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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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Genetika és epigenetika
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A genetika, az epigenetika és a fenotipus
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Az embert érinto epigenetikai hatasok
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Transzgeneraciods epigenetikai memoria

Kornyezeti hatas vagy az
epigenetikai médositok genetikai
defektusa
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Az epigenetikai memoria f6bb kérdései

Fertilised egg
Sperm

A/ Mitotikus
memoria

Self-renewal
& OO0
B/ Sejt
(lineage)
speclflkaclo }%
‘ \ Specialised
Q cells
CT TI Gemtal rldge
oo o g / N

O}‘\.—-\/ O
Sperm 9 O
Egg

03O0 &O

C/ Transzgeneracios epigenetikus oroklédés

Development 2012;139:3891-3896



A génexpresszio sejtosztéodasok soran at torténo
atadasanak lehetséges mechanizmusai

Al Transzkripcios faktorok
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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




Példak a primer illetve szekunder epimutacidkra.
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A korai egyedfejlodés alatti epigenetikai reprogrammozas: a
konstitutiv epimutacidk kialakulasa és letorlédése
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AZ EPIGENOM ELETHOSSZIGLAN ERZEKENY A KORNYEZETI
HATASOKRA

Epigenetic events  |ES
during development
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Multigeneraciods vagy transzgeneracios-e az epigenetikal
hatas?
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T6bbgeneréci()s oroklodési modok
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Az apai illetve anyai transzgeneracios epigenetikai atvitel

lehetoségei
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Intergenerational Intergenerational
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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)doi:10.1038/nrn3818



Taplalkozas

Endokrin ka-
rosito vegyu-
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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
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A kornyezet hatasa az apai epigenomra

Kornyezeti / életmod hatasok
Toxinok
Endokrin diszruptorok
Dohanyzas :
Elhizas | A hatasok vagy a
- herében a kiala-
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Science 15 August 2014:
Vol. 345 no. 6198 pp. 756-760



A kornyezet altali reprogrammozas kritikus szakaszai a
spermatogenezis alatt

[ Window of vulnerability for programming and reprogramming epigenetic marks during spermatogenesis]
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Nature Reviews Neuroscience 16, 332—-344 (2015)d0i:10.1038/nrn3818
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Spermium epigenetika

Hisztonmoddosulas
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A gametogenezis epigenetikai érintettsege

Table 1| Impaired meiosis caused by defects in epigenetic modifiers

Gene
Suv39hi and

Suv39h?

Ehmt2

Prdm9

Dnmt3a

Dnmt3L

Lsh

Scmhil
Mili

Function of protein

H3K9 trimethyltransferase

H3K9 mono- and
dimethyltransferase

H3K4 trimethyltransferase

De novo DNA methyltransferase

Regulator of DNA methylation

Chromatin remodelling protein
of SNF2-helicase family

Polycomb group protein

Piwifamily protein; small RNA
regulation

.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.

* Mutant phenotype

= (Male) Arrest at mid to late pachytene and apoptosis in double mutants; impaired
» chromosome synapsis; impaired madification of pericentric heterochromatin

= (Male and female) Arrest at early pachytene and apoptosis; impaired chromosome
= synapsis; deregulation of target genes

E (Male and female) Arrest at early pachytene and apoptosis; impaired chromosome
= synapsis and recombination; impaired activation of meiosis-specific genes;
= impaired XY body formation

E (Male) Arrest at pachytene and apoptosis; imprinting failure

= (Male) Arrest at pachytene and apoptosis; impaired chromosome synapsis;
= imprinting failure; derepression of retrotransposons

= (Female) Arrest and apoptosis at diplotene; impaired chromosome synapsis and
= recombination; demethylation of retrotransposons and tandem repeats

E (Male) Apoptosis at late pachytene; abnormal chromatin modifications at XY body

E (Male) Arrest at early pachytene and apoptosis; derepression of retrotransposons

Refs
79

80

81

52

53,54, 68

76

86
70,71

Dnmt3a, DNA methyltransferase 3a; EhmtZ2, euchromatic histone-lysine N-methyltransferase 2, also known as G9a; Lsh, lymphoid-specific helicase; Prdm9, PR
domain-containing 9, also known as Meisetz; Scmhi, sex comb on midleg homologue 1.
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A méhen belili alultaplaltsag megvaltoztatja

a felnott csirasejt metilomjat
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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
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D
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E
7~ Bl
‘ B astocyst
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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
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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 epigenetikus allati fenotipusok

