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Illustration by Cell Immaging Core of the Center for Reproductive Sciences.

- jsou odvozené z vnitrni bunééné masy blastocysty
- fenotypem odpovidaji priblizné burikam vnitfni bunééné masy (mESC,
ICM —inner cell mass) nebo epiblastu (hESC, EpiSC)

- jsou pluripotentni
- pFirozené neexistuji, pouze in vitro
- jsou nesmrtelné

- maji schopnost si udrzet stabilni genotyp (!?)
- po injikaci do imunitné tolerantniho organismu tvori teratomy

(dukaz pluripotence)

- po injikaci do blastocysty maji schopnost tvorit kompletni chiméry
(znamo jen u MESC (ale také u mECC, mEGC a miPSC), dukaz pluripotence)




Ontogeneze a diferenciacni potencial bunék vnitini bunééné masy
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Izolace mysSich ES bunék
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TERATOM

Nador, ktery obsahuje bunky vice jak jednoho zarode¢ného listu, vétSinou
vSech tri. Tyto bunky mohou byt fenotypu od €asnych stadii az po
terminalné diferencované

Teratomy jsou typické nadory puvodem ze zarodeénych bunék (ovarialni a
testikularni teratomy. Teratomy jsou jak benigni, tak maligni

(teratokarcinom)

Kmenové buriky teratokarcinomu = embryonaini nadoroyé bufiky i
(Embryonal carcinoma (EC) cells) i

CHIMERA

Organismus je smési geneticky odliSnych bunék / tkani / organu

Chimericti jedinci vznikli injikaci ES bunék (darce) do blastocysty (prijemce)
jsou smési geneticky odliSnych bunék na Grovni vSech tkani, a tak také vytvari
pohlavni buriky s genotypem jak darce, tak prijemce!



Rust a kultivace ES bunék

| PROLIFERACE — DIFERENCIACE - APOTOSA

Existence a charakter ES bunék je udrzovan kombinaci uc€inkt vnéjSich
(extrinsic) a vnitfnich (intrinsic) faktort. VnéjSi faktory si ES bunky ¢astecné
syntetizuji samy, ale ve vétsi mire musi byt dodavany. Vyznamnym zdrojem techto
faktoru je vyzivna vrstva na které se ES bunky kultivuji = FEEDER. Vnitfni faktory
si ES bunky nesou jako pozustatek svého embryonalniho plvodu.

FEEDER

- vyZivna vrstva = zdroj rustovych faktoru (cytokiny, ECM, ..) a vhodny podklad

- nejCastéji se pouzivaji mysi embryonalni fibroblasty (13d p.c., MEF (PEF))

- bez ,feederu” z MEF = definované podminky, ale horsi ES burky

- tendence pouzivat druhové identické MEF = snizeni rizika pfenosu virdy, ...

- MEF Ize nahradit i jinymi typy fibroblastu pfipadné jinymi burikami

- MEF |ze CasteCné nahradit komponenty ECM, specifickymi cytokiny a pridavky,
matrigelem,..., obecné definovanéjSimi preparaty

Dulezitou komponentou kultivaéniho média pro ES jsou také nedefinované faktory séra,
které Ize nahradit dodavanim specifickych rustovych faktortl. Casto se také pouziva
tzv. Serum-replacement = Iépe definovana nahrazka séra (patentované slozeni).




Obecny model inhibice diferenciace ES bunék

- ES bunky spontané diferencuiji, v kulture je treba této diferenciaci zabranit

- diferenciace je ¢asto spojena s apoptézou

- vhodnymi kultivaénimi podminkami, Ize diferenciaci inhibovat

- faktory inhibujici diferenciaci ES bunék se ¢astec¢né liSi u riiznych druhu,
ale existuji vyjimky i v ramci jednoho druhu!

‘ ? auto- a parakrinné pusobici factory

ektoderm

mezoderm
+

feeder
entoderm

(vyzivna vrstva)



Model inhibice diferenciace mysich ES bunék

‘ ? |GF, (FGF-4), Wnt

mezoderm
+ ektoderm
entoderm ;BMP-lZ

- existuji i linie mES bunék nezavislé na LIF

- zda se, ze z LIF zavislé linie, Ize vyselektovat LIF nezavislou (!?)

- mES buriky péstované bez ,feederu” ztraci schopnost tvorit chiméry in vivo
- nékteré linie nelze bez ,,feederu” péstovat viibec

—vlastnosti mMES bunék jsou ovlivhény genotypem imbredniho kmene mysi
Z kterého byly izolovany!

LIF — leukemia inhibitory factor FGF-4 — fibroblast growth factor

BMP-2,4,12 bone morphogenetic protein 2,4,12 SR — serum replacement
FCS — fetal calf serum



Model inhibice diferenciace lidskych ES bunék

a ? IGF, 2, Wnt, FGF-2

mezoderm FGF-2 Activin/Noda
+ Noggin ektoderm
entoderm Wnt
FCS?

+
MEF (feeder) nebo matrigel

FCS — obsahuje jak difereciaci indukujici, tak diferenciaci inhibujici faktory. Kvalitu
FCS také ovlivnuje titr protilatek a slozek koplementu. FCS se liSi mezi jednotlivymi
Sarzemi = je tfeba je testovat. Lépe je pouzivat nahrady FCS se snizenou
koncentraci negativné pusobicich latek na kultivaci ES bunék, napf. Serum-
Replacement ( fy. Invitrogene-Gibco)



Zakladni vnitrni faktory charakterizujici / regulujici ES bunky
(pluripotentni embryonalni bunky)

Oct-4 (Oct-3/4, Oct-3, Pou5f1 — master of pluripotency)

- transkripéni faktor, homeoprotein

- exprimuje se jiz u 2/4 (mys — aktivace transkripce) bunééného embrya

- ve stadiu moruly je jeho exprese vyrazné zvysena

- ve stadiu blastocysty je pouze v bunkach ICM

- pozdéji jeho exprese vymizi, zachovava se pouze v PGC (a pozdéji v
zarode€énych bunkach)

- (nebyl nalezen u kurat)

- reguluje expresi FGF-4 (Oct-4/Sox-2), PDGFa, ....

- v prubéhu diferenciace za snizeni jeho exprese odpovida GCNF( germ cell
nuclear factor, RA (retinoic acid),...

