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Negeneticky kddovana informace
(tf. mimo sekvence nukleotid u) je

pfrenasena mitoticky v pr ubéhu ontogeneze
a/nebo do (fenotypu) pohlavniho potomstva.



Negeneticky kddovana informace
(tf. mimo sekvence nukleotid u) je

-.1\‘ s neurcitou pravdépodobnosti,

tj. s neuplnou penetranci
a/nebo variabilni expresivitou

pfrenasena mitoticky v pr ubéhu ontogeneze
a/nebo do (fenotypu) pohlavniho potomstva.



EPIGENEZE

individualni vyvoj organism U spo €éiva
Vv postupném vzr dgstu jejich komplexity

ristotele |
(384-322 pr.Kr.)

EPIGENETIKA

kombinuje ...
preformistickou genetiku
(studium d édiéného materialu
nachazejiciho se v zygot €)
a Vvyvojovou biologii
(studium zm én, ke kterym dochazi
VvV postzygotickem obdobi - epigeneze )

Conrad Waddington
(1905-75)



EPIGENETICKE JEVY
PREDSTAVUJI VYJIMKY
Z MENDELOVYCH ZAKON U

Gregor Mendel John Maynard Smith
(1822-1884) (1920-2004)

Princip NEZAVISLE SEGREGACE ALEL : dv & odli3né alely — paternalniho a
maternalniho p avodu — v heterozygotu p Fi meiose segreguji a v nezm énéné
podob é se prenasSeji do potomstva

Alely se mohou podrobovat vzajemnym interakcim, k  teré maji za nasledek
dédiénou zm énu jejich exprese : PARAMUTACE

Pravidlo IDENTITY RECIPROKYCH K RIZENI : pohlavi rodi &G nema vliv na
dédi¢énost (expresi) genu

Nékteré genomy, chromosomy ¢€ilokusy jsou v pr abéhu gametogeneze
sex-specificky reverzibiln & modifikovany, coz vede k jejich uml  €eni
ve filialni generaci : PARENTALNI IMPRINTING




Robin Holliday

Nova teorie karcinogeneze
(Brit J Cancer, 1979)

Dédi énost epigenetickych defekt u
... a new definition of epigenetics ...
(Science, 1987)



Andrew P. Feinberg and Bert Vogelstein (Nature, 19 83)

Cancer epigenetics takes center stage

Andrew P. Feinberg

Institute of Genetic Medicine, Departments of Medicine, Molecular Biology and Genetics, and Oncology, Johns Hopkins University School of Medicine, 1064

Ross, 720 Rutland Avenue, Baltimore, MD 21205

ext year will mark 20 years since I

developed a Southern blot showing
altered DNA methylation in cancer. This
discovery (1) was met with some skepti-
cism, primarily because it was thought that
aberrant methylation in cancer was an
epiphenomenon, somehow linked to a
generalized disruption of gene regulation
in cancer cells and arising after the cancer,
rather than playing a causal role itself.
This essay will address how cancer epige-
netics has overcome these objections, and
areport in this issue by Nakagawa et al. (2)
adds significantly to this argument.

methylation of CpG islands (5), CpG-rich
sequences in the promoters of housekeep-
ing genes that are generally protected
from methylation. This hypermethylation
may lead to aberrant silencing of tumor
suppressor genes (6). In addition, we and
others have discovered loss of imprinting
(LOI) in cancer (7, 8). Genomic imprint-
ing, the subject of the report by Nakagawa
et al. (2), is an epigenetic modification of
a specific parental allele of a gene, or the
chromosome on which it resides, in the
gamete or zygote, leading to differential
expression of the two alleles of the gene in

Hypometylace DNA rozliSuji
nékteré nadory clovéka
od normalnich tkani

Epigenetics




OBJEV ROKU 1984
GENOMOVY (PARENTALNI) IMPRINTING

Davor Solter
(Philadelphia)

Azim Surani
(Cambridge)
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Richard B. Goldschmidt  John Maynard Smith

Evoluce spo ¢iva ve zd eédeni Modely dualniho
zmen individualniho vyvoje systemud édicénositi

... the role of epigenetics in evolution ...



