Cpena 06.02. 16:00
Kondepenu-3an UIUT

®enop Kosnakos




11.04 16.00
KoHpepenu-3an MLUAT

Rupunn YcTbAHUEB

YT0 Hac He ybuBaeT, AenaeT Hac cuibHee?
MobunbHble 3n1eMeHTbl 1 3BONOLMNA TeHOMOB.







1994 — FunSite (C++, Windows 3.1)
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1996 - TRRD/TRANSFAC viewer (Java 1.0)
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GTRD

Gene Transcription Regulation Database

The most complete collection of uniformly processed ChiP-seq data to identify
transcription factor binding sites for human and mouse. Convenient web interface with
advanced search, browsing and genome browser based on the BioUML platform. For
support or any questions contact ivan@dote.ru

GTRD: a database of transcription factor binding sites identified by
ChlIP-seq experiments. |.S. Yevshin, R.N. Sharipov, T.F. Valeev,
A.E. Kel, F.A. Kolpakov. Nucleic Acids Res. 2017 Jan
4:45(D1):D61-D67.

GTRD: a database on gene transcription regulation—2019 update.
|.S. Yevshin, R.N. Sharipov. S.K. Kolmykov, Y.V. Kondrakhin, F.A.
Kolpakov. Nucleic Acids Res. 2018 Nov 16; gky1128

gtrd.biouml.org



NAR Top Articles - Database

View all categories

February 2018

UniProt: the universal protein knowledgebase

Bateman, Alex; Martin, Maria Jesus; O'Donovan, Claire; Magrane, Michele; Alpi, Emanuele;
Antunes, Ricardo; Bely, Benoit; and et. al

Nucleic Acids Res. 2017, 45, D158-D169

Free Full Text

The Pfam protein families database: towards a more sustainable future

Finn, Robert D.; Coggqill, Penelope; Eberhardt, Ruth Y.; Eddy, Sean R.; Mistry, Jaina; Mitchell, Alex L.;
and et. al

Nucleic Acids Res. 2016, 44, D279-D285

Free Full Text

GTRD: a database of transcription factor binding sites identified by ChIP-seq experiments
Yevshin, Ivan; Sharipov, Ruslan; Valeev, Tagir; Kel, Alexander; Kolpakov, Fedor

Nucleic Acids Res. 2017, 45, D61-D67

Free Full Text

COSMIC: somatic cancer genetics at high-resolution



The Ensembl gene annotation process
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The GTRD annotation process

gene regulation

Uniformly processed experimental data Computer analysis
DNase-seq data Mappability
tracks
Open TFBSs
chromatin footprints
Regulated genes
ChIP-seqdata (TFs and coactivators)
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The goal of GTRD is to be Ensembl for gene regulation




GTRLC
B NMOMCKE OTBETOB HAa OCHOBHbIE
BOMPOCHI B PErynsyum
TPaHCKPUMLNM
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1. UpeHTndumkauma cantos cBA3bIBaHUA TP

1.1. 13 akcnepmmeHTanbHbiX gaHHbiX (ChlP-seq)
- MOBTOPbI — “YepHbIe Ablpbl”
(10-15% ot reHoma, ansa anuHel pugos 30 1 60 n.o.)

- HE BCeraa Xxopouwee Ka4eCrBO 3KCINeEpNMEHTOB

- HeCoBepPLIEHCTBO MeToAoB aHanunaa (peak callers)

1.2. KoMnbloTEPHOE npeackasaHue
- bonbluas ownbka nepenpenckasaHus

- Henpamoe [1HK-cBa3biBaHue,
crabo BblIpaXXeHHbIN MOTUB



3. WaeHTudpmkaumsa dbyHKUMOHANbHbLIX CAaUTOB

Kak npenckasatb BnusaHune Bapuauum (SNV, oeneumns) B
cauTe cBA3biBaHUA T Ha 3KCNpeccuto ykasaHHOro reHa?