- v primitivhim ektodermu je exprese Oct-4 podporovana LRH-1 (liver receptor

homologue 1)
- specialni varianta vznikla alternativnim sestfihem, se ale exprimuje i u M®



Nanog

- transkripéni faktor, homeoprotein %

- jeho exprese vede k udrzeni vysoké hladiny Oct-4

- objevuje se jiz ve vnitrnich bunkach moruly

- pozdéji se zda byt nezbytny zejména pro specifikaci PGC!
- (vyskyt i u nékterych progersivnich nadoru (?!))

Sox-2

- Transkripc¢ni faktor Sry-rodiny (sex-determining region Y protein)
- Kooperuje s Oct-4 na vlastni expresi
- V prabéhu indukce neuralni diferenciace se jeho exprese zvysuje
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Potencionalni mechanismus ucinku LIF

u mES bunék LIF/gp130/LIFR

Jak2/STAT3 PI3K/Akt + Erk

[ranscription factors
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Kriippel-like transcription factors and control of pluripotency.
Bourillot PY, Savatier P.
BMC Biol. 2010 Sep 27;8:125
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Alternativni kultivace mES protocol 2i/LIF, 3i/LIF

(A. Smith laboratory)

ESCs

Endoderm

Q / Mesoderm
ERK Neural cells
P38 MAPK ld1 and 1d3 |

BMP
FGF4
SU5402 —
PD184352
CHIR99021
C FGF4
PD0325901 MEK
I  GSK3 CHIR99021

ERK

a) standard protocol
b) 3i/LIF protocol
c) 2i/LIF protocol

LI

(indukce STAT3)
SU5402

(inhibice FGF-R)
PD0325901 / PD184352

(inhibice Erk signalizace)

CHIR99021

(inhibice GSK3, aktivace Wnt signalizace)
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Regulace transkripce faktory Oct-4, Nanog a Sox-2

Predpokladany model vzajemné regulace exprese FoxD3,
Nanog a Oct-4 u mES. FOxD3 neni exprimovan u hES.

| I

FoxD3 — Nanog — Octd — D

Vzajemna regulace Oct-4 a Nanog neni dosud pIné objasnéna. L Pan2006
Je vSak jiz jasné, ze Oct-4 fidi transkripci Nanog pfimou vazbou
v jeho promotoru (spole¢né se Sox-2), jak u mES tak hES.
Pro self-renewal ES bunék je kliCové zachovat rovnovahu
v hladinach Oct-4 a Nanog (viz. nize).
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Priklady vyvojové vyznamnych gent pod kontrolou heterodimeru Oct4/Sox2
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I Oct4/Sox2/Nanog zprostredkované regulace u mES bunék I

Zhou et al., 2007




Ztrata pluripotence u ES bunék v dusledku
deregulace rovnovahy mezi hladinou Oct-4 a Nanog
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ES BUNKY

a) mysi ES (mES) X b) lidské ES (hES)
(LIF / gpl30*/ STAT3 dependent) (LIF /gpl130*/ STAT3 independent)

Toto rozdéleni je pravdépodobné dano moznosti nékterych zivo€iSnych druhu mit
skrytou brezost ve stadiu blastocysty (embryonalni diapauza).
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lefty, TDGF, Inhibition of differentiation

Telomerase and immortality genes
Rb and cell cycle
Inhibition of positional genes (Hox)

Rao, 2004




Signalni draha gp130 ->-> STAT3 ve vztahu k pluripotentnim bunkam u ¢lovéka a mysi

mMESC
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Nékteré charakteristické znaky mySich a lidskych ES bunék

Mouse ES Human ES
Alkaline Phosphatase ¥ *
SSEA-] + N
SSEA-3 = +
SSEA-4 - +
TRA-1-60 = #
TRA-1-81 = ¥
T 374 + i
SOX 2 + +
REX 1 + F
TERT ¥ +
FGE4 + +
UTF-1 + +
FOXD3 4 .
CX45 ¥ ¥
CX43 ¥ +
BCRP-1 ¥ +
LIFR - ®
gp130 + ¥
STAT3 ¥ ¥
Nanog + +




Table 1 | The best-characterlized ESC markers*

Undifferentiated state marker

Cell-surface and nuclear antigens

SSEATR

SSREALE

TRA1-60/81%

TRAZ-54

GCTM-28

TGE34.3%

TG30!

cDg

C01.33/prominin

OCT4

MANCG

S0X2

Enzymatic activities

AP

Telomerase

In vitro culture requirements
Feeder-cel depandent
LIF dependent

FGF4

Growth characteristics
Ability to formn trophoblast
Teratoma formation & vivo

Growth characteristics in wiro

Ability to form garm cells in vitno

Mouse

+ + 4+ 4+ o+ 2

+

+

Form tight, rounded,
rulti-layer clumps;
can form EB=

+

Human

+ + 4+ 4+ + + + + o+ o+ o+

+

=+
+

Forrn flat, looss
aggregates,; can
form EBs

NR

1Glykolipidy, $ Keratan chondroitin sulfat
proteoglycan, 'Tetraspannin transmembranové
proteiny, AP — alkalicka fosfataza,

EB — embryoidni télisko, ESC — embryonalni
kmenové buriky, SSEA — vyvojové specificky
embryonalni antigen (stage-specific embryonic
antigen), TRA — antigen odmitnuti nadoru
(tumor-rejection antigen), NR — nestudovano
(not reported)



Signalni draha TGFbeta / BMPs u ES bunék

BMPR-II

Ligand Type R Type IR
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Kmenové bunky epiblastu — EpiSC (Epiblast stem cell)
Brons, 2007 & Tesar, 2007
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Histone methylation

H3K4me3 EpiSC
H3K27me3
mESC (= - neintegruji se do moruly a blastocysty => rozdil s mES
EpiSC ) - netvori kompletni chiméry
hESC C_D Stella - nebyla detekovéana aktivni alkalicka fosfataza (AP)
(mES, hES, EC, EG, PGC, maji aktivni AP)
mESC (& - EpiSC ¢éastecné vysvétluji rozdily mezi mES a hES
EpisC T
hESC <|:>—r Nanog
I
LIF 1 Activin/Nodal
mESC (C"D Ectod
EpiSO CR JAK/STAT3 |  SMAD2/3 CIOCEHT
|
hesC D | | ome ‘ l ] ‘ I
] Mesoderm
JAK Inh.
Genes bound by Oct3/4 @E@ : O
mESC ___ : Endoderm
hESC % :
w 0 Germ cells
EpiSC Kmenové burky epiblastu — EpiSC (Epiblast stem cell)

Brons, 2007 & Tesar, 2007
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MES je mozno reverzibilné prevést na bunky pripominajici bunky primitivhiho ektodermu
tzv. EPL (early-primitive ectoderm-like) bunky. Tyto bunky jiz nemaji podobné jako bunky
primitivniho ektodrmu schopnost tvorit bunky parietalniho entodermu. Také nékteré jejich
dalSi schopnosti diferencovat, jsou oproti ES bunkam pozménény (Pelton 2002) .

