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Reprogramovani bunék jako novy
nastroj pro biomedicinskeé aplikace

* Predpoklady pro normalni vyvoj organismu
* Pfenos jader somatickych bunck

* Fuze bunék

* Plasticita kmenovych bun¢k

* Chemické reprogramovani — iPS bunky
 Transdiferenciace

» Klinicke aplikace

* Reprogramovani bunék a nadory
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NORMALNI VYVOJ ORGANISMU

-} zygota

. r > Filip, Mokry, Hruska:
totipotentni burika "Kmenova bufika,
biologie, medicina a filosofie*,
Praha, nakl. Galén, 2006
blastocysta

' pluripotentni buniky

Y
trojvrstevny embryolfétus dospély organismus
zarodecny
tercik multipotentni buiiky

Diferenciace je jednosmérna.
Osud zadanych buné¢k byl povazovan za nezvratny.
Hierarchické uspotfadani jednotlivych generaci KB

Waddington 1957: Epigeneticka krajina
Waddington, C. H. (1957). The Strategy of
the Genes. London: George Allen and
Unwin.

- Jinescapable valleys represent fate

- determination = stable states”

Normal development Reprogramming to pluripotency Direct reprogramming
(Dedifferentiation) (Transdifferentiation)

Key

Pluripotent cell state Differentiated cell state = Cells of another lineage
g




Robert Briggs and Thomas J. King (May 1952). "Transplantation of Living Nuclei From Blastula Cells
into Enucleated Frogs' Eggs". Proc Natl Acad Sci U S A. 38 (5): 455-463. (Jehlou — aspirace prvojadra
— pfenos — vyvoj az po neurulaci).

Gurdon, J. B.; Elsdale, T. R.; Fischberg, M. (1958). "Sexually Mature Individuals of Xenopus laevis from
the Transplantation of Single Somatic Nuclei". Nature 182 (4627): 64—65.

Gurdon, J. B. (1962). "The developmental capacity of nuclei taken from intestinal epithelium cells of
feeding tadpoles”. Journal of embryology and experimental morphology 10: 622—-640.

PRENOS JADER SOMATICKYCH BUNEK
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Diferencované bb:

B Lymfocyty: Wabl, M. R.; Brun, R. B.; Du Pasquier, L. (1975).
"Lymphocytes of the toad Xenopus laevis have the gene set for
promoting tadpole development". Science 190 (4221): 1310-1312.
Keratinocyty: Gurdon JB et al. J. Embryol Exp Morphol 1975, 34, 93-

REPRODUKCNI KLONOVANI

— Vytvofeni nového jedince (napt. ovee Dolly) technologii pienosu
jadra somatické bunky (SCNT, somatic cell nucleus transfer) do
enukleovaného vajicka, ktery je geneticky identicky s darcem DNA
somatické bunky. ZkouSeno u zivocichii v¢. savcei.

Prvnim zvitetem Gspésné klonovanym z dospélé somatické bunky
pomoci SCNT v Roslinové Institutu v Edinburgu se stala ovecka
Dolly (jedina z 277 jehiiat dozila e
dospélosti) - trpéla onemocnénim

plic a artritidou; zemiecla na Ca plic
zpusobeny retrovirem JSRV; buiiky
Dolly mély kratsi telomery. Nebylo
tedy zaruceno, ze vytvoreny klon byl
plnohodnotny.
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Literarni odkazy uvedené nize demonstruji

TERAPEUTICKE KLONOVANI

vytvotfeni embrya, z jehoz blastocysty se izoluji hES buinky, které
budou histokompatibilni s tkani pacienta (darce somatické bunky)
a které se vyuziji pro bunécnou terapii.

Obr. SCNT. Pfi manipulaci se vajic¢ko fixuje pomoci vétsi
mikropipety, zatimco jemné&jsi pipetou se odstrani jadro.

