e
&

QMAAAAAAAAA
RNA

https://bpsbioscience.com/

o
\\\\\\\\\‘\\\A\\\\\ &\‘ \\\\\ N N\ “\‘) ‘%
\ DNA

Nucleosomes

Chromosome



Epigeneticka informace

Mitoticky 1 meioticky dédéné zmény genové exprese,
které nesouvisi se zmeénou primarni struktury DNA

Epigenetickou kontrolu zprostredkovavaji
* modifikace makromolekul; DNA a histonu:

METHYLACE DNA

MODIFIKACE (methylace, acetylace, fosforylace,

ubiquitinace) histonovych proteint
* malé a nekodujici molekuly RNA
e architektura chromatinu
}

Regulace aktivity a exprese gent béhem vyvoje a diferenciance,
reakce na zménéne podminky

Spojka mezi genotypem a fenotypem 2
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Ariv et al., Hypertension Res 2019



Historie terminu epigenetika

Epigeneze — Aristoteles, 384-322 pf. n. 1.
individualni vyvoj organismil souvisi s postupnym
rustem jejich komplexity (individualni tvorba tvart béhem
ontogeneze)
X

Proreformismus — ontogeneze je fizena pfedem danymi strukturami

individualni (ontogeneze; tvorba a vyvin tvari

béhem Zivotniho cyklu individua) U
NS TP 2§

VYVOI \

historicky (evoluce,fylogeneze; fixace tvart — selekce, genetika)




Historie terminu epigenetika

Jean Baptiste Lamarck (1744-1829):

e prvni pokus o vyklad evoluc¢ni teorie

e priroda se pod tlakem podminek vyviji — teorie adaptivni evoluce
e adaptivni zmény jsou dédicné (teorie dédi¢nosti ziskanych znaki)

August Weismann (1834-1914):

» sledovani dédi¢nosti indukovanych zmén v somatické draze

* teorie divergence zdrodecné a somatické drahy — \Weismannova
bariéra

Conrad Hal Waddington (1905-1975):

« ,epigenetika®, vysledna podoba organismu neni predem absolutné dana,
vznika postupnymi kreativnimi procesy

« ,epigeneticka krajina*



epigeneticka krajina
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Richard B. Goldschmidt (1878-1958)
« fenotypova zména souvisi s vlivy prostiedi
» vznika jen omezeny pocet fenotypt



Methylace DNA

Modifikace cytosinu v poloze 5, nejCastéjSi modifikace
DNA u eukaryot

Postreplikativni modifikace

MNH, NH,
N,Jsj DNMT NZ | CHs
P 7 oPn
H SAM-CH: SAH H
Cytosin 5-methylcytosin

(B. Vyskot, Epigenetika 2010)
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SAM — S-adenosyl-methionin; v transmethylacni reakci se konvertuje
na S-adenosyl-homocystein !



Methylace DNA

Distribuce methylace v genomech:

Methylace C v symetrickych sekvencich — klicové pro
dédi¢nost methyla¢niho obrazu
- CpG (dublety)
- CpHpG (triplety; rostliny; H = A, T,C)

a DNA = R DMA T T
replicaton ~ C_ G  methylation Cw &
= =
I G C G Cp
Cn: G Hemimethylated
G G, template
L T U T
| o C G s Cn G
G C, G Gy
=1 -

8
Chan et al., Nat Rev Genet 2005



Methylace DNA

Distribuce methylace v genomech:

Methylace C v asymetrickych sekvencich
(rostliny, omezen¢ u ZivocCichil)

DNA T DNA T
replication > Cnm methylation N o
+ G G Chan et al., Nat Rev Genet 2005
o |
CI‘I"I
G Active siRNA
= S or chromatin =
| % signal G
> >
G G
L |



Methylace DNA a exprese gend

UMLCENI GENU
/ \
TRANSKRIPCNI POSTTRANSKRIPCNI

]

Genes inactivated by DNA methylation

ol e

@ smaCps OCps

ylation

com/wiki/DNA_Meth

O vesylane
Unmathytated

- normalni transkrip¢ni

: ., aktivita promotoru
- inaktivni promotor

(zadny transkript
nebo pouze malé
mnozstvi)

- methylace DNA vV
oblasti promotoru

- nestabilni transkript

- methylace DNA vV
transkribované oblasti
(hlavné na 3°konci genu)

000 ¥T0Z ‘HOMIUSH € ueyreulsey| sjpod ousAesdn
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http://mmg-233-2014-genetics-genomics.wikia/