- LIF + HepG2 bunkami kondiciované médium

+LIF
(- FGF-5%) (+ FGF-5%)
Primitive
Q Endoderm
Q,:“c# T Mesoderm
1
I
L BMP Activin
@ PR LoFs=———=—% ___ Mesoderm/Endoderm
s, e Precursor
ES Cells EPL Cells
/+|_||: . Endoderm
[ +Serum BMP N
or BMP4 Activin
Ectoderm Gadue 2005

*EPL bunky jsou podobné jako buriky primitivniho ektodermu exprimuji FGF-5 na rozdil od ES bunék,
které exprimuji zejména FGF-4 (plati pro mys)




Epigenetika ES bunék

Metylace DNA a kondenzace chromatinu u ES bunék
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DMA methylation

Embryonic development
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Proliferace ES bunék

Cell Cycle

cyclin A and B
+ Gde2

¢yclin D1, D2 and D3
+Cdk2. 4,5 and 6

cyclin A
+ Gdk2

p15, p16,
cyclin E + Cdk2 p21 + p27

E2FfDP-1\ Rb phosphorylation
activation

S laskavym nedovolenim z katalogu Santa Cruz Biotechnology, Inc.
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- ES bunky relativné intenzivné proliferuji (podobné nadorovym bunkam)
- G1 faze bunééného cyklu je kratka (u mES ~ 1.5 h), zda se, ze chybi G1l-checkpoint*
- velké procento bunék je v S fazi bunééného cyklu (mES > 60%, hES > 50%)
- doubling time mES ~ 10-12h, hES ~ 18-20h
- specificka charakteristika regulace bunééného cyklu (odolnost k p16,
nizka hladina cyklinu D, vysoka hladina cyklinu E, neni potreba proteinti rodiny Rb)

- inhibice proliferace, prodlouzeni G1 faze (suboptimalni podminky) vede k diferenciaci
a apoptodse, diferenciace a apoptosa ES bunék, vSak nemusi vést ke snizeni proliferace
jako takoveé

*tzv. kontrolni bod R, o prichodu timto bodem rozhoduji zejména mechanismy rozpoznavajici
itegritu/neporusenost genomu, bunky s pozkozenou DNA jsou za normalnich okolnosti v tomto bodé
zastaveny. Porucha tohoto kontrolniho mechanismu je typicka pro nadorové bunky.




Rozdilné proporce v jednotlivych fazich cyklu
u ¢asnych embryonalnich bunék

(A) (B) (C) (M
1

Blastocoel

standard cell cycle

8 9 Wy u

| Cycie number
early embryonic cell cycle

Timing of the cell cycle during cleavage L ] o
in Xenopus .

From The Art of MEBoCE & 1995 Garland Publizhing, Inc.




Zpomaleni proliferace a prodlouzeni 61 fdze vede k diferenciaci ES bunék

‘ n|

A Differentiatio

A

\

Permissive
State for
Differentiation
Self
Renewal
Ground Naive Primed
State

A short G1 phase is an intrinsic determinant of naive embryonic stem cell pluripotency.
Coronado D, Godet M, Bourillot PY, Tapponnier Y, Bernat A, Petit M, Afanassieff M, Markossian S, Malashicheva A, lacone R,
Anastassiadis K, Savatier P.
Stem Cell Res. 2013 Jan;10(1):118-31



http://www.ncbi.nlm.nih.gov/pubmed/23178806

Chromosomalni stabilita a ES burky
Draper, 2004; Hanson, 2005

- dlouhodoba kultivace ES bunék vede k selekci odolnejSich klont a subpopulaci
- mensi responzivnost na vnéjsi signdly, rychlejsi proliferace, mensi naroky
na kultivaci, klicové znaky casto zachovany (Oct-4, Nanog, prislusné SSEA,...)

u mysi sniZzena schopnost tvorby chimér a zéjména germline u téchto chimér

casto spojeno s genetickou manipulaci (knock-out, -in ES linie)

nestabilita chromosémi, polyploidie, trizomie, zlomy a preskupovani geni
=> adaptace na in vitro podminky

- hES, primaérni je trizomie chromozomu 12 nebo 17, vzdcnéji chromosomu 14 a 20

casto dochdzi i ke zdvojeni dlouhého raménka chromosomu 17 a k translokaci
této kopie na dlouhé raménko chromosomu 6 => posileni exprese geni

na chromosomu 17 (Survivin - proti apoptése, STAT3 - self-renewal mES a nadbytek

u vétsiny nddort, GRB2 a 7 (growth factor receptor bound protein, viz. signdlni transdukce))
- na chromosomu 12 je lokalizovan nanog (Nanog)

- Casté i zmény malych oblasti na chromosomech 1, 8, 18 a 20

- u MES se jednd o zmény zejména chromosomi 8 a 11

(mysi chromosom 11 je z Edsti ekvivalentni k lidskému chromosomu 17)



Apopticka kontrola nestability karyotypu a ES burky
Checkpoint-apoptosis.... of karyotipic instability. Mantel, 2007

- u zdravych somatickych bunék pri poruchdch mitotického apardtu béhem jejich déleni
a tak vznikajici chyby v mitése vedou k jejich prechodu do senescentniho stavu
nebo k indukci apoptdsy

- ES buriky maji zvySenou toleranci k porucham mitozy, mensi citlivost tzv. SAC

(SAC - splindle assembly checkpoint) o=y e m—p—
=> akumulace aneuploidnich
a polyploidnich bunék v populaci I | & e
- indukci diferenciace Ize tyto buriky 5 i / fggm i
¢dstecné eliminovat (apoptdsa) Sl -
R - T : .4 - *
2N 4N 8N 2N 4N 8N 2N 4N 8N
DNA =i
- tetraploidni buriky (blastomery)
mohou tvorit jen trofoblast .
_ o (g . =2.0m o HEW4
=> 6; MTA/tetraploidity checkpoint 2 e | | fom |
=> vyuziti pri tvorbé embryi plné ES 5 [ - < [ ]
plivodu F: I 5 ' I
E i E — > S
N O &o\ ™ ®
ooo“@ & Q'O Q°& NOC treated




Priklad ndardstu apoptésy s diferenciaci a pozkozenym mitotickym aparatem

ES - embryonadlni kmenové bunky

EB - ES diferencovanou formou embryoidnich télisek
Noc/NOC - nocodazol

PAC - paclitaxel

Annexin-V
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Jak vypada spravna ES bunka?
Jsou vSechny ES bunky v kulture stejné?