Po selekci se d édi (prenasi) genotyp,
selekce se vSak realizuje na bazi fenotypu ...

(soma, fenotyp)

(genotyp, transmisni genetika, zarode€¢na draha —)

“Weismannova bariéra” (1889). somatickeé zm  ény ziskané v
prubéhu Zzivota neovliv nuji reproduk €éni buky ¢i potomstvo

"N W /S "



jadro
obracené

repetice
| — e

aberantni nebo nadmeérna
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Prolog

Genetika je podstatn é slozitejSi nez jsme si mysleli.

Sou ¢asny pokrok v epigenetice ozivuje
filozofii zatracovaného Lamarcka.

Bude rehabilitovano kaci rstvi ?

klasicka genetika na
bazi ,naivnich“ gen u

/ /IDNA (Mendel, Weismann,
G I:N = I KA Watson, Crick)

nauka o d é&diénosti \ ePlger_\et}}fa
znak t1 &i vioh na bazi ,jiné“ informace

" inf (dédi¢nost stavu regulace exprese
prenos intormace genu: Waddington, Holliday)




Murray Barr Mary Lyon  X-vazany gen pro pigment
(1949) (1961)

Barrovo
télisko

zygota c¢asné embryo

(Ne)nahodna heterochromatinisace jednoho chromosomu X
u samic savc U



Murray Barr Mary Lyon  X-vazany gen pro pigment l
(1949) (1961)

Barrovo
télisko

zygota c¢asné embryo

(Ne)nahodna heterochromatinisace jednoho chromosomu X
u samic savc U






Jak se jmenovala prvni klonovana kocka
ziskana prenosem jadra do vajecné bunky ?

gi‘l'a

Zofie
Marie-Terezie
Sisi

“"‘}"‘}‘"‘}



Pro¢ se klonované kocce rikalo SiSi?

.cc" (cloned cat)

.cc" (anglicky vyraz pro ,Cici")

.cc" (carbon copy)

pocta manzelce cisare FrantiSka-Josefa
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 Nahodna inaktivace jednoho
chromozomu X (maternalniho resp.
paternalniho) v somatickych bunkach

samicek savcu 9
(lyonizace,
Barrovo telisko)

babi¢ka




GENOMOVY (PARENTALNI) IMPRINTING

= pohlavn é specificka modifikace gen u v parentalni
generaci vede k funk €énim rozdil dm mezi
paternalnim a maternalnim genom em (alelami) v potomstvu



Parentalni imprinting je reversibilni uml  éovani gen U
ve filialni generaci zp usobené modifikaci chromatinu

L 8

Imprinting je imprinting neni
zavisly na pohlavi zavisly na pohlavi
rodi €e potomstva

| | | |
imprintovy imprintovy
zaznam je + 4 zaznam se
obvykle . vymaze
stabilni pred meiosou

po cely zivot " AIni " AIni a znovunastavi
jedince maternalni paternaini_ y;q pohlavi jedince
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diglikes spicy foods
* b high risk of cancer

c* proficient at crossword
puzzies

somatic ceall

Dedi¢énost

ridi epigenetika
i

mendelismus

. nékteré geny se
dédi mendelisticky
(A/a, dominance
Versus recesivita)

. jiné jsou imprintovany
(dédicnost zavisi na
pohlavi rodi¢e
z kterého je alela
pfenasena
— b paternalné,

- ¢ maternalné)




Teorie parentalniho konfliktu

souboj mezi matkou a potomstvem

in utero

paternaln & exprimované geny podporuji prenatalni rust
maternaln é exprimované geny jsou rustovymi supresory

maternal imprinting
a;] limits use of maternal resources
\ by baby in utero

|

S
A - |

paternal imprinting
maximizes use of maternal resources

by baby in utero .
e - P ’, \

| 2

4| :‘.,: ff.
| more growth al /‘12 f_.ﬁ-
) e

David Haig
(Harvard 1991)

vitéznd MATKA :
pohadka o Pale ¢kovi

vitézny OTEC :
pohadka o Otesankovi




Chybny imprint P-alely (insulinovy r  Gstovy faktor) ¢€i
M-alely (r Gst suprimujici H19-RNA) vede k Beckwith-
Wiedemannov é syndromu (aneb p ribéh Otesanka)

normal




Russell-Silver av syndrom :
maternalni disomie chromosomu 7

- rustova retardace in utero
- postnatalni r ustova deficience
- asymetricky dwarfismus

