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monster” (Peloria) and the origins of epigenetic research
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In 1742 on the island of Roslagen a weird morph
of toadflax (Linaria vulgaris) was discovered.

“Surely this is at least as remarkable as a cow
giving birth to a calf with a wolf's head.”
(Carl Linnaeus, 1744)



Conrad Waddington’s epigenetic landscape
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- Cells in different tissues express different sets of genes, but they all have the same genome.

Conrad Hal Waddington
(1905 — 1975) - Epigenetics (original meaning / Waddington) = the genetic regulation of epigenesis
- Epigenetics (as we use today / Robin Holliday) = non-genetic (but heritable) changes in the
hereditary material that affect gene expression

- Epigenetic modifications have a major role in deciding which genes are transcribed at a given
timepoint in a cell.



Chromosome dimunition as an explanation for differentiation

August Weismann
(1834-1914)

Theodore Boveri
(1862-1915)

J’oma J'oma
2777 R TN 77
Ll YL

NV il el S L L L e
x'.bey'r. & Sa rriér’tzelle ergze:;;l}:lecﬁf;

Early embryonic development of Ascaris megalocephala. (1892)
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John B. Gurdon and the first animal cloning experiment

The Nobel Prize in Physiology or Medicine 2012
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Epigenetic regulation of gene expression

model of the basic epigenetic modifications
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Toadflax (Linaria vulgaris) plants normally have flowers with bilateral
symmetry, but some plants have flowers with radial symmetry.
Plants with radial flowers sometimes have offspring with bilateral
flowers, but the inheritance pattern is nowhere close to the
mendelian ratio.

Floral symmetry is linked to the function of the CYCLOIDEA-

like (Lcyc) gene, but this genes seems to be intact in plants with
radial flowers!

Expansion in the methylation of a nearby TE can spread
into the Lcyc locus.

Floral symmetry

(Pecinka, 2013 Trends in Plant Sci)



The agouti color: a classic example for non-mendelian, epigenetic inheritance

Ectopic agouti expression

AV OO 0C I

[oee—
Agoutl —
IAP -
Agouti_—
Developmental agout: expression
A eooo00 D
R — I_Aw_f

(Jirtle and Skinner, 2007 Nat Rev Gen)

The A" locus carries a retrotransposon (there are thousands
of this in the genome, usually in a methylated form)
Interestingly the retrotransposon in the agouti promoter is
metastable - if it becomes hypomethylated acts as a cryptic
constitutive promoter.

The five mice on the picture have exactly the same allelic
combination, their differences are epigenetic

Agouti mice are not only lighter, but also heavier
(pleiotropic effects)




The agouti color: a classic example for non-mendelian, epigenetic inheritance

a Dietary supplementation during pregnancy
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Chromatin organization
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Chromatin organization and differentiation
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Epigenetic regulation of gene expression

model of the basic epigenetic modifications
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Epigenetic regulation of gene expression

Reading PTMs

Nuclear factors that engage chromatin
modifications can be identified using a
variety of proteomic approaches

Writing/erasing chromatin marks
Detailed molecular mechanisms can be interrogated by
) chemically customized chromatin and in vitro biochemistry

V V V Reader

Writer Writer Eraser

e Transcriptional outputs
e Cell identity

e Cell differentiation

e Cell-cycle regulation

e DNA damage response

(Hananya et al., 2023 Nat Rev Gen)



Maintaining and erasing DNA methylation during replication
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Maintaining and erasing DNA methylation
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Epigenetic histone modifications
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Epigenetic histone modifications and gene expression
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Epigenetics of Hox cluster activation
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The dynamic epigenetic landscape during development

Three major dimensions of data series
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Promoter modifications are similar across Metazoa

Genomic coverage (%)
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Bivalent epigenetic modifications
ES cells
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- most often occur at developmental genes
- the bivalent modifications get resolved over time



Changes in methylation during development
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The role of parental imprinting in development

Gametogenesis Pre-implantation Post-implantation
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(Ishida and Moore, 2013 Mol Asp Med)



The role of parental imprinting in development
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The role of parental imprinting in development

A Insulator model of imprinting: the H79/Igf2 locus
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Repressive epigenetic signals can catalyze each other

(a) Model of DNA methytation directing histone methylation
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Transcription can be repressive
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(PcG = Polycomb Group Protein; TrxG = Trithorax Group Protein)
(Guenther and Young, 2010 Science)



X chromosome inactivation (XCl): a classic example for repressive transcription
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Conditions linked to X chromosome inactivation
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pattern of lines described by the
dermatologist Alfred Blaschko.
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(Sun and Tsao, 2008 J Invest Derm)



Lactase persistence: epigenetic causes of a switch

LACTASE HOTSPOTS

Only one-third of people produce the lactase enzyme
during adulthood, which enables them to drink milk.

