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The majority of environmental fac-
tors can not modify DNA sequence, 

but can influence the epigenome. The 
mitotic stability of the epigenome and 
ability of environmental epigenetics to 
influence phenotypic variation and dis-
ease, suggests environmental epigenetics 
will have a critical role in disease etiology 
and biological areas such as evolutionary 
biology. The current review presents the 
molecular basis of how environment can 
promote stable epigenomes and modified 
phenotypes, and distinguishes the dif-
ference between epigenetic transgenera-
tional inheritance through the germ line 
versus somatic cell mitotic stability.

Role of Environmental  
Epigenetics in Development  

and Biology

A highly differentiated adult cell type or 
biological phenotype has been generated 
through a complex cascade of developmen-
tal processes. The stem cell populations of 
the embryo or selected tissues undergo a 
cascade of genetic steps through cell fate 
determinations, development of differen-
tiated cell types, organogenesis, specified 
physiological states and phenotypes. This 
genetic process includes classic transitions 
in transcriptional control to lead to a cas-
cade of specific transcriptomes at each 
stage of development. This programmed 
developmental process is hardwired and 
follows classic genetic processing. The 
genetic control of developmental biology is 
stable and integrated into the overall phys-
iology and phenotype of the organism. In 
contrast to the genetic control of cellular 
activity, the epigenetic cascade of events 

Environmental epigenetic transgenerational inheritance  
and somatic epigenetic mitotic stability

Michael K. Skinner
Center for Reproductive Biology; School of Biological Sciences; Washington State University; Pullman, WA USA

is responsive to environmental factors and 
can directly impact the genetic cascade of 
events. Just as there is a cascade of genetic 
steps during development, a cascade of 
epigenetic steps also exists and impacts 
the transcriptional stages of cellular dif-
ferentiation and development (Fig. 1).  
Environmental epigenetics provides a 
direct molecular mechanism for environ-
mental factors or toxicants to influence 
the genetic cascade of events involved in 
development, such that the environment 
can directly impact biology. An interest-
ing element of these integrated molecular 
events for developmental biology1 is the 
fact that critical windows of susceptibil-
ity exist2 where the environmental factors 
have a more dramatic ability to modify and 
impact important stages of development 
(Fig. 1). These critical windows generally 
are very early in development, such as the 
fetal or early postnatal periods, when the 
organ systems are rapidly developing and 
sensitive to subtle shifts in the epigenome.3 
These critical exposure windows allow an 
environmental factor or toxicant to per-
manently modify an epigenome that then 
continues throughout development to 
impact genetic programming and result in 
a modified adult epigenome and genome 
activity (transcriptome). This promotes 
a susceptibility to develop disease or cre-
ates an increased biological variation in 
phenotype that will facilitate an adapta-
tion event and influence natural selection  
(Fig. 1).

The stages or cascade of steps in both 
the genetics and epigenetics are highly 
integrated and influence each other dur-
ing the developmental process. Therefore, 
environmental epigenetics and genetics 
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disease states or phenotype be transmit-
ted through the germ line in the absence 
of direct exposure.11 If direct exposure of 
the environmental factor is involved then 
this would simply be direct exposure toxi-
cology. An example is exposure of a ges-
tating female that has the F0 female, F1 
fetus and germ line within the fetus that 
will generate the F2 generation directly 
exposed.17 Therefore, an F3 generation is 
required to assess a potential transgenera-
tional phenotype from a gestating female 
exposure.17 In the event an adult male or 
female is exposed, the F0 generation adult 
and the germ line that will generate the 
F1 generation are directly exposed, such 
that an F2 generation is required to obtain 
an epigenetic transgenerational pheno-
type.18 Although previous literature has 
suggested transgenerational phenotypes in 
F1 or F2 generations, these studies often 
had direct exposures involved so can not 
be considered epigenetic transgenerational 
inheritance phenotypes, but direct expo-
sure toxicology. Epigenetic transgenera-
tional inheritance phenotypes require the 
lack of direct exposure to be considered 
transgenerational.