LIF -> STAT3 aktivita u mES bunék

Responsiveness

Microarray analyza exprese ,stemness® genu

E:xogenous LIF

ESCvs
PEFAVERRel: 1637

NPC va LVER 1737

Davey, 2006

Fortunel, 2003

pokracovani L
pokracovani



Model narustajici heterogenity v rostouci kolonii ES bunék

za dodrzeni znamych optimalnich kultivacnich podminek
v ‘ . °

30<* 50<*

S

rust kolonie ES bunék

Lidské ES ‘ °
Bunky odpovidajici bunkam ICM/epiblastu

Casného neuroektodermu

vyvoj blastocysty N

‘ epiblas )
> blastocoel

*orientacni pocet bunék v kolonii blastocoel

trofoectoderm



Variabilita v analyze transkrip€niho profilu u ES bunék (ESC), neuralnich progenitori (NPC),
progenitori retiny (RPC) a hematopoetickych kmenovych bunék (HSC) u mysi.

/\Tfi pracovni skupiny, jedna metoda.

ESC x NPC + RPC/NSC

ESC

23 2

6 275

Fortunel

NPC

¢ |ESC + NPC

@Fortune 2003

lvanova




Existuji geny kmenovosti,
tzv. ,stemness geny" ?

Vyvojové specifické geny
=> potenciadl bunék

+

Prislusné signadlni drahy, specificky patern jejich aktivit

=> requlace diferenciace, proliferace, sebeobnovy



VYUZITI ES BUNEK

. Biologicky a biomedicinsky vyzkum

Priprava geneticky modifikovanych organismu

Studium mechanismi ¢asné embryogeneze / diferenciace
Studium mechanismi kancerogeneze
Studium embryotoxicity

Testovdni farmak
. Lekarstvi
Bunééné a tkanové terapie

Priprava biologicky aktivnich prepardtt

Nosice biologicky aktivnich latek (pathotaxe)



Priprava geneticky modifikovanych organismi -
GMO

Pro vytvoreni linie GMO je potreba, aby poZadovand genetickd modifikace byly obsaZena
i v pohlavnich burikdch. Tuto modifikaci je tedy potreba provést na burikdch toti- nebo

pluripotentnich.

Ndhodnym nebo cilenym(?) vloZenim pozadované DNA do zygoty

Ndhodnym nebo cilenym vloZenim poZzadované DNA do ES bunék

- Diky prakticky neomezené mozZnosti kultivace ES bunék, |ze mit provadénou genetickou
modifikace plné pod kontrolou, a také ji miizeme velice presné naplanovatl!!

- ES buriky jsou pluripotentni, po zpétné injikaci do blastocysty a vloZeni této blastocysty
do délohy pseudo-pregnantni mysi, blastocysta pokracuje ve vyvoji a vznikly jedinec je

chimérou bunék ptivodni ICM a injikovanych ES na trovni vSech tkdni, tedy i zdrodecné.




Priprava KO/l mysi

S

Faster mother

l
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Chimera mouse Marmal mouse

Chimera mouse Naormal mouse

|
o« &

Heterozy gous Marmal mouse Mormal mouse
for gene knock out

|

Breeding to produce a mouse
homozygous for the gene knockout




ES buriky v bunécné terap

Morula Blastocyst
—® — 0

SCNT O

Egg |
(Nucleus removed)
Nucleus from
patient cell
o
N i

O Fertilized egg

Remove inner cell mass

Morula Blastocyst
—® — 0

B
{

\

!

@
Pluripotent stem cells
Skincell .z, Pancreatic cell

Nerve cell
AN >

.

~——

—

Transplant back to patient

Ilustration by Cell Immaging Core of the Center for Reproductive Sciences,

In vitro fertilization
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Pluripotent stem cells
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Model regenerace poskozené hematopoesy v disledku mutace Rag2-/-
s pouzitim ES bunék, genetickych manipulaci a jaderného reprogramovani

>

% Rag2-

Fa

Expand HSC culture p\ _ . Y Culture from
and transplant

tail cells
Differentiate gees ¢ s
into EBs  ehghgs - p
Repair of Rag2™"~ / ¥ ~
ESCsby _se '
homologous ~ %% :
recombination Nuclear transfer into
enucleated oocyte / -
A -
I “e 2
Rag2”~ ESCs *&% 2 %
\ . «— T —1 y
.‘i:‘\ il
) < ttr A/Replacement Removal of Mature
Sae’ with somatic oocyte genome oocyte
Cultured Cultured cell genome

blastocyst 4-cell embryo Rideout, 2002




Diferenciace ES
bunék

a) In vivo

- teratomy: injikace suspenze ES bunék do vaskularizované tkdné
imunitné tolerantniho zvirete, popripadé do zvirete s
farmakologicky potla¢enou imunitni odpovédi

- chiméry: injikace ES bunék do blastocysty, navraceni takové

blastocysty do pseudo-pregnantni mysi = vznik chimerického
jedince

b) In vitro
- metodiky korespondujici s ontogenezi
- metodiky ziskané empiricky (kopirujici ontogenezi?)

Musi burka diferencujici z ES buriky vzdy kopirovat ontogenezi aby dosdhla uréitého stavu?




