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Inter-generational 
vs 

Trans-generational 
effects? 

Fully reprogrammed between 
generations 
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Pregnant female 

F1 
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and germ line) 

Future F2 
= F1 germ line 

Pregnant female exposure: 
Inter-generational effects 

(parental or grand-parental) 
F0+F1+F2 affected 
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Trans-generetational effects 
F3 onwards (not exposed) 

F3 

Transfer of information across generations:  
Effects are only « trans-generational » after F3 (mother exposed) 

or F2 (father exposed) 

Inter-generational versus Trans-generational Epigenetic Inheritance 
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Courtesy of D. Bourc’his	
  

gesta&onal	
  exposure	
  to	
  another	
  EDC,	
  
bisphenolA	
  (BPA),	
  influences	
  the	
  display	
  of	
  
juvenile	
  social	
  behaviors	
  (17,	
  18)	
  and	
  can	
  
alterDNAmethyla&on	
  (19–22).	
  In	
  addi&on,	
  BPA	
  
has	
  transgenera&onal	
  effects	
  on	
  sperm	
  fer&lity	
  
and	
  other	
  reproduc&ve	
  parameters	
  
in	
  male	
  rats	
  (23)	
  



MuLE 

Trans-generational Epigenetic Inheritance (F3 and beyond) 
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Paramutation  

 
Transposon silencing  

 
Transgene silencing 

 
Changes in Phase  

 
Stress-induced changes 

(heterochromatin) 
 

Nutrition-induced changes  
(longevity, fertility) 

	
  

Lcyc epiallele 

SBP epiallele 

Consequences of famine (inter- or trans-
generational?) 

Proof of trans-generational inheritance? 
• Must rule out direct exposure: epigenetic effect must pass through 

sufficient generations in absence of initial trigger   
• Must rule out the possibility of DNA sequence differences or changes 

la	
   bigarrure	
   des	
   grains,	
   sur	
   un	
   épi	
   de	
  
ma ï s ,	
   e s t	
   due	
   à	
   de s	
   é l ément s	
  
transposables	
   («	
   transposons	
  »)	
   qui	
   sont	
  
soumis	
   à	
   un	
   mécanisme	
   épigéné&que.	
  
Comme	
   Barbara	
   McClintock	
   l’a	
   décrit,	
  
certains	
   transposons	
   passent	
   d’un	
   état	
  
a c & f 	
   à 	
   u n 	
   é t a t 	
   i n a c & f 	
   ( o u	
  
réciproquement).	
   Ces	
   changements	
   de	
  
phase	
   mod ifient	
   l e s	
   «	
   taux	
   de	
  
t r anspos i&on	
   » ,	
   c ’ e s t -­‐ à -­‐d i r e	
   l e	
  
dép l a cement	
   e t	
   l ’ i n se r&on	
   des	
  
transposons	
   le	
   long	
   du	
   génome.	
   Ils	
  
contrôlent	
  ainsi	
  l’expression	
  des	
  gènes	
  au	
  
voisinage	
   des	
   sites	
   où	
   s’insèrent	
   les	
  
transposons.	
  Souvent	
  régulés	
  au	
  cours	
  du	
  
développement,	
   ces	
   changements	
   de	
  
phase	
   se	
   produisent	
   dans	
   des	
   clones	
   de	
  
cellules.	
  Ils	
  sont	
  souvent	
  héritables.	
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Trans-generational Epigenetic Inheritance 
How prevalent is trans-generational inheritance in different organisms? 

What are the underlying mechanisms and marks? 
What induces trans-generational epimutations? 

How stable are they?  
What influences their stability? 

Can they be selected upon in evolution? 



F1 – Fn… 

PARENTAL EFFECTS 

TRANS-GENERATIONAL EFFECTS 
(in absence of signal)? 

Inspired by Lim and Brunet, TIGS, 2013 

Transposable elements are 
prime targets of epigenetic 
regulation in the germ line 
and frequent mediators of 
trans-generational effects…. 

Trans-generational Epigenetic Mechanisms 
ENVIROMENTAL EVENTS 
Temperature changes 
Nutritional signals 
Toxins 

H3K27me3	
  
H3K9me2/3	
  
DNA	
  methyla&on	
  

siRNA 

piRNA 

Genetic manipulation 
Stochastic events / errors	
  

miRNA 

TE	
  

(Manning et al, Nat Genet, 2006) 

COPIA 

SBP SBP 

COPIA 

cnr Germ line: 

mRNA 
lncRNA 

Prion-type 
Proteins? 

Inherited Memory: sources and mechanisms? 
• Self-sustaining feedback loops: mRNA or protein product of a gene stimulates its transcription 
• Chromatin marks: Histone variants, histone (and protamine) modifications, PcG, TrX, DNA Methylation  
  COMPASS (H3K4 methylation), LSD1 (histone demethylase)… 
  Nucleosome positioning? Chromosome structure? 
• RNAs – maternal (and paternal) stores of RNA: mRNAs; lncRNAs;  small RNAs that interfere (RNAi) with  
  transcription of DNA (siRNAs, piRNAs), mRNA stability or translation (miRNA)   
• Structural templating: e.g. prions, proteins that replicate by changing the structure of normal proteins to  
  match their own 
 



Multigenerational Epigenetic piRNA-mediated Memory in the Germline of C. elegans 
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► Multigenerational inheritance and piRNAs 
converge on same nuclear silencing pathway  
► HRDE1/WAGO-9 and chromatin factors 
required for inheritance of piRNA silencing  
► piRNAs can induce multigenerational 
silencing for more than 20 generations.  
► Long-term memory: independent of piRNA 
trigger but dependent on nuclear pathway 
 
Ashe et al (2012) Cell, 150, 88-99. 
 

► Epigenetic silencing triggered by piRNA-mediated 
recognition of non-self RNA 
 ► piRNAs scan using imperfect base pairing to initiate 
gene silencing  
► Maintenance of silencing requires chromatin factors and 
RdRP-generated small RNAs  
► Activating and silencing signals may compete in self 
versus non-self discrimination 
 
Shirayamaet al (2012) Cell, 150, 65-77. 
 

► Transcriptome-wide surveillance of germline transcripts  
by C. elegans piRNAs  
► piRNAs use imperfect base pairing to initiate silencing  
► silencing maintenance depends on WAGO/RdRP pathway  
► mRNAs targeted by the CSR-1 Argonaute appear to be 
protected from silencing 
 
 
 
Lee et al (2012) Cell, 150, 78-87. 

piRNAs – which mediate genome defense by targeting transposons – can trigger  
Multi-generational Epigenetic Memory in the germline of C. elegans  

& mediate a Genome-wide Surveillance of Self/non-self Germline Transcripts 



Epigenetic Inheritance of Longevity in C. elegans 
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From Mango (2011) 

Manipulation of H3K4me3 chromatin modifiers (ASH-2 complex) in the parental generation 
extends the lifespan of descendants for three subsequent generations (then reverts).  
⇒ chromatin changes in parents are not entirely reset between generations 
⇒  first evidence for epigenetic inheritance of lifespan 
Molecular basis of the phenotype (target genes, pathways), epigenetic mechanisms for trans-
generational propagation and then reversion, not yet clear 
 
H3K4me3 regulatory complex is conserved in mammals  
⇒ manipulations of the complex may also have a heritable effect on longevity in mammals? 
 
 



Kit tm1Alf  allele produces a Kit-LacZ fusion (non-
functional Kit protein) => melanocyte defects. 
The mutant phenotype can be transmitted in the 
absence of the mutation for several generations… 

Paramutation 
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Dans	
   les	
   années	
   1950,	
   Brink	
  
découvre	
   	
   le	
   phenomene	
   de	
  
«	
  paramuta&on»	
  :	
  un	
  allèle	
  d’un	
  
gène	
   donné	
   peut	
   induire	
   un	
  
changement	
   héritable	
   sur	
  
l’autre	
  allèle	
  de	
  ce	
  gène,	
  même	
  
en	
   l’absence	
   ultérieure	
   de	
  
l’allèle	
  inducteur.	
  