POTLACUJE MATKA
VYVIN SVYCH DETI ?

aneb pribéh Pale €ka



Genomovy imprinting a uniparentalni disomie

biparentalni maternalni paternalni
kombinace UPD UPD
bialelicky gen 2 coples 2 coples 2 coples
mat_ernaln "f 1 copy £ coples 0 copies
exprimovany
paternaln & 1 copy 0 copies 2 copies

exprimovany
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oba rodice zdraV| mutantni otec mutantm matka

paternalni imprinting Iokusu ve filidIni generaci
KJ
zdrave dité dité — pfenased postizené dité



imprinting v diploidnich
somatickych burikach

matka otec

vymazani imprintingu
v diploidnich
zarodecénych bunkach

zalozeni noveho imprintu
pfi gametogenezi

OOCyt \/

zygota (a somatické linie
nasledujici generace)

=

spermle

dité
(syn nebo dcera)



,Maternalni* Kaguya (Nature 428: 860, 2004):
vyFazeni imprintovanych gen 0 muze vést k vyvinu
plodné mysi partenogenetického p  tvodu



Klonovani savc u vede k porucham imprintingu

konvencni fertilizace klonovani prenozem jadra
?E % QE E Rudolf Jaenisch
= . . .
: . imprinting
efuklEoy ane
- ¥ it
g . protaming §a 9 _
remindeioy anl o history 1 lle remodeln
chromatin vani chromatin
paternalni . patemalni
demetylace = demetylace neni

l Severino Antinori
... klonovani

normalni aberantni metylace
embryogeneze 1 embryogeneze




Parentalni imprinting u rostlin : maternalni efekt ge nu

MEDEA

... pribéh
Otesanka

Ueli Grossniklaus
(Zurich 1998)

wt-alela: kontrola (redukce)
embryonalni proliferace



DEMETER Fidi maternalni expresi genu MEDEA
(DNA glykosylaza)

DME /DME dme /DME dme / dme
BT ; : - ' i

Steve Jacobsen
(UCLA 2002)

exprese
v centralni
bunce
sami ¢iho
gametofytu




Vznik a d eédi¢nost rostlinnych monster (epimutace)

Carl Linnaeus Charles Darwin Enrico Coen
(1744) (1868) (1999)

Linnaeus ... pelorie u Inice, historicky prvni
dolozena mutace?

Darwin ... kFizeni normalnich a pelorickych forem

v F2 127:37 (Variation of Animals and Plants Ny .
under Domestication ) e 1 metylace

Coen ... hypermetylace homologu genu  Cycloidea ' peloric




Beckwith-Wiedeman

Parentalni imprinting
rastovych faktoru:

Russel-Silver

prevaha otce (chrll) ik "\ 'ﬁﬁ prevaha matky (chr7)

Prader-Willi Angelman

Parentalni imprinting = &
genoveho shluku (chl5): JL

paternalni delece maternalni delece

Martin-Bell Rett

X-chromosom vazane
mentalni retardace:

metylace CGG mC-vazebny protein



Priklad maternalniho imprinting u
Prader-Willi:

V prezentovaném prikladu je metylovana
(a umlCovana = imprintovana) maternalne
zdedena alela. Paternalni alela metylovana
neni a je standardne exprimovana.

V jinych lokusech tomu muze byt obracené:
maternalné zdedena alela metylovana neni,
zatimco paternalni alela je metylovana a
umicovana.



odi®® Opraz maternalni imprintingové

metylac

IICH3
somatické buiky

Imprinting!

n
K



Prader-Willi uv syndrom

V tomto pfipadé je exprimovana vzdy pouze
b paternalné zdédena alela.

