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BioAoyia BAaotokuttapwyv Ko
Avayévvnoncg

Eioaywyn

M. lpnyopiouv 2022

BloAoyia BAaoTOKUTTAPWV KoL AVayEVVNONG

2TOXO0L TOU paBnpatog eival ot poLtnTEG:

Na peAeTRCOUV TOUG BACLKOUG LOPLOKOUG NXAVLOMOUG TTou SLEmouv tn BloAoyia

TWV EUPPUIKWV & TWV EMAYOUEVWV BAACTOKUTIAPWV.

Na peAeTRGOUV TOUG BACLKOUG LOPLOKOUG NXAVLOMOUG Ttou SLEmouv tn Blohoyia

TWV LOTOELSLKWV BAOCTOKUTTAPWV.

No peletrioouv TI¢ ePAPUOYEC TWV APATAvVW othv Yyeia Kot vo avtiAngBolv
TIC SUVATOTNTEG OQVANTUENG KOLVOTOUWV OepanmEVTIKWY KUTTOPLKWV

TLPOCEYYLOEWV.
Na peletricouv Baotkolg HOPLAKOUG LNXAVLOLOUG TToU SLEMOUV TN BLOAOYLA TWV KOPKIVIKWY BAOCTOKUTIAPWV.
Na peletriocouyv TG Baotkég apxeg tng Mnyavikng lotwv.

Na avayvwpilouv toug TIOU TIPOKUTITOUV OO TN MEAETN Twv

BAQOTOKUTTAPWY KL TWV EPDAPLOYWY TOUG

M. E. pnyopiou BloAoyia BAaoTokuTtdpwv Ko Avayévvnong
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BloAoyia BAaoToKUTTIAPWV KoL AVOLYEVVNONG

MepLexopevo tou pabnpatog

Elcaywyn otn Bloloyia twv BAactokuttdpwy (Stem Cells- SC).
FevikEG ApXEG Amopovwong, KaAALEpyeLag kat Stadopormoinong SC.
H Moptakr Bdon tng moAuduvapiag.

Anopdvwon, KaAAEpyela kat Stadopormoinon twv ESC

Emayopeva moAuduvapa BAactokutTapa (iPS).

Edapuoyég twv ESC.

APXEG MNXOVLKI LOTWV.

BAaoTtokUTTOpa Kot Kowwvia

Kapkwika BAaotokUttapa (CSC) - Biodoyia kat VEEG TpoaeyyloeLs 0Tn FEPATIEVUTIKN

TOU KapKivou

M. E. Tpnyopiou BloAoyia BAoTOKUTTAPWV Kot AvayEvvnong

STEM CELL BESEARDH

TNews
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Mepiypappa

Ti gival Ta BAACTOKUTTOPQ;

Mari eival Ta BAACTOKUTTAPO GTO ETTIKEVTPO TOU EVOIAQPEPOVTOG;
Mou evtoTTiCovTal OTOV OPYaVvIOUO Ta BAACTOKUTTAPQ;

Me TT010 TPOTTO YivETAI N ATTOUOVWAON TWV BAAGTOKUTTAPWY;
lMolo eival To evdlapépov aTnv €peuva oTa BAACTOKUTTAPQ;

Mola gival n KaTAoTOON CrUEPO GTOV TOPEA TWV BEPATTEIWV TTOU
Xpnaoipotroiolv BAACTOKUTTAPQ;

ATTO TO KUTTAPO OTOV OPYAVIOUO
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OAa Ta KUTTOPO TOU OpyaviouoU gival
atrdéyovol evOG KUTTAPOU
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OAa 1a KUTTOPO TOU OpyavIioPoU gival v
QTTOyoVol £VOC KUTTAPOU (\

?

AlagpopoTroinon

210010KG& o€ TTOAAG BripaTa




Ti €ival Ta BAACTOKUTTOPA,;

Elval kOTTapa mou €xouv T SuvVaToTNTA VO QLUTOOVOVEWVOVTOL

Elval kUttapa mou 6ev éxouv SladopomotnBel kal oL arnoyovoi Toug aviKouv
o€ 51apopouG KUTTAPLKOUG TUTTOUG

Elval kOTTapa mou dev €xouv akopa EELOLKEVTEL I TpokaBoploTel

KaBe KUTTOPO TOU CWHATOG EVOL ATIOYOVOG «BAACTOKUTTAPWVY»

Ti €ival Ta BAACTOKUTTOPQ;

AuToQVOVEWON — TOpAywyr Qmoyovwyv TIoU avhnKouv o€ OladOopeTIKOUG

KUTTAPLKOUC TUTIOUC
° BAaoTIKO

\ - Zg Topeia diagpopoTroinong

apodikd TToAAaTTAACIa{OpEVO

I

p Xe Topeia SlagopoTroinong
/ ‘ . BAaoTik ° /v l I TapodIKAG TTOAAATTAACIAZOHEVO
\ ) \ X Tropeia SiagopoTroinong
BAaoTiké TapPOoBIKG TTOAATTAACIOOHEVO
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Mari eival Ta BAACTOKUTTOPA OTO ETTIKEVTPO
TOU £VOIQ@PEPOVTOC;

Siagopotroinon

Mati pag divouv ™ duvatdtnta va avamtuéoupe

KUTTOPLKEG Bepameieg avayévvnong yla pa oslpd

VOO UATA 1] TPAUHATIOMOUG OTWG:

> duaPBntn

> VEUPOEKDUALOTIKEG Q0BEVELEG Lab-Grown Blood Stem Cells
Produced at Last

>TPOUUATIONOUC TOU VWTLALOU HUEAOU

> QVaTTUELOKEG SLOTAPOXES

[aTi eival Ta BAACTOKUTTAPA OTO ETTIKEVTPO
TOU £VOIQQPEPOVTOC;

Augnrikoi TTapAyovTEG Xnuikad crpota

MaykpeaTika

Neupwveg

Ta BAacTokUTTOPA PTTOPOUV PE KATAAANAOUG XEIpIoPOUG va diagopoTroinbouv
in vitro o€ 814gOPOUG KUTTAPIKOUG TUTTOUG




KateuBuvouevn diagopoTtroinon o€
VEUPUWVEG

BAaoTokUTTOP NeupooQaIpidIa Neupiveg

[Mou evroTTilovTal Ta BAACTOKUTTOPQ;

Kad¢e kUtTapo tou owuarog gival anoyovos BAaoctokuttapwv

5/1/22
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Mou evtomilovtal Ta BAacToKUTTOPA;

Mou evtomidovtal Ta BAacTtokUTTOPA;
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Mou evtomilovtal Ta BAaoToKUTTOPA;

; of Somatic Stem Cells
in the body

)
blood
brain

:koem‘
muscle
bone
marrow,
peripheral
blood

loToi pe éviovn KUTTAPIKA avavéwaon OIa0ETouv apkeTd PAacTokUTTOPA (TT.X
aipa) evw 6ool dgv avavewvovTal TToAU Aiya (T1.x. Kapdid)

BAaoTtokUTTOpA: TUTTOI (Q)
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ATtTéyovoi Toug ATtTéyovoi Toug ATréyovoi Toug
dlagpopoTtrololvTal O€ dlagpopoTTolouVTal O€ BlapopoTrolodvTal o€
HEPIKOUG moAAoug 6Aoug Toug
KUTTOPIKOUG TUTTOUG KUTTAPIKOUG TUTTIOUS  [xuTTapikoUg TUTTOU
TOU OWUATOG TOU OWUATOG

AUTOQVOVEWGH — TTAPOYWYN OITOYOVWV TIOU Qv KOUV 0€ SLadopETIKOUG
KUTTOPLKOUC TUTIOUG
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EuBpuika BAacTokUTTOPA

o

Nature Reviews | G

To 1981 atmropovwdnkav Ta eufpuikd BAaoTikd kUTTapa (Evans and Kaufman,
1981; Martin, 1981) — n avalATnon &vog TETOIOU KUTTAPIKOU TUTTOU BacioTnke
oTa 6edOoPEVA ATTO TNV HEAETN TWV TEPATOKAPKIVWHATWY.

Embryonic Stem Cell Lines
Derived from Human

Blastocysts

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

SCIENCE VOL 282 6 NOVEMBER 1998

]

1995 2002
Primate ES Human EC
cells derved cels derived

First feader.
tee culture
of ES cells
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ATtO TTOU amopovwvovtal Ta fAactokUTTOPq;
210V AvBpWTTO

eUBpUIkd BAacTOKUTTOPO ATTO BAACTOKUGCTEIG

z - c P me NEW ENGLAND
OWMATIKA B)\GOTOKUTTGQG ATTOMOVWVOVTAI ATTO: JOURNAL of MEDICINE

»  Mueglo Twv ootwv (xprion oxedov 60 xpd
KUTtTrapa tTepipepikol aipatog

BONE MARROW
DONORS WORLDWIDE

Tpatredec BAACTOKUTTAPWYV

270V AvOPWTTO CWHATIKA BAACTOKUTTOPA OTTOMOVWVOVTAI ATTO:

» OPPAAOTTAAKOUVTIAKO aipa

» Tpatreleg @UAaENG Twv BAaoTOKUTTAPWY Tou OrA €iTe WG eVOAAQKTIKI TTNYN
MUEAOU 1 yia HEANOVTIKEG KUTTAPIKEG BepaTreieg Baciopéveg ae BAACTOKUTTAPA
> TPATTECEG IBIWTIKEG 1} dNUOTIEG e

Storing

» ATTOKAEIOTIKN Xprion ) dwped)? %’?e,?r%bcaekl’s'S

» 21NV EE o1 0dnyieg T0 2004.

5/1/22
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Tpatrelec BAACTOKUTTAPWYV

2T0V AVOPWTTO CWHATIKA BAACTOKUTTOPA ATTOUOVWVOVTAI ATTO:

Neoyl\a Sovtia

AA\OUG LOTOUG TTY AUTOKUTTOPA , K.O

Stem cells with their efficacy demonstrated in clinical studies in a variety of
ntractable diseases and other disorders

fataustoudfrounasaldndof'hwmoo inanltrogen >
-150°C and will be used for the treatment of diseases and other Oceld™
purposes in the future. Regenerative medicine with stem cells, which

maximizes the body's innate regenerative ability, is a medical treatment

with unlimited potential.

*Cagmete Surgery Selshinisthe firstin Japan's o wrosuccropresenatinof @ Sl@Msource

2012 Nobel Prize in Medicine

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

“revolutionized our understanding of how cells & organisms develop"

12
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ETTavatrpoypauuaTIONOG

- - -

ATIO €va OlI0QOPOTIOINUEVO @TIAXVOUUE OTO €PYOOCTHPIO €va €URPUIKO
BAACTOKUTTAPO = ETTAVATTPOYPAUUATIONOG

»Aev xpeldlovral Euppua

»E&atopikeupévn Tpoaéyyion - I0TOCUPBATOTNTA

> AIGQOPEG TEXVIKEG — eTTavAoTaON!

ETTavatrpoypauuaTIONOg

dlagopoTToinan

ETTAVATIPOYPAUUOTIOHOG

13



BAaoTokUTTOpa: TUTTOI (B)

IUToUS TOU
gWUATOC

P
g

SAoug ToUg

ATtréyovoi Toug
dI1aPOoPOTTOIoUVTal O

HEPIKOUG
KUTTOPIKOUC TUTTOUC

TOU OWHATOG

ATTéyovoi Toug
dla@opoTToIoUVTal OE

moAAoug
KUTTOPIKOUC TUTTOUC

TOU OWUATOG

ATTéyovoi Toug
01a(QOPOTTOIOUVTAI OE

O6Aoug Toug
KUTTOPIKOUC TUTTOU

Moto eilval to evéladEpov yla TNV Epeuva ot

BAaoTtokUTTOPOQ;

Na kataAdfBoupe TWG Asitoupyolv Ta PAacTokUTTOPA, va Bpouue Ta

IBIQITEPA XAPAKTNPIOTIKA TOU KAI TTWG Ta d1aTnEoUV
Na avakaAUWouuE Pe TTOIOUG PNXavIoPoUG YiveTal n 1aQopoTroincn

Na kataAdBoupue Tn BioAoyia Tiow atréd Eva véonua

Na mpootraBriooupye va @Tmidoupe dlagopoTroinuéva  KUTTApa OTO
EPYQOTHPIO
Na oxedidooupye kal va OOKIUAOOUPE KUTTOPIKEG BepaTtreieg ae aeipd
TTABOAOYIKWYV KATAOTACEWV

5/1/22
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Mw¢ xpnoLuomolovuvtal To PAACTOKUTTAPO KOl

TOLEG €lval oL SuvaTOTNTEC;

Ry

Compounds to
promote neurogenesis

cells

differentiation to
specific cell types

Fetal brain =\
-
-

| Neural stem Sty

In vitro

-

one marrow

Blastocyst =y s
\,J Mesenchymal/ (‘Q‘\_
Pluripotent cells 0@ Ramatopolatie Sy
&les . (ESandiPs) k5 stem calls | Umbilical cord
LQroS = s
v =R ei
Fibroblasts Specific types of

neurons (iN cells

Kuttaplkég Bepameieg avayévvnong ol Suvatotnteg eivart TOAAEG!

Mw¢ xpnoLpomolovuvtal T PAACTOKUTTAPA Kl
TOLEG €lval oL SUVATOTNTEG;

Patient

Clinical development !} § Skin biopsy
@ e

diseases
[ \

ina

dish Large scale therapeutics screen Reprogramming
i ‘ o o)
Kit4 | | Myc

\ . ' Di: -specific ph i )
> Mny)oviopol acBevelwy G i

Derivation of iPSC lines

L) In vitro differentiation @
N ¥
® 5

Current Opinion in Genetics & Development

> EAeyxoG GopUAKWY 2 L =

5/1/22
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Kuttaplkeg Beparmeieg

AvdmAaon kapdiakoU 10ToU  TTOVTIKOU
META aTTd TPAUUATIONG KOl JETAPNOOXEUON
avbpwtivwv ES diagopoTroinuévwy o€
KOopdIOPUOKUTTAPA. Ta avBpwTiva
KUTTOPA KaQE.

e /b \EN"A N
eMyOSm rida‘ NS
Bgowr) Hpan hu‘ma{)n)rker
N e ’q\w ‘\\

2 ¢ 1’-\ \ ‘
»33

XpnuaTtoddTnon

1dpUuata

H oikoyévela Tou Reeve péow tou Christopher & Dana Reeve Foundation
EXEI ETTIOOTACEI EPEUVNTKA TTPOYPAUMATA OTO TTESI0 TWV BAACTOKUTTAPWY ME
TTEPITTOU 22 ekaTOMPUpIa doAAGpIa.

5/1/22
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Xpnuarodotnon

Etaipeieg  BlotexvoAoyiag
TTou  €mmevdlouv  OTNV
£€PEUVA KOl OTNV aVATITUEN
TPOoIdviwy ammd PBAacTo-
KUTTOpA

ymesoblast

Mesoblast is a world leader in
innovative cellular medicines.

—
[
.
—
.

< .
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EupBpuika BAACTOKUTTOPA KOI KUTTOPIKEG
Beparreieg - KAIVIKEG OOKIUEG

CIRM-FUNDED
CLINICAL TRIALS:

HPhasel WPhase1/2 ®Phase2 Phase 2/3 Phase 3

1
DISEASE AREAS:

2021 pévo éva lveTiTouTo!

A —
«i L)
&

2014

LEARN MORE:

The Washington Post

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

Democracy Dies in Darkness

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.

5/1/22
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[ [ Regaining my hand - 27 o

function alone has given
me back nearly everything SUSTAED SPAL CORD MUURY
I needed or wanted.”

r

On a Sunday morning in early 2016, LucasLindner was driving to get'some donuts for
his grandmother. A deer jumped in front of his truck. Lucas swefved to avoid it and
crashed, suffering a severe spinal cord injury that left him paralyzed from the neck down.

Lucas took part in a CIRM-funded clinical trial, becoming just the second person to

get 10 million stem cells transplanted into his neck. He has regained the use of his arms
and hands, and this is a promising signal'in a trial designed to test whether the stem cell
treatment can restore function after spinal cord injury.

In August of 2017, as threw the first pitch at a Milwaukee Brewers’ b ball game.

In third grade, he told his class he wanted to be : omp i gineer—
someone who builds computer-based mod 0 in bi data and functions
of the brain. Now, after his accident his ambitions a N C He's wants to
be a part of ancing sci h ies like a thing of the past.

EuBpuika BAACTOKUTTAPA KOI KUTTOPIKEG
Beparreieg - KANIVIKEG OOKIPEG

Disease Age-related macular  Parkinson disease Spinal cord injury Myocardial infarction
degeneration

B @ @ @ @ @

Robust
differentiation

Cell type Retinal pigment A9d C Pancreaticislet B-cell  Cardiomyocytes
epithel neuron progenitor progenitor E.E

Current stage Clinical Phase | Clinical Phase | Clinical Phase | Clinical Phase I-II Clinical Phase |
and Phase Il

NATURE REVIEWS | MOLECULAR CELL BIOLOGY
MARCH 2016 | VOLUME 17
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EupBpuika BAACTOKUTTOPA KOI KUTTOPIKEG
Beparreieg - KAIVIKEG OOKIUEG

o ouseres

Encapsulating
the problem §

Cell therapy could cure type 1 diabetes
the immune system didn’t getin the v

V7.4

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

BAaotokuTttapa, MoALtikn e o
, Philippines Investigating 3 Politician
kot No Her oL Deaths Allegedly From Stem Cells in

Germany

June 23, 2013

Stem cell doctor forced to close his clinic after child’s ;

5 - . Feppavia 2012 - n
death is back in business mepimwon e XCell-
The boss behind Europe's largest stem cell clinic, 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 AiBavo)
laboratory.

[Mapd& 10 6TI o€ TTOAAEG TTEPITITWTEIG DEV
€xouv Yyivel oI amapaitnTeEG OOKIUEG,
UTTAPXOUV  KAIVIKEG TTOU  OOKING{ouV
KaTolou TUTTOU  Bepartreieg  ouvhBwg
Baoiopéveg oe BAACTOKUTTAPO WUEAOU,
AU@IAEYOuEVEG OXI MOVO WG TTPOG TO
aToTéEAEOPa OAAG Kal WG TIPOG TA
KUTTAPQ TTOU PETANOOXEUOVTAI

To vopoBeTik6 TTAaiclo dlagépel atTd éég

WPA O€ XWPA. i
Xwe Xwp Iradia 2013 — n mepimrwon ¢ Stamina

20
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Ta BAaOTOKUTTOPA KAI EMEIC..

= Stem cell doctor forced to close his clinic after child’s
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.

Don’t market stem-cell
S products ahead of proof

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

Philippines Investigating 3 Politician

H lMoAiTeia TpéTTel va pubpicel.... Deaths Allegedly From Stem Cells in
Germany

June 23,2013

MaBnuara kdbe Tpitn 15-17 .. (Ko karoLa £€Tpa lowg
*H mapoucia cog oto pabnua amoteAel Baotkr mpoimobeon yla va pdbete!

