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EPIGENETIKA

Olyan jelenségekkel foglalkozik, amelyek kovetkeztében anélkil n6
a genom genetikai sokféleséget létrehozo képessége, hogy a DNS
szekvenciaja valtozna, azaz mutacio torténne.
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BASICS

Genetics vs. Epigenetics

Many new insights into mental illness have come from studying
epigenetic modifications of genes, which differ from genetic
mutations (below). Both kinds of alterations can disturb the
functioning of the brain and other tissues.
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A génexpresszid epigenetikai szabalyozasa

1) Hiszton médosulasok

2) DNS metilacio

ENERERY ARRE

3) Nem koédolé RNS-ek
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Cheryl Li, and Olivia Casanueva Essays Biochem. 2016;60:191-202 nyoman



Epigenetika ====) Gén expresszio szabalyozas
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Genetika és epigenetika

Genetika Epigenetika
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A genetika, az epigenetika és a fenotipus

kapcsolata
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Az embert érinto epigenetikai hatasok
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Transzgeneraciods epigenetikai memoria

Kornyezeti hatas vagy az
epigenetikai médositok genetikai
defektusa

Csiravonal epigenetikai
valtozasa

Testi sejtek epigenetikai
valtozasa

Egy generacios
fenotipus
valtozas

A fenotipus valtozas
(epiallél) transzgeneraciés
oroklédése
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Az epigenetikai memoria f6bb kérdései
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Development 2012;139:3891-3896



A génexpresszio sejtosztéodasok soran at torténo
atadasanak lehetséges mechanizmusai

Al Transzkripcios faktorok
és ncRNS-ek altali
génexpresszid atadas

Daughter 1

Daughter 2

Development 2012;139:3891-3896
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Epigenetikai valtozasok és kovetkezményeik

SZOMATIKUS VALTOZASOK

* Epigenetikai jelek

sztochasztikus kialakulasa

* Kérnyezet indukalta epimutacié

* Véletlenszertii, kor-fuggo epimutacié

*VALTOZASOK A CSIRAVONALBAN

 Csirasejtek epimutacioi

* A sziil6i mintazat (pl. metilacios)
nem teljes kitorlédése

Transzgeneracios
epigenetikai oroklédés

Epigenetikai variaciok
egy generacion belul




A korai egyedfejlodés alatti epigenetikai reprogrammozas: a
konstitutiv epimutacidk kialakulasa és letorlédése
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Az epigenom élethossziglan érzékeny a kornyezeti

hatasokra
Epigenetic events  |Establishment of | Erasure of parental | | Cell lineage-specific Some evidence (twin studies)
during development | imprinting methylation (except methylation for ‘epigenetic drift’
imprinting) In mature organism
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Gluckman, P. D. et al. (2009) Epigenetic mechanisms that underpin metabolic and cardiovascular diseases
Nat Rev Endocrinol



Multigeneraciods vagy transzgeneracios-e az epigenetikal
hatas?
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Germ cell Epigenetic inheritance via the germline

# Abnormal epigenetic informalion

Environmental ¢ Phenotypes

insult

Current Opinion in Chemical Biology, Volume 33, 2016, 101-107
http://dx.doi.org/10.1016/j.cbpa.2016.06.008



A apai és az anyai transzgeneracios epigenetikai oroklodés
osszehasonlitasa
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Az emlosokben az orokolt epigenetikai informaciénak el kell
kerulnie a reprogramozast mind a csirasejtekben ,
mind pedig a korai embrionalis fejlodés soran
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Minden egyes generacioban keletkezhetnek uj epimutaciok

Environmental insult
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Intergenerational Intergenerational
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T6bbgeneréci()s oroklodési modok
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Environmental
exposures

¢ Maternal diet

* Maternal stress

¢ Maternal infection

Terhesség alatti komplex kolcsonhatasok az anyai milieu, a placenta és a magzat

kozott

-

\

Maternal milieu

* Cytokines

e Lipids

e Stress hormones
* Metabolic indices
(glucose, insulin
and FFAs)

Placenta
* Cytokines

* Nutrient transporters and receptors

(folate and choline)
¢ Lipid metabolites

e Growth factors (IGF and IGFBP)

* Oxygen perfusion
* Glycogen

Nature Reviews Neuroscience 16, 332—344 (2015)d0i:10.1038/nrn3818



Taplalkozas

Endokrin ka-
rosito vegyu-
letek (EDC)

DNS
metilacio

Hiszton
modosulasok

Megvaltozott
genexpresszio

KOVETKEZMENYEK
Magzat Placenta Anya
*NOvekedési visszamaradas « Abnormalis invazié *Preeclampsia
*Anyagcsere valtozasok *Tokéletlen vascularizacio *Terhességi cukorbetegség
*Megvaltozott idegrendszeri *Megvaltozott *Ismétl6do vetelések
fejlédés sejtdifferencialédas

