ES cell propagation and can be recovered and

enriched by further rounds of selection in ES cells.

(D) Colonies of LRK1 cells expressing Nanog cDNA from the pPyCAGIP episome in the absence of cytokine; left, colony morphology; right,

in situ hybridization for Oct4 mRNA.

(E) Quantitation of stem cell colonies formed following transfection of LRK1 cells with pPyCAGIP derivatives carrying no insert (0), Nanog
cDNA, or Nanog ORF. Data are the average of at least three independent experiments; bars indicate standard deviations.
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Figure 3. Expression of Nanog in Pluripotent Cell Lines

(A) Hybridization of RNA from MEFs and from MEF/ES cell cocultures used for library construction. 1 pg pA™ RNA was loaded per lane and
hybridized with probes for Nanog cDNA (left), GAPDH (right), and Nanog ORF (middle). Positions of RNA markers (kb) are shown to the left.
(B) Nanog in situ hybridization of a MEF/ES cell coculture (left) and a feeder-free culture in which an undifferentiated cluster of ES cells is
surrounded by differentiated cells (right); bars are 50 pm.

(C) Nanog expression in cell lines. RNAs were from PSMB, PC13.5, F9, PSA4 and P19 EC cells; CGRS8, ES cells; PE, D7-A3 parietal endoderm-
like; EG, embryonic germ cells; PYS, parietal yolk sac; NIH3T3, fibroblasts; BAFB03, pro-B cells; MEL, erythroleukaemia; B9, plasmacytoma.
(D) Human nanog RNA is expressed in EC cells. RNAs were from embryonal carcinoma (GCT27) (Pera et al., 1989) and lymphoid (Jurkat) cells.
(E) Nanog is downregulated during ES cell differentiation. E14Tg2a cells were induced to differentiate by application of retinoic acid (RA) or
3-methoxybenzamide (MBA) for the number of days shown.

(F) Lack of detectable Nanog mRNA in adult tissues. RNAs were: 1, CGR8 ES cells; 2, adipose; 3, kidney; 4, liver; 5, heart; 6, spleen; 7, brain;
8, bone marrow; 9, tongue; 10, eye; 11, oviduct; 12, thymus; 13, skeletal muscle; 14, skin; 15, ovary; 16, seminiferous vesicle; 17, lung.
Northern analysis was performed by sequential hybridization with probes for nanog, GAPDH, and oct4 (C and E), hnanog and GAPDH (D),
and nanog and GAPDH (F).
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ps of 1, 2, and & cells.

: early blastocyst. Bottom:
blastﬂ-cysts at expanded hatched, and implanting stages. Embryos
were hybridized in the same reaction and stained for the same time.
All panels are shown at equal magnification.

(B) E11.5 genital ridges from female (top) and male (bottom) em-
bryos. Hybridization appears Io-hallzed to the primordial germ cells
overlying the somatic tissue.




Call, Vol. 113, 643655, May 30, 2003, {

Functional Expression Cloning of Nanog,
a Pluripotency Sustaining Factor
in Embrvonic Stem Cells

lan Chambers,* Douglas Colby,

Embryonic stem (ES) cells undergo extended prolifera-
tion while remaining poised for multilineage differenti-
ation. A unique network of transcription factors may
characterize self-renewal and simultaneously sup-
press differentiation. We applied expression cloning in
mouse ES cells to isolate a self-renewal determinant.
Nanog is a divergent homeodomain protein that di-
rects propagation of undifferentiated ES cells. Nanog
mRNA is present in pluripotent mouse and human cell
lines, and absent from differentiated cells. In preim-
plantation embryos, Nanog is restricted to founder

Manog acts in parallel with cytokine stimulation of
Stat3 to drive ES cell self-renewal. Elevated Nanog
expression from transgene constructs is sufficient for
clonal expansion of ES cells, bypassing Stat3 and
maintaining Oct4 levels. Cytokine dependence, multi-
lineage differentiation, and embryo colonization ca-
pacity are fully restored upon transgene excision.
These findings establish a central role for Nanog in
the transcription factor hierarchy that defines ES cell
identity.

Morag Robertson, Jennifer Nichols, Sonia Lee, cells from which ES cells can be derived. Endogenous

Susan Tweedie, and Austin Smith

Figure 5. Reversibility of gp130 independent self-renewal (A)

- . Schematic of floxed Nanog expression vector. The LoxP sites

e i are positioned in the second exon of the CAG cassette and

—CAG between the terminator sequence and egfp such that following
Ef1 EE4:0E Cre-mediated recombination CAG directs expression of egfp.

EF1C3:Cre (B) Northern analysis before and after Cre excision. The blot

. & 100 ar was hybridized sequentially with the indicated probes. EF1,

= . ok E14Tg2a subclone carrying the floxed transgene; EF1C1, EF1

: OhLIF-05
" ‘ e subclone following Cre-mediated excision.

