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Outlines

What is epigenetics
Molecular basis of epigenetics

Epigenetic marks and their maintenance;
writers, readers and erasers of epigenetic marks

Epigenetic regulations of stress response in
plants

Epigenetic memory (Norway spruce case)

Epigenetic regulations and adaptation
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What is epigenetics

e studies heritable changes 1n phenotype and/or gene

expression that occur without changes in the primary
underlying DNA sequence (Epl (Greek) — in addition to, on)

 based on reversible modifications in the DNA or chromatin
structure that do not involve nucleotide replacements,
substitutions or indels in the DNA sequence

DNA Chromatin
NH.,
Transcription
H | SN I >
- w . - L4
ﬁ/gO J » @ , g @ ®
Cutosi
NH, v NH, Epigenetic
CH, | X ‘ HO S Silencing
ﬁ)\\o NAO T |
H :

Methylcytosine Hydroxymethylcytosine m
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What IS eplgenetlcs

descrlbes phenomena n Wthh genetwally 1dentical cells Or organisms
express their genomes differently, causing phenotypic differences

| >
Q different epigenetic

modifications leading to

Q different expression patterns O

genetically identical different tissues
cells or individuals or phenotypes

e reversible changes in DNA and chromatin

e associated with phenotypic plasticity and norm reaction

e involved in tissue differentiation & developmental regulation

e affected by environmental factors

e affect adaptation and decease resistance

e can be very stable, transmitted and inherited! 3 |
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Molecular mechanisms of
epigenetic modifications

e Epigenetic regulations are mediated by
chromatin and DNA modifications.

* Nucleosome structure considerably
determines existence of epigenetics.

The DNA double helix 1n the
cell nucleus does not exist
A\ vt alone and loosely and 1s
packaged into chromatin by
special proteins termed
histones.

Feinberg, R (2008) Nature 454: 711-715 m
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Molecular Components of Chromatin in Plants

_  Each nucleosome consist of 2
octamer of core histones:

H2A, H2B, H3, H4 (each one x2) copies (dimers) each of the
core DNA  core histones H2A, H2B, H3
and H4.

* Nucleosomes are linked with
linker histone H1/H5 and
linker DNA.

’ * The DNA 1s wrapped around
linker DNA nucleosome (~147 bp) + linker
— total co1l =180 bp

histone H1 —

6 T'EHOMMUMKA: Dnurenomuxa, 30 mapra 2020, [loneneabHuxk, #5



Molecular Components of Chromatin in Plants

Histone tails could be modified

/ Core histones could be

substituted, e.g. H2A < H2A.Z

A

SEHEEEKHMEGGQHGHEE

sl:mmcucmxmnﬂnﬂnmmm R
@ PKETESHHRAKGK

: s e M A -C viop [ -GTHAVIKYTSSK

":I' 11-'" I"II .'Il' A LTS . = LT |

ER'I'HQ-TA.RI{ETGGELPRHELLTHMRIE&FLTEE‘FHHI" KGDKKQAKTVAKESGEKPAPASKAPER
s e e ain s

¥ TR Ar ¢ . 0 . Arginine (R) citrullination

T o . Arginine (R) methylation

R Lysine (K) acetylation

Lysine (K) biotinylation

Lysine (K) methylation

Lysine (K) ribosylation

Lysine (K) ubiquitination

Serine (S) / Threonine (T) / Tyrosine (Y) phosphorylation m
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Molecular Components of Chromatin in Plants

FRERAESSNITIS R EESNINIS R EENINNSR A EESINIS RV EENINIS RSSO

« Chromatin can be generally classified as condensed, transcriptionally
silent heterochromatin or less-condensed, transcriptionally active

euchromatin.

CENTROMERE

DNA around the
centromere is usually
packaged as
heterochromatin.

g

=
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Eplgenetlc modlﬁcatlons and regulatmn mechanlsms

Non- codlng RNAS* 4—> DNA methylatlon

*microRNA, siRNA (~18-25 nt)
*short (small) RNAs (~20-300 nt)
*long NncRNAs (300-10000 nt)

—p | *Cytosine methylation
«adenine methylation

DNA
methyltransferases
ANET1, CMT3, DRM1,

DRM2, etc.)

Vo NN

Histone modifications | «=—3% | Chromatin remodeling

/-methylation \ histone repositioning of nucleosomes

- acetylation methyltransferases eincorporation of histone variants

«phosphorylation (HMTs, HKMTs,

« ubiquitination aceijgﬁéfetrcé)ses SWR1/SRCAP complex

esumoylation SWI/SNF ATP-dependent

eetc... (>35 different (KATs, HDACs, etc.) remodeling enzymes
\hlstone modifications) j IrxG proteins

* 0 ° ° ° ° °

Do of ihe Epigenetic modifications need specific
transcribed in metabolic pathways and enzymes 2 |
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DNA methylation and hydroxymethylation