Diéta-fiiggé metilacios valtozasok

Maternal exposure to endocrine _ ‘ = Maternal supplementation with
disruptors and toxic methyl donors and cofactors
compounds Normal conditions

Ectopic expression 5 Ectopic expression Yellow - =
5 Wild-type expression* Wild-type expression* (f) mE Wild-type expression® |
IAP TS A | AP
‘/4 >4 offspring +=» Ectopic expression Mottled offspring are
are yellow Wild-tvpe expression® <. pseudo-agouti
./g‘v.' or slightly m % Lot : l‘m or heavily
% mottled IAP m : mottled

» Developmentally requlated gene
expression

? Methylated CpG
? Unmethylated CpG

Pseudo-agouti

m“E Wild-type expression®
IAP ' '

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!



FOLIC ACID / FOLATE methionine
i methioninesynthase (MTR)
tetrahydrofolate Vitamin B, S-adenosylmethionine

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

DNA
methylation

DNA
synthesis




A kornyezeti hatasokra valé fogékonysag , kritikus ablaka”

Folate-sufficient diet
Embryonic cells Adult cells

Recruiting
factors

; Proer e novo l Proper
‘-.,\‘ DNA methylation maintenance
A Y????? / \ ??YY?Y/

Low-folate diet
Embryonic cells Adult cells

o

Recruiting ?????

factors
Inadequate t
- .»

Reduced de novo
DNA methylation

\ ?ff?éf 4

maintenance

279999
-

DNMT1 = fenntarté6 DNS-metiltraszferaz
Nature Reviews Genetics 13, 97-109 (February 2012) universal methyl donor = S-adenosylmethionine (SAM)



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  AMPK
\
\
[ ] ([ ] \
' /_\ 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




Az utod fenotipusanak egyedfejlodés alatti atprogramozasa
szuloi elhizas/metabolikus szindroma hatasara

Maternal obesity
metabolic syndrome

Paternal obesity
metabolic syndrome

Perturbed epigenetic
Altered offspring reprogramming in the embryo

phenotype

* Methylation, microRNAs
* Protamine/histone exchange
« Establishment of epigenetic marks

Alters transcription and translation
profile of the embryo

TRENDS in Endocrinology & Metabolism

Trends in Endocrinology and Metabolism, Volume 26, Issue 2, 2015, 84 - 90
http://dx.doi.org/10.1016/j.tem.2014.11.005



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



DES és az emlotumor

A genetikai hattér szerepe
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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.




Table 1 Effects of environmental chemicals on

DNA methylation|

*

Exposure /] Genes Type Tissue References
| Rat Liver Zhao et al. [19]
| p53 In vitro A549 cells Mass and Wang [20]
il Multiple genes In vitro Human kidney cells Zhong and Mass [21]
I p16, p53 Human PBL Chanda et al. [22]
| Global Human PBL Pilsner et al. [23,24]
| p16 Human PBL Zhang et al. [25]
Cadmium | Global In vitro Rat liver cells Takiguchi et al. [26]
Nickel | ATF-1, HIF-1, Rb In vitro G12 cell line Lee et al. [27]
| p16 Mouse Histiocytomas Govindarajan et al. [28]
Chromium | p16 Human Lung Kondo et al. [29]
Methylmercury | BDNF Mouse Hippocampus Onishchenko et al. [30]
TCE, DCA, TCA | c-jun, c-myc Mouse Liver Tao et al. [31]
Air pollution | Global (Alu, LINE-1) Human Buffy coat Tarantini et al. [32]
| iNOS
Benzene | Global (Alu, LINE-1) Human Blood Bollati et al. [33]
[ p15
| MAGE
lozoli I F Rat Testis Anway et al. [34]
DES | Global Mouse Uterus Li et al. [35]
| gouti gene, CabplAP Mouse Embryo Dolinoy et al. [36]
POPs | Alu, LINE Human Blood Rusiecki et al. [37]

ATF-1, activating transcription factor 1; BDNF, brain-derived neurotrophic factor; BPA, bisphenol A; DCA, dichloroacetic acid; DES, diethylstilbestrol;
HIF-1, hypoxia-inducible factor-1; LINE-1, long interspersed nuclear element-1; MAGE, melanoma antigen-1; PBL, peripheral blood leukocyte; Rb,

retinoblastoma; TCE, trichloroethylene.