(C) Removal of Nanog cassette restores LIF dependence.
E14Tg2a F1 EF1C3 ZIND ZF5 ZFSC ZF6 ZFEC ZF10 ZF10C

IRES pacpASTOP EGFPpA GAPDH

ZF5,6,10:0E
ZF5C3:Cre

Parental ES cells, transfectants expressing the nanog
transgene, and their Creexcised derivative lines were analyzed
following plating at clonal density in the indicated culture
conditions; 0, no addition; LIF, 100 U/ml LIF, hLIF-05, LIF
antagonist. After 6 days culture, pure alkaline phosphatase
positive colonies were quantitated; left, E14Tg2a and
derivatives, data are the means of at least three determinations;
right, Zind0 and derivatives, single determinations from a
representative experiment.

(D) Morphology of Nanog-expressing cells and Cre-excised
derivative in the absence of cytokine (0), in 100 U/ml LIF (LIF)
or in the presenceof hLIF-05.

uniformly undifferentiated colo
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2NMATOO0TIKA povomatia & rtoAuvduvapia ESC
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The phenotypic effects of gene-targeting
experiments in mice. This figure depicts the
phenotypic effects of gene-targeting experiments in
mice that provided insights into the pluripotency of
embryos and embryonic stem cells. Oct4—/-
(octamer-binding transcription factor-4), Nanog—/—,
Stat3—/— (signal transducer and activator of
transcription-3), gp130-/- (glycoprotein-130), Lif —/-
(leukaemia inhibitory factor) and Lifr —/— (LIF
receptor) embryos can develop to various stages in
vivo— as highlighted by the outer ring in the figure,
but they all fail (truncated line from the ring to the
centre) to yield ESCs (embryonic stem cells) in vitro
(see centre of the figure). So, ESCs need factors that
neither the ICM (inner cell mass) nor the primitive
ectoderm require. It is important to make clear that
ICM and ESCs might be equivalent but are not equal.
ESCs might only represent some aspects of the
natural embryo, and studying cells and phenomena
in vivo is indispensable. E1.5, E3.5, E8.5 and E18.5
represent the number of days of embryonic (E)
development, although developmental stages
following E10.5 should properly be referred to as
fetal.
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Figure 4. Transcriptional Regulatory Motifs in Human ES Cells s
(A) An example of feedforward transcriptional regulatory circuitry in
human ES cells. Regulators are represented by blue circles; gene Mhesodem
promoters are represented by red rectangles. Binding of a regulator bty
to a promoter is indicated by a solid arrow. Genes encoding regula- PR e e
tors are linked to their respective regulators by dashed arrows. Endoderm
(B) The interconnected autoregulatory loop formed by OCT4, SOX2, Exia-embryonic/Placenta

and NANOG.

Figure 5. Core Transcriptional Regulatory Metwork in Human ES
Cells
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Dishevelled

Self-renewal

Inhibition of GSK3 prolongs the existence of B-catenin, causing it
to accumulate, increasing the pool, which can translocate to the
nucleus and activate gene expression. BIO has been shown to
be able to maintain pluripotency of mouse and human ES cells
in the absence of LIF (Sato et al., 2003). In a similar vain
activation of Wnt signaling indirectly by removing the inhibitory
effect of APC sustains pluripotency, suggesting the Wnt
signaling is required for self-renewal (Kielman et al., 2002). In
addition, treatment with Wnt3a was found to stimulate hES cell

proliferation (Singla et al., 2006).
L.Quinlan (2011). Signaling Pathways in Mouse Embryo Stem Cell Self-Renewal,
Embryonic Stem Cells - Basic Biology to Bioengineering, Prof. Michael Kallos (Ed.),




Table 1

Gene expression analyses of franscription factors in cell pluripotency and embryonic development
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FIG. 1. Undifferentiated state-specific expression of the LR/Nanog-GFP transgene. (A) Structure of the LR/Nanog-GFP transgene containing
3'- and 3'-flanking regions. P, Pvull; X, Xbal; B, MI N, Neol. (B) Southern blot hybridization analysis of TG6 and TG7 transgenic cell lines
and the parental R1ES cell line. The transgene-specific 3.4-kb Pyvull-Bglll fragment and the 4.1-kb Xbal-Ncol fragment were detected with 5’ and
3" probes, respectively. (C) Expression of GFP in undifferentiated (UUD) TG6 ES cells. GFP expression was visualized by fluorescence microscopy
and Western blot hybridization analysis with anti-GFP antibody. Histone H3 was used as a control. (D) Expression of GFP restricted to
undifferentiated ES cells located in the middle of 5-day-old EBs and in the center of colonies 3 days after culturing of 5-day-old EBs
(E) Down-regulation of GFP expression by in vitro differentiation with retinoic acid (RA) treatment for 5 days. (F) Western blot hybridization
analysis of GFP and endogenous NANOG during RA-induced cell differentiation. Histone H3 was used as a control.
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GTC the mouse 5'-flanking region between positions —332 and —154. Octamer ( and Sox elements are outlined in red and blue, respectively.
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TTTTGCAT “mm & D) bequence mutations introduced into Qctamer and/or Sox elements. (E) Luciferase assays with the 5'-end fragment with or without