 DNA methyltransferase transfers a NH o NR, o NH;
methyl (CH;-) or hydroxymethyl u | SN | NN HO 2 | SN
(HO-) group to cytosine (C) A A /K
N0 N0 N“ 0
e substitutes H at 5-carbon of the Cytosine  Methylcytosine  Fydroxymethylcytosine

cytosine pyrimidine ring

e cytosine is methylated mostly in
three sequence cites: CG, CHG and

CHH (where H= A, T or C) T’

Ao AN poa weatetion b fie dklition
T ﬁ o 2 metin arote 4 b the

. | L D v e pheasine (63
* heritable markers ! AN

* hydroxymethylation was recently discovered as another important
epigenetic modification on DNA

10 TEHOMMUMKA: DnureHoMuKa, 30 mapra 2020, [ToneneabHUK, #5



Eplgenetlc modlflcatlons DNA Methylatlon

DNA methvltransferases N Arab|d0|05|s

MET1 (Methyltransferase 1)
¢ 5-CG-3' sites

» silencing of transposons, repetitive elements, some imprinted genes

CMT3 (Chromomethylase 3)
¢ 5'-CHG-3' sites
e« (H=A,CorT)

e [nteracts with histone mark

DRM1, DRM2 (Domains rearranged 1 and 2)
e 5-CHH-3' sites
» primarily targets repetitive elements

* requires the active targeting of siRNAs 2|
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Eplgenetlc modlflcatlons DNA Methylatlon ‘_

CG methylatlon can be propagated durlng DNA replication

? T

4& ATG;GTACT aTclegracrT
L‘ éy Tacledarea \\MEQ TACIGCATGA
5 ATGICGITACT \
s racleelarea —™ Q0
T “MAINTENANCE"”
‘ AT GCTACT METHYLATION ATGCGEGTACT
TACIGOQATGA TACIGCIATGA
1 | |
@ @
Asymmetric methylation sites require additional information
?
N aTcelcaalacT
‘.
? Q\§J TAC|IGTT|T G &
5 ATGICRAA]ACT Q('e
srraclerrhrer =
rTelerrlrcor Requires
| } additional
TACIGTTIT G & . .
information to

remethylate

Asymmetric methylation sites are maintained (and initiated) by RNA-directed
DNA Methylation (RdDM), that directs DNA methylases to these sites i'l
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Epigenetic modifications: Histone modifications

FESRATESRINN R TSRS RN ARSI RN ANTNERNTNSRN AN RN TSNS

* the amino terminal regions of the histone
monomers that extend beyond the
nucleosome are accessible for modification

e affects chromatin structure

» depending on their position lead to
transcriptional activation or inactivation

e reversible

 heritable (both mitotically and meiotically)
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Epigenetic Histone Modifications

NSD1
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There are more than 35
different histone
modifications 1n all 4 core
histones: including but not
limited to

e lysine acetylation (Ac);

e lysine and arginine
methylation (Me);

e serine and threonine
phosphorylation (P);

e lysine ubiquitination
(Ub) and sumoylation
(Sw);

* c¢fc. I'



Epigenetic modifications: Histone modifications

(TSR T S T Y]
F L 2325

L& T
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A
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e 2 2

= o a2

= o 2 2
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Histone methylation & demethylation
Histone methylation

* Histone methyl transferases (HMTSs)
— histone lysine methyl transferases (HKMTSs) - methylate lysine (K) residues

— histone arginine methyl transferase (PRMTSs) - methylate arginine (R)
residues

Methylation can result in activation or repression of expression
* all methylation of histone H3 at lysine 4 (H3K4) 1s an active mark for transcription

* monomethylation of of histone H3 at lysine 9 (H3K9) - a signal for transcriptional
activation, but di- and trimethylation of histone H3 at lysine 9 (H3K9) - a signal for

transcriptional silencing

15 T'EHOMMUMKA: Dnurenomuxa, 30 mapra 2020, [loneneabHuxk, #5



Eplgenetlc modlflcatlons Hlstone modlflcatlons

Eplgenetlc modlficatlons affect the state of
chromatin and gene expression
« Genome regulation by polycomb (PcG) and trithorax (TrxG) proteins

* PcGs forming the Polycomb Repressive Complex 2 (PRC2) cause gene
silencing by trimethylation of lysine 27 of histone H3 (H3K27me3)

Polycomb
Repressive
Complex 2

Trithorax
complex ¢

Active genes

« The Trithorax complex activates gene transcription by inducing
trimethylation of H3K4me3 at specific sites in chromatin

« This gene activation is reinforced by acetylation of histone H4.

