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Mechanismus davkové kompenzace
Epigenetika a onemocneéni
Metody



Davkova kompenzace

fruit flies worms mammails

* Proces, kterym organismy vyrovnavaji genovou

expresi mezi jedinci rizného pohlavi c? ?7‘ 9
e Hlavni modely
* octomilka — 2x vyssi exprese X chromozomu
X X

u samciho pohlavi (dUsledek Y degenerace)

* hadatko — snizeni exprese obou X

chromozomu u hermaphroditl (vyrovnani
X0)
e savci — X inaktivace jednoho X chromozomu

u samiciho pohlavi (dlsledek Y

degenerace)=Barrovo télisko



Historie - objev davkové kompenzace

1949 - Barr a Bertram identifikovali strukturu blizko jaderné laminy v

jadre, ktera nebyla pfitomna v sam¢im jadre (,,sex chromatin)“
1959 — Ohno popsal Barrovo télisko jako kondenzovany X chromozom

1961 — ,,Lyon hypothesis=law”
* Xinaktivace v samicim jadre jako nastroj davkové kompenzace
¢ Nahodny vybér X-chromozomu
e Rlizné pocty X chromozomi

*  XX,44—diploid, normalni karyotyp, 1 X
* XY, 44 —diploid, normalni karyotyp, 0 X
* XXX, 44 — X trisomie, abnormalni vyvoj, 2 X
. XXY, 44 — Klinefeltertv syndrom, abnormalini vyvoj, 1 X

. XXXX, 88 — tetraploid, abnormalni vyvoj, 2 X

M. Barr a E. G. Bertram

S. Ohno




Fenotypovy projev davkové kompenzace

* U kocek gen ginger (G) odpovédny za oranzové zbarveni
(phaeomelanin), recesivni alela (g), nulova (b) —,,black color”
(eumelanin) — X vazany gen

e Kocouri = oranzové zabarveni nebo hnédo-Cerné (pruhované velmi
vzacné, caso XXY), kocky = pruhovani

Neplést — gen pro zrzavé
vlasy (MCR1) je na
chromozomu 16!




Dve formy X inaktivace u savcu

e Nahodna

* Béhem gastrulace (epiblast)

* Inaktivace maternalniho nebo paternalniho chromozomu, dédicna

do dcefinych bunék

+ DGvod pruhovaného zabarveni u ko¢ek wehi.edu.au

* Imprintovana X inaktivace
* Paternalni X chromozom
* Pre-implantacni perioda embrya a extra-embryonalni tkan
* U vacnatcl, zfejmé vyvojové ptuvodné;jsi/primitivnjési

mechanismus




Imprintovana X-inaktivace
Pre-implantacni doba
Paternalni X chromozom,
stadium 2-4 bunék
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Imprintovana X-inaktivace
Pre-implantacni doba
Paternalni X chromozom, 2-
4 bunék
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Faze X chromozom inaktivace u savcu

* Pocitani, zalozeno na mechanismu X:A davky

* Vybér, ktery chromozom bude inaktivovan

* Iniciace, inaktivace chromozomu, Xist exprese z X inaktivacniho centra (XIC)
« Sifeni, in cis podél inaktivovaného chromozomu

* Kompletni umlceni, stabilizace X inaktivace, Xist je umlcen

* Udrzeni inaktivace, behem zivota a bunécného déleni, klonalni populace

bunék



Determinace poctu X chromozom?U

e Uloha XIC kontrolni oblasti a Rnf12/RIlim proteinu
* XIC je nezbytna pro X inaktivaci

e Oblast zahrnujici elementy regulujici Xist RNA
 Xist polyadenylovana 17kb RNA, nema proteinovy produkt
* Pouze z jednoho chromozomu (determinace Xp/m inaktivace, prvni zndmka procesu)

* Xist RNA pokryva cely chromozom
* Tsix, DXPas34, Xite a Tsx pfimo i neprimo negativné reguluje Xist expresi
* Ftx a Jpx poozitivné reguluje expresi
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Determinace poctu X chromozomu