Zivo&isné DNA methyltransferdzy

Udrzovaci (maintenance):
W methylace hemimetylovanych
vlaken po replikaci DNA;
De novo - Dnmt3a . . y
methylation anmwb cytosiny v symetrickych

motivech (spravny embryonalni
vyvoj, imprinting, inaktivace chr. X)

Dnmti

de novo: methylace dosud
nemethylovanych useku;

musi existovat podnét (tieba
pritomnost regula¢nich molekul
(Bird A, Science, 1999) RNA-dokazano pouze v rostlinach;
Dnmt2 - u savcd, rostlin; Interakce DNA-DNA v repeticich;

Dros’ophil,a - slaba non-CG methylace v ¢asnych neobvyklé struktury DNA)
fazich vyvoje;
S. pombe — mutace, kéduje nefunkéni
protein, ale je exprimovan DnmtL — DNA methyltransferdzovy motiv, katalyticky inaktivni

2006 - v savcich bunkach Funk¢ni kooperace s Dnmt3a/b, nezbytna pro genovy imprinting
methyluje tRNA (Asp) 11

DNA Maintenance
methylation




Zivo&isné DNA methyltransferdzy

The fate of hemimethylated DNA
After DNA replication, hemimethylated CpGs are converted to symmetrical methylation by DNMTL.

De novo symmetric methylation by DNMT3B is possibly mediated by H3K36me binding. DNMT3A maintains
hemimethylated DNA at specific loci, potentially marked by CTCF-cohesin and MBD proteins.

Maintenance

De novo

DNMT1 DNMT3B

1

Unmethylated

Hemimethylation [T

LU

LU

f

Hemimethylation

Symmetric methylation T

L

LU

JEEERRRRRRRRRRRRRRRRR R

g

Transcriptional repression

Prolonged DNMT3B
binding to H3K36me?

Symmetric methylation

LU

® Methylated CpG [T

& Unmethylated CpG
e Parent strand
wauuy Daughter strand

Transcriptional repression

Sharif and Koseki, Science 2018
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CTCF’?
Cohesin?

Unmethylated

LU

LU

/

Hemimethylation

L

L

LU

|

Low activity on
nucleosomal DNA?

Hemimethylation

L

I

LU

{

Transcriptional activation
(e.g., gene body)

<4
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Rostlinné DNA methyltransferazy

MET1 (Methyltransferase 1) - udrzovaci methylace cytosint v
dubletech CG; homolog Dnmtl
CMT3 (Chromomethylase 3) - methylace cytosini v tripletech CHG;
unikatni pro rostliny
DRM2 (Domains Rearranged Methyltransferase 2) - de novo
methylace cytosind ve vSech sekvenc¢nich motivech, musi existovat
permanentni stimul — RNA?;
homolog Dnmt3 - jinak fazené podjednotky — pficina odliSné substratové
specificity?
DRM3 - VI, IX, X, I-V
Dnmt3 — I-VI, IX, X

(DDM1 (Decrease in DNA methylation 1) — koduje protein, ktery je
soucasti komplexu remodelujiciho chromatin,
role v udrzovani CG 1 non-CH methylace) .



Biologicka role CpG a non-CpG methylace u rostlin

CG: zajiStuje stabilni epigeneticky obraz

A.thaliana mutanty deficientni v udrzovani methylace CG — aktivace
alternativnich epigenetickych mechanismi — non-CG methylace,
H3K9Me2, architektura jadra (Mathieu O. et al, Cell 2007)

Nefunkéni MET1 — porusi se cely epigeneticky obraz,
fenotypickée defekty — pretrvavaji 1 po obnoveni funkce
enzymul.

rostlina

divokého typu
metl mutant

14




Biologickd role CpG a non-Cp6 methylace u rostlin

CG: zajiStuje stabilni epigeneticky obraz
A.thaliana mutanty deficientni v udrzovani methylace CG — aktivace
alternativnich epigenetickych mechanismt — non-CG metylace,

H3K9Me2, architektura jadra (Mathieu O. et al, Cell 2007)

Nefunkéni MET1 — porusi se cely epigeneticky obraz,
fenotypické defekty — pretrvavaji 1 po obnoveni funkce
enzymul.