In vitro diferenciace ES bunek

kultivace

@ indukce selekce

a) Embryoidni téliska (Embryoid
bodies - EB)
+jednoduché, vice bunéénych typu
+ tolerujici genotyp
- Spatne definované podminky

Blastocael

b) V monovrstve
+ dobre definovné podminky
- mala efektivita (vétsinou)
- silné zdvislé na genotypu

‘

Embrvoddei téliska

Primiiivmi
ckioderm

Frimétivim entoderm
{Hypohlast)

Primitivmi emiaderm

[ralablast Rathjen 1998 / Bilek



Uloha specifickych riistovych faktor v ontogenezi mysi

Epiblast

Loebel, 2003

\\"—— Surface ectoderm
Endothelium, hematopoietic cells
Myocardium

Meural crest
Lndul’.t'l':’f"w /

/}Ej-;-—'w‘—’ Meurectoderm _“-‘-‘-‘-‘-‘-—‘
MRS — WELUrOR0S

Ectoderm

Mesoderm ———r——

Dermomyotome
{dermis, muscle)
Paraxial mesoderm

Sclerotome
{bone, cartilage)

Germ layer morphogenesis,

Cell movement \
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Neurons
Tui T, Mestin

Epidermal cells
Keratin 14

Neurectoderm
M-CAM, Mestin

Neurectoderm

Otx3,Enl

Newural crest

@'@ Neurec 1c:£iz—r1__,_,__——-”’_ Sox10

n, Ox2,

Mesoderm
T, Gsc, Nkx2-5

ES cells \-—""y EPL cells

- i Aggregation, EB formation
Oct4, Stat3 | €TEDT Oct4 Fafs, PRCE

EB formation Mesoderm

T, Gse, Nodal, Fgi, Alk3

Endothelial Cells

Mural cells

Smooth muscle actin

Endothelial and
EB, Blast colony formation

Fik1, Tal1, CD34, Gatal

Starvation

EB formation

Loebel, 2003

Fik T, PECAM, VE-cadherin

Hematopoietic Cells

Priklady diferenciace mysich ES bunék
kombinaci typu jejich kultivace

a specifickych rustovych faktoru

s porovnanim ulohy téchto faktoru

v mysSi ontogenezi

]

pokrac¢ovani
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Priklad ucinkt jednotlivych specifickych rastovych faktort na indukci diferenciace
u lidskych ES bunék v kombinaci s tvorbou embryoidnich télisek

NGF HGF

EB EB
/l\ s /l\ _ Skin
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Priklad difernciace ES bunék do ruznych typu neuralnich bunék

NSC - neural stem cell, DA/Ser/GABA — dopaminergni/serotonergni/gabanergni neurony,
MN - motoneurony

[-- I - B e —

Day cof differentiation

NSC Astro Oligo DA Ser GABA MN
1 SRM SRM SRM SRM 5RM SRM SRM
- . A S, SR SRM + SHH
| . X SRM+FGFE  SRM +FGF4 N2+ bFGF +RA
| N2Z+#BFGF N2+BFGF N2 +bFGF +SHH +SHH
+ EGF *EGF -‘-.* *iiiiiill RS
. X ¥ N2+BFGF  N2+bFGF W N2+bFGF
] N2¢bFGF  NI+bDFGF  +SHH+FGFS +SHH+FGF8 N2+ bBFGF + SHH
] EGFeCNTF  EGF+PDGF ¢ g SHHGFGR v
. X X N2+ AA N2 + AA N2 + NT4 NZ +AA
N2+CNTE N2 +PDGF + BDNF + BDNF + BONF + BEHF
- N2

Y OO Barberi 2003




SOUCASNE PROBLEMY S VYUZITIM ES BUNEK V TERAPII ‘
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- hES se nedari dlouhodobé kultivovat beze zmén v genotypu / fenotypu

- dlouhodobd kultivace za sub-optimdlnich podminek vede k dosud neznamym,
epigenetickym zméndm snizujicim schopnost pluripotence (ireverzibilnimi i
pro cytoplasmu zygoty, Amano 2006)

- dosud neni spolehlivé vyresen potenciondlni vznik teratom

- biologie a diferenciani potencidl ES bunék nejsou dosud dobre
prozkoumany

- kultivace ES bunék je stdle zdvisla na nedefinovanych faktorech

- vliv pohlavi, inaktivace X chromosomu x aktivace gent ha Y chromosomu
(variabilita v odpovédi na stimuly diferenciace, stabilitu vlastnosti..)

- etika ziskdvdni novych lidskych ES linii (rizné stdty, rizné pohledy na véc)

- finance, pres velice atraktivni potencidl, ktery v sobé ES burnky maji, neni jisté,
jestli sou¢asnd spoleénost bude mit dost prostredkl na jejich vyuZiti
napr. v bunééné terapii



Primordialni zarodecné burnky - PGC
(primordial germ cell)

ol ooV

- PGC se u mys$i objevuji jiz 6 dpc, pravdépodobné je jejich vznik indukovany v pribéhu
gastrulace, a to vnéjSimi signdly, zejména BMP (na rozdil od Zab, Drosophily a C. elegans).

- 6 - 7.5 dpc migruji vné vlastni embryo, pozdéji (8.5 dpc <) migruji podél zadniho streva
embrya do vytvorené zdarodecné listy.

- PGC zanikaji po usazeni v zarodecné listé (10-13 dpc u mysi), stavaji se z nich
zarodeéné buriky. Prodélaji jeSté 2-3 mitézy a u samcl vznikaji prospermatogonie
zastavené v 60/G1 fazi mitozy. U samic vstupuji do meiotické profaze (oboji > 12.5 dpc).

- Podobné jako ICM a ES bunky maji vysokou hladinu alkalické fosfatdzy (ale ne TNAP,
ale GCAP/TNAP), také exprimuji Oct4, Nanog, ..

- Vyznamné (pro specifikaci) jsou zda se zejména Stella, Fragilis, Nanog,....

- PGC nejsou pluripotentni, jsou unipotentnil

- PGC maji omezeny pocet déleni, u mysSi napocitdno kolem 1000 bunék, rozdily v zavislosti

na imbredni lini (pripadné metodé ©)



Dalsi klicové geny ve specifikaci PGC

Stella (opPpA - developmental pluripotent associated 3)

Od oocytu (maternalni) po epiblast, pozdéji jen u PGC,
podili se na udrzeni jejich fenotypu, po jejich usazeni v
zarodecné listé jeho exprese vymizi. Také u ES bunék a

nékterych nddori. Represor transkripce.

Ff'OgiliS (IFITM3 - Interferon induced transmembrane protein 3)

Z rodiny IFN indukovanych gent, je silné exprimovan pri
formovani PGC, s jejich migraci jeho exprese klesa.
Transmembradnovy protein, narusuje intracelularni
metabolismus cholesterolu a tim modifikuje vlastnosti

bunéénych membran.



I Cyklus zarodeénych bunék u mysi I
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Mechanismus vzniku PGC
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E7.25~E7.5
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Sox2
Nanog
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Embryondlni zdrodecné burnky - EGC
(Embryonic germ cells)

EGC jsou odvozeny z primordidlnich zarodecnych bunék (PGC - primordial germ cell).