B kKakmx ycrnosusax (KnetovHas fiMHUS UnNu TkaHb, CTaaus
pas3BUTUSA, rnedeHne n T. [1.) 3agaHHbIN CalnT CBA3bIBAHUS
TPAHCKPUMNLMOHHOIO pakTtopa sBnseTcd
dyHKLMOHaNbHbIM?
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Global analysis of transcription in castration-resistant prostate cancer
cells uncovers active enhancers and direct androgen receptor targets

Toropainen et al., Scientific Reports, 2016, 6:33510

ARBs

822 non 330
2,832

ARBs + gene (+ 50kb)
3.984

AR (Androgene Receptor) urpaet BaxkHyto posib B
pa3BUTUM paka npeacraTensHom xeneasbl, U
CUNTaETCH, YTO UBMEHEHNA B Nepegadye curHanos
aHOpOreHoB BHOCAT KPUTUYECKUA BKNad B pa3BuUTue
KacTpaTope3nCTEHTHOro paka npeacraTesibHOW
xenesbl (CRPC).

OpfgHako Hale NOHUMaHWE reHHbIX NporpamMmm,
KOTOpble HENOCPEACTBEHHO HaLeneHbl AP B
knetkax CRPC, Bce eule orpaHnyeHo. OgHon u3
npobnem nNpu pacindpoBKe 3TUX MEHHbIX
nporpamm saBnsieTcs naeHTndpmnkaymsa
JoYHKUMOHasIbHO akTUBHbIX AR-CBA3bIBAOLLINX
CanToOB U3 OrPOMHOro Konmyectea AR-
CBSA3bIBaAOLMX CAUTOB Ha XpOMaTUHE.

CornacHo Haluum CTPOorMm aHanusam,

<3% MeXreHHbIX U BHYTpUreHHblx cantos AR
KBanMuumpyoTca Kak aHgporeH-perynmpyemble
9HXxaHcepsbl, npoayumnpyrowne eRNA.



Cusanovich DA, Pavlovic B, Pritchard JK, Gilad Y
The functional consequences of variation in transcription factor binding.
PLoS Genet. 2014 Mar 6;10(3):e1004226. doi: 10.1371/journal.pgen.1004226.

- knocked down 59 TFs and chromatin modifiers in one HapMap
lymphoblastoid cell line (GM19238)

- identified genes whose expression was affected by the knockdowns

- intersected the gene expression data with transcription factor binding data
(based on ChlP-seq and DNase-seq) within 10 kb of the transcription start
sites of expressed genes. This combination of data allowed to infer
functional TF binding.

- 46.4% - 99.1% (median=88.9%) of the binding was apparently not
functional, namely it was not associated with changes in gene expression
levels. It is also consistent with our previous findings that most DNase-|
sensitive QTLs are not also classified as eQTLs.



Cusanovich DA, Pavlovic B, Pritchard JK, Gilad Y
The functional consequences of variation in transcription factor binding.
PLoS Genet. 2014 Mar 6;10(3):e1004226. doi: 10.1371/journal.pgen.1004226.

A Examples of Binding .
and DE Overlap for Individual Factors

HCST Bound

HCST DE
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TpaHckpunuuoHHble pakTopbl (TP) — Knaccndukaums Ha
ocHoBe [1HK cBa3biBatoLlero gomeHa

Can regulate TF activity
e.g. ligand binding domains

o, %
e

Can mediate protein-protein interactions
e.g. BTB domain

Effector Domain(s)

Can have enzymatic activities

e.qg. 5 C2H2 zinc fingers o.g: SET domain

DNA-binding domain(s)

Recognize specific DNA
sequences and sites

Q

Lambert et al., 2018, Cell, 172(4), 650—665.
The Human Transcription Factors.



CemenctBo C2H2 — camoe bonbLuoe

200 1 800 70
180 - 700 | 60 Other/None
No motif (428) L e00| | & 5 BTB
[= =
160 - Homologous motif (104) | < 500 | B i KRAB+SCAN
» 140 Known motif (1107) E 400 E . SCAr\!
= g 300 g Classic
s bl Z 200 Z 20 KRAB
E 100 100 10
E ] 0 0
3 80 C2H2 ZF 1 5 10 15 20 25 30 35
60 - Number of C2H2 ZF domains per TF

Bcero — 1639 TF

Lambert et al., 2018, Cell, 172(4), 650—665.
The Human Transcription Factors.

e.g. 5 G2H2 zinc fingers

DNA-binding domain(s)