*Mdodosult hormonalis rendszer *Gyenge novekedés



Nem csak a terhesség idoszaka szamit

Korlatozott fehérjebevitel a terhesség és a szoptatas

Korlatozott fehérjebevitel a terhesség alatt

Csokkentett
fehérjetartalmu
étrend a
terhesség alatt

Feltételezett mechanizmus:
megvaltozott metilacio, ami
a gének megvaltozott
expresszidjahoz vezet

Magas szisztolés vérnyomas
és csokkent nefron szam;
feltehet6en magas
vérnyomasra hajlamosit

FO Generation

F1 Generation -
normal diet

F2 Generation -
normal diet

F3 Generation -
normal diet

Csokkentett fehérje-
tartalmu étrend a
terhesség és a
szoptatas alatt

Feltételezett mechanizmus:
megvaltozott metilacio, ami
a gliikéz metabolizmusban
érintett gének megvaltozott
expresszidjahoz vezet

Megvaltozott gliik6z
anyagcsere ;
hajlamosithat a
cukorbetegségre



Anyai hatas
Terhesseég alatti — szuletés utani - laktacios

F1 generacio

Szénhidrat-dus diéta a szoptatas alatt Kontroll diéta (HC anya)
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A kornyezet hatasa az apai epigenomra

Kornyezeti / életmod hatasok
Toxinok
Endokrin diszruptorok
Dohanyzas :
Elhizas I A hatasok vagy a
- herében a kiala-
kulas vagy a
mellékherében
az érés soran
érhetik a A Hiszton-kotott
spermiumot DNS

A MikroRNS
—DNS torések Megvaltozott
genexpresszid
a zigotaban

4

Nem megfeleld embrionalis
novekedési és egészségi
allapotu utod

Science 15 August 2014:
Vol. 345 no. 6198 pp. 756-760



A kornyezet altali reprogrammozas kritikus szakaszai a
spermatogenezis alatt

Epididymis

|Window of vulnerability for programming and reprogramming epigenetic marks during spermatogenesis I
AL

Active transcription =~ Meiotic Active transcription Chromatin
divisions compaction

Ii RNA storage, RNA-binding proteins and translational repression |

Spermatogonium  Early Late 1st meiotic 2nd Round Step8round  Elongating Final sperm
spermatocyte  spermatocyte  division spermatocyte  spermatid  spermatid spermatid maturation

Nature Reviews | Neuroscience

Nature Reviews Neuroscience 16, 332—344 (2015)d0i:10.1038/nrn3818



Spermium epigenetika

A) Histone retention in sperm

B) Protamine-
Histone
replacement
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C) Asymmetric
transcription
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Spermium epigenetika
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DNS metilacio
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Nature Reviews Urology 9, 609-619 (November 2012) nyoman
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A méhen belili alultaplaltsag megvaltoztatja

a felnott csirasejt metilomjat

‘In utero alultaplalt
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\f@ him
- s
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@* Megtermékenyités

A spermium DNS
I6kusz-specifikus
hipometilacidja

Feln6tt F2 utdd

Science 15 August 2014:
Vol. 345 no. 6198
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A DNS metilacio onmagaban nem elég a

transzgeneracios fenotipus létrehozasahoz
Alultaplalt

F>

Science 15 August 2014:
vol. 345 no. 6198 733-734
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A kornyezet hatasa az embriogenezisre

IVF kornyezet

A Aminosavak, glikoz, lipidek
Citokinek, ndvekedési faktorok
O,, hémérséklet
Mechanofizikai hatasok

C
2-cell zygote
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Science 15 August 2014:
Vol. 345 no. 6198 pp. 756-760
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Anyai taplalkozas befolyasolja petesejt tartaléekképzését
A

Q— Mitochondria

<+——Chromatin

-

9

¥ «— Lipid droplets

B Megvaltozott étrend, gyulladas, toxinok

Dietary fatuincreases Lipid & sugars alter Micronutients
lipid droplet size mitochondrial impact DNA
& composition activity modifications

Science 15 August 2014:
Vol. 345 no. 6198 pp. 756-760




A metabolikus génexpresszio apai eredetu,
transzgeneracios, kornyezeti, reprogrammeozasa

Alacsony fehérjetartalmu apai diéta

LOW
PROTEIN
Control Control DIET Control

Altered cytosine
methylation patterns

Increased expression of
cholesterol biosynthesis
genes

Decreased cholesterol

esters

Cell, Volume 143, Issue 7, 2010, 1084 - 1096



Néhany bizonyiték az étrend,
mint epigenetikai kornyezeti hatas szerepére

Human

* The Dutch hunger winter 1944-45
» Svéd vizsgalat: nagyszuléi
alultaplaltsag (1890-1905)
és az unokak T2D és CVD
morbiditasanak és mortalitasanak
kapcsolata

Exposure (0 famine

In late gestation In mid gestation In early gestation

Glucose intolerance Glucose intolerance Glucose intolerance
Microalbuminuria Atherogenic lipid profile
Obstructive airways disease Altered blood coagulation

Obesity (women only)

Stress sensitivity

Coronary heart discase

Breast cancer

Allat (Egér/Patkany)

*Aguti yellow mutans egér: diéta fuggo
obezitas, tumorkepzeés, szorzetszin

-Patkany: diéta fuggd hiperinzulinémia
az utédokban




AZ EHSEG TELE. THE DUTCH HUNGER WINTER 1944-1945
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In: Early Life Nutnition and Adult Health and Development ISBN: 978-1-62417-129-1
Editors: L. H. Lumey and Alexander Vaiserman © 2013 Nova Science Publishers, Inc.