16 TEHOMMKA: DnureHoMuKa, 30 mapra 2020, IToneaeabHUK, #5



The activity of flowering locus C (FLC) is also
regulated by trithorax group (trxG) proteins

[T ETFZLTES IR T E BT I THS IR TG ETLL TS IR TR, BT ST HSIIRY TG BT LLTES IR TR BT LT ES TR TG BT ST RS %Y

In the regulation of
FLC and other
genes, trithorax
group proteins
are generally
antagonistic to
polycomb group
proteins including

SILENCING

@ @ ~J N-terminal tail
@® H3K27me3

@y © the PRC2 complex
= U H2AUb1

Pien, S., Fleury, D., Mylne, J.S., Crevillen, P., Inz¢é, D., Avramova, Z., Dean, C. and Grossniklaus, U. (2008). ARABIDOPSIS TRITHORAX1

dynamically regulates FLOWERING LOCUS C activation via histone 3 lysine 4 trimethylation. Plant Cell. 20: 580-588.
Holec, S. and Berger, F. (2012). Polycomb group complexes mediate developmental transitions in plants. Plant Physiol. 158: 35-43. m
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Eplgenetlc modifications: Histone modlflcatlons

Hlstone Acetylatlon & Deacetylatlon
 Acetylation has two functions: " ® 00

v’ reduce the positive charge on the ) ‘”;’”jﬁjﬁif"
. . a | | |
lysine residues b b b
v’ destabilize interactions between tarahiamat
histone tails and structural proteins l T
B -
ﬂ=< " 000
NH=" Activate transcription pre=ci & 4 &
Acetylation by
KATS Euchromatin
B HAT .l, T HDAC
Deacetylation by &) !
N HDACs \ @ @ ., ® |
N Represses N I I
Hf 0 transcription (usually) H"H 0

Transcriptionally

active chromatin
Lysine Acetyl-lysine 2 |
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Epigenetic modifications affect the
state of chromatin and gene expression

Histone modifications are coplex and redundant

Schematic representation of average patterns of histone methylation

a Active gene

5 | Fromoter rl"TSS 3; .
s The exact location of the
modifications has been
rHiK4me2 . . . . .
N implicated in their function,
» | H3KZ7mel
L\Y /b ) ruxome —— and therefore the enzymes
‘i A F ‘HiK4mell | ] H3K3bme3 '/ i . .
'H4K20me3 "~ H3K79met. H4K20me3| that either deOSlt Oor 1rcmove
|H3K9me2, H3K9me3 H3K79me2 H3K9me2, H3K9me3| .
"H3K27me2, H3K2Tme3 H3K79me3 HIK2Tme?, H3IK2Tme3d methylatlon marks are
|:f Inactive QEnE ) . .
2 Frowgter PSS —— thought to be involved in
£ . . . .
\ regulating distinct functions,
\

including transcriptional
initiation, elongation or gene
repression.

(H4K20me3 'H3K4me3

'H3K9me2, H3K9me3 :

19 Nature Reviews | Molecular Cell Biology Tonenensnux, #5



Epigenetic modifications affect the state
of chromatin and gene expression

Histone modifications are dynamic and very different in permanence

e Circadian transcriptional
landscape

 Phase distributions of circadian

CLOCK:BMAL1 CLOCHK:BMAL1 MNascent Repression Phase
CRY1 repressed  Activation Phase Transcription

RAMNAPII-Sar5P P300 Recruitment |I /
Poised State H3KS acetylation

20 ' :

< / W4 transcriptional regulators, nascent

‘% N /> ' . RNA transcripts, RNA

° > T W polymerase II (RAPII) occupancy,
e A and histone modification rhythms

s B ; /r

1n mouse liver.

W T e R A e e e Ve Al el

0 4 8 12 16 20 é4
Circadian Time (hr)
» Experiments on the dynamics of histone modifications reveal a striking kinetic
difference between methylation, phosphorylation and acetylation, suggesting different
roles of these modifications in epigenetically fixing specific gene expression pattern%'
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An H2 variant, H2A.Z is associated with
some active genes

RERTIYRAAAENRNNSRN ARSI

' Active gene
Inactive gene | °
| | ‘
SWR1/ YYYY

complex

-

YA

H2A.Z H2A

The histone variant H2A.Z promotes transcription and is swapped
Into the nucleosome by the SWR1/SRCAP complex

« H2A.Z is temperature dependant and incorporated at elevated
temperatures

TEHOMMKA: DnureHomMuka, 30 mapra 2020, [TonenebHUK, #5



Coordinated modification of chromatin

SIGNALS

Histone code???

H2BK123ub H3K9%ac +— H3K9me
H3K79me HP1 —
HoKdme — Faawme H4K16ac — H4K20me
HP1 — H3K9ac \
N\ DNA methylation

H4K16ac — H4K20me

MT

e ) aa
HP1 {5 HP1

YA 1inf)

)

AN TR s LB T
L

active repressed

The transition of a naive chromatin template to active euchromatin (left) or the establishment
of repressive heterochromatin (right), involving a series of coordinated chromatin modifica-
tions. In the case of transcriptional activation, this is accompanied by the action of nucleo-

some-remodeling complexes and the replacement of core histones with histone variants
(yellow, namely H3.3). Hee LUK, #5
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Alternations in chromatin remodeling
could lead to changes in gene expression