Je proto lhostejne, jestlize je pritomna
mutace, ktera eliminuje expresi maternalné
dédéné alely.

Mutace eliminujici expresi paternalné
dédéné alely ma vsak dusledek v projevu
choroby.

U normalniho individua ma metylace
za nasledek blokadu exprese.



ostizen

rodi ¢e




retroelement agouti

eumelanin  m——)

hair-cycle-specific Agouti coding exons
non coding exons

[ s i

Ve

Agouti Viable Yellow - epigeneticky mozaicismus
metylace retroelementu vede k umiceni ektopické exprese

N = o
y’ffﬁ‘-‘:i‘!— ,-"'"_:ﬁ_r

zluta mys : tmava mys : %

hypometylace hypermetylace ™
alely Avy ; L 3 . alely Avy

mm) ektopicka . . _ )4, =) -umlceni agouti
. exprese | 0 ; = pseudoagouti

‘.. agouti

A%




Fenotypova (maternalni) d eédi€énost

Viable Yellow

AY/a x ala

vysledky

reciprokych k Fizeni

S recesivnim
mutantem

Emma Whitelaw
(Sydney 1999)

Zadny vliv maternalni

5565558868 663558554

1 r
§666666483 6335604443

42% 42% 16% 41% 47%

T T
COOOELELe e COVVELEes S

40% 46% 14% 40% 40% 20%
@ skvrnita (intermediatni)

pseudoagouti (téméF
¢erna, nizka exprese)




standardni
vyZiva

Nedostate €ény CH ;-metabolismus -
gravidni sami €ky nezajisti metylaci o zluta srst |
paternalniho transposonu —
retroelement
... ektopicka exprese Agouti




metyla €né
bohata vyziva

Maternalni CH ; metabolismus-podporujici
dieta zvysSuje metylaci paternalniho

genomu v potomstvu

... pFirozena exprese gen U

retroelement

hnéda srst




Methyl donor
supplementation

No
supplementation

L

ook

Tyto dv & mySi maji stejny genotyp ( AW/a) i fenotyp (pseudoagouti) ... ale odliSné potomstvo

; Germ cells carry the epigenetic benefits of

a= crandmother’s diet
Ve

m Craig A. Cooney*
s Department of Biochemistry and Molecular Biology, University of Arkansas for Medical Sciences, Little Rock, AR 72205



Klasifikace epigenetickych jevu podle

() mediatoru prenosu informace
- (m)DNA, RNA, histony, jiné proteiny ?
(1) pravdepodobnosti jevu

- obligatorni, stochasticke

(i) vzdalenosti prenosu informace
- mitoticky bookmarking, meioticka transmise
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5-azacytidin, butyrat
—
dedi¢éna pohlavni reverse

~same cek hermafrodit
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Klasifikace epigenetickych jevu podle

() mediatoru prenosu informace
- (m)DNA, RNA, histony, jiné proteiny ?
(1) pravdepodobnosti jevu

- variabilni penetrance a expresivita

(i) vzdalenosti prenosu informace
- mitoticky bookmarking, meioticka transmise




Neuplna penetrance a variabilni expresivita
epi-lokusu vedou i k mozaikovému fenotypu

) 4
o A
”Jo;;‘-' ) 'Jh




Stochasticka epigeneticka variabilita

Priklad: divergence epigenotypu v prubéhu starnuti
v somatickych liniich bunék clovéka

Overaxpresseqd




Klasifikace epigenetickych jevu podle

(1) mediatoru prenosu informace
- (m)DNA, RNA, histony, jiné proteiny ?
(1) pravdepodobnosti jevu
- variabilni penetrance a expresivita

(1l1) vzdalenosti prenosu informace
- mitoticky bookmarking, meioticka transmise




Bun écna pam et’ — Gene bookmarking
je epigeneticky proces, kterym mitoticky sed  élici
bunky p renaseji specifické stavy svych genovych aktivit