Desired norms
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Figure 2. Distributed food rations (calories/day) for the Western Netherlands, 1941-1945 [10].

In: Early Life Nutrition and Adult Health and Development ISBN: 978-1-62417-129-1
Editors: L. H. Lumey and Alexander Vaiserman © 2013 Nova Science Publishers, Inc.



The Dutch Hunger Winter 1944-1945




Infant deaths under one year of age through Dutch Hunger
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AZ OBEZITAS PROGRAMOZASA
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Szuletési suly
Emberi és allatmodell bizonyitékok

AZ OBEZITAS KOCKAZATA MIND TUL KICSI,
MIND PEDIG TUL NAGY SZULETESI SULY ESETEN EMELKEDETT



A% Exposed vs. unexposed sibling I>

Kulonbség az IGF2 DMR metilacioja a szuletés elott az

éhinségnek kitett egyének és az azonos nemu testveruk
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T2D mortalitas : csak az apai nagyszulok !
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Fig. 1. The epigenetic
state determines the
relative dominance of
metastable epialleles.
Wild-type mice are (A/A) at
the agoutilocus and have
an agouti coat.
Heterozygous (A/A) mice
are yellow if they have an
unmethylated Av allele
(“AY), and in this case the
activity of A¥ is dominant
over A. Heterozygous mice
that are agouticarrya
methylated A" allele
(MAY), which is effectively
arevertant to wild-type
and is therefore no longer
dominantto A.
Homozygous mice with
yellow coats can carry two
unmethylated AYY alleles
(YAYMAYY) or one
unmethylated and one
methylated A*Y allele
(uAw/mAvY), In the latter
case, the unmethylated A%
allele, is dominant over the
methylated A*Y allele.
Homozygous mice with
two methylated Avy alleles
(MAYMAYY) are agouti.

Az aguti egérmodell

Wild type

A/A

Heterozygous

YA A

TAY/A

Homozygous

YAV HAY

YAW[mAYY

MAYYFEAY
TRENDS in Genetics




A kornyezet altal indukalt epigenetikai fenotipusok

Diéta-fiiggé metilacios valtozasok

Maternal supplementation with

W" cofactors

Ecw):: expression ) Ectopic expression Yellow s -
ild-type expression* Wild-type expression* ild-type expression® |
iSfﬂ.’EﬁiE ml &J &) m_&i |
IAP TS g/\ | AP

%) ‘

x ) Most of the : Most of the

f > offspring +=» Ectopic expression Mottled offspring are
are yellow Wild-type expression® pseudo-agouti
). or slightly m & et 2 : '\‘m or heavily
X ) mottled IAP & : mottled
J ] ! d

Pseudo-agouti » Developmentally requlated gene

mE Wild-type expression* expression
IAP ! ‘

Maternal exposure to endocrine
disruptors and toxic
compounds

Normal conditions

? Methylated CpG
? Unmethylated CpG

J

Nature Reviews | Genetics

Nature Reviews Genetics 13, 97-109 (February 2012)



C Agouti expression

Unsupplemented mother

outi

|AP

Ectopic agouti expression

Supplemented mother

outi

|AP

Developmental agouti expression



a Dietary supplementation during pregnancy

A%/a § A%/a

{7
\

Unsupplemented @

} .

Supplemented

b AY/a offspring

Unsupplemented mother Supplemented mother




Diéta és epigenetika

expression
> (phenotvoo)

A allele (wt) { '“‘l'\!/’l f skin |

AAP allele, “’ N |
methylated _u |I \,.['L -
WU !

A" allele, | " L | ubiquitous
unmethylated l‘ r .,,.. yolow, chess, tamors

> normal

A hipometilalt IAP agouti allél ektopiasan tulexpresszal,
ezzel sarga szorzetszinhez, obezitashoz és fokozott tumor hajlamhoz vezet

A metil-donorokban gazdag étrend helyreallitia normalis fenotipust!
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FOLIC ACID / FOLATE methionine
i methioninesynthase (MTR)
Vitamin B,, S-adenosylmethionine

tetrahydrofolate i
methionine synthase reductase (MTRR)

—

5,10-methylene- 5-methyl-‘ homocystiine\_/-/s-adenosylhomocystein

tetrahydrofolate tetrahydrofolate

cystathionine b-synthase (CBS)
Vitamin B,

5,10-methylenetetra-
hydrofolate reductase (MTHFR)

v
cystathionine

DNS
metilacié




A metabolitok és a transzkripcio kapcsolata a DNS metilacio-
val és a poszt-transzlaciés hiszton moédosulasokkal