& Acatyl group

~ ANAPII

. N "y,
k,Hm \ E
RMAPIL ADP + Pi { RMAPH

(w
Science 295, pg 1848 [2!]!]2]

s&é’?
f_;
(Fry and Peterson)

Copyright (2002) American Association for the Advancement of Science

Complex compacted state of
DNA and its interaction with
the histone proteins must be
"remodeled" to allow
interactions of the
transcription factors and
RNA polymerase

SWI/SNF ((SWIitch/Sucrose
Non-Fermentable)) ATP-
dependent remodeling
enzyme
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Control of gene expression by RNA molecules

Largest part of transcriptome (up to 98 % of the RNA transcribed in
human cells) does not code for protein and called non-coding RNAs
(ncRNAS)

‘microRNAs Medium and

siRNAs V |: large RNAs
~18=25 nt 300=10000 nt or more
Post-transcriptional Small RNAs DNA imprinting,
gene silencing, (snoRMNAs, sSmRNAS, X-inactivation,
RNA interference. piRNAs and others) DNA demethylation,
Gene transcription,
~20=300 nt Generation of other RNA
Modification of targets RNAs, classes, e.g.: miRNAs
Synthesis of telomeric DNA, and small RNAs,
Chromatin structure dynamics, Other functions.

Transcription modulation,
Structural role,
Gametogenesis (?)
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flntergenic and\
heterochromatin-

dsRNA-derived

=

N Z

fecondary SiRNAs,
precursor produced

\ ﬁatural-antisensa

transcript-derived

hpRNA-derived

O

/Precisely ) [Imprecisely\
processed processed,
MiRNAS not miRNAs

derived siRNAs by action of RNA- nat-siRNAS:
= dependent RNA precursor RNA
= polymerase formed by
hybridization of two
o101 SRS
- / ‘ RDR independent RNAs
_—"f
M v
AN J
Phased siRNAs Trans-acting siRNAs
— — (ta-siRNAs or tasiRs)
T TIITIIIII m

small

RNAS

classification
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Adapted from Axtell, M.J. (2013).
Classification and comparison of small RNAs
from plants. Annu. Rev. Plant Biol.
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trans-silencing: miRNA and ta-siRNA Pathways

The miRNA pathway ta-siRNA pathway

A MIR gene B TAS gene

ap
CBPZOISO é
D ﬁim_

|
@ HEN1
. dsRNA [

e
A L=
- = '
— I\ @ _Him

e e © T
Wco110 LTI Mt SRS oA AR et
5 mRNA 2 mRNA il
5 mRNA
5 I
Translational repression mRNA cleavage mRNA cleavage m
Mallory A, Vaucheret H. Plant cell 2%21}1 1\24:1;’1?1&7%'3889
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cis-Silencing: The Virus/Transgene (A) and
Heterochromatin siRNA Pathways (B)

A virus / transgene B heterochromatin

}

mRNA

SGS3
RDR6

SDES5

dsRNA I I 1

21-22-nt AGO4/6/9
e /' siRNA .
DCL4 DRB4 _HEN N\
e
W oIII® o T T  TIm®
24-nt siRNA

Mallory A’ Vaucheret H. Plant cell ZOIJEJHgI\Z/I 3]?11%]1%[?&{% MMMMM 30 mapra 2020, [ToneneabHUK, #5
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Transposon and repetitive DNA silencing

SiRNAs recruit DNA methylases and histone-modifying enzymes to targets

RNA-dependent RNA <@ P
Polymerase (RdARP) ‘ ’
generates double- N

stranded RNA 2 —RNA Plant-specific RNA
RdRP Polymerases (IV
Y A ~.W and V) are
—~—— ’ involved in

silencing
Y e

£ siRNAs st

« o

. pGO

SIRNA / AGO complexes
interact with RNA transcripts
and recruit silencing machinery
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RNA-directed DNA methylation (RADM)

24-nt siENAs
ax o

21-22-nt .
/ o siRMNAs
cleavage
(PTGS)

_r’ New tr:‘mm&k‘ _'I

- - - - -
PTGS Establish TGS Reinforce TGS through siRNA-dependent
and siRMNA-independent mechanisms

Nature Reviews | Genetics

Matzke & Mosher, 2014 m
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Many developmental genes and switches are epigenetically regulated

flower
development

gametogenesis

N\

fertilization

gametophyte Y

endosperm
cellularization

&

\
inflorescence
to floral

meristem
transition

e

vegetative
to
inflorescence
meristem
transition

sporophyte

e

meristematic @ embryo
to vegetative h ~— maturation
transistion

germination

—) transition known to involve at least one PRC2 complex
© 2013 American Society of Plant Biologists
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 flowering and
vernalization

e genomic imprinting
(FWA, MEA)

* transposon and
repetitive elements
silencing and
activation

etc...

Holec, S. and Berger, F. (2012).
Plant Physiol. 158: 35-43.