Nefunkéni CMT3 nebo DRM2 — bez fenotypu
Nefunkéni CMT3 a DRM2 - fenotypoveé zmény

po obnoveni funkci enzymu se methylacni 1 fenotypovy
obraz vraci k normalu

15



Demethylace DNA

1. PASIVNI — ne-funkce udrZovacich methyltransferaz

Inhibitory DNA methvyltransferaz
Analogy cytosinu:

NH,
NH; N
@J\\N Ho—w)*o fi
HO N/KO OH HO N °
0. "
OH OH OH
5-aza-deoxycytidine zebularine
DHPA:
NH4
L | x} methionin  homocystein
- N l l-)‘( ’
N N DHPA SAH hydr,f,’ lHa;a Prof. Antonin Holy

2
HO SAM SAH e
| N \_/4 _3 \f“‘“\x
HO N/&O DNMT /KO
H

M

(S)-9-(2,3-dihydroxypropyl)adenin :

(inhibitor SAH-hydrolazy) cytosin 5-methylcytosin 16



Demethylace DNA

1. PASIVNI — ne-funkce udrZovacich methyltransferaz

2. AKTIVNI (v rostliniach)

DEMETER (DME)

REPRESOR OF SILENCING (ROS)

DNA glykosyldzovd doména — odstrani 5-mC, lydza otevie vlakno.
Polymerazy a ligdzy doplni mezeru.

DME — vyvoj rostliny; kontroluje parentalni imprinting
genl v endospermu — hypomethylace promotorti maternalnich
alel gentit MEA (regulator vyvoje endospermu) a FWA
(transkripcni faktor, podili se na kontrole doby kveteni)

ROS — uvolnuje TGS transgenti s hypermetylovan}’/m1 M
promotory
@ e

Kim and Zilbermann, Trends Plant Sci 2014 17




Unmethylated cytosine

Cytosine '
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Demethylace DNA

1. PASIVNI — ne-funkce udrZovacich methyltransferaz

2. AKTIVNI (v Zivo&i§nych buiikach)

TET — methylcytosine

dioxygenase
NH, NH,

LI —— (Gene regulatlon' TDG /BER
/g /J§ thymin DNA glycosylase /

base excision repair

C 5-mC
A TETs
TDG/BER |
5-hmC
‘O NH O NH NH , 5
: £ e 2006 — objeven v mySich
o) /g TETs H /g TETs HO | \/IL a lidskych mozcich
N Funkce (? laci
DNA DNA DNA unkce (?) v regulaci exprese
5-caC 5.fC 5-hmC gent, korelace s acetylaci histoni
(pozitivni epigenetické znacka)

19
http://he-group.uchicago.edu



Mammals

A9 _

PP OEIONPTUN

DNA Methylation
T‘!!Q.r VO A alnhﬂ,%

[F— —{ METH (orCostes) | | DNMT3A

Sentabzond] ~_{ CMT3 (for CHG sites)]

'DNMT1
| DNMT38B ——

DNA Demethylation

DNA Demethylation Deamination Oxidation

APOBEC TET

AID \ / TDG

[ Base excision repair (BER) pathway }

ROSI DME  DML2  DML3

(Elhamamsy, Cell Biochem Funct 2016)




Zmény methylace DNA béhem vyvoje - savci

- Male genome
- Female genome

Relative DNA methylation level

E7.5 E135 Birth Fertilization Implantation

- > - >
Gametogenesis Embryogenesis

(Zeng and Chen, Genes 2019)



Zmény methylace DNA béhem vyvoje - rostliny

Whole plant: 24.0% CG, 6.7% CHG, 1.7% CHH

Inflorescence: 27.8% CG, 12.1% CHG, 5.8% CHH

Shoot 1: ~21.9% CG, ~6.9% CHG, ~1.8% CHH
Shoot 2: 22.3% CG, 5.9% CHG, 1.5% CHH

Rosette leaf 1: 22.1% CG, 6.4% CHG, 2.0% CHH
Rosette leaf 2: 32.8% CG, 15.7% CHG, 4.6% CHH

Root: ~21.6% CG, ~6.5% CHG, ~1.8% CHH

\

Adult plant

Seedling: 22.6% CG, 7.7% CHG, 2.4% CHH

Opened flower

<~--
'
| Dry seed
Segdling

/

Cm——

(Han et al., Plants 2019)

. Vegetative nucleus 1: 29.3% CG, 15.0% CHG, 5.4% CHH
.-~ Vegetative nucleus 2: 26.9% CG, 13.0% CHG, 4.0% CHH

O \ VN -
\.SC oy A Sperm cell nuclei 1: 31.4% CG, 12.3% CHG, 1.6% CHH
\SC . Sperm cell nuclei 2: 31.2% CG, 12.7% CHG, 2.1% CHH
N
Male gametophyte
\
\
\
\
\
\
1
i
i
]
= 1
@ cc I N H
------- 3~\ll Central cell nucleus: 26.6% CG, 12.6% CHG, 3.7% CHH
\“ /]
/
B [ P———
0700  {lFeriization]
Syn Syn 1
ECV/) 1
A !
Female gametophyte /