mutations in Octamer and/or Sox elements in R1 ES, F9 EC, and NTH 3T3 cells. Luciferase activities are shown relative to those of pGL3-Basic.
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Bars represent the means * standard errors of three independent experiments.




OKTOMEPN KOl OTOLYELOL SOX GTOV UTTOKLVNTH TOU nanog
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Mye-OCT4 = -
HAEOXZ —

ocT4

Mye
S0k2
Hi&

ACTIN  —— e i — — OCTAMSON R e

B. SOX7 s

Oct Sou OCT4
Fglé-preda 1 5 mﬁm'ﬂﬂ'ﬂftlnﬂ‘;ﬂﬂrﬂi BACAAACIACGTTTTCTA S
11 |

B in
Hanog-probe : 5 CCTTACAGCTTOTTTTGEA

11 11
- TCCATGGTEEACCE ¥

DI A OcvBox
(THITTHEEA luciterase

Relative value to pTK-Luc
- 1 2

FIG. 4. Binding of exogenous OCT4 and 50X2 to Octamer and Sox elements in COS-1 cells. {A) Western blot hybridization analysis of
exogenous Myc-tagged OCT4 and HA-tagged SOX2 expression with anti-OCT4, anti-S0X2, anti-Myc, and anti-HA antibodies. Actin was used as
a control. (B) DNA sequences of Nanog and Fgfd probes. Octamer (Oct) and Sox elements are outlined. {C) EM5A with Nanog and Fgfd probes
and CO5-1 cells. Bands of the OCT4-DNA, SOX2-DNA, and OCT4/50X2-DNA complexes are indicated. (D) Cotransfection reporter assays with
Octd and Sox2 expression constructs in NIH 3T3 cells. Bars represent the means * standard errors of three independent experiments.




m 2toxol twv Oct4, nanog Kat Sox2

Crossdink Chromatin

Nelpapata ChlP oe emimedeo yovidlwpoTOC Kol

gnmakoAovBn aAAnAovyLon.
OCT4, Sox-2 NANOG oOTtovV TIOVTIKO KOL OTOV

avOpwro..

Revarse Creaslinks
Purify DHA




2toxotl twv Oct4, nanog Kat Sox2

Table 2. Examples of Inactive Homeodomain Genes Co-occupied by OCT4, S0X2, and NANOG

Gene Symbol Entrez Gene ID

Gene Name

ATBF1 463
DLX1 1745
DLX4 1748
DLX5 1749
EN1 2019
80712
2637
145256
84525
3211
3213
3221
3651
3670
10660
9355
64211
4211
4821
159296
HTS
23440
5013
5080
7080

AT binding transcription factor 1

distal-less homeobox 1

distal-less homeobox 4

distal-less homeobox 5

engrailed homaolog 1

exfraembryonic, spermatogenasis, homeobox 1-like
gastrulation brain homeobox 2

goosecoid

homeodomain-only protein

homeobox BA

homeobox

homeobaox G4

insulin promoter factor 2

ISL1 transcription factor, LIM/homeodomain (islet-1)
transcription factor similar to D. me/anogaster homeodomain protein lady bird late
LIM homeobox 2

LIM homeobox 5

myeloid ecotropic viral integration site 1 homolog (mouse)
MK2 transcription factor related, locus 2 (Drosophila)
MK2 transcription factor related, locus 3 (Drosophila)
one cut domain, family member 1

orthopedia homolog (Drosophila)

orthodenticle homolog 1 [Drosophila)

paired box gene &

thyroid transcription factor 1

2Ta KateoTaApeEva yovidla tepthapBavovtol moAAol petaypodLKol TapayovTEeC
Ttov gveyovtal otn dtadopormnoinon.




