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Podstatnou ¢ast genomu tvori
opakujici se Useky DNA (repetice)

Human
genome
3000 Mb

Genes and
gene-related

sequences

lidsky genom




Vétsinu naseho genomu tvori mobilni

elementy

LTR retrotransposons
DMA transposons SIMNEs

Simple ssquence
repeats

Segmental
duplications

Mizcellanscus
heterachromatin

Mizcellansous
LniqUe ssquUences

45-70% lidského
genomu tvori
mobilni elementy

LINE=

Protein-coding
qenes

Geny (exony) - 1.5%




Témeér polovinu lidského genomu
tvori mobilni elementy!ll

Classes of interspersed repeat in the human genome

Length Copy Fraction of
- number gename

LINE= Autonomous ORF1__ ORF2 [pol) AAA 6-8 kb 850,000 219
SINEs Mon-autonomous -ﬁ-ﬁl— AAA 100-300 bp 1,500,000 1395
Retrovirus-like Autonomous [ dad ol (env) e 6-11kb
elements } 450,000 a0z,

Mon-autonomous T i-;agjn_- 1.5-3 kb
DMNA Autonomaous 3 L 4 2-3 kb
transposcn } 300,000 30
tossils

Mon-autonomous . 14 80-3,000 bp

20 az > 1 500 000 kopii e , / Sk
Eukaryotické genomy: geny plovouci po mori

retrotransposont
Endogenni retroviry - otisky ddvnych infekci
primatd




Genom jako ekosystém elementt
Koevoluce transposonu a hostitele

pravidlo,3C" :  conflict > compromise > cooperation
Interakce TE: parasitismus, kompetice, kooperace

Chr'omosomalm mky kolonizované ’rr'ansposony

E™
S i Drispersed Ty f focopia
ﬂﬂ.ﬂ N ChrEy D = rorroefermnents and miicrosa oeiites
Controrneare-associated g LIMES
anderm repeats
Telomeric and sulb— Single and low-copy sequences
telomeric repoats incliuding genes

Selekce nebo cilené vélenovani?
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RETROELEMENTY
A RETROTRANSPOZICE



Co jsou refroelementy?

+ Retroelementy = sekvence DNA nebo RNA
obsahujici gen pro enzym reverzni transkriptdzu

(katalyzuje prepis RNA do DNA).

Sirsi definice zahrnuje veskeré sekvence vzniklé

reverzni transkripci RNA do DNA.

Po genomech se S$iri procesem retropozice.

+ Retropozice = presun genetického materidlu z

jednoho mista v genomu do mista jiného

prostrednictvim RNA intermedidtu. Ma vzdy

duplikativni charakter.

Jsou retroelementy
relikty svéta RNA?
Podporuje to jejich
struktura, konzervativni
mechanismus replikace a
véudypritomnost.




KNA reverzni transkripce DNA v
Lammunn =~ Y ° ,
transkripc% Xinzerce Z I vo T n l Cy k I us
I

— re’rro’rransposonﬁ a retrovird

I
plvodni kopie nova kopie
troelementu DNA hostitel retroeleme;

adro integrace

!@“gf;

N oo‘
sesTavenl
Cdstice a
zpétny prepus
W
chromosomy MRNA .
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Double REVERSE _—
Strand  TRANSCRIPTION
of DHA




'R US PBS Us R K3
3 ' (a) Reverse transcriptase
makes strong-stop
r  DNA.
) R US FBS U3 R ki
3 5' (b) RNase H removes R
and U5 RNA.
r
Ll PBES U3 R ki
3 5
(c) First jump. Strong-stop
DNA jumps to other
end of RNA,
8 PBS U3 R kS

3 II_C =
(d) Reverse transcriptase

extends primer.

r
N PBS U3 R ks

il PBS U3 [ R U5 5
(e) RNase H removes most
of viral RNA.
5 [ 3

r

i PES U3 R U5 5
(f) Reverse transcriptase

£l PBS U3 R U5 h 5
{g) RNase H removes viral

extends RMA primer.

5' U3 R U5 PBS JKj

RNA and tRNA.

Gl US R Us PBS K

il FES U3 R Us )

¥ U3 R U5 PBS K3

(h) Second jump. PBS sites
at opposite ends pair up.

cfPes U3 R UsK

|

(i} Both strands filled in
by growth at 3'-ends.

SR U3 R U5 PBS Us R U5 )

N U3 R US PBS

R US &}

Reverzni transkripce

- hasednuti primeru tRNA a extenze

- odstranéni RNA oblasti R a U5

- prvni preskok a extenze

- odstranéni vétsiny RNA RNazouH

- zbyde primer a extenze

- odstranéni zbytku virové RNA a t1RNA
- druhy preskok a dosyntetizovani

S
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Vo mii??
LTR

Vo mii
LTR



ZAKLADNI TYPY
RETROELEMENTU



Retroviry - obecné schéma

ol

ag, pol, env ....... geny surtace Glycoprotein Su
.. dlouhé koncové repetice 3
PBS\.. misto vazby primeru Transmembrane
BR A rotedza

INT

R reverzni transkriptdza [reestiiess . :
PPIX. .- s
>

......... gag

Capsid CA -""".
{Core Shell)
p2d

RNA -
{2 molecules) <

pol
Protease PR p8 i
Polymersase RT & -
RMAse H RNH pGo
Integrase IN p32
krdtka obrdcend
U3

e Ty o A .. jedine¢na sekvence na 3' konci

obrdcend R ..... repetitivni sekvence
repeticezesilovate  Polyadenylalni signdl U5 ... jedinecnd sekvence na 5' konci

transkripce



Retrotranspozony - obecné schéma
(a) Typ Ty3-gypsy:

LTR gag pol Koy LTl

PPT >

gag, pol, env ....... geny

LTR ... dlouhé koncové repetice

PBS .... misto vazby primeru

PR ...... doména kédujici protedzu

INT .... doména kédujici integrazu

RT ..... doména koédujici reverzni transkriptdzu
PPT ..... polypurinovy Usek

e primé repetice

(b) Typ Tyl-copia:
A 9ag9 pol LTR

> PBS

PPT




Retropozony
(polyA, nonL TR retroelementy)