Endosperm: 20.9% CG, 8.9% CHG, 2.8% CHH

Embryo 1: 26.9% CG, 10.6% CHG, 4.4% CHH
Embryo 2: 27.5% CG, 10.7% CHG, 4.5% CHH

Ws-0 seed: 23.8% CG, 8.0% CHG, 0.9% CHH
Postmature green seed: 25.0% CG, 8.5% CHG, 2.7% CHH

Greenseed

Dry seed: 25.9% CG, 8.5% CHG, 2.9% CHH



METODY STUDIAMETHYLACE DNA

VVVVV

CG: Hpall "C"CGG
Cfol GM™CGC 3
Smal CC"CGGG =
Tail A"CGT i
CNG: Mspl MCCGG .
CHH: Sau96l GG(A/T)"C™C Z
(zalezi na tom, co v sekvenci nasleduje) i
- =2

23
(Fojtova et al., Pharmacol Res 2006)



Metody studia methylace DNA

STEP 1

NH,  Sulphonation NH,

.@ 5o

H
Cytosine

0

z ' HSO3-

OH.

0
N STEP3
H

Alkali

H
Cytosine
sulphonate

a0 7[ STEP 2
NH4+ Hydrolytic

o Deamination

H

Uracil Desulphonation Uracil

sulphonate

2. Modifikace DNA bisulfitem - cytosiny kovertovany na uracily, ™C nereaguji.

O

|
Ho’S‘O' Na*

NaHSO3
hydrogensifi€itan sodny

24



Metody studia methylace DNA

2. Modifikace DNA bisulfitem
cytosiny kovertovany na uracily,
MC nereaguji.

Modifikovand DNA je namnoZzena
pomoci PCR, uracily se paruji

s adeninem jako thyminy. Primery musi
amplifikovat modifikovany 1
nemodifikovany templat;

amplifikuje se kazde vlakno zvlast —
nejsou komplementarni.

PCR produkt se klonuje a sekvenuje —
cytosiny jsou pouze tam, kde byly
puvodné MC.

Vyhoda analyzy:
informace o lokalizaci
methylovanych cytosinl v celé
sekvenci, ne pouze v konkrétnim
restrikénim misté

Figure 2: Bisulfite reatment for analysis of methylated DNA

§5~-ACCGTCGACGT-J

Methylated DNA

5~A*C*CGT"CGA*CGT-¥

l SO 1

S-AUUGTUGAUGT-3

S-A“C*CGT"CGACGT-

l 1st PCR cycle l

§«~AUUGTUGAUGT-Y
J-TAACAACTACA-%

§-ACCGTCGACGT-Y¥
J-TGGCAGCTGCA-%

25



ia methylace DNA

stud

Metody

551 601 651 701 751 801 851 901 951
T nptll region (§’end)

P35S region

TSS (position 570)

5'nptll

©
[V

(Fojtova et al., Nucleic Acids Res 2006)

HeL01

P35S

CG CNG CNN
HelLo1

=

1 pajejAyjaw sauIsojAo Jo 9,



Metody studia methylace DNA

3. Sekvenovani DNA po modifikaci bisulfitem,
Imunoprecipitace pomoci protilatek proti "C nebo
afinitni purifikace pomoci MC vazebného proteinu

Vysledky analyzy genomu Arabidopsis:

e cca 20% cytosinll v genomu je methylovanych

* nejvice MC je v transpozonech a repetitivnich sekvencich

* neymeén¢ methylované jsou promotory endogennich genti

e asi 1/3 geni obsahuje ,,body methylation* (CG mista na 3 "konci
kodujici oblasti)

27



Modifikace histonu

Methylace - napf. lysin v poloze 9 na histonu H3 (H3K9)

lyZin
v
H3K9

histon H3 devéaty lyzin od MN-konce

A 4

Distribuce euchromatinovych a heterochromatinovych zna¢ek v Arabidopsis thaliana
a mySi (podle Fransz et al., 2006)

A. thaliana mys$
- Stupe - -
Modifika A euchromati | hererochromat | euchromati | heterochromat

ce n in n in

mono + +

H3K9 di + +
tri + +

mono + +

H4K?20 di + +
tri + +
5m-C + +

dynamické modifikace

Jde o druhové- a dokonce lokus-specificke,

28




Modifikace histonu

Acetylace — pridavek acetylové skupiny kompenzuje kladny
naboj lysinovych zbytku — oslabeni interakci mezi DNA a histony