	
  
	
  

Brink, R. A. (1956) A genetic change associated with the R locus in maize which is directed and potentially reversible. Genetics 41, 872–889.  
Hollick et al. (1995) Allelic interactions heritably alter the activity of a metastable maize pl allele. Genetics 141, 709–719. 
Rassoulzadegan et al. (2006) RNA-mediated non-mendelian inheritance of an epigenetic change in the mouse. Nature., 441, 469-74. 
de Vanssay et al. (2012) Paramutation in Drosophila linked to emergence of a piRNA-producing locus. Nature 490, 112-115. 
Chandler, V. L. (2007) Paramutation: from maize to mice. Cell 128, 641–645. 

Un cas particulier de transmission 
epigenetique mis en evidence pour la 
premiere 
fois chez les plantes, correspond 
a` la conversion epigenetique d’un alle`le 
par son alle`le homologue [1, 2]. Chez le 
mais, le gene b1 code pour un pigment 
de la tige, l’anthocyanine, necessaire 
a` sa coloration brune. Certains pieds 
de mais possedent un alle`le de ce ge`ne 
appeleL B-I (B-Intense) qui induit une 
coloration fonce de la tige. D’autres 
pieds possedent un autre alle`le, B’, qui 
induit une coloration vert clair de la tige, 
lie a` la repression de b1. La sequence 
des alleles B-I et B’ est la m^me. Ces 
deux all`les different principalement par 
la structure de la chromatine au niveau 
d’une region situee en amont du promoteur 
de b1. Cette region est constitue 
de sequences d’ADN repetees en tandem. 

Iden&cal	
  sequences	
  
Different	
  chroma&n	
  states	
  
	
  
	
  
	
  	
  
	
  
The	
  presence	
  of	
  B’	
  and	
  B-­‐I	
  	
  in	
  
the	
  same	
  nucleus:	
  B’	
  converts	
  B-­‐
I	
  into	
  B’	
  and	
  this	
  conversion	
  is	
  
highly	
  stable	
  over	
  many	
  
genera&ons	
  (50yrs)	
  

B-­‐I	
  –	
  “intense”dark	
  colour	
  
b1	
  fully	
  ac&ve	
  
	
  
	
  
	
  

B’	
  –	
  light	
  colour	
  
b1	
  par&ally	
  repressed	
  

Wild	
  type	
  progeny	
  from	
  Kit	
  
heterozygous	
  parents	
  display	
  
the	
  Kit	
  penotype	
  –	
  but	
  this	
  
transmission	
  disappears	
  arer	
  
a	
  few	
  genera&ons	
  (F4)	
  	
  
	
  



In mammals epigenomic marks are erased in the germ line (somatic marks, inactive X, imprints) 
and during pre-implantation development (except imprinted loci…) to achieve Tabula Rasa 

Imprint  
erasure 

Imprint  
Establishment 
(male germ line) 

Imprint maintenance (despite global demethylation and remethylation) Imprint  
Establishment 

(female germ line) 

Smallwood and Kelsey, 2011 

Overwhelming majority of chromatin marks are erased in the germ line and/or the fertilised egg 
A few sequences may resist this reprogramming – especially repeats, transposons? 

However, RNAs and proteins may also be transmitted by the gametes… 
 

Trans-generational mechanisms: resisting reprogramming? 
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• In plants, unlike animals, there is no early separation of germline and soma thus epigenetic marks  
  acquired throughout their lifetime can be included in the gametes e.g. Peloric (Lcyc CpG me). 
• Most plant developmental genes involve non-CpG DNA methylation which requires a  
  continuous remethylation cue and as such is continually reprogrammed 
• Transposable elements (CpG methylation) are probably key targets for trans-generational effects 



Non-Mendelian patterns of gene expression in Mice 

We	
  can	
  conclude	
  that	
  some	
  factor	
  in	
  the	
  egg	
  of	
  
yellow	
  mothers	
  is	
  different	
  to	
  that	
  of	
  
pseudoagou&	
  mothers	
  and	
  is	
  responsible.	
  In	
  
the	
  past,	
  we	
  have	
  assumed	
  that	
  this	
  is	
  the	
  
chroma&n	
  or	
  the	
  DNA	
  methyla&on	
  state	
  at	
  the	
  
Avy	
  locus,	
  but	
  it	
  could	
  be	
  some	
  diffusible	
  factor	
  
in	
  the	
  cytoplasm.	
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Morgan et al, Nat. Genet., 1999 
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Morgan et al, Nat. Genet., 1999 

• Transcription originating in an intra-cisternal A particle (IAP) retrotransposon inserted 100kb upstream of the agouti gene (A) causes 
ectopic expression of agouti protein, resulting in yellow fur, obesity, diabetes and increased susceptibility to tumours.  
 
• Avy mice display variable expressivity because they are epigenetic mosaics for activity (and DNA methylation) of retrotransposon: 
isogenic Avymice have coats varying in spectrum from full yellow, through variegated yellow/agouti, to full agouti (pseudoagouti).  
 
• The distribution of phenotypes among offspring is related to the phenotype of the dam; when an Avydam has the agouti phenotype, her 
offspring are more likely to be agouti; paternal transmission has no effect on phenotype 
 
• This maternal epigenetic effect is not the result of a maternally contributed environment. Rather, it results from incomplete erasure of 
an epigenetic modification when a silenced Avy allele is passed through the female germ line 
 
• Parent-of-origin effects effects probably arise because the resistance of IAPs to epigenetic reprogramming differs between the male 
and female germ line and also between maternal and paternal genomes postfertilization 
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Epigenetic marks at alleles such as 
AxinFu and Avy seem to be resistant to demethylation during 
gametogenesis, and therefore the epigenetic state of the allele 
in the gamete correlates, to a considerable extent, with the 
phenotype of the individual. Then postfertilization, the marks 
are not cleared completely, and after stochastic 
reestablishment there would be some memory of the 
epigenetic state that existed in the gametes of the parent. 
Indeed, it has been reported recently that IAPs are relatively 
resistant to demethylation during gametogenesis and 
preimplantation development (13). 

Non-Mendelian patterns of gene expression in Mice 

• Axin fused (AxinFu) : transmitted via both parents => resistance of IAP reprogramming in both male & female germ lines 
• Variable expressivity of the kinky-tail phenotype of AxinFu correlates with differential epigenetic states of the LTR at the 
3’ end of the IAP insertion.  
• Mutant transcripts starting within intron 6, downstream of the IAP insertion are detected in penetrant mice – presumably 
these transcripts code for a truncated form of Axin that has a dominant gain-of function effect during early development, 
resulting in tail kinks. 
• Hypermethylation within the LTR at the 3’ end of the IAP insertion correlates with cryptic promoter silence 
 => lack of mutant transcripts, resulting in a wild-type phenotype (normal-tailed mouse) 

Resistance of retrotransposons to reprogramming may lead to trans-generational epigenetic 
effects in mammals? (or, in some cases to parent-of-origin effects - see Imprinting lecture) 

 
 Lane, N. et al (2003) Resistance of IAPs to methylation reprogramming may provide a mechanism for epigenetic 
 inheritance in the mouse. Genesis 35, 88-93 

 
 Druker, R. et al (2004) Complex patterns of transcription at the insertion site of a retrotransposon in the mouse. 
 Nucleic Acids Res. 32, 5800–5808. 

 
 Weinhouse, C. et al (2011)An expression microarray approach for the identification of metastable epialleles in the 
 mouse genome. Epigenetics 6, 1105–1113 (2011).  

Axin regulates embryonic axis formation by inhibiting the Wnt signaling 
pathway. AxinFu is a gain-of-function allele that has a 5.1-kb (IAP) 
retrotransposon inserted in an antisense orientation (relative to the axin locus) 
in intron 6. AxinFu phenotype is kinks in the tail caused by axial duplications 
during embryogenesis. The phenotype is variably expressed among AxinFu 

individuals, and in some mice the tails appear completely normal; i.e., the 
mutant phenotype is silent 



• 4730 loci escape demethylation (>40% 5mC) in PGCs: predominately repeat associated – in particular IAPTR1 
(most active and dangerous  element =>may need to be silenced even during germ line reprogramming)  
• 233 single-copy loci with >40% 5mC, positional context or chromatin structure may contribute to their escape from 
reprogramming.  