Localization of Polycomb protein on Drosophila polytene
chromosomes




Matern alni programovani epigenetickych stav  u

Maternalni pé ée jako model ,experience-dependent chromatin plastic ity*

‘serotonin

ozkovy transmitter

) cyklicky adenosin monofosfat

mate Fska pé ¢e o novorozence
(lizani a mazleni)

DNA
demetylazy &

histon-acetyltransferazy

DOBRA MATE RSKA PECE a— SPATNA MATE RSKA PECE
exprese genu kodujiciho N Y > nizka exprese genu GR,
glukokort[koidni receptor - DNA-metyltransferaza STRESVO\,/A PSYCHIKA
STABILNI PSYCHIKA POTOMSTVA DOSPELEHO POTOMSTVA




EPIGENETIKA A LIDSKE CHOROBY

[1] PORUCHY IMPRINTINGU
Beckwith-Wiedemannuv syndrom
Russell-Silverav syndrom
Angelmanuv syndrom
Prader-Williv syndrom
Pseudohypoparatyredza

[2] PORUCHY METYLACE DNA
Imunodeficience ICF syndrom
Metyléntetrahydrofolat reduktaza
Rettiv syndrom

[3] PORUCHY STRUKTURY CHROMATINU
Schimkeho imunoskeletalni dysplazie
Rubinstein-Taybiho syndrom
Facioscapulohumeralni svalova dystrofie

[4] X-VAZANE EPIGENETICKE PORUCHY
Martin-Belliv syndrom
Mentalni retardace vazana na a-thalasemi
Cofflin-Lowryho syndrom

[5] NADOROVE BUJENI
Wilmsuv renalni tumor



FRAGILNI HROMOSOM X
(Martin-Bell Qv syndrom)
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= normalni X ma 6-60 triplei CGG v 5'UTR genu FMRL1:
(CGG), AGG(CGG) AGG(CGG),
= muzi-prenas€i nesou premutaci mezi 60 and 200 kopiemi

= M-B pacienti maji pres 200 kopii repetice

1 normalni

@ @ prenasec [premutace]

@ B® fragini X [M-B syndrom]
74, 20 (3%, 10

T i, 50
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Epigeneticke ,intergenera €ni“ programovani porodni vahy
a rizika ke kardiovaskularnim chorobam

_ puvodni environmentalni vliv
, . v dob é téhotenstvi
permanentni programovani , . .,
funkei drogy, Iéky, choroby, vyziva, chovani matky,
postnatalni péce ...

dité
nizka porodni vaha

prenos epigenetického stavu

do dalSi generace

vzrast ... maternalniho kortisolu, insulinu,
maternalniho krevniho tlaku ...

¥ N

dalSi pfedavani
epigenetického programu
(DNA metylacni zaznam)

dosp élec (m atka)
zvySené riziko kardiovaskularnich
chorob, hormonalni aktivita, stres

dosp élec
progresivni udrzovani /
stabilizace

“syndromu choroby”




Epigeneticke zm ény zahrnujici metylace DNA vedou k nddorovemu
rdstu prost rednictvim r Gznych mechanizm U

DNA methylation

N

hypo hyper deamination uv carcinogen
meCpG
} Q@ ©
TpG
genome promoter ; increased carcinogen-induced
instability silencing mgsaHan UV-induced mutations mutations
ztrata metylace hydrolyticka deaminace
vede k nestabilité metylC vede
genomu k bodové mutaci

hypermetylace promotoru vede metylace CpG zesiluje vazbu
k dédicnému umlovani a k chemickych karcinogent k DNA

inaktivaci nadorovych supresoru a zvysSuje rychlost UV-indukovanych mutaci



Safety helmets

Unlike the helmet of Perseus, the
helmet of the water flea (Daphnia
spp.) does not make it invisible, but
it does confer some prnl’cr[hm
against predators by making the fleas
harder to catch. Warter fleas do not
necessarily begin life with a helmet
bur can form one as a morphological
defence in response to chemicals
released by ctheir predators. The
images above show three pairs of
water fleas from different species;
the non-helmeted morph is on the
left in each pair of fleas. Clockwise
from the top lefe chese are: Daphnia
cucullata; the Australian species
Daplhnia ltongicephala, whose huge
crests keep their predator, the
backswimmer, from getting a firm
grasp on them; and the Asian/African

species Daphnia
lumholtsi, whose
distinctive helmers
protect them against
even fish.