Stress response, acclimation and adaptation are epigenetically regulated

[Biotic or Abiotic Stress] Stress signalling
~— may or may not
Hormones involve hormones

1. Many stress-
responsive genes
are epigenetically
regulated

2. Stress affects
chromatin

3. Heritable
epigenetic
changes,
potential for

Current Opinion in Plant Biology I aStI n g ad aptatl O n
Gutzat, R. and Mittelsten Scheid, O. (2012). Epigenetic responses to stress: triple defense? Curr. Opin. Plant Biol. 15: 568-573,

The stress-responsive phenotype is usually not transmitted to progeny, but sometimes it

can be heritable, when chromatin and DNA modifications are transmissible m
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Stress response, acclimation and adaptation are epigenetically regulated

e Growing evidence suggest that methylation of DNA in response to stress leads
to the variation in phenotype.

e Transposon mobility, siRNA-mediated methylation and host methyltransferase
activation have been implicated in this process.

DNARNA Virus s
O SRNA E
2
. T g
?E SiRNA mediated DNA K
E & . l mrethylation N
£ = g
@ E
g . ———— 5 Viral ranscript o é
G b L
O Ly - - Viral DINA methvlasion e E

K > Hyper methvlation

/( @ . B®X
(
e

) \\I 6:""“ a in promeorcoding re gion Giene inactivation g
iy A P 3
\ . ——=De-methviation in R ; =
II,r mainEnmal promotoricoding region ~ (ene activasion E‘é E
£ E'I, 5 De-methvlation of ‘ x > E %
g S IS OSEnTS = : e - &
g =4 Aetivales transposifion ol
r & r = 5 3 Hyvper mediylanion Gene inactivation g =
F - r r::l" i ransposens 5, T » 2 ‘E_
wve e we / Inactivates iransposition 28
\ —=, 'I_.._...g,. Greme aclivation E &<
AP AP A Il iy ;
' Pa (i f 'r-\'u Transposon'(ene
! ﬂ_\ ;{'\ N RNA directed activationfinactivation
{: LAY A DNA methylation
| [
Trangenerational Inheriance
Sahu et al., Plant Cell Rep, 2013 m
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Stress response, acclimation and adaptation are epigenetically regulated

Epigenetic regulation in
the heat stress response the cold stress response

SWI/SNF (A) Histone variant dissociation
complex g

DA -

Euchromatic region

transcriptional
changes

(C) ONSEN/
RdADM targets

tra nscrlption/' ﬁ%‘lsposiﬁon

o

< DNA methylation

Kim et al., Front. Plant Sci., 2015
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Epigenetic markers and epigenetic memory

bl B8 B 2B L B I HE RS B AL I DB S BT AL 2B I BT E BT I L LB IR BE B I L DB DB BE B AR DI I BB BT IR o IEWDS
FOCEIT O FaY . w BY DT TR O vy svw BY TP T 0 Gy v By YT O Ry v Y T e o gy 70 BY P TEIT O gy W BY P eI g O gy v sy an

e Chromatin and/or DNA modifications that are established or
removed by a stimulus-activated gene network are defined as
epigenetic markers, 1f they remain after the stimulus is
removed and influence the future transcriptional behavior of
assoclated genes

e Stress memory (priming) - a coordinated reaction at the
organismal, cellular and gene/genome levels 1s thought to
increase survival chances by improving the plant’s tolerance/
avoldance abilities

e Stress memory may be a mechanism for acclimation and
adaptation.

e Stable inheritable chromatin and DNA modifications can form
stress memory that can be also called epigenetic memory | ;g
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Epigenetic markers and epigenetic memory

o B8 M@ AR L D BFAD Rl BA B AL O IEAD BT B BT IE D IEVD BT BE B AL 0 BEAD B BB AL D IBEVD BT DA B AL D BEAD B B BT IR 0 FEWDS
PO O Y 0 B P CIL P gy U BT TP CRIL O gy W B P C O e W B P O gy 70 B PO Ny S0 B PO gy S By 2

Epigenetic memory defined as a stable change in gene expression and phenotype
induced by developmental or environmental stimuli (D’Urso, Brickner, 2014)

Molecular model of epigenetic memory

2) ey
[1] Eignal.ing:
Stimuli: environmental CUES | g phyT;:utrl:Jlms e i RN A 44 ° external and/Ol'
calcium waves .
Modified internal sequence
—— chromatin . .
( (3 | specific signals
De novo I'I'HEIH'I]'HFH‘IEfH’agH Transfer
» -CH
T — (@ (b e “writers"
Demethylation Epi‘ﬂ“"’h
I Methylation status of Changed epigenetic
modified chromatin mark an gane
- ~ * “readers”
=
L De novo methyl transferase o “erasers"
> —CH, )
Gane expression 5 ) Demethylation
F'run_'l-ntar rn-athg_ﬂ_atad: Hain’Em]muﬂ v e SRNA biOgeneSiS
Famie spaciic DMNA methyl transferase Methylation status of
Coding regions methylated: modified chromatin
higher organisational kevels
““T Thellier & Luttge, 20@
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All epigenetic-related genes
can be divided into three
main groups: “writers”,

