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Nobelova cena 2002 za fyziologii a lékarstvi

za objevy genetické regulace
organového vyvoje

a programované bunécné smrti

. na modelu Caenorhabditis elegans

Cell ineage (1090 cells)

Sydney Brenner
(1927 JAR)

’ ’g John Sulston
Y (1942, UK)

Programrned cell death (131 cells)

@ *death genes* @
]

livimg cell dead cell

Robert Horvitz
(1947, USA)




gut
(volk proteins)

mouth

Anatomie
C. elegans

sperm

spicules
o ~ :

(one-armed) vas deferens

g —gonada

h — hypodermis
| — stfevo

m — svaly

nc — nervova trubice




Osm dobrych duvodu, pro¢ studovat
C. elegans — model mozaikového vyvoje

mala, snadno se kultivuje (zivi se E. coli)

jednoducheé telo: 959 telnich bunek g1031 u O/
dobre diferencované tkane vCetné nervové soustavy
pruhledné télo po cely zivotni cyklus

kratka generacni doba: 3,5 dne pfi 20°C

iInvariantni vyvoj a anatomie

samooplozeni (a CastecCné krizitelna)

© N o a bk~ W D F

maly, jiz sekvencovany genom
(~108 bp =100 Mb =0,1 pg )
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genealogie
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Zakladni geneticka characteristika
C. elegans

zakladni zivotni cyklus je diploidni

6 vazebnych skupin, odpovida to 6 chromosomuim

v haploidni sadé: 5 autosomu a 1 pohlavni chromosom X
hermafrodit ma dva chromosomy X v diploidni bunce
hermafrodit tvori ~ 300 spermii, pak tvori oocyty
meiosa u hermafrodita vytvari gamety s jednou sadou
autosomu a jednim X

samooplozeni obvykle dava vznik embryu 2 X : 2 A =

hermafroditu



Caenorhabditis elegans : vznik a dédic¢nost pohlavi
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Pro genetiku jsou potrebni samecci

> Prilezitostna ztrata chromosomu X v pribéhu meiosy u hermafrodita
dava gamety bez X. Frekvence asi 1 na 500 meios. Kdyz je gameta
oplozena, vysledkem je diploidni zivoc€ich pouze s 1 X.

» Jedinec €erva pouze s jednim chromosomem X v diploidni bunce se vyviji
jako samecek.

> Zadny chromosom Y u C. elegans neni, sameéka znaéime XO.

» V meiose u samecka segreguje jediny chromosom X a tvori se dva druhy
spermii: s jednim chromosomem X resp. zadnym:

spermie samecka

1A 1X, 1A

oocyty 1X, 1A | XO, AA XX, AA

hermafrodita ¢ g

> Krizeni sameéka s hermafroditem dava v potomstvu
stejné pocéty sameckul a hermafroditu.




Mutageneza C. elegans

F)o +/+ mutagen: chemicky, pf. EMS
fyzikalni, pr. y - zareni
aplikace na P, kdyz zarodecna linie ma
/ mnoho mitotickych bunék:
+
Fy / J m \ larva ve stadiu L4
F +/+ +/m M/ M  samooplozeni dava vznik

1/4 homozygotum v F,



Jaké typy mutantu muzeme mit ?

morfologické pr. Dumpy (Dpy) — kratke, tlusteé télo
Long (Lon) — delsi nez WT

chovani (pohyb) pr. Uncoordinated (Unc)
Roller (Rol)

heterochronni pfr. Cell Lineage Abnormal (Lin)
letalni pr. Lethal (Let)

sexualni transformace pr. Masculinizing (Tra)
Feminizing (Fem)



bunka uréend .
k zaniku

Ucinek genu ridicich

programovanou “_MILDH
ced-4

bunécnou smrt indukce
u hlistice : apoptoz

<3

geny cell death ced-3 a ced-4
(produkujici cytotoxiny)
jsou rizeny (inhibovany) pohleeni fagocytézou,
genem ce d-9 degradace bunky 1 jadra
- jestlize je tento gen aktivni,

bunka se nepodrobi apoptoze
bunka




Bunécny osud hlistice podél antero-posteriorni osy je urcovan
jedinym (kolinearnim) shlukem HoX geniti