(a) LINE (L1):
sure  ORF1

-V poly(A) >

1 kb

ORF2 3UTR

@OREL T4 protein vazici RNA

ENEE T .. doména kodujici endonukledzu

R - doména kddujici reverzni transkriptdzu
5UTR ........ netranslatovand oblast na 5' konci
3'UTR ........ netranslatovand oblast na 3' konci
poly(A) ....... polyadeninovy dsek

g L L primé repetice

(b) SINE (sekvence Alu):

>| levy monomer

poly(A) [ pravy monomer | poly(A)s

100 bp




Véleriovani LINE elementt

Twin priming:

mechanizmus tvorby inverzi

1‘ Iy First strand cleavage

cleavage

+ * b Becond atrand
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Template switch

j Homology search
! and template jump to

¢ cellular RMA/DNA {green)

l

s Vo A,

].~ Continue minus
¥ strand synthesis
pr— £ Homology search

of top strand and top

.,
.
L

strand cleavage

————————— —

completion of minus
and plus strand synthesis

Template switch product




Alu elementy - nejhojnéjSi retroelementy
lidského genomu

millions of years ago

hurman Al
SINMMIN RS

rmouse 81
SHCUEANCHS

| I |
1,090,000 100,000
copies CXHpins

=

i

=

T5L ANA

- odvozeny z 7SL RNA genu kodujiciho
podjednotku signdini rozpozndvaci
Cdstice (prenos proteinl pres
membrany a zaclefiovdni do membradn)

- Alu inzerce - u kazdého 200
narozeného jedince

- transkripce z promotort RNApolIIT
(uvnitr oblasti)

- reverzni transkripce zajist'ovana RT
poskytovanou LINE elementy

- genova konverze



Retrony - primitivni retroelementy bakterii

msDNA: retron:
msr ... gen kédujici RNA slozku
msd ... gen kédujici DNA slozku
\ \ RT ..... gen pro reverzni transkriptazu
DNA msr Mmsd
g e msDNA (=multicopy single-stranded)
RNA - intermedidty extrachromosomadlniho replikaéniho
cyklu nebo abortivni produkty intermedidti

Prokaryotické retroelementy:

1. Koduji jediny RT protein s jedinou enzymatickou aktivitou (doménu).

Ostatni aktivity (protedza, integrdza, endonukledza) retroelementy v pribéhu evoluce ziskaly od
hostitele (jako onkogeny retrovird)

2. RT prokaryot provddi syntézu nezdvislou na primeru podobné jako RNA polymerdza (pfedchiidce RT)

3. Prokaryotické RT jsou podobné RARP (RNA-directed RNA polymerase), RT eukaryotickych
retroelementl jsou méné pribuzné



gen pro gag + INT

RNA

[ ®

Schéma evoluce retroelementt

gag RT INT

prvni vétev

\

bakteridlni mitochond. intron
- 24 genom plazmid
1 Hepadnaviry — Q
druha vétev . \
o : Retropozony l \
e‘r_‘r_o’;r'anspozony i Q TiTon
e IT. skupiny
Mitochondridlni
Re‘rr'o’rr'anspozony plazmidy

P T

Retroviry

Caulimoviry



Paraziti paraziti: Neautonomni elementy tvori
vétsinu. Balancovana rovnovdha

a DMA transposons b LTR retrotransposons ¢ MNon-LTR retrotransposons
LIME=
Y | e | S | e | E () | i
o L i
Mon-autoncmaous R \ : ' ' SIMES !
CiN-aLtd g iy - ~ i
elemants =4 i [ "P"H |h“+ = [[[ [
"",_ RN ;I-' . 1"=.‘ ;JH* 'r"" ool il
L o1r 4 "--.Il ~, - -~
L] L _..h_ [
DNA-mediated TEs RNA-madiated TEs
[class 2) (class 1)

Vybalancovana rovnovaha mezi autonomnimi (A) a neautonomnimi (N) elementy:
- prilisna dspésnost neautonomnich vede k zahubé

- titrace transpozdzy neautonomnimi vede k omezenim aktivity

- inhibice nadprodukci

- koevoluce A a N rizena kompetici o RT

- koevoluce endogennich a exogennich retrovirl - rezistence k infekci

- dalsi mechanizmy restrikce: metylace a heterochromatinizace



DNA TRANSPOSONY



1. Prokaryotické.

DNA transposony

- IS elementy
- Tn elementy_

2. Eukaryotické:

DNA transposons of prokaryotes

3

Composite transposon 2.5-10kb

; ITR ITR
Insertion sequence I

~ 0.3-up to 2kb
transposase I

ITR ITR

Tn3-type transposon I anepose | _ ~5kb

ITR ITR

Transposable phage — Protein coat genes I ~38kb

- Ac a Ds elementy - autonomni a neautonomni u kukurice
- P elementy - hybridni dysgeneze u drozofily (samci P+ a samice P-)
- Tcl/mariner - u €. elegans (Tcl) a drozofily (Mariner)




Helitrony - neddavno objevené transposony
vyuzivajici mechanismus otacejici se kruznice

- replikace mechanizmem otacivé kruznice (jako plazmidy, ss fagy, geminiviry)
- vyskyt u eukaryot - 2% genomu A.thaliana, C. elegans, také v Oryza sativa

- nedelaJl duplikaci cilové sekvence (TSD)

- cilend inzerce do AT dinukleotidu

- zaCinaji 3'-AT a kon¢i CTRR-5', nemaji TIR

- konzervace palindromu pred 3 CTRR (sekvence neni konzervativni)

- vétsina elementl je neautonomni (0.5-3kb), vzdcné dlouhé Helitrony (5.5-15kb)
- kédujici proteiny pro RC replikaci: helikdzu (HEL), nukledzu/ligazu a proteiny
vazici jednoretézcovou DNA (RPA)

- mechanizmus tvorby neautonomnich elementl nejasny

- Helitrony jako evolugni spojovnim mezi prokaryotickymi RC elementy a
geminiviry (potomci geminivirt intergrovanych do genomt ¢asnych eukaryot)




MITE elementy

rostlinné ekvivalenty lidskych Alu, délka: 125 - 500bp

* neautonomni elementy (master = DNA TE Mariner)
» obracené koncové repetice (TIR) - konzervativni 10-15 bp

AT-bohaté (~72% Stowaway)

* tvori sekundadrni struktury DNA (hairpins)

- preference cilového mista - TA(A)