Environmentally induced epigenetic 
transgenerational inheritance has signifi-
cant impacts in the areas of disease etiol-
ogy, inheritance of phenotypic variation 
and evolutionary biology. This phenom-
enon provides an alternate to genetic 
Mendelian inheritance that can provide 
a molecular mechanism for how the 

germ cell is being reprogrammed at the 
DNA methylation level.10 The environ-
mental toxicant alters the DNA methyla-
tion to generate new imprinted-like sites 
that then are transmitted to subsequent 
generations through the germ line (sperm) 
(Fig. 2). All the somatic cells derived from 
this germ line will have a baseline shift in 
their epigenome and, as the cells differ-
entiate, a corresponding shift in genome 
activity and transcriptomes that in some 
tissues will promote disease states or phe-
notypic variation (Fig. 2).11 The transmis-
sion of any genetic or epigenetic molecular 
information between generations requires 
germ line transmission and permanent 
alterations in DNA sequence or the epig-
enome.11 Due to the reprogramming of 
the epigenome (DNA methylation) at fer-
tilization,10,11 the modified epigenetic sites 
will need to be imprinted-like to escape 
the demethylation process.3,8,11,12 The sug-
gestion that an altered epigenome may 
increase genomic instability and allow 
genetic mutations to develop in subse-
quent generations12 remains a possibility 
that needs to be investigated further.7

A number of environmental factors and 
toxicants have now been shown to promote 
epigenetic transgenerational inheritance 
of disease states or phenotypic variation 
including the fungicide vinclozolin,8 
plastic compound bisphenol A (BPA),13 
toxicant dioxin,14 stress responses15 and 
nutrition.16 A critical factor in epigenetic 
transgenerational inheritance is that the 

should not be considered mutually exclu-
sive, but instead highly integrated and 
dependent on each other. The genome 
DNA sequence provides the stable nature 
of an organism that is hardwired and 
programmed. The epigenome provides a 
more plastic molecular process4-6 that is 
responsive to the environment to impact 
biology, disease etiology and evolutionary 
biology. Epigenetics and genetics should 
be considered cooperative and together 
provide a more complex and integrated 
molecular mechanism for the control of 
development and biology.

Environmental Epigenetic  
Transgenerational Inheritance

Epigenetic transgenerational inheritance 
requires germ line transmission of epigen-
etic information between generations in 
the absence of direct environmental expo-
sures. During a critical window of germ 
cell development, embryonic gonadal sex 
determination in mammals, environmen-
tal factors or toxicants have been shown to 
influence epigenetic programming in the 
male germ line (sperm), which becomes 
permanently programmed (imprinted),7 
and then allows the transgenerational 
transmission of adult onset disease pheno-
types.8,9 The general mechanism for this 
epigenetic transgenerational inheritance 
in mammals involves exposure of a gestat-
ing female during the period of gonadal 
sex determination when the primordial 

Figure 1. Integration epigenetics and genetics in development.
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population or associated physiology. The 
ability to maintain a specific epigenome 
after mitosis is in part how different cell 
types maintain distinct differentiated 
states and facilitate a normal developmen-
tal process.

The mechanisms involved in the rep-
lication of the epigenome during mitosis 
are understood for DNA methylation 
and small RNAs, but limited informa-
tion exists for histone modifications and 
chromatin structure. The DNA methyla-
tion marks are identified on the parental 
DNA strand during S phase DNA synthe-
sis by DNA methyltransferase (DNMT), 
which then methylates the newly synthe-
sized strand of DNA to replicate the DNA 
methylation pattern of the parental cell. 
Therefore, the DNA methylation marks 
are replicated during mitosis to maintain 
the methylome. The non-coding RNAs 
that act independent of DNA or RNA 
sequences act as epigenetic components 
to alter gene expression. The non-coding 
RNA islands of DNA sequence are repli-
cated through normal DNA synthesis to 
have mitotic stability of these non-coding 
RNAs. The histone modifications appear 
to be replicated following mitosis but the 
molecular mechanism for replicating the 
histone code is not known at present.20 
Similarly, replication of the chroma-
tin structure is known to occur, but the 