- s homologiemi ke ¢tyrem homeotickym geniim z komplexu
Antennapedia mouchy

-+ -
\ 1 ab

lab ﬂ Dfd Ser m ‘l{ll)_( abd-A  Abd-B D il
St A rosophila

HOM-C

Caenorhabditis
Hox

\.\. S -

anterior posterior




Casovani vyvojovych procesdu,
zapindni a vypinani genu v zavislosti
na koncentraci a ¢ase, prahové hodnoty

HETEROCHRONNI GENY

[




HETEROCHRONNI MUTACE

model Fizeni ¢asového vyvoje larvy C-elegans

specificka stadia larvalniho vyvoje jsou
urcovana hladinou proteinu lin-14

lin-14 mutace, ,,ztrata* funkce

Vysok;;_} £
&
koncentrace

lin-14 == >stiednic=> [12]
N nizks >

lin-14

2] (L8] i

|éas0vy gradient lin-14 je vysledkem trans-
krip¢ni represe lin-14 proteinem lin-4,
zalinajici pri casném vyvoji larvy

lin-14 mutace, ,,ziskani“ funkce,
nebo ,,ztrata“ lin-4 funkce

standardni typ

represe lin-4
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Bunécna genealogie u WT a heterochronnich

mutanttd C-elegans

standardni typ Lwpredcasny* mutant »OpoZdény* mutant
lin-14 (If) In-14 (gf )
larvalni mutace ,,ztrata funkce* mutace ,,ziskani‘ funkce

stadia (1-4)
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retardace vyvoje linii,
opakovani vyvojovych typt




Centralni dogma molekularni biologie
( Francis Crick )

transkripce translace
DNA ==) RNA =) proteiny
(skladovani (pfenased (vykonna
informace) informace) masinerie bunky)

Tento model ma pfinejmensim dva nedostatky

- nebere v uvahu mnoho faktoru, které modifikuji
genovou aktivitu v prubeéhu transkripce a translace

- DNA a RNA nejsou jedinymi skladniky a prenaseci
iInformace



jadro

obraceneé
) I:Irepatlce aberantni nebo nadmeérna (1)

l transkripce genu
B2 |
dsRNA bl

2006: NOBELOVA CENA
ZA FYSIOLOGII A LEKARSTVI _
SELEKTIVNi UMLCOVANI GENU """\
PROSTREDNICTVIM (3) 9 \}, e
RNA INTERFERENCE RO - dsRNA

aberantni RNA

cytoplasma
malé RMNA Yt I]
sekvencné-specificka
nukleaza cilova
mRMNA

:

posttranskripcni
umlcowvani gend

Craig M_e”O’ '_A‘nc_lrew Fire (i) RNA-dependentni RNA polymeraza
(Carnegie Institution 1998) ss RNA —p ds RNA
(if) Dicer : ribonukleaza
ds RNA —> malé ds RNA (~22nt)
(iii) Argonaut (RISC) - proteiny ribonukleazového
komplexu : stépeni (endogenni homologni) mRNA



RNAI by ingesting dsRNA!

Timmons and Fire - Nature 295: 854, 1998

Baktérie
exprimujici
dsRNA GFP-exprimujici Cervi ....
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PostTranskripCni genové umlcovani
a RNA interference - spojitost ?

David Marjori
Baulcombe Matzke
(Norwich) (Vienna)

,PostTranskripCni genoveé umiCovani se vyskytuje u
rostlin a hub transformovanych cizi nebo
endogenni DNA a ma nasledek v redukované
akumulaci RNA molekul se sekvencni podobnosti k
introdukované molekule nukleové kyseliny.”

Hamilton and Baulcombe, Science 286: 952, 1999
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C-elegans



XX hermaphrodite

C. elegans XX and XO Anatomy

C. elegans naturally exists as two sexes, XX hermaphrodites and XO males. Hermaphrodites and males display several sex-
specific anatomical features, most notably a male tail designed for mating, and a vulva on the ventral surface of hermaph-
rodites for reception of male sperm and for egg-laying. Their germ-line programs also differ. The two-armed gonad in
hermaphrodites produces sperm initially and then oocytes throughout adulthood. The one-armed gonad in males pro-

duces sperm continuously.
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soma : dosage compensation OFF Isoma . dosage compensation ON I

germ line : X silenced germ line : both Xs silenced

| Somatic nuclei in XO: B Germiine nuclei: @ PFrimordial gem cell
no down-regulation of global silencing of
the single X chromosome X chromosomes

il Somatic nuclei in XX: Partial reactivation of @ Early embryos
50% down-regulation X chromosomes
of both X chromosomes in oogenesis

Overview of X-Chromosome Regulation

Dosage compensation occurs in somatic tissues uniquely in XX hermaphrodites. Silencing of the Xs in the germ line occurs
in both XO males and XX hermaphrodites. Hermaphrodites display late and partial activation of X-linked genes during late
pachytene of oogenesis. The arrows point out the single primordial germ cell in the embryo that generates the germ line
in the adult gonad.