Terapeutické klonovani je povoleno napt. v UK.

dosazeni Gisp&nych postupti na primatech: "z —

- Cibelli et al. Somatic cell nuclear transfer in humans: SR
Pronuclear and early embryonic development. N
J. Regen. Med. 2001, 2, 25-31. K " /

- Byrne et al. Producing primate ES cells by SCNT. - Differentiation
Nature 2007, 450, 497-502. 7 Pancreaticislet cells 751

Hematopoietic cells :."
Tachinaba et al. Human embryonic stem cells derived by
somatic cell ngclear Fransfer. Cell 2.013,. 153, 1228.-1238. ;mzi / —
1,25 mM kofein proti pfed¢asné aktivaci 0ocytu pii —— Newons
odstranéni vieténka NIESEs

Cardiomyocytes =

FUZE BUNEK

Fyziologicka buné&na faze: syncytium
Arteficielni bunécna fuze:

Elektricka (vf ~ | — plazmalema a cytoplazma, jadra pozdé&ji — heterokaryon)
Polyetylén glykol (dehydrataéni agens; fuze plazmalemy i vnitfnich
membran; toxické, polykaryonta; nejcastéji uzivana i pro bunééné hybridy a
klonovani pfenosem jader)

Sendai virus (respiracni virus mysi)

Homotypicka bunécna fuze: fuze stejnych bunék

@ + @ I:> @ heterokaryon @ synkaryon

Heterotypicka bunécéna fuze: buriky rizného typu

@ + . :> @ heterokaryon @ synkaryon

Zjistit vliv cytoplazmy na bunécéné jadro
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Nékteré hybridy byly pluripotentni:

Miller RA, Ruddle FH. Pluripotent teratocarcinoma-thymus
somatic cell hybrids. Cell 1976, 9, 45-55.

Hybridy — polyploidni, ale tvofici teratomy.

mMES +T lymfocyty (Tada et al. 2001)

MES + splenocyty (Matveeva et al. 1998)

MES + bb. kostni dfené (Terada et al. 2002)

MES + neuralni progenitory (Ying et al. 2002)

hES + fibroblasty — pluripotentni bb. (Cowan et al. 2005)

Vysledky dokladaly, Ze faktory zodpovédné za reaktivaci exprese
embryonalnich genl nejsou v cytoplazmé, ale v jadie — takové
faktory by umozZnily reprogramovat buiky.

Pedrazzoli F. et al. Cell fusion in tumor progression: the isolation of cell

fusion products by physical met
Cancer Cell International 2011, 11: l \
doi:10.1186/1475-2867-11-32

PEG

PLASTICITA umozni zastupitelnost KB

Bjornson C. R. et al.: Turning brain into blood: a Science 290, 2000,5.1674
hematopoietic fate adopted by adult neural stem

cells in vivo. Science 283, 1999, 534-537.

Bone
marrow
stem cells

Nervous

¥ system @
stem cells ® (o

NKB - myeloidni a lymfoidni bb.
NKB - Kkosterni sv. (Galli et al. 2000)

= neuro-myogenni konverze

All germ layers
NKB TR do embrya bl
participace na téméf viech o
tkanich (Clarke et al. 2000) ’é’%
NKB - endotel ;
(Wurmser et al. 2004) % - oo =®. Blood  Liver Muscle

oligodendrocytes

Progenitorové bunky lze stimulovat k produkci KB

P6n. Il
Kondo T. and Raff M.: Oligodendrocyte precursor cells
OPCs ~ O +A2 reprogrammed to become multipotential CNS stem cells.
l Science 289, 2000, 1754-1757.

NKB (nsf — nn, Al, O)
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CHIMERICKA EMBRYOIDNI TELISKA

' \.‘ ‘ﬁ hﬁ,!
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Princip: NKB znacena endogennlm markerem (napf. lacZ genem nebo GFP) se kultivuji
spolecné s ES buitkami metodou visici kapky. Vysledna embryoidni téliska jsou tvofena obéma
populacemi bun¢k. Zadané NKB jsou pieprogramovany k produkci non-neuralnich bunéénych
typt. Chiméricka embryoidni téliska tak slouzi jako nastroj pro reprogramovani tkanove
specifickych kmenovych bungk in vitro (Mokry et al. 2003). Potomstvo zadanych KB se
identifikuje podle endogenniho markeru.

lacZ gen koduje bakterialni B-galaktosidazu, jejiz enzymatickou aktivitou lze prokazat reakei s
X-Gal substratem za vzniku charakteristického modrozeleného zbarveni.

Pokud se ke vneseni lacZ genu pouzije transfekce, zlistava ¢ast bunék neoznaéena a vysledek
je pak podhodnocen. Pokud se pouZiji buiiky izolované z transgennich zvifat (ROSA26 mysi),
je oznaceno 100% bunék.

MECHANISMUS PLASTICITY KB

* Bunécéna flize? (Ying et al. 2002) Fuzi
dvou odlisnych bun¢k vznikne hybrid
vykazujici vlast- nosti obou vychozich
bunék. Vysledna b. je abnormalni a

5 g 8 polyploidni.

o Fyziologicky: syncytium.

e‘ a Frekvence bunécné fuze je nizka.