Percentage of adult population
that can drink milk
10% 90%
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Epigenetics and disease
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Epigenetics and disease
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Epigenetics and cancer

e

Healthy cells IDH-mutant glioma Healthy cells Cancerous cells
(such as triple-negative breast cancer)
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(Monteagudo-Sanchez et al., 2024 Nat Struct Mol Bio)



Epigenetics and the caste system of eusocial insects
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The epigenetics of aging
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The epigenetics of aging
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In general heterochromatin loosens up during aging, and there are less repressive epigenetic modification.

(Braga et al., 2020 Biogerontology)



The epigenetics of aging and disease
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- While most sites become hypomethylated, there are some that will be hypermethylated (and consequently
some genes are silenced).
- Transposons become overactive, with deleterious consequences.
(Michalak et al., 2019 Nat Rev Mol Cell Bio)



Epigenetic clocks
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The right combination of hypo- and hypermethylated
sites can predict the age of the sample tissue with
high accuracy

(Gopalan et al., 2017 Genetics)

Horvath's clock — 353 CpGs
Multi-tissue DNAm age estimator

Levine's clock — 513 CpGs
DNAm PhenoAge

Hannum’s clock— 71 CpGs
Single-tissue DNAm age estimator

Current smoker vs AA blood

Granulocyte count vs AA blood

Leukocyte telomere length vs AA blood

Naive CD8' T cells vs AA blood

Time to death vs AA blood

BMI vs AA blood

Females have low-AA blood

BMI vs AA liver

Age in blood
across lifespan
1.0

Age in blood from children

ge across five brain regions, adult lifespan

Age prefrontal cortex, age <65 years

Gestational age fetal retina

Age dermis and epidermis

Homogeneity across 30 tissues
of a supercentenarian

Offspring of centenarians have low-AA blood

Cogpnitive function vs AA cortex
Neuritic plaques
vs AA cortex

(Horvath and Raj, 2018 Nat Rev Gen)



The elephant in the room:
transgenerational epigenetic modifications
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(Skinner, 2010 Nature)



What can be inherited “transgenerationally”...?

(Dune: Prophecy)



Human examples: the Dutch Hongerwinter (1944/45)
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Those people who experienced the Hongerwinter in the

womb of their mothers have a higher chance for diabetes,

obesity, cardiovascular disorders and some psychiatric

problems.

BUT: this is an example for multigenerational inheritance and not true transgenerational



Human examples: the Dutch Hongerwinter (1944/45)

A 30
® Ration . H H' H
- . BUT: no significant effect in F2
= .
° o ” "
2 19 " —— Table 2. Prevalence of F2 self-reported disease* according to F1
Q. ° o) () (<] o
3 o0 * . e® o oo gender
£ aofe o s o N F1 exposed F1 unexposed All
@ - o
S 20 1 ° - 2500 &
i o o M s F2 of F1 men
2 -30 A =
< - _ i : ;ggo 8 n 52 99 151
: : , , : : : o 5 Cardiovascular% 5.9 2.0 34
Dec'44 Jan'd5 Feb'4d5 Mar'45 Apr'45 May'45 Jun'45 = Pu |mﬂnarf% a8 87 a7
Last menstrual period mother Hay fever% 19.6 30.6 Z26.8
30
B afon o Eczema% 255 24.5 24.8
CC” o
S 20| ° AMethylaton | . Cholestercl % 0.0 2.0 1.3
L. : e Diabetes% 0.0 2.0 1.3
g «* Wi we ® o4 Hypertension % 3.9 2.0 2.7
3 2 2 .
@ 01 o % e . 5 F2 of F1 women
6 0] Paty® T & m n 106 103 209
3 2 Y - Cardiovascular% 1.9 4.0 3.0
g 207 o w20 L Pulmonary% 4.9 5.0 4.9
o g o 1500 = Hay fever% 206 18.0 19.3
" e e Bl s0 S Eczema% 19.4 24.0 21.7
Dec'dd Jan'd5 Feb'ds Mar'd5 Apr'd5 May'4s Jun'ds i = EE Gl %0 9.0
e n el ar r a n
Gl . fb,r; e Diabetes% 1.0 0.0 0.5
- Hypertension % 39 5.0 4.4
Fasting during pregnancy results in the hypomethylation of *Defined as answering in the affirmative to questions phrased as
the DMR region of IGF2, what may persist over decades ‘has a doctor ever diagnosed’ or 'has a doctor ever prescribed
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(Heijmans et al , 2008 PNAS) (Veenendaal et al., 2013 BJOG)