- asociace s geny - v intronech, pobliz 5' hebo 3' konct gend

Ancestor:

| Diversification
l l } )
waneposon ., 4 » D > [ ,
rodiny: el el el ] mEE
- Stowaway (jednodélozné, |mwemsn i R - 1 - i - 3
v v /7 Ve v / Faw coples. . . . .
dvoude.lozne,,zlvoclchove) e EG:DG:D : C:jcm : G:DG:D : @C‘:D
- Tourist (fravy) P O i O i O i OO
- Emigrant, Alien, g-m.;mi;t;ﬂ '“"l*";;grmfz.;.;;ﬁ:;;"l :"'/"""\ smltsten
Heartbreaker, Bigfoot, ... Mo scpis o0 o0Q o o0 OO
(r‘osT“ny) ¢ g f 4 Corserved size DDDDDOD DOODOOD OODOODO OOOO DD g
00 O 000 00 o000

MITE farmily




CHROMOSOMALNI
DISTRIBUCE
TRANSPOSONU



Chromozomalni distribuce retroelementt

Selekce nebo cilené vélenovani?

- vyskyt na vSech chromozomech (hybridizace /n situ)
- mista s vy3si koncentraci retroelementt i bez retroelementt
- retroelementy v heterochromatinu i euchromatinu, hrbitovy RE
- sex chromozomy - akumulace na chromozomu Y:
u D. miranda, Cannabis sativa, Marchantia polymorpha, Silene latifolia

Marchantia L
! //
B e S. latifolia

@}a tifolia ™8 I :




Inzercni specificita a inzerce
retroelementu do heterochromatinu

inzerce neni ndhodnad (retroviry)

role INT - targeting domain (TD)
interakce s proteiny chromatinu
inzenyrstvi (nové specifity), genovd terapie
- .local hopping” DNA TE

Ty5 L] [

Re  PRIN | RT  his3Al |

Inzerce retroelementi do jiz
existujicich retroelementu

—_—

—

WU HHCC DDE i
TD

Mested LTH retrotransposons

——{ == === =S

integrdza
Time % similarity

heteroch Myr) LTR-LTR

- \pee i,
= o
o7 (Voytas lab .
o — &0
INTD Cﬁ TYS TD (6 aa), RadSp (13 aa), NpwBP (12 aa) <]
@& Sirdp LexA fusion @ SirdpC, Rad53p FHAIL, Npw38 WW 34 [ an

Fig. 1. Strategyforretargeting Ty5 integration. Top, schematic of Ty5 single ORF encoding RMA binding

(RB), protease (PR), integrase (IN), reverse transcriptase (RT), and marker gene (his3Al) (open hox). View 4

of INis expanded to show conserved residues and targeting domain (TD) (solid). Lower left, preintegration L =y
complex showing wild-type IN bound to ends of TyS DNA (thick line) and integrating into telomeric - e
heterachromatin, mediated by Sirdp (hatched). Lower right, same as left except that the natural TD is w1

replaced with heterclogous domains (TD*) from Rad%p and NpwBP (solid). LexA DMA-binding demain E
(open) is expressed fused to SirdpC, Rad53p FHAT, and Npw38 WW domains (hatched). Integration occurs
proximal to LexA-binding sites (open arrows) in plasmid target (closed circle).




Metoda ,transposon display™ - detekce
novych inzerci transposont

[ 1]

Bt andlor
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- indukce transpozice stresem
- Stépeni genomické DNA
- ligace adaptort

- PCR okolni oblasti
- hové bandy




FUNKCE
TRANSPOSONU
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Natwre Vol. 284 17 April 190

Nature 1980

The DNA ol"irr,qher organisms usually falls into rwo E‘Fdssc’s. one specific and the other comparatively
nonspecific. It Wrms’p!mrsrb!e that most of the Ic:rrrrc;ngumrfze' by the spreading of sequences which had
1L~ 3 Fiho narsral celertinn af

Selfish DNA: the ultimate parasite

L. E. Orgel & F. H. C. Crick

0010 M, Torrey Pines Road, La Tolla, California 9203
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additional cop|
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Nature Vol 284 17 April 10800

ARTICLES

Selfish genes, the phenotype paradigm and
Nature 1980 &emome evolution

W. Ford Doolittle & Carmen Sapienza

Wal 4435 October 2006

NEWS & VIEWS FEATURE

Nature 2006

/4
Y

GENETICS

Junk DNA as an evolutionary force

Christian Biémont and Cristina Vieira

l
-
-

STy

Transposable elements were long dismissed as useless, but they are emerging as major players in evolution
Their interactions with the genome and the environment affect how genes are translated into physical traits.

-
"“’\gt\

fan

Department of Biochemistry, Dalhoosie Univessity, Halifax, Nova Scotia, Canada B33 4837

Natural selection operating within genomes will inevitably resull in the appearance of DNAy with no
phenotypic expression whose only ‘function” is survival within genomes. Prokaryotic iransposable
elements and evkarvotic middle-repetitive sequences can be seen as such DNAs, and thus no

phenctypic or evoliionary function need be assigned to them.




Mechanizmy transposonu

Transposony: Parazité nebo pomocnici?

parazité x vyznamny Cinitel v evoluci

Negativni vliv transposoni na hostitele:

- vyplyvd z povahy RE (sobeckd a parazitickd DNA) N r':g“;iggzﬁg' a
iy hostitele

- mutabilita - stochastické ale regulované ., mutageny"

Obranné mechanizmy
hostitele:

V prubéhu evoluce
dochdzi ke

EXPERIMENT: Umléovani transposont metylaci a reaktivace
jejich aktivity u mutanta se snizenou metylaci DNA:
*Aktivni retrotransposon Ttol vnesen z tabdku do Arabidopsis
* Zvyseni poC tu kopii a ndslednd metylace a umlceni
* Vneseni Ttoldo ddmlmutanta

* Snizeni metylace Ttola transkripéni a transpozicni aktivita

(Hirochika et al 2000 Plant Cell)

minimalizujici jejich vliv na hostitele:

vélenovani do

elementt rekombinaci




Barva hroznu vina je zpusobena transposony

- Gretl retrotransposon v promotoru
genu VvmybA1l (inzerce a excize)

noir
Cabernet Saunvignon
L e
Pinot gris
gris
rouge app PP Gewurztraminer
{} :.fl"-'"' T — T — Y —
820 bp
rose
Chardonnay rose
Pf Bf LTRST Cr
— — — -—
blanc Ve S SNl ekl el O e
10422 bp Chardonnay
28R

This et al 2007, TAG

T e s

’ ? i L + " "-I__ i .' 'h.a ':;.. .". ._ " Il-._..