Taplalkozas és anyagcsere

U

Metabolitok
SAM, FAD, NAD*, acetyl-CoA,
B-OHB, ATP, O-GIcNAc

Az enzimaktivitas
kofaktorai vagy
modulatorai

,lorl6k”/erasers,
TET-ek, KDM-k, HDAC-k,
foszfatazok, OGA

Kapcsolddas U Eltavolitas U

<

©

Homeosztatikus
transzkripciés
valasz

Nature 502, 489-498 (24 October 2013)



Az anyagcsere és az epigenetika kozotti pabreszéed

Glycolysis ATP

Glucose » > > > TCA cycle aKG

N\

“~ .
Glutamine
NAD* NADH o
Hexosamine Citrate Methionine
Pathway 1 1
aKG

GlcNAc Acetyl-CoA SAM ‘
\
\
[ ] ([ ] \
' /_\ v /_\ )

*

V N

GlcNAcylation @ Acetylation 4 Methylation & Phosphorylation

O Hydroxymethylcytosine = @ Methylcytosine

OGT = O-GIcNAc transzferaz

SIRT1/6 = sirtuin = hiszton deacetilaz
C II HAT = hiszton acetil-transzferaz
HMT/DNMT =hiszton/DNS metil-transzferaz

P RES S

Cell Metabolism 2012 16, 9-17DOI: (10.1016/j.cmet.2012.06.001) JHDM/TET = hiszton/DNS demetilaz



Az OGT egy olyan jelentds epigenetikus szabalyoz6, amely osszekotheti
az anyagcsere és a betegségre valé hajlam epigenetikai szabalyozasat az
X-kromoszémahoz kotott géndozissal

X-lnactlvatlon Glucose |
Xq13 OGT ~
Epigenetic

regulation
O-GIcNAcylatmn

ks gp

Cardiovascular
disease \\ Immunity

=\ )

O-GIcNAc transzferaz (OGT) O-GIcNAc-az (OGA),

Embryogenesis

' ‘ Metabolism

>

Y



A kromatin remodellez6 enzimek
,erzékelik” a sejtanyagcsere valtozasait

SAM/SAH ATP/ADP Acetyl-CoA Glucose? UDP-GIcNAc/
UDP

NAD/NADH

FAD/FADH.
: Acetyl-ADP-ribose

|
»
|
8

o—e-

Cell Volume 148, Issues 1-2 2012 24 - 28




Folat

Folsav

B6 és B12 vitamin
Kolin

Betain,

Alkohol

— DNS és hiszton metilacio

Etrendi 0sszetevok

\

Taplalkozas és epigenezis

/\

Kaloriadus diéta Kaldria megvonas
v v
Alacsony NAD*/NADH arany Magas NAD*/NADH arany

+ Resveratrol (fenolok)?

SIRT1 (hiszton deacetilaz) gatlas

Acetilalt hiszton (H4K16 és H3K9) Aktiv SIRT1
Gatolt transzkripcio
Anyagcserével kapcsolatos
fenotipusok



A taplalkozas epigenetikai szerepe fiziolégias és patologias

folyamatokban
Nutrient or diet Epigenetic mechanism References
Embryonic Folate DNA methylation, imprinting (89)
development
Choline DNA methyiation (13)
Protein restriction DNA methyiation, histone (19,20)
modifications

Alcohol DNA methylation (25)

Stem cell Butyrate Histone acetylation, DNA (45)
methylation

Retinoic acid PRC (64)
Aging Folate DNA methylation (6,7)

Calorie restriction Histone acetylation (36,37)
Immune function Folate DNA methyiation (7)
Cancer Methyl-deficient diet Histone modification, microRNA (51,67)

Genistein DNA methylation, microRNA (16,18,72)

(—)-Epigallocatechin-3-gallate DNA methyiation, PRC (14,65)

Curcumin microRNA (73,74)
Obesity, insulin High-fat diet DNA methylation, microRNA (24,70)

resistance

Methyl-deficient diet DNA methyiation 9

Curcumin Histone acetylation (47)
Inflammation Resveratrol Histone acetylation (40,41)

AdoMet Histone methylation (48)

Methyl-deficient diet microRNA (68)
Neurocognition Choline DNA methylation, histone (13,50)

methylation




A tapanyagok hatassal lehetnek az imprintingre

NUTRIENT FOOD ORIGIN EPIGENETIC ROLE
Methionine Sesame.seeds, PN LTS, (Bl (SEfpPER, SAM synthesis /S-adenosylmethionine/
spinach
Folic Acid Leafy vegeta!oles, sunflower seeds, baker's Methionine synthesis
yeast, liver
Vitamin B12 Meat, liver, shellfish, milk Methionine synthesis
Vitamin B6 Meats, whole grain products, vegetables, T e 8
nuts
Popular dietary supplement pill, unstable in Enzymes transfer methyl groups from SAM
SAUEB(EAI) food directly to the DNA
Choline Egg yolks, liver, soy, cooked beef, chicken, Methyl donor to SAM
veal and turkey
Betaine Wheat, spinach, shellfish, and sugar beets Break down the toxic byproducts of SAM
synthesis
Resveratrol Red wine (shown in lab mice) Remoyes ace.tyl groups from histones,
improving health
Genistein Sy, 559 [EElIEE Increased methylation, cancer prevention,

unknown mechanism

Sulforaphane

Broccoli

Increased histone acetylation turning on
anti-cancer genes

Butyrate

A compound produced in the intestine when
dietary fiber is fermented

Increased histone acetylation turning on
'protective’ genes

Diallyl sulphide (DADS)