Podobné jako ES burky je |ze expandovat in vitro, a jsou pluripotentni, jak dokazuje
jejich schopnost diferencovat do bunék viech tFi zarodeénych listl jak in vitro (EB),
tak in vivo (chiméry a teratomy).

Z epigenetického pohledu (DNA metylace) jsou vSak vice podobné PGC nez ES burikam

Rozdily v metylaci DNA se tykaji zejména imprintovanych geni v zdvislosti na pohlavi,
u EGC izolovanych z pozdéjSich embryondlnich stadii se tento rozdil zmensuje.
Tyto ,imprinting-free" PGC, vSak jiz netvori zdravé chimerické jedince.

U mysi Ize EGC izolovat z P6C mezi 8.5 - 12.5 dpc, pozdéji to jiZ nelze
PGC a nasledné EGC lze izolovat in vitro z ES bunék (lidskych i mysich)

m/hEGC jsou zavislé na LIF, béhem ¢asné kultivace i na FGF2
a Stem cell faktoru (SCF; + feeder & FCS/SR).

Exprimuji podobné markery jako ES buriky, lidské EGC jsou fenotypem vice podobné
MES nez hES (morfologie + exprese SSEA-1!;
u hES se SSEA-1 exprimuje aZ s jejich diferenciaci)



\Vznik EGC z PGC|

Gene 8.5 dpc PGCs EG cells Gene 8.5 dpc PGCs EG cells

5 7 14 20 1 2 3 5 7 14 20 1 2 3
Group | Group |l
Oct-4 + + + + + + + c-Mye - - - + + + +
Sox-2 + + + + + + + Star-3 - - - - + + +
nanog - - - - - - - Kirq - - - - + + +
Dppa5(Esg-1) - - - - + + + Dnmt3L - - - - + + +
Sall4 - - - - - - - ERas - - - - + + +
mRif1 - - - - - - - Fthl-17 5 5 5 5 + + +
E-cadherin - - - - - - - Dppa2 - - - - + + +
THAP + + + + + + + Dppa4 + - - 5 + + +
Rex1 (Zfp42) - - - - - - - Ecat] - - - - + + +
Utf1 + + + + + + + Ecatd - + + - + + +
Dppa3 (Stella) + + + + - + + Gdf3 + + + + + - -
Soxl5s - - - - - - - Fhxo15 - + - + + + +
Grk?2 - - - - - - - Tl - + - - + + +
f-catenin - - - - - - -

Group | — genes in this group were expressed in both PGCs and EG cells.
Group Il — genes were expressed differentially in PGCs and EG cells, and shown
as as positive (+) and negative (-).

EB.5 PGCs samples tested for exoression are referred to as. 5. 7. 14. 20.

(Durcova-Hills 2008)
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Porovnani transktiptomi mES, mPGC a nékterych tkani

(Mise et al

., 2008)

Table 1 Pairwise comparisons of gene expression profiles e
115 125 125 135 135
a1 it in it 115 male  female  male  female mals  female
1 Eldtg2a  TMAS  TMABRG TMALRRG PGC_LacZ PGC_GFP PGC PGC PGC PGC PGC  PGC G5 Testis Heart Brain Liver Spledn  Thymus

E.1 0.878 0.709 0.742 (LG54 0651 0639 0515 0e62  Deld 065 (620 0591 0533 0454 (150 0203 0203 0213 Q278
Eldtgia 0878 0.715 0.754 643 0572 0615 0439 0619 0861 0634 0582 0562 04850 0450 0100 0201 0183 023 0WE
TMAR 0.709 0.715 0867 0508 0520 0460 0424 0612 0492 0547 0525 0.480 0431 0606 0274 0135 0179 0201 0300
TMASSG 0742 0.754 0.867 a7 0614 0555 0517 0696 0604 0649 0627 059 0506 0602 0287 0155 0.193 0218 0297
TMARRC Oa=4 0Le43 0,595 0672 0.874 0652 0.645 0745 0800 07 0794 0733 Q664 0RO 0306 0304 0401 0294 03X
in witro PGC_LacZ  (L651 0572 0.520 0.6l4 0.874 (1.686 (.64 ef2 0741 ool 0747 0706 0620 0468 0379 0275 0380 0240 0257
in vt PGC_GFP 0630 0615 0460 0555 (Les2 0686 0.585 0611l 0647 Gedd (Gelds 0503 0531 0406 0280 0313 0.M2 023 0257
11.5 male PGC 0515 0.439 0.424 0.517 645 0644 0.585 07a0 0724 0700 078 0714 0623 0419 0319 0380 0311 0245 0300
115 temale PGC 0662 0.610 0.612 0606 0.745 0.602 0611 0.7 a0 0808 0008  0.001 (L858 0723 0530 0200 0224 0201 0262 0320
125 male PGC 0613 0561 0.402 004 (L2800 0.741 0.647 0.724 0,808 0000  08s0 (=8l 0755 0501 0344 0270 0341 0280 0287
125 female PGC 0654 D.e34 0.547 0649 0.708 0.eal 0.630 0.700 0.908 0909 0890 0917 072 0495 0242 022 0.247 0260 0208
135 male PGC 0620 0582 0.525 0,704 0.747 0.635 0.758 0.001 0050 0800 0000 07097 0510 0330 0.334 0280 0315
135 fermale PGC 0501 0.562 0,426 I 0. 706 0503 0714 0855 0R8] 0.017 07091 0524 0204 0,202 0270 0317
GE 0533 D480 0431 0.620 0531 (623 0.723 075 07X 0.79 0500 0.282 s 0.A07 0264

Testis 0.454 0.606 0468 0,406 0419 053 0501 0495 0524 0.453 0356 0333 0381
Heart 0150 0.274 00306 0370 0.280 0319 0,200 0344 0242 0204 2 0453 0568 0333 0347
Emin 0.23 0135 0,155 02304 0.275 0312 0.350 0.22 027 02X% 0281 0288 029 0437 0434 0260 0242
Liver 0.203 0179 0.193 0,401 0,220 0342 0311 0291 0341 0247 0202 0207 0356 D568 0434 041l 0409
Spleen 0213 0.201 0218 0204 0,248 0.23 0245 0262 0289 0260 0270 0264 0333 0333 0260 0411 LETE
Thymus 0.278 0.300 0.207 0.320 0.357 0257 0.300 0,320 0297 029 0317 0303 Q381 0347 0243 0409 06T