“erasers” and “readers” of

epigenetic marks based on
the type of epigenetic
modification role

Writers
e.g., HATs, HMTs
or PRMTs

Writing Erasing Reading

O{_D o’_‘o o®

Acetylases, Deacetylases, Bromodomain,
methylases, demethylases,  chromodomain,
phosphorylases phosphatases PHD finger,
WDA40 repeat

36

Molecular basis of an epigenetic memory

e Transcriptional activation
or repression

* Changes in DNA replication

» Changes in DNA damage
repair

Epigenetic
writer

Epigenetic
eraser

Erasers
e.g., HDACs
and KDMs

Readers

chromodomains

e.g., bromodomains,

and Tudor domains

Falkenberg & Johnstone, 2014
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Epigenetic memory in Norway spruce

ANV RTINSV REST TSIV ESIITATS LIRS 8RN

e The temperature during zygotic embryogenesis and seed maturation shifted the
growth cycle program of the embryos resulting in significant and long lasting
phenotypic changes in the progeny (Johnsen et al., 2005; Skrappa et al. 2007;
Kvaalen & Johnsen, 2008; Yakovlev et al. 2012)

e The timing of the following phenologic traits was affected:
— dehardening and bud burst in the spring

— leader shoot growth cessation in the summer

— bud set and cold acclimation in the autumn

* The significant global transcriptomic changes were found during development of
somatic embryos of Norway spruce with the same genotype under different
cultivation temperatures (Yakovlev et al. 2014):

— clear trend of increasing of the number of upregulated genes with increasing of
temperature

— nearly half of the genes related to epigenetic regulation were differentially expressed
at different growing temperatures (DNA methyltransferases, DNA demethylases,
DCL1-like, Argonauts, etc.) t'
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Epigenetic memory in Norway spruce: Conclusions

FRARAERESAITIN RTINS
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SOSVINERLARESNINIS R ARSI SRS

formation of epigenetic memory during embryogenesis by
different temperatures 1s associated with huge and characteristic
transcriptional changes

high amount of putative orthologs of epigenetic regulation-related
genes mnvolved 1n transcriptional changes

many additional genes were found 1n the epigenetic regulator’s
gene families in spruce in comparison with orthologous gene
families in Poplar and especially in Arabidopsis

the highest amount of differentially expressed genes were
epigenetic regulation genes connected with methylation markers
of DNA and histones, SRNA pathways and thermosensing genes.

thus, further work should focus on methylation dynamics of DNA
and chromatin during embryogenesis
3y
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RNA methylatlon

. RNA also can be methylated on
adenine residues 1n precursor
microRNAs (pri-miRNAs) , a e
modification called N°- Lo CYTOPLASH
methyladenosine (m°A)

e aprotein, HNRNPA2B1 binds m°A
and physically interacts with the
Microprocessor protein DGCR8 in
the nuclei of human cancer cell lines =
to mediate mRNA splicing and
microRNA maturation

 mRNA splicing alterations 1n cells
depleted of HNRNPA2BI tightly
matched the impact of METTL3
depletion, suggesting the two
proteins function in a single pathway g |
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Summary

Expression of DNA 1s controlled by epigenetic markers including
DNA methylation, histone modifications and ncRNAs

siRNAs contribute to epigenetic programming

Epigenetic programming silences transposons and controls the timing
of many genes that control plant development

All epigenetic mechanisms shown to be imnvolved in stress response
and adaptation

Epigenetic systems may act as the conduit for environmental cues
initiating short- or long-term changes in gene expression in response
to stress.

It 1s very likely that epigenetic variation contributes to the adaptation
potential of plants and, like genetic diversity, is under selection by
environmental conditions

i
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Summary
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All epigenetic mechanisms are involved in stress response and adaptation.

Epigenetic systems may act as the conduit for environmental cues 1nitiating short- or
long-term changes in gene expression in response to stress.

It 1s very likely that epigenetic variation contributes to the adaptation potential of
plants and, like genetic diversity, is under selection by environmental conditions.

DNA methylation occurs when DNA methyltransferase transfers a methyl group
from S-adenosyl-methionine to cytosine in CpG dinucleotides.

The methylation of 5' methyl cytosine (SmC) nucleotides i1s an important epigenetic
change that regulates gene activity and impacts several cellular processes including
differentiation, transcriptional control and chromatin remodeling.