Theor Appl Genet (2007) 114:723-730
DT L0 00T =00 22-006-0472-2

ORIGINAL FAFPER
Wine grape ( Vitis vinifera L.) color associates with allelic
variation in the domestication gene VvmybAl

Patrice This - Thierry Lacombe -
Maolly Cadle-Davidson - Christopher L. Owens




Barva mysi a epigeneticky stav transposonu

- TAP transposon v promotoru -> exprese Agouti -> Zluta mys
- metylace IAP -> Zddnd exprese -> hnéda mys
- mezistavy (epigeneticky stav, PEV)

Transposable elements and the
epigenetic regulation of the genome

R. Keith Slotkin and Robert Martienssen

Abstract | Overlapping epigenetic mechanisms have evolved in eukaryotic cells to
silence the expression and mebility of transposable elements (TEs). Owing to their
ability to recruit the silencing machinery, TEs have served as building blocks for
epigenetic phenomena, both at the level of single genes and across larger chromosomal
regions. Important progress has been made recently in understanding these silencing
mechanisms. In addition, new insights have been gained into how this silencing has
been co-opted to serve essential functions in ‘host” cells, highlighting the importance
of TEs in the epigenetic regulation of the genome.

Slotkin 2007, NatRevGenet

Retrotransposons as epigenetic mediators
of phenotypic variation in mammals

Emma WNiRiYeldw “ahid“Martin 2001, NatureGenet



Zvrasnéni semen hrachu jsou zpusobeno transposony

Cedl, Vol. 60, 115-122, January 12, 18980, Copyright © 1890 by Call Press

The Wrinkled-Seed Character of Pea Described by
Mendel Is Caused by a Transposon-like Insertion in
a Gene Encoding Starch-Branching Enzyme

Madan K. Bhattacharyya, Alison M. Smith,
T. H. Noel Ellis, Cliff Hedley, and Cathie Martin
John Innes Institute

r (rugosus) lokus:

and AFRC Institute of Plant Science Research rr - zvrdsnéné semeno
Colney Lane ’
Norwich, NR4 7UH RR, Rr - kulaté semeno

United Kingdom

- Ac/Ds DNA transposon Bhattacharyya et al 1990, Cell



Transposony stoji v pozadi variability lidské populace

NIH Public Access Huang et al 2010, Cell

2 Author Manuscript
O gens®

Publizhed n final adited form as:
Call 2010 June 25: 14107): 1171-1182. doa: 101016/ c2ll.2010.05.026.

Mobile Interspersed Repeats Are Major Structural Variants in the .
Human Genome
Cheng Ran Lisa Huangm, Anna M. Schneidera': Yungi Lu1-2: Tejasvi Miranjan1-2, Peilin

Sheng: Matoya A. Rohinsnn1, Jared P. Steranka'-, David ‘ul'alle1, curt I. Civin*%, Tao
Wang1, Sarah J. Wheelan™?, Hongkai JiE', Jef D. Bnekez-“-:, and Kathleen H. Burns'2#
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Transposony a lidské nemoci

vétsina lidskeho genomu
je transkribovana

1

hypometylace Alu/LINE elementd
(TE+epigeneticky kod)

}

zvyseni ,,Aluomu/LINEomu”
nadorovych burikach

!

inzerce do tumorsupresorovych gent
+ rekombinacni prestavby genomu

}

starnuti a rakovina

- vyuziti v diagnostice a terapii

- vazebné misto p53 je odvozené z TE

Geny tvofil jen malou &ast nadi genetické
informace (genomu). Naopak transposo-
ny - uiseky DNA premistujici se po genomu
z mista na misto, populdrné oznaéované ja-
ko ,skakajici geny” - pfedstavuji vice nez po-
lovinu genomu ¢lovéka (viz Vesmir 2000/5,
2009/9). Jiz desitky let vedou védci deba-
ty o ptivodu a tloze téchto evoluéné velmi
uspéinych genetickych entit. Zatimco dfi-
ve se na transposony nahliZelo jako na pou-
hé genomové parazity, jejichz jedinym cilem

Kejnovsky
Vesmir 2013/4
Skakajici geny

V. mozku a v rakovinnych bunkach

je se v genomu namnoiit, v posledni dohé
je stale jasnéjsi, ze jsou mnohdy prospéiné,
mluvise dokonce o ,domestikaci” transposo-
nil. Ptitseale po jejich smyslu je podobné ja-
ko se ptat po lloze jakékoliv genetické muta-
ce = miize byt skodliva nebo uzite¢na, zalezi
na éasovém a prostorovém kontextu.

V nasem genomu jsou nejpocetnéjsi skupi-
nou transposonii takzvané retrotransposony
L1 a Alu, které skacou do novych mist v ge-
nomu prostiednictvim molekul RNA, za-

http://wwwyesmircz | Vesmir 92, duben 2013 197

EDUARD
KEJNOVSKY



Aktivace transposonu stresem
je bézna u rostlin

P
i T TEMPER ATURE
s -

Sucho, UV zareni, poskozeni, kultivace in vitro, ..

2 hypotézy proc stres aktivuje TEs
(oslabeny hostitel x variabilita a adaptace)

Stres

aktivace TE

v

rozkolisdni genomu

adaptace

TE + epigeneticky kod

stres
aktivace aktivace
TEs obrannych gent
dlouhodoba kratkodoba
odezva odezva




Umlcovani transposonu: transkripéni i

posttranskripcni (me'rylace a RNAi)

Transcriptional silencing (TGS)

Mucleus

DMA-DNA pairing?