JUYKpLoN TWV MPOTUTIWV
ekppaonc twv 353 yovidiwv ota
omola mpoodevovtal ot Octd
Sox2 kol nanog MeToL twv ES
kKat 79  SiadopornolnpueEvwY
KUTTapWKwy  TtUmwv. Eudaon
otnv ovaluon TN €Ekdpaong
LETAYPAP LKWV TTAPOYOVIWV.

| ES Cells
Thyroid, Prostate
Lung, Uterus
Neuronal
Islet, Liver
Kidney, Heart

I Ganglia

| Testis
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PuOpuotika kukAwpata ota ES ... moAutAokotnta

Nanog SELEX motif Sox2 SELEX motif
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Nanog-Sox2 SELEX motif
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PuOpuotika kukAwpata ota ES ... moAutAokotnta

Mepitrou 1O 1/3
TWV TTPWTEIVWYV
TTOU  OAANAE€TTI-
OpoUVv pE TN
Nanog eptTAé-
KOVTOIl O€ ETTIYE-
VETIKOUG MNnXo-
VIGHOUG....




Emwyevetikoi pnxoviopoi

2 2ta epBpuika BAaotika kUTTopa ekdppaletal to 30-60% Twv yovidiwv (evw ota
Sladopormotnpeva LoAg 10-20%)

2 EmMopevVwG €va PLeyAAO TTOOOOTO TNG XPWHATIVNG €XEL avolytn Stapopdwon.

A0l  ETYEVETIKEC  TPOTIOTIOLAOELG adopolv  ocuvABwG  ANMOCLWINAOCEL KOl
npaypatonololvtal HE 3  pNXaviopouc: peBuAiwon tou DNA, TPOTIOTIOLACEL TWV
LOTOVWV/100UOPPEC LOTOVWV Kal pavopeva ou e€aptwvtot amo to RNA.

MeBuAiwon DNA {

P

>

A 4

TpOTMOTOLNOELC LOTOVWV {



Emwyevetikoi pnxaviopoi-Me0Ouiiwon

2 H peBuiiwon adopa katalouta C otn aAAnlouvxia CpG kKol KataAUetal amnd eLOLKEC
pnebulotpavodepdoec.

22€ MOAAOUC uTtoKLVNTES (25-40000) evtomilovtal vnoidec CpG >500bp pe CG content mavw
amo 50%). OLvnoidec ouvnBwg Sev pebBuliwvovtal.
2 H peBuAiwon twv vnoldwv €XeL WC AMOTEAECHA TNV ATTOCLWTTNON.

-Dnmt 3A and 3B
-Dnmt 1

2 Ta knock out twv Dnmt 1 kat 3B eival Bvnolyova katd tnv avamntuén n apéocwc peta (3A
otnV 4n eBdopada {wng). Na aAlec Dnmt dyvwotog poAoc (Dnmt2 p Dnmt3L).

201 Dnmt aAAnAembpoulv pe:

1. ATTOKETUAQLOEC LOTOVWV

2. KataotoAeic tng petaypadnc (m.x pRb).

3. Oykoyovidia (PML-RAR).

4. methyl CpG binding proteins (Mecp2/1, mbd2, mbd3) mouv aAAnAemdpoUV LE TTPWTEIVEC
TIOU TPOTIOTtoLoUV TN XpWHATLVN.



EmuyeveTikol pNXaVIOUOL - LOTOVEC

7 TPOTIOTIOLOELG TWV LOTOVWV
2loopopPEc LoToVWY

ZEvlupa.  TIOU  TPOTIOTIOLOUV  TLG

LOTOVEC.
AZUYXPOVLIOUOG TPOTIOTIOLNCEWV
KOLTAL TNV QLVATTTUEN

2MNpwrteivec mou aAAnAemidpouv pe
TPOTIOTIOLNEVEC LOTOVEG

720 KWOLKAG TWV LOTOVWV.

H2A Ac-SGRGKQGGKARA. . AVLLPKKTESHHKAKG K-COOH
1 5

H2B NHo- PEF’VKSAPVPKKGSKKAINK NKYTSSK-COOH
12 1415 20 120 (123 in yeast)

Me Me Me
MeP C’ IACP P Me AC AC e A,;P Mz M

H3 NHo- ARTKQTARKSTGGKAPRKQLASKAARKSA..GVKK..EFKTD ..
2 a4 91011 14 1718 23 262728 36 79

P Me Ac. I', Ac hﬂlc Me

H4 Ac-SGRGKGGKGLGKGGAKRHRKVYLRDNIQGIT ..

1 3 5 8 12 16 20 .
8 Current Biclogy

Peterson CL et al, Current Biology, 2004



EMLYEVETIKOL LNXOVLOOL - LOTOVEG

Canonical cora histone

Transcriptional activation

Kinetochore assembly

Canonical core histone

H2 A% DNA repair and recombination,
major core histone in yeast

H2AZ Gene expression,
chromosome segregation

macroH2A X chromosome inactivation,
transcriptional reprassion

H2ABBD Transcriptional activation?