NH, NH
H5C
Methylation ‘
|
N O N O
H H
Cytosine 5-methyl

Cytosine s
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There are more than 10 methods to
study DNA methylation

FEARARSS SN RIS RN AENENNSRHATNENSRN AN TSE _

2 main methods to study DNA methylation using
sequencing:

1) Bisulfite Sequencing (BS-Seq)

2) Methylation Sensitive Restriction Enzyme based
Sequencing (MRE-Seq).
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Bisulfite Sequencing (BS-Seq)

The bisulfite-mediated conversion of cytosine to uracil

Bisulfite-mediated conversion of cytosine to uracil

Sulphonation Hydrolytic deamination Desulphonation

NH

2 NH2

HSO. R
HNE e HN¥ HO+NH,

(0]
OH_
H H

Cytosin Cytosinsulphonate Uracilsulphonate Uracil
Tollefsbol T (ed.): Handbook of Epigenetics: The New Molecular and Medical Genetics. 1st edition. London, San Diego: Academic Press, 201 1. 20,
NH,
CH,

\/L is resistant to the bisulfite-mediated conversion of
7 cytosine to uracil

H
Methylcytosine m
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Bisulfite Sequencing (BS-Seq)

Allele 1 (methylated) Allele 2 (unmethylated)
Im
---ACTCCACGG---TCCATCGCT--~ ---ACTCCACGG---TCCATCGCT---
---TGAGGTGCC-~-AGGTAGCGA-~~ ~——-TGAGGTGCC---AGGTAGCGA---

Bisulfite treament
Alkylation
Spontaneous denaturation

-=-=AUTUUAUGG---TUUATCGUT—--- -==AUTUUA GG-!-T UATUGUT ===

---TGAGGTGUU---AGGTAGCGA——- ---TGAGGTGUU---AGGTAGUGA—-—--

\/

Comparison of sequences in the alignment
and discover methylated sites

l

Differentiation of bisulfite-generated polymorphisms

Nucleotides in blue are unmethylated cytosines converted to uracils by
bisulfite, while red nucleotides are 5-methylcytosines resistant to conversion
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Eplgenetlcs, adaptatlon and evolutlon

LAMARCK'S GIRAFFI

Charles Darwin
(1809-1882)

Jean-Baptiste Lamarck
(1744-1829)

Diriven by inner “need

e The first evolutionary theory that internal vital force, appetency,

organ practice, environmental and acquired traits explains the
mechanism of evolution was proposed by Jean-Baptiste
Lamarck and called ,,Lamarckism*.

e The evolutionary theory that natural selection explains the
mechanism of evolution was later proposed by Charles Darwin
and called ,,Darwinism*. 2
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Epigenetics,

a

Jean-Baptiste Lamarck
(1744-1829)

1. There is an internal vital force in all organisms.

46

. It considers new needs or desire produce new

structures and change habits of the organism.

. If an organ is constantly used it would be better

developed, whereas disuse of organ results in its
degeneration.

. Lamarckism does not consider struggle for

existence.

. All the acquired characters are inherited to the

next generation.

. Lamarckism does not believe in survival of the

fittest.

daptation and evolution

Lamarckism
VS.
Darwinism

Charles Darwin
(1809-1882)

1. It does not believe in the internal vital force.

. They do not form part of Darwin’s natural

selection theory.

. An organ can develop further or degenerate only

due to continuous variations.

. Struggle for existence is very important in this

theory.

. Only useful variations are transferred to the next

generations.

. Darwin’s natural selection theory is based on

survival of the fittest.
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Lamarckism
VS.
Darwinism

Jean-Baptiste Lamarck Charles Darwin
(1744-1829) (1809-1882)

Epigenetic regulation mediates adaptation to the environment by the genome lending plasticity that
translates into the presenting phenotype, particularly under “mismatched” environmental conditions.

In his book The Origin of Species Darwin wrote: “I have hitherto sometimes spoken as if the variations ...
were due to chance. This, of course, 1s a wholly incorrect expression, but it serves to acknowledge plainly
our ignorance of the cause of each particular variation. [The facts] lead to the conclusion that variability
is generally related to the conditions of life to which each species has been exposed during several
successive generations.”

“Hence, both Darwin and Lamarck, two of the founders of evolutionary theory, predicted that evolution
itself may favor the development of self-guiding mechanisms, maximizing variability where and when it is
most likely to yield positive changes while minimizing phenotypic variability when and where it is not
needed”, supporting the general idea of nonrandom evolution (Rando O. J., Verstrepen K. J. 2007.
Timescales of genetic and epigenetic inheritance. Cell 128(4): 655—-668.) I'
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Epigenetics,

Adaptation

Natural
Selection

Phenotypic
Variation
Physiology &
Cell Biology

Gene
Expression

Genetic
Mutations

Genome &
DNA Sequence

Epimutations

Environment mp( Epigenetics
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a

Unified Theory of Evolution

Darwinian
Theory

Neo-Darwinian
Theory

Neo-Lamarckian
Concept

daptation and evolution

* no controversy between:

— Lamarkism & Darwinism

— epigenetics & genetics

— epimutations & genetic alleles

* they both are equally
important components of
evolutionary theory

Michael K. Skinner Genome Biol Evol 2015;7:1296-1302
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Eplgenetlcs, adaptatlon and evolutlon

The tlmescales of 1nher1tance

Epigenetic inheritance
Chromatin Prions DNA methylation

[ If I
| i

1

Repeat variation Point mutation Robustness

Rates of phenotypic change associated with different types of inheritance

» Epigenetic modifications are more fast and flexible.