R1, E14tg2a, TMAS — linie mES bunék
TMASG5G (male), TMA58G (female) - EGC
GS — germ stem cell (derived from spermatogonia)




Analyza hlavnich komponent expresnich profili
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Schema predpoklddaného zapojeni FGF, LIF a KL (c-Kit ligand = Steel factor (SF)/
stem cell factor (SCF) v regulaci sel-renewal EG bunék

Donovan, 2003



téchto bunek

Vztahy mezi pluripotentnimi burikami a nékteré klicové regulacni komponenty

In vivo _

/S;ZHTIE;I
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F

Oct4, BMP4,
/ BMP8b

Octd, STAT3,
~— Nanog

b
kY
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=

In vitro

Sl Ter, iv, pgetd, p53,

mTR, PTEN

N

DN

I, LIF, FGF2, RA,
F‘TEN, cAMP

@

Ectoderm

b

— Mesoderm

\ Endoderm

/,, Ectoderm

— Mesoderm

\“ Endoderm

S| — Steel locus, Ter — Teratoma locus, pgctl — primordial germ cell tumor susceptibility locus, PTEN —
Phosphatase and tensin homologue deleted on chromosome 10, mTR (mTOR) - serine-threonine kinase

mammalian target of rapamycin

Donovan, 2003




Neni puvod ES bunék v PGC ???

Primitive
ectoderm

Primitive ‘=
ectoderm Ny

In vivo

In viva

2148
4 . 3
L@
.

Teratocarcinoma / Teraioma

Germ cells

Zwaka, 2005




Neni pavod ES bunék v PGC ?72?
Gene Species ES EGC LGC ICM PE
Pou3fl (Pesce and Scholer, 2001) M + + + + +
Nanog (Chambers et al., 2003) M + + + + +
Dppa3 (Saitou et al., 2002) M + + + + +
Ifitm3 (Saitou et al.. 2002) M + + + + +
Kit (Horie et al., 1991) M + + + - N/D
DAZL (Clark et al., 2004) H + + + - N/D
Ddx4 (Toyooka et al., 2003) M — - + - -
Akp2 (Chiquoine, 1954) M + + + + +
Zfp42 (Rogers et al., 1991) M + N/D N/D + -
Fgf5 (Haub and Goldfarb, 1991; Hebert et al., 1991) M - N/D N/D - +
Gbhx ] (Chapman et al., 1997) M N/D N/D + —
Zwaka, 2005

M- myS; H —Clovék; N/D — netestovano; ES — embryonalni kmenové bunky; EGC — €asné primordialni

zarodecneé burky (!); LGC — pozdni primordialni zarodecné bunky; ICM — vnitfni bunécna masa;

PE — primitivni ectoderm/epiblast




Nature. 2013 Oct 30. doi: 10.1038/naturel12745. [Epub ahead of print]
Derivation of novel human ground state naive pluripotent stem cells.
Gafni O, Weinberger L, Mansour AA, Manor YS, Chomsky E, Ben-Yosef D, Kalma Y, Viukov S, Maza I, Zviran A, Rais
Y, Shipony Z,Mukamel Z, Krupalnik V, Zerbib M, Geula S, Caspi |, Schneir D, Shwartz T, Gilad S, Amann-Zalcenstein
D, Benjamin S, Amit |, Tanay A,Massarwa R, Novershtern N, Hanna JH.

Source
1] The Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel [2].

Abstract
Mouse embryonic stem (ES) cells are isolated from the inner cell mass of blastocysts, and can be preserved in vitro in a
naive inner-cell-mass-like configuration by providing exogenous stimulation with leukaemia inhibitory factor (LIF) and small
molecule inhibition of ERK1/ERK2 and GSK3[ signalling (termed 2i/LIF conditions). Hallmarks of naive pluripotency
include driving Oct4(also known as Pou5f1) transcription by its distal enhancer, retaining a pre-inactivation X chromosome
state, and global reduction in DNA methylation and in H3K27me3 repressive chromatin mark deposition on developmental
regulatory gene promoters. Upon withdrawal of 2i/LIF, naive mouse ES cells can drift towards a primed pluripotent state
resembling that of the post-implantation epiblast. Although human ES cells share several molecular features with naive
mouse ES cells, they also share a variety of epigenetic properties with primed murine epiblast stem cells (EpiSCs). These
include predominant use of the proximal enhancer element to maintain OCT4 expression, pronounced tendency for X
chromosome inactivation in most female human ES cells, increase in DNA methylation and prominent deposition of
H3K27me3 and bivalent domain acquisition on lineage regulatory genes. The feasibility of establishing human ground
state naive pluripotency in vitro with equivalent molecular and functional features to those characterized in mouse ES cells
remains to be defined. Here we establish defined conditions that facilitate the derivation of genetically unmodified human
naive pluripotent stem cells from already established primed human ES cells, from somatic cells through induced
pluripotent stem (iPS) cell reprogramming or directly from blastocysts. The novel naive pluripotent cells validated herein
retain molecular characteristics and functional properties that are highly similar to mouse naive ES cells, and distinct from
conventional primed human pluripotent cells. This includes competence in the generation of cross-species chimaeric
mouse embryos that underwent organogenesis following microinjection of human naive iPS cells into mouse morulas.
Collectively, our findings establish new avenues for regenerative medicine, patient-specific iPS cell disease modelling and
the study of early human development in vitro and in vivo.
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Lidské ,naivni” pluripotentni kmenové bunky (human naive hESC = ekvivalent mESC
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Dospélé multipotentni zarode¢né kmenové bunky

(AMGDSC Adult multipotent germ-derived stem ceII)

- odvozeno ze spermatoqgonii

- fenotyp velmi podobny ES bunkam
- oproti ES burikam snizena schopnost pluripotence — jen chiméry

- pluripotence také in vitro
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Pluripotency of spermatogonial stem cells from adult mouse testis.