Garlic

Increased histone acetylation turning on
anti-cancer genes




Environmental epigenetics
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Endokrin-karositoé vegyuletek (endocrine disruptor
chemicals =EDC) indukalta transzgeneracios
epigenetikai oroklodeés

Endocrine disrupter exposure Endocrine disrupter exposure
Female/male Gestating female
— 1 Germline
of F1

F2

F1
Multigenerational FO
exposures
F2: First unexposed F3: First unexposed
generation, therefore generation, therefore
transgenerational transgenerational

Skinner, M. K. (2015) Epigenetic transgenerational inheritance Nat. Rev. Endocrinol. doi:10.1038/nrendo.2015.206



Gestating mother exposed to an endocrine
disruptor (sex-determination period)

F, germ line

Male embryo (F)

| <~<@«_
L Lme

Figure 5 | Germline transmission of epigenetically regulated transgenerational phenotypes. In a gestating
mother, there is multiple-generation exposure of the F female, the F, embryo and the F, generation germ line to
environmental factors. The transgenerational transmission of disease phenotypes through the male germ line
(labelled red) is indicated. Both male and female offspring develop disease, but the transgenerational phenotype is
transmitted only paternally after exposure tovinclozolin®.




Vinclozolin kezelt FO terhes anyak him utédainak
transzgeneracios fenotipusa

A herecsatornak
szovettani képe

Kontroll

F3 generacio




Férfi agon, 4 generacion at ervényesulo
hatasok

,,Endocrine disruptor”-ok F
& fertilitas: § *  Soawa
g ; W Vincasin
.. :
Apoptozis H
Spermium §
- szam |
)
- mozgékonysag g
2
Fe Fe 2] ) LU KO
Geroraloss
vV R F3
Coantrol Vinclozolin  Control Vinclozolin
Metilacio :
25 szekvencia
 ———— - Rsal

Vinclozolin = anti-androgén (Anway et al Science 2005)



DES= dietil-stilbosztrol katasztrofa
1945-1971

Medscapea www.medscape.com

recommended for rout
in ALL pregnancies . .

96 per cont live delivery with desPLX

i grep serias of 1700 patienty'=
~ bigger ond itrenger bobies, tos @ '

No goitric or other ude efects with s PLEX
L. LT ]'n-‘.h of low devege’ ®

Sourca: J Midwilery Womans Health & 2003 Elsavier Sciance, Inc.
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4401, 2-diethyl-1,2 ethene-diylibisphenal
diethyistilbestrol
DES



Osztrogénreceptor aktivacié osztrogénnel, -analoggal,
és anti-osztrogénekkel valé kezelés utan
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Az anyai DES kezelés kovetkezményei a lany utédokban

1. Huvelyrak vagy méhnyakrak (adenocarcinoma)
2. Ameéh és a huvely fejlédési rendellenességei, amelyek:
« Sterilitashoz (medddseg)
« Spontan vetéléshez
« Koraszuléshez
 Halva szuleshez
 Mehen kivuli terhnességhez
vezethetnek



DES és az emlotumor
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O || |nexposed
= DES exposed
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Age (years)

Figure 1. Cumulative hazard plots for prenatal DES exposure in
relation to risk of breast cancer.



DES és az emlotumor

A genetikai hattér szerepe

a0 % Mamm ary tum ours

|:|C|:mtr|:|| -DES
T

T

s

Sprague Dawley AL
Rat strain

Shellabarger et al 1.Mat.Can.Inst, 611505, 1973, Results averaged ower 4 irradi aion lewels

A kulonboz6 éldlenyek, illetve egyazon faj
kilonb6z6 alfajai/fajtai/torzsei eltero erzekenyseguek



EDC-k altal az egyedfejlodés soran atprogramozott gének

Gene Tissue or
organ

HOXA10 Uterus

PDE4D4  Prostate
LTF Uterus
FOS Uterus
HMGNS5  Uterus
51006 Uterus
GRIA2 Uterus
GDF10 Uterus
MMP3 Uterus

BPA. bisphenol A: DES. diethylstilbestrol: GDF10. growth differentiation factor 10; GRIAZ. glutamate
receptor ionotropic AMPA2; HMGNS5, high-mobility group nucleosome-binding domain 5: HOXA10,

Exposure

BPA
DES
BPA
DES
DES
DES or genistein
DES
DES
DES
DES

Reprogrammed phenotype

Hypomethylation and constitutive expression
Hypermethylation and reduced expression
Elevated expression

Elevated expression

Elevated expression

Elevated expression

Hyper-responsiveness to oestrogen
Hyper-responsiveness to oestrogen
Hyper-responsiveness to oestrogen

Hyper-responsiveness to oestrogen

Refs

39,41

40
33,37
37,38

32
42,43
42,43
42,43
42,43

homeobox A10; LTF, lactotransferrin; MMP3, matrix metalloproteinase 3; PDE4D4, phosphodiesterase 4D
variant 4; $100G, S100 calcium-binding protein G.