4

Acetylovany chromatin — euchromatin
Deacetylovany chromatin — heterochromatin

Enzymy: histon acetyltransferazy

[ 1 4
histondeacetylazy
Histone acetylation
(transcriptional activation) (Gene transcription )
» HAT
NHE* N—H
Acatiatian & e A ¥
kATs ~<Shrme— ' J pol I/ '
< > Closed chromatin @ Open chromatin
Deacetylation by Histone deacetylation
\ HDACs \ (gene silencing)
N N
/ / @ 2006 Prous Science
H 0 H o]

Lysine Acetyl-lysine 29



Writers, readers, erasers

Writers introduces modifications
on DNA and histone tails

C > H2A

Epigenetic
Tools

A

. v
Wiriters @ Readers

I'ﬂ DNMTs W i

Y HEHTE ) Tudor

W PRMTs [ PHD

W HATs [} Chromodomain
Bromodomain

“ ) Erasers

Il HKDMSs
© HDACs

Erasers remove the modifications
introduced by the writers

Readers binds to the modifications
using specialized domains

’ » H2B \ » H3 %'’

A —» Methylation A _» Acetylation

mark

mark

> H4

» 5-methylcytosine

Epigenetic tools. A representation of epigenetic writers, readers and
erasers. These enzymes and protein domains carry out most of the
epigenetic modifications on DNA and histone tails. Apart from the
enzymes and protein domains highlighted here, other enzymes and
protein domains are also available. DNMTs — DNA methyltransferases,
HKMTs — Histone lysine methyltransferases, PRMTs — Protein arginine
methyltransferases, HATs — Histone acetyltransferases, MBDs —
Methyl-CpG-binding domains, PHD — Plant homeodomain, HKDMs —
Histone lysine demethylases, HDACs — Histone deacetylases.

Biswas and Rao, Eur J Pharmacol 2018
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Dédi¢nost histonovych modifikaci

B

\ \
\ \ XN
s i owvT 111 <
TN 111 L
2 N

T CpG methylation

¢

0 Histone methyltransferase
M and methylation reader

Histone methylation

semikonzervativni model

(Zhu and Reinberg, Cell Res 2011)
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Dédi¢nost histonovych modifikaci

mbif)XGL&

o
. bueus
= %\ Q /3 = T oG methyiaion (i UHRF1/DNMT1/Ga

& H3K9 methylation

.piggy back" model

32
(Zhu and Reinberg, Cell Res 2011)



Vztah mezi methylaci DNA a modifikacemi histond

1. Heterochromatinova modifikace H3K9me?2 rekrutuje
dalsi enzymové aktivity (histodeacetylazu, HP1, DNA methyltransferazy)
tvorba kompaktniho usporadani a fixace heterochromatinového

stavu

2.V Arabidopsis thaliana byly vyfazeny geny pro histon methyltransferazy
(SUVH4, SUVHS5, SUVH6) ———aktivace transpozoni
spojena s jejich hypomethylaci

3. Proteiny obsahujici Jumonji doménu jsou schopny odstrafovat
methylové skupiny z histonti. V Arabidopsis byl identifikovan protein
IBM1 s Jumonji doménou, ktery reguluje (snizuje) hladinu
methylace CNG v transkribovanych oblastech

4., piggy — back* model vs. de novo methylace DNA fizena modifikacemi
histonti

33



Biologicka dloha RNA

MRNA — kopiruje genetickou informaci z molekuly DNA,

IIII

proteinu

tRNA — preklada kod sekvence bazi do sekvence aminokyselin.
cca 80 nukleotidi, koncova sekvence —CCA,
na ni se vaze prislusna AK

rRNA — tvoii (s proteiny) ribozom.
Prokaryota: 5S, 16S, 23S
Eukaryota: 5S, 5.8S, 18S, 28S

ribozym — (Ribonucleic acid enzyme), RNA s katalytickou funkci
Nobelova cena za chemii (1989)
23S rRNA ve velké podjednotce ribozomu katalyzujici syntézu
peptidové vazby (peptidyl transferaza)
RNazaP — st€épi RNA, maturace tRNA
- predstava RNA svéta v jistém stadiu evoluce, kdy byly molekuly
RNA hlavnimi biologickymi katalyzatory o