N

Recognize specific DN
sequences and sites



78 TFs with
Multiple DBDs

713 TFs with
C2H2 ZF arrays

779 TFs with
a single DBD

[omeH KRAB — cambin npeactaBfeHHbIN
9P EKTOPHBLIN AOMEH

Homeodomain x 2-5 (10)
GATAx 2 (7)

| AT Hook x 2-4 (6)

BED ZF x 2-4 (3)

GTF2l x 2-5 (3)

E2F x 2 (2)

Myb/SANT x 2-5 (2)

TFs with > 2 homotypic DBDs

ZF NF-X1 x 6-11 (2)
HTH Pipsqueak x 2 (1)
MBD x2 (1)

TCR/CxC x2 (1)
FLYWCH x 5 (1)

DM x 2 (1)

Homeodomain

| S
— O

czH2 array M——) AT hook (2)
(r—L()

TFs with > 2 heterotypic DBDs

) POU x 1(16)

AT hook (1)

AT hook (1)

Lambert et al., 2018, Cell, 172(4), 650—665.
The Human Transcription Factors.

D

Number of TFs

700
- Other domains (<10)

. Myb/SANT . bZIP
Homeo+POU . Forkhead
. T-box . bHLH
. HMG/Sox . Homeodomain
. AT hook . Nuclear rec.
D C2H2 ZF

Ets (KRAB)

C2H2 ZF
D Unknown (non-KRAB)
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400
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200
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Number of non-DNA binding domains



Cemencteo C2H2 — pacnosHaet bonee 400 pa3HbIX

moTmeoB [IHK, camoe pa3sHoobpasHoe
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Cemencteo C2H2 KRAB — pacno3HaeT pa3Hble MOTUBDbI

Classic C2H2 ZF

%] Nuclear receptor

TF Motifs
|

. |
Homeodomain

+ -« me Forkhead
%MGIEO}{
- GATA

Lambert et al., 2018, Cell, 172(4), 650—665.
The Human Transcription Factors.

DBD
bHLH

bZIP

C2H2 ZF (KRAB)
C2H2 ZF (non-KRAB)
Ets

Forkhead

GATA

Homeodomain

Nuclear Receptor

HMG/Sox

T-box

Motif Similarity (PCC)

s

0 0.5 1




Nuclear receptor

Sox

T-Box
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Human TF-TF Paralog Pairs (Count)

Lambert et al., 2018, Cell, 172(4), 650-665.

The Human Transcription Factors.




C2H2 KRAB He TkaHecneundunyHbl
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The Human Transcrlptlon Factors.



KRAB - Kruppel-associated box
ZFP — zinc-finger proteins

1,200 32l
§m1‘ﬂm Coelacanth Opossum SR
E % 800 Human !|H'tnuse
@ 600 |
o

@
32 il g A

o1 IR 1 I AR |
] aruris s Jossna]

- KRAB-ZFP — Bo3Huknn 400+ mnH. neT Ha3ag

- 32 UCKIIOYEHMEM MTUL, — COTHU FEHOB Y BCEX TETPANos

- HECMOTPSA Ha UX KONIMYECTBO, NX YHKUMA OONroe BpeMsi octaBanacb HEM3BECTHOM.
- OTAeNbHble paboTbl Nokasanu yyactme 3Tnx TP B pasHble NPoLECCHI:
andhdepeHUnpoBKa KNeTok, MeTabonMYecKknin KOHTPOIb, onpeaeneHme nona u T.n.

Imbeault, M., et al., 2017, Nature, 543(7646), 550-554.
KRAB zinc-finger proteins contribute to the evolution of gene regulatory networks.
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TRIM28 Mediates Primer Binding
Site-Targeted Silencing of Murine
Leukemia Virus in Embryonic Cells