YLaWTO .... Eivon untoxpewtikn!

21



MaBnuara kdbe Tpitn 15-17 W (Kow karola £€Tpa iowg)

°H mopoucia cag oto padnua amoteAel Baoikr mpounoBeon yla va pabete!
YLauTo ... Eivo umoxpewttki!

*Mwc B SouléPoupe?

Kata kOpLo Adyo otnv taén — p£tog otnv Yndraxn !

MoapokoAOUBWVTAG CUCTNMATIKA HECO QO TLG SNUOCLEVCELS TNV EPEUVNTLKN

TIOPELQ OPASWV PE GNUAVTLKI) UUBOAN oto tedio!

> ATO TN L0 OELPA TIELPAUATWY OTNV EMOUEVN !

»Epunveia-Zuunépacpa-2xeSLaouog emopevng dpaong — NEa melpdpota

OpLOUEVEC EVOTNTEC UE KAAOGLKO TPOTIO (KAAUYN UANG)

MaBnuoara kdbe Tpitn 15-17 .. (Ko KAToLa £€Tpa) TTPOYPAUO OHLEPOL OTO

eclass!

*H nmapouaoia oag oto padnpa anoteAet Baotkr) mpolimobeon yia va pabete!

YLOWTO .... Eiva urtoxpewtikn!

BaBpoloyia
* Epyaocia otnv YndLokn Tagn
* Epyooia oto oritt

* Epyaocia — mapouciaon o opAdEC TwV TPLWV

Agv umapyouV eEETAOELC ToV lovvio!

5/1/22
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BioAoyia BAaotokuttapwyv Ko
Avayévvnoncg

Martin Evans’ saga

M. lpnyopiouv 2022

BAaotokuttapa

* Q¢ BAaoTOKUTTOPO XOPOKTNPELZETAL Eval KUTTAPO TO OMOLO EXEL TNV LKAVOTNTO VOl
autoavaysvvatot (6nA. va Sivel amoyovoug (Sloug pe auto) ala kot va Slvel
OrtoyovouG Ttou eival Stadoporotnpéva KUTTopaL.

*0 0pog gudaviletatl amo tov Ernst Haeckel
O Onolog Tov XPNOLUOMOLEL Yyl  TO
YOVLUOTIOINMEVO auyd aAAG KAl yla €va
T(POSPOHO OPXALKO LOVOKUTTOPO OPYOVLOUO.

*Apyotepa o Ernst Neumann (ulog)
XpNollomoince QUTOV Tov Opo ylo va
UToSNAWOEL €val KUTTAPO TOU HUEAOU TwV
00TWV OO TO OTTOLO TTaPAYOVTAL Ta KUTTAPO
TOU QULLOTIOLNTIKOU GUOTHLOTOG,.

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.

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).

5/1/22
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Tol TEPATWLLOTOL KOIL TOL TEPOTOKOLP KLV LLOLTOL

Ta TEPATWMATA KAl TO TEPATOKAPKIVWHOTA Elval
KOPKIVOL TWV KUTTAPWV TNG QVOITOPAYWYLKNG OELPAG
(Germ cell tumors -GCT).

Ta GCT yapoktnpilovtal amo tv mapoucio TToOAAWY
SLODOPETIKWY  KUTTOPLKWY TUTWV (KL TWV  TPLWV
BAaotikwy otoBadwv) autd Seixvel OTL oL kapkivol
QUTOL TIPOEPXOVTAL Ao TIOAUSUVALA KUTTOPAL.

O Stevens €6¢elfe OtL oto otéAexog 129 mapatnpeital
auénUEVN OUXVOTNTA TEPATWHATWY KAl TEPOTOKOP-
KWVWUOTWV.

Teratoma

Tal TEPOTWLOTAL KOLL TOL TEPATOKOLPKLVWLOLTOL

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, 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 , highly malignant
embryonic carcinoma cells, than they are defined as “teratocarcinomas”
(Gonzalez-Crussi, 1982; Pierce et al., 1960).

Lensch and Ince, 2007

5/1/22
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Ovopaoav 1o MoAUSUVAO KUTTAPO TIOU

geublvovtav yla TNV  KOPKLVOYEVEDN

pluripotent tumor initiating cell embry-
onal carcinoma cell (ECC).

Ta ECC sivon ta mpwrta BAactokuTTapa
TIOU XOPOKTNPIOTNKAV ME KPLTHPLO TO
QVAITTUELOKO SUVOMIKO KoL TV QUTO-
avavéwon (1964)

AmavtoUv 0 MIKPOUG BUAOKEG
(nests) péoa otov Oyko.

O KOPUOTUTIOG TOUG cuvnBwe eival
avwpaAog (aveurAosldio)

5/1/22
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Ta ECC

Metapooxevon evog ECC (Kleinsmith and Pierce (1964) €xeL w¢ amOTEAECUA TO
OXNMOTLONO EVOG OYKOU ToU TtepAaBAVEL:

* ECC (kOkKLvo BENOG) aAAd Kot
* TTOAAOUG GAAOUG KUTTAPLKOUG TUTIOUG.
eTa TElpAMATA QUTA KaTESELEQV TNV TTOAUSUVapia Twy ECC .

Ta ECC eivar ta mpwra
BAaoTika KUTTOpQL mouv
Xapaktnpiotnkav (1964)

ME KPLTAPLO TO QAVANTUELAKO
SUVOMIKO KOl TNV OWwTo-
avaveéwon (1964)

Waie

t)

b/

isolation of  Discovery of Nenog
Establshment tuman EGcells  BMP used in
of murine ES Establishmentof  serum-free ES
cells 3 human ES cells  growth medium

1981 1998

1967 1984 1988 1995 2002
Murine EC Meuse Discovery of Primate ES Human EC
cells denved derived from UF cells derved cells derived
cultured stem  First feader

cell free culture
ot ES cells

5/1/22
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Origin of Testicular Teratomas From Pri- SRR o

11 ‘—Teratomas were experimentally i in testes of strain 129
mordial Germ Cells in Mice mice when 12%-day senital ridges from fatuses were grafted into the festes
of adults. Seventy-five percent of 194 testes developing from implanted
SI’f4, SF[+, and [+ genital ridges contained teratomas. These
gonads had normal numbers of primordial germ cells. In contrast, only 3%
of 75 SF/SF and SFISI testes contained teratomas. gonads hod
very few primordial germ cells. This finding supports strongly the hypothesis
that testicular teratomas in mice are derived from primordial germ cells.—
J Nat Cancer Inst 38: 549-552, 1967.

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

JOURNAL OF THE NATIONAL CANCER INSTITUTE

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
resembling somites, all in their proper relationships
to one another. I believe that these structures in
the mouse are embryoid, and Picrce of al. (19)
think that human teratocarcinomas arc similar to
those found in the mouse,

Genital ridge

Ta TreipdpaTa autd €deI§av OTI OTIG YEVVNTIKEG OKPOAOPIEG aTTavVTOUV KUTTApQ
He 1816TNTEG TTapOOIEG e 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

of many kinds of tissues. In some grafts, some of the cells remain un-
| differentinted for remarkably long periods of time. These cells are
pluripotent and they may continue to pmﬁ{ouu mdoﬁnluly and
serve as stem cells of terat These

serially, mdmwwhmmdmnnyhndlelm or
they may progress along one of several morphological lines. For
example, they may become predominantly embeyonic, neural. or
parictal yolk sac tumors. When some of these transplantable tera-
tomas were grafted intraperitoneally, they produced embryoid
bodies which morphologically resemble early normal mouse embeyos.
Teratomas were derived from embryos of strains 129/Sv, A/He, and
F, hybrids between these strains, The tumors numble in every

respect. the testicular terat of strain
Accepted August 8, 1969 129/Sv.

The Develop of Transpl ble T
from Intratesticular Grafts of Pre- and
Postimplantation Mouse Embryos!

Leroy C. Stevens
The Jockson Laboratary, Bar Harbor, Maine 04609

Fic. 5. Metastatie growth in the left ronal lymph node derived from a .day embrye
grafted 1o the testis for 30 days. Note ciliated epithelium and bone (upper right)

Lymphoid cells below.

6. 7. Transplantable teratoma OTT 3568 dtrmd from a 3-day embryo. Solid
clump of cells by Fifteenth transplant gen-
eration.

Fi6. 8 Transplantable teratoma OTT 5933 derived from a 3-day embryo. Bone
with marrow, immature muscle fibers, and ciliated epithelium.
6. 9. Primary graft which gave rise to transplantable teratoma OTT 619, Car-
tilage, muscle, epithelium, neural tissue, pigment, and embryonic cells.

Ta TeipdpaTa autd £de1§av 6T OTA PUOIOAOYIKG £UBpua aTTavToUV KUTTaPO
ME 1516TNTEG TTapOHOIEG PE aUTEG Twy ECC.
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Egg cylinder
stage embryo

Genital ridge

INUOVTIKO pOAO OTa TELpA AT aUTd TtaileL n nAkio Twv epuBplwv.

Movo otav xpnotwomowoloav €uppua nAkiag < E7 | yewnTkég
akpoAodieg E 11- E13.5 £matpvay TEPATWHATA KOL TEPATOKOPKIVWHATA.
Napouocia MOAUSUVANWY KUTTAPWY OTO CGUYKEKPLHEVA OTASLAL Ko

Spontaneous in Sopéc.
human and mice

Multipotentiality of Single Embryonal Carcinoma Cells*

Lewis J. Kuenvssrrut axp G. Baray Prerce, Jr.i
(Department of Pathology, The Usiversity of Mickigan, Ann Arbor, Mickigan)

TABLE 2

Incioxxce (Pex Cext) or Dirrznextiaveo Tissvzs, Guowrn Rate, axo
mnnvoin Boor Peovvorion or Seveman Croxes

In order to test the that
modhd.mmmu,mmvmdonm;mhnnmdmd Small em-
bryoid bodies i mostly -mounmd from ascitic con-
wversion of & murine tertocarcinoma and were dissociated with trypsin to form a sus-
peuiono(m;loeelh ﬁsnndeedbmpxkedupm-ndlmmﬂnrywbumd

ransplanted directly into mi

}mmm@rﬂwnﬂenﬂp\lu“doﬂdlm'mobhhwd 43 of these lines were

e 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-

The results d d the multi iality of single embryonal i cells,
as well as the b ity of the Y i of & The
capacity of single = cells to di into benign tissucs sup-
ports neither the dogma of the i il of the nor the

somatic cell mutation theory of cancer, These findings were interpreted as giving
strong support to the stem cell theory of cancer.

Cuovas

CARCINOMA

Number of tumens:*

Embryonal carcinoma
Astrocytes
Ependyma
Simple glands

st
Squamous epithelium
Mesenchyme
Cartilage

Bane

Smooth muscle
Stristed muscle
Notochord
Ciliated epithelium
Visceral yolk sac
Parietal yolk sac

40
20
10
0
o
o
0
0
0
30
00

SEgoRERY

‘Eva povadiké KUTTOPO TIOU HETAMO-
oxeUETal in vivo vOo AVOOUOTAOEl évav
oyko Tmou TeplAapBdvel wg kai 14
SINQPOPETIKA  €idn SlagopoTroinuévwV

Growth rate (days)
Embryoid bodies

* At least five geaerations.

KUTTAPWV.
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Ta EHBF’)U.I:KQ NORMAL MOUSE TERATOMA
BAaotokuttopa t

development differentiation
in utero in situ

transfer to
extra-uterine site
TERATOCARCINOMA

-—
BLASTOCYST  injection into blastocyst

OL peléteg mou elxav yivel ota

TEPATOKOPKLVWHLOTO ESELKVAV TNV

Unapén TOAUSUVAUWY KUTTAPWY p subcutaneous | | culture
) ) injection in vitro

TOPOUOLWY  UE  QUTA  TWV

TEPOTOKOPKIVWHLATWV.

Anpoupyndnkav OPKETECG

KUTTOPLKEG OELPEG TI0U

TERATOCARCINOMA
STEM CELL LINE

TpOEPXOVTOY ~ Oomd  KuTtapa
, differentiation
TEPOTOKOPKIVWLATWV. in vitro

DIFFERENTIATED
CELL CULTURES

F1G. 1. Relationship between normal embryos and teratocarci-
noma stem cells. Adapted from Martin (10).

J. Embeyol. exp. Morph. Vol. 28, 1, pp. 163-176, 1972
Printed in Great Brissin SUMMARY

A clonal tissue culture strain of pluripotent cells has been isolated from a trassplantable
teratoma of inbeed strain of mice 129 Sv-SP CP. This cell strain SIKR when re-inccs
s s s into mice produces feratomas containing at least ten types of tissue. Sub<kones have been
The isolation and properties isolated and two types distinguished.

(1) *Crtype" with a densely-piled in itro growth, These arc tamourigenetic and pluripoteat
displayiag a comparable range of differentiation 1o the original SIKR.

(2) *E-type’ spreading, often epithelioid growth. These grow 0 a lower density in culture
than *C-type". Mostly non-tumourigenctic; in those cases where a tumosr has been obtained
it did not display multiple differentiations.

The results are interpreted as demonstrating that the culture consists of equivalently plari-
potent cells which may become determined and differentiate spontancously i vitre into
stower growing cell types which are continuously overgrown by the culture.

of a clonal tissue culture strain of pluripotent
mouse teratoma cells

By MARTIN J. EVANS?
From the Department of Anatomy and Embryology,
University College London

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

Tumours from SIKR sub-clones
SIKR  ——
Tissue tumours 1

»

s

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

Muscle

Adipose tissue
Scbaceous gland

A »
Fig. JA. A typical Cetype colomy of terasoma cells fn vitro; phase coatrast. x 125,
Fig. IB. Aa area from a clooe of E-type teratoma cell i vitre; phase contrast
125,

R T
R e R
L T e

. 4o

O Evans civai o mpwTtog Tou Ba KaAAiepynoel KUTTAPO TEPATOKAPKIVWHATWY
TPOOTIOOWVTAG  va Ta PEAETAOEI Kal in vitro Kal Oxl POVO in vivo META aTro
METANOOXEUDN.
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Com. Vel 2. 163 172, Sy VT4, Conpyright £ 1074 by AT

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

Gail R. Martin and Martin J. Evans

Figure 4. Comparison of Subclones of SIKR: Morshology

Cultures of the clcnally derived pluripotent terato- may become 3o after spontaneous Iransformation
carcinoma cell line, SIKR, are heterogenecus.. in wiiro, The tumors formed by transiormed E cells
They are characterized by the presence of two celll (E-1 cells) are monotypic (“fibroblastic™), consist.
types—the “C cells”, which grow as tight, round! ing of oo cell type which Is not clearly identifisble,
colonles on a monolayer of the morphologically but which is distinctly not embryonal carcinoma.
distinct “E cells™. In contrast to the C cells, whose: 1 is concluded that the tumorigenic C cells are
proliferation is appareatly uninhibiled by high celll the stem cells of this leratocarcinoma line, and that
density, the E cells show density-dependent nhibl- they give rise 1o nostumorigenic E cells in vitro,
TON Of Growtn, SULKIONes of SIKH are of two IYPes: but that th reverse does nol ocour, N Is suggested
they are either similar to the parent culture, in that that the C to E transition represents cell delermi-
they contain both C and E cells (CE subclones) nation in vitro. The interest of this cell culture
and are themselves tumorigenic and pluripotent; system for both developmental and oncological
or they are composed only of E cells (E-type sub- studies Is discussed.

clones), which are primarily not tumorigenic, but

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

—
\_’C cells

Stock Cultures of @ach of the SuECones wers trypunzed and plated at 3 x 107 Colls/47Tmm tasun culure dsh (Sterlin) Phase contrast

photomicrographs. total magnification 150 X

ABSTRACT 'l'ln differentiation in vitro of clonal pluri-
potent cells is d. The first stage of
this process is the formation of simple embryoid bodies
wbieb are Hendell to those found in animals bearing

Proc. Not. Aced. 8ei. USA

Vel. 72, No. 4, pp. M41-1445, April 1975 'l'hay consist of an inner
core of emb i ded by a layer
nlmdodum.luﬂ-whxd:pvdmld&m‘lmhlnc.
The endod 1 cells become shortly after the

Differentiation of Clonal Lines of Teratocarcinoma Cells: Formation of embryonal carcinoma cells have formed aggregates which

Embryoid Bodies In Vitro
(mouse oells/cell

GAIL R. MARTIN AND MARTIN J. EVANS

are loouly attached to the substratum. One clonal terato-

carcinoma line was found to produce complex cystic

embryoid bodies in vitro. Following formation ol the

cells, to a wide

n.rhty of cell types occurs. There are similarities between

e process of body formation and the early
mnl.- of differentiation of the mouse embryo.

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

Fio.2. Aggregates of ambryond carcinoma cells 5 days after
plating a single cell suspension. Phase contrast X200 (spprox.).
(A) Pluripotent cells. The endodermal cell layer is apparent.

(B) Nullipotent cells. No endodermal layer has formed.

after plating » single cell suspension. Phase contrast X52.8.

5/1/22
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I had turned my anxiety into my profession.
Prec. Net. Acod. Sei. USA
Vol. 70, Ne. 10, pp. 2065-2002, 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
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 exeeption of male germ cells and cleavage-stage
bryos. Thus, cells possess cell-surf:
in common with normal cleavage-stage embryos.

Surface Antigens Common to Mouse Cleavage Embryos and Primitive
Teratocarcinoma Cells in Culture
(eytotonie teat/perotidasecoupled antiludy againet mouse mmumeglobulin/cell differentiation)

KAREN ARTZT, PHILIPPE DUBOIS, DOROTHEA BENNETT®, HUBERT CONDAMINE,
CHARLES BABINET, AND FRANCOIS JACOB

Fig. 3. Peroxidase test on 129 morulae (magnification:
X800°". (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. PAPAOANNOU
M. W. McBurnty
R. L. Garoxex
Department of Zoology.
University of Oxford,
Sowth Parks Road, Oxford, UK
M. J. Evars
Department of Anatomy and Embeyology,
University College London,
o
CaweriStret 1o WC2:: UK Nature Vol. 258 November 6 1975
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Fate of teratocarcinoma cells
injected into early mouse embryos

V. E. PAPAIOANNOU
M. W. McBurney
R. L. Garowen

Department of Zoology.