Human examples: China, after Mao’s Big Leap (1959-60)

Events,
Report Ewventa, £OMIrols (pre- and
number  Authors OR (35% CI) famine births  post-lamine births)
Cweraeight !

27 Wang et al. 2010 s 104 (0.97, 1.12) 15654056 487312967
36 Guen et al. 2008 ————— 0.40 (0.22, 0.74) 1774 Ba219
M-H Subtotal (|-squared = 89.3%, p = 0.002) 103 {0.96, 1.10) 156204130 496613186
D+ Subtotal 0.68 (0.27, 1.72)
Obesity
27 Wang et al. 2010 —— 0.94 (0.82, 1.07) 3100056 105012967
35 Znao et &l 2013 0.72 (0.35, 1.50) /91 TEISTT
M-H Subtatal (I-squared = 0.0%, p = 0.480) < 093 (0.82, 1.06) 3194147 112613544
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Clabeles
3 Li @t &l 2010 = 0.58 (0.34, 0.88) 151005 17616669
g Wang et al. 2015 — 100 (0.86, 1.39) B&T45 44313719
19 Xuetel 2015 1.20(0.94, 1.52) 1090684 25812113
35 nao et &l 2013 - 070 (0.31, 1.58) 791 B1I575
M-H Subtatal (|-squared = 57.9%, p = 0.068) = 104 {0.88, 1.21) 22712505 B7EM 3276
O+ L Subtotal _r 0.96 {0.73, 1.28)
Hypergiycemia
3 Li @t &l 2010 0.89 (0.65, 1.22) 481312 28016669
28 Li et &l 2010 ——— 130{1.07, 1.58)  141/2425 35208001
35 Tnao et &l 2013 s 0.69 (0.40, 1.18) 18081 1581575
36 Guan at al. 2009 0.99 (0,38, 2.84) &74 151218
M-H Subtotal (|-squared = 59.4%, p = 0.061) + == 1.10{0.94, 1.28) 21330902 B1615664
DL Subtotal s 099 {0.72, 1.36)
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17 Wang et al. 2012 s 0.97 (0.86, 1.00) 4052911 11447098
19 Xuetel 2015 e 106 {0.90, 1.26) 256793 7712573
35 Znao et al. 2013 0.76 (0.46, 1.27) 2381 1TEISTA
36 Guan et al. 2008 = 154 (0.63,3.76) &74 15218
M-H Subtatal (|-squared = §1.6%, p = 0.018) & 0.93 (0.86, 0.08) 207712100  BHOE3E411
. O+ L Sublotal <3 0.93 (0.83, 1.04)
- As th It of the “Big Leap” 30-
s the result of the “Big Leap etbote Syans

5 Liatal 2011 090 (0.70, 1.16) 761005 57016669

H I I H I h d 10 Wang et al. 2015 ——— 1.07 (0.88, 1.31) 152701 T16/3485

5 5 miliion pe (0] p em ay ave Sta rve 28 Guan et al. 2008 —— 1.48{1.05, 1.33) 40W3IE50 107211267
3 Zneng etal. 2012 1.14 {0.94, 1.37) 1671022 5804018
M-H Subtotal (|-squared = 20.0%, p = 0.280) 8 141 {1.02, 1.21)  TH8MITE 2947725649
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can be some association _n I

observed.
(Li and Lumney, 2017 Int J Epid)



Note: Boveri was not exactly wrong and chromosome dimunition
does exist in some species

(A) Chromatin diminution in sea lamprey
Lagging of Progenitors of Progenitors of
Karyotypes chromosomal somatic cells germ cells
fragments

Chromatin diminution in nematodes

Spindle attachments Lagging of .
- Progenitors of
Karyotypes to holocentric chromosomal :
somatic cells
chromosomes fragments

(Dedukh and Krasikova, 2022 Biol Rev Camb Philos Soc)
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