Nature Reviews Cancer 12, 479-486 (July 2012)



FIGURE 1 [

Exposure to various xenoestrogens alters HOXA10
gene expression in the developing reproductive
tract. These exposures lead to permanent alteration
of gene expression in the adult. BPA, bisphenol A;
DES, diethystilbestrol: MXC, methoxychlor.

HOXA10 Reproductive

Exposure: Expression Performance
BPA . t |

DES — Embryonic Uterus

MXC '___————-31_‘_‘:: | |

Taylor. Endocrine disruption of uterine HOX genes. Fertil Steril 2008.




Environmentally induced transgenerational
inheritance

Vinclozolin induced epigenetic
transgenerational adult onset disease in rats
(F1-F4)

Transgenerational response in longevity to
nutrition (FO-F2)

Tumor susceptibility in Drosophila (F1-F3)

Nutrition induced transgenerational obesity
in mice (F1-F3)

BPA-induced transgenerational testicular
abnormality (F1-F3)

Stem cell culture induced adult onset
disease (FO-F4)

Dioxin induced transgenerational uterine
abnormality (F1-F4)

Stress induced behavior alterations (FO-F2)

Transgenerational glucose intolerance (FO—
F2)

Transgenerational effects of morphine or
thyroxine on hypocampus, birth weight and
behavior (FO-F3)

Transgenerational effects of chemotherapy
in mice (FO-F6)

Transgenerational effects of obesity on
female body size (FO-F3)

Példak a transzgeneracios epigenetikai oroklodésre

Reference

Anway et al. (2005)

Kaati et al. (2007)

Xing et al. (2007

Waterland et al. (2008)

Salian et al. (2009)

Lee et al. (2009)

Bruner-Tran and Osteen (2010)

Matthews and Phillips (2010)

Pentinat et al. (2010)

Vyssotski (2011)

Kuijjo et al. (2011)

Dunn and Bale (2011)
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Az EDC-k még az F3 generacidban is hatassal vannak a
parvalasztasra

Walker, D. M. & Gore, A. C. (2011) Transgenerational neuroendocrine disruption of reproduction
Nat. Rev. Endocrinol. doi:10.1038/nrendo.2010.215



A transzgeneracios epigenetikus oroklodés
alternativ lehetoségei

a Germline inheritance b Experience-dependent inheritance -

Environmental chan - Environmental change
ge . ng
.

® F, germ line F, hypothalamic DNA methylation
1 : F, maternal behaviour
® F, germline E ‘ .
1 a F, hypothalamic DNA methylation =
®F,.F,.. . FyuFyon
H0000000000000000060000000000000c00

Nature Reviews | Genetics



lvarsejt-fuggetien tobbgeneracios atvitel

Epigenetic
programming
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Trends in Molecular Medicine 2015 21, 134-144



Az anyai utodgondozas minoségének szerepe

a Low licking and grooming b High licking and grooming

\J \
v GR expression T GR expression
\ \
High corticosterone levels Low corticosterone levels
High anxiety Low anxiety
Low licking or grooming High licking or grooming

Nat Rev Neurosci. 2009 June; 10(6): 446—457.



A hipotalamusz—hipofizis—mellékvese tengely sziildi szabalyozasa

a Tactile stimulation
(maternal licking and grooming)

b Low maternal licking
and grooming

High licking maternal
and grooming

Hypothalamus) < 2

4 GR expression

l

|

T GR expression

|

High corticosterone levels
High anxiety
Low licking or grooming

Low corticosterone levels
Low anxiety
High licking or grooming

Nature Reviews Neuroscience 11, 651-659 (September 2010)

Hippocampus GR

A AR
5\?‘?/ RO
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Adrenals) —» Glucocorticoids 4

Nature Reviews | Neuroscience



A kornyezeti hatasok, stressz altal kivaltott epigenetikus
memoria olyan fenotipust eredményezhet, amely
befolyasolhatja a betegség-kockazatot

Environmental influence

[ =
l Direct stress exposure
1
l I Multigenerational stress influence
I
/
/
2 n N3 /
£ /
-’ -
/
/
/
1 ,
I

F
F
F

Transgenerational Stress Influence

Disease
Epigenetic modifications progression?
in somatic cells ¢ /V
SO 3

Epigenetic disease
programming?