E. Heard, March 18th, 2013 

Evidence for heritable epialleles at other mouse loci? 

• Erasure of CpG methylation (5mC) in PGCs occurs via conversion to 5-hydroxymethylcytosine (5hmC), driven by 
high levels of TET1 and TET2.  
• Global conversion to 5hmC initiates in PGCs at embryonic day (E) 9.5-E10.5 and accounts for imprint erasure.  
• Mechanistically, 5hmC enrichment is followed by gradual loss at a rate consistent with replication-coupled dilution.  
• Conversion to 5hmC is an important component of parallel redundant systems that drive reprogramming in PGCs.  

Dazl: a typical 
demethylated locus 

Loci that escape systematic DNA demethylation 
in the mouse germ line 

Identification of rare regulatory elements that escape systematic DNA demethylation in PGCs 
⇒ potential mechanistic basis for transgenerational epigenetic inheritance? 

   
Not necessarily associated with IAPs or other obvious repeats or sequence signatures… 

Published in Science express - 13 December 2012  
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Hereditary Epimutations involved in Cancer? 

Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

Non-Mendelian patterns of gene expression in Humans 

E. Heard, March 11th, 2013 



E. Heard, March 18th, 2013 

Hereditary Epimutations involved in Cancer? 

Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

Non-Mendelian patterns of gene expression in Humans 

If first hit is a 
germline mutation, 
second somatic 
mutation more 
likely to enable 
cancer 

Somatic mutation 

Cancer No cancer 

Germline mutation 

E. Heard, March 11th, 2013 

An epiallele or silenced allele of a gene can be equated to the ‘first hit’, 
as proposed by Knudson in his two-step model for carcinogenesis. 

reversible?	
  irreversible	
  

or epimutation 
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Hereditary Epimutations involved in Cancer? 
Constitutional epimutations of tumor suppressor genes: promoter methylation and 
transcriptional silencing of a single allele in normal somatic tissues, thereby 
predisposing to cancer.  
 
Germ-line epimutations of tumour-suppressor mismatch repair genes MLH1 and 
MSH2, associated with hereditary non-polyposis colorectal cancer and other tumors? 
 
 
 
 
 
 
 

Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

Non-Mendelian patterns of gene expression in Humans 

Heritable Monoallelic 
Expression?  

• Suter, C. M. et al. (2004) Germline epimutation of MLH1 in individuals with multiple cancers. Nature Genet. 36, 497–501 (2004). 
• Chan, T. L. et al. (2006) Heritable germline epimutation of MSH2 in a family with hereditary nonpolyposis colorectal cancer. Nature 
Genet. 38, 1178–1183. 
• Gazzoli, I. et al. (2002). A hereditary nonpolyposis colorectal carcinoma case associated with hypermethylation of the MLH1 gene in 
normal tissue and loss of heterozygosity of the unmethylated allele in the resulting microsatellite instability-high tumor. Cancer Res. 62, 
3925–3928. 
• Goel, A. et al. (2011). De novo constitutional MLH1 epimutations confer early-onset colorectal cancer in two new sporadic Lynch 
syndrome cases, with derivation of the epimutation on the paternal allele in one. Int. J. Cancer 128, 869–878. 
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Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

Soma-wide, highly mosaic MLH1 hypermethylation and 
transcriptional repression linked to specific genetic haplotype:  

 
The “c.-27C > A” variant alone may account for the heritable 

cancer-predisposition in this family.  
 

This variant diminishes transcriptional activity in functional 
assays – presumably by interfering with the transcriptional/

chromatin machinery  
The epimutation was erased in sperm but reinstated in 

somatic cells of next generation 

Hereditary Epimutations involved in Cancer? 

Non-Mendelian patterns of gene expression in Humans 
 
 

DNA sequence changes can account for apparent 
hereditary cancer epimutation: 

 

Hitchins et al (2011) Cancer Cell 20, 200–213 
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Heritable Cancer Epimutations? 

Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

DNA polymorphisms can predispose to aberrant gene silencing / epimutation that is 
established at every generation, but is erased in the germ line: 

 
 

c.-­‐27C	
  >	
  A	
   X	
  

In sperm, the variant 
haplotype is completely 
unmethylated and can be 

transcribed 	
  

The aberrantly methylated 
(epimutated) state is re-

established in the developing 
embryo around gastrulation. 	
  

Other examples? 
-  Single nucleotide variant inducing a constitutional epimutation in familial chronic 

lymphocytic leukemia. Heritable DAPK1 methylation was associated with a single 
nucleotide variant within a regulatory element over 6 kb upstream, which recruited the 
HOXB7 repressor (Raval et al., 2007).  

Hitchins et al (2011) Cancer Cell 20, 200–213 
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Heritable Cancer Epimutations? 

Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

DNA polymorphisms can predispose to aberrant gene silencing / epimutation that is 
established at every generation, but is erased in the germ line: 

 
 

c.-­‐27C	
  >	
  A	
   X	
  

In sperm, the variant 
haplotype is completely 
unmethylated and can be 

transcribed! 	
  

The aberrantly methylated 
(epimutated) state is re-

established in the developing 
embryo around gastrulation. 	
  

In neoplasia in general - correlation between particular genotypes at germline promoter SNPs 
and the presence of promoter methylation suggest an interplay between sequence variation 
within functional elements and the epigenetic apparatus, eg VHL (Banks et al., 2006), MGMT 
(Hawkins et al., 2009; Ogino et al., 2007), and GSTP1 (Rønneberg et al., 2008). 

Hitchins et al (2011) Cancer Cell 20, 200–213 
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Heritable Epimutations versus Sequence Variants? 

Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

Epialleles:  
Epigenetic differences 

Eg X inactivation, 
imprinting… 

Monoallelic 
expression  

M 

P 

One allele of a gene expressed 

Biallelic expression  

Both alleles of a gene expressed 

gene 	
  

Maternal 

Paternal 

DNA sequence polymorphism  
or influence of nearby repeat on promoter? 

Biallelic expression  

Maternal 

Paternal 

Monoallelic expression  

Maternal 

Paternal 

Metastable states 
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DNA sequence based predisposition to somatic epimutation, rather than hereditary 
epimutation,  may be a prevalent phenomenon  
 
> This has important implications for disease – epimutations can be useful 
biomarkers, and they can be reversed: regulatory element variants can be ‘shifted’ to 
activate/inactivate a gene, using epidrugs that change epigenetic status 
 
 
 
 
 
 
 
 
 
 
SNP-directed epimutations may also be influenced by diet, toxins, stress etc  
> This remains an open question -  that can now be explored thanks to epigenomic 
mapping 
 
 
 

Biallelic expression  Monoallelic expression  

Metastable states 

Kelly, Carvalho and Jones, Nat. Biotech. 2010  

Heritable Epimutations versus Sequence Variants? 
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Can the environment induce germ line heritable epialleles (beyond F3)? 
 
-  Very few well-controlled examples in plants or mammals  (where 

direct exposure and/or genetic variation have been truly excluded… cf 
last week’s seminar) 

-  Some recent examples, for example in Drosophila, C. elegans… 
 
Can the environment influence the propagation across generations of 
pre-existing epialleles? 
 

The Environment and Hereditary Epimutations 

Inves&ga&on	
  of	
  different	
  &ssue	
  transcriptomes	
  in	
  male	
  and	
  female	
  F3	
  genera&on	
  vinclozolin	
  versus	
  control	
  lineage	
  rats	
  demonstrated	
  all	
  &ssues	
  
examined	
  had	
  Transgenera&onal	
  transcriptomes.	
  The	
  microarrays	
  from	
  11	
  different	
  &ssues	
  were	
  compared	
  with	
  a	
  gene	
  bionetwork	
  analysis.	
  