* Ne zcela popsano, konsensus — X-vazané faktory a autozomalni
faktory determinuji pocCet X:A

* Delece X-vazané oblasti (nekddujici RNA) blizko Xist elementu vede k
neuspesné inaktivaci, autozomalni faktory nejsou znamy

* Gen Rnf12 X-vazany gen lokalizovan pred XIC

* Rnf12/Rlim protein a jeho hladina jsou nutné pro pokracovani inaktivace
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Uloha Rnf12/Rlim a determinace poctu X
chromozomu

* PocCatek X inaktivace pro dany X chromozom se jiz neméni
* Rnf12 aktivuje Xist expresi (?)
e X inaktivace snizuje hladinu Rnf12=druhy chromozom jiz nemuze byt inaktivovan

* Neznamy autozomalni faktor nebo dalsi faktory-Rnf12 musi byt pfimo zahrnuty v

determinaci poctu, ale samotny Rnf12 zcela nevysvétluje cely jev
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Determinace poctu X chromozom?U

* Rnf12 aktivuje expresi Xist

* Pluripotentni faktory — pluripotentni stav bunky (ES, PGC aj.)
* Oct4, Sox2, Nanog...

* Represe Xist (vazba do intronu)
» Aktivace regulujicich elementu (Tsix, vazba DXPas34 a Xite)
* Represe Rnf12 (Rnf12 aktivuje Xist)

‘ Pluripotency factors
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,X-chromosome Kissing” - vyber

e X chromozomy prichazeji do své blizkosti a paruji se pres XIC a
priléhajici oblasti, stabilizujici expresi pouze z jednoho XIC
* V\ymeéna informace, které davaji volbu (vazebné faktory)
» Kritické pro funkci — ektopické parovani X:X vede k poruse exprese Xist
* \ymeéna dalSich zatim nezndmych faktora?




Epigeneticka dedicnost X-inaktivace a duvod
zabarveni Callico kocek
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Iniciace a sireni X-inaktivace

* Iniciace zahrnuje Xist expresi a pokryti celého chromozomu touto RNA

* Xist exprese setrvava po cely zivot bunky

* X inaktivace je zavisla na Xist expresi a je reverzibilni, behem bunécné
determinace se stava neménna (epigeneticky krajinny model)

* Pro uspésné umlceni je Xist dostatecny pouze v nékolika bunécnych typech
(dalsi faktory?)

« Siteni X inaktivace zahrnuje odstran&ni RNA Polll a umléeni repetic

e ,sex body” formace se objevuje pred umlcenim gen(

* Akumulace inaktivnich epigenetickych znacek

* Uloha LINE elementt v TADs (autozomy obohacené uméle o LINE-1 elementy jsou
umliceny)-similarita s Xist RNA



Iniciace a sireni X-inaktivace

ES cells - active X Early post-differentiation Somatic cells
chromosome

Dalsi faktory nutné pro inaktivaci

LINE elementy

\ T

Genes that escape X
inactivation

@® Expressed gene f Xist
@ Inactive gene X Sabiandsay  IONEIECHUNKISISNEISOUNNGREVOVSIS

[ Repetitive element



Neuplna X-inaktivace

— ——  Nejsou zahrnuty v, sex chromatin body“
=  Geny PAR
* Non-PAR maji 2x vyssi expresi

[

* Poruchy regulace genu, které priléhaji k
XIC, jsou zdrojem X-vazanych chorob

e Rettlv syndrom

* Mutace nebo ztrata genu MeCP2 — mentalni
poruchy




Umlceni a udrzeni X-inaktivace

* Neni zcela presné determinovano (nejasné rozhrani)

e Zalozeni trvale umlceného chromatinu
e Ztrata aktivnich chromatinovych modifikaci (H3K4me, H4ac)

e Akumulace represivnich modifikaci (H3K27me3, H3K9me2)

e Vazba PRC2 (H3K27me) a PRC1 (H2AK119Ub)
* Funkce RepA (Repeat A) jako vazebny faktor

PRC2@”

.