University of Oxford,

South Parks Road, Oxford, UK

M. J. Evans
Department of Anatomy and Embeyology,
University College London,
wWC2, UK 5
ClwersStaey T G2 UK Nature Vol. 258 November 6 1975

Table 3 Chimaeric animals

Tumour locaton

Injcted cell line
Age at death ()
Skeletal munche

i

Nose

&

1 SIKR-OSB &
f o 1 None

| should like to suggest that it may be quite feasible to obtain cultures of

pluripotent cells directly from the embryo now that experience has been obtained
handling such cells”

Evans 1975

™ a6 > - ¢ s & g
- e -
Tés O3 b H - S0 ﬂhfz( A ’
™ m i s H HHHCEC - E e ear
- h 3

b

P | Chumacrkc anenals o, Amosal 159 at 6 weeks of age
shawing pigmented arca of coat T38 at 2 weeks of age
,. D % in the neck and throa

k, Killed: &, died; 1. tive: H, host; C. chimearic: —, not analysed: %, not snalysable: 1., subcutancous.
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Normal g ically ic mice pr d from

tentoc.rcmomn cells

BEATRICE MINTZ AND KARL ILLMENSEE
ot bos Camos Research, Feu Chae, Pildelpbia. Peaeeylvants 19111

58 =
3 <
no. of chromosomes
¥iG. 3 (left). Living embryoid body “cores™ (clear, bottom) of
| carcincena cells after removal of the yolk sac “rinds™.
Intact embeyoid bodies (dark, top) are shown for comparison.
FIG. 4 (right). The normal chromosome number of 40 is the
mcdal nusmber in metaphases of embeyonal carcinoma cells taken
from the “cores™ of embryvid bodses.

mice)

mouse unlneudllm (or em-
al

ined.
d, three were cellular genctic mosaics
of derived cells in many

unoglobulins, adult hemoglobin, liver
ey sodedfor by straiotype afleles at known loci. In addi-
tion, a tumor-contributed color gene, steel, not p'm
known to be prescot in the carcinoma cells, was d
from the coat Cells derived fmncbe carcinoma,
R e T e
juted to the germ line a lively functional
sperms, some of which transmitted the steel gene to the
ny. Thus, after almost 200 mn:plnt generations as a hm
embryoi core cells appear to be
lMlpouM and lbk to express, in an ofdcdy
uence in differentiation of somatic nd germ-line tissues,
hitherto silent Ihl tumor of origin. This exper-
ryw.-m of “cycling” teratocarcinoma core cells

and genetic analyses of

5/1/22

FIC. 9. Glucosephosphate isomerase num-oponl' ic allelic var-
iants in starch gel el h of tissue h from 129
(slot a) and C.'ﬂ (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 (), but not in blood (g).

DEVELOPMENTAL BIOLOGY 21, 364-382 (1870)

The Development of Transpl ble T
from Intratesticular Grafts of Pre- and
Postimplantation Mouse Embryos!

Leroy C. Stevens
The Jockson Laboratary, Bar Harbor, Maine 04509

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
of many kinds of tissues. In some grafts, some of the cells remain un-
differentinted for remarkably long periods of time. These cells are
pluripotent and they may continue to proliferate indefinitely and
serve as stem cells of These can be
sorially, and they may be composed of many kinds of tiemes, or
they may progress along cne of several morphological lines. For
example, they may become predominantly embryonic, neural, or
parictal yolk sac tumors. When some of these transplantable tera
tomas were grafted intraperitoneally, they produced embryoid
bodies which morphologically resemble early normal mouse embeyos.
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/Sv.

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

Fi6. 7. Transplantable teratoma O A’lﬁl derived from a 3-day embryo. Solid
clump of cells h Fifteenth transplant gen-
eration.

Fi6. 5. Transplantable teratoma OTT 5933 derived from a 3-day embryo. Bone
with marrow, immature muacle 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.
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1 had turned my anxiety into my profession.
Proe. Net. Acod. S USA
Vol 70, No. 10, pp. 2065-2002, 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
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, cells possess cell-surf
in common with normal cleavage-stage embryos.

Surface Antigens Common to Mouse Cleavage Embryos and Primitive
Teratocarcinoma Cells in Culture
(eytotasie teat /[perotidasecoupled antilusd; againet mouse bmmumeglobulin/cell diferentintion)

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

Fic. 3. Peroxidase test on 129 morulae (magnification:
X800°. (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 cells !

Two-dimensional electrophoresis was used to find changes in peotein synthesis occurring
as pluripotent embeyonal carcinoma (EC) cells differentiate (o give embryosd bodies i vitro.
2D patseens from othee embryonic cell lines, and from the inacr cell mass (ICM) cells of
mouse cmbryos, were alio analysed for the expression of those proteins showing some
change during embryoid body formation and for overall differences between these and the
EC cells.

o changesin pecicla cymhers ocourred before 12 h but endoderm was ot discerned

on the outside of EC cell champs uatil at keast 18 h afier their suspension.

The mamber of changes occurring is small compared with the number of polypeptides
resolved, but is i line with similar stodics. Comparisons with aullipotent EC cells and an
endodcrmal cell line have allowed these changes 10 be assigned, tentatively, 1o the differcat
By R H. LOVELL-BADGE' Ax0 M. J. EVANS' el types within embeyoid 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 expectod from thesr developmental

logy. The importance of these differences 1o their pluripotentiality s discussed

1. Emteret axp. Mcyh. Vel 0, pp. 11306, 1980 187
Prieed i Govst Brinsin © Company of Wlogius Linived 1980

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

From the Department of Genetics,
University of Cambridge

Protein changes dun»g differentiation of EC cells
[y —
WL ITINNI0 N TE % N PASE STO K

45 pH
MW x 107

i
n

- §5a20400n9p 505

--
— . Fig. 4. Diagrammatic representation of the protein changes occurring during EC
EC cells very similar to early embryo cell types but in ool dikremlation aad tha cxprasion of thess pretees la oher ol s, + Reurs

10 lower M.W. form. * Refers 0 higher M.W. form. ., Undetectable; —

particular 5 day ectoderm ot cerectabie
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B Pluripotential cells are present in a mouse embryo until at least

EStabliShment. in culture an early post-implantation stage, as shown by their ubility to
of pluripotential 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 in virro, and

cell lines have only been obtained after teratocarcinoma forma-
tion In vivo. We report here the establishment in tissue culture of

M. J. Evans* & M. H. Kaufman?

Departments of Genetics* and Anatomyt, University of Cambridge, pluripotent cell lines which have been isolated directly from /n
Downing Street, Cambridge CB2 3EH, UK vltro cultures of mouse blastocysts. These cells are able to

differentiate either in vifro or after innoculation into a mouse as
Nature Vol. 292 9 July 1981  tasvow: (x vicv. They Eave s necmal kuryotyps:

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
Fig.1 Groups of plusi bryo cells (arrowed) growing in parthenogenetic embryos to an early post-

culturcona d C-inhibited STO
cells, The isolation of a definite cell line from a blastocyst takes only i i
—3 weeks and the pluripotential cell colonies are visible within § Im p I a ntatl on Stage

days of passage. We have had 30% yield of lines from blastocystsin

one experiment. Two of the lines have been rigorously cloned by

single-cell isolation but most were only colony-picked—this makes
no difference.

71

Awanavon Diapause

Eppuikn diamauon: n mopodikn SLakormr T avantuéng tou eupplou.
v'MoAU cuvnBiopévn oto apBpdnoda.

v Mopatnpeitatl og TOAA €i6n BnAaotikwy repimov 100 €xouv meplypadel
v 0 puBpOG MOANATAAGLOCHOU TWV KUTTAPWV TG BPAACTOKUOTNG
emBpadivvetal (oxedov otapatd)

v MEepPLKEG MEPEC PEXPL KOL LEPLKOUC UAVEG

v XopunAr HETaBOALKT] KaL CUVOETLKY EVEPYOTNTA

v YTIOXPEWTLKI O PEPLKA €8N ( vuxTtepidec, eviopodadya)- e€aoddAion
YEVVNONG TOU UIKPOU TNV AVOoLEN

v Meplotaotaky oe AAA (TPWKTLIKGY, papoutoddpa) (Stddopot
nieptBalAovtikol Aoyol)

v Entavévapén the avamtuéng Letd amd allayr] 6To oppovikd mpodil tng

UNTEPQAG.
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Establishment in culture
of pluripotential
cells from mouse embryos

M. J. Evans* & M. H. Kaufman?

Departments of Genetics* and Anatomyt, University of Cambridge,

Downing Street, Cambridge CB2 3EH, UK

Nature Vol. 292 9 July 1981

Pluripotential cells are present in a mouse embryo until at least
an early pon-hphnhdon suge. as thow- by (helr ubility to
take pmhlhe‘ of ch * and to form
teratocarcinomas®, Until now it has not been possible to es-
tablish progressively growing cultures of these cells in virro, and
cell lines have only been obtained after teratocarcinoma forma-
tion In vivo. We report here the establishment in tissue culture of
pluripotent cell lines which have been isolated directly from /n
ovltro cultures of mouse blastocysts. These cells are able to
differentiate either in vifro or after innoculation into a mouse as
a tumour in vivo. They have a normal karyotype.

culture or inserted into the cells via transformation
with specific DNA fragments, has been presented as
an attractive proposition. In many of these studies i
the use of pluripotential cells directly isolated from ,7
the embryos under study should have great
advantages.”

—3 weeks and the pluripotential cell colonies are visible within 5
days of passage. We have had 30% yield of lines from blastocysts in

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.

one experiment. Two of the lines have been rigorously cloned by
single-cell isolation but most were only colony-picked—this makes
no difference.

ABSTRACT  This report describes the establishment directly
from normal Mmmbﬁud.cﬂllﬁnl&n

of these embryonic stem cells was demonstrated conclusively by
the observation that subclonal

Isolation of a pluripotent cell line from early mouse embryos
cultured in medium conditioned by teratocarcinoma

stem cells atocarcinoma stem cell line. This suggests that such
medium might contain a growth factor that stimulates the prolif-
ol eration or inhibits of pluripotent em-
GaiL R Marmn bryonic cells, or both. This method of obtaining embryonic stem
Ovpuriment of Ansomy. Gnversty o Cadornin. S Franion, ol 86163 cells makes isolation of pluripotent cells lines from
Commncesed by . Michael Bishep, September 14, 1981 m“mlmm -;ﬁm”"”

new approaches to the study of early mammalian development.

s of ESC-ICR cells
dishes of M*Hhmmdhtuﬂmwmdhwdﬁmﬂmﬂyﬂ”| (A) Giant cells, (8)
cells. (Lower) culture showing cartilage.

Deurco- Like cells, (C) endodermal of plastic-embedded (Approximately x100.) (E) Live cells
x5, E

(Appreximately x 100}
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Formation of germ-line chimaeras
from embryo-derived
teratocarcinoma cell lines

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 incorporation
into chimaeric mice. We report here the results of blastocyst
injection studies using three independently isolated XY embryo-
derived cell lines (EK.CP1, EK.CC1.1 and EKCC1.2) which pro-
duce a very high proportion (>50%) of live-born animals that are
overtly chimaeric. Seven chimaeric male mice, derived from these
three lines, have, so far, proved to be functional germ-line
chimaeras.

Allan Bradley*, Martin Evans*, Matthew H. Kaufmant
& Elizabeth Robertson*

* Department of Genetics and T Department of Anatomy,
University of Cambridge, Downing Street,
Cambridge CB2 3EH, UK

NATURE VOL. 309 17 MAY 1984

Fig. 1 Six of the seven germuline
chimacras descrived in Tables |
and 2 o CPI3: b CPIS: ¢
CPLIL: & CCLLY: ¢, CC1L26:
C©C1.2.8, Besween 8 and 12 embryo
derived cells were introduced into
the blastocoelic cavity of hast-
fenilized blastocysts homozygous
for the recessive albina locus. The
blastocysts were then allowed to
re-cxpand and were subsequently
transferred (o the ulecine lumen of
recipients on the third day of
pscudopregaancy. Al the concep
tuses were allowed to develop to
term, and live-born animals were
scored for the presence of eye und
coat pigmentation a1 or shortly
after birth.

EuBpuika BAactokuTTOpO

Nature Reviews | ¢

Ta ESC gpdavitouv moAAEG opolotnTeg pe Tt ECC :
V' otn popdoloyia,

KEG KOAALEPYELOG KO
V' oto eTPAVELAKA OVTLYOVOL TTOU EKDPAlOUV
oG
€X0ouV GUCLOAOYLKO KAPUOTUTIO
v\ UeyaAUTEPO AVATTUELOKO SUVOLKO
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EpBpuika BAAOTIKA KUTTOPOL

> Ta ESC onwg ta ECC eilval tkavad va oxnpaticouv OyKoug PETA Qo ETOUOOXEUCN OF
OVOOOKOTEOTOAUEVA TIOVTIKLAL.
Ouwg oL xipaipeg amod ESC dev epdavitouv Oykoug .
Evw 8gv avamtvooviav mote KUTTAPA TNG YAMETLKAG Oelpdg amd ta ECC amd ta ESC
oxnuartifovrat- germ line transmission!

EuBpuika BAacTokUTTOPA

Eival kUTTapa mou €xouv Tt SuUVOTOTNTA VO QLUTOOLVOLVEWVOVTOL

Eivat kUttapa mou 6ev £xouv SladopomonBel kal oL omoyovol Toug
neEPAOUBAVOUV OAOUG TOUG KUTTOPLKOUG TUTOUG TOU atOpou (aAAd oxL
eEWEUPBPUIKEG SOUEC)

Eivatl moAudUvapa (oAoduvapa pLovo to UywTo KoL Ta TPWLKa BAacToUEPISLO)
Eival kUttapa mou 8ev £xouv akopa eEELSIKEVTEL I ipokaBopLoTel

KaBe KUTTOPO TOU CWHATOG EVaL AMOYOVOC TwV EUPPUIKWY BAACTOKUTTAPWY
Amopovwvovtal amo thv EKM

Ma tn Statipnon tg auToSUVAULOC TOUCOTALTOUVTOL CUYKEKPLUEVEG GUVONKEG
oA\Lw¢ Stadopomotovvtal aubopunta

3TO €UBPUO Elval TAPOVTA YLa ULKPO XPOVIKO Slaotnua in vitro moAl peyaAog
oplOuog Slatpgcewv (ouvorkeg!!)
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AuToQvavéwaon — TOPOYWYr amoyovwyv TIoU avAKOUV Ot  SLadopeTIKOUG

KUTTOPLKOUG
o BAaoTIKO

Zg mopeia diagpopoTroinong
Tapodikd TToAAaTTAACI{OpEVO

”

. Xe Topeia Slagopotroinong
/ ° BAaoTik6 o / - Tapodikd TToAAatrAaciadopevo
° \ : \ Z& Tropeia d1aQopoTToinoNng
BAaoTIKO TapodIKA TTOAAATTAAGIAZOHEVO

O d1oXwPICHOG TwV BUO KUTTAPIKWY TTANBUCGUWY TNG BAACTOKUOTNG OTTOTEAEI
ONPAVTIKO dIaPOPOTIOINTIKO YEYOVOS OTNV AVATITUEN TWV BNAQCTIKWY.

TPOQPOBAGCT ey XOPIO : a. Opéywn
B. Mapaywyn oppovwv

y. Mapaywyr ouciwy TTou
avaoTEANNOUV TNV aTTOPPIYN
TOU eUPBpPUOU aTTO TN PNTEPQ.

EowrtepikA KUTTAPIKN pada —— €uBpuo (TEAIKAG TO {WO)
eEWEPPPUIKEG BOPEG

A6 TO 0TAdI0 TWV 64 KUTTAPWYV Kol PETA, ol dUo oTIBAdeg AEN ouvelopEpouv A
KavEVa KUTTAPO N MIa aTNV GAAn.
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BSTRACT Explanted mouse blastocysts were micro-

I njected in the blastocoel cavity wllh simian virus 40

(SV40) viral DNA. After surgical transfer to the uteri of
mothers,

Proe. Nat. Acad. Sci. USA 0%
Vol. 71, No. 4, pp. 1260-1254, Apeil 1974 ::::: :":;'“’“‘ dosalaned v "’:’T,::::.'.:"" healthy
hybridization tests fo' the presence of SVil-specific DNA
were d on DNA from various
organs of these animals. Between 0.5 and 13 SV40 genome
imian Vi ‘ . equivalents per diploid mouse DNA value were found in
S n .rus'40 D.NA Sequences l'll PNAjof‘Hul!hy Adult Mice Derived vome organs of approximately 409 of the adult surrivorss
from Preimp Bl y j with Viral DNA this of the amount
administered per embryo. The results are consistent with
in 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 MINTZt DNA may have replicated as an mr-d-romo-o--l entity or
by lytic infection in a few of
the viral DNA {rom prelmplantation agen 1o adult life
may provide a new tool
of vertical transmission .nd expression of tumor viruses,

LIVER + KIDNEYS. TasLe 1. Detection of SV40 DNA in DNA extracted from
various mouse organs

No. of SV40 copies per diploid mouse
DNA value

Liver and kidneys Brain

13
0.7
0
n.t.
n.t.
8.5
1.95
o
n.t.
0

0

b
cHvg

bl sl ma i st ot -

N3

The number of SV40 genome equivalents in the DNA ex-
tracted from these mouse organs was calculated according to
previous methods (5) from the data in Figs. 1 and 2, for each of
the 10 mice with evidence of SV40 after injection of SV40 DNA
in the preimplantation blastocyst stage. Liver and kidneys were
pooled from each of 25 mice tested; brains of 15 of the 25 were
tested. n.t. = not tested.

ingectad with $V40 DNA. The resction
/) of WP-labeled SVAD DNA (16 X 10° cpen./og), 650 /0]
of mous- or calf-thymus DNA in 001 M Tris-HCL pH 74,
1 mM EDTA, | M NaCl, were heat-donatured snd incubated st
X", Sumpion wore removed at different times and the fraction of
SV4) DNA rewsaeuled was determined by digwiion with SI

masing rng)

(= CT.) and onlf-thymss DNA phos 15 ng/mi of unisbeiod
5V40 DNA (= CT. 4 5V40) were included s ccatrols. Each
point repements & total of 2000 cpm.,

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 mm and subsequently repopulate
the germ line in chimaeric mice™. During the culture period these
embryonic cells are ible for i I genetic ipul
tion*™. Here we report the use of retroviral vectors to introduce
exogenous DNA sequences into 2 stem-cell line and show that
these modified cells contribute extensively to the somatic and
germ-cell lineages in chimaeric mice. Compared with cumnt
methods for manipulation of the mouse genome, this app
has the ad ge that powerf, tic-cell genetic techai
can be used to modify and to select cells with germ-line potential,
g the of strains with pi

Fig. 2 A, Southern blot analysis of DNA samples from F,
offspring of two germ-line chimacric males, Samples are distributed

genetic chan(u. We have by this means Iumad many pnovinl
vector sequences that provide new ch

for linkage studies in the mouse and that also may cause insertional
mutations.

“cultured embryonic cells provide an efficient means for the

production of transgenic animals”

as follows. A, V19.7 progeny; lanes a, g, V29.7.1; b, h, V29.7.2
i d, j, V29.1.4; ¢, k V29.7. I, V29.7.6. 2A.5 progeny;
), ZA5.10; m, g, 2A.5.11; o, 7, 2A.5.12. B, Chromosomal
integration of MPSV mos~'neo retroviral vector. B, BamHI; H,
Hindl1I 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 wnique
integration site of a proviral vector genome. DNAs were prepared
from whole newborn animals (V29.7 progeny) or from livers from
1-week-old animals (2A.5 progeny). Samples (3 pg} were digested

“it may also eventually be possible to produce specific with BamH1 (lanes b-g; m-o0) or with HindI1I (lanes a, h-L p-r),
alterations in endogenous genes through homologous fractionated on 0.7% agarose gels, transferred to aylon membran:

recombination with cloned copies modified in vitro”

hybridized with nick-translated pSV2neo, washed and autorad:
graphed using standard procedures.
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Insertion of DNA 's;quenm into the
human chromosomal B-globin
locus by h logous recombination

Oliver Smithies’, Ronald G. G Sallie S, s’y
Michael A. Koralewski' & Ra, "ES Kucherlapati

bination with h L ch I

A ‘rescuable’ plasmid ining globin gene seq

P

&

g 7
has enabled us to produce, score and clone mammalian cells with the plasmld mlegmled into the human B- glabm locus.