Although	
  each	
  &ssue	
  Transgenera&onal	
  transcriptome	
  was	
  unique,	
  common	
  cellular	
  pathways	
  and	
  processes	
  were	
  iden&fied	
  between	
  the	
  
&ssues.	
  A	
  cluster	
  analysis	
  iden&fied	
  gene	
  modules	
  with	
  coordinated	
  gene	
  expression	
  and	
  each	
  had	
  unique	
  gene	
  networks	
  regula&ng	
  &ssue-­‐
specific	
  gene	
  expression	
  and	
  func&on.	
  A	
  large	
  number	
  of	
  sta&s&cally	
  significant	
  over-­‐represented	
  clusters	
  of	
  genes	
  were	
  iden&fied	
  in	
  the	
  genome	
  
for	
  both	
  males	
  and	
  females.	
  These	
  gene	
  clusters	
  ranged	
  from	
  2-­‐5	
  megabases	
  in	
  size,	
  and	
  a	
  number	
  of	
  them	
  corresponded	
  to	
  the	
  epimuta&ons	
  
previously	
  iden&fied	
  in	
  sperm	
  that	
  transmit	
  the	
  epigene&c	
  Transgenera&onal	
  inheritance	
  of	
  disease	
  phenotypes.ont	
  size=1>	
  
	
  
Combined	
  observa&ons	
  demonstrate	
  that	
  all	
  &ssues	
  derived	
  from	
  the	
  epigene&cally	
  altered	
  germ	
  line	
  develop	
  Transgenera&onal	
  transcriptomes	
  
unique	
  to	
  the	
  &ssue,	
  but	
  common	
  epigene&c	
  control	
  regions	
  in	
  the	
  genome	
  may	
  coordinately	
  regulate	
  these	
  &ssue-­‐specific	
  transcriptomes.	
  This	
  
systems	
  biology	
  approach	
  provides	
  insight	
  into	
  the	
  molecular	
  mechanisms	
  involved	
  in	
  the	
  epigene&c	
  Transgenera&onal	
  inheritance	
  of	
  a	
  variety	
  
of	
  adult	
  onset	
  disease	
  phenotypes.	
  

The	
  ability	
  of	
  environmental	
  factors	
  to	
  
promote	
  epigene&c-­‐induced	
  disease	
  and	
  
phenotypes—not	
  only	
  in	
  the	
  individual	
  
exposed,	
  but	
  also	
  in	
  subsequent	
  genera&ons	
  
by	
  transmission	
  through	
  the	
  germline—is	
  
important	
  for	
  biology	
  and	
  medicine.	
  Emma	
  
Whitelaw	
  (Queensland	
  Ins&tute	
  of	
  Medical	
  
Research,	
  Australia)	
  discussed	
  the	
  ability	
  of	
  the	
  
Agou&-­‐mouse	
  model	
  to	
  transmit	
  epigene&c-­‐
induced	
  coat-­‐colour	
  change	
  
transgenera&onally	
  through	
  the	
  female,	
  but	
  
not	
  the	
  male	
  germline.	
  The	
  model	
  was	
  also	
  
used	
  to	
  examine	
  the	
  effects	
  of	
  fetal	
  alcohol	
  
exposure	
  on	
  coat-­‐colour	
  change	
  and	
  the	
  
promo&on	
  of	
  abnormal	
  phenotypes	
  such	
  as	
  
cranial	
  facial	
  development.	
  The	
  
transgenera&onal	
  transmission	
  of	
  this	
  effect	
  of	
  
alcohol	
  has	
  not	
  been	
  examined.	
  	
  

Proof of trans-generational inheritance? 
 
• Rule out direct exposure: epigenetic effect 
must pass through sufficient generations (>F3)  
• Rule out the possibility of genetic changes  
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Nature versus Nurture… Hope or Hype?  

	
  
	
  
Are	
  we	
  enslaved	
  to	
  our	
  genes	
  that	
  we	
  get	
  from	
  our	
  parents,	
  
or	
  can	
  we	
  break	
  free	
  with	
  epigene&c	
  change?	
  
Hauke	
  Dressler/LOOK/-­‐Gezy	
  Images	
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Influence of environmental fluctuations during early 
mammalian development? 

Nutritional conditions during uterine development may have effects later in life, and influence 
the occurrence of adult metabolism and diseases  
(Hales, C. N. & Barker, D. J. The thrifty phenotype hypothesis. Br. Med. Bull. 60, 5–20 (2001).  
 

Evidence	
  from	
  animal	
  studies	
  indicates	
  that	
  prenatal	
  and	
  early	
  
postnatal	
  environmental	
  factors	
  —	
  including	
  nutri&onal	
  
supplements18–22,	
  xenobio&c	
  chemicals23–25,	
  behavioural	
  
cues26,27,	
  reproduc&ve	
  factors28,29	
  and	
  low-­‐dose	
  radia&on30	
  
—	
  can	
  result	
  in	
  altered	
  epigene&c	
  programming	
  and	
  
subsequent	
  changes	
  in	
  the	
  risk	
  of	
  developing	
  disease.	
  In	
  
addi&on,	
  epigene&c	
  altera&ons	
  might	
  also	
  be	
  inherited	
  
transgenera&onally,	
  thereby	
  poten&ally	
  affec&ng	
  the	
  
health	
  of	
  future	
  genera&ons	
  —	
  a	
  theory	
  for	
  which	
  there	
  
is	
  also	
  increasing	
  evidence25,31–35.	
  The	
  results	
  of	
  these	
  
animal	
  and	
  human	
  studies	
  support	
  the	
  hypothesis	
  that	
  
is	
  referred	
  to	
  as	
  the	
  fetal	
  basis	
  or	
  developmental	
  origins	
  
of	
  adult-­‐onset	
  disease.	
  
This	
  theory	
  posits	
  the	
  intriguing	
  idea	
  that	
  the	
  evolu&on	
  of	
  
developmental	
  plas&city,	
  which	
  enables	
  an	
  organism	
  to	
  adapt	
  to	
  
environmental	
  signals	
  during	
  early	
  life,	
  can	
  also	
  increase	
  the	
  risk	
  
of	
  developing	
  chronic	
  diseases	
  when	
  there	
  is	
  a	
  mismatch	
  
between	
  the	
  perceived	
  environment	
  and	
  that	
  which	
  is	
  
encountered	
  in	
  adulthood.	
  Developmental	
  plas&city	
  is	
  evident	
  
when	
  environmental	
  exposure	
  produces	
  a	
  broad	
  range	
  of	
  adult	
  
phenotypes	
  from	
  a	
  single	
  genotype	
  by	
  epigene&cally	
  altering	
  
gene	
  expression18,19,36.	
  

The evolution of developmental plasticity, which enables an organism to adapt 
to environmental signals during early life, can also increase the risk of 

developing chronic diseases when there is a mismatch between the perceived 
environment and that which is encountered in adulthood.  

Eg Dutch famine – at the end of WWII, individuals exposed to famine during gestation had 
a poorer glucose tolerance than those born the year before the famine. 

“Phénotype d’Epargne" 
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Influence of environmental fluctuations during early 
mammalian development? 

Nutritional conditions during uterine development may have effects later in life, and influence 
the occurrence of adult metabolism and diseases  
(Hales, C. N. & Barker, D. J. The thrifty phenotype hypothesis. Br. Med. Bull. 60, 5–20 (2001).  
 
• Exposure to other external factors — such as polluants, alcohol and tobacco can also affect  
  fetal programming. 
 
• Different nutritional cues during infancy and childhood can have adverse effects in adult life. 
 
‘Developmental Origins of Health and Disease’ (DOHaD)’proposes that a wide range of 
environmental conditions during embryonic development and early life determine 
susceptibility to disease during adult life.  
Eg. Hochberg et al (2010) “Child health, developmental plasticity, and epigenetic programming” Endocr Rev. 32, 159-224.  
 