HISTONE METHYLATION - H3K27me

i




Shrnuti X-inaktivace a hlavnich uda

ES cells/ ICM 0 1 2 3 4 5 6 7 8... 10+ days

osti

Pluripotency

factors

X-X pairing
Satb1/2
Rnf12

Xist coat on X,

RNA Pol Il exclusion

Loss of H3/dac, H3K4me3

Recruitment of PRC1/ PRC2

Accumulation of H3IK27me,

H2AK119ub, H3K9me

Silencingof geneexpression "= === = s s s s s s s s s s s s s s s s s s .-
(dependent on gene)

* Pro udrzeni nutna aktivita Dnmt1, vazba Smchd1 (SMC trida proteinu)

Somatic
cells



Davkova kompenzace u drozofily a hadatka

Up-regulace samciho X

chromozomu

Uloha nekddujici RNA (roX1
a rox2)

Zahrnuje histon
acetyltransferazy, RNA/DNA
helikazy

Zalozeni aktivni jaderné
domény obohacené o

transkripcni jednotky

d

fruit flies

worms

> @inkinbeinietel
“

De-regulace obou chromozomdi

Uloha SMC proteint (kondenziny a
kondenzin-like proteiny-podobnost se
Schmd1?)

Meiotické a proliferujici buriky — regulace
transkcripce chromatin remodelujicimi
proteiny MES (,maternal effect
sterile“=PcG—->H3K27me2, H3K27me3)
Epigenetické znacky (jiné pro jeden X
chromozom u sameckd v dlsledku

neparovani)-role?



ULO

A EPIGENETIKY V LIDSKYC
CHOROBAC




Hlavni epigeneticke
mechanismy
odpovedneé za
chromatin-asociované
Vyvojove poruchy

NaruSeni DNA methylace nebo chromatinu
na imprintovanych lokusech

Ztrata chromatin-regulujicich faktora vede
ke zméné struktury chromatinu a zméné
exprese

Zména DNA a zména chromatinu jako zdroj

variabilni exprese
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o> »
CHROMATIN-RELATED wd®
DISEASES & a
MeCP2 —
vazba na
meCpG,
EPIGENETIC GENETIC represor |
K\laktlvator
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Locus of chromatin-
modifying protein

Zména DNA a/nebo

Monoalelicka exprese

chromatinu=zmeéna exprese



Opakovani maternalni/paternalni (UDP)

alelické disomie

* Bi-alelickd exprese je disledkem spravného materndiniho a paternalniho imprintingu

gene A gene B

Maternal @Idhd e

Maternal

Paternal
VWV UPD VW UPD VWwy
Paternal . oy g e e

Zoghbi et al. 2016

\ )
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Kazda alela je exprimovana pouze jednou 2x vysSi exprese pouze jedné alely




Prader-Willi a Angelman syndrom

* Oba syndromy

A Maternal Paternal Imprint Mutations in
mohou b\’/t deletion UPD defect UBE3A
o , L ¢ {
zpUsobeny deleci ANGELMAN r‘ l l 1 \1 l
SYNDROME
casti lokusu, zmeénou
CAUSE: GENETIC  EPIGENETIC MIXED GENETIC
chromatinu nebo i3 ! |
PRADER-WILLI
_ ) . SYNDROME
kombinaci genetiky a ‘

Paternal Maternal

epigenetiky delefion UPD Zoghbi et al. 2016



Prader-Willi a Angelman syndrom

Monoalelickd maternalni exprese Monoalelickd paternalni exprese
B PWS region AS region
Paternal | | | |
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Prehled chorob souvisejici s imprintingem

Table 1. Selected disorders of genomic imprinting

Disorder

Type of mutation (% frequency
where known)

Genomic region
(cluster name)