The planned modification was achieved in about one per
expressed.
NATURE VOL. 317 19 SEPTEMBER 1985

Normal Locus

Test Plasmid, pa g117
(13.1kb)

c

Moditied Locus

Ap

T
Xpa!

16.5kb

—— (3 Probe Brprobe

= IVS2 probe

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

Thomas Doctschman®, Ronald G. Gregg®,
Nobuyo Maeda®, Martin L. Hoopert,
David W. Meltoni, Simon Thompson$

& Oliver Smithies*§

NATURE VOL. 330 10 DECEMBIR 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.

sfe d cells whether or not the target gene was

Fig. 3 Nitrocellulose blots of digests of DNA from two of the
GA418-resistant colonies from pool | (see text and Table 2) and
from untreated 1u 11 hybrid cells. The blots were: a, Xbal digests
hybridized 10 a probe specific for pSY2Neo-derived sequences; b,
Xbal digests hybridized to probes specific for the 1VS.2 of the
human 3-globin gene and for pSV2Neo sequences: ¢, Ber X1 digests
hybridized to a probe specific for pSV2Neo sequences. Sumples
are: Hy, untreated Hu 11 hybrid cells; L, the G418 resistant colony
L; P, the G418-resistant colony P. Measured fragment sizes are
shown in kb.

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 cln still enter the
germllne after genelic manipulation in culture’ and second, the

ion that homolog between a native
target ¢ gene and DNA can be used in
culture to modify specifically the urxct 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
pluripolent ES cells demonslnln the feasibility of this route to
in predetermined ways.

5/1/22

42



Proc. Neil, Acad. Sci. USA
Vol. 86, pp. §927-5931, November 1969
ics

Germ-line transmissiq

hypoxanthine phosphd

homologous recombini
(gene targeting / chimeras)

BeverLy H. KoLLer®, Lora J. HA
Pricuar J, Wittiams®, Neat L. Fi

Proc. Narl. Aced. Sci. USA
Vol. 86, pp. $932-8935, November 1589
Genetics

Inactivating the By-mi

cells by homologous r
(class | antigens/gene targeting)

BeverLy H. KoLLer AND OLiver

Cell 51:503-12, 1987

FI. 1. (Upper) Fosr fersie male chimeras
with ES¥-12 cells, The two males in the center transmitted the ES3-11
transmittng males, 3.1, (Right o) mated to

L

11 prmome 4o thew progesy (see fext and Table 2). (i
L /&) femaie (Left top). In this famidy, o

(from Ieft 1 right: 5.3, 4.1, 5.1, s $.2 i Tuble 2) resuiing from CSTRL/6J blastocysts isfected
) Ore of the
A fose sonvariegated agoati peps (brown i the
received ESV-12 pencmes from their Bighily varicgied faeber. six bisck pups received CSTRL/AJ genomes from hirm

stem cells (derived from 129/0la
phosphoribosyl

We mutated, by gene targeting the endogenous
transferase (HPRT) gene in

Site-directed mutagenes
mouse embryo-derived

Thomas KR, Capecchi, M.R.

Targeted disruption of t
int-1 proto-oncogene re
severe abnormalities in
and cerebellar developm
Kirk R. Thomas & Mario R. Capecchi®

Howard Mughes Medical Institute, Department of Bio(
and Human Genetics, Salt Lake City, Utah 84112, US|

$x
PINT-1-N/TK

int-1/int-1* w1 7int-1

FIG. 3 Comparison of brains from heteroZygous and homozygous, int-1
mice. a and b, 17.5 day embryos were fixed in Bouln's reagent (Sigma). The
yolk 535 were removed for DNA analysis as describec in Table 1. Foliowing
two days in fixative, the brains were dissected, rinsed in PBS and photo-
@raphed at X6 magnification. The field of view is 5% 10 mm. Arrows indicate
the cerebellar region absent in the homazygote. ¢ and d The brains shown
n & and b were embedded in paraffin, sectioned (10 wm), and stained by
haematoxyln and eosin (H and E) regressive staning The field of view is
64 mm. Arrows indicate mesencephalic tissue absent in the homozygote.
e and /, Brains were dissected from aduit (5 week) mice, fued in PLP.
embadded in paratfin, sectioned (8 um) stained with H and £ The field of
view is 6xdmm. 1o telencephalon: msc. mesencephalon. mic, meten-
cephalon; pep, posterior chorold plexus.

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 GA18r
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

‘The protocol described herein should be useful
for targeting mutations into any gene.

. wwgest et the srmal fumction of This gewe sty
of the centra) mervous
slomibarity with nt-1 have boes

eeme
% weem 10 be

cone
ived fn collell signaltng
e

erasni
allcle tn ltx progeay'™". Mice Meteveaygens for the ia] wull
ratation are wormal and fortile, wheres mice Demmarygous for

the n »

BArth 10 srvivel with severe atania. The bafier pathelory ie mice
and humans i often aswociaied with defects in the cerebellom.
Exsemination of int-1 fint-1" mice sl several of cmbeye-
ewesia revealed severe abaormalities in e development of the

for
he int-1 protein i in the induction of the mesencrphalon sad
cerebetiam.

chimera
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w The Nobel Prize in Physiology or Medicine 2007
Mario R. Capecchi, Sir Martin J. Evans, Oliver Smithies

"for their discoveries of principles
by of embryonic stem cells"

Normal mouse

T Teratoma
In utero

development In situ differentiation

Extra-uterine transfer l
=
" Teratocarcinoma

|

Blastocyst

Blastocyst injection
Subcutaneous In vitro
injection cell culture

In vitro g
cell culture Teratocarcinoma

derived stem
cell line

|

In vitro differentiation

}

Differentiated cells
in tissue culture

44



5/1/22

-

XdapTeg Evvoiwy

HARRY
goes to POTTER
school at losthis

isa has eventually hiss
kills \

who are
WIZARD(S) FRIENDS [ ENEMIES ] [ PARENTS ]
where they play  divided

I
l into including

aschool for

HOGWORTS

including killed by
N 4
[Quuomrcn] ( HOUSES ] VOLDEMORT "

\\ I J& DEATH
including and
reveals isin EATER
rival rry % /
SR o

is head of and

SLYTHERIN isin MALFOY

aspirestobe a

KaAAEpyela ESC movtikoU

OuL koAAépyeleg  ESC eivar otnv ouocia EMOUEVWG OL OUVONKEG

KoAALEpyelag Ba Tpémel va Slotnpolv aUTEG TOUG LELOTNTEG WOTE va. PNV amopovwBolv
ToPaAAYYEG HE SLAPOPETIKEG LOLOTNTEG.

AUTO oNnUAiveL OTL OL GUVONRKEG TIPETEL VAL SLATNPOUVTOL APLOTEG YL VO N SNILOUPYELTAL ETUAEKTIKA
niieon. AnAadn:

Ta kUTTapa va apapévouy o€ un Stadopomotnpévn Katdotaon

Ta I<U'E‘[OLpOL va 6Lcctr]pot')v OKEPALO TO avccr[m&cu«') TOUG SUVALKO
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KaAAEpyera ESC movtikoU

A
A

Ta ESC tou movtikoU kaAAlepyouvToL:
1) mavw ot tamnta (povr otolBdda) woPAactwy oL omoiol £xouv aktvoBoAnBel wote va
pnv dtapouvral

2) Napoucia LIF (BA. emopevo padnual)

KaAAEpyeia ESC movtikou

MpoKeLEVOUL VoL SLATNPACOLV TLG LBLOTNTEG TOUG OTLG CUVONKEG KAAALEPYELQG :
ATOpEVUYOULE TIG OKPALEG KATAOTAOELS ONA. Agev QIMAWVOUUE T KUTTAPO. OUTE TIOAU
opald oUTE TOAU TIUKVAL YLl VOU UNV T(POKOAECOUUE TNV OVATTTUEN OVEUTTAOELSIKWY
KUTTAPWV.
MopatnEOULE TO XPOVO SUTAACLOGHOU TOUG TTOU TIPETEL Vot elvat 15-20 h
MPAKTIKA AUTO ONUALVEL OTL KADE TPELG NUEPEG XPELATOVTAL OVAKAAALEPYELQL.

OL KatGAANAEG oLVONKEG KAAALEPYELOG YLOL KADE CELPA EAEYXOVTOL:

Q) ME TN Xprion TG SOKLUNAG OXNMATIOMOU KAWVWV. 2T SOKLUN QT XPNOLUOTIOLEL KAVELG Evav
TANBUOUO KUTTAPWY Ot SLAPOPETIKA BPETTTIKA pETa. Tol KUTTAPA ATTAWVOVTOL LE TETOLO
TPOTO WOTE VA OXNUATioouv KAWVoUG (SnA ToAU apatd). Metd ammd 6-8 NUEPEG oL
KOAALEPYELEG LOVLLOTIOLOUVTOL Kol LEAETATOL O aplOUOG TWV KAWVWV TIou avarttuxBnkav
o€ KOO HECO OAAG KoL N popdoAoyia, EKHPACN CUYKEKPLUEVWV QVTLYOVWV KATT.

B) oxnUOTIOMOG XLapaG —( Ko YOETIKA Kuttopa!!)
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Chimeras

C2J4 line derived from C57BL/6J-Tyrc-2J/J mouse line, also known as albino B6 mice. Being injected
into C57BI/6 blasocysts it generates chimeras exhibiting white patches of coat color indicating ES cell
contribution to the genotype.

Those chimeras should be judged according following guidelines:

Grade A chimeras exhibit some black coat color with high percentage of white 50% to completely 100%
white coat color.

Grade B chimeras exhibit mostly black coat color with some patches of white 30%-40%.

Grade C chimeras exhibit mostly black coat color with small percentage of white 1%-20%.
https://www.rockefeller.edu/transgenics/links-guidelines/guidelines-for-chimeric-coat-color-estimation/

BioAoyia BAaotokuttapwyv Ko
Avaygvvnong

Austin Smith’s saga

M. lpnyopiov 2018
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ABSTRACT  The differentiation in vitro of clonal pluri-
potent cells is d. The first stage of
this process is the formation of simple embryoid bodies
which are idmdu.l to tholo found in animals bearing

Proc. Not. Acod. 8ci. USA

Vel. 72, No. 4, pp. 1441-1445, April 1975 They consist of an inner
core of emb: cells ded by a layer

% endodermal eal:uv:hich produce Reichert’s nu:rnh-nc

e endod: become shortly after the

Differentiation of Clonal Lines of Teratocarcinoma Cells: Formation of embryonal carcinoma cells have formed aggregates which
Embryoid Bodies In Vitro are loosely attached to the substratum. One clonal terato-
carcinoma line was found to produce complex cystic

Gmonee wibjal embryoid bodies in vitro. Following formation of the

cells, to a wide
variety of cell types occurs. There are similarities between
the process of embryoid body formation and the early
events of of the mouse embryo.

GAIL R. MARTIN AND MARTIN J. EVANS

“Without added feeders . 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. 6. Suhoaqunt dxlfenmulwn from 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 X91.2.
(B) Neural differentiation at the periphery of a halo of dif-
ferentiated surrounding an embryoid body, twenty days
after plating a single cell suspension. Phase contrast X 52.8.

Medium conditioned by STO mouse fibroblast cells inhibited both the spontancous
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 activity in conditioned medium by boiling and by pronase

the ofa ide, 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
colonics. 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.

Experimental Cell Research 154 (1984) 233-242

A Factor Produoed bv Feeder Cells Whnch Inhubns
E y Cell D
& ization and Partis!

PETER KOOPMAN and RICHARD G. H. COTTON

)

| 1 %)
3 § Fog. 1. Inhidition of NG2 coloales by STO mediam. Colonies of
: NG2 cells were grown from sngle cels in (o, <) sormal medun. or (A, & 29% STO foeder-
% E medium. The eatensive Glferentiation 10 large extraembryosic endoderm cells soen wt
20 o 8 e periphery of untreased colonies at day 6 of growth (a) was usually absest i frested colosies at the
o E same wage (b) The differentiated cells in sotreated coloaes were negasrve on alabne
s staining (c. amowed). Treated colosies tended 10 vixia exchasively postive for alkalne phowphutae
I3 g Scivity . 1o, B) Phase contras eptcs: (. &) bright fed opscs. Bar, 100 .
for i
2 g Fig. 5. Gel filrasion of STO feeder-conditioned medim, Curves represent DRF activity. i detected
=0 = by alkaline phosphatase activities of lysates of cells grows in the presence of (0-@) 0.2 sl or
S T | ®-—#)0.05 m of column fractions. Elution
= E ot least two rums, are indicated by arrows: values gven are molecular weights in kD, Markers wsed
< 50 150 were: blue dextram (V). Bovine serum albunin dimer (MW 1340001, boviee serum albumin (MW

Volume (m” 670000, ovalbumin (MW 45000) chymotry pain (MW 22 500), cytocheome ¢ (MW 12 500) and tritiated

water (V).
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Buffalo Rat Liver Cells Produce a Diffusible Activity Which Inhibits
the Differentiation of Murine Embryonal Carcinoma
and Embryonic Stem Cells

AUSTIN G. Suimi' AND MakTIN L. HooPrx

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 thut medium conditioned by incubation with Buffalo 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).
BRI iti medium can fore replace feeders in the pr ion of stem cell i Such
medium also restricts differentiation in embryoid bodies formed via aggregation of EC cells and partially inhibits
retinole acld-Induced differentiation. The PSA4 EC line gives rise only to extraembryonic endoderm-like cells when
aiggregated or exposed to retinoic acid in BRL-conditioned medium. This suggzests that DIA may be lineage-specific.

dialysable, acid-stable entity of apparent molecular weight 20,000-35,000, Its actions are reproduced neither
ke growth factor-11 nor by transforming growth factor-8. DIA thus appears to be a novel fuctor exerting
a negative control over embryonic stem cell differentiation.  © 17 Academic Pross, Inc

DEVELOPMENTAL BIOLOOY 121, 1-9 (1967)

A.C)and BRL. D). PSAL EC eella, previsasly
foor times is BL-mediam, were indeced to bedien and sibsegaenly hs a8 describend under Material
Methods. PArafis sectisns were sealoed with haematexylie 4ad eosln (H asd ) or peridic sckd Sef reageet (PAS). (A) Embeyeid bodins
- () Evbeyod beadies with region of endedermal gecliferation (arrew) in BRL EfC,. M and E, €7, (C) Ostgrowth
contalaing dverse coll typem, froem embeyoid bedy sagregated in K. an allowed (n reattac in M8 H and E, X160 (D) Ourgromth frosm
embey

i BRL-EACyy and allowed to reattach in BRL-medisn. PAS, x230.

Marine cmbrycaicstem (ES) els are plaipotent ol ines stab-
lished directly from the carly embryo' which can contribute

Inhibition of pluripotential embryonic limeliated iy o1 “"',::-'* fackalleg the gurm-cell

the normal embryo. They

stem cell differentiation by ‘ .“_h-...::::::';:.“.ﬂt:.:&".f:,?‘;ﬁm

pu"ﬁed wlypeptides = ::d:‘n:::“::l:"::ll:u‘ by I::m.:'y r:l g
lains i i

Austin G. Smith*, John K. Heath*¥, prsohohisp iy oprmg s apond -

Deborah D. Donaldsonf, Gordon G. Wong#, 25 bomogcacoss siem ol pepelacens fn (he shocace of

A heterologous feeder cells®. ES cell phu lity, includis

J. Moreau§, Mark Stahli & David Rogers} ability to give rise to fumetional .:-:: :‘-:a?nd :l‘ oy
tonged culture in Buffalo rat liver medi

Here, we report that purified DIA is related i structure and

NATURE VOL. 336 15 DECEMBER 1988

tory factors with distioct biological sctivities in both early embey-
onic and haemopoetic stem cell systems.

P2 Merpbology of CPLES oul growa for iz dis fa e
Wngm " puribed DIA (a), 102gmi™" puribed

DA/LIF (3), and 20 additions (¢). Cells were peopagated on
gelacinized tssue culiure places i the peesence of Hams 12/ DME
3 20% (by volume) fotal calf

magnification *225

Table 1 Levels of HILDA activicy from different sources

Sowrce Activity (unis mi~*)
Celldine conditioned medmm.
312

2
v e Gigeation of puriSed radioiodinited DIA o
(lanes 14) 260 HILDA/LIF (anes 3-7). Lanes | Ohayar ol

wadrested DIA 48 HILDA/LIE respectively, Lanes 003, Induced mANA %
samples incebated in the sbsence of caryme. Lases CIOMI2, superindaced mRNA %

degenes performed under noa-denaturing comditions, and bm\ 4 Teamfecteduconcell-conditioned medium
and § ars digests of dematered protein. Refative molecula N e batel B
markers are M, = 66,000, 45,000, 36,000, 29,00, 24,300, 20.1 :«“:o‘:‘n N
14200 PCIOGRI2)
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KaAAiEpyela ESC movtikou

Ou koAAépyeleg  ESC eivat otnv ouocia EMOUEVWG OL OUVONKEG
KoAALEpyelag Ba Tpémel va Slatnpolv aUTEG TOUG LELOTNTEG WOTE va PNV amopovwBolv
ToPaAQYYEG e SLAPOPETIKEC LELOTNTEG.

AUTO onuaivel OTL oL CUVBNRKEG TIPETEL VAL SLATNPOUVTOL APLOTEG YL VO N SNILOUPYELTAL ETUAEKTIKA
niieon. AnAadn:
Ta KUTTAPA VoL TIOPOUEVOLY OE PN SLadoporoLnevn Katdotaon

Ta KUTTAPO VA SLATNPOUV OKEPALO TO OVOUTTUELOKO TOUG SUVOLULKO

Ta kUTTapa va Statnpolv GucLoAOYLKO Kapu

101

KaAAépyera ESC movtikoU

by

1 ] "
Ld!""! o ol A | V.?/
Ta ESC tou movtikoU KaAALepyouvTaL:

1) mavw o€ tannta (povr otolBdada) woPAactwy oL omoiol £xouv aktoBoAnBel wote va
pnv dtapouvral 1

2) MNapouaia LIF
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KaAAEpyeia ESC movtikou

MpoKeLEVOU va SLaTtnprioouy Tig LBLOTNTEG TOUG OTLG CUV!

NKEG KOAALEPYELQG

ATOPEVYOULE TIG OKPALEG KATAOTAOELS SNA. Aev QIAWVOUUE T KUTTAPO OUTE TIOAU

opald oUTe TIOAU TIUKVAL YLl VOL UNV T(POKOAECOUUE TNV OVATTTUEN OVEUTTAOELSIKWY

KUTTAPWV.