J" (x0) J" (xx)

X/autosome ratio = 0.5 : X/autosome ratio = 1

1 x XSE 2 x ASE 2 x XSE 2 x ASE
\’ / \ / XSE (X-signal
— elements) a
e @ Low (XOL-1 ASE (autosomal
il -sighal elements)
1 5 reguluji hladinu

XOL-1, ktera

wow {802 ) Al
T \ ridi kaskadu k
2 faktoru SDC2.
NO tow Qi 1\‘ DOSAGE
DOSAGE COMPENSATION | .
' COMPENSATION - nizka hladina
- vysoka hladina HER-1 umoznuje
HER-1 vede k O)'sexuu QXSEXUAL tvorbu obou pOh-
Samél’ DIFFERENTIATION DIFFERENTIATION IavnI'Ch Orgénl‘]
pohlavni draze aktivace kondenzinovych komplext snizujicich
(potlaéeni samicéi dréhy) expresi obou X (DCcomplex)

Vyvojové drahy vedouci k determinaci pohlavi
a X - davkové kompenzaci u C-elegans



Dosage Compensation Complex zprostredkovava down-regulaci obou chromozomu X
a autosomalniho lokusu HER-1 lokusu v somatickych tkanich hermafrodita

X CHROMOSOME HER-1 LOCUS
|
DCC pccH

DCC komplex se vytvari v XX-Cervech, vaze se a Sifi po X-chromozomech, redukuje
expresi X-genu ~ 2krat, po vazbé na autosomalni HER-1 redukce 20nasobna.



Meiotic silencing of 1-cell embryo

unpaired DNA v zarodeéné Xm inactive v Casném embryu je inaktivovan
||n|| |nakt|vuje Jed|ny )([) nactive \ paternélnl’ X (imprinting)
chromozom X

Oog_nesas Spermatogenesis 2-24 cell embryo
u X0 samecku Xm active Xp inactive Xm active

Xp inactive
|
MSUD

Regulace aktivity X chromozomil pe——te
v prubéhu zivotniho cyklu u DERRCLING

Mitosis .
Both Xs inactive XX — hermafroditu C-elegans "
Autosomes active a;ue rrtjbryo
m active
MES Xp active
I - imprinted Xp inactivation Nascent germ line
A Xm inactive Later embryo
DC - DCC-mediated X down-regulation Xp inactive Xm ¢ 50%
MES - MES-mediated X silencing Autosomes inactive davkova Xp 450%
MSUD - meiotic silencing of unpaired DNA MES kompenzace = DC

Aktivita X-chromozomu je regulovana v ruznych vyvojovych stadiich a v riznych tkanich
odliSnymi mechanismy: imprintovana inaktivace paternalniho X v casném embryu (1),
kompenzace davky genu v somatickych tkanich pozdnéjSiho embrya a dospélce (DC),
a meiotic silencing v zarodec¢né linii (MES).



Mitotic Transition
Region Zone Pachytene Diplotene Diakinesis Spermatids

“ )ICO’A'\'U"\'\‘\‘&
Nk VNN
', % "‘\\:;\ N e "\57
RS o S P Y] XX

Oocytes Embryos

chromatin marks on the Xs
H3K9me NO MSUD

I H3K27me3 MES silencing I

rmreeneeessnsmns—m H3K4me X activation
H3K4me2 - pachytene

Modifikace chromatinu spermii u hermafrodita
resp. u samecka jsou odlisné

Mitotic Transition Meiotic
Reglon Zone Pachytene D:ploteno Divisions Hpormﬁhds
lc 5 &N T T s ] C"'!“, N
o C LR T t *
e '~'-“’."~'5’- ‘f"‘u‘a’ur"*& X 0
'y ool “" "'\f 10, ‘.,’

chromatin marks on the X
L piSmmeSermEIRR D H3K9me MSUD ‘

g

H3K27me3 MES silencing

H3K4me X silent

H3K9me2 - pachytene

Epigenetické regulace chromozomu X v pribéhu vyvoje zarodec¢né drahy:
cervené jsou markery inaktivity (H3K9metyl a 27metyl),

Spermie obou pohlavi tedy ziskavaji odliSnou epigenetickou
informaci!!!