Cenels) involved

Prader—Willi syndrome

Angelman syndrome

Beckwith-Wiedemann
syndrome

Silver—Russell syndrome

Pseudohypoparathyroidism

Deletion (70%)

Maternal UPD (25%)

Imprint defect (2% —5%)

Deletion (70%)

Paternal UPD (2% —5%)

Epimutation (2%-5%)

Point mutation

Duplication®

Epimutation

Loss of maternal ICR2/Kengl methylation

Gain of H19 methylation (5%)

Paternal UPD for Igf2 cluster

11p15.5 duplication including Igf2

Translocation at KCNQ1 maternal

Point mutation (CDKN1C)

UPD, maternal { 10%)

Duplication

Translocation, inversion

Epimutation, loss of paternal ICR1
methylation (40%)

Point mutation

Imprint defect

UPD, paternal

15q11-q13
(Pws cluster)

15q11-ql3
(Pws cluster)

11p15.5
(Kengl and Tgf2? cluster)

7pl11.2
(Grb10 cluster)

11p15.5
(Kcngl cluster)

20g13.2
(Gnas cluster)

snoRNAs and other (7)

UBE3A

IGF2, CDKNIC

Several candidates in the
region

Biallelic expression of H19
and decrease of IGF2

GNASI



Prehled
chorob
souvisejici se
ZMenou
chromatinu in
trans

Table 2. Selected genetic disorders affecting chromatin structure in trans

Disorder Gene Comments
Coffin-Siris syndrome, intellectual disability ARID1A Component of the BRG1 -associated factor
complex

ARIDIB Component of SWI/SNF complexes
a-thalassemia/ mental retardation syndrome ATRX Helicase, SNF2-like family
CHARGE CHD7 Transcriptional regulator
Autism spectrum disorders CHDS8/Duplin
Rubinstein—Taybi syndrome CREBEP Histone acetyltransferase

EP300 Histone acetyltransferase
Neuropathy, hereditary sensory, type 1E DNMTI Maintenance DNA methyltransferase
Immunodeficiency-centromeric instability-facial anomalies syndrome 1 ~ DNMT3B DNA methyltransferase 3B

(ICF1)
Immunodeficiency-centromeric instability-facial anomalies syndrome 2 =~ ZBTB24 DNA methylation
(ICF2) and intellectual disability
Intellectual disability, seizures, dysmorphism; Kleefstra syndrome EHMT1/ Histone methyltransferase
KMT1D
Intellectual disability, seizures, syndromic, Claes— Jensen type KDM5C/ Histone H3 K4me 3 and K4Me2 demethylase
JARIDIC

Kabuki 1 syndrome MILL2 Histone lysine methyltransferase
Kabuki 2 syndrome KDM6A Histone H3 K27 demethylase
Rett syndrome MECF2 Transcriptional modulator

Sotos syndrome; acromegaly, intellectual disability

Recurrent biparental hydatidiform mole

Intellectual disability, cleft lip/palate Siderius syndrome

Skeletal malformations, intellectual disability, hearing deficits, Coffin—
Lowry syndrome

Intellectual disability, seizures, short stature, sparse hair, Nicolaides—
Baraitser syndrome

Immune defects, nephritis, skeletal abnormalities, Schimke
immuno-osseous dysplasia

NSD1/ KMT3B

NLRP7

KHDC3L/
Céorf221

PHFS8

RPS6KA3/RSK2

SMARCAZ

SMARCALI

Nuclear receptor-binding Su-var;
transcriptional coregulator

Histone H4K20mel demethylase
EGF-stimulated phosphorylation of H3

Chromatin regulator

SNF2-like family, DNA-dependent ATPase
activity

SWI/SNE switch/sucrose nonfermentable; KMT, lysine methyltransferase; CREBBE CREB-binding protein gene; MLL2, mixed leukemia lineage 2.