RNA INTERFERENCE - SHRNUTI

Dlouha dvouvlaknova RNA (dsRNA; >200 nt) miize umlcet expresi cilovych genii v
ruznych organismech (Caenorhabditis elegans, Drosophila, rostliny). Dlouhé dsRNA
vstupuji do metabolické drahy nazyvané RNA interference (RNAI). Dvouvlaknova
RNA je v reakci katalyzované enzymem Dicer Stépena na useky dlouhé 20-25
nukleotidt, tzv. kratké interferujici RNA (SiIRNA). siRNAs jsou zaclenény do
komplexu obsahujici enzymy s ribonukleazovou aktivitou zvaného ,,RNA-induced
silencing complexes* (RISC). Dvouvlaknové SiRNA jsou rozvolnény, ¢imz dochazi k
aktivaci komplexu. siRNA navadéji RISC k molekulam RNA s komplementarni
sekvenci a dochazi ke stépeni téchto molekul, a to blizko stiedu tseku, ktery je
navazan K vlaknu siRNA.

Evolution of RNAI

200 * Improved synthetic » Spacificity
Successful dosign GOMGErns
1998-2001 RNAI in yeast, siRNA * Modified reage s * Supar-act ive
Drosophila, plants, exparimeants = RNAI machanism reagents
trypanosomes in mammialian * Tawicity responses * More on in vivo
calls = Controls *Lnique apps
O gt & o ot | o o |.o°
O R il Il i e s

1990 Post transcriptional 1908 “RMA™ 2002 Sclence named RMAI

Mobel Prize
http://courses.biology.utah.edu/ gone sikncing [PTGS) ] [m il ah;gans] [*Te:;nmmgy of the Year™ ] Fire & Meallo

bastiani/3230/DB%?20Lecture/
Lectures/WormRNAIi.html

1992 Quelling |  ©- elegans = » Design improvements |
in Neurcspora +H-RNA o *Validated reage nts

_*/ = I vivo applications
: == sl [EUUE Recombinant Dlmr] * Micro 35
S

genarated siRMA *| arge scresns




Zacalo to Cervem........,
ale na pocatku byly kytky

Jorgensen et al., 1990
Que, Jorgensen, 1998 »  PTGS

Guo, Kemphues, 1995
Fire, Mello, 1998 . RNAI

Vlastnosti procesu RNA interference:

* vlastni interferujici molekulou je dSRNA (ne antisenseRNA)
* efekt je vysoce specificky
* velice potentni (nékolik molekul dSRNA v bunce sta¢i pro vyvolani
efektivni odpovéedi)
* mobilni (je moZno indukovat interferenci v bunikach a tkanich vzdalenych odsgnista
injektaze)



FAREN TWEEDY HOLMESCORES

Slechténi petunii —
zintenzivnéni barvy kvéti.

A lighter shade of failure? Attempls to
deepen the purple hue of petunias by
genetic moditication produced
unexpected results Rather than
heightening pigmentation, an inserted
gene switchad colour production off,
creating variegated blooms (inset).

. . Logicky pristup — vice kopii
e s - prisluSného genu (chsA)
S s _ vy exprese

combatinfection by viruses and transposons
womsaltlic cbactole e =L TWRIA Ahat cocew ko

KOSUPRESE

-pritomnost transgenu
vede k omezeni <«
exprese homolognich
(trans)genu

Zzihané rostliny az zastaveni
syntézy barviva
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INJEKTAZE Caenorhabditis elegans sdtko obecné)

1.
+ asRNA . zablokovani
EXPrese
XX P analogie s pokusy
+ sense RNA » zablokovani na petuniich
exprese 4 * saturace transla¢nich
faktorti @
2.

+ mix sense a antisense RNA  nékolikanasobné vyssi
umlcovaci efekt

« zakladem interference je dSRNA
» existence amplifika¢niho kroku
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Figure 1. Effects of mex-3 RNA interference on levels of the endogenous mRNA. Nomarski DIC
micrographs show in situ hybridization of 4-cell stage embryos. (A) Negative control showing
lack of staining in the absence of the hybridization probe. (B) Embryo from uninjected parent
showing normal pattern of endogenous mex-3 RNA (purple staining). (C) Embryo from parent

injected with purified mex-3 antisense RNA. These embryos (and the parent animals) retain mex-
3 mMRNA, although levels may be somewhat less than wild type. (D) Late 4-cell stage embryo

from a parent injected with dsRNA corresponding to mex-3 ; no mex-3 RNA is detected.
Each embryo is approximately 50 um in length.
(For details see: Fire et al. '98 "Potent and specific genetic interference by double-stranded RNA

in Caenorhabditis elegans " Nature 391: 806-11)
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Molekularni zaklad