Canonical cora histone

Canonical core hislone

OL VOUKAEOOWLKEC LOTOVEC KOL-OL LOOUOPPEC TOUG




EMLyevETIKOL LNXOVIOMOL - LOTOVEC

Aketullworn: HATs - CBP,p300, GCNS5, ATF2, Tip 60...
Anaketudiwon: HDACs- class | and Il

Meduliwon oe kataloura:

Auoivng: SET-domain HMTase kot non-SET domain HMTase (Dot1)
Apywivng: PRMT family, CARM1

Anoueduliwon: LSD1

OvBikouttiviAlwon: ubiquitin conjugase Rad6/ligase Brelfor H2B

Amo-OuBikouttividiwon: SAGA-associated Ubp10



EMLYEVETIKOL LNXOVLOOL - LOTOVEG

& Primary (-10 kb) ciz-acting glements b Secondary (-100 kb) histone modifications

-n—n—?—n—‘ﬁ'u'LcrLa“‘u]—d-u-ﬁ—aQ—%-

€ Tertlary (~1,000 kb) active chromatin hub d Tertiary (~1,000 kb) chromosome tarritonas

e
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Mature Reviews | Genetics

Nuclear architecture and histone code
( Heterochromatin vs. Euchromatin )




Emwyevetikot pnyoviopoi - MeOuAiwon DNA/LoTOVEC

Transcriptionally
Incompetent
Heterochromatin

Transcriptionally
Inducible
Chromatin

Transcriptionally
Competent
Euchromatin

DMNA Methylation

istt}ne Acetylation

Inactive X-chromosome
Silenced Imprinted Genes
Alu, LIMEs, SINEs
Pericentromeric Hepeats

Environmentally
Responsive Genes

Developmentally
Responsive Genes




Emwyevetikol pnxaviopoi - RNA?

Short interfering RNA (siRNA)

Micro RNA (miRNA)
Double-stranded RNA (ds RNA)
Short heterochromatic RNA (sh RNA)

transcripts from repeated sequences (ALU, LTR)

- Active chromatin

Histone methylation directed
by heterochromatic siRNAs

* ¥ % % %

Silent chromatin
TITTTTTITTTTITT I




Emwyevetikol pnxaviopoi

Histone deposition
and exchange —*

MNuclear

DMNA methylation

!

Histone code

NN

organization RMNA

’ Chromatin
— ™ remodeling

Untranslated
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Emwyevetikol pnxaviopoi oto ESC

2 2ta moAuvduvapa ESC ota omnoia petaypadetal to 30-60% twv yovidiwv Bewpeital
OTL N 6OUN TNG XPWHOATILVNG ELVOL YEVLKA KETILTPETITLKN» YLOL TN LETAYPAPLKI) LNXOVH.

2 OL ETEPOXPWUATIVIKEC TEPLOXEC epdavilovtal katd tn Sdtadopomnoinon. H HP1
OLaxuTn ota TMOAUSUVOO- EVIOTILOMEVN OTLC ETEPOXPWHOTLVIKEG €0TIEC KOTA TN
Sdladopormnoinon,.

2 Kata tn Stagdopomnoinon avéavovtal ta enineda tng H3K9me3 kal evowHATwOonN
TNG macroH2A.

2 MeAetec TNG SUVAULKAC TNC XpwpaTivng €xouv deitel otL n doun eival e€alpeTika
OUVOLULKN - OVTLKOTOLOTALOELG OTOLXELWV O€ TTOAU LLKPA XPOVLKA SlooTrpaTaL.



Emwyevetikol pnxaviopoi ota ESC

2 2ta moAuvduvapa ESC moAAd yovidia pepouv “duttr) onpavon” (bivalent mark)

2TOUC UTIOKLVNTEC TTOAAWV oavamtuélokad eAeyxopevwv yovidiwv (Sox, Hox, Pax, kat Pou)
QUTAVTA TOLUTOXPOVWCE onpavon ne Betikn 6paon (H3K4me3) kat orjpavon pe apvntikr dpaon
(H3K27me3).

2Kata tn Oladopormoinon amaloilpetal €ite n apvntiky onuovon (ov otn yevealoyla

EKPPALETOL TO OUYKEKPLUEVO Yovidlo) eite n Betikn onuavon (av otnv v AOyw KUTTOPLKNA

yYeveaAoyla TO OUYKEKPLULEVO Yovidlo dev ekdpaletal)

Miﬂerenmum : Silent

« HIK27me3
*HIK4med

Fig. 1. Many developmentally regulated loci are marked with

bivalent domains. Genes poised for activation are often -
simultaneously enriched for activating H3K4me3 and repressing A{:t.l ve
H3K27me3 marks. Upon differentiation, these opposing

modifications are resolved depending on transcriptional activity.