_[?aniel Wolf a_nd Stephen P. Goff*" )
Pennukaunsa supyca MblilinHoro nerkosa Mosionn (M-MLV) orpaHnyeHa B kneTkax
aMbpuoHanbHoun kapumHoMbl (EC) 1 ambprnoHanbHbIX CTBOMNOBLIX KIeTok (ES),
KOTOpbI€ MOTyT 3alUuLLaTh 3apodbilLeByHO JIMHUIO OT MHCEPLMOHHOIO MyTareHesa.
[MpoBupycHble [JHK adopekTnBHO nogaBnsaloTCAa Ha YpOBHE TPAHCKPUMNUMN B 9TUX
KneTkax. 9TO Mof4YaHMe B 3HAYMUTENbHOM CTENEHN 0O6YCNOBIEHO HEONO3HAHHbBIM
TpaHC-4EeUCTBYHOLMM 0aKTOPOM, KOTOPbIW, Kak nosiaratoT, CBA3bIBAETCA C CAauTOM
cBa3bIiBaHUsA npanmepa (PBS) M-MLV n penpeccupyeT TpaHCKpUMLUIO C BUPYCHOIO
npomoTtopa. Mbl YacTUyHO ouncTunn donbluon PBS-onocpenoBaHHbIN
penpeccopHbIn kKomnnekc un onpegenunn TRIM28 (Kap-1), n3BeCTHbIN
TPAHCKPUMLUUOHHBLIN PENPECCOP, KaK HEOTbEMIIEMbIN KOMMOHEHT KoMnekca. Mol
nokasbiBaeMm, 4YTo RNAIi-onocpegoBaHHbIM HoKaayH TRIM28 B knetkax EC n ES
CHMMaeT orpaHnyenune n yto TRIM28 cBsasbiBaeTca ¢ PBS in vivo, korga nmeer
MecTO orpaHundeHue. oeHtudpukaumnsa TRIM28 B kadecTBe peTpOBUPYCHOIO
penpeccopa gobasnsaeT Bce bonblle JoKa3aTeNbCTB TOro, YTo MHorne 6enku
cemenctea TRIM yyacTtBytoT B nogaBneHnUn peTpoBUpPyCoB.



HHS Public Access 2009

\ \_/g_ Author manuscript

Nature. Author manuscript; available in PMC 2009 October 30.

Published in final edited form as:
Nature. 2009 Apnl 30; 458(7242): 1201-1204. doi:10.1038/naturc07844.

Embryonic stem cells use ZFP809 to silence retroviral DNAs

30.eCBakikil Wil B/ ElRubEapy edfHOBbLIN 6enok unmHkoBoro nansua ZFP809 kak
pacrno3HarLLyo MOSeKyny, KOTopas CBA3bIBAET UHTEPUPOBAHHYIO MPOBUPYCHYHO
OHK n TRIM28. Mbl nokasbiBaem, 4to akcrnpeccus ZFP809 goctaTtoyHa ans Toro,
4YTOObI caenaTb gaxe AnddepeHUNpPoBaHHbIE KNETKN BbICOKO YCTOMYMBBLIMA K
nHdekumn MLV. danee mbl geMmoHcTpupyem, 4yto ZFP809 crnocobeH adhdeKkTUBHO
6nokmnpoBaTtb TpaHckpunuuio ¢ AHK-koHCTpyKumnn yenoBeveckoro T-KNeTo4YyHoro
numdoTponHoro supyca-1 (HTLV-1), KOTopbIn UCNOMNb3yeT Ty Xe Camyto
npanmepHyto TPHK. 31n pesynbTtatel nageHtudpunumnpytot ZFP809 kak OHK-
CBsI3bIBAOLLMN (PaKTOpP, KOTOPbIN cneuudunyeckn pacnosHaeT dbonbLioe
NOAMHOXECTBO PETPOBUPYCOB U PETPOINEMEHTOB MIEKONUTAOWMX N HanpaBnseT
NX Ha TpaHCKpUNuMoHHoe mon4danue. Mol npegnonaraem, 4to ZFP809
9BOJTIIOLIMOHNPOBAN B KAa4eCcTBe Creumdunyeckoro peTpoBmpycHoro gakropa
PECTPUKLMN OS5 CTBOSIOBLIX KNETOK U, crnegoBaTenbHO, NpeacTaBnsieT cobou
HOBbIW KOMMNOHEHT BHYTPEHHEW UMMYHHOW CUCTEMbI CTBOSOBbIX KITETOK.



/ HHS Public Access 2014

Author manuscript
Natuwre. Author manuscript; available in PMC 20135 June 11.