Epigenetic modifications
in germ cells

Epigenetic inheritance:

* DNA methylation

« Histone modification

« PIWl-associated interfering
Front. Genet., 04 June 2012 RNAs (piRNAs) and microRNAs



A szag-kondicionalt félelem epigenetikai oroklédése

Sperm cell

Csokkent
olfaktorikus
receptor gén

metilacio!

Nature Neuroscience 17, 2—4 (2014) doi:10.1038/nn.3603



A megvaltozott szagérzékenység transzgeneracios oroklodése és
neuroanatomiaja

FO Y\ Olfactory fear conditioning of FO generation

Example
[[ Acetophenome (odor) + mild foot-shock]]

\
4 + Enhanced behavioral sensitivity to acetophenone
. &
F1 2 Increased number of acetophenome responsive
olfactory sensory neurons and enlarged glomeruli in
the olfactory bulb

F2

”
-
K M

Neuropsychopharmacology Reviews (2016) 41, 219-231; doi:10.1038/npp.2015.249



A prenatalis stressz és a mentalis egéeszség kapcsolata

Prenatal Stress

\

Altered DNA methylation and miRNA
expression in placenta

1N

placenta

Pregnancy complications
(preterm birth, preeclampsia,
fetal growth restriction)

£ | Low infant birth weight

v
Epigenetic changes in the fetal brain

. TEREY

Elevated risk of mental illness
later in life

Neuroscience and Bioehavioral Reviews, Volume 48, 2015, 70 - 91
http://dx.doi.org/10.1016/j.neubiorev.2014.11.013



A prenatalis stressz hatasara fokozott a schizophrenia
kialakulasanak kockazata

\ Prenatal Stress

Traumatic war experiences, Repeated experimental
natural disasters, death of hushand stressors

' ot ot 4
Altered miRNA
expression?
Nt : Other epigenetic
Human evmnce Anima' studies .o---o--.--.o’ Changes'?
Elevated Schizophrenia-like | | Molecular changes .
risk of phenotype in the in the brain : Are molecular
§Chi;ophrenia oﬁspﬁqg ) + Altered DNA methylation E changes regulated
in children ((T,OQHIUVG def!CltS. in prefrontal cortex ssssssg by epigenetic
; T disrupted social + Disrupted maturatonof 5  mechanisms
behaviour, prefrontal cortex gessmuss that were
ivi * Impaired HPA axis 3 ;
hyperactivity) regjbﬁ o disrupted during
. |mpaired synapﬁc pl'enatal llfe?
plasticity

Neuroscience and Biobehavioral Reviews, Volume 48, 2015, 70 - 91
http://dx.doi.org/10.1016/j.neubiorev.2014.11.013



Kontextus-fuggo epigenetikus hatasatvitel

Convergence of

genes, enviroment
and hormones
on the brain of

» 9 , OffSpring
Maternal"S0X

behavior

Walker, D. M. & Gore, A. C. (2011) Transgenerational neuroendocrine disruption of reproduction
Nat. Rev. Endocrinol. doi:10.1038/nrendo.2010.215



Gametes

Establishment of
Sperm parental chromatin
marks required for

Egg @ genomic imprinting

Adult Zygote
Adult neuronal plasticity and Active genome-wide
neurogenesis ool de;nethlylatnon olf
<@§ Changes in chromatin marks and  Paternal pronucieus
transcriptional networks associated

L‘ "™ with sustained neuronal activit
: \‘ mood disorders and addiction

Embryo

- Somatic tissues

=2 —— Changes in chromatin
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Juvenile « __ pluripotency, lineage
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: networks and chromatin composition \ | endocrine disruptors
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Genome-wide DNA
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of parental chromatin marks




Betegség-asszocialt transzgeneracios epigenetikai oroklodés

Endocrine disruptor
[131,132]

Fetal undemutrition

Hyperglycemia

Hypertension/
Hypoglycemia
Deteriorated . :
Diabetes-lik
~ hesih | Datele
<
inddeneeof =
normal weights
==
Decreased sperm
viability
Kék = glikémia-asszocialt fenotipusok
Barna = gyermekkori tarsadalmi hatasok
Zold = taplalkozassal kapcsolatos megfigyelések
Disturbed Diabetes-like
metabolism phenotype
S, Deteriorated
< (2 Siuiene)
@ a—

iabili tilslpFerm
Behavioural Brain Research 192(1):70-87 - October 2008 viablity Wik
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during SGV [144]
Colorectal cancer _Colorectal cancer
<3 (MLH2) [138] Betel-nut
chewing [134]
Social childhood Food excess
conditions [143] during SGV
[142, 144]
.
- Food shortage
Co%ctal cancer d‘1’2391s4(fv
(MSH2 [ ]
ColoreA(r:’tal_‘tZ:ancer
Colorectal cancer A ( )
(MSH2) A Docioacnd
" ! cardiovascular
Risk for mortality
diabetes
Effect on
longevity
O =
Colorectal cancer
SH2) 2 p =
Colorectal cancer
reversed (MLH2)
Increased diabetes
mortality risk
{ } Colorectal cancer
(MSH2)
)
F Increased diabetes
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Imprinting és az aszisztalt reproduktiv
technolodgiak (ART)

e Aszisztalt reproduktiv technologiak
in vitro fertilizacio,
intra-citoplazmatikus spermium injekcio
és ooplasm donacio,

megzavarhatjak a szabalyos fenntarté imprintinget és
imprinting hibakhoz vezethetnek.