See Feil and Fraga, Nature Rev. Genet. 2012	
  

Evidence	
  from	
  animal	
  studies	
  indicates	
  that	
  prenatal	
  and	
  early	
  
postnatal	
  environmental	
  factors	
  —	
  including	
  nutri&onal	
  
supplements18–22,	
  xenobio&c	
  chemicals23–25,	
  behavioural	
  
cues26,27,	
  reproduc&ve	
  factors28,29	
  and	
  low-­‐dose	
  radia&on30	
  
—	
  can	
  result	
  in	
  altered	
  epigene&c	
  programming	
  and	
  
subsequent	
  changes	
  in	
  the	
  risk	
  of	
  developing	
  disease.	
  In	
  
addi&on,	
  epigene&c	
  altera&ons	
  might	
  also	
  be	
  inherited	
  
transgenera&onally,	
  thereby	
  poten&ally	
  affec&ng	
  the	
  
health	
  of	
  future	
  genera&ons	
  —	
  a	
  theory	
  for	
  which	
  there	
  
is	
  also	
  increasing	
  evidence25,31–35.	
  The	
  results	
  of	
  these	
  
animal	
  and	
  human	
  studies	
  support	
  the	
  hypothesis	
  that	
  
is	
  referred	
  to	
  as	
  the	
  fetal	
  basis	
  or	
  developmental	
  origins	
  
of	
  adult-­‐onset	
  disease.	
  
This	
  theory	
  posits	
  the	
  intriguing	
  idea	
  that	
  the	
  evolu&on	
  of	
  
developmental	
  plas&city,	
  which	
  enables	
  an	
  organism	
  to	
  adapt	
  to	
  
environmental	
  signals	
  during	
  early	
  life,	
  can	
  also	
  increase	
  the	
  risk	
  
of	
  developing	
  chronic	
  diseases	
  when	
  there	
  is	
  a	
  mismatch	
  
between	
  the	
  perceived	
  environment	
  and	
  that	
  which	
  is	
  
encountered	
  in	
  adulthood.	
  Developmental	
  plas&city	
  is	
  evident	
  
when	
  environmental	
  exposure	
  produces	
  a	
  broad	
  range	
  of	
  adult	
  
phenotypes	
  from	
  a	
  single	
  genotype	
  by	
  epigene&cally	
  altering	
  
gene	
  expression18,19,36.	
  

So far, mainly inter-generational effects: environmental ‘signal’ is 
present in F0, F1- fetus, and F2 (germ line of fetus) 

 
⇒ No need to evoke EPIGENETICS 
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• Early nutrition affects adult metabolism in humans and other 
mammals, potentially via persistent alterations in DNA methylation.  
 
• Dietary methyl supplementation of a/a dams with extra folic acid, 
vitamin B12, choline, and betaine alter the phenotype of their Avy/a 
offspring.  
 
• The methyl-donor-induced shift in coat-colour distribution 
was shown to result from an increase in DNA methylation at CpG 
sites in the upstream IAP transposable element. 
 
• Genistein, when given at a level that is comparable to that consumed 
by humans with high soy diets, also shift the Agouti coat colour 
increases DNA methylation even though it is not a methyl-donating 
compound – the mechanism for this is unknown.  
⇒  dietary supplementation, long presumed to be purely beneficial, 

may have unintended deleterious influences on the establishment 
of epigenetic gene regulation in humans? 

 
However, the shift in coat colour induced by diet is NOT stable 
across generations (in the absence of methyl supplemented diet). 

Nutritional Influence and Trans-generational Epimutations 
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Nutritional Influence and Trans-generational Effects 

• Progeny of males fed on a low protein diet showed increased expression of genes involved 
in fat and cholesterol synthesis corresponding to lipid metabolism  
• The sperm epigenome was modestly altered by diet 
• Truly trans-generational effects (F2 and beyond) not yet demonstrated… 



Ng, S.F. et al. (2010) Chronic high-fat diet in fathers programs beta-cell dysfunction in female rat offspring. Nature 467, 963–966 33  
Pentinat, T. et al. (2010) Transgenerational inheritance of glucose intolerance in a mouse model of neonatal overnutrition. Endocrinology 151, 
5617–5623 34  
Dunn, G.A. and Bale, T.L. (2009) Maternal high-fat diet promotes body length increases and insulin insensitivity in second-generation mice. 
Endocrinology 150, 4999–5009 35  
Dunn, G.A. and Bale, T.L. (2011) Maternal high-fat diet effects on third-generation female body size via the paternal lineage. Endocrinology 152, 
2228–2236  
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Nutritional Influence and Trans-generational Effects 

Metabolic Risk Can Be Conferred via the Paternal Lineage:  
• Alterations in current paternal diet, including high-fat or low-protein diets (B), or prior history of intrauterine exposure to 
maternal caloric restriction, even with normal postnatal nutrition (C), result in increased metabolic risk in offspring.  
 
• Despite different stages of exposure (in utero, influencing primordial germ cells, or postweaning, influencing the 
spermatogonial and subsequent stages) such paternal-lineage risk must be conferred via sperm, potentially via alterations 
in DNA methylation, chromatin properties, or small noncoding RNAs (NB no global alterations in sperm methylation) 
 
• Alterations in gene expression and metabolic risk in offspring indicate either the possible persistence of epigenetic marks or 
effects on early postimplantation embryos, modulating developmental trajectories. 

From Ferguson-Smith and Patti, Cell Metabolism, 2011 

Exposure to a chronic high-fat diet in rat fathers resulted in 
impaired insulin metabolism and pancreatic cell gene 
expression in female F1 offspring [32]. Female offspring 
from fathers fed a high fat diet mated with mothers fed a 
control diet exhibited an increase in blood glucose in the 
glucose tolerance test and a decrease in insulin secretion 
compared with offspring with both parents fed a control diet 
[32]. Microarray analysis of islet cells from female offspring 
of fathers fed a high-fat diet uncovered genes involved in a 
range of pathways, including insulin and glucose metabolism 
as well as mitogen-activated protein (MAP) kinase and Wnt 
signaling [32]. The greatest differ-ence observed was an 
increase in expression of the gene encoding interleukin 13, 
Il13ra2, a cytokine involved in Janus kinase (JAK)-signal 
transducer and activator of transcription (STAT) signaling 
[32]. It will be interesting to understand the extent to which 
the dysfunctional b cell phenotype is mediated by differential 
expression of Il13ra2. It will also be important to test 
whether this phenotype can persist for more than one 
generation to distinguish direct exposure from bona fide 
transgenera-tional inheritance. Interestingly, another study 
reported that overfeeding of male mice, via culling of litter 
size, resulted in altered insulin and glucose metabolism of 
two subsequent generations of male offspring [33]. The 
obser-vation that F2 male offspring of overfed fathers also 
exhib-ited altered metabolic phenotypes supports the notion 
that this phenomenon is mediated via an epigenetic 
mechanism rather than by permanent damage to the genome 
induced by changes in metabolism.  

Ng and colleagues bred control female 
rats with males with high-fat-diet-
induced obesity Female offspring of 
these obese males had glucose 
intolerance, reduced insulin secretion, 
and altered pancreatic islet gene 
expression, potentially linked to reduced 
methylation near IL13ra2. 



This study showed that HS-induced 
white derepression  inherited 
maternally and paternally in a non-
Mendelian fashion. 
Interestingly, the inheritance of a 
disrupted heterochromatic state due 
t o m u t a t i o n s i n t h e R N A i 
machinery has not been reported, in 
contrast to that of stress-induced, 
dATF-2-dependent epigenetic 
change. One possibility is that the 
RNAi machinery is required for the 
inheritance of epigenetic change, 
which would not be observed in 
RNAi machinery mutants. It is 
worth noting that an RNA-
dependent RNA polymerase, 
required for RNAi in fission yeast, 
is needed for paramutation in plants 
(Alleman et al., 2006). 
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Stress-induced Trans-generational Epimutations 

• Stressing early embryos with heat shock or osmotic stress results in derepression of 
heterochromatin, as assayed by the eye pigment reporter of position effect variegation 
(PEV).  
• PEV derepression occurred not only in the stressed animals, but also in their progeny, and 
could be transmitted either maternally or paternally (Seong et al., 2011). 
• Curiously, transmission of derepressed heterochromatin affected the PEV reporter in 
trans, as stressed males were crossed to control females carrying an X-linked white 
reporter, and male offspring of this cross exhibited derepression of the reporter derived 
solely from the unstressed females 