F'i:-st -transcriptional silencing (PTGS)

Readthrough
transcription

W

P—

& /‘ i WY
|
Polycomb — :
group proteins? TﬂTﬂﬂ'ﬂ'ﬂ'ﬂTm
RNA-BRNA
| pairing @“3‘
5 _ TN, d=RMA
Q@"ﬁ* -
RNA-DNA pai.'t;h_‘_ . :
RNA-protein interactipns? - = 21-25-nt
Coytoplasm — === siRNA
e A

Transkripcni umlCovani -
Posttranskripcni uml¢ovani -

metylace promotort TE
sekvencné specificka degradace RNA v cytoplazmé




Umlcovani transposont mechanizmem RNAI

Transposition ¢

_b
TR TR ek
[=—— 1§

= R

—1»
| Uml&ovdni
dernia | nespar'ovalne DNA

P, — béhem meiozy

a 4"'--""--"'\-""\_-
.l Y Tt PNt Ny s
Muclsus

Cytop asmSiHr::’t"ﬁ. - l \ ¥
LT \;\ ” Matzke and .ﬂ
‘ﬂ_’l/ﬁ/ Birchler, Nature £ > 50 >

- Rev Genet 2005 l
- C_elegans a Dr'ns'nnh//n hema T?ﬁé*ﬂsﬂﬁ’ﬁ DNA
. ( Homologous RNA degradaﬂon>
- Umlcovanl Transposonu je zajist'ovano pomoci RNAi

a Ping - pong W ) Antisense primary transcri

Anfisense
Senze

(i) Snapback — dsRMA for the

(i} Full-length pairing — dsRMNA for (i) RARP activity — dsRMNA for TIR
terminal inverted repeat

TIR and internal sequences and internal sequences

[ .
Vastenhouw 2004, TIG =wereee=




TRANSPOSONY
UZITECNE PRO
HOSTITELE

DOMESTIKACE
TRANSPOSONU



Recyklace transposont
.yurning junk into gold”

Existuje mnoho
prikladi domestikace

transposonii

Llenicom

D1D2 D3 D4

Vi

VDJ rekombinace

V2/D1D2D3 D4

{(adapted from Janeway 2001)

Domestikace TE a jejich pozitivni vliv_na

hostitele:

- telomery drozofily - Het-A, TART

- centromery - CENP-B z DNA transposondl

- imunitni systém - V(D)J rekombinace

- duplikace, rodiny, vznik novych genti (Setmar)

/ oy Establishment of a TE-derived aenetic
regulatory n ric. (&) e, class I, TE (blue)
inserts mstrea Fhost gene exans (red). (b) TE
bindi domain fuses wwitl st @ene transcript
cognate binding site-containing locations arcu

- reparace zlomt v DNA
- inaktivace chromosomu X
- Uloha v regulacnich sitich




Role transposonu v regulacnich sitich

DNA-binding
protein=TF
odvozeny z

TE
Regulace
transkripce

Regulace
pomoci
miRNA

odvozenych
zTE

Nucleus

Cytoplasm

TPase- *u

derived DBP "+ oo
@)

CNE/UCE/enhancery

RNA-binding 2 TE (10 000)

protein reguluje
posttranskripéné

Transkripcni faktory odvozené z TE:

Tel O - MuDR Ol -0~
PAX6 -8—0O— FHY3 Ol -0
AR o—=
poge O{ I
avs - - & pty W v
Abpl OF B pavsieerer @O 7
Jrk OB = BARR Ol 7
Pdc? OB =5 Dref '0_.:-_L7
bab_’_O_I e O .- /
psq lin-158 Ol -
—O— (O
(T e I A
Hsmarl -0l
SETMAR P element 'O'O":'_
€50 P-tsa 00— 5
THAP7 O
Harbinger- ey |
Dr3 -O— e — - TNPD
pm
HARBII — 7} —OD—TNPA
NAF1 -O— ROSINA e e
@D HTH _CENPB [@D H (T
@D HTH PSQ @ RAB B roo
@ HTH cro - BT 7 Mariner
ogp | €@ Myb/SANT Other | @ ) SET Tpaslet. B Mutator
O FWRYGM  domains| @ s e | I hAT
@ 7F BED /7 hATC [ Pelement-like
O TF_THAP O u 1 PF/Harbinger
LD nd | A Colled coil | cacTA
Feschotte (2008)

Nat. Rev. Genet. 9, 397



Helitrony putuji po genomu a sbiraji geny

m\u‘a‘_"e.cm"-::.-

NEWS AND COMMENTARY

Plani genomes

Massive changes of the maize
genome are caused by Helitrons

SK Lal and LC Hannah
Heredity (2005) 95, 421-422. doi10.1038/s.hdy.6800764; published online
12 Octoba- ~~~-

Treasures in the attic: Rolling circle transposons
discovered in eukaryotic genomes

Cadric Feschotte and Susan R. Wessler~

Diepartents of Botany and Genetics, Unkersity of Georgia, Athens, 5.4 30602

new gene
A

ra

[E—

S
Chromosome ||

16-20b | Exon T % ﬁ(f:—" — Chromosome |
ATC HEL RPA
T e _
vl CTAGT

Journey of Helitrons (non-autonomous) through maize genome and capturing genes:

L e RES 1Al
2 —H—aii B . =

]
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Vliv transposoni na genom

(a1 Rekombinacni prestavby i) Antisense RNA
& -— |
Direct transcriptional l
l interferance
? (A} —= Dicer —= RHMAI
“@F « Inzeréni mutageneze
—

|

-y " o

—ul—

L, Umléeni zplisobené metylaci
Chimericka mRNA (e}

e B

(b}

- J

A, . S

Bestor 2003, TIG MMM

TRENDES In Gensfics




LINE elementy - vyznamny hrdc¢ v genomu clovéka

- vliv na velikost genomu u primdtt (struktura), neddvnd aktivita, rozdily i uvnitf druht
- mista homologii pro genovou konverzi a rekombinaci (evoluce)
- v€leriuje se do genu a narusuji kédujici sekvence, nemoci (funkce)

- exon shuffling, zkrdceny na 5' konci - nedosyntetizovdny LINE hraji roli v Sireni signdlu
- zaceluji mista chromosomovych zlomt (reparace) pri inaktivaci chromosomu X
(Barr body)

Alu elementy a alternativni sestrih

Alu elementy tvorf 10% lidského | | (@ | Alu element | o
genomu (>1 milion) ? :EW?QEE
5% lidskych alternativnich 279 275
exonl je odvozeno z Alu — 52 A0 —
elementl \Aplice 5 EW
site site

Alternativni sestrih:
- 40-60% lidskych gent mad alternativni sestrih

- rozdil mezi ¢lovékem a mysi: druhové-specificky alternativni sestrih

- exony: konstitutivni (konzervativni) a alternativni (majoritni a minoritni)

Vznik alternativnich exoni:
- duplikace exonll, mutace existujici intronové sekvence,
- z Alu elementt (5% lidskych alternativnich exont)




Pdvod genu SETMAR - ,recyklace" transposonu

Birth of a chimeric primate gene by capture of the
transposase gene from a mobile element +

L4
Richard Cordaux*, Swalpa Uditt, Mark A. Batzer*, and Cédric Feschottet? Tr‘anspozaza

million years

ll.r [ Hominoids m _ﬁ‘ 1 —ﬂ—r’/—J:[I—H—

{Human, Apes) - Zf' §er‘i S"'Op
- vznik nového stop

Old World monkeys
yAfrican green monkey, ] s
Rhesus macaque) ﬁ * - ex HIZOCC

MO —O0ODOWIA=Z>»
.