Prehled chorob souvisejici se zménou
chromatinu in cis

Table 3. Selected genetic disorders affecting chromatin structure

in cis
Disorder Gene Comments
~op- and 8- Deletion of LCR
thalassemia causes decreased
globin expression
Fragile-X Expansion of CCG Premutation alleles
syndrome repeat leads to (60-200) cause a
abnormal neurodegenerative
methylation and disorder
silencing of FMR1

FSH dystrophy  Contraction of D474
repeats causes less
repressive chromatin

Multiple Germline epimutation

cancers of MLH1

FSH, facioscapulohumeral.



Syndrom fragilniho X (Martin-Bell
syndrom)

* normalni X ma 6-60 tripletd CGG v 5'UTR genu FMR1 (CGG),,AGG(CGG),AGG(CGG),
* muzi-prenaseci nesou premutaci mezi 60 and 200 kopiemi
e M-B pacienti maji pres 200 kopii repetice C

A FMR1
5" UTR
I I

B
NORMAL

550 Repeats

@
PREMUTATION

50200 Repeats

=200 Repeats

REPEAT EXPANSION

& H3K9me3/H3K27me3* [ Histone acetylation ® H3K4me3 { DNA methylation Zoghbi et al. 2016




Facioscapulohumeral dystrophy (FSHD)

Zmeéna poctu repetic D474

vede k zpfistupnéni lokusu

pro remodelujici faktory, REPEAT CONTRACTION

zmenu na aktivni chromatin ‘

a expresi genl s FSHD1 4935

myopathickym potencialem [ E ﬁ DBET
"= TEL
4gA
[-sat

D42Z4 (1—10 units)

& H3KImMe3I/HIK27me3" [&= Histone acetylation @ H3K4me3 & DNA methylation

Zoghbi et al. 2016




Uloha epigenetické regulace v nddorovém
oujeni

DNMT1
* DNA methylace
IDH1/2
. , ., MBDs
* Histonové modifikace
d ,,Write rS” BR%T%;RM metgyl:t'on MsLEL;{JZ:/zs éﬁﬁ
ARID 1A/1B/2 . EZH2 LSD1
ATRX _F ARID1 P/P
° ”Readers” / JARIDIC  CBP/P300
* Histonove varianty ’::.‘:.'53232;* moaityng

enzymes
* Histon-remodelujici [ &
komplexy 5:
L

* RNA-interference reec el

4

> 4

BRD4
H3K27 mutant TRIM33
H3K34 mutant mIiRNAs ING1

BRCA1

Baylin et al. 2016



Chromatinové zmeény pri nadorovém bujeni

A Normal epigenome

e Zména chromatinu

zahrnuje hypomethylaci a

hypermethylace
specifickych gen(, vazba B Cancer epigenome
histone-modifikujicich < Hypomethylated domain (28 kb—10 Mb) >

enzymU navozujicich

in/aktivovany stav

T..‘" " AT ‘_: ?\- "'l. 1 ")
: ‘.4;4 |’_i.]1 IS SN N )
o (Rl NS YR R S A

* 7meéna chromatinu je Hypomethylated region Hypermethylated region Hypomethylated region

vidét po barveni
hematoxylinu-rakovinné

bunky maji vétsi jadra a

, | . Genomic instability Tumor-suppressor Genomic instability
VICE granulovana Oncogene activation? gene silencing Oncogene activation?
v H3K9me3 [& Histone acetylation @' H3K4me3 O Unmethylated CpG { DNA methylation

Baylin et al. 2016



Uloha DNA methylace
v hadorovém bujeni nHasRSFm

* Hypomethylace onkogen-
aktivujicich gent

Mutation Hyper

* Hypermethylace tumor- e S
supresujicich gend RILR fﬁ ..
- 1I‘:*I.- % ¥

° G _ Promot
Mutageneze S e
. ‘t’ '
¢ C'T tra Nzice Oncogene su;prp;srsor
vV activation genes
e Vyssi vazba meCpG pro
ka rCi ] Oge ny Deamination Carcinogen uv
* meCpG UV mutageneze meCpG arcinogen é
} W . W ;«8&\.
TpG _
o Cucnoger  rcased
mutations mutations