RNAI

http://www.ambion.com/techlib/
append/RNAIi_mechanism.html
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VZNIK dsRNA:

- pokud je transgen usporadan jako invertovana
repetice — transkripce pres stfed IR

> <

LB p35i nptl| nptl| |355

3’chs . ‘chs

- aberantni molekuly mRNA - pfedCasné

terminovan¢, nespravné procesovane -
substrat pro RARP (RN A-dependent RNA polymerase)
> katalyzuje syntézu dsRNA

(nebyla identifikovana u Drosophila,
u obratlovcii nedavno)
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DICER

» vlastni inicidtor uml¢eni, identifikovan v Drosophila

« RNase Il1-like enzym (N-konec: helikdzova doména,
C-konec: RNaselll doména a dSRNA vazebny motiv)

« Stépeni molekul dSRNA

SIRNA (21 - 25 nt)
* evolucné konzervativni (houby, Zivo€ichové, rostliny)

» ATP - dependentni nukleaza, funguje procesivng,
ATP vyuziva k translokaci pod¢l substratu

» C. elegans s mutaci v genu kodujicim DICER — fenotypové defekty,
dikaz zapojeni RNAI do regulace vyvojovych procesi

Zivocichové, C. elegans, S. pombe — jeden DICER protein
Drosophila — dva DICER

Rostliny — ¢tyfi!, mutace maji dramaticky vliv na vyvoj rostliny
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RISC

* RNA-iInduced silencing complex, efektorovy komplex,
destrukce cilové mMRNA

e aktivace RISC

* jednovlaknové SIRNA - na ziklad€ komplementarity
bazi navadi komplex k cilovému mistu

* helikaza, nukleazy s endo- a exo- aktivitou,
protein recA (homology searching activity)

ARGONAUTE - proteinova rodina, interakce s Dicer,
soucast komplexu RISC.
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Proteiny rodiny ARGONAUT (Ago)

Bazické proteiny (schopnost vazby na RNA)
PAZ doména — protein-proteinové¢ interakce
as1 prispiva 1 k vazbé siRNA

PIWI doména — vazba sSIRNA v RISC
Ucastni se produkce siRNA, jejich ,,nasmérovani“do ptislusného
efektoroveho komplexu 1 vlastni degradace mRNA, u rostlin
procesu RDDM.
Multigenoveé rodiny (Arabidopsis — 10 ¢lenu, Drosophila — 4,

C. elegans — 3, ¢lovék — 7, mys - 8).
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Molekularni zaklad
RNAI

—~ N/ dsRNA

Dicer

FJ/_.—-:.;\\ ’FJ/ﬁsiRHA

RISC protein

cormponents
= --""'-..-: RISC
o
sIRMNA& unwinding
..-.._.. " Activated

| |

RISC

Assaciation with
target mREMA

Pl
— Target mRMNA
" e cleavage

e SEMizE e Target rnR A
e Antizense

e

RDDM
(RNA-directed DNA
methylation);

v rostlinach

v rostlinach infikovanych

rekombinantnimi viroidy

nesoucimi min. 300 nt

homologii s kodujici sekvenci
— methylace a PTGS

pokud je homologie
s promotorem — TGS
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RDDM

© I © *  Vznik dsRNA
G CNG  ONN st transkripce pres IR (RNA pol 1T
e . nebo RNA pol V)
N vznik ze ssRNA (RIRP-RDR2)
-—== k@ or
06 5ovs sstytuten —& e dsRNA je procesovana DICER,
vznikajici molekuly tidi methylaci
DNA v komplementarnich
o sekvencich

(MET]1 podili se na CG de novo
DRM2 de novo vsechny kontexty
DRDI1 chromatin remodelujici

(RNA-independent)

) protein)
o : .
@{ qj/ Demethytation ®/' RNA nezavisly proces uchovani

methylac¢niho obrazu (kromé CNN)
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KO-EXISTENCE RNAI a methylace DNA

Rostliny, obratlovci, Neurospora - methylovana DNA a RNAI1
Drosophila, S. pombe — RNAI a Dnmt2 (?)
C. elegans — RNA1, ale nema gen pro DNA methyltransferazu

S. cerevisiae — nema methylaci ani RNA1

Methylace DNA neni univerzdlnim epigenetickym regulacnim mechanismem
existence alternativnich mechanismu
produkty gent skupiny Polycomb / Tritorax - udrzeni gent
ve vypnutém / zapnutém stavu

o1



16-18

T2

16-18

21

mMICroRNA

endogenni malé molekuly RNA, kodovany
geny ODLISNYMI od téch, jeZ reguluji.