Published 1n final edited form as:
Nature. 2014 December 11; S16(7530): 242-245. doi1:10. 1038/ nature 1 3760.

An evolutionary arms race between KRAB zinc finger genes
91/93 and SVA/L1 retrotransposons

Frank MJ Jacobs'5, David Greenberg’<7", Ngan Nguyen'-3, Maximilian Haeussler’,
Adam D Ewing'¥, Sol Katzman', Benedict Paten', Sofie R Salama'#, and David

Haussler!4*
Ha npoTtskeHun Bcen 3BOSIOLUM reHOMbI NpUMaToB BbINn MoANULNMPOBAHLI BONTHAMM
PETPOTPAHCNO30HHbIX BCTABOK. [N KaXX40W BOMHbI XO35IMH B KOHLIE KOHLOB HaxoauT
cnocob nogaBnTb PETPOTPAHCMO30HHYO TPAHCKPUNLUMIO U NPeaoTBpaTUTL AanbHenwme
BCTaBKWN. B aMOpunoHarbHbIX CTBONOBLIX KreTkax Mbiwn (MESCs) ans
TPaHCKPUMNLUMOHHOIO MOSiYaHus peTpoTpaHcno3oHoB Tpebyetcsa TRIM28 (KAP1) u ero
PENPECCUBHbIN KOMIMNEKC, KOTOPbIN MOXET BbITb PEKPYTUPOBAH Ha CanTbl-MULLEHN
benkamn KRAB ZFP, Taknmun kak cneumduyHble anga moiwen moiwn ZFP809, koTopble
CBA3bIBAOTCA C MHTErpnpoBaHHbIMK anemeHTamn OHK Bupyca nenkosa mMbiin m
pekpyTepamu KAP1, ytobbl nogaBuTtb ux. 'eHbl KZNF saBnstoTca ogHMm n3 Hamnbonee
BbLICTPO pacTyLLUNX CEMENCTB reHOB Y NPUMaTOB, U 3TO paclunpeHne npennonoXnuTensHO
NO3BOJISET NpUMaTamM pearmpoBaTb Ha HelaBHO NOSBUBLLUMECH PETPOTPAHCMNO30HbI.



2017

LETTER

doi:10.1038/nature21683

KRAB zinc-finger proteins contribute to the
evolution of gene regulatory networks

Michaél Imbeault!, Pierre-Yves Helleboid! & Didier Trono!

Bo-nepBbiX, Mbl HEOXXNMOAHHO Ha3Ha4YMNu npouncxoxgeHne cemenctea KRAB ZFP
OoT obulero npeaka KMcTenepbix pbld U TeTpanoa.

Bo-BTOpbIX, XOTA Mbl noaTBepAunu, 4to 6onblnHcTeo KZFP cBA3biBalOTCA C
TpaHCMNO30HaMM U TOYHO yKa3bIBAKOT Cliydan NpoaosnkaroLwencs KoaBonoumm, Mol
OBHapyXunu, YTo 6OMNBLLUMHCTBO UX MULLEHEN OS5 NEPEHOCUMbIX 3fIEMEHTOB
yTpaTunun BeCb NOoTEeHLMan nepeHoca.

B-TpeTbux, nsyvyas Bsanmogencreme mexagy yenosedecknmum KZFP u gpyrumm
MOAYNATOpPaMU TPAHCKPUNLMK, Mbl NONYYUIN goKa3aTenbCcTBa Toro, 4to KZFP
NCNONb3YHT 3BOSIIOLNOHHO KOHCEpPBATMBHbIE oparMeHTbl TPaHCMNO30HOB B
KayecTBe perynupyrowmx nnatgopm cnycta 4osiroe BpeMs nocrne OKOHYaHUS
FOHKN BOOPYXXEHUN MPOTUB ITUX NTEHETUYECKMX 3aXBaTUYNKOB.