-
N / « - degenerace TIRu
AT Wity & o P - vznik intronu
IE:- Emergence of SETMAR #«J/ ﬂ it .ﬂ .dr’_ - D A Vazebné
e \_ . e doména Tn zachovéna
| proswas l, \45 = - TIR mista v genomu
\ Galago B5— =

PLACENTAL MAMMALS T
{Mouse, Rat, Dog, Cow) 80—

-

MARSUMALS (Opossum) % 120 —
b= u:.__ L) —d‘—

VERTEBRATES (Zebrafish) e 450

Fig. 1. Milestones leading tothe birth of SETMAR. The structure of the SETAMA R locus (Right) and a simplified chronology of the divergence time of the species
exarmined relative to hominoid primates (Left) are shown. Pink boxes represent the two SET exons, which are separated by a single intron (internupted black line)
and form a “SET-only’ genewhaose structure is conserved in all nonarthropoid species examined and terminatedwith astop codon (+) located at a homologous
position (except in cows see Fig. 2a). The Hsmarl transposon (event 1)was inserted inthe primate lineage, after the split between tarsier and anthropoids, but
before the divergence of extant anthropoid lineages. The transposon is shown herewith its TIRs (black triangles) and trarsposase coding sequence (red box).
Thesecondary Afusx insertion withinthe TIR of Himarl {ewent 2) is represented as a blue diamond. The position of the deletion removing the stop codon of the
"SET-only™ gere(event3) is indicated as a light ning bolt. The de novo corvversion from noncoding to exonic sequenceis shown ingreen, the creation of the second
intron is represented as a dashed blue line (event 4), and the splice sites are shown asthick blue lines.




Retrogen zpusobil krdtkonohost u psu

Science 325, 995 (2009)

- chondrodysplasie (kratkonohost)

jedina evolucni uddlost

l

zména fenotypu

w~

M S
7, \

hnRNA mRNA
gen fgfé4 retrogen fgf4
I—>
_ I N B ONA LINE




EXPLOSIVNI
AMPLIFIKACE
TRANSPOSONU V
EVOLUCI SAVCU



Explosivni amplifikace transposonu a speciace

Chrosomal fraction (%)

Willion Vears 1 0.8 06 04 0.2 0
~5— A (Chrid)

=8= | 1(xq)

== TR (ChrY)

L2 {Autozome)

vaénatci

Marsupials
{120-150)

1257

[
[

[
[ -

placentalovée

100 }
Earty eutherian

radiation (100)

Cretaceous-
Tertiary <
boundary (83)

Mew World
monkey (20)

Old World
monksy (23]

Hurman Chrosomal fraction (%)

150 | “= MR {Autosome) &

)
Sequence divergence (%)

£n

Evolucni kanon (Israel):

“Eurup.e.an" "African”
north-facing slope south-facing slope
(NFS) (SFS)

Mezidruhova hybridizace
aktivuje TEs
- .destrukce” silencingu




Korelace mezi expanzemi transposonu a

Human genome comprised
by repeat class (%)

1

4

7

oddélovanim vétvi savcu

Alu a
xistuji v nasem

enomu po dlouhou
Obu ~150 MY

~80 MY

10 13 16 19 22 25 28 31 34 37 40
Substitution from consensus sequences (%)

m Alu

m SVA
o LINET
m MIR
o LINE2
m ERVI
m ERVII
m ERVIII
o ERV
m DNA



Human genome comprised

by repeat class (%)

Korelace mezi expanzemi transposonu a

oddélovanim vétvi savcu

dtlum transpozice

\Vnedavne dobe | x5snuch dobdch

dominovaly a MIR

0.4 ‘ “lll FHELL
0.2. HAR UL |
: |||||

-1 4 7 10 13 16 19 22 25 28 31 34 37 40
Substitution from consensus sequences (%)

m Alu

m SVA
o LINET
m MIR
o LINE2
m ERVI
m ERVII
m ERVIII
o ERV
m DNA



Dynamika transposonu v evoluci mysi

Mouse genome comprised

recentni Utlum je zretelny i u = B

a 14 mY§| :IBD2

?1.2- I" mey
£10) g ] |I|II o LINE1
%os. I I 1 ” "l ||I" I = MIR
8 o6 | o LINE2
S | | m ERVI
04 | ‘ | Hh m ERVII
0-2- ikl ERVIN
0.0 4L R E R ) 11l = ERV

1 4 7 10 13 16 19 22 25 28 31 34 37 40
- m DNA
Substitution from consensus sequences (%)

MGSC. Nature (2002) 420 520-562



Lidsky genom je plny starych transposonu zatimco
transposony v jinych genomech jsou mladsi

, 1007
stare ¢
S 80- .
% >25% Oldest
= 704
3 . <25%
O 604
5 | ]
)] (o)
£ 401 <15%
LE 30 <10%
5
.S 20 <5% Youngest
mladé $
o 10 -
o
0 N | &‘\ | ((\ | C)
\)':({b < @é G}'(S\ &

Srovndni stdri transpozont v eukaryotickych genomech



.Retrotransposony nemohou byt zcela sobecké, protoze hostitelsky
genom i védci je vyuzivaji ke svému viastnimu prospéchu.” :-)

Co je nase a co cizi?