The definition of “inheritance” is trans-
mission of information between genera-
tions of an organism, and is accepted by 
the public and general scientific commu-
nity as such. The ability of the epigenome 
to be replicated and transmitted upon 
cellular proliferation through the mitotic 
process is distinct and should be consid-
ered “mitotic stability” not “inheritance”. 
The use of the term epigenetic inheritance 
has confused the scientific community 
and public to consider germline-mediated 
transgenerational phenomena, rather than 
simply replication of the epigenome during 
mitosis. Therefore, the proposal is made 
to define the replication of the epigenome 
during mitosis as “Mitotic Stability” and 
not refer to this as epigenetic inheritance. 
The definition of epigenetics would be 
as previously described in reference 11, 
“molecular factors or processes around 
DNA that regulate genome activity inde-
pendent of DNA sequence and that are 
mitotically stable.”

The insight of Art Riggs to suggest 
the critical need for epigenetic marks to 
be replicated and stable during mitosis6,12 
was very significant and indeed allows 
epigenetics to have a profound biological 
impact. In the event the epigenome was 
not replicated during mitosis, epigenetics 
would only impact the immediate cell and 
not have a long-term impact on the cell 

environment can influence disease etiol-
ogy and general biological phenotypes. 
In regards to disease etiology, the familial 
transmission or non-Mendelian charac-
teristics of a variety of disease states can 
be explained. In regards to evolutionary 
biology, the ability to acquire an increased 
biological variation in phenotype follow-
ing an ancestral environmental exposure 
will facilitate a potential adaptation event 
to allow the natural selection process. 
Environmental epigenetic transgenera-
tional inheritance may provide a molecu-
lar process to explain rapid evolutionary 
events and how environment can influ-
ence evolution.

Somatic Epigenetic  
Mitotic Stability

In the 1940s, when Conrad Waddington 
described environment-gene interactions 
as epigenetics, he discussed the stable 
nature of epigenetics,4 but had no idea of 
the molecular aspects of the phenomena. It 
was not until the 1970’s that DNA meth-
ylation was described by Robin Holliday5 
and Art Riggs.6 Riggs discussed the stable 
nature of the epigenetics as epigenetic 
inheritance following cell proliferation or 
mitosis.19 Unfortunately, this nomencla-
ture of ‘inheritance’ is not accurate and 
misleading to suggest generational events. 

Figure 2. Scheme for epigenetic transgenerational inheritance.
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to consider in evolutionary biology. 
Previously, we have demonstrated an envi-
ronmental toxicant exposure during fetal 
gonadal sex determination can promote 
epigenetic transgenerational inheritance 
of altered sexual selection phenotypes.22 
Since sexual selection is a major determi-
nant for natural selection, this experiment 
provides direct evidence that environmen-
tal epigenetic transgenerational inheri-
tance may have a role in evolution. This 
does provide a “neo-Lamarckian influence 
to facilitate Darwinian evolution” concept 
for evolutionary biology.

The reviewed environmental epigenetic 
transgenerational inheritance and somatic 
epigenetic mitotic stability will both have 
significant roles in development, physiol-
ogy, disease and evolution. These molecu-
lar mechanisms and an integration with 
classic genetics are now required to more 
fully understand the systems biology of 
development, physiology and disease, as 
well as areas of biology such as evolution.
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inclusion of epigenetics in our consider-
ation of basic developmental processes 
and physiology significantly expands our 
ability to understand the systems biology 
of the organism. The ability of the epig-
enome to be replicated during somatic 
cell mitosis also can explain how early life 
exposures can program later life physiol-
ogy and adult onset disease. This is a new 
paradigm for disease etiology that needs 
to be considered. Somatic cell epigenetic 
mitotic stability provides a somewhat per-
manent shift in the epigenome following 
an exposure during a critical window of 
development, such that later life physiol-
ogy and disease can be linked (Fig. 1).