J. Cell. Physiol. 219: 1-7, 2009.



Emwyevetikol pnxaviopoti oto ESC

22ta moAuvduvapa ESC moAAd yovidia twv omolwv n €kppaon odnyel o€
OlapOPOoTOLNoN KOTOOTEAAOVTOL MECW TNG O6pAONGC TWV  KOTOGTOATLKWV
ocuunAokwv Polycomb (PRC1, PRC2).

2To PRC1 ouykpoteital ano 10 vrtopovadec petafl twv omoilwv kot ot Ringl A ko
1B, Bmil kot Cbx8. OuBikovitviwon tn¢ Avoivng 119 tnc totovng H2A

ATo PRC2 ouykpoteital (core) aro tic Ezh2, Suz12, and Ee D. To PRC2 kataAvEL TN
oL kal TpL- peBUAiwon tnc H3 otnv Avoivn 27.

2 Adpavoroinon moAAwV amo ta yovidia twv PRC £xeL w¢ amotéAeopa tpofAnpota
oTNV avarmtuén.



Emwyevetikol pnxaviopoi ota ESC

2H dopn tng xpwpoativng mailel onUavilkd poAo otnv ékdpacn Twv yovidiwv mou
ekppalovral ota ESC.

2 H ekppaon tou Nanog eAEyxeTal amo OTOLXELO TTOU ATOVTOUV avVOSLKA OTIO QUTO
(160kb).

ATa otolxela avta (Dnase | hypersensitive sites) avayvwpilovtal amo plo celpad
niapayoviwy moAvduvapiog mou aAAnAemibpouv ennpedlovrtac tn Stapopdpwon tTng
Xpwpativng oxnuoatifovtog pia dopn mou evepyormolel tn petaypadry. To cUUTAOKO
QIocuyKpoTeital anovoia Oct4

J. Cell. Physiol. 219: 1-7,
2009.




Emwyevetikol pnxaviopoi ota ESC

AAvalvoelg oe emimebo yoviblwpoatog oe ESC €xouv Oeiéel OTL Tt OUMMAOKA QUTA
gvtomnilovtol o€ VOUKAEOOWHOTA OTa oTtola amavta eniong tplueBuAlwpevn H3K27.

ATa yovidla mou eAeyyxovtal amno ta PRC1 kat PRC2 eival yovidla ta omoia evepyormolouvtol
kata tn Stadopormnoinon.

2Me ta ocupmAoka aAAnAemibpolv Kol TPWTIElveC ToOU Tpomomnmolouv Lotoveg (mx Rbp2
amopeBuAdon Avcivng)- edw n amopeBUAlwon evioXVEL TNV KATAOTOAN TG Ekdpaonc.
2Avtiotpodn O6pdon epdavilouv TA CUUMAEYHOTO OTO OTOLO CUMMETEXOUV TIPWTELVEC
Trithorax.

A B

H3K27me3

B Histone demethylases cooperate with Polycomb or
Trithorax complexes to promote histone modifications in order to
mediate transcriptional (A) repression or (B) activation.




Emwyevetikol pnxaviopoi ota ESC

2 H Oct4 eAeyxel TNV ekdpaon yovidiwv TouU TPOTOTMOLOUV LOTOVEG.

201 amopebulaocec twv lotovwv Jmjdla kat Jmjd2c eiaval otoxol tng Octd. Zta ESC n
amouoia tne Jmjdla €xeL wg amoteAeopa TNV anovacia MoAAwv yovidiwv mou cuvdEovtal pe

tnv moAvduvapia. EnutAcov ta kuttapa Stadopormnolovvral.
2AN\A n Jmjd2c amatteital yla tnv Ekppacn tng Nanog

Fig. 4. The histone demethylase, Jmjd2c participates in a
transcriptional circuitry that promotes expression of pluripotency
specific transcription factors. Oct 4 activates the expression ofdmjd2c
by directly binding to the dmjd2c promoter. Jmjd2c is then recruited
to the Nanog promoter where it catalyzes demethylation of
H3K9me3, preventing the repressors, KAP1 and HP1 from binding.

J. Cell. Physiol. 219: 1-7, 20009.



Embryonic Stem Cell Lines
Derived from Human
Blastocysts

James A. Thomson,* Joseph Itskovitz-Eldor, Sander S. Shapiro,
Michelle A. Waknitz, Jennifer ). Swiergiel, Vivienne S. Marshall,
Jeffrey M. Jones

SCIENCE VOL 282 6 NOVEMBER 1958
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> AvOpwriva ES umopouv va

dnUloupynoouV  TEPATWHOTA  OF

novtikiae SCID. Ita TeEpATWHOTO
amavtwvtal Stadopes SOUEC:

A: Soun mou polalel Pe EVIEPO

B: veupoeminBOALaKESG pOlETEG

C: ootitng LoTo¢

D: xovépog

E: YpQUUWTOG Lug

F: omelpdapota.