JNlokanusauna KRAB ZFP

- Onpegenunu cantbl cesdbiBaHusa ans 222 KRAB ZFP
ChlP-exo, HEK293T
- KONUYECTBO CUIbHbIX CanTOB CBA3biBaHUA NS KoHKpeTHoro KRAB ZFP
Bapbuposarsio ot 15 go 10 000
- KRAB ZFP-cBa3biBatoLwmx cantos
- 2/3 - NnpenmMyLLeCTBEHHO pPacnosioXXeHbl BHYTPU PETPOTPAHCNO30HOB
- 1/3 — npemMyLLeCTBEHHO B NOBTOpPAX U APYrux NPOCTbIX NOBTOpPax

a
TSS 2.5 kb

Simple repeats

o R

LINE

m B

SINE

Peaks (%)

DNA transposons

SVA

Zinc-finger genes

ChiP-exo of KZFPs

Imbeault, M., et al., 2017, Nature, 543(7646), 550-554.
KRAB zinc-finger proteins contribute to the evolution of gene regulatory networks.



a length (bp) 500| 1000| 1500| 2000] 2500| 3000| 3500| 4000| 4500| 5000| 5500] 6000

5'UTR ORF1 ORF2 |
50
L1Hs 129 bp deletion
(3 MYA) . » A
200
L1PA2 129 bp deletion
(76MYA) » .
250°
L1PA3-6030 !l 29 bp deletion
(12.5 MYA) 0 k.
250
L1PA3-6160 l ZNFO3
(15.8 MYA) o .
500
L1PA4
(18.OMYA) 1 s =
500
L1PAS
(204 MYA) g SNF93 N
250
L1PAG
(26.8MYA) ) ZNF93 "
500
L1PA7
BramMvA) _ o

Jacobs et al., (2014). An evolutionary arms race between KRAB zinc-finger genes
ZNF91/93 and SVA/L1 retrotransposons. Nature, 516(7530), 242-5.



1) OcHoBHas pornb KRAB-ZFP — nogasrneHne TpaHcKpunumm
MOOUNBHbIX 3NIEMEHTOB (PETPOTPAHCMNO30HOB)

2) VIX 3BOMIOLUMOHHBIN OTOOP — 3TO «FOHKA BOOPYXKEHUN»
mexay KRAB-ZFP n petpoTpaHcno3soHamu.



Knaccudomnkaumsa TpaHCrno3oHoB
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Bourque et al., (2018).

Ten things you should know about transposable elements.
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TpaHCno30HbI B reHOME YerioBeka

- 4.5 MNH. nocnegoBaTeNibHOCTEN
- 50% npouUEeHTOB OT BCEro reHoma

OTO HWXKHSASA OLEHKA, NOCKOJIbKY B XO04€ 3BOJTIOUUN MPONCXOOAT 3aMEHHDI,
N 4Yepe3 Kakoe-TO BpeMA Mbl yXKe HE MOXEM UX VI,EI,eHTVICbVILI,VIpOBaTb.

Repetitive elements may comprise over two-thirds of the human genome.
de Koning AP1, Gu W, Castoe TA, Batzer MA, Pollock DD., PLoS Genet.
2011;7(12):e1002384.

‘endovirome’ - cymma BCeX TPaHCMNO30HOB B OpraHu3me,
NOCKOSbKY 60MNbLMHCTBO M3 HUX NPOM30LLNN OT BUPYCOB.

Ecco G, Imbeault M, Trono D. (2017)
KRAB zinc finger proteins.



CTpyKTypa HEKOTOPbIX TPAHCNO30HOB B reHOMe YerioBeka

Hancks, D. C., & Kazazian, H. H. (2016).

Roles for retrotransposon insertions in human disease.

A) LINE-1 6kb / ~560,000 copies
ORF1 ORF2 AATAAA AATAAA |5,
[ N |5
— 5-UTR CC RRM CTD(|EN Z RT C [(3-UTR (AAA)n —p// %
| Flank |2
| 11 I o
AA: 1 338 1 1275 =
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71 1
ORFO
B) Alu ~300bp / ~1,100,000 copies
enhancer TTIT
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Mamals

Alpaca (Vicugna pacos) 4

Zebra Finch (Taeniopygia guttata)

Doiphin ( Tursiops truncatus) -

Chicken (Gallus gallus) -

Tree Shrew (Tupaia belanger) -

Mallard Duck (Anas platyrhynchos) -

Manatee ( Trichechus manatus) -

Crocodile (Crocodylus porosus) 4

rlOBTOpr B reHOMaX NO3BOHOYHbIX

Non-mammalian vertebrates

Tarsier (Tarsius syrichta) <

Gharlal (Gavialis gangelicus) -

Pig (Sus scrofa)