This study showed that HS-induced 
white derepression  inherited 
maternally and paternally in a non-
Mendelian fashion. 
Interestingly, the inheritance of a 
disrupted heterochromatic state due 
t o m u t a t i o n s i n t h e R N A i 
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contrast to that of stress-induced, 
dATF-2-dependent epigenetic 
change. One possibility is that the 
RNAi machinery is required for the 
inheritance of epigenetic change, 
which would not be observed in 
RNAi machinery mutants. It is 
worth noting that an RNA-
dependent RNA polymerase, 
required for RNAi in fission yeast, 
is needed for paramutation in plants 
(Alleman et al., 2006). 
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Stress-induced Trans-generational Epimutations 

• Stressing early embryos with heat shock or osmotic stress results in derepression of 
heterochromatin, as assayed by the eye pigment reporter of position effect variegation 
(PEV).  
• PEV derepression occurred not only in the stressed animals, but also in their progeny, and 
could be transmitted either maternally or paternally (Seong et al., 2011). 
• Curiously, transmission of derepressed heterochromatin affected the PEV reporter in 
trans, as stressed males were crossed to control females carrying an X-linked white 
reporter, and male offspring of this cross exhibited derepression of the reporter derived 
solely from the unstressed females 

Drosophila ATF-2 (dATF-2) is required for heterochromatin formation  
►Stress-induced phosphorylation of dATF-2, via Mekk1-p38, disrupts 
heterochromatin, resulting in derepression of the eye pigment reporter of 
PEV, white. 
► Phosphorylation of dATF-2 results in its release from heterochromatin  
► This heterochromatic disruption is transmitted to the next generation 
► Trans-generational inheritance wears off after 2-3 generations but can 
be prolonged if heat shock is applied for more than one generation 
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Stress-induced Trans-generational Epimutations 

Developing organisms have evolved a wide range 
of mechanisms for coping with recurrent environmental 
challenges. How they cope with rare or unforeseen challenges 
is, however, unclear as are the implications to their 
unchallenged offspring. Here, we investigate these questions by 
confronting the development of the fly, D. melanogaster, with 
artificial tissue distributions of toxic stress that are not expected 
to occur during fly development. We show that under a wide 
range of toxic scenarios, this challenge can lead to modified 
development that may coincide with increased tolerance to an 
otherwise lethal condition. Part of this response was mediated 
by suppression of Polycomb group genes, which in turn leads to 
derepression of developmental regulators and their expression in 
new domains. Importantly, some of the developmental 
alterations were epigenetically inherited by subsequent 
generations of unchallenged offspring. These results show that 
the environment can induce alternative patterns of development 
that are stable across multiple generations. 

► Development of the fly was exposed to artificial tissue distributions of toxic stress - >  modified  
     development, coinciding with increased tolerance to otherwise lethal condition.  
► The stress induced developmental modifications were partly mediated by suppression of Polycomb group  
     genes, which in turn derepress developmental regulators and result in expression in new domains 
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Coping with stressful conditions during the process of development may lead to deviations 
from the regular process. Such deviations are normally suppressed by mechanisms of 

canalization or robustness, the buffering of phenotypes against environmental and genetic 
perturbations (Waddington, 1942, Waddington, 1957, Rutherford and Lindquist, 1998, Gilbert 
and Epel, 2008 and West-Eberhard, 2003). Although this buffering is crucial for maintaining 

adapted phenotypes, it may compromise the ability of organisms to accommodate challenging 
new environments (Wagner, 2005). How this dichotomy between plasticity and robustness is 

resolved is a fundamental but nonetheless poorly explored aspect of development. 

(2012) Cell Reports 1, 528–542 



A visual depiction of a set of developmental choices that is 
faced by a cell in the embryo. A valley in the landscape 
represents a cluster of similar trajectories through state 
space - most trajectories will exist as clusters, and a small 
external or internal perturbation will not affect the 
pathway (Canalization). 
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Stress-induced Trans-generational Epimutations 

Developing organisms have evolved a wide range 
of mechanisms for coping with recurrent environmental 
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otherwise lethal condition. Part of this response was mediated 
by suppression of Polycomb group genes, which in turn leads to 
derepression of developmental regulators and their expression in 
new domains. Importantly, some of the developmental 
alterations were epigenetically inherited by subsequent 
generations of unchallenged offspring. These results show that 
the environment can induce alternative patterns of development 
that are stable across multiple generations. 

► Development of the fly was exposed to artificial tissue distributions of toxic stress - >  modified  
     development, coinciding with increased tolerance to otherwise lethal condition.  
► The stress induced developmental modifications were partly mediated by suppression of Polycomb group  
     genes, which in turn derepress developmental regulators and result in expression in new domains 
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Coping with stressful conditions during the process of development may lead to deviations 
from the regular process. Such deviations are normally suppressed by mechanisms of 

canalization or robustness, the buffering of phenotypes against environmental and genetic 
perturbations (Waddington, 1942, Waddington, 1957, Rutherford and Lindquist, 1998, Gilbert 
and Epel, 2008 and West-Eberhard, 2003). Although this buffering is crucial for maintaining 

adapted phenotypes, it may compromise the ability of organisms to accommodate challenging 
new environments (Wagner, 2005). How this dichotomy between plasticity and robustness is 

resolved is a fundamental but nonetheless poorly explored aspect of development. 
Example of a dwarf adult 
fly that was exposed during 
development to 400 µg/ml 
of G418 
 
 
 
 
Representative image of 
challenged fly with one 
abnormal wing and a 
corresponding induction of 
neoGFP expression at the 
base of the wing (inset) 

Canalization or robustness, the buffering of 
phenotypes against environmental and genetic 
perturbations (Waddington, 1942, Waddington, 
1957, Rutherford and Lindquist, 1998 etc).  
 
What are the consequences of atypical stresses 
to individual tissues during development?	
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Toxic Stress and Hereditary Epimutations 

Inves&ga&on	
  of	
  different	
  &ssue	
  transcriptomes	
  in	
  male	
  and	
  female	
  F3	
  genera&on	
  vinclozolin	
  versus	
  control	
  lineage	
  rats	
  demonstrated	
  all	
  &ssues	
  
examined	
  had	
  Transgenera&onal	
  transcriptomes.	
  The	
  microarrays	
  from	
  11	
  different	
  &ssues	
  were	
  compared	
  with	
  a	
  gene	
  bionetwork	
  analysis.	
  
Although	
  each	
  &ssue	
  Transgenera&onal	
  transcriptome	
  was	
  unique,	
  common	
  cellular	
  pathways	
  and	
  processes	
  were	
  iden&fied	
  between	
  the	
  
&ssues.	
  A	
  cluster	
  analysis	
  iden&fied	
  gene	
  modules	
  with	
  coordinated	
  gene	
  expression	
  and	
  each	
  had	
  unique	
  gene	
  networks	
  regula&ng	
  &ssue-­‐
specific	
  gene	
  expression	
  and	
  func&on.	
  A	
  large	
  number	
  of	
  sta&s&cally	
  significant	
  over-­‐represented	
  clusters	
  of	
  genes	
  were	
  iden&fied	
  in	
  the	
  genome	
  
for	
  both	
  males	
  and	
  females.	
  These	
  gene	
  clusters	
  ranged	
  from	
  2-­‐5	
  megabases	
  in	
  size,	
  and	
  a	
  number	
  of	
  them	
  corresponded	
  to	
  the	
  epimuta&ons	
  
previously	
  iden&fied	
  in	
  sperm	
  that	
  transmit	
  the	
  epigene&c	
  Transgenera&onal	
  inheritance	
  of	
  disease	
  phenotypes.ont	
  size=1>	
  
	
  
Combined	
  observa&ons	
  demonstrate	
  that	
  all	
  &ssues	
  derived	
  from	
  the	
  epigene&cally	
  altered	
  germ	
  line	
  develop	
  Transgenera&onal	
  transcriptomes	
  
unique	
  to	
  the	
  &ssue,	
  but	
  common	
  epigene&c	
  control	
  regions	
  in	
  the	
  genome	
  may	
  coordinately	
  regulate	
  these	
  &ssue-­‐specific	
  transcriptomes.	
  This	
  
systems	
  biology	
  approach	
  provides	
  insight	
  into	
  the	
  molecular	
  mechanisms	
  involved	
  in	
  the	
  epigene&c	
  Transgenera&onal	
  inheritance	
  of	
  a	
  variety	
  
of	
  adult	
  onset	
  disease	
  phenotypes.	
  