But being able to
develop a helmet
is no good to the
water flea if it is artacked before it
has done so. In Daphnia, temales who
have grown helmets can transmit chis
benefirt to their offspring, thereby
improving their reproductive success.
Their offspring not only start life with
a form thart provides better protection
but, in the face of predatorial threat,
can go on to develop larger helmets
than the offspring of nonhelmered
females in the same environment.
This bequeathing of a helmet is an

example of a
maternally

induced

(transgenerational )
adapration; genes
activated in the mother
arc expressed as a
phenotype in their offspring.
For further dertails, see
Agrawal A.A., Laforsch C. and
Tollrian R., Nature 1999, 401:
60-63. Images provided by Ralph
‘Tollrian and Christian Laforsch,
Ludwig—=Maximilian University,
Zoological Institute, Karlstrasse 25,
80333 Miinchen, Germany.

Anurag Agrawal

Ecology and Evolutionary Biology, Corson Hall,
Cornell University lthaca, New York 14853 LISA

... sami €ky hrotnatky Daphnia
si po ataku predatora vytva freji
ochrannou p Filbu, tento znak
pak p Fenaseji do potomstva




... rostliny ohnice Raphanus raphanistrum
v reakci na pozer housenkou Pieris rapae
syntetizuji odpudivé ho Fé€iéné latky, znak
pFetrvava minimaln & do dalSi generace
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Control Herbivory

Maternal environment

Raphanus raphanistrum resistance to herbivory as measured by growth of a
specialist caterpillar, Pieris rapae, on the Fy generation of seedlings from different matemal
environments. Maternal plants were either subject to herbivory by P. rapae or left undamaged.
This transgenerational induction of defences was not associated with differences in seed
mass or seed concentrations of carbon or nitrogen.



Meioticky p renos epigenetického stavu (fenotypu)
aneb environmentalni indukce d ediénych zm én

- genotrofy u Inu (vliv podnebi a vyzivy nav  étveni)

Nuclear DNA
content

LIN specific sequence content
| ]

Time from germination ==p»

bez hnojeni bez hnojeni

F, F,, ...

bez hnojeni
F,, F, ...




Vliv environmentalnich faktor U

AW

Y

- vyvojoveé abnormality drosofily
zpusobené deficienci heat-shock protein U



Tepelny Sok navozuje fenokopie

vzorce zbarveni kfidel motylu (Aglais urticae)

Richard B. Goldschmidt
(1879-1958)

stfedoevropska heat-shock fenokopie Sardinska
varianta p Fipominajici formu ze Sardinie varianta




Waddington: Diferenciace je epigeneticky proces
ovliv novany prost fedim

mozné vysledné fenotypy (kanalizace)

.. adaptivni zm ény genové exprese mohou byt za ur €itych
podminek v ontogenezi stabilizovany (asimilovany)

... evoluce je fixace ontogenetickych zm  én
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Epigenetics: A Landscape Takes Shape
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Epigenetics has recently evolved from a collection of diverse phenomena to a defined
and far-reaching field of study. In this Essay, we examine the epistemology of epigenetics,
provide a brief overview of underlying molecular mechanisms, and suggest future
challenges for the field.

ChR = remodelatory chromatinu
DNMT = DNA metyltransferasy
HAT = histon acetyltransferasy
HDAC = histon deacetylasy
HMT = histon metyltransferasy
HDM = histon demetylasy

DDM = DNA demetylasy

TF = transkripéni faktory



NeGenetika : zdanliva maternalni d edic¢nost Sedivosti

mysSiho kozisku ve stafi je zpusobena pfenosem viru leukémie
v matefském mléce (virus nevstupuje do gamet)

pregnantni Sediva matka
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tato myska vékem Sedivi tato myska vékem neSedivi