These somatic cell effects are likely 
more common and critical for the individ-
ual exposed than epigenetic transgenera-
tional inheritance of exposure phenotypes. 
However, the germ line transmission of 
a permanent shift in the epigenome will 
potentially impact all subsequent genera-
tions to promote a phenotypic variation 
and/or disease state (Fig. 2). Since all the 
somatic cells generated from the germ line 
involved will have a shift in their epig-
enomes and genome activity, the envi-
ronmental epigenetic transgenerational 
inheritance has a profound effect on biol-
ogy and disease. In the case of disease 
etiology this can explain non-Mendelian 
inheritance of disease, environmentally 
induced increases in disease frequency and 
regional differences in disease frequencies. 
Clearly epigenetics will have a critical 
role in disease etiology and the amount 
of adult onset disease associated with epi-
genetic transgenerational inheritance will 
need to be established.

In regards to environmentally induced 
epigenetic transgenerational inheritance 
of biological or phenotypic variation, a 
significant impact on evolutionary biology 
needs to be considered.11 An environmen-
tal factor such as nutrition promoting a 
modification of germ line epigenetic pro-
gramming that becomes permanently pro-
grammed (Fig. 2) will have a role in the 
epigenetic transgenerational inheritance 
of phenotypic variation. This variation 
may subsequently impact an adaptation 
process to facilitate natural selection. An 
increase in phenotypic variation induced 
by environmental epigenetics that is 
heritable will be a molecular mechanism 

basic replication molecular mechanism 
remain to be elucidated.21 Therefore, fur-
ther research is needed to clarify the basic 
molecular mechanisms involved in epi-
genetic mitotic stability.

Although the germ cell is critical 
for transmission of genetic and epigen-
etic information between generations, the 
somatic cells of organism (non-germ cell 
types) are essential for the basic devel-
opmental biology and physiology of an 
organism. Somatic cells are not capable of 
transmitting information between genera-
tions, but have a critical role in the physi-
ology and disease states of the individual. 
The reason epigenetic mitotic stability is 
critical relates to the somatic cell differ-
entiation and function. In the event, as 
shown in Figure 1, an environmental fac-
tor modified the epigenome of a somatic 
cell during a critical window of develop-
ment, the somatic epigenetic mitotic sta-
bility would replicate this epigenome and 
permanently influence the somatic cell dif-
ferentiation and function throughout life. 
Therefore, long after an early life expo-
sure, the modified epigenome will con-
tinue to alter gene expression and that cell 
population. This provides a mechanism 
for the developmental origins of disease 
to explain how a transient exposure early 
in life can promote a susceptibility for dis-
ease later in life. The most critical molecu-
lar factor involved in this phenomenon is 
the somatic epigenetic mitotic stability. 
As previously discussed, the integration 
of the epigenome to genome activity and 
the mitotic stability of the epigenome on 
somatic cells provides a molecular mecha-
nism for environment to influence disease 
etiology and phenotypic variation associ-
ated with evolution.

Summary

Epigenetics provides a molecular mecha-
nism for environmental factors (for exam-
ple, nutrition) and toxicants to influence 
biology and disease. The integrated nature 
of the epigenetics and genetics indicates a 
highly cooperative interaction to control 
development and biology (Fig. 1). A large 
number of previous observations have sug-
gested the environment has a major impact 
on biology, but genetics alone could not 
explain the phenomena involved. The 
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Spring	2017	–	Epigenetics	and	Systems	Biology	
Lecture	Outline		(Epigenetics)	
Michael	K.	Skinner	–	Biol	476/576	
Week	8	&	9	(February	28	and	March	7)	

	

Epigenetics	of	Cell	and	Developmental	Biology	

- Basic	Cell	and	Developmental	Biology	
- X	Chromosome	Inactivation	
- Imprinted	Genes	
- Developmental	Epigenetics	
- Epigenetics	and	Stem	Cells	
- Epigenetics	and	Developmental	Systems	

	

Required	Reading	
	
Michael	K.	Skinner	(2011)	Environmental	Epigenetic	Transgenerational	Inheritance	and	
Somatic	Epigenetic	Mitotic	Stability.	Epigenetics	1;6(7):838-42.	
	