MopatnEOUE TO XPOVO SUTAAGLOGHOU TOUG TTOU TIPETEL Vat elvat 15-20 h

MPAKTKA AUTO oNUaiveL OTL KABE TPELG NUEPEG XPELATOVTAL OVAKAAALEQYELQL.

OL KOTAAANAEG oLVONKeG KAAALEPYELOG YLt KABE OELpA EAEYXOVTOL LE TN XPHON TNG SOKLUNG
OXNUOTIOMOU KAWVWV. 2T SOKLUr QUTH) XPNOLOTOLEL KAVELS €vav TTANBUCKO KUTTAPWY

oe SladopeTikd Bpemtikd péoa. Ta KUTTAPA QITAWVOVIOL HE TETOLO TPOMO WOTE VAl

oxnuatioouv kKAwvoug (6nA TOAU apatd). Metd amd 6-8 NUEPEG OL KAAALEPYELEG

HOVLLOTIOLOUVTOL KOl MEAETATOL O APLOUOC TWV KAWVWVY TIOU avarttuxBnkav oe KABe péco

OoAAG Ko N popdoloyia, EKPPON CUYKEKPLUEVWV QVTLYOVWV KATT.

103

Inhibition of pluripotential embryonic
stem cell differentiation by

purified polypeptides

Austin G. Smith*, John K. Heath*¥,

Deborah D. Donaldsonf, Gordon G. Wong#,
J. Moreau§, Mark Stahli & David Rogers}

NATURE VOL. 336 15 DECEMBER 1988

I Neglycanase digestion of purdied radiciodinated DIA

and & ars digests of denatered Relative molecular mass
markers are M, = 66,00, 45,000, 29,000, 24,000, 20.100 amd
14200

Marine embryoaic stem (ES) cells are plaripotent 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 gencration of transgenic
animals* and a useful system for the identification of polypeptide
factors controlling differentiation processes in carly development®.
In particular, medium coaditioned by Buffalo rat liver cells
contains a factor, ES cell di inhibitory
activity (DIA), which specifically suppresses the spontancous
differentiation of ES cells in vitro, thereby permitting their growth
as bomogeocous stem cell populations in the abseace of
heterologous feeder cells®. ES cell pluripotentiality, including the
ability to give rise to functional gametes, ks preserved after pro-
longed culture in Bulfalo rat liver media as a source of DIA",
Here, we report that parified DIA Is related in structure and
function to the recently identificd haemopoetic regulatory factors
human interleukin for DA cells™* and leukacmia inbibitory
factor'. DIA and human isterleukin DA/leukaemia inbibitory
factor have thas been idestified as related multifuactional regula-

tory actors with distinct biological sctivities in both carly embry-
onic and haemopoetic stem cell systems.

peesesce of Hingml ™" puribed DIA
HILDA/LIF (3), and 20 additions (¢)

uperindaced mRNA
eli-conditioned medium

C10-MJ2 libeary primary pool @11
pCI0.6R
POIOERI2)

104

5/1/22

52



>

106

Znuatodotika povornatio & noAvduvapia ESC

Znuatodotika povonatia & rmoAvduvapio ESC

H avakdAvn otL ta kotttapa ES Tou TOVIKOU Omattouv TPOKELUEVOU va SLaTnPrRoouY T
moAvduvapia toug tnv mapoucia LIF (leukemia inhibiting factor- IL-6 family) oto Bpemtikd
UECO, TO EVAUOHQ YLA TN MEAETN TNG ONUOTOSOTNONG TIOU QUtoLteltaL yla Tn Slotrpnon tng

moAuduvapiog.

e —
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Binds to importin-:3 and -06 Binds to SH2 of  Important for
another STAT3  transactivation
Coiled-coil I I
Tyr 705, \Ser 727
o GO
116 137 320 494 583 688 |723] 771 (isoform 1)
770 (isoform 2)
STAT3 723 (isoform 3)
Dimerization DNA-binding Linker ~SH2 Transactivation
<domain domain domain domain domain

Binds to phosphotyrosine on
gp130 and another STAT3

Binds to TTCCSGGAA at the enhancers
o its target genes (S = C or G)

LIFR gpl30

-

r——' TRANSCRIPTION r——' TRANSCRIPTION
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'B’innds to importin-u3 and -06 Binds to SHZ of Importanifor
| another STAT3  transactivation
" cocs | Coiled-coil Tyr 705 I Ser 727
domain v ® ®

1 116 137 320 494 583 688 |723 771 (isoform 1)
770 (isoform 2)
STAT3 723 (isoform 3)

Dimerization DNA-binding Linker SH2 Transactivation

domain domain domain domain domain

Binds to phosphotyrosine on
gp130 and another STAT3

Binds to TTCCSGGAA at the enhancers
of its target genes (S = C or G)
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Inupatodotika povornatia & moAvduvapia ESC

H avakdAupn ot ta kutttapa ES tou
TIOVTIKOU ~ QUTOUTOUV  TIPOKELUEVOU VL
Slatnprioouv thv moAuduvapia Toug thv
napouotia LIF (leukemia inhibiting factor-
IL-6 family) oto Opemtikd péco, TO
€VOUOMOL  yloL TN MEAETN ™me
onUatodOTNONG TOU  QUTOUTETAL Yyl TN
Slatripnon tng moAuvduvapiag.

O LIF mopdyetat omd Tt KUTTTOPO TG

TPodoPAACTNG KO EVEPYOTIOLEL:
1) Movordr STAT
2) Movoratt MAPK
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The propagation of embryonic stem (ES) cells in an undifferentiated pluripotent state is dependent on
leukemia inhibitory factor (LIF) o related eytokines. These factors act through receptoe complexes containing
. . the signal transducer gp130. The downstream mechanisms that lead to ES cell self.renewal have not been
Self-renewal of PlU“POtent embryomc M..:.':a_ rowever, 1 this study, chinmeric receptors were introduced into ES cells. Biochemical and
stem cells is mediated via activation functional studies of transfected cells demonstrated a requirement for engagement and activation of the latent
trancription factor STAT3. Detailed mutational analyses unexpectedly revealed that the four STAT3 docking
of STAT3 sites in gp130 are not functionally equivalent. The role of STAT3 was then investigated using the dominant
interfering mutant. STATIF. ES cells that expressed this molecule constitutively could not be isolated. An
.4 ! ’ isomal supertransfection strategy was therefore used to enable the consequences of STAT3F expression to
HOR0) Pt ome Mt B Chbont. 940 Jostie Jahy e toaninns T Shliton; 6 bodciblo STATIY Gastghins vh potrated. To borls Coe. u;..mu.‘:nrsr,\m
in ES cells growing in the presence of LIF specifically abrogated self.cenewal and promoted differentiation.
These complemsentary approaches establish that STAT3 plays & 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
. pivotal to the diverse developmental effects of the LIF family of cytokines. Identification of STAT3 as a key
GRNES & DEVELOPMENT 122048-2000 © 1908 transcriptional determinant of ES cell self.renewal represents a first step in the molecular characterization of
pluripotency

Figure 3. Indhaction of differentiation by expeession of STAT3F
in MC1.10 ES celis. (A) Proport of differertiated colonies in
LIF supplemented medium resulting from supertransfection of
STATS, antiserne STAT3, and STATIF expeession vecton
Colonies were fixed and stalmed with Leishman's

pools of MG1.19 cells supertransfected with STAT3 (lane 1)
STATS antisersse flanwe . a0d STAT3F lane 3 expression vec

tors. Total RNA was prepared after § duys of selection in LIF

supplemented medium, and 5 g aliquots wese analyzed by il

ter hybridization with Bglobin, Rex-1, H19, and GIPDH
peobes. The B globin peobe detects all transgene mRNA species
geeweated from pHPCAG, including an alternatively spliced
peoduct from the antisense contruct. (Q) Photomicrographs of
Fopresenitative colonies 8 days after supertransfection with (3
STATS. (i STATIF, and () cmpty expression vectors and se-
Section in the presence of LIF. or (v) induction of differvetistion
by culture in the absence of LIF for § days

caaswr I

caa swisas 1l
POK-StatlF
CAG (ampty)

H ékdpacn tng STAT-3 eivar amapaitntn ywe t Statipnon tou MOAAmAAcLacpol Kat g ToAuSuvapiag.
Yriepékdpaon kuplapxng apvntikng HeTAAAagng tng STAT-3 (Katapyel SLLEPLOMO KOl HETATOTLON-QVTAYWVIIETAL YLa
docking sites gp130) o6nyet oe Stapoponoinon.

i: Ynepékdpaon STAT-3, ii: Ynepekdppaon STAT-3K.A., ol dopéag, iv: Aladoporotnpéva ES.
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Znuatodotika povonatia & rmoAvduvapio ESC

Ta kUttopa ES tou movtikol amattouv TPOKELEVOU va Statnprioouv tnv moAuduvapia toug tnv mopoucia LIF
(leukemia inhibiting factor- IL-6 family) ) GAwv popiwv tng 8o owkoyévelag m.x. Oykootativn oto Bpentiko péco. O
LIF mapdyetat anod ta KUTTtapa tng tpodoBAAoTNG KL EVEPYOTIOLEL:

1) Movordrtt STAT

2) Movoratt MAPK

c
MAPK pathway
JAK-Stat
pawey IR | R IO

Pro-ditterentiation
®

_“~—_____/

mesoderm
endoderm

Self ing ES cell » neurcectoderm

anog
Octd
<y
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Suppression of SHP-2 and ERK Signalling Promotes

Self-Renewal of Mouse Embryonic Stem Cells

Tou Burdon. Craig Stracey, Lan Chambers, Jesnifer Nichos
e Austi th

Developmental Bislogy 210, 30-43 (199

Cells were cultured at low density (1000 cells/cm2) for 48 h in the
presence of LIF plus 25 mM PDO98059 or in the absence of LIF. before
microinjection into mouse blastocysts. ZINAQ cells were used in this
experiment, since they carry a nuclearlocalised b-galactosidase marker
widely expressed in differentiated cells. Staining of midgestation
embryos for b-galactosidase revealed that ES cells treated with
PD098059 contributed to chimaeras (Fig. 7). In contrast, cells cultured
in the absence of LIF for 48 h were incapable of colonising the embryo
(data not shown). Significantly, live-born chimaeras have been
ined from ES cells cultured for 4 days in 25 mM PDO38059.
Functional ibution of the cells i
in two chimaeras, as evidenced by transmission of the ES cell-derived
coat colour marker. This result confirms that gp130-dependent ERK
activity i i i ES cells.

0

25uM

The peopagation of pluripotent mouse embryonic stem (ES) cells depends on signals transduced through the cytokine
receptor subunit gp130. Sigalling molecules activated downstream of gp1 30 in ES cells include STAT3. the protein tyrosine
phosphatase SHP 2, and the mitogen-activated protein Kinases, ERK1 and ERKZ. A chimaeric receptor in which tyrosine 118
in the gp130 cytoplasmic domain was mutated did not engage SHP-2 and fatled to activate ERKs. However, this receptor did
support ES cell self-renewal. In fact, stem cell colonies formed st 100-fold Tower concentrations of cytokine than the
unmodified receptor. Moreover, altered IS cell morphology and growth were observed a¢ high cytokine concentrations.
These indications of deregulated signalling in the absence of tyrosine 118 were substantiated by sustained activation of
STATS, Confirmation that ERK activation s not required for self renewal was obtained by propagation of pluripotent ES
colls in the presence of the MEK inhibitor PD09S05. In fact, the growth of undiffecvntiated ES cells was enhanced by
culture in PD098039. Thus activation of ERKs appears actively (o imgair self renewal. These data imply that the
self cenewal signal from gp130 is a finely tuned balance of positive and negative effectors. © 1998 Acateaic Press

To examine the effect of PD0980S9 in a more

appropriate model of differentiation, ES cells were .

aggregated to form embryoid bodies and cultured »To povomatt MAP mou
in the presence of the MEK inhibitor. The I0UD2 ES B

cell line used in this experiment carries the a gvepyoroleitat anod tov LIF
chromosomal reporter  gene allowing the , .

identification of stem cels in embryoid bodies by peow gp 130 evexetal o€
staining for b-galactosidase activity. ES cells were

aggregated in hanging drops in the absence of LIF yeyovota Tou  adopouv
for 2 days and then maintained in suspension in

bacterial dishes in the presence of 25100 v [RRA\VARIYeTeTeAVRIV s IR s [QeITe Lo el
PDO98059 for a further 5 days. Embryoid bodies . .

were then plated on gelatincoated plates poroinong napa mv

overnight and stained with X-gal. .
o & avayévvnon/moAuduva-
uia.

>Av  mopepnodilotel 1O
povormdtt  autd  (ava-
oToAeig petaAdgelg gpl30
mou 8ev emuTpé-TIoLY TV
gvepyoroinon tg MAPK)

£€XOUV WG QIOTEAECHA TNV
epdavi-on  TEPLOCOTEPWV
un Slapopornonpévwv
EUBPUIKWY CWHATIWV.

FIG. 7. Effect of PDOAENSY on S cell pluripatency. ZINAD ES eells were treated with 25 uM PDOSB0SO plus 5 U/ml LIF for 48 b, 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 statned for -galactosidase activity. Representative embeyos are shown

FIG. 8. Effect of PD0SB059 on ES cell differentiation in embryoid bodies. Aggregates of IOUD2 ES cells were formed in hanging drops
without LIF for 2 days. They were then transferred to bactertal dishes and cultured for 5 days in medium contalning either no inhibitor or
25, 50, or 75 uM PLUSS059, After attachiment overnight on gelatinised plstes. U embryold bodies were stalied for B galactosidase activity
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Leukemia Inhibitory Factor—dependent
Transcriptional Activation in Embryonic Stem Cells

Héléne Boeuf, Charlotte Hauss, Fabienne De Graeve,

Nathalie Baran, and Claude Kedinger

The Journal of Cell Biology.IVcrlumc 138, Number 6, September 22, 1997 1207-1217
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LIF: + =12h

Reinduction: - - +

32P-MBP—»-| — —qup In vitro
kinase activity

N |7

83
*[ .l‘ Immuno-blot

we=45
1 2.3

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 (—/2h) and reinduced by LIF for 10
min, as indi were i ipi 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-ERK2 antibody
(bottom). 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).

Albstract. STAT trameriptaon tactors aee induced by 3

Lated ca fyroune 3nd serine reviducs and tracbocated

to the machews, where they bind 10 their DNA targets.

The lewkemia inbibiory factor (LIF) mediates pleio-
and

properties of STAT recogition sites & ES cell cults
ated in the presence and in the stnesce of LIF. We
have detected 3 specific LiF-regalased DNA-binding
activity imphicating the STAT) peotein. We sow that
STAT3 phosphorytation is essential for this LIF-depen-

dent DNA-binding activity. The possibility that ERK2
o6 a closely related protein kisase, whose activity s
modslated i 3 LIF-dependent masner, coatribates 10
thi phonpharybation is dncussed. Fnally, we show that
the mulimerized STATS Nading DNA clement coo.
fers LIF responsiveness 0 3 minnal thymidine kinase
promoter, This, together with our observation that
ession of STATS domminant. negative mutants

events ia ES cels, Finally, stable expremion of sech 3
dosinant negative mutant of STAT) induces morpho-
fogreal difcreatsatice of BS cells desgrte comtinuon
LIF supply. Our resslts suggest that STATS is » critical
target of the LIF signaling pathway, which maistains
pluripotent cell probderation

STAT3F

Figure 10. Stable expression of STAT3F dominant negative mu-
tant induces ES cell differentiation. Phase contrast micrographs

of Neomycin-resistant ES cell clones stably expressing the wild-
type 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 /) 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.
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To povomnatt BMP

JAK-Stat
pathway

l Pro-ditterentiation

® [ ]
- —
/ m
\ Id gene expression
mesoderm _L

endoderm € Self-renewing ES cell ————— neuroectoderm

anog
Oct4

>Ta kUttopa ES amattolv Tipokelévou va moAAarmaotddovial xwplg va dtadopomotovvrat
€KTOG amo LIF, kot opo.

>Av KaA\epynBouv xwpig opd,Tote Sladopomnololvtol oe POSPOLLOL VEUPLKA KUTTAOL.

>Av koMepynBolv xwpig LIF oAAd pe BMP tote Sladoporololvrat mpog LECOSEPUIKA Kot

OULUOTIONTIKA KUTTapA.
>0 ouvbuaoog LIF pe BMP Siartnpei tnv moAuduvaypia twv ES.
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To povomnatt BMP

DNA-binding
subunits

Target genes

Ventralization of mesoderm Dorsal mesoderm induction
Bone and cartilage formation Cell-cycle arrest
Apoptosis Extracellular matrix formation
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The cytokine leukemia inhibitory factor (LIF) drives

of mouse yo! stem (ES) cells by
activating the transcription factor STAT3. In serum-
Coll, Vol 115, 281-202. October 31, 2000, Copyright ©2003 by Coll Pross. free cultures, however, LIF is insufficient to block neu-
-’ld Here, we
BMP Induction of Id Proteins Suppresses i Combination with LIF 16 Sustain se""""f_“EE?
Drfferentlatlon- and Susta|n§ Em!?ryonlc Stem Cell | S, =i Darme Snesst foneites Ea cehe
Self-Renewal in Collaboration with STAT3 £ o e i) L plus BA. Tt
id genes via the Smad pathway. Forced expression of

. liberates ES lis from BMP lependence
ﬁmv':“:ﬁﬂ.m' Nichols, lan Ghambers, :\d allows sdl?revmﬂ II'I LIF :o'sleom:'D:ﬂ LIF with-
Austin drawal, but do not

giverise 1

of lineage-specific transcription factors by Id proteins
enables the self-renewal response to LIF/STAT3.

A BMPand GDRO (TGF famlly are sxpressed in ESC 10

B
a
G, 11 = LIF«BMP4 A
i3 —e— LIF+FCS T
oo .
22
fi =
38
EQ
Oct4-GFP 3
0 2 46 8 1012 14 16
Days in culture
c

Oct4-GFP

Figure 1. LIF Plus BMP Sustain ES Cell Seif-Renewal in Serum-Free Medium

(NPh&Oommstaldmomsowtt images of Oct4-GiP cells cultured in N2B27 with the indicated factors. TuJ1 immunostaining detects
green Iec!sadwnyofmeochmmmulnluiﬁarumaadEScels.Bx 50 pm.

® Ploto'c\muhtwo Oct4-GFP positive ES cell i medium with FCS

plusl_lFofmN2827vmhLIFt10nMnl)pMSBMP4(10ngknn.0ﬁmreswuopassagodavuy48hrusmgmldrssombmb1ﬂazﬂmphmd

at 4 x 10* cells per 10 cm? well. The number of GFP-positive cells was determined by FACS analysis at each passage.