Experimenty s chimérickymi ET

(NKB znacéené GFP,

ES znacené pomoci sondy Mitotracker)
fuzi bunck neprokazaly (Karbanova 2004).
= Podstatou plasticity by mohlo byt
reprogramovani zadanych bunék.
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,CHEMICKE“ REPROGRAMOVANI

24 Genes
Ecat Gdf3 Sox2 Ecat8
Dppa5 Sox15 Rex1 cMyc
Fbx15 Dppa4 Utf1 Oct4
Nanog Dppa2 Tcl1 Stat3
Eras Fthi17 Dppa3 B-catenin
Dnmt31 Sall4 Kif4 Grb2 OSKM

Takahaschi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 2006, 126,
663-373.

Retrovirus; Fbx15 selekce (Fbx 15 v ¢asném embryu, ale nikoli ve
fibroblastech) —

INDUKOVANE PLURIPOTENTNI KB (iPS)

Vnesenim vhodnych pluripotentnich transkrip¢nich faktort Ize
somatickou bunku reprogramovat v nediferencovanou kmenovou bunku
~ ES, tzv. indukované pluripotentni kmenové buiiky (induced
pluripotent stem cells- iPS). Ke vneseni gent transkripcnich faktort
Oct4, Sox2, c-Myc a Kl1f4 byly poprvé pouzity retroviry (Takahashi a
Yamanaka. Cell 2006, 126, 663-676). K ziskani iPS bun¢k nejsou zapotiebi ani
vajicka, ani embrya! iPS jsou histokompatibilni s darcem, pluripotentni,
tvofi teratomy a maji normalni karyotyp.

‘ c-Myc ol =7 Teratomy

/i
Octd *‘ => ﬁﬂ! = . => Embryoidni téliska
e 4

e SN Chiméry
Sox2  Kif4 ) ]
Fibroblast iPS

Reprogramovani je pomalé — ES-like bunky se objevi po cca 20 dnech.
Wernig et al. Nature 2007: 20% mysi generovanych z iPS mélo nadory — nutno
vyvarovat se c-Myc a retrovirl
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Mouse iPS Cells — Yamanaka, 2006

A
Fbx15 locus Fbx15 locus

A {!

Retroviral infection
&
G418 selection B8
N, et
EEE— o HEISE
Oct3/4 Nanog Fbx15
00000 olc 00000

iPS-
MEF4-7

8
=
e
3-8
* No live chimeras

+ Endogeneous Oct4 and Nanog promoters
methylated

+ Conclusion: incomplete reprogramming
—— Takahashi K, Yamanaka S. Cell. 2006 Aug 25;126(4):663-76

s STEMGENT =%

20% chimérickych mysi generovanych z iPS bun¢k mélo nadory, byl
postup modifikovan (vyvarovat se onkogenu c-Myc a retrovirt). Napf.
Yu et al. (Science 2007, 318, 1917-1920) pouzil pro ptipravu hiPS bun¢k
faktory Oct4, Sox2, Nanog a Lin28 a lentivirové vektory. Dalsi
modifikace: pfenos aktivnich proteinti nebo MRNA - reprogramovani
Posledni novinkou v oblasti reprogramovani je moznost piimé konverze
diferencované bunky v jinou buriku (tedy transdiferenciace).

John B. Gurdon Shinya Yamanaka

Nositelé Nobelovy ceny za fyziologii a medicinu v r. 2012. Sir. J. B. Gurdon dolozil
moznost reprogramovat buiiku prenesenim jadra somatické bunky do oocytu. Prof. S.
Yamanaka generoval prvni iPS buriky.



ALTERACE STRUKTURY CHROMATINU

Uginek TF je odvisly od CRs (chromatin regulators) ~ pfistup k cilové DNA

o Stem cells 2 Differentiated cells SRS wuscle cells

@ Liver cells

Differentiation

Reprogramming
(transformation?)