Guan K, Nayernia K, Maier LS, Wagner S, Dressel R, Lee JH, Nolte J, Wolf F, Li M, Engel W, Hasenfuss G.
Nature. 2006 Apr 27;440(7088):1199-203.
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Condition Il & IV + LIF

Figure 1 | Cellular and molecular characterization of cultured 55Cs and
maGS5Cs. a, Epiblast-like colony formed under culture condition 1.

b, ESC-like colonies appeared under culture condition 1L €, A typical colony
of established culture under condition I'V at passage 30. d—g, Double
immunostaining of maG5Cs in culture condition [V (d-f) or condition 1
(g) with antibodies against GFP (green, d—g) and S5EA-1 (red, e), Octd
(red, f) or 55EA-3 (red, g). h, i, Alkaline phosphatase staining, 55Cs cultured
under condition IV {maG5Cs, h) are strongly positive for alkaline
phosphatase, whereas 55Cs under condition II (i} show a mixed colony
phenotype. j, k, RT-PCR analyses of transcription factors essential for
undifferentiated cells in $5Cs cultured under conditions I, 11, 11T and IV (j)
and during differentiation of embryoid bodies after plating at day 5 (d5; k).
M, 100-bp DN A markers; numbers to the right indicate the sizes of the
resolved DNA fragments (in bp). Scale bars, 50 pm (a-<, h, i}, 25 pm (d-g).
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Figure 2 | RT-PCR analysis of lineage-specific transcription factors and
genes. Analyses were performed at different stages during the
differentiation of embryoid bodies after plating at day 5 (d5). M, 100-bp
DNA markers. d0, maGSCs before embryoid body formation.
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Figure 3 | Mesoderm differentiation of maGSCs. a-c, Organization of the
sarcomeric proteins a-actinin (a), sarcomeric MHC (b) and cardiac
troponin T (¢} in isolated cardiomyocytes at day 5 + 7. d-f, Connexin 43
staining (d, green) in a cluster of uninucleate cardiac cells stained for
sarcomeric ce-actinin (@, red), with an overlay of d and e shown in f. Nudei
are stained with DAPL g, Original traces of ventricle-like action potentials in
a cardiomyocyte derived from maGSCs. h, Nebulin- positive myotubes at
differentiation day 5 + 23. i, j, Dil-acLDL uptake (i, red) and lectin binding
(j, green) of endothelial cells in embryoid body outgrowths at day 5 + 14.
k, Vwf-positive endothelial cells (red) at day 5 4+ 17. I, Smooth muscle
ce-actin-positive cells (red) of tube-like structure in embryoid body
outgrowths at day 5 + 14. Scale bars, 25 pm {a-f, h-k), 100 pm ().




o Figure 4 | Differentiation of maGSCs in vitro and in vive. a-c, Neuronal
differentiation of maGSCs. TH-paositive dopaminergic neurons (b) appeared
among neurofilament protein M (NFM )-positive neurons (a) on day 12 after
plating of embryoid bodies at day 5 (day 5 + 12). ¢, Overlay of a and b.
d-f, Epithelial cellVhepatocyte differentiation. d, Pan-cytokeratin- positive
epithelial cells on day 5 + 14. e, CK18-positive large epithelioid cells on day
§ 5 + 17.f, CK7-positive bile duct cells on day 5 + 14. Nuclear staining with
DAPL g-i, Teratomas from maz5Cs. The tumounrs contained abundant
differentiation of advanced derivatives of all three embryonic germ layers.
Shown are epithelium with intestinal differentiation (g), striated muscle,

| cartilage (h) and neural tissue (i). j-l, Representative images of LacZ-stained
intestine tissue from a wild-type mouse (j), a mouse with high grade of
chimaerism (k) and a mouse with low grade of chimaerisms (1). Scale bars,
25 pm (a—f), S0pm (g-i), 100 pm {(j-1).
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V souc€asnosti ale pochybnosti

Concise review: challenging the pluripotency of human testis-derived ESC-like cells.
Tapia N, Arauzo-Bravo MJ, Ko K, Schoéler HR.
Stem Cells. 2011 Aug;29(8):1165-9.
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Kmenové burky teratomu / teratokarcinomu - ECC
Embryonadlni nddorové buriky (Embryonal carcinoma cells)

- Izolované rozkultivovanim a klonalni selekci bunék teratomu / teratokarcinomu

- Lidské spontdlné, mysi indukované transplantaci ¢asnych embryondlnich bunék
do dobre vyZivované tkané (varlata, ledvina kapsa, brisni dutina,..), musi byt
imunotolerance

- Podobné vlastnosti jako ES buriky, ale méné zdvislé na specifickych ristovych
faktorech (+)

- Tvori také chiméry, ale nedokonalé, vétsinou hynou v pribéhu embryogeneze (-)

- VétsSinou snizena schopnost pluripotence jak in vivo, tak in vitro (=)

- Obecné nestabilni genotyp a casté aneuploidie (-)

- Modelové studie genetické nestability a diferenciace, vzniku teratomu
- Levnéjsi alternativa k ES burikam, lepsi stabilita v experimentalnich systémech

jak ES (+)



Neurdlni liSta a kmenové burky

neurdlni listy

R
(B) Pluripotent (GN= Self
neural crest \MEC,' ) renewal

stem ccl}l\/

Multipotent
neural crest cells

=
Intermediate @
progenitor < ¢

cells @

cells

Committed
precursor

Neuron Glia Melanocyte Fibroblast

Cartilage

cells (NCC)

neural crest cells

to trunk and cranial neural crest cells

[[] Bone and cartilage precursors unique to cranial neural crest
[[] Myofibroblastic (nonskeletal) precursors arise from cranial

[[] Neural (glial, neuronal) and melanocytic precursors common

M) Neuroectoderm
\ /

Neural plate

II(/\,\I)S. Slug

Epidermis

Neural Neural crest

crest ‘ cells

Epidermis

2% )
0 Q
/ . .
: \. \ Migrating neural
Neural ~ g WG
\crest

tube
: Neurons, Schwann cells,
Notochord

pigment cells




Neural crest migration
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Neural crest stem cell - NCSC

Sebeobnova

Ristové faktory - FGF2, Notch, Wnt
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Experiment potvrzujici pluripotenci bunék neuralni listy
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Schopnost pluripotence — tvorba chimér a teratomdu
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Kmenové bunky extraembryonalnich tkani

A) Kmenové burky trofektodermu (trofoblastu)
FGF-dependent (FGF4, FGFR2); Cdx2, Eomes, Errp

B) Kmenové bunky primitivhiho entodermu (hypoblastu)
XEN — buniky extraembryonalniho entodermu
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Regulace kmenovych bunék trofoblastu signaly z epiblastu

A Polar '\ B |Extraembryonic |Endoderm
trophectoderm ectoderm
proliferation

7 _:5 mEomes
A Cax2 T ErrB
FGFR2 N
prﬂlrferallﬂngﬁ \/
FGFR2 7
I
FGF4 2
Mural
trophectoderm Epiblast