(C) RT-PCR analyis of Oct4, Nanog, T (brachyury), and Sox1 mRNAs in (1) ES cells in N2B27 with LIF plus BMP for 6 passages, (2) ES cells

cultured in serum with LIF, (3) day 8 embryoid bodies, and (4) day 8 embryoid bodies with retinoic acid treatment.
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The cytokine leukemia inhibitory factor (LIF) drives

ncﬂvaﬂnﬂ tt.i:'hmsednﬁon ;:nor sél'A'lgslzl my

Cell, Vol 116, 281202, Octeber 31, 2000 Copyright <2000 by Col Pross. memmres.however LIF is insufficient to block neu-

Here, we

BMP Induction of Id Proteins Suppresses i comibination with LIF 4o Sustain se"«ng?

Differentiation and Sustains Embryonic Stem Cell ‘ e e P o

Self-Renewal in Collaboration with STAT3 o s Set G LI Bl BN T

id genes via the Smad pathway. Forced expression v'

Q4080 Ving:: dennite Wicholl; o Ghassbers, ;.ﬂ":'..‘:‘:: s‘fn‘”m“’ war in LI ::“L“,iﬁ:ﬁﬁg
jr:ewr?s"e Ilneﬁ -

ges.
of lineage-specific transcription factors by Id proteins
enables the self-renewal response to LIF/STAT3.

We injected GFP
jons to a range of tissues. As a more

reporter ES cells into mouse blastocysts aft on i N2B27 vith LI plus BV for 3 eoks, Anysis a micgestation dentfe seral chreras wih ich ES col

v e B et taugf and selected and expanded in LIF pius BMP. Liveborn chimeras were obtained and two male animas transmitted e genome.
Ve investigated whethe the response fo BV may be an adaptaion ofesablished ES ool o ultrs o is marfest during the il stagesof ES call dervation. We laed blstocyss in N2827 supplemented vith
BMP plus LIF. After several days, expanded inner cel masses and replated in thx

Figura 2. Clonogenicity, Potency, and Deri-
vation of ES Calls in N2B27 with LIF Plus BMP
(A) CAG-taugfp transfectant colony isolated
byalsctmpovml of E14Tg2a colis and so-

(B)S-wmsampmmssm

and derivative
(C) Mid-gestation fotal chimera produced
from TP6.3 ES cells after 6 passages inN2B27
with LIF plus BMP. GFP fluorescence marks
ES cell progeny.
(D) Male chimera from CAG-taugfp trans-
fected ES cell with C57BV6 mate and off-
smmmmmdmsswlm
gin of
() Colony of first passage SFi Es:utsaa
rived in N2B27 with LIF plus BM
(na‘mmammsn ES calls
Bar: 50 um.
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>Ta ES tou movtikol kahtepyouvtat cuvrBwg mapouasia 0pou Ko r) Tpodikwy KUTTapwv/LIF .
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Theciioking; leukamta Inhttory, Saclor/ & &3 {chtvas

I of mouse stem (ES) cells by
acuvaﬂnq the transcription factor STATS. In serum:
free cultures, however, LIF is insufficient to block neu-

Cell, Vol 116, 281202, Octeber 31, 2000 Copyright <2000 by Col Pross.

BMP Induction of Id Proteins Suppresses

and re,
report that bone morphogenetic proteins (BMPs) act
in combination with LIF to sustain self-renewal and

chimera coloni-
Differentiation and Sustains Embryonic Stem Cell l o 4 gamﬂgmmﬂgmﬁeﬁ:
Self-Renewal in Collaboration with STAT3 Crtion contribution of SMP 15 16 Indute expression of

id genes via the Smad pathway. Forced expression of
Qi-Long Ying,* Jennifer Nichols, lan Chambers, id liberates ES cells from BMP or serum dependence
o . el Satt renewil b LI alorie.|tpon LI with

and Austin Smith* drawal, el but do not
Ghve rise to noural ineages. We coneide that blookaae
of lineage-specific transcription factors by Id proteins
enables the self-renewal response to LIF/STAT3.

Smad6 and Smad?: inhibitory members (F;\Q)UR'E 3. BM'P 3'9"3"'“9 ‘ggi Ce"‘s .
everse transcription-PCR analysis o
also inhibit p38 RNA samples from ES cells (1) in N2B27

A

GDF6 < < with LIF plus BMP, passage 6, (2) in

BMP4 & 9* & f serum plus LIF, no reverse transcriptase

a - « &S ¢ Fs &K control, (3) in serum plus LIF, (4) day 1

BMPR-1A u — — o e O S i after plating in N2B27 without LIF or
. . peiann @ &~ 8 stt3p BWP,and (5) day 5 without LIF or BMP.

BMPR-1B _ ' e - S S{at3  (B) Immunoblots showing Smad1, ork

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 M) p38 inhibitor does
not suppress either self-renewal in LIF
plus BMP or neural differentiation in LIF
alone. Octd-GFP marks undifferentiated
ES cells and TuJl immunostaining
identifies neurons.

(F) Coimmunoprecipitation of active
Smadi and STAT3 in ES cells. Left

Oct4-GFP

= : panel.  FLAG  immunoprecipitates
< following transfection with FLAG tagged

S e D 3
- - LAEE s Smadi.  Right panel STATS

- OO0 e k. uap o
— . :
- e ES cols. Golls wore stmulaiod o
- S indicated for 1 hr.
r

-
Tysale 1P, oFLAG Bar: 50 pm.
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The cytokine leukemia inhibitory lal:lor (LIF) drives

of mouse lem (ES) cells by

activating the transcription val:lor STATJ. In serum-

Coll. Vol 116, 281-202. October 31, 2000, Copyright <2000 by Coll Pross free cultures, however, LIF is insufficient to block neu-
, and Here, we

report that bone morphogenetic proteins (BMPs) act

BMP Induction of Id Proteins Suppresses ‘ in combination with LIF to sustain seif-renewal and

novo without serum or feeders using LIF plus BMP. The
critical contribution of BMP is to induce expression of
id genes via the Smad pathway. Forced expression of

Differentiation and Sustains Embryonic Stem Cell l mng;ﬂg&mzmmegﬁ%{%ﬁj
Self-Renewal in Collaboration with STAT3

o Ying.* Jennifer Nichols, lan Chambers, id liberates ES cells from BMP or serum dependence

s 2 on o Sl alicrs Sett renewal s LI alohe. Upom LIE with

and Austin Smith* drawal, ell: but do not
give rise to neural lit that

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

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 d3 stable integrant 46Cclones after 6 days
differentiation in N2B27without added factors. Id1 and Id2
similar ion of neural di
(E) Overexpression of E47 blocks ES cell selfrenewal,which can
be rescued by increased Id1. 46C/T ES cells were
with E47 or with E47 plus
1d1 episomal expression vectors and cultured for 6 days under
dual puromycin and zeocin selection in serum-containing medium
with
L
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Znuatodotika povonatia & rmoAvduvapio ESC

> 2to Kuttapa ES umdpyouv UtoSoxELS yLa tov BMP-4.

> H mpooBrikn BMP-4 €xeL wg amotéAeopa th dwaodopuliwon tng Smadl.
> O BMP &¢gv ennpediel tn onpotodotnon péow STAT3 f Erk.

>0 BMP enayeL tnv €kppaon twv Id.

>0L mapayovteg Id eival mpwrteiveg mou dépouv to potifo bHLH kat aAAnAemidpouv pe

ToPAyovteG E amopovwvovtag toug amo napayovteg bHLH pe Bgtikn 6paon (r.x MASH-1)

>Kuttapa ES ta onola untepekdpalouv otabepa Id pmopolv va kaMepynBouv mapouatia LIF kat

arnouacio BMP Slatnpwvtag Tautoxpdvwg thv oAUSUVOLa TOUG.
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Heman and mowie embeyonic st colls (HESCs and MESCs, sespectively) self-senew indefinitely while maintaising the
ability 10 generate all three gerss-Layer derivatives. Desgate nce of £SCs in developmental and
potential impact on tissue replacemest therapy, the melecular mechasism usderlying ESC self-remewal is poorly underiteod
Hore we show that activation of the canonical Wat pathway & sufficient 85 maistain self-senewal of both HESCs and MESCs.
Although Stat.3 sigaaling Is involved in MESC selt somens, imuioben of i patmay s ol sppert sl sumwent o
HESCs. nsied w lnd thal Wit paty activation b 6 Seomeindiriin-'exiem (810, 3 speciic phamacsbogical hibler
o grevgen syvihose Haate:3 (GSK. 3. mainttes he endiformaited phaneype i beth rpes of E5C1 and

expression of the pluripstent state-specific transcription factors Oct. 344, Rex-1 and Nanog. Wat signaling i by
activated in MES<y wnd s oo I aédition, BI0-mediated Wet activation
funxticmally reversible, 34 withdea #Hesentiation peograms i beth HESCs and
MESCs. These it sagpee ot e cae o G3R3 \p—:"< Tabiber such o4 B4 oty have practical applicotions 8

E 10 | NUMBER | | JANUARY 2004 regenerative medic

Maintenance of pluripotency in human and mouse
embryonic stem cells lhrmq.h activation of Wnt signaling
bya ph.mmmln),lul GSK-3-specific inhibitor

Nobaru Sate”, Laurent Meihee'™, Leasdros Skaltseaniv®, Prudl Gooengard! & Al H Beiv

NATURE MEDICINE VOLUM

Prowphe B 3 -
1) -

I -

] —— e ——

Figure 1 LIF-induced Stat-3 activation is not sufficient to maintain the undifferentiated state of HESCs (c)
Immunofluorescent (left) and phase-contrast (right) images of BGN1 cells grown under indicated conditions
and stained with Oct-3/4-specific antbody. Scale bars, 100 um. (d) Intensity of Oct-3/4 expression under
each condiion, as quantiied by an image-analyzing system.

Figure 4 Actation of Wit
signaing by BIO malntains the
oerncais. St "ot
HESCs. ( (o) Roxt roport
sisayolaNe" ceie ‘Voaies
Wi test compounds. Smiar
jesuls were obtained_usi
BERY ooy aia ot shown
4n XTCF3, domantnegatve
Sonopes TR GfCF,
dominantnegatve  human
TCF-4 (hTCF4

1
&
2
g

ured under the
showsd mbest YFP
vs (insat) then
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G

T

Dishevelled

Wit signal pathway role in 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 s required for self-renewal (Kielman et al., 2002). In
Self-renewal 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.),
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Inpatodotika povomnatia & noAvduvapia hESC
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Dorsal mesoderm induction
Cell-cycle arrest
responses Apoptosis Extracellular matrix formation

Exmbeyonic s colly sre established directly from the
plaripot

of mouse embryonic stem cells to
@p130 cytokines

Jenniter Nichols' ", lan Chambers!, Tetsuya Taga? and Austin Smith! |

embeyes to

derelogamatal peogren

Late blastocyst stage when plantation is peevented. This
of 10 ecars naturally in betarag (rmales or

nduced expecientally by removal of the ovaries.

Development 128, 23332339 (2001) We report that gol 30/ embryes servive wnimplanted in

Fig. 2. SSEA-1 immunostaining on
ICMs isolated from blastocysts delayed
for 6 days. (A) phase contrast, (B)
fluorescence (x40 objective). In situ
bybridisation for Sparc mRNA on
cultired ICMs from blastocysts delayed
for 6 days. (C) gpl30*", (D) gpl30
(%10 objestive). ICM, proliferating
inner cell mass; VE. visceral cudoderm;

PE. pasictal cndoderm

[N

Fig. 5. Number of dead cells detected by
TUNEL analysis and Hoechst staining of
blastocysts from gp/ 30~ intercross
matings delayed for 3 days. We/het,
combined gpI30++ and gpl+~; null,
gp130~". Exror bars denote standard
deviation. Using Student’s r-test
significantly more dead cells pex emht)o
are detected in the gpJ30~"~ categ

P<0.01 using TUNEL analysis; $e0002
by Hoechst staining.

i

Moan number of TUNEL positive cels
&

Moan numbar of condensad or fragmerted nudel

&
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the uterms sier ovariectomy but, in contrast to -m‘p
ubuquently Emahle

staiming and TUNEL amalyss revesl a preceding increased
incidence of cell death. These findings establish tht gp1V0
Aguaing s cseacal e e probenged et

which

£p130 sigmalling ha ity ceigin in

this adspeive phyislogical feaction.

Ky words

Rlustocyst. Disgase, Fblunt, Self

serewal. Stem cell Mome

aite baghe.Sed and Bacoesceace mape of blasocyst
o TUNEL: Doad el flmveres
the emsbeyo was 29750

Images "t coced ‘usg 2 %40 objectrve 23 Opea Lab imaging
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Znuatodotika povonatia & rmoAvduvapio ESC

>EpBpua ota onoia £xet yivel knock out €ite To yoviéLo mou Kwdikomolel
to LIF €ite to yovidio mou kwéikomoiei tn gpl30 bev epdavifouv

TPOPBAN LT HEXPL TO LECOV TNG EYKULOOUVNCG.

>0 poAog tov povomnatiov LIF gival n Statripnon tg moAvduvapiog katd

™ Sianavon.

>Ta éuBpua ota omoia £xel yivet knock out €ite to yoviSio mou
KwoLkomoel to LIF €ite to yovidlo mou kwdikomolel to gp130 Sev purmopouv
va avantuxfouv puololoyikd os mepimtwaon Stamauvong.
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LIF ko duanmavon

v EuBpuikn Sidmauvacn: n mapodikr SLakorr tng avamntuéng tou euBplou.
v'TIoAU cuvnBlopévn ota apBponoda.

v Mapatnpeitol og oA £i8n BnAaotikwv repinou 100 éxouv reptypadet

v'0 puBu6E TOAATAACLACUOU TWV KUTTAPWVY TS BAaoTokUoTNG eMBpaduvetal
(oxedov otapata)

v MEPLKEG LEPEG LEXPL KOL LEPLKOUG UAVEG

v'3e uPnAn evepyelakr katdotaon ATP/ADP

v’ XapunAf HeTaBOALKH Kal CUVOETIKN evepydTnTa

v YIIOXPEWTLKY O€ pePLkd £i8n ( vuxtepideg, evtopoddya)- e€aoddAion yévvnong tou
MLKPOU TNV Avolén

v'Teplotaotakr oe AAa (TPWKTIKA, papottodpopa) (Stddopot teptBarloviikoi Adyot)

v Enavévapén tng avamtuéng Letd amd aAlayr oTo 0pUoVLKO TIpodiA Tng HNTépac.
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Cell, Vol. 95, 379-391, October 30, 1998,

Formation of Pluripotent Stem Cells
in the Mammalian Embryo Depends
on the POU Transcription Factor Oct4

Joanitor Nichols,” Branko Zewnik,*S
Konstantinos Anastassiacss,! Hitoshi Niwa, *!
Danketa Kiowe-Nobonkss,” 1an Chambers.”
Hans Scholer, and Austin Saith*t

Octd s a mammalian POU tramscription fector ex-
pressed by early smbeyo cells and germ cols. We ro.
POrt Ehat the activity of DGt ks essential for the identity
of the pluripotantist founder coll population in the
mammalian aenbrys, Octd-doficiont ambryos dewlop
10 the blasiocyst $£age, but the inner Cell Mass colls
are not pluripotent. imstead. they are restricted (o of-
-
cage. Furthermore, in the absence of a true inner coll
mass, trophoblast prodferation I not maintained in
Octd ' embryos. Expansion of trophoblast precur-
d, however,

wet, fibroblast growth factor-4. Therefore, Ol also
Setormines paracrine growth factoe signaling from
staen colls 10 tha trophactodarm.

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
associated with homozygous mutants. Note the staining of the

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
of 32 intercross embryos examined at this stage failed to stain,
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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o the pripotantia foundse coll populstion It the
mammalian aenbryo. Octd-daficiont mbryos dewlop
10 the blastocyst §£age, but the Innee cell mass colls
are not pluripotent. imstead, they ace restricled o -

Formation of Plunpotem Stem Cells
in the M Embryo D d:
on the POU Transcription Factor Oct4

-
rage. Furthermare, in the absence of a true inner cell
mass, trophoblass prodferation 15 not mawtalned in

Jeaniter Nichols,* Branko Zewnik, S Octd * m Cxpansion of trophoblast precur-

. . 3 e, fibroblast M factoc-4. Thorefore, Octd also
Danseda Klowe-Nobonkss,” lan Chambers,
Hans Scholer,! and Austin Sath't Salorvinas,picaeon’ GOy Mo Agiatiog touh
trophectodarm.

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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Cell, Vol. 95, 379-391, October 30, 1998, pe y early embeyo W ro-
of the pulpa-u- founder coll pﬂwllvl;\.:ﬁ
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: mass, trophoblast prodferation I not maintained in
Jooniter Nichols,* Branko Zevnik, S ol y Octd * wﬁ'yvs. Cxpansion of trophoblast precur-
S—— St NS a wet, fibroblast M factor-4. Therefore, Octd also
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Table 2. Second Round Targeting of the Oct4 Gene
(A) Introduction of Oct4ireshph construct into ES cells heterozygous for Octdiresggeo allele
Integration Event

Selection Colonies X-Gal - ve Random Retargeting 2nd allele
Hyg 12 9 3 9 []
Hyg + G418 4 0 4 0 0

(B) Introduction of Oct4irespgeo construct into ES cells heterozygous for Octdireshph allele
Integration Event

“..We conclude that a functional Oct4

Selection Colonies Xgal + ve Random Retargeting 2nd allele indispensable for main-tenance of the
G418 8 6 2 6 0 self-renewing undifferentiated ES cell
G418 + Hyg 2 ND 21 0 0 phenotype..”
G418 + Hyg® 9% 8 8 0 0
(C) Introduction of Oct4ireshph construct into ES cells heterozygous for Octéireszeo allele and vice versa
Integration Event
Second vector Selection Colonies Random Retargeting 2nd allele
hph zeo + hyg 20 20 0 o
zeo ze0 3 0 3 0
ze0 zeo + hyg 21 21 0 o
Oct4 targeting constructs were introduced into parental CGRS ES cells or previously targeted i by

and grown up under selection in G418, hygromycin B (hyg), or zeocin (zeo) as indicated. Clones were analyzed as appropriate by X.
staining for retention of the Oct4iresBgeo allele and by DNA hybridization with Oct4 genomic probes as described (Mountford et al., wm
*Only clones showing stem cell restricted X-Gal staining were analyzed by DNA hybridization.
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Cell, Vol. 113, 643-655, May 30, 2003, ¢

Functional Expression Cloning of Nanog,
a Pluripotency Sustaining Factor

in Embryonic Stem Cells

lan Chambers,* Douglas Colby,

Morag Robertson, Jennifer Nichols, Sonia Lee,
Susan Tweedie, and Austin Smith

Transfect library into
PYLT" it ES colls

Select in Puromycin without
cytokines

Sequence indvidual cONAs

}

Confirm
E14/T LRK1 re-transfection of fifr”~ ES cells

Figure 1. Components of the Expression Cloning Strategy

(A) pPYCAGIP opisomal expression vector. The plasmid carries a polyoma origin with the F101 mutation allowing opisomal replication in ES
cells. CONA is cloned directionally in place of the stuffer fragment within a tranacription unit linked 10 the puromycin resistance gene (pac)
through an IRES.