Modely prezentuijici, jak se ,silencing” (proteinové) meiotické komplexy (MES)
podileji na umiCovani chromozomu X v zarodeCné draze

X chromosomes Autosomes

;lllIIIIIXII’
3y MES-4 se koncentruje na odliSny chromatinovy
MES-2,3,6 se koncentruji na marker represe marker (H3K36metyl) na autozomech, &imz brani

(H3K27metyl) na X a znemoznuji vazbu MES-4 | -1 represoru

f H3K36me2 v “3"27”.‘93 @ repressor
(repressive) ir!




ProC mame radi (Cervy)

PLOSTENKY



Plosténci (Platyhelminthes), plosténky ( Turbellaria)

- prvni triblasticti, bilaterdlné soumérni (plandrni,
obvykle trikladisti¢ ti sladkovodni) ZivoCichové s
diferencovanymi organy (tj. mezi nezmarem a hlistici)

- model regeneracni morfalaxe (1. asexudlni reprodukce)

- model studia kmenovych bunék (neoblastt)

- hemayji zdrodecnou drdhu, ale funkéni gen Vasa

- hermafroditismus a stépeni, resp. sexudlni a asexudlni
(chromosomalné-podminéné) klony



- znovuobjeveni historického modelu regenerace
(Darwin, Morgan)

- model vyvoje nervové soustavy (dloha fibroblastového
rustového faktoru - Uloha genu nou-darake)

- photosensing system (negativni fototaxe)
a Uloha mozkovych ganglii

- model psychologie - jednoduchych podminénych reflexd

- model allometrie (regulace velikosti a proporci téla)



Regenerace hlavy u plosténky Dugesia dorotocephala

extraceluldrni epitel
matrix — bufiky mezenchymu
SReEgR  odvozené z neoblastl

neoblasty



Thomas Hunt Morgan (1866-1945) received the Nobel Prize in

Medicine or Physiology in 1933 for his discoveries concerning the role
chromosomes play in heredity.

At the beginning of his career, however, Morgan spent considerable time
and effort on the study of embryogenesis and regeneration, and
published several important articles and books on these subjects. Of
_ relevance to us is his 1901 book appropriately entitled "Regeneration”.
The work and ideas presented in this book remain relevant to the
modern study of regeneration, and many of the incisive questions
postulated in this work remain unanswered to this day.

However, Morgan eventually abandoned the study of regeneration since,
in his own words, he felt that "we will never understand the phenomena
of development and regeneration” (Berril, N. J. "The pleasure and
practice of biology" Carn. J. Zoo/ 61: 947-951, 1983).
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Figure 2 | The planarian's regenerative and remodealling abilities. The drawings illustrate
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The planarian has a great capacity for regeneration. Even a tiny fragment
cut from any part of the body can regenerate an entire individual
planarian with the same antero-posterior and dorso-ventral body
patterning within one week.
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Vizualizace travici a nervové soustavy plosténky

poziti fluoreskujiciho latexu cerebralni

ganglia

nervove
provazce

()

pri¢né
spojove
neurony

nervovy systém vizualizovan protilatkou vii¢i neuropeptidu




DEVELOPMENTAL DYNAMICS 226:326-333, 2003

ARTICLE

Allometric Scaling and Proportion Regulation in the
Freshwater Planarian Schmidiea mediterranea

Néstor J. Oviedo,* Phillip A. Newmark,” and Alejandro Sanchez Alvarado™

The regulation of scale and proportioninliving erganisms is an intriguing and enduring problem of biology. Begulatory
mechanisms for controlling body size and proportion are clearly illustrated by the regeneration of missing body parts
after amputation, in which the newly regenerated tissues ultimately attain a size that is anatomically congruent with
the size of the rest of the organism. Understanding the molecular processes underpinning scaling would have deep
consequences for our comprehension of tissue regeneration, developmental ontogeny, growth, and evolution.
Although many theones have been put forward to explain this process, it is interesting that no satisfactory
mechanistic explanation is currently available to explain scalar relationships. We chose to investigate the freshwater
planarian, a commonly used model system for the study of metazoan regeneration, to delineate a strategy for the
molecular dissection of scale and proportion mechanisms in metazoans. Here, we report on the cloning and discrete
expression pattemn of a novel planarian gene, which shares homology with the DEG/ENaC super-family of sodium
channels. We have named H.112.3c cintillo (*head ribbon” in Spanish) and present a strategy for using the expression
of this gene to monitor scale and proportion regulation during regeneration, growth and degrowth in the freshwater
planarian Schmidtea mediterranea. Developmental Dynamics 226:326-333, 2003. = 2003 Wiley-Liss, Inc.