214



AvBpwrmva kUttapa ES

Ta avBpwmiva euPpuikad PAaoctokuttapa OSwadpEpouv amo Ta  euPpuika
BAaocTtokUTTOPA TOU TTOVTLKOU:

> KaAALepyouvtot SUOKOAOTEPA ATTO AUTA TOU TTOVTLKOU.

>Mapott ekdppalovv Oct-4 kot nanog kot Sox2 6ev exkdpalouv AAAOUC
XOPOKTNPLOTLKOUC SEIKTEC TTOU €lval tapovTteg ota ES Tou movtikoU.

»Aev e€aptwvtal arno LIF.

> Xpelalovtal TpodLka kuttapa kot bFGF.

Alk.phos
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Maintenance of pluripotency in human and mouse
onic stem cells through activation of Wnt signaling
by a pharmacological GSK-3-specific inhibitor

Noboru Sato!, Laurent Meijer®”, Leandros Skaltsounis?, Paul Greengard? & Ali H Brivanlou!

Human and mouse embryonic stem cells (HESCs and MESCs, respectively) self-renew indefinitely while maintaining the
ability to generate all three germ-layer derivatives. Despite the importance of ESCs in developmental biology and their
potential impact on tissue replacement therapy, the molecular mechanism underlying ESC self-renewal is poorly understood.
Here we show that activation of the canonical Wnt pathway is sufficient to maintain self-renewal of both HESCs and MESCs.
Although Stat-3 signaling is involved in MESC self-renewal, stimulation of this pathway does not support self-renewal of
HESCs. Instead we find that Wnt pathway activation by 6-bromoindirubin-3’-oxime (BIO), a specific pharmacological inhibitor
of glycogen synthase kinase-3 (GSK-3), maintains the undifferentiated phenotype in both types of ESCs and sustains
expression of the pluripotent state-specific transcription factors Oct-3/4, Rex-1 and Nanog. Wnt signaling is endogenously
activated in undifferentiated MESCs and is downregulated upon differentiation. In addition, BlO-mediated Wnt activation is
functionally reversible, as withdrawal of the compound leads to normal multidifferentiation programs in both HESCs and
MESCs. These results suggest that the use of GSK-3-specific inhibitors such as BIO may have practical applications in
regenerative medicine.

NATURE MEDICINE VOLUME 10 | NUMBER 1 | JANUARY
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Phospho-Stat-3

Relative intensity

6,000
5,000
4,000

CM

Non-CM LIF

BIO: inactivates GSK3

Figure 2 MESCs and HESCs
can transduce Wnt signaling
when treated with BIO.

A) Chemical structure of BIO
and MeBIO.

B) Confocal images of H1 cells
grown under the indicated
conditions and incubated with B
catenin-specific antibody. CM,
conditioned medium; non-CM,
nonconditioned medium. HESCs
cultured with BIO showed
nuclear accumulation of B-
catenin.

BIO (2 uM)

cJ7 undifferentiated state of

T —

Stat3 — e G =
Phospho-ERK-1/2 L s -y *
ERK-1/2 — — — — — —

Figure 1 LIF-induced Stat-3 activation is
not sufficient to maintain the
HESCs (d)
BN Intensity of Oct-3/4 expression under each
condition, as quantified by an image-
analyzing system. (e) Western blot
analysis using the indicated antibodies of
H1 and BGN1 HESCs and CJ7 MESCs
treated with or without LIF.

Figure 3 Immunofluorescent images of
CJRex-Y cells cultured under the
indicated conditions. Cells incubated with
BIO showed robust YFP
expression and, to some extent, more
compact colonies (inset) than
LIF-treated cells

Figure 4 Activation of Wnt signaling
by BIO maintains the undifferentiated

state of HESCs Most cells treated

with  BIO had strong Oct-3/4
expression and
compact, undifferentiated morphology.

MeBIO 2 uM




ZnHatodotika povomnatia & rtoAvduvapia ESC
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ESC kot Epi ESC

O TE and derivatives

@ EPland derivatives s “
T ES cell
. PE and derivatives A w EplSG
: \‘
Future
mesoderm and
il Implantatlon Future endoderm

Compacil Cawtatlon
E3.5 E4.5 E5.5 ectoderm E6.5 emerging from

E05 E2.25 and  E25 E2.75
zygote 8-cell  polarization 8-cell 16-cell 32 cell 64-cell >100-cell prestreak gastrulating

embryo embryo morula morula early blastocyst  late blastocyst embryo (streak) embryo

Figure 1.1 Schematic overview of early mouse development and origins of pluripotent stem cell types. The totipotent zygote undergoes
three rounds of cleavage, producing an 8-cell embryo, which then undergoes compaction and polarization. From the 8-cell stage onward,
cell divisions produce two populations of cells: outside cells, which will become the trophectoderm (TE), and inside cells, which will form the
inner cell mass (ICM). The ICM further segregates into the primitive endoderm (PE) and the pluripotent epiblast (EPI) by the blastocyst stage.
The EPI matures after implantation and gradually loses pluripotency when gastrulation commences at E6.5 (E, embryonic day). During gas-
trulation, the three germ layers are formed: mesoderm and endoderm precursors migrate through the primitive streak, while nonmigrating
EPI cells form ectodermal tissues. Two types of pluripotent stem cells can be derived from the EPI at indicated stages: embryonic stem (ES)

primitive streak

cells and epiblast stem cells (EpiSCs).