(CBP/p300)  (HDAC)
v

(LSD1)( MLL

Q o &, 2,

‘ )Yy

: Y97
h XYL A

OFF

OH3KIme3 @ H3K36me3 @ H3K27me3 @ H3K4me1,23 @ H3K27ac (O Accessible chromatin  Methylated CpGﬁ— Unmethylated CpG

Science 2013, 339, 1567-

REPROGRAMOVANI BUNEK

» Klasicky protokol pro iPS burky vyuziva transfekci
pomoci 4 transkripénich faktort — tzv. 4F iPS.
* Pokud se k transfekci vyuzije bunka, napt. KB, ktera
nekteré tyto faktory exprimuje, lze ji reprogramovat
pomoci mensiho poctu faktort: 3F, 2F nebo 1F iPS
(Wernig et al. 2008; Kim et al. 2008, 2009).
* K reprogramovéni neni nezbytné ptimo modifikovat
genetickou informaci vychozi buiiky — lze vyuzit:
-Rekombinantni proteiny transkr. faktortt = piPS
(Zhou et al. 2009)

- microRNAs (Miyoshi et al. 2011)

* Pozn.: Fyziologicka mezibunécna komunikace zahrnuje:
Cx43, prominosomy, uropody

3.12.2013
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MRNA reprogramovani

Day 1

Day 14 Day 16 Day 19

STEMGENT %

MECHANISMUS REPROGRAMOVANI

Heterochromatin se potla¢i demetylaci histonu H3 na Lys9.
Demetylace gen( odstrafiuje epigenetickou pamét.

Cas
)

c-Myc, KLf4 Oct-4, Sox2 KLf4

Partially
reprogrammed cells,
resistant cells

Differentiated

First wave Second wave

MET T Pluripotency
Cell cycle " markers :
LCellcontact  Intermediate phase PNA methylation
1 Cell adhesion MicroRNA expression
MicroRNA expression AID (activation-induced
| Differentiated-cell markers cytidine deaminase) - demethylatic
Chromatin modifications c-Myc, KLf4

Fbxo 15*, AP*
Epigenetic modification of histons
Morfologické projevy: menSi a kulaté

10
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REPROGRAMOVANI BUNEK

« transfekce (Oct4, Sox2, KIf4, c-Myc) > 4F iPS iPS: 9x A telomerazové aktivity
(Takahashi, Yamanaka, Cell 2006)

Oct4, Sox2, KIf4 = 3F iPS (Wernig et al. Cell Stem Cell 2008)

* Oct4+ KIf4+ >2F iPS (Kim et al. Nature 2008)

» Sox2+ cMyc+ Klf4+ NSCs (transfekce Oct4) > 1F iPS (Kim et al. Cell 2009)

* piggyBac transpozice =iPS (Woltjen et al. Nature 2009)

* profily metylace histonti = epigenetic signature of SCs

» microRNAs

* Rekombinantni proteiny = piPS (Zhou et al. Cell Stem Cell 2009)

» mezibunééna komunikace: Cx43, prominosomy, uropody (Gillette et al. 2008)

TRANSDIFERENCIACE

PF¥imé reprogramovani
Master regulator MyoD

Day 1 Day 2 Day 3

nGFP

MYOD

STEMGENT =%

11
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PRIMA KONVERZE DIFERENCOVANYCH BUNEK

= TRANSDIFERENCIACE
Fibroblast MyoD Myoblast Davis et al. Cell, 51, 1987, 987-1000
Ly progenitor IL2+CMSFRs Myeloidni progenitor Kondo et al., Nature 407, 2000, 383-6
B-lymfocyt Cebpa/PU.1 Makrofag Xieetal., Cell 117, 2004, 663-676
Fibroblast Cebpa Makrofag Feng et al., PNAS 105, 2008, 6057-62
B-lymfocyt L Lymfoidni progenitor Cobaleda et al., Nature 449, 2007, 473-7
Ex. pankreas "our093*POXINata g 1 aky Zhou et al., Nature 455, 2008, 627-32
Fibroblast Ascli+Brn2+Mytl] Neuron (iN) Vierbuchen et al. Nature 463, 2010, 1035-41
,Direct conversion of fibroblasts to functional neurons by defined factors*
Qian et al. Nature 485, 2012, 593-598
Fibroblast ~Sa4tMef2c+Tbxs Kardiomyocyt Inagawa et al. Circ Res 111, 2012, 1147-56

INDUKOVANE KARDIOMYOCYTY

In vivo reprogramming of murine cardiac fibroblasts into induced cardiomyocytes.
Gata4, Mef2c and Tbx5 (GMT)

Gata4 + Mef2c + Tbx5‘ Quian et al. Nature

——a e 2012, 485, 593-8.