Books	(Reserve	in	Library)	
	

Scott	F.	Gilbert	and	David	Epel	(2009)	Ecological	Developmental	Biology.	Sinauer	
Associates	Inc.		Sunderland,	Massachusetts		

	

From Epigenesis to Epigenetics 
 
The Case of C. H. Waddington 

epigenesis as “the formation of an 
organic germ as a new product” with 
the theory of epigenesis defined as 
“the theory that the germ is brought 
into existence (by successive 
accretions), and not merely 
developed, in the process of 
reproduction.” 

“The fact that the word ‘epigenetics’ is reminiscent 
of ‘epigenesis’ is to my mind one of the points in its 
favour. . . . We all realize that, by the time 
development begins, the zygote contains certain 
‘preformed’ characters, but that these must interact 
with one another, in processes of ‘epigenesis’, 
before the adult condition is attained. The study of 
the ‘preformed’ characters nowadays belongs to 
the discipline known as ‘genetics’; the name 
‘epigenetics’ is suggested as the study of those 
processes which constitute the epigenesis which is 
also involved in development” (see also Waddington 
1939 [pp. 154–155]). 
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DEVELOPMENTAL EPIGENETICS: 
A HOLISTIC ONTOGENY 

Seeing Development Epigenetically: 
Genotype + Epigenotype = Phenotype 

Gene$c	Developmental	Biology	
Paradigm	
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Epigene$cs	
Developmental	Biology	Paradigm	

The	fer$lized	egg	or	zygote	divides	to	form	the	embryo,	which	develops	to	the	
adult.		Within	the	adult	are	many	cells	with	different	phenotypes,	and	these	
phenotypes	are	determined	by	the	corresponding	epigenotypes.		The	epigenotype	
determines	the	spectrum	of	gene	ac$vi$es	in	each	type	of	cell.		Within	the	adult	
are	germ	line	cells	that	five	rise	through	gametogenesis	and	meiosis	to	the	sperm	
and	eggs	that	produce	the	next	genera$on.	



2/24/17 

4 



2/24/17 

5 

Epigene$cs	
Biological	and	Molecular	

Processes	

Epigene$c	Regula$on	of	Gene	Expression	

-Genomic	Imprin$ng-	Monoallelic	Gene	Expression	
-X-Chromosome	Inac$va$on-	Inac$va$on	of	one	X	

Chromosome	
-Tissue-Specific	Gene	Expression-	Regula$on	of	Subset	of	

Genes	
-Developmental	Programming-	Prepare	embryonic	and	

gamete	genomes	
-Silencing	of	Repeat	(Transposable)	Elements	

Epigene$cs	
Biological	and	Molecular	

Processes	
(X	Chromosome	Inac$va$on)	
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Fifty years of X-inactivation research. 
Gendrel AV, Heard E. (2011) Development 138(23):5049-55.  
 
 
 