Anopovwon ESC novtikou
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Anopovwon ESC novtikou

Insulin

Activin A
or TGFR °

Insulin
or stress

Potentia z-spiecies differences
-— - Potential link

Figure 2 | Signalling pathways and their influence on naive and primed pluripotent states. Different signalling
pathways can positively or negatively regulate naive and primed murine pluripetent stem cells. Mate that the majority

of the signalling pathways shown have opposing effects on the naive and primed plunipotent states in mice (for example,
the leukaemia inhibitony factor (LIF—=ignal tranzducer and activator of transcription 3 (STAT3) and fibroblast growth factor 2
(FGFZHERK signalling pathways). It iz important to highlight that other pathvways not included in this scheme are kely to
also be involved in such requlation and will probably be further characterized in the future. Such pathways may includs
HIFFQ, RHC, MOTCH and nuclear factor-kB signalling. Fink baxez highlight signalling pathhways that may function
differentlyin the regulation of mouse and human pluripotent cells. Mors specifically. it remains to be fully understood
whether signalling induced by low doses of transforming growth facter-f (TGFR), activin-NODAL nuclear f-catenin or FGF2
{MEE—ERE independent) influences human naive pluripotency in a different manner to that previously cbeerved in rodent
naive embryonic stem cells. Dashed arrows indicate potential links that remain to be establizhed. BMF. bone morphogenstic
protein; ESRRP, cestrogen-related receptor-f; G5k 3P, glycogen synthase kinase 3f; MK Jun-like kinase; NuRD, nuclecsome
remadelling and deacetylases; OCT4, ac mer-blnd'lng prﬂtmn 4 PR, 1t&|n inase C; TCF3, transcription factor 3.
Adapted from Poster hith (st sters/ otenc s hitmnl, Nature Publishing Group.
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Figure 1.4 Signaling pathways involved in regulating self-renewal and pluripotency in
the mouse. (A) Cross talk among intracellular signaling cascades involved in regulating
self-renewal and pluripotency. Red line ES specific, blue line EpiSC specific. (B) Signaling
pathways utilized in the maintenance of self-renewal and pluripotency in vitro (ES and
EpiSCs) and in vivo (pre- and postimplantation EPI).
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Fig. 1.

M?)use and human ESC survival pathways. (A) Mouse ESCs require LIF and BMP4 for
maintenance. (B) Human ESCs and mouse EpiSCs require IGF/insulin and bFGF for
maintenance. Human ESC-derived fibroblast-like cells and MEFs are also stimulated by
bFGF in culture to secrete IGF (dashed arrows). In both cell types, Nanog, Oct4, and Sox2

form a positive auto-reeulatorv loon.
Stem Cells. 2013 July ; 31(7): 1227-1236. doi:10.1002/stem.1384.
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Naive Pluripotent Stem Cells Derived Directly from Isolated Cells of the

Human Inner Cell Mass

e Guo,! Ferdinand von Meyenn,* Fatima Santos,* Yaoyao Chen,' Wolf Reik,*> Paul Bertone,’
ustin Smith,'** and Jennifer Nichols%*

Stem Cell Reports | Vol. 6 | 437—446 | April 12, 2016 |

]

Table 1. Derivation of Naive Epiblast Stem Cell Lines

Embryos
Figure 1. Cell Line Derivation from Dissociated Human Inner Cell Mass Cells Surviving Dissociated Cell  Cumulative

{A) Day-ﬁ h[ast[]cyst_ Experiment Thaw Blastocysts® ICMs Lines Passages
(B) Trophoblast lysis. 1 HNES1 P30
(C) Discarded trophoblast. 2 HNESz P22

(D) Isolated inner cell mass. HNES3 P29

(E) Decompacted ICM. 3 20 HNES4® P21
(F) Dissociated ICM. 4 5 ;

(G) Primary stem cell clone grown from a single ICM cell. Total 58 8 4
(H) Colony at passage 8.

*Embryos cavitated by day 6.
bPrimary colonies lost in three cases associated with incubator humidity
failure.

“Primary colonies emerged but failed to expand after five passages.
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