The	
  ability	
  of	
  environmental	
  factors	
  to	
  
promote	
  epigene&c-­‐induced	
  disease	
  and	
  
phenotypes—not	
  only	
  in	
  the	
  individual	
  
exposed,	
  but	
  also	
  in	
  subsequent	
  genera&ons	
  
by	
  transmission	
  through	
  the	
  germline—is	
  
important	
  for	
  biology	
  and	
  medicine.	
  Emma	
  
Whitelaw	
  (Queensland	
  Ins&tute	
  of	
  Medical	
  
Research,	
  Australia)	
  discussed	
  the	
  ability	
  of	
  the	
  
Agou&-­‐mouse	
  model	
  to	
  transmit	
  epigene&c-­‐
induced	
  coat-­‐colour	
  change	
  
transgenera&onally	
  through	
  the	
  female,	
  but	
  
not	
  the	
  male	
  germline.	
  The	
  model	
  was	
  also	
  
used	
  to	
  examine	
  the	
  effects	
  of	
  fetal	
  alcohol	
  
exposure	
  on	
  coat-­‐colour	
  change	
  and	
  the	
  
promo&on	
  of	
  abnormal	
  phenotypes	
  such	
  as	
  
cranial	
  facial	
  development.	
  The	
  
transgenera&onal	
  transmission	
  of	
  this	
  effect	
  of	
  
alcohol	
  has	
  not	
  been	
  examined.	
  	
  

Trans-generational epigenetic effects in rats following exposure to endocrine disruptors 
such as vinclozolin: 

 
Diminished fertility over three to four generations of offspring observed,  

with phenotypes including increased testicular apoptosis and altered behaviors being transmitted 
through the male germline  

(Anway et al., 2005; Jirtle and Skinner, 2007). 
 

° Vinclozoline:  fungicide used in agriculture 
° BPA (Bisphenol A): plastics and resins,  
   containers for food, drinks… 
 
 

BUT toxin/chemical stressed can also lead to augmented mutation rates 
and transposable element activity…  

=> cannot rule out DNA sequence changes underlying apparent 
“epigenetic” effects. 
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Epigenetic Inheritance and Behaviour 
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  with	
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  gene	
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  analysis.	
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  common	
  cellular	
  pathways	
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  processes	
  were	
  iden&fied	
  between	
  the	
  
&ssues.	
  A	
  cluster	
  analysis	
  iden&fied	
  gene	
  modules	
  with	
  coordinated	
  gene	
  expression	
  and	
  each	
  had	
  unique	
  gene	
  networks	
  regula&ng	
  &ssue-­‐
specific	
  gene	
  expression	
  and	
  func&on.	
  A	
  large	
  number	
  of	
  sta&s&cally	
  significant	
  over-­‐represented	
  clusters	
  of	
  genes	
  were	
  iden&fied	
  in	
  the	
  genome	
  
for	
  both	
  males	
  and	
  females.	
  These	
  gene	
  clusters	
  ranged	
  from	
  2-­‐5	
  megabases	
  in	
  size,	
  and	
  a	
  number	
  of	
  them	
  corresponded	
  to	
  the	
  epimuta&ons	
  
previously	
  iden&fied	
  in	
  sperm	
  that	
  transmit	
  the	
  epigene&c	
  Transgenera&onal	
  inheritance	
  of	
  disease	
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Combined	
  observa&ons	
  demonstrate	
  that	
  all	
  &ssues	
  derived	
  from	
  the	
  epigene&cally	
  altered	
  germ	
  line	
  develop	
  Transgenera&onal	
  transcriptomes	
  
unique	
  to	
  the	
  &ssue,	
  but	
  common	
  epigene&c	
  control	
  regions	
  in	
  the	
  genome	
  may	
  coordinately	
  regulate	
  these	
  &ssue-­‐specific	
  transcriptomes.	
  This	
  
systems	
  biology	
  approach	
  provides	
  insight	
  into	
  the	
  molecular	
  mechanisms	
  involved	
  in	
  the	
  epigene&c	
  Transgenera&onal	
  inheritance	
  of	
  a	
  variety	
  
of	
  adult	
  onset	
  disease	
  phenotypes.	
  

Stressors	
  included:	
  
36	
  h	
  constant	
  light,	
  15	
  min	
  of	
  fox	
  
odor	
  exposure	
  (1:10,000	
  2,4,5-­‐	
  
trimethylthiazole,	
  Acros	
  Organics),	
  
novel	
  objects	
  in	
  cage	
  overnight	
  
(eight	
  marbles	
  of	
  similar	
  size	
  and	
  
color),	
  5	
  min	
  restraint	
  stress	
  in	
  a	
  
50ml	
  conical	
  tube,	
  novel	
  white	
  
noise	
  overnight	
  (Sleep	
  machine,	
  
Brookstone),	
  mul&ple	
  cage	
  
changes,	
  and	
  water	
  saturated	
  
bedding	
  overnight.	
  These	
  mild	
  
stressors	
  were	
  selected	
  to	
  be	
  
nonhabitua&ng	
  and	
  to	
  not	
  induce	
  
pain.	
  We	
  previously	
  demonstrated	
  
that	
  this	
  chronic	
  variable	
  stress	
  
paradigm	
  does	
  not	
  affect	
  maternal	
  
food	
  or	
  water	
  intake,	
  weight	
  gain,	
  
gesta&on	
  length,	
  lizer	
  size,	
  or	
  
postpartum	
  maternal	
  behaviors	
  
(Mueller	
  and	
  Bale,	
  2006).	
  

Mothers and fathers have tremendous influence on their children 
 

Numerous studies show that maternal behavior/stress clearly has an impact on her progeny 
(parental effects – gene expression changes – not epigenetics) 

               
What about Dad?  

 
Does a pre- or post-natally stressed father  

(who does not feed or raise the progeny and thus does not impose his behaviour)  
nevertheless give rise to depressed progeny? 

From http://www.intechopen.com/books/ 
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Epigenetic Inheritance and Behaviour 
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  that	
  transmit	
  the	
  epigene&c	
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Combined	
  observa&ons	
  demonstrate	
  that	
  all	
  &ssues	
  derived	
  from	
  the	
  epigene&cally	
  altered	
  germ	
  line	
  develop	
  Transgenera&onal	
  transcriptomes	
  
unique	
  to	
  the	
  &ssue,	
  but	
  common	
  epigene&c	
  control	
  regions	
  in	
  the	
  genome	
  may	
  coordinately	
  regulate	
  these	
  &ssue-­‐specific	
  transcriptomes.	
  This	
  
systems	
  biology	
  approach	
  provides	
  insight	
  into	
  the	
  molecular	
  mechanisms	
  involved	
  in	
  the	
  epigene&c	
  Transgenera&onal	
  inheritance	
  of	
  a	
  variety	
  
of	
  adult	
  onset	
  disease	
  phenotypes.	
  

• F2 males from fathers that were exposed to prenatal stress exhibited a brain gene expression profile that  
  were more similar to that of control females than of control males = ‘dysmasculinization’.  
• three miRNAs targeting b-glycan of the (TGF) b family known to regulate release of gonadal hormones,  
  were significantly reduced in the brains of F2 males from fathers that were exposed to prenatal stress.  
• males had decreased anogenital distance and testis weight, another characteristic of dysmasculinization. 

• Unpredictable postnatal stress leads to the inheritance of increased depressive-like behaviors, impaired social 
interactions, and increased risky or reckless behaviors.  
• See less anxious behaviors, decreased anhedonia, and de-creased fear of aggressor-specific odors in descendants 
⇒  Early stress could blunt subsequent normal responses to stress? 
⇒  Do these apparently inherited behaviors play a beneficial or detrimental role in the life of animals? 