Dnes je tedy nepochybné, Ze transpozony ne-
jsou jen parazitické elementy v naich geno-

mech. Podstatné zvy3uji evoluéni potencidl

svych hostiteli. Pomahaji ndm pFeZit a adap-

tovat se na ménicise podminky. Nékdy mam
pocit, Ze si transpozony své hostitele tvoii
k obrazu svému, tvaruji cely genom véetné
genil podle svych potieb jako misto pro své
ptezivini. SpiSe viak jde o krdsnou ukézku

logiky evoluce, kterd funguje cestou zépla-
tovini, bez plinu. K své tvorbé pouziva vie,
o je po ruce, at jsou to tfeba parazitické ele-
menty. MiZeme zde vibec mluvit o cizoro-

dych elementech a hostitelich? Co je nale
a co je cizi? Vidyt cely nd§ genom vietné
nadich transpozoni jsme pfece my. °

Kejnovsky
Vesmir 2009/9

.Bez transposonti bychom zde nebyli a Zivy svét by
pravdépodobné vypadal velmi odlisne.”"  Susan Wessler

Jeffrey Bennetzen |

Paraziti nebo pomocnici?

€l geny
evoluce



TANDEMOVE REPETICE



Tandemové repetice,
_knihovna" satelitni DNA

B.Ugarkovié and M.Plohl Hlavni parametry:
- pocet kopii (zména v B a D)

- sekvence DNA (zmény C a D)
A

F

-

L~




Evoluce tandemovych repetici

Evoluce v koncertu (concerted evolution)
Genova konverze

Nerovnomérny crossing-over

Evoluce satelitnich sekvenci - sklddani ze segmenttd

axon 1 2 3

B*1501 - -—— < H

G —H ﬁ): Cw*0102
B*1501 =

B*4601 I H— H  H

exon 1 2 3

E Cw'0102
R
A

F Cw'0102

axon 1 2 3
B*5101 R
B30l 4 H H F

o
B'53 4 H WH  F

Genova konverze
- interchromosomalni
- intrachromosomalni

O — T — T p— T )— 1=

mutation

S >— T >——D>—1T— =

intrachromosomal
homogenization

interchromosomal
gene conversion
(rate-limiting step)

ESSS ¥ Lo LoD oD H D> ¥ 55

intrachromosomal
homogenization




Genova konverze transposonu na pohlavnich
chromosomech

Awvailable online at www.sciencedirect.com e 93
<] ]
. . ‘ ; |N| :
& ScienceDirect M i
BN SECTION 5
ELSEV]E]{‘ Gene 390 (2007) 92 07 EVOLUTIONARY GENOMICS . "
B B www.elsevier.comilocate gene = ~—
3
Y-linked — o— 4 T
. . . . -~ . X-linked — — =
High intrachromosomal similarity of retrotransposon long terminal Aul‘;’;mal . A =
repeats: Evidence for homogenization by gene conversion on ' S0y
plant sex chromosomes? i -—
Eduard Kejnovsky ™*, Roman Hobza ®, Zdenck Kubat®, Alex Widmer ®,
Gabriel A.B. Marais ©, Boris Vyskot?®
:
PCR amplifikace TE na -
mikrodisektovanych
sz X clade

chromosomech )
mikrodisekce

chromosomt Y a X

y =
Do B "0 ’ s 49"“_‘. —
-° ) » 8 |g” :
' 2. . :
- ' f X clade
" gt
; ‘0‘. Y clade
¥ Y-kopie
X-kopie




Satelity mohou vznikat i z retroelementt

LTR

Retand element
(Silene latifolia)

LTR gag

o/ tandem env?

;””m i 1

T T
SO o o o o o |

Dasheng element
(Oryza sativa)

LTR tandem LTR

- NON-AUTONOMOUS
ELEMENT (3.7 kb)

monomerl
monomere
monomers
monomerd
monomersS
monomer G
monomer’ s
monomer S
monomsar s
monomer 10
monomserll
monomer 12

CTAAATACAAT CCACCCEAARCCT CEATCACCTCCECCAA —— —— A A CCEEACT CAC SO EEAAC CACT TS
AALGAT CCAAT CEAGCCAAAACCT CEATCACC TCEECCAR————AGCCEEEAGT GACGEEEEAACEAGT O
STAAAT SCAAT CEACCCAAARCCT CEATCACCTCSECCAA —— —— AGCCOSEEACT GACCEEEEAAC CAGT TS
GETAAAT GCAAT CEAGCCAAALACCT CEATCACCTCGECCAA—— ——AGCCEEEAET GACEEEEEAACEAGCC
STAAAT SCAAT CEACCCAAARCCT CEATCACCTCSEOCAA —— —— AGCCOSEEACST GACCEEEEAAC CAGT TS
GTAAAT GCAAT CEAGCCAAALACCT CEATCACCTCGECCAA—— ——AGCCEEEAET GACEEEEEAATAAGCC
STAAAT SCAAT CEACOCAAARCCT CE————————— SOCA A —— —— AGCCEGEAGT GACGEEEEAACGASTCS
ETAAAT CCAAT CEAGCCAARARCCT CEATCACT TCEECCEA—— —— AGCCAGEAGT AT SEEEEAA T EAGT TS
STAAAT SCAAT CEACCCAAARCCT CEATCACCTCOSEOTAA —— —— AGCCESEEACST GACSEEEEANAC CAGTCE
AL AGAT CCAAT CEAGTCAARACCT CEATCACCTCGECCAR —— —— AGCCEEEAAT GACGEEEEAAT EAGT T
AL LGAT SCAAT CEACTCAAALCCT CEATCACCTCGECTAL —— —— ACCCEEEACT GACGEEEEAMCEASTCTES
ETAAAT CCAAT CEAGCTCAARACCT CGATCACCTCGGCTAATTAAAACCGAGGGCGAC S EAR I AT S

# Podt et dtot ot ot oob b dhodhoh ot ook ook Ho I * Ak * e o e

TSD

Dasheng (5.5-8.5kb)

PFT

gag

I pol i e

PRS

Pra rt rh int

RIREZ (l1llkb, gypsy-type)

T5D




PROMISKUITNI DNA



ENDOSYMBIOTIC GENE TRANSFER:
ORGANELLE GENOMES FORGE
EUKARYOTIC CHROMOSOMES

Jeremy N. Timmis*, Michael A. Ayliffe?, Chun Y. Huang* and William Martin®

Genome sequences reveal that a deluge of DNA from organelles has constantly been
bombarding the nucleus since the origin of organelles. Recent experiments have shown
that DNA is transferred from organelles to the nucleus at frequencies that were previously
unimaginable. Endosymbiotic gene transfer is a ubiquitous, continuing and natural process
that pervades nuclear DNA dynamics. This relentless influx of organelle DNA has abolished
organelle autonomy and increased nuclear complexity.