(8) Reduced background of self-renewal in ES cells deleted for the fifr gene. E14/T or the Mr targeted subclone, LRK1, were transfocted with
PPYCAGIP and plated at 10° per § cm petri dish. Selection was applied 30 he later and plates stained for alkaline phosphatase after 12 days.
(C) Logic of the expression strategy. Plssmid 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 exprosaing Nancg cONA from the pPyCAGIP episome in the absence of cytokine; left, colony morphology; right,
in situ hybridization for Octd MANA.

(E) Quantitation of stem cell colonies formed following transfection of LRK1 cells with pPyCAGIP derivatives canrying 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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a3 mocse and human coll '™ tactor hierarchy that defiees £5 coll
lan Chambers,* Douglas Colby, s Toves, and M from differentioted cells. I preim. Gentiy.
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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 ug pA* RNA was loaded per lane and
hybridized with probes for Nanog cDNA (left), GAPDH (right), and Nanog ORF (middie). Positions of ANA 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 celis (right); bars aro 50 um.

(C) Nanog expression in cell ines. RNAs were from PSMB, PC13.5, F9, PSAS and P10 EC colls; CGRS, ES cells: PE, D7-A3 parietal endoderm-
liko; EG, embryonic gem cells; PYS, parietal yolk sac; NIH3T3, fibroblasts; BAFBOS, pro-8 cells; MEL. erythroleukaemia; B9, plasmacytoma.
(D) Human nanog RNA is expressed in EC colls. ANAS were trom embryonal carcinoma (GCT27) (Pera ot al., 1089) and lymphok! (Jurkat) celis.
(E) Nanog is during ES cell E14Tg2a cells were induced to differentiate by appication of retinoic acid (RA) or
J-methoxybenzamide (MBA) for the number of days shown.

(F) Lack of detectable Nanog mRNA in adult tissues. RNAs were: 1, CGRS 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, skelotal muscle; 14, skin; 15, ovary; 16, seminiferous vesicle; 17, lung.
Northem analysis was performed by sequential hybridization with probes for nanog, GAPDH, and oct4 (C and E), hnanog and GAPDH (O},
and nanog and GAPDH (F).
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acts in parallel with cytokine stimulation of
10 drive ES cell sell-conewal Elevated Nanog
sudficient for

ation, A unique network of

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

lan Chambers,* Douglas Colby,

Morag Robertson, Jennifer Nichols, Sonia Lee,
Susan Tweedie, and Austin Smith

and tonal expansion of ES cells, bypassing Statd and
4 levels. ot

™
mouse ES cells 1o isolate ay .u.mlr:o

Nanog is a divergent homeodoman protein that gi- Pacity are rostored upen transgene excisicn,
rects ‘of undifferentiated ES colls. Nanog These findings establish a central role for Nanog in
tactor hierarchy that defines ES cell

MANA is presont moase and human coll H
Tves, a0d absent from differentioted cells. I preim. WHentRy.
plantation embryos, Nanog is restricted 10 founder

colls f oty X

Figure 4. Expression of Nanog In Vivo

(A) Preimplantation embryos. Top: embryos of 1, 2, and 6 cells.
Middle: 8-cell embryo, late morula and early blastocyst. Bottom:
blastocysts 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 lofalized to the primordial germ cells
overlying the somatic tissue.
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Functional Expression Cloning of Nanog,
a Pluripotency Sustaining Factor »

in Embrvonic Stem Cells
lan Chambers,* Douglas Colby,

%
Morag Robertson, Jennifer Nichols, Sonia Lee, -~
Susan Tweedie, and Austin Smith

EF1C1

I o
je .
AN TR

EF1

e

Bs DK DY e D0 BRC

hLIF-05

Nanog acts in paraliel with cytokine stimulation of
Stat3 1o drive S coll self-conewsl. Elevated Nanog

ation. A unique network of transcription factors may
characterize self-renewal and simultaneously sup-

(wwo«—?s«hwmmamm
Octd levels. Cy -

mouse ES celis to Isolate
Nanog is a divergent homeodoman protein that di-
rects propagation of undifferentiated ES cells. Nanog
MANA I8 presant in plurpotant mowse and human cell
Tnes, and absent from differentioted cells. In preim-
plantation embryos, Nanog Is restricted 1o founder

€S

Figure 5. Reversibility of gp130 independent self-renewal (A)
Schematic of floxed Nanog expression vector. The LoxP sites
are positioned in the second exon of the CAG cassette and
between the terminator sequence and egfp such that following
Cre-mediated recombination CAG directs expression of egfp.
(B) Northern analysis before and after Cre excision. The blot
was hybridized sequentially with the indicated probes. EF1,
E14Tg2a subclone carrying the floxed transgene; EF1C1, EF1
subclone following Cre-mediated excision.

(C) Removal of Nanog cassette restores LIF dependence.
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, Zin40 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.
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yor Nanog acts in paraliel with cytokine stimulation of
$ta3 1o drive ES coll seli-conewal. Elevated Nanog

Functional Expression Cloning of Nanog, Sien. A s strock of rumsaripen ecters ey SBEEN e oo, St bt

sup. lonal xpansion of ES cels, bypassing Satd and
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a Pluripotency Sustaining Factor 3‘. rivs diarioloo: Wo s vnags clareqbaton, way sy -
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Nanog 15 & divergent homecdoman protew that gi- Pacity aro fully restored upon transgene excisicn.

in Embryonic Stem Cells e e B - Fhoet s actablioh  sonkrl ros for Naeg b

MANA is presant in pluripotent mouse and human cell 1he transcription factor hierarchy that defines £5 coll
lan Chambers,* Douglas Colby, Tnes, and absent from differentioted cells. In preim. dentay,
Morag Robertson, Jennifer Nichols, Sonia Lee, B plantation embryos, Nancg s restricted 10 founder

9 = 3 olls from which ES cells can be derived. Endogenous
Susan Tweedie, and Austin Smith £E ouls canbederh

Figure 6. Nanog Transfectants Retain ES
s save E14Tg2a EF4 EF4C3 Cell Identity

Pt P . (A) Oct4 Northem analysis of RNA from cul-

Phase e X tures of E14Tg2a derivatives expressing the

Bt Octd SmmEe seses floxed transgene (EF4) or a Cre-excised sub-

GAPDH SSaae aehee clone (EF4C3) prepared at 0, 1, 2, 3, or 4 days

following exposure to RA or MBA.
Octd B mw Tud (B) Nanog suppresses neuronal differentia-
3 tion. E14Tg2a, transfectant EF4 expressing
GAPDH Seaee the floxed Nanog transgene, and Cre-excised
MBA K subclone EF4C3 were assessed by TuJ im-
GFP v munohistochemistry 2 days after plating reti-

noic acid treated aggregates.

X (C) Contribution of Cre-deleted cells to mid-

gestation embryo. Fetus generated from an
MF1 blastocyst injected with EF1C1 cells and
examined at E9.5 for green fluorescence.
(D) Adult chi g by injecti
EF4C3 cells into C57BL/6 blastocyst.
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To yovidwo Sox2

v Metaypadkog TapAayovTog TNG OLKOYEVELAG SRY
(d€pel HMG box)
v Ekdpadletat otnv EKM (OxtL armokAELoTIKA)

v Ekdpadletat ko oto N2

v ANMnAerudpa pe tov Oct4.
v'Zta KO ta épPBpua mebaivouv katd tnv E6.5

vEnewdn ekppaletal ko ota wokuttapa rbavov

TO UNTPLKO TIPOIOV EMLTPENEL TNV eMLBiwon wg TV
E6.5.

vTMailel poho otn dlatripnon tng moAuduvapiog.
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v'OudAoyo tou caudal
v DEPEL OLOLOETIKPATELD
vEkdpaletal ota  KUTTOPQ

Tou Tpodoetwdéppartoc (TE)

A ‘ +?B

v KataotéMeL thv €kdpaon Twv Oct4 kot nanog
ota KUTTOPA TOU TPODOEEWSEPHATOG.

V'O Oct4 katooTteNeL TNV EkPpaon Tou cdx2 otnv
EKM.

v'OL Oct4 kat cdx2 puBuilouv v ékdpacn Tou
petaypadlkol Tapayovta eomesodermin Tou

gvéxetal otn Stagopornoinon tou TE
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Anovoia napayoviwv
noAuvduvapiog ekppalovrol
yovidia mou endyouv
6ladopornoinon

Endoderm
hnfda C w— Transcription

coup-tf 1 Factor
coup-tf Il
lamininB1
dab2
tm

afp

thh - »>Anoucio nanog emdyovtal yovibia Tou

L gvéxovtau otn Stadoporoinon twv ES.
cdx2

t

fgfs
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MNpoodloplopog OEoswv MPOGdESNC TWV HETAYPADLKWV
TLOLPOLYOVTWYV TTOAUSUVOLULOLG

o~

- g E
NONDD

-ame

>SELEX yLa tnv Tautomnooinon thg aAAnAouxiag avayvwpLlong TG nanog.
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Undifferentiated colonies (%)

>H &pdon tng nanog eivat ave§aptntn oo ta povomatia JAK, MEK.
>latn §paon tng nanog amauteiton n Oct-4
>H nanog 6&v amotelei otox0 T

>KotootéMel ta GATA4,GATA6  Tmou €xel SexBel ot mpodyouv tn Sladopomoinon oe

TIPWTOYEVEG EVOOSEUQ
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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,

Pluripotency 5 but they all fail (truncated line from the ring to the
Proliferation : / 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.
NATURE REVIEWS | MOLECULAR CELL BIOLOGY, vol. 6, 872 2006

149

of ription factors in ES cell pluripotency and embryonic development
Expression pattem Loss-of-function phenoty pe
Embryonic development  ES cells

Oocytes, fertilized embryo, Embryonic lethal Loss of pluri Diffe into

ICM, epiblast, ES cells, (blastocyst stage), differentiation into primitive endoderm and
bryonk i cells, differentiation of epibl; h . lineage mesoderm

germ cells into trophectoderm lineage

Gain-of-function
phenotype in ES cells

Transcription Protein family
factor

Octd Pit-Oct-Unc
protein family

Embryonic lethal (E5.5),

Loss of pluripotency,

Novel Morula, ICM, epiblast, ES
homeodomain cells, embryoni

lack of epiblast, differentiation into

protein cells, germ cells

differentiation of ICM into  primitive endoderm
primitive endoderm

SRY-related HMG OQOocytes, ICM, epiblast, germ Embryonic lethal (E6.5),  Unknown

box protein cells, multipotent cells of
extraembryonic ectoderm,
cells of neural lineage,
brachial arches, gut
endoderm

Signal transducer Wide ranges of cell types

and activator of

transcription family

protein

Caudal-type Outer morula cells,
Py = hactodanm celllin

failure to maintain epiblast

Embryonic lethal (E6.5-7.5) Differentiation into primitive

and m

LIF-Stat3-independent
self-renewal, resistance
to retinoic acid-induced
differentiation

Unknown

LIF-independent
self

(Stat3 signaling is
dispensable in human
ES cells)

Embryonic lethal due to  Normal ribution to all

Diffe into

protein

GATA-binding Extraembryonic endoderm
protein lineages

failure (ack of cell lineages except
" | . ol

intestinal cells
Embryonic lethal (E5.5~  Unknown
7.5), defects in visceral
endoderm formation

GATA-binding
protein

Extraembryonic endoderm
lineages

Embryonic lethal (E8-9),
defects in heart

Can generate cardiac
myocytes, inabilty to

trophoblast
Differentiation into
primitive endoderm

Differentiation into
primitive endoderm

morphogenesis generate visceral endoderm

and definitive endoderm of

foregut
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OKTOLEPN KOl OTOLXELOL SOX OTOV UTIOKLVNTH TOU nanog

' probe 3 probe
TG6 TG7 Ri1 TGé TG7 Rt

ATKD W W W 110kb W
34k e -

NANOG

GFP  —

HESTON
H3

F. +RA
do di d2

NANOG N m—

GFP — e

ST e o e
H3

FIG. 1. Undifferentiated state-specific expression of the LR/Nanog-GFP transgene. (A) Structure of the LR/Nanog-GFP transgene containing
5'- and 3'-flanking regions. P, Pvull; X, Xbal; B, BgllI; N, Ncol. (B) Southern blot hybridization analysis of TG6 and TG7 transgenic cell lines
and the parental R1 ES cell line. The transgene- -specific 3.4-kb Pvull-Bglll fragment and the 4.1-kb Xbal-Ncol fragment were detected with 5’ and

3’ probes, respectively. (C) E: ion of GFP in iated (UD) 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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OKTOLEPN KOl OTOLXELOL SOX OTOV UTIOKLVNTH TOU hanog

A.

Mye0CT4
HAS0X2

ACTIN S e e g e s OCT4/SOX2 b
B. SOX2 e “ “

_Oct OCTaw
Fgté-prode :§ TTTAAGTATCCOATTAGCATCCAAACAAAGAGTTTTCTA 3
1 | 111 [T LEg.
Manog-probe : 5 CCTTACAGCTTATTTTGCAY - - - TACAATGTCCATGGTGGACCC 3

D.  sous:

Relative value to pTK-Luc
1 2 3

| "

;_

-+

& |-

+ |+

probe
Mye-0CTe
HA-S0X2

Sox

4

FIG. 4. Binding of exogenous OCT4 and SOX2 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-SOX2, anti-Myc, and anti-HA antibodies. Actin was used as
acontrol. (B) DNA sequences of Nanog and Fgf4 probes. Octamer (Oct) and Sox elements are outlined. (C) EMSA with Nanog and Fgf4 probes
and COS-1 cells. Bands of the OCT4-DNA, SOX2-DNA, and OCT4/SOX2-DNA complexes are indicated. (D) Cotransfection reporter assays with
Oct4 and Sox2 expression constructs in NIH 3T3 cells. Bars represent the means * standard errors of three independent experiments.
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2toxotl twv Oct4, nanog Kot Sox2

MNewpapata ChIP oe eminedeo yoviSLwHATOG KoL
emakoAoudn aAAnAovyLon.

OCT4, Sox-2 NANOG oTOV TIOVTIKO KOL OTOV
avbpwrro..
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Ztoxol twv Oct4, nanog Ko Sox2

60 pepn amo -8 €wg + 2 kb 17.917 yovidiwv (Yo To 98% twv yovidiwv ta
puBuLotika otolxela evromiovtal oe autég tig 10 kb.) Oct4 4550
Oct4 - 623 yovidia (3%) 51

Nanog - 1687 yovidia

Sox2 - 1271 yovidia i
Evepyd n o€ KATOOTOAN

353 yovidla avayvwpilovtal Kot armd ToUG TPELG TIOPAYOVTEG

o
(-]
o

w
w

Fold Enrichment
&

Fold Enrichment
Fold Enrichment

i] 97025 43981219 70,726 268 70,735721 129,026 354 129018215
Chromosomal Pasition Chromosomal Position Chromosomal Position

HOXB1 GOLGAG ERSL
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2toxol twv Oct4, nanog Ko Sox2

Table 2. Examples of Inactive Homeodomain Genes Co-occupied by OCT4, SOX2, and NANOG

Gene Symbol Entrez Gene ID Gene Name

ATBF1 463 AT binding transcription factor 1
DLX1 1745 distal-less homeobox 1
DLX4 1748 distal-less homeobox 4
DLX5 1749 distal-less homeobox 5
EN1 2019 engrailed homolog 1
ESX1L 80712 extraembryonic, spermatogenesis, homeobox 1-like
GBX2 2637 gastrulation brain homeobox 2
GSC 145258 goosecoid
HOP 84525 homeodomain-only protein
HOXB1 3211 homeobox B1
HOXB3 3213 homeobox B3
HOXC4 3221 homeobox C4
1PF2 3651 insulin promoter factor 2
IsL1 3670 ISL1 transcription factor, LIM/homeodomain (islet-1)
LBX1 10660 transcription factor similar to D. melanogaster homeodomain protein lady bird late
LHX2 9355 LIM homeobox 2
LHX5 64211 LIM homeobox 5
MEIS1 4211 myeloid ecotropic viral integration site 1 homolog (mouse)
NKX2-2 4821 NK2 transcription factor related, locus 2 (Drosophila)
NKX2-3 159296 NK2 transcription factor related, locus 3 (Drosophila)
3175 one cut domain, family member 1
23440 orthopedia h log (Dr i
5013 orthodenticle homolog 1 (Drosophila)
5080 paired box gene 6
7080 thyroid transcription factor 1

JTa KaTeoToApEVA Yovidila mephapBavovtat moAAol petaypadLkol mopayovTeg
Tou evéxovtal otn Stadopomoinaon.
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JUyKpLoN Twv TIPOTUTIWV
éxkdppaong twv 353 yoviSiwv ota
omola mpoodévovtal ot Octd
Sox2 KoL hanog Hetafy twv ES
kKat 79  Sladopomol-nuUEVWY
KUTTOPIKWY — TUMwv.  Epdaon
otnv avaAuon TG Exkdpacng
METOYPADIKWV TTA-pAYOVIWV.

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

I Ganglia
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o
<
=]
o

[e]

No. of Genes

Expression Ratio
(ES cells vs. Differentiated cells)
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PuOpLotikd KUKAWHOTO oTo

Chvomatin Remodeling
Histone Acatylation

Histone Methyiaticn

TGF Signaling
A B
FS Cell Transcription Faclors
3=
v
® o
=
] Ecloderm
Figure 4. Transcriptional Regulatory Motifs in Human ES Cells e ] :l Eosem
— i
(A) An example of feedforward transcriptional regulatory circuitry in —‘W
human ES cells. Regulators are represented by blue circles; gene _,m ] Mesoderm
promoters are represented by red rectangles. Binding of a regulator — ] — e Mesosem
to a promoter is indicated by a solid arrow. Genes encoding regula- [l EckdamVEndodem
tors are linked to their respective regulators by dashed arrows. L Bt
(B) The interconnected autoregulatory loop formed by OCT4, SOX2, L Extra-embryonic/Placenta
and NANOG.

Figure 5. Core Transcriptional Regulatory Network in Human ES
Cells
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PuBuiotikad KUuKAwpata ota ES ... moAumAokotnta

Nanog SELEX motif Sox2 SELEX motif

elTICls

Bits

ﬁN AT,

FANOTBLOND

Nanog-Sox2 SELEX motif

MLCATL‘% .