“Increase ([) or decrease (|) in DNA methylation.



A :
@teﬂne Developmen

Germline
Stem Cell

Epithelial Stem Cell Niche

B

DES or Stress ‘ + I
e

Germline e

Stem Cell

Epithelial Stem Cell Niche

Figure 3. Model for trans-generational inheritance of DES-induced suscepti-
bility to uterine cancer. Methylated CpG sites in the DNA are indicated (Me).



MikroRNS expresszio valtozasok DES kezelés hatasara
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4 endokrin karosito vegyulet transzgeneracios
epigenetikai hatasa

EDC Epigenetic effects Transgenerational effects
Vinclozolin
Mice DNA methylation males (sperm):* Motile sperm concentrations:™
+H19 and GtI2 and * Pegl, Snrpn and Peg3 (F1) 56% of controls in F1; 90% of controls in F2; 100% of controls in F3
+ Maternally and patemally imprinted genes (F3)
DNA methylation in females (various tissues):™
t H19 in tail; + Pegl, Snrpn and Peg3 (F1-F3)
Rats «» DNA methylation of LPLase gene | in sperm (FOs) or testes «» Spermatogenesis, fertility (FO-F2) or organ weights (F1 and F2 at 13 weeks)*®

(F1 and F2)%

+ Dnmt3A (F1 and F2) and Dnmt1, Dnmt3L and Ehmtl (F1-F3) gene
expression in testes (E 16

DNA methylation altered in the testes (PND 6);® F2 and F3 males
have altered methylation in sperm™

Transcriptome altered in hippocampus and amygdala of F3 males
(12 months) and females (15 months),* and testes (E 16)™

«» Sexual development or sperm evaluations in F1 or F34

+ Testes and caudal epididymidis weight; <« sperm evaluations in F24
+Apoptosis of germ cells F1 and F2 (low dose), F1 and F3 (high dose)*!

t Apoptosis in all control animals relative to vinclozolin*

t Spermatogenic apoptosis™ a7

+ Sperm motility and sperm concentrations in F1-F3 (PND 60-150)%2a7
¢ Disease states in F1-F4* males and F1-F3 females™®

Behavior:

+ Anxiety-like behavior in young F3 males and ¢ in old and young females*
F3 females (treated or untreated) show a preference for untreated males over
the treated males; no preference of F3 males for either female lineage’

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



EDC

Epigenetic effects

Transgenerational effects

Diethylstilbestercl (DES)

Rats

Humans

Lherus:

t Methylation of homeobox 10A promoter region and protein
expression (PND 14)*

t cFos mRMNA expression (PND 5-680) and methylation on exon 4
(PND 5y

+ Methylation of cFos on exon 4 (PND 8-60)

+ Methylation of lactotransferrin gene (PMND 21 and 30)*

t Expression of Dnmtl (PND 14 and 30),°*® 3b (PND 5 and 147
and Dmnt3a (PND 30)%

Epididymis:
t Exprassion of Dnmt 1, 3a and 3b™

Lterus:

+ Total histone tri-methylation of K27 (PND 12)%

t Phosphorylation of histone methyitransferase EZHZ2 (PND 12)%

¢ Expression of CaBP-9k and Dio2; + Gdf10, CarB, Gria2 and Mmp3
(& months and PND 12)™

t Tumors, proliferative lesions of the testis (F2 males)®*
«= Fertility unaltered (F2 males and femalas)®22

+ Serum E, (F2 males)™

 Utering adenocarcinomas (F2 femakas)™

t Tumors of reproductive system (F2 females)™

t Birth defects (grandsons and daughters)®

t Risk for heart conditions (granddaughters)™

+ Murmnber of live births and altered menstrual cycles (daughtars)*®

Small cell carcinoma of the ovary (granddaughter);® t hypospadias (grandsons)™



EDC Epigenetic effects Transgenerational effects

Bisphenol A (BPA)