Jayawardena et al. Circ
miR-1 + miR-133 + Res 2012, 110, 1465-
miR-208 + miR-499 “.;) >

-
= .
Fibroblasts e Induced iCMs

cardiomyocytes
Oct4 + Sox2 + Kif4 — JI1 — BMP4

= Efe et al. Nat Cell
oW Biol 2011, 13, 215-
sy Bl

TRENDS in Molecular Medicine
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IN VIVO REPROGRAMOVANI

Gata4 + Mef2c + Tbx5

oS

miR-1 + miR-133 +
miR-208 + miR-499 w
eWa ¢ ~g

Fibroblasts S Induced
cardiomyocytes

IM

Funkéni iCMs:

organizace sarkomer, oscilace Ca?*, mechanické kontrakce
< velikost infarktu, > funkce (echokardiografie a MRI).

BUNECNA TERAPIE SRPKOVITE ANEMIE iPS BUNKAMI

iPS z autologni kuze

Mouse with
sickle cell anemia
S

Hanna et al. Science 2007: Transplant__ 34
.IPS can ameliorate symptoms of sickl = )

Collect skin colis

anemia“ )
schopnost napravit defekt > ; Differentiate into j# JJ
ve v _wvs ~ 3 blood stem cells
3 TR mysSi pfezivaly az 20T, s
neoStefené umiraly pfed 7. T
: == Al
< — —
Ve Geneticiy
. . . y | s 1o Recavered mouse 2,
Korekce lidske alely mutovaného | Octd, Sox2 comeieRtys cells
genu pro Hb. —=C xm‘c;:,t
.. ) into ES like- —
K redukci rizika Tu kvuli c-Myc, iPS cells St A
byly kopie c-Myc copies ‘ 7 conect/m ation
& i & = |
odstranény z iPS bunék. TR =
iPS cells ™ o

lllustration by Tom DiCesare
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KLINICKE APLIKACE REPROGRAMOVANI

Tvorba zakladl organt, napf. jater (Takabe et al. Nature 2013, 499, 481-4).
hiPS — entodermové buriky a jejich interakci s endotelem a stromatem — 3D organoidy

ImunogenicitaiPS? Okita et al. Circ Res 2011, 109, 720-721.

Zhao et al. Nature 2011, 474, 212-215.

iPS od pacientli s onemocnénim:

Srdecéni on.:

Transcription factors

@ soxz

Amyotroficka leteralni skleréza
Rettdv syndrom

Misni svalova atrofie

Familialni hypercholesterolemie
Glycogen storage disease type 1A
al-antitrypsin deficiency

Timothy syndrome
LEOPARD syndrome
Typel and 2 long QT syndrome

Schizofrenie
Parkinsonova choroba

GENY ZODPOVEDNE ZA
REPROGRAMOVANI I NADORY

Lung carcinoma
Glioblastoma
Breast carcinoma
Ewing sarcoma

@ ocTa
Germ cell tumors

O c-mYC
Multiple malignancies

O LIN28
Multiple malignancies

Lung carcinoma
Breast carcinoma

* Barrier to reprogramming.

Chromatin regulators
A SUV39H1* A MLLY
Acute promyelocytic leukemia (APL| Acute myeloid leukemia (AML)
x : : Acute leukemia (ALL)
A SETDB1 Transitional cell carcinoma of
cophidies MLL2
A G9a* Large B cell and follicular lymphoma
Lung carcinoma Medulloblastoma
Breast carcinoma Prostate carcinoma
A UTX Renal carcinoma
Multiple myeloma MLL3
Clear cell renal cell carcinoma Medulloblastoma
Transitional cell carcinoma of bladder Transitional cell carcinoma of bladder
Medulloblastoma Breast carcinoma
A PRC2 Pancreatic adenocarcinoma
Follicular and large B-cell lymphomas & LSD1
Myelodysplastic syndromes Acute myeloid leukemia (AML)
T-cell acute ’ Breast carci
O in multiple Prostate carcinoma
A ARID1A A poTiL*
Ovarian clear cell carcinoma Mixed lineage leukemia (MLL)
e & xouas
Nabrobiasiona Acute myeloid leukemia (AML)
Medulloblastoma A DNMT3A/B

Acute myeloid leukemia (AML)
Breast carcinoma
Lung carcinoma

Science 2013, 339, 1567-7

3.12.2013
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Chronicka infekce C57B1/6 mysi Helicobacter felis — gastritis —
zanét — aktivace imunity — myofibroblasty — dysplasie —
metaplasie — Tu

Epitelovy karcinom miZze vzniknou pfeménou bunék z kostni
dren¢.
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