(E) Nanog and Sox2 ChIP-seq peaks located
near the transcriptional start sites of Zfp42 and
Rex-1. The peaks that contain the Nanog/Sox2
motif are highlighted in the shaded box; Nanog
(N) and Sox2 (S) peaks

The EMBO Journal (2013) 32, 2231-2247

(D) Top panel, SELEX motifs generated for
Nanog and Sox2 expressed individually from a
total of 19 (Nanog) and 15 (Sox2) sequences
submitted to MEME; Middle panel, SELEX motif
generated for Nanog/Sox2 complex from 38
sequences submitted to MEME

The EMBO Journal (2013) 32, 2231-2247

Pl e —

159

PuBuiotika
s s
kba@\ Y
200
115
97
54 —

37
29

(C) Coomassie-stained SDS—polyacrylamide gel of the FLAG immunoprecipitation from E14Tg2a F-Nanog
and control E14Tg2a cells. (D) Proteins detected by mass spectrometry analysis are grouped in classes.
Transcription factors are shown in blue circles, NuRD components are in green, Trrap/p400 complex is in
yellow, PcG components are in red, E2F6 complex is in purple, Sin3a complex is in burgundy, N-CoR
complex is in khaki, LSD1 complex is white, MIl complex is in blue green, chromatin remodelling
transcriptional regulation proteins are in dark orange, transcriptional machinery proteins are in pale green,
proteins involved in phosphorylation are in pale blue, proteins involved in ubiquitination are in amber,
proteins involved in RNA processing are in fuschia, proteins involved in cell cycle or DNA replication are in

Mepimou 10 1/3
TWV TTPWTEIVV
mou  aAAnAemmi-
Spolv pe TN
Nanog  epTTAé-
KOVTOI O€ ETTIYE-
VETIKOUG  pnxa-
VIOUOUG....

coral, proteins involved in DNA repair are in pink and other proteins are in grey.

The EMBO Journal (2013) 32, 2231-2247
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Emyevetikol pnxoviopot

7 2ta epPBpuika BAaoTikd kKUTTapa ekdpdletal to 30-60% TwWV YoviSiwy (Evw ota
Sltadopomotnuéva PoALg 10-20%)

7 EMopEVWG €val LEYANO TTOGOOTO TNG XPWHATIVNG EXEL avolyTh Stapopdwaon.

A0l  EMLYEVETIKEG  TPOTIOTIOLOELG adopolv  ocuvABWG  OQIMOCLWINOEL Kol
T(POYUATOTOLOUVTOL ME 3 pnxaviopoug: peBuliwon tou DNA, TPOTOMOLCELS TWV
LOTOVWV/L00MOPdEC LOTOVWY KLl pavopeva Tou €aptwvtat aro to RNA.

MeBuliwon DNA

Anoclwnnon

TPOTOTIOL OELG LOTOVWV

161

Emyevetikol pnxaviopoi-MeBuAiwon

2H pebuliwon adopd Kol KATOAVETAL QMo €LOLKEG
peBulotpavodepAoed.

2%€ TOAAOUG UTTOKLVNTEG (25-40000) evrtomniovtal vnoideg CpG >500bp pe CG content mavw
arno 50%). Ot vnoideg ouvnBwg dev peBuiiwvovtal.
7 H pebBuliwon twv vnoldwv €XEL WG ATTOTEAECLOL TNV ATTOCLWTTNON.

-Dnmt 3A and 3B
-Dnmt 1

2 Ta knock out twv Dnmt 1 kat 3B elval Bvnolyova KoTd TV avamtuén 1 apuécws LETA (3A
otnv 4n eBdopada {wng). Nna aAleg Dnmt dyvwotog poAog (Dnmt2 r) Dnmt3L).

201 Dnmt aAAnAemibpouv pe:

1. AlaKETUAAOEG LOTOVWV

2. Kataotoleic tng petaypadng (m.x pRb).

3. Oykoyovidia (PML-RAR).

4. methyl CpG binding proteins (Mecp2/1, mbd2, mbd3) mou aAAnAemidpolv pe mpwTeiveg
TIOU TPOTIOTIOLOUV TN XPWHATIVN.
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Emyevetikol pnXoviopol -

7 TPOTIOTIOLOELG TWV LOTOVWY

7lc0pHopdEG LOTOVWV

P e

FUSVQITT R | (VR 1oYe): o)1 TTTIANR (Tl 127 Ao SGRGKOGGKARA . AVLLPKKTESHHKAKGK-COOH

LOTOVEG. - : .
T [& P
> 7 % i

ASUYXPOVIOHOC TPOTIOTOL GEWV H2B Nrg-vepvn:s;vax‘»jc‘s‘ﬁm\mi VKY TS SK-COOH
KOLTA TNV OVATTTUEN PR e
MP:‘TC‘ wre e el e uap Mo o
7||_|DUJ'EE'i:VE§ Tiou a}\}\nAET(L(SpOL'JV UE H3 M12~AR1i‘(QTARi(SIGGKAFR%QLAS;’(AAR‘(SA GVKK. .EFKTD
234 R A 2 ez .- ™
TPOTIOTIOLNEVEG LOTOVEG
P o B B B ow

7|O KUJSLK(IQ'[(,UV LOTOVWV. H4 AbSGRGI“(GG‘!-‘(GLG&GGAKRHRKVLRDNIOGIT
188 e 12 16 2

Current Biology

Peterson CL et al, Current Biology, 2004
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Emuyevetikol pnyaviopot -

'.-,
HED

[
EED N0

OL VOUKAEOOWLKEG LOTOVEG KOl OL LOOMOPPEC TOUG
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ETILYEVETLKOL LNXOLVLOMOL - LOTOVEG

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

Auoivng: SET-domain HMTase kat non-SET domain HMTase (Dot1)
Apywivng: PRMT family, CARM1
LSD1
ubiquitin conjugase Rad6/ligase Brelfor H2B
SAGA-associated Ubp10
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ETLyEVETIKOL UNXOAVLOMOL - LOTOVEG

a Primary (-10 kb) cis-acting elements b Secondary (~100 kb) histone modifications

| : : ==
—VV== o o@ob—o‘o“o—o'o}“o—b BT

—_—

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

/\ N Q“%\/

by, o
\\/

Nuclear architecture and histone code

Nature Reviews | Genetics

( Heterochromatin vs. Euchromatin )
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Ertiyevetikol pnxavicpol - MeBuAiwon DNA/1otoveg

Transcriptionally Transcriptionally Transcriptionally
Incompetent Inducible Competent
Heterochromatin Chromatin Euchromatin

Histone Acetylation

DNA Methylation

Inactive X-chromosome Environmentally

Silenced Imprinted Genes Responsive Genes

Alu, LINEs, SINEs

Pericentromeric Repeats Developm entally
Responsive Genes

OL VOUKAEOOWHLKEG LOTOVEG KAl OL LOOUOPPEG TOUG
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Emtiyevetikol 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

LLLLULRRR
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Emyevetikol pnxoviopot

DNA methylation

!

Histone code | Ehrarmati

IS

Nuclear Untranslated
organization RNA

Histone deposition _
and exchange —»

Current Opinion in Genetics & Development
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Emtyevetikol pnxaviopoi oto ESC

2 21a moAubduvapa ESC ota onola petaypadetat to 30-60% Twv yovidiwv Bewpeltal
oTn SouN TNG XPWHATIVNG ELVOL YEVIKA «ETLTPETTTIKI» YL TN LETAYPADIKN UNXOV).

7 0L ETEPOXPWHATIVIKEG TiEPLOXEG eudavilovtal katd tn diadopomnoinon. H HP1
Slayutn ota MOAUSUVAMO- EVIOTILOUEVN OTLG ETEPOXPWUATIVIKEG E0TIEG KOTA TN
Stadpopomoinon.

7 Kata ™ Stadopomnoinon avéavovral ta enimeda tng H3K9me3 Kal EVOWUATWON
T™NG macroH2A.

2 MEAETEC TNG SUVAULKAC TNEG XPWHATIVAG €xouv Seifel OTL n doun sival e€opETIKA
SUVAULKN - OVTIKOTOOTACELG OTOLXELWV OE TIOAU UIKPA XPOVIKA SlaoThpata.
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Emiyevetikol pnxoviopoi ota ESC

2H Soun tng xpwpativng mailel onUavTikd poAo otnv £kdpacn Twv YoviSiwv mou
ekdpalovrat ota ESC.

2 H ékdpaon tou Nanog eAEyXETAL amO OTOLXELQ TTOU OITAVTOUV aVOSLIKA OTIO QUTO
(160kb).

ATa otolxela avtd (Dnase | hypersensitive sites) avayvwpilovtal amo pia oepd
napayoviwy moAvduvauiog mou aAAnAemidpolv ennpedlovtag Tn Stapopdwaon TNG
XpwHpativng oxnuatilovtag pia Sour mou evepyomolel Tn petaypadr. To cUUTAOKO
amoouykpoTteltal anovcia Oct4

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

Silent Active
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Emtyevetikol pnxaviopoi oto ESC

2 Zta toAudUvapa ESC toAAd yovisia dépouv “Sirtr) onpaveon” (bivalent mark)

2TOUG UTIOKLVNTEG TIOAAWV ovammtuélokd eAeyxouevwy yoviSiwv (Sox, Hox, Pax, kat Pou)
QIO TA TAUTOXPOVWG onpavon e Betikr) 6pacn (H3K4me3) katl orpoaven e apvntikn dpacn
(H3K27me3).

2Kata t™n Sladopomoinon amoloiwdetal €ite n apvntiky onuoaven (av otn yeveahoyio
ekdpAleTal TO OUYKEKPLUEVO yoviblo) eite n Betikn onpavon (av otnv v AOyw KUTTOPLKN

yeveahoyla To GUYKEKPLUEVO YovibLo Sev ekdpaletal)

Mnﬂerennahm : Silent
» HIK27me3 '
*H3K4med

Fig. I. Many developmentally regulated loci are marked with
bivalent domains. Genes poised for activation are often :
simultaneously enriched for activating H3K4me3 and repressing ACUVE
H3K27me3 marks. Upon differentiation, these opposing

i i are resolved on i

activity.

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

172

5/1/22

86



Emyevetikol pnxoaviopoi oto ESC

72 3ta moAuduvapo ESC moAAd yovidla twv omolwv n €kdpacn odnyel oe
Sladopomoinon

2To PRC1 cuykporteitat ano 10 umopovadeg petatd Twv omoiwv kat ot Ringl A kot
1B, Bmil kat Chx8. OuBikouitviwon tng Auaivng 119 tng otovng H2A

2To PRC2 ouykpoteital (core) amo tig Ezh2, Suz12, and Ee D. To PRC2 kataAUeL Tn
6L kat TpL- peBUAiwaon tng H3 otnv Aucivn 27.

2 Adpavormoinon moAwv amo ta yovidia twv PRC £xel w¢ amotéAecpa tpofAnpaTa
oTNV avamntuén.

173

Emtyevetikol pnxaviopoi oto ESC

2Avaluoelg oe emninedo yovibiwpatog oe  ESC €xouv Oeifel OTL Ta GUMTTAOKA QUTA
€VTOTII{OVTOL OE VOUKAEOCOWLOLTAL OTA OTTOL0L ATTAVTA ETTiONG TPLUEBUALWEVN H3K27.

2Ta yovidia mou eAéyxovtal amd ta PRC1 kat PRC2 eivat yoviSla ta omoia evepyormolouvTol
Kata tn Stadopomnoinaon.

2Me ta oUupmAoka oAANAemdpolV Kal TMPWTEIVEG TOU Tpomomnmolouv Lotoveg (myx Rbp2
arnopeBuAdacn Auoivng)- edw n amopeBUAlWON EVIOXUEL TNV KATAOTOAN TNG EKbpaong.
2Avtiotpodn Spacn eudavilouv TA CUMMAEYMATO OTA OMOLOL CUMUETEXOUV TPWTEIVES
Trithorax.

A B

H3K27
HiKdme3 !

Histone demethylases cooperate with Polycomb or

H Trithorax complexes 1o promote histone modifications in order to H
' en mediate transcriptional (A) repression or (B) activation c 've
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Emyevetikol pnxaviopoi ota ESC

7 H Oct4 eAéyxeL TNV €kdpaon YovISiwy TTOU TPOTIOTOLOUV LOTOVEG.

201 amopebuldoeg Twv otovwv Jmjdla kat Jmjd2c elavatr otdxol tng Octd Ita ESC n
anoucia tng Jmjdla £xeEL WG AMOTEAECUA TNV ATTOUGLA TTOAAWY YOVISLWwY TTOU CUVEEOVTAL LIE
v oAuduvapia. EmutAéov ta kuTTtapa Stadopomololvvial.

2AAN\G n Jmjd2c amatteltal yia tnv ékppacn tg Nanog

The histone demethylase, Jmjd2c participates in a
tional circuitry that promotes expression of pluripotency
nscription factors. Octd activatesthe expression of Jmjd2c
binding to the Jmjd2c promoter. Jmjd2c is then recruited
10 the Nanog promoter where it catalyzes demethylation of
H3K9me3, preventing the repressors, KAP1 and HP1 from binding.

H3K9
.......*

Nanog

J. Cell. Physiol. 219: 1-7, 2009.
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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 1998
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AvBpwrniva ES

>AvBpwriva ES pmopouv va
SNULOUPYNOOLY  TEPATWHOTO  OF
movtikia  SCID. Ita  TEPATWHOTA
aravtwvtol Stadopeg SoUEG:

A: o Tou HoLalEL LE EVTEPO
B:veupoeminBALaKEG poleTeg

C: ootitng LoTog

D: xov6pog
E:ypapuwTog pug
F: omelpapara.

AvBpwrniva kuttapa ES

Ta avBpwrva euPpuikd  PAaoctokUttapa Sladépouv amo Tta  gUPpuikd

BAaoTOKUTTOPO TOU TIOVTLKOU:

> KoAAlepyoUvtal SUCKOAWTEPQ ATIO AUTA TOU TIOVTLKOU.

>Mapott  ekppdlouv Oct-4 kot nanog kot Sox2 Oev  ekdpalouv  AAAOUG
XOPAKTNPLOTLIKOUG SELKTEG TTOU Elval MapovTeg ota ES Tou movTtikou.

> Aev e€optwvrol amo LIF.

> Xpetalovtal tpodLka KUTTapa Kot bFGF.

Alk.phos
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PuOpLotikd KUKAWHOTO oTo
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Figure 4. Transcriptional Regulatory Motifs in Human ES Cells

Targets in human
ES cells

[77] Targets in mouse
Elescelis

[

(A) An example of feedforward transcriptional regulatory circuitry in
human ES cells. Regulators are represented by blue circles; gene
promoters are represented by red rectangles. Binding of a regulator
to a promoter is indicated by a solid arrow. Genes encoding regula-
tors are linked to their respective regulators by dashed arrows.

(B) The interconnected autoregulatory loop formed by OCT4, SOX2,
and NANOG.

| Targets in human
| and mouse ES cells

5/1/22

ChIP combined with
genome wide
methodologies to
map the binding
sites of OCT4 and
NANOG in mouse
and human ES
genomes
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Figure 5. Core Transcriptional Regulatory Network in Human ES
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Anopovwon ESC movtikov

Ta epPpuikd BAaCTOKUTTAPA ATOMOVWONKAV opXLKA otd BAACTOKUOTEL :

META Qo avaTopn Kat ArmopOVWon TNG ECWTEPLKAG KUTTAPLKAG MATaG

A6 oAOkANpn ™ BAacTtokvoTth Xwpig amopdvwon tng EKT.
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Anopovwon ESC novtikou
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Anopovwon ESC novtikou

Figure 2| i

off

(FGF2)-ERK si

HIPPO, RHO, NOTCH.

B (TGFp). activim-NODAL nuclear f-catenin or FGF2

i BMP.
$: GSK3p, i 3 ke ki D,
i 4PKC, i Ci

3 gen
ocT4, i 3 i
Adapted from Poster http://wwwnature.com/nrm/posters/pluripotency/index html, Nature Publishing Group.
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O  TE and derivatives

' EPI and derivatives

ES cel
. PE and derivatives
A% ;
oM J >
£
Future
- . e mesodem and
Compaction Cauitation Sndoic
E0S E225 and  E25 E275 E30 £35 E6.5 emerging from
Zygote 8ol polarization 8-call 16-coll J2-cell 64-cell >100-cell prestreak gasindating PO Seak
embrnyo embryo morula moruta early blastocyst  late blastocyst embeyo (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)
cells and epiblast stem cells (EpiSCs).
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I [|T Ir ESC ko Epi ESC

L ' |

- ] ]
ﬁ @g@ S Ta I’ESC €xouv TIOAAEG
-catenin

Sladpopég pe ta EpiSCs, av kat

%}@ pE  TO KAQOOLWKA  TEOT
(KAwvikoéTnTa, KQPKLVO-
W comin véveon, xinaipeg) daivo-vrat

dLa.

e 2 Armokpivovtat Stadope-Tikd
B EpisC O€ ONUATOSOTIKA HopLa.

anlyn dispause and
& X U ndopandant S3t3

acivation
requiredfor €91
v g @ s requirdor garuion
combinetion withather cues:

V) ) s 2Ta avOpwrva poldlouv pe

] s QX saimsns ta EpiSCs.
Activin/Nodal @ v X <

l/ Required X Not required @ Inhibitory I

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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ESC kou Epi ESC

ATa  epPpuikd PAACTOKUT-
Topa ival €vag TANBUCUOC
mou Oev amavid in vivo n
omavTa  ylo. TIOAU  HUKPO
Staotnua KabBwg To SU-VOULKO
TOU Queoca  Teplopi-leTal
ETOUEVWG QoK PIVo-vTaL
SlapopeTIKA o€ TIOAAQ
onuata.

AAUTO U L KoLy Ta

Mouse and human ESC survival pathways. (A) Mouse ESCs require LIF and BMP4 for Ep|SCS
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 loop.
Stem Cells. 2013 July ; 31(7): 1227-1236. doi:10.1002/stem.1384.

Fig. 1.
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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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Naive Pluripotent Stem Cells Derived Directly from Isolated Cells of the

Human Inner Cell Mass

Ge Guo,! Ferdinand von Meyenn,* Fatima Santos,* Yaoyao Chen,' Wolf Reik,** Paul Bertone,!

Austin Smith,’3* and Jennifer Nichols"%* Lv
-

Stem Cell Reports | Vol. 6 | 437446 | April 12,2016 |
- - - |
o~ 5
P s 9%
e Table 1. Derivation of Naive Epiblast Stem Cell Lines
- Dlssaciated (el Cumulative

* ICMs. Lines Passages
Figure 1. Cell Line Derivation from Dissociated Human Inner Cell Mass Cells 1 2 3 [l WNEST P30
(A) Day-6 blastocyst. 2 9 4 2 HNES? P22
(B) Trophoblast lysis. HNES3 P29
(C) Discarded trophoblast.

(D) Isolated inner cell mass. - = s - Bl
(E) Decompacted ICM. - : > .
(F) Dissociated ICM. oo = ¥ . s
(G) Primary stem cell clone grown from a single ICM cell. lﬁ’.‘;“‘:&":‘bﬁm« v i Yt i
(H) Colony at passage 8. failure.
K y emerged but failed t d atter Sve passages.
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ES ano to mpwipo EuPPuo...aAAd Kot ano .....

In vitro isolated In vivo stage of development

pluripotent Presnal - ey
el embry; eml)ryor Postnatal or adult

EScell ICM

Blastocyst

Post-
implantation
epiblast

Embryonic germ
cell

Spermatogonial
progenitors

o @

- Oocyte

NT-ES cell

Nucleus

blastocyst  transfer Somatic cell
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