Alligator (Alligator mississippiensis) 4

Squirrel (Spermophilus tidecemiinealus) A

Painted Turtle (Chrysemys picta) 1

Shrew (Sorex araneus) -

Lizard {Anolis carolinensis)

Rat {Rattus norvegicus) 4

Western Clawed Frog (Xenopus tropicalis) -

Rhesus (Macaca mulaita) -

Coelacanth (Latimeria chalumnag) A

Megabat (Pleropus vampyrus) -

Rock Hyrax (Procavia capensis)

Chimp (Pan troglodyles)

Bushbaby {Otolemur garnettii) -

Rabbit (Oryclolagus cuniculus) o

Platypus (Omithorhynchus anatinus) -

Killer Whale (Orcinus orca) 4

1Gb 2Gb
Bases occupied

Pika {Ochotona princeps)

Gibbon (Nomascus leucogenys)

Microbat (Myotis lucifugus)

Opossum (Monodelphis domestica) -

Mouse (Mus musculus) -

Prairie Vole (Microtus ochrogaster) 4

Mouse Lemur (Microcebus murinus)

Wallaby (Macropus eugenii) <

Elephant (Loxodonta africana) =

. Low complexity repeat

I Long interspersed repeat
|| DNA transposons
|| Non-repetitive DNA

Unclassified repeat
Long terminal repeat
Short interspersed repeat

Waeddell Seal (Leptonychotes weddellii) 4

Human (Homo sapiens)

Gorilla (Gorilla gorilia) -

Cat (Felis cafus) <

Hedgehog (Ennaceus europaseus) -

Horse (Eqguus caballus) 4

Tenrec (Echinops telfair) -

Armadilio (Dasypus novemcinctus)

Sloth (Choloepus hoffmanni) A

Guinea Pig (Cavia porcellus)

Dog (Canis fupus) 4

Marmoset (Callithrix jacchus)

Cow (Bos taurus)

Panda (Ailuropoda melanoleuca) 4

1Gb 2Gb 3Gb
Bases occupied

Platt et al., 2018. Mammalian transposable elements and their impacts on genome evolution.



KZFP genes and
pseudogenes

ooe'L
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Horse {Equus cabalius) -
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Koppenauuns
Mexay
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reHoB KRAB
ZFP

Imbeault, M., et al., 2017,
KRAB zinc-finger proteins
contribute to the evolution of
gene regulatory networks.

Platt et al., 2018.
Mammalian transposable
elements and their impacts
on genome evolution.



Kak TPAHCMO30HbI BJITUAKOT HA NTEEHOM XO03ANHa

Alternative promoter

r)
.
ABRAA
ABAAA

AAAA

Alteration of splicing
- = -

New polyA site

T

AAAA

—
AARA
AAAA

Novel binding sites
(enhancers/silencers)

i g

Insulator

‘e .-

Disruption of exon

e

Production of new protein
I—l-

AAAA

1

&

Production of regulatory RNAs

ri
— TE

1

MITTrIr

e

Deletion/duplication
- TE 5 TE K-
- T B TE K-
1

4 TE -
4kl TE ¥ TE ¥3 TE ¥

[1ns yenoBeka

< 1/10,000 TpaHCno30HOB
MOryT nepemMeLlaTbCs.

BonbwnHcTBO BonesHen,
CBSAA3aHHbIX C TPAHCMO30HaMM,
Bbl3BaHbl NON-LTR
peTpoTpaHCno30HaMMu.

[Mpnmepsbl:

- pak rpyau - Bctaska Alu B reHbl
BRCA1, BRCA2

- remopurnina A n B - BctaBka LINE-1
nnn Alu 3rnemMeHTOB B reHbl,
Koaupytouwme paktopbl
CBOpPa4YMBaEMOCTU KPOBMW.

LTR peTpoTpaHCnoO30HbI - Yalle
CBSA3aHbl C pakoMm.

Ecco G, Imbeault M, Trono D. (2017)
KRAB zinc finger proteins.