Baylin et al. 2016



Uloha DNA methy
progrese kolorekta

Accumulation
of “hits”

Stages in the
evolution of
colon cancer

Marker potential of
methylation profiles

Mormal
epithelium

ace v nadorovem bujeni a
niho karcinomu

Epigenetic silencing of:
SFRP/MWhnt signaling genes

CHFR
06-MGMT
APC mutation KRAS & BRAF chrom 18 Chrom 17 loss Other
chrom 5 loss gene mutations loss (p53) chromosome

MSH2 & MLH1 changes
mutation

/\

Hyperpro-
liferative Carcinoma Metastasis
epithelium

Altered DNA methylation

Tumor progression,
treatment, and
markers of prognosis

Baylin et al. 2016



chemoterapie

e Vlivchemoterapeutik na globalni drovni,

e Aktivné proliferujici bunky akumuluji vice latek nebo lokalné dodavané

mod Remodeler
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Epigenetika a neurogeneze

* Determinujici faktory jsou A
Astrocyte
regulovany mozaikou e
. . ; o ; Epidermis GPC = @e
epigenetickych modifikaci S e
{ o= :.’ = ;’ —_— Uron s .-ture
« Methylace genu pfed promotorem . & = @ & %
(DIx2) chrani gen pred PcG umléovani, ! O , O O, , |
Mitotic Postmitotic
* Uloha TrxG pfes bivalentni methylaci
v NNEAGE | Nestn Trb2 DCX NeuN
H3K4me3K27me3, odstranéni MARKERs | ~ GFAP
Ui i
H3K27me3 aktivuje genovou oblast —
REGULATORS ™G proteins |
| [owms

Lomvardas et al. 2016



Epigenetika a neurogeneze

ESC NSC Meuron

meCpG se vyskytuji na ,, house-keeping”
genech v neurogennich buiikach, béhem

ranného vyvoje jsou umlceny

H3K4me3K27me3
@ MNeurogenic genes (e.g., DIx2):

D] g REPHESSED

Neurogenni geny uml¢eny béhem 05
3 ® |
determinace pres inaktivujici modifikace -
Key developmental genes:
(H3K9me) SILENT (bivalent poised) komes [T (8 .
ML o o é

Neuronalni geny uvolnény v pozdnim vyvoji Neuronal genes: Nzuronal genes:
nebo finalni determinaci (geny nutné pro SILENT (bivalent primed) ACTIVE
findIni funkci-odstranéni H3K27me3 x
H3K4me3 zlistava a aktivuje) _

oo

l:.:) o
ESC nemaji meCpG v promotorech, aktivni 5 E

= 0o ;
faktory béhem ranného vyvoje, umléeny

. . Pluripotency genes: Pluripotency genes: Pluripotency genes:
béhem determinace ACTIVE REPRESSED REPRESSED
&P Hakorme2 @ Hokomes @ H3K4med O Unmethylated cytosine € 5-Methylcytosine O 5-Hydroxymethylcytosine

Lomvardas et al. 2016



Uloha histonové varianty H2be pfi dozravani
feromon-detekujicich chemoreceptoru

* Olfaktorické neurony jsou smyslové
buriky v nose vnimajici pachy a Cich (v

EXPERIENCE

>
;.}

m—>
vwr@

membrané neuron( jsou Cichové
receptory citlivé na pachy)-umisténé v

olfaktorickém epitheliu v ¢ichové sliznici

* H2be se lisi 5 AA od H2b (neni

methylovan/acetylovan na K5)

e Aktivace neuoront vede ke snizeni

exprese H2be a prodluzuje Zivotnost Hobe 4

Life span #

Hzbe #
(aktivované bunky maiji nizkou hladinu Life span 4

exprese této histonové varianty)

* H2be mimo jiné aktivuje apoptézu a

tedy determinuje Zivotnost neuronti

Lomvardas et al. 2016
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