Regulace proporci téla podle dostupné potravy - allometrie

hladovéni (,,degrowth®)

krmeni (,,growth®)



Anterior \’j otx homolog
Eye @ Q @ < pax 6 homolog

Gut
Scr homolog
Pharynx
(ventral side) ==
Antp homolog
Anatomie
plosténky
Antero-posteriorni specifikace
_ je fizena homeotickymi geny
b Slack Posterior
Essential Developmental Biology

Blackwell
Science
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/ Posterior regenerate

___—~ Posterior blastema

— Cut
U > Anterior blastema

Obnoveni télni polarity je
fizeno gradienty morfogenti

Anterior regenerate
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Regenerace dvojitého anteriorniho

jedince z kratkého fragmentu
(,,ztrata €1 chyba polarni paméti®)

Bipolar form

Slack
Essential Developmental Biology



Transplantace druhé hlavy vede k potlaceni regenerace amputované
prvni hlavy (cf. nezmar) — tvorba hlavového inhibitoru ?

Amputation




Detekce replikace DNA
s pomoci digesce BrdU

d¢€li se pouze neoblasty

A) Phagocata sp.
B) Girardia dorotocephala
C) Schmidtea meditorranea




Akumulace noveé se replikujicich (dé€licich) bunék — neoblastii v oblastech
regeneraéni blastémy 3 dny po amputaci anterioru ¢i posterioru plosténky
( znaCeni a detekce BrdU )

anteriorni blastéma posteriorni blastéma 100 um




Plosténka Schmidtea mediterranea

pohlavni kmen

nepohlavni kmen (aberace)
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Whole - mount in situ hybridizace
s cDNA sondami



Ingesce bakteridlné exprimované dvouvlidknové RNA
inhibuje genovou expresi u plostének

Escherichia coli

uméla potrava

+ jatra, agaroza a barveni potravy E. coli  hltan

ds RNA

- mikroinjekce ds RNA ¢1 prosté krmeni ds RNA produkujicimi bakteriemi
vede (stejn¢€ jako u Caenorhabditis elegans) k inhibici pfislusnych genti

- inhibice persistuje po regeneraci, coZ umoznuje analyzu fenotypu

- metoda transgenoze dosud nebyla u ploStének zvladnuta, ds RNA je tedy hlavnim
nastrojem identifikace funkce genu



Vyuziti RNA interference k 1dentifikaci genu
vyzadovanych k regenera¢nim procesim

ztrata
schopnosti

. . , regenerace
introdukce specifické J

ds RNA

dvojity
anterior

dvojity
posterior
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The planarian nervous and visual systems. (a) The planarian central
nervous system is composed of a brain in the head region and a pair of
ventral nerve cords. The figure shows a ventral view of whole-mount
in situ hybridization with the DjPC2 probe (b) The structure of the

planarian visual system. Visual axons form the optic chiasma. This
figure is a dorsal view of a whole-mount staining using an anti-visual-

cell monoclonal antibody



Pijavenky

(Bdelloidea), kmen Virnici (Rotatoria)

asexualni cervi

(,LEVOLUCNI SKANDAL*, Maynard Smith)




Bdelloid rotifers virnici




mikroskopiCti mnohobunécni zivoCichove,
cervi (100um az 1mm)

velmi pocCetni v mokrych stanovistich
anhydrobiéza: klidové stadium a sireni

schopné fixovat fragmenty DNA
(horizontalni genovy prenos)

obligatni partenogeneze (samecci nejsou)
asi 450 morphologicky rozliSitelnych druhu

radiorezistence (vysoka ucinnost reparaci)



Virnici neznaji genetickou rekombinaci, presto se podrobuiji
speciaci diky odlisné selekci a geograficke izolaci.

Dnes existuje asi 400 druhu starych pres 40 milionu let.

UrcCitou genetickou variabilitu zajistuji krome prirozené
mutageneze i restrukturalizace genomu v prubéhu anhydrobiozy
(vCetné fixace cizi DNA).
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