Ctpyktypa KRAB ZFP

Zn Zn

| A 1 *
3
3" 5’

Ecco G, Imbeault M, Trono D. (2017)
KRAB zinc finger proteins.



KRAB ZFP/KAP1 penpeccopHbIN KOMMJIEKC,
npnBoAALLNN K POPMUPOBAHUIO FreTepoXpoMaTUHaA

SETDB1

DNA methylation

Ecco G, Imbeault M, Trono D. (2017)
KRAB zinc finger proteins.



«['OHKa BOOpYXXEeHUN» Mexay
TpaHcno3oHamn n KRAB ZFP

A Arms race model

i

&% TE o Mutated TE =~ == KRAB-ZFPs = — Modified KRAB-ZFP

Ecco G, Imbeault M, Trono D. (2017)
KRAB zinc finger proteins.



«OpomaliHuBaHue» TpaHcno3oHoB npu nomown KRAB ZFP

) QOGO THD
|

r'-\
2) Mmf

3) M@@Tﬂ]}ﬂh MM—%M]E WW

) &
e il S

= 'l.- 3 'ulu'

B Domestication model

"L

S TE ot Mutated TE = --.f.;:-= KRAB-ZFPs =~ Modified KRAB-ZFP

Ecco G, Imbeault M, Trono D. (2017)
KRAB zinc finger proteins.



[TapTna (rmnoTteveckas) mexay
TpaHCMNo30oHaMu n KRAB ZFP
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© L1PA2 T ZNF4T
L1PA3 ZNF649
L1PA4 ZNF382
FOXA2 ZNF711

lMonb Ce3aHH

YY1 ZNF263 «Wzpoku e kKapmai»
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Perynauns TpaHCKpUNUMn Kak nacbaHC

TpaHc-
enhancers TO XpomMmaTtnuH  AMNUreHom NO3OHbI
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3akno4yeHune

Ha npoTtsxeHnn BCcern 3BOSIIOLUMM FreHOMbI TeTpanos, (3a UCKIToYeHneM nTuL,) Obinu
MoAnULMPOBaHbl BOSTHAMW PETPOTPAHCNO30HHbIX BCTABOK.

[ns Kaxxgon BOSTHbI XO38MH B KOHLIE KOHLIOB HaxoauT crocob nogaBuTb
PETPOTPAHCMO30HHYI0 TPAHCKPUMNLUIO N NPeaoTBpaTUTb AarbHenwmne BCTaBKu.

OcHoBHbIM opyxnem asnsartca KRAB-ZFP - camoe 6ornbluoe cemencteso T® y BbICLUMX
N03BOHOYHbIX. OHU cocToAT U3 adppekTopHoro gomeHa KRAB (cBsasbiBaeTca ¢ KAP1)
C-maccusom [JHK-cBasbIiBaOLLMX LUMHKOBBLIX NansueB. Bmecte co cBoMM KodhakTOpOMm
KAP1 (TRIM28) oH1 chopMUPYIOT penpeccopHbIn KOMIMMEKC, MPUBOASLLNN K
dopMmnpoBaHmMo reTepoxpomMaTnHa U TeM caMblM MHAKTMBaUUKN PETPOTPAHCNO30HOB.

KRAB-ZFP — camoe bbIicTpo pacTywee cemenctso TO. Ux apontoumnst obbsacHaeTcs 2
MOAOENSIMMN: «TOHKA BOOPYXEHUW» C TPAHCMO30HaMU N «0AOMaLlHUBaAHNE»
TPaHCNO30HOB.

Cenvac y yernoseka:

- DOMBLUNHCTBO PETPOTPACNO30HOB HEAKTUBHO (akTnBHbI < 1/10 000)

- B 6enkax KRAB-ZFP Habntogaetcs 6onblioe konundectso SNP, npuBoasmnx K
HECUHOHUMUWUYHBIM 3aMeHaM, NOET UX npespaLlleHmne B NCeBOOreHbI.

bbinas BonHa mexay TpaHcno3oHamu n KRAB-ZFP octaBuna 3Ha4ynTenbHbIM BKNag
B reHome (0o 50%) — 6e3 yyeTa axa 9ToM BONHbI HEBO3MOXHO MOHATL PEryisiuunio
TPaHCKPUNUMIo y TeTpanoa.
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