21 nt, vazba na parcidlné komplementarni

mista na 3 netranslatovaném konci
cilové mRNA - represe translace.

Vznik z vlasenkového prekursoru (70 bp),
prepisovan z intergenovych oblasti.

Zivocichové — jeden prekursor spoleény pro
nékolik miRNA.

Rostliny — kazda miRNA ma svij prekursor,
maturované miRNA jsou methylované (HENT1).
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microRNA

ROSTLINY ZIVOCICHOVE

- degradace mRNA (AGO1) - represe translace cilove sekvence
spojena s jeji destabilizaci

- vysoka komplementarita s - limitovana komplementarita
cilovou sekvenci s cilovou sekvenci
- 2/3 reguluji expresi - Sirokospektry ucinek (vyvoj)

transkripCnich faktort

Production of pre-miRNA Processing of pre-miRNA to miRNA Capture of mRNA and suppression of translation

ﬁ
Ly - | &
Dicer > > mANA
e o O miRNA /CD\ ®
pr&mmi — ' = \-f - 8 %enced mRNA % a
= -

Cytoplasm

TJ
vJ
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SIRNA AHETROCHROMATIN

Heterochromatin obsahuje repetitivni sekvence a
transpozony, transkripcné€ umlcena oblast.

(Trans)geny inzertované do heterochromatinovych oblasti —
umlceni (Drosophila — PEV).

RNAI — vyznamna role ve formovani a umlceni
heterochromatinu
X

,2umlCeny* heterochromatin neni transkribovan

o4



RNAI a heterochromatin

Mutantni forma kvasinky Schizosaccharomyces pombe,
blokovana RNA1 (mutace v genech Dicer, Rdp1, ago)
— neschopnost tvorby heterochromatinovych struktur
v centromerach béhem bunécného déleni
(Volpe et al., 2002, Science)

Mutantni formy Tetrahymena thermophila

|

molekuly siRNA jsou nezbytné pro procesy rearangementu
DNA v prubéhu konjugace jader

(Mochizuki et al., 2002, Cell) >



Telomerove transkripty

Telomery jsou typicky heterochromatin (?) (epigenetické modifikace,
neobsahuji geny, telomere position effect (TPE))
— transkripcné€ neaktivni

V savc¢ich bunkach — TERRA (TElomeric Repeat containing RNA)
100 bp -9 kb

v jadern¢ frakci 'ﬁa“: snag onn
UUAGGG repetice . [
(Jenom slaby signal pro CCCUAA) o
pocatek transkripce v subtelomerické oblast 5
aspon Cast jich zustava asociovana ::
s telomerami
In vitro experimenty: TERRA ovliviuji ]
aktivitu telomerazy g
0.1-
UUAGGG CCCUAA
(TERRA) 56

(Azzalin et al. Science, 2007)



RNA polymerazy

RNA pol. I — syntéza pre-rRNA 45S (28S, 18S, 5.8S rRNA)
RNA pol. Il — prekursory mRNA, ncRNA, miIRNA
RNA pol. 11l —tRNA, 5S rRNA a ostatni kratké RNA v jadie a

cytoplasmé

RNA polymerazy v mitochondriich a chloroplastech

V rostlinach — RNA polymeraza IV
transkripce heterochromatinovych oblasti (intergenové
sekvence, repetice)
vznikaji kratké transkripty
substraty pro RDRP

RNA polymeraza V
transkripty zapojené do procesu RDDM 57



siRNA

duplex
— -—yQ
4SRNA " AGO-RISC
T ssRNA
A

DDR Complex

Pol V transcript

A model for RNA-directed DNA methyla-
tion in Arabidopsis thaliana. RNA Pol IV transcripts
are used as templates by the Pol [V-interacting protein
RNA-DEPENDENT RNA POLYMERASE 2 (RDR2).
DICER-LIKE 3 (DCL3) cleaves resulting dsRNAs into
24-nt siRNA products, one strand of which is loaded
into an ARGONAUTE 4 (AGO4) RISC complex.
Independent of siRNA biogenesis, the DDR complex
enables transcription by RNA Pol V, whose nascent
transcripts serve as scaffolds for the binding of
AGO-RISC complexes. AGO4 also interacts with the
C-terminal domain of the Pol V largest subunit and
RDMI. In turn, RDM]1 interacts with the de novo
DNA methyltransferase DRM2.

(Wierzbicki et al., Genes Develop, 2012)



https://www.youtube.com/watch?v=cK-OGB1 ELE
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