e Phenotypes inherited epigenetically often exhibit rapid
variation and stabilization, whereas genetically robust
phenotypes are stabilized against random mutation
(Rando & Verstrepen, Cell, 2007) fl
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XXI century revolution in Biology:
Genomics + Epigenomics =

Grand Unified Theory of Evolution



Case study: An Epigenetic Memory of Pregnancy in the Mouse Mammary Gland

P S

A nulliparous
gland

51

post-pubescent
epigenetic state

more robust
response to
pregnancy

second
pregnancy

first B

pregnancy

e Mammary glands from parous
animals react more robustly to a
subsequent pregnancy.

e This phenotype correlates with
DNA methylation established
during the first pregnancy cycle,
the presence of which 1s associated
with a rapid increase in gene
expression of specific genes.

loss of DNA
methylation

persistent
epigenetic
changes

e Globally, these changes represent
a memory of past pregnancies.

parous
gland o

(dos Santos et al., 2015, Cell Reports 11, 1-8)
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Case study: Paternal sperm DNA methylation
associated with early signs of autism risk in an
___autism-enriched cohort

PATENRIINEAT

FEESAITINERLAEATSNINIA

193 d1fferent1ally methylated regions (DMRs) were 1dentified in
paternal sperm in families with autistic infants (12 months of
age 1n offspring).

The DMRs clustered near genes involved 1in developmental
processes, including many genes in the SNORD family, within
the Prader-Will1 syndrome gene cluster.

Epigenetic differences in paternal sperm may contribute to
autism risk in offspring.

Directionally consistent, potentially related epigenetic
mechanisms may be operating in the cerebellum of individuals
with autism.

(Feinberget al., 2015, Int. J. Epidemiol. Advance Access published April 14, 2015) m
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Case study: DNA Methylation Signatures Triggered by Prenatal

Maternal Stress Exposure to a Natural Disaster: Project Ice Storm
FESRATESRINN R TSRS A EENNS N ARSI A TNENNS R TSNS TSN

Five months after the 1998 Quebec ice storm women who had been pregnant
during the disaster were assessed for their degrees of objective hardship and
subjective distress.

Thirteen years later, their DNA methylation profiling was investigated in T
cells obtained from 36 children and compared with results obtained from the
same children at age 8.

Prenatal maternal objective hardship was correlated with DNA methylation
levels in 1675 CGs affiliated with 957 genes predominantly related to
immune function.

Prenatal maternal stress (PNMS) results in a lasting, broad, and
functionally organized DNA methylation signature in several tissues in
offspring.

Epigenetic processes may be responsible for the PNMS effects that predicts
a wide variety of behavioral and physical outcomes in the offspring.

Cao-Lei, L., Massart, R., Suderman, M.J., Machnes, Z., et al (2014). DNA Methylation Signature Triggered by

Prenatal Stress Exposure to a Natural Disaster: Project Ice Storm. PLoS One 9:9(e107653). m
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Case study: DNA Methylation Signatures Triggered by Prenatal

Maternal Stress Exposure to a Natural Disaster: Project Ice Storm
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The methylation changes are not necessarily bad, they could be adaptlve Tf‘ne organisms that
were exposed to stress in utero could be getting ready to be exposed to stress during its life.

It makes sense that these changes would impact the immune system, one of the body’s front
lines against stress.

The researchers haven’t yet looked at what these methylation changes mean for the children’s
immune systems, but this study provides a proof that there is some sort of causal relationship
between experience and methylation years later.

More work will be needed to determine exactly how stress hormones that cross the placenta
into an embryo’s bloodstream interact with pathways altering methylation.

Cao-Lei, L., Massart, R., Suderman, M.J., Machnes, Z., et al (2014). DNA Methylation Signature Triggered by
Prenatal Stress Exposure to a Natural Disaster: Project Ice Storm. PLoS One 9:9(e107653). m
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Good Mothering

A good rat mother licks
and grooms her pups. She
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gives them extra space
to suckle against her
underside.

"R

- e

Bad Mothering

A bad rat mother barely
licks her pups and provides
almost no tactile stimulation.

http://discovermagazine.com/2013/may/13-grandmas-experiences-leave-epigenetic-mark-on-your-genes

Grandmas Experiences Leave a Mark on
Your Genes

Your ancestors' lousy childhoods or excellent adventures
might change your personality, bequeathing anxiety or
resilience by altering the epigenetic expressions of genes in
the brain.
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[This article originaily appeared in print as “Treit vs. Fofe ]

Carwin and Frend walk into 2 bar. Twao alecholic mice — 2 mather and her so0 —
=it on two bar stools, lapping gin from twe thimblas.

The mothar mouwse looks up and says, "Hey, geninsas, tell me how my san got into
this sorTy state.”

“Bad inheritanca ™ says Darwin.

“Bad mothering,” says Freud.
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