y

Az ART hatasa az imprintalt gének metilaci
expressziojara
EGER

y

jara és

Ex = Expresszios szint vagy
alllél-expresszié
M = metilacié

At least one of the genes
analyzed is affected in at least
one sample

Smaller effect compared 1o
other condition in same study

No effect

Not analysed

Human Reproduction Update, Vol.18, No.2 pp. 171-197, 2012



y

Az ART hatasa az imprintalt gének metilaci

y

jara és

expressziojara
EMBER
AL least one of the genes
analysed is affected in at least
one sample

smaller ¢ffect compared 1o
odher condiion in same study

GV, M1, A

GV, M A BRLY

Surplos
oMome

Cryopreserved
non-arrested
embyo

uee

LN

membrane

willus

Plcertta

Plcerta

Low sperm
ount,

motildy and
mosphology

Ex = Expresszios szint vagy
alllél-expresszio

Human Reproduction Update, Vol.18, No.2 pp. 171-197, 2012 M = metilacio



Az imprinting hiba mint a BWS- és Angelman-
szindromakat okozo valtozas gyakoribb ART
esetekben

[580% IC2 loss of DNA methylation
B 1C1 loss of DNA methylation
B80% Paternal UPD

: Transiocations/Inversions
8% Duplications

[B10% CDKN1C mutations
~13% Unknown

[286% IC2 loss of DNA methylation
(27/28)

I84% Other

Grafodatskaya D et al. EMBO Rep. 2013;14:129-135

IC loss of DNA methylation
Paternal UPD

UBE3A mutations
Unknown

Maternal deletions

AS ART and subfertility

% IC loss of DNA methylation
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Az emberi egyedfejlodést befolyasolé epigenetikai tényezok

Az epigenetikai médosulasok fenotipusos

Az epigenetikai programra haté tényezék kovetkezméyei
- Diet regimens - Safe lifestyle - Delayed ageing,
- Stress low disease risk

- Nutrition status
- Exposure to toxins (metals, solvents,
air pollutants, dioxins, tobacco smoke)

- Pharmacological treatments
G?ult "! POS(-naA
2 Growth

- Harmful lifestyle = Accelerated ageing,
high risk of immune disorders, infertility
and cancer

Sperm
cell ~ oocye
2l At Fertilization Ermofyona
A trar}szg’ener’ac!os at\’{ltelt Development Az ujszulottekre gyakorolt hatasok

7be olyasol6 tényezok - Safe gestation - Normal
- Epigenetic reprogramming development

PGCs - gametes - Harmful gestation < Increased

Zygote/ES cell methylome Zygote ===t ES cells risk of metabolic diseases, growth
- Gamet.e-carrled dete(mlnants anomalies, altered fertility,

diabetes type I, cancer, neural
Sperm RNA pool disorders
Transmission through extracellular vesicles

Human genomics 9(1):17 - July 2015



Biolégiai folyamatok, amelyekben a spermium RNS részt v

O Signal transduction Developmental processes
O Cell proliferation B Celladhesion
[ Oncogenesis [ Small-molecule transport

[ Transcription regulation from the Pol Il promoter B Cell-cycle control
@ Transcription from the Pol Il promoter [ Cellcell signalling
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Nature Reviews Genetics 6, 633-642 (August 2005)



A keringd miRNS-ek biogenezise és hatasmechanizmusa
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Nature Reviews Clinical Oncology 8, 467-477 (August 2011)



A MmiIRNS-ek ,,exokrin” funkcidja

Donor cell |
|
I

Pre-miRNA Multivesicular

body
Fusion of multivesicular body
with plasma membrane
=T N
Blocking

Exosomes
with miRNA

—\__—-- 2
0002 ¢ C
: OQ

White blood cell

Recipient cell

Cleavage

of exosomal
l s Megvaltozott transzlaci
@) — megvaltozott génexpressziod
\ m;RNA' Mature
miRNA

| @

Nature Reviews Drug Discoveryl12, 847—-865 (2013)

Ribosome

3 UTR ”
Target mRNA

"UT
i Coding sequence



A stresszelt apak befolyassal lehetnek az utédok
idegrendszeri fejlodésére a spermiumok mikroRNSei altal

mRNA
degradation

http://www.exosome-rna.com
2015
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)ermium-RNS kozvetitett transzgeneracios epigenetikai oroklod
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Extracellularis vezikulak altali spermium-spermium
és spermium-noi szervezet kommunikacio

| Male 1 Male 2 & EVs containing
I O Oocyte S sperm S > sperm @} regulatory RNAs
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