Stressors	
  included:	
  
36	
  h	
  constant	
  light,	
  15	
  min	
  of	
  fox	
  
odor	
  exposure	
  (1:10,000	
  2,4,5-­‐	
  
trimethylthiazole,	
  Acros	
  Organics),	
  
novel	
  objects	
  in	
  cage	
  overnight	
  
(eight	
  marbles	
  of	
  similar	
  size	
  and	
  
color),	
  5	
  min	
  restraint	
  stress	
  in	
  a	
  
50ml	
  conical	
  tube,	
  novel	
  white	
  
noise	
  overnight	
  (Sleep	
  machine,	
  
Brookstone),	
  mul&ple	
  cage	
  
changes,	
  and	
  water	
  saturated	
  
bedding	
  overnight.	
  These	
  mild	
  
stressors	
  were	
  selected	
  to	
  be	
  
nonhabitua&ng	
  and	
  to	
  not	
  induce	
  
pain.	
  We	
  previously	
  demonstrated	
  
that	
  this	
  chronic	
  variable	
  stress	
  
paradigm	
  does	
  not	
  affect	
  maternal	
  
food	
  or	
  water	
  intake,	
  weight	
  gain,	
  
gesta&on	
  length,	
  lizer	
  size,	
  or	
  
postpartum	
  maternal	
  behaviors	
  
(Mueller	
  and	
  Bale,	
  2006).	
  

Mothers and fathers have tremendous influence on their children 
 

Numerous studies show that maternal behavior/stress clearly has an impact on her progeny 
(parental effects – gene expression changes – not epigenetics) 

 
Does a pre- or post-natally stressed father, give rise to depressed progeny? 

Dietz et al (2011), behavioral changes in progeny from stressed (socially defeated 
males) only present after natural reproduction, and not after IVF… 

 
⇒  stress-related vulnerabilities are not transmitted to subsequent generations 
epigenetically but rather through the mother’s behavior to her pups - ‘maternal 

provisioning’ - which can be influenced the behavior of her mate (the father) 
 

via physical aggression, pheromonal signaling, ultrasonic vocalization by the stressed male to the 
female,  which could conceivably indicate inferiority or a degree of unfitness leading to 

subsequent decrease in maternal care … 

Precopulatory,	
  
copulatory,	
  or	
  
postcopulatory	
  
behavior	
  of	
  
defeated	
  male	
  
might	
  cause	
  
increased	
  female	
  
stress	
  perhaps	
  via	
  
direct	
  physical	
  
aggression/
interac&on,	
  
pheromonal	
  
signaling,	
  or	
  
ultrasonic	
  
vocaliza&on,	
  which	
  
could	
  conceivably	
  
indicate	
  inferiority	
  
or	
  a	
  degree	
  of	
  
unfitness.	
  

Morgan, C.P. and Bale, T.L. (2011) Early prenatal stress epigenetically programs dysmasculinization in second-generation offspring via the 
paternal lineage. J. Neurosci. 31, 11748–11755  
Franklin, T.B. et al. (2010) Epigenetic transmission of the impact of early stress across generations. Biol. Psychiatry 68, 408–415  
Weiss, I.C. et al. (2011) Inheritable effect of unpredictable maternal separation on behavioral responses in mice. Front. Behav. Neurosci. 5, 3  
Pryke, S.R. and Griffith, S.C. (2009) Genetic incompatibility drives sex allocation and maternal investment in a polymorphic finch. Science 
323, 1605–1607 
Dietz, D.M. et al. (2011) Paternal transmission of stress-induced pathologies. Biol. Psychiatry 70, 408–414  



The rise of Epigenetics, the demise of Genetics? 
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NO! 
• Natural phenotypic variation so far is overwhelmingly DNA sequence-based 
 
• Naturally occurring hereditary epialleles are few and far between – though this  
  could be due to the difficulties in identifying them  
 
⇒  the extent to which epigenetic variation contributes to phenotypic variation is 

still not known with certainty 
 
 
    
 
	
  

The rise of Epigenetics, the demise of Genetics? 

⇒  important implications for modulating phenotypes & for disease therapy:  
    regulatory element variants may be ‘helped’ to activate/inactivate genes, using epidrugs     
    that change epigenetic status – or by the environment, diet, stress…. 

• Variation in sequences influencing a gene’s expression can result in  
  somatic epigenetic changes with impact on phenotype and disease 

• Environmentally induced parental/grandparental (inter-generational) effects  
  clearly exist; however, it is still not clear whether any of these are truly trans- 
  generational in mammals and plants; or whether apparent trans-generational effects  
  are truly epigenetic and not due to mutation eg stress-induced transposon mobility 

• Many epialleles are associated with transposable elements pointing to such  
  elements as key targets for epigenetic control and probably major players in  
  hereditary epigenetic change and possibly evolution 
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Epigenetics and Evolution 

Can epimutations participate in evolution? 

Epigene&c	
  inheritance	
  adds	
  another	
  dimension	
  to	
  
the	
  modern	
  picture	
  of	
  evolu&on.	
  The	
  genome	
  
changes	
  slowly,	
  through	
  the	
  processes	
  of	
  random	
  
muta&on	
  and	
  natural	
  selec&on.	
  It	
  takes	
  many	
  
genera&ons	
  for	
  a	
  gene&c	
  trait	
  to	
  become	
  common	
  in	
  
a	
  popula&on.	
  The	
  epigenome,	
  on	
  the	
  other	
  hand,	
  
can	
  change	
  rapidly	
  in	
  response	
  to	
  signals	
  from	
  the	
  
environment.	
  And	
  epigene&c	
  changes	
  can	
  happen	
  in	
  
many	
  individuals	
  at	
  once.	
  Through	
  epigene&c	
  
inheritance,	
  some	
  of	
  the	
  experiences	
  of	
  the	
  parents	
  
may	
  pass	
  to	
  future	
  genera&ons.	
  At	
  the	
  same	
  &me,	
  
the	
  epigenome	
  remains	
  flexible	
  as	
  environmental	
  
condi&ons	
  con&nue	
  to	
  change.	
  Epigene&c	
  
inheritance	
  may	
  allow	
  an	
  organism	
  to	
  con&nually	
  
adjust	
  its	
  gene	
  expression	
  to	
  fit	
  its	
  environment	
  -­‐	
  
without	
  changing	
  its	
  DNA	
  code.	
  	
  

Epigenetic inheritance systems provide potential mechanisms by which parents could 
transfer information to their offspring about the environment that they experienced 
-  under certain environmental regimes, such information transfer can, in theory, be 

adaptive  = ‘‘Lamarckian’’ inheritance?  
NB both Darwin and Lamarck believed in the inheritance of acquired characters! 
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• The epigenome can change rapidly in response to signals from the environment, and this 
can occur in many individuals at once. If epigenetic inheritance of such changes can occur, 
some of the experiences of the parents may pass to future generations 
 
 
• Unlike DNA sequence mutations, epimutations may not be random – for example stressed 
or under-nourished  plants and animals may accumulate epimutations in genes affecting 
resistance to stress 
 
 
• Could such epimutations act as a “memory” of the bad times and be passed on to 
subsequent generations? Evolution of stress-resistant individuals would then accelerate… 
 
 
• But epi-alleles, are easily lost – can tbey be “fixed” through sequence change related to the 
epimutation (Waddington’s notion of genetic assimilation)? 
 
 
 

Epigenetics and Evolution 

Can epimutations participate in evolution? 
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  Through	
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  some	
  of	
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  experiences	
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  parents	
  
may	
  pass	
  to	
  future	
  genera&ons.	
  At	
  the	
  same	
  &me,	
  
the	
  epigenome	
  remains	
  flexible	
  as	
  environmental	
  
condi&ons	
  con&nue	
  to	
  change.	
  Epigene&c	
  
inheritance	
  may	
  allow	
  an	
  organism	
  to	
  con&nually	
  
adjust	
  its	
  gene	
  expression	
  to	
  fit	
  its	
  environment	
  -­‐	
  
without	
  changing	
  its	
  DNA	
  code.	
  	
  