Mice Altered CpG methylation in the forebrain (embryo)®™ Matemal behavior altered with treatment in both FO and F1 mothers™
Shifts agouti coat color by decreasing DNA methylation®™

Rats Prostate: ¢ Prostate intraepithelia neoplasia and cell proliferation (PND 200)%
t Methylation of several genes (PND 10 and 90);* + methylation + Fertility F1-F3 males (PND 75)*
promoter region and + mRNA expression of PDE4D3% t Body weight in F2 and F3 males (PDN 125y

Protein expression in testes:
+AR, ERB, SRC-1 and NCor in F1-F3 (adult);**** % ERa in F1, p/CIP
in F2, GRIP-1 in F2 and F3 (adult)™*

Polychlorinated biphenyls (PCBs)

Rats + Dnmt1 expression in hypothalamus and liver (PND 21)>7® Skews sex ratio towards females F1 and F2 (slightly)™
+ Dnmt1, 3a and 3b and methylation of 16 genes in the liver + LH and P, on proestrus and uterine weight in F2 (adult females)™
(PND 21)™

t = Increase, + = decrease and «» = NO changes or No effect, Abbreviations: AR, androgen receptor; CaBP-9k, caibindin D9k; Cars, carbonic anhydrase retated protein 8; Dio2, diodinase type 2;
Dmnt, DNA methyitransferase; E, embryonic day, E,, estradiol; Enmtl, histone metyitransferase; ER, estrogen receptor; EZH2, enhancer of zeste homolog 2; GAri0, growth differentiation
factor 10; Gria2, giutamate receptor, lonotroplc, AMPA 2; GRIP-1, glutamate receptor interacting protein 1; K27, lysine 27; LH, luteinizing hormone; LPLase, lysophospholipase; Mmp3, matrix
metatioproteinase 3; NCor, nuclear receptor cotepressor, P,, progesterone; p/CI? cointegrator-associated protein; PDE4AD3, phosphodiesterase type 4 variant 4; Peg, patemally expressed
gene; PND, postnatal day, Snrpn, small nuciear ribonucieoprotein polypeptide N; SRC-1, steroid receptor coactivator 1.
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Table 2 Effects of environmental chemicals on histones

Exposure 7] Modification Type Tissue References
Nickel | Acetylation In vitro Liver, brain Ke et al. [38]
1 H3K9 dimethylation
| H2A and H2B monoubiquitination
| H4K12 acetylation In vitro Yeast cells Broday et al. [39]
! H4K4 acetylation In vitro Mammalian cells
1 H3K9 monomethylation and dimethylation In vitro G12 cell line Chen et al. [40]
! Acetylation of histone H2B In vitro HAE and NRK cell lines Golebiowski and Kasprzak [41]
| H2B ubiquitination In vitro HAEo and HPL1D cell lines Karaczyn et al. [42]
Arsenic 1 H3K9 dimethylation Invitro  A549 cell line Zhou et al. [43]
Il H3K27 trimethylation
T H3K4 trimethylation
HAE human airway epithelial; NRK, normal rat kidney.
*Increase (1) or decrease (|) in histone modification.
Table 3 Effects of environmental chemicals on microRNA
Exposure AN Genes Type Tissue References
RDX l Tumor-suppressing miRNAs Mouse Liver, brain Zhang and Pan [44]
T Oncogenic miRNAs
Arsenic 11 Multiple miRNAs In vitro Lymphoblastoid cells Marsit et al. [18]

mRNAs microRNAs; RDX, hexahydro-1,3,5-trinitro-1,3,5-triazine.

"Increase (1) or decrease (|) in microRNA expression.



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 az epigenetikus transzgeneracidés 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 epigenetikai oroklodés
alternativ lehetoségei

a Germline inheritance b Experience-dependent inheritance -

Environmental chan - Environmental change
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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
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A kornyezeti hatasok, stressz altal kivaltott epigenetikai
memoria olyan fenotipust eredményezhet, amely
befolyasolhatja a betegség-kockazatot
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A prenatalis stressz és a mentalis egéeszség kapcsolata

Prenatal Stress

\

Altered DNA methylation and miRNA
expression in placenta
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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
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A prenatalis stressz hatasara fokozott a schizophrenia
kialakulasanak kockazata

\ Prenatal Stress
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Kontextus-fuggo epigenetikai 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
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