"Promiscuous DNA" (Ellis, 1982) - cp DNA v mt genomu

"Endosymbiotic gene transfer is ubiquitous...
.. at frequencies that were previously unimaginable”.

Nature Reviews Genetics, 2004



Organelové genomy - pozustatky prokaryot

(a) chloroplast
20-200 kb
20-200 proteind
progenitor - cyanobacteria (Synechocystis)
3.6 Mb
3000 proteind

(b) mitochondrie
6-400 kb
3-67 proteind
progenitor - alpha-proteobacteria (Mesorhizobium
loti)
7 Mb
6 700 proteint



Promiskuitni DNA
Endosymbioza a tok genu do jddra

sinice proteobakterie
~ 3000 kb ~ 4000 kb
~ 3000 gen° ~ 4000 genu

chloroplast mitochondrig

rostlinna bunka




° ° L 4 v o
Endosymbioticka evoluce a strom zivota
"-.Fukmnn:-tas I‘,"F‘Iants
! 1.,[ o 3

Early diversification of
algal/plant linsages and

Cinigin of
plestids:

Anciert
protozocn

-

"h.

Early diversification of
aukaryotic lireages and

| gena transfer to the host

Cingin of mitochondria
.E-ncient ) The host
protecbactsium that acquired
rmitcchondnia
Cyanocbacteria Protecbactena Archasbactsria




Velikosti organelovych a prokaryotickych

genomu

Genome
Algae

cp Porphyra purpurea

cp Cyanidium caldanum
cp Guillardia theta

cp Cyanophora paradoxa
cp Odontella sinensis

cp Euglena gracilis

Land plants

cp Marchantia polymorpha
cp Chlorella vulgaris

cp Micotiana tabacum

cp Oryza sativa

cpZea mays

cp Pinus thunbergii

Non-phosynthetic plastids

cp Toxoplasma gondi
cp Eimena tenslla
cp Epifagus virginiana

Cyanobacteria

Synechocystis sp.
Prochlorococcus mannus
Nostoc PCC 7120
Nostoc punctiforme

Plants and algae

mt Pylaiedla httorals

mt Marchantia polymorpha
mt Laminaria digitata

mt Cyanidioschyzon merolae
mt Arabidopsis thaliana

mt Chondirus crispus

mt Scenedesmus obliguus

Length [kbp] Number of proteincoding genes | [ Genome

o 50 Various protists and fungi

183 1% mt Reclnomonas americana

135 136 mt Mekwimonas

120 124 mt Naeglena gruberi

143 58 mt Rhodomonas salna
mt Dictyostelum discodeum

121 84 mt Phytophthora infestans

151 78 mt Acanthamoeba castellanii

}gg ;g mt Cafetena roenbergensis

140 76 mt Monosiga brevicollis

120 69 mt Physarum polyoephalum
mt Harpochytrium sp

35 % mt Canciida albicans

35 28 mt Qyptocoecus neofarmans

70 21 mt Plasmodium falciparum
Anaerobic mitochondria

3673 3168

1660 1884 mt Hydrogenosomes®

6413 5368

~2000 ~7400 u-proteobacteria
Caulohacter crascentus

69 62 Mesorhzobium lofi

S . Bradlyrhizobium japonicum

367 3 Yeast

e 5 (nuclear)

Length [kbp] Number of protein-coding genes

69
47
50
45
56

42

4017
7596
~2100

13,469

67
40
46
44
40
40
36
34
32
20
14
13
12
3

3767
7281
~8300

6,327




Typicky chloroplastovy genom

Spinacia oleracea plastid, complete genome

Aecession: MC_002202
Total Bages Sequenced: 150725 bp
Completed: Apr 20, 2000
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Legend:
- CDS +strand Bl - RMA +strand
- EDS —strand - EHA —strand

velikost: ~ 150 kb

LSC (large single copy) - 80 kb
SSC (small single copy) - 20 kb
IR (inverted repeats) - 25 kb

118 gend:

85 proteiny
photosystem I and II
cytochrome
ATP synthase
Rubisco
NADH dehydrogenase
ribosomal proteins
RNA polymerase

29 1RNA

4 rRNA



Endosymbioticky genovy prenos:
- transport genu, reimport proteind

Protechacterium-liks




Mechanizmy genového prenosu

1. Prenos velkych kusu DNA ("bulk DNA" hypothesis)
intergenové spacery, introns

experimenty u kvasinek
>100kb

2. Prenos prostrednictvim cDNA ("cDNA intermediates®)
prenesend DNA je sestriZena a editovdna

rekombinace sestrizené mtDNA s nesestrizenou mtDNA
heterogenita velikosti mtDNA



Pro¢ nékteré geny zustavaji v organelach?

1. Hydrophobicita
- hydrofaobni proteiny jsou tézko importovany do
organel

2. Rizeni redoxniho stavu
- organely ridi expresi gen, které kéduji komponenty
jejich elektronového transportu, jejich lokalizace je
vyhodné jsi v organelach

Zmenseni genomu u organel a parazitu:

Parazité: - specializace na intraceluldrni prostredi
- ztrdta genl

Organely: - export genu do jadra hostitele
- import produktd



Nékteré geny se prenaseji do
jadra drive jiné pozdéji

Nejdrive - regulacni funkce
(sigma factor of RNApolymerase, gamma subunit

of ATPase)
Posledni - translace
- respirace
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podjednotka S

Rubisco: Rubisco

katalyza - v plastidu (rbcl)
regulace - v jddre (rbcS)

bunééné
jadro

cytoplasma




Kam se prenesend DNA integruje?
- z4adné dukazy preferovanych sekvenci

Ve Vv

¢i &asti chromosomt

Sekvencni promeénlivost promiskuitni DNA
>95% identity svédci o velké obméné
organelovych sekvenci

Faktory vedouci k degeneraci sekvenci:
- asexualita

- poskozujici zplodiny metabolismu

- selekce na malé genomy

Kompenzujici faktory (u rostlin)
- polyploidie
- reparace DNA



Genovy prenos z organel do jadra v redlném

case
EXPERIMENT:

- exprese/rezistence jen po prenosu do
jadra

Frekvence prenosu:
- v gametdch - 1: 16 000
- v somatickych burnkdch - 1: 5 million

Pricina rozdilu (300x):

- programovand degenerace plastidd
pri vyvoji pylovych zrn zvysuje

frekvenci prenosu