Abstract 
 
The third X-inactivation meeting 'Fifty years of X-inactivation research', which celebrated the fiftieth anniversary of 
Mary Lyon's formulation of the X-inactivation hypothesis, was an EMBO workshop held in Oxford, UK, in July 
2011. This conference brought together the usual suspects from the field, as well as younger researchers, to 
discuss recent advances in X-inactivation research. Here, we review the results presented at the meeting and 
highlight some of the exciting progress that has been made. We also discuss the future challenges for the field, 
which aim to further our understanding of the developmental regulation of X inactivation, the randomness (or 
skewing) of X inactivation, and the diverse strategies used by mammalian species to mediate X inactivation. 
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The X-inactivation centre (Xic) in mouse. The Xic on the X chromosome has been defined as the minimum region necessary and 
sufficient to trigger XCI (Augui et al., 2011). The region around the Xist (red) gene harbours a number of non-coding RNA genes 
(orange), as well as protein-coding genes (purple or grey), and two homologous ‘pairing’ regions (blue). All genes marked in colour 
have been shown to have either a positive (+) or a negative (–) effect on Xist/Tsix regulation. Tsx (striped orange/purple) encodes a 
protein that is expressed in testes and might also play a role as a ncRNA. Rnf12 encodes an activator (purple ovals) of Xist 
expression. The potential location of the Xce locus, according to genetic mapping, is indicated. Ppnx (4930519F16Rik); Cdx4, caudal 
type homeobox 4; Chic1, cysteine-rich hydrophobic domain 1; Tsx, testis-specific X-linked gene; Xite, X-inactivation intergenic 
transcription element; Tsix, X (inactive)-specific transcript, antisense; Xist, X-inactive-specific transcript; Jpx (Enox), expressed 
neighbour of Xist; Ftx (B230206F22Rik), five prime to Xist; Xpct (Slc16a2), X-linked PEST-containing transporter; Rnf12 (Rlim), 
RING finger protein 12.  

The Xist regulatory network. The regulatory network acting on Xist involves multiple molecular players acting 
either in cis or in trans to regulate Xist expression and X-chromosome inactivation (XCI) during development and 
differentiation. Arrows indicate positive regulation, and inhibition lines indicate negative regulation. Pluripotency 
factors (purple) can act either positively or negatively on downstream regulators. Putative positive regulators of 
XCI (blue) and putative negative regulators (green) are shown. Tsix, Linx, Jpx, and Ftx act as noncoding RNAs. In 
addition, once established, XCI downregulates Rnf12, and recently, XCI was shown to feed back on the 
pluripotency factor network (dashed inhibition lines) (Schulz et al. 2014). 
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LncRNAs in X-chromosome inactivation. (A) 
The lncRNA Xist is transcribed from the Xic 
of the inactive X chromosome (Xi). Xist RNA 
covers the entire chromosome and silences 
gene expression through epigenetic 
modification of histones and DNA. (B) The 
core region of the Xic and its lncRNAs. (C) 
LncRNA-protein interactions at the initiation 
of XCI.  

Xist recruits the X chromosome to the nuclear lamina to enable chromosome-wide 
silencing. 
Chen CK, Blanco M, Jackson C, et al. 
Science. 2016 Oct 28;354(6311):468-472. 
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Epigene$cs	
Biological	and	Molecular	

Processes	
(Imprin$ng)	
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Life cycle of the genomic imprints. The paternal (blue) and maternal imprints (red) are 
established in the germ-line and maintained through fertilization and subsequent 
embryonic development. However, the imprints are erased in PGCs before the new 
imprints are set. The imprints need to be maintained during the extensive 
reprogramming that occurs in animal cloning and iPS cell generation (blue arrow). 

Developmental regulation of somatic imprints. 
John RM, Lefebvre L. (2011) Differentiation. 81(5):270-80. 
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Mechanism of imprinting. Top. The insulator model is exemplified by the H19/Igf2 domain. The intergenic ICR is paternally 
methylated. On the unmethylated maternal allele, CTCF binding prevents enhancers from interacting with the Igf2 promoter. Instead, 
the enhancers activate H19 expression. On the paternal allele, methylation of the ICR spreads to the H19 promoter, silencing its 
expression, and prevents CTCF from binding the ICR, allowing the enhancers to activate Igf2 expression. Bottom. The ncRNA model 
is illustrated by the Kcnq1 domain. The ICR contains the promoter of the ncRNA Kcnq1ot1. On the paternal allele, the ICR is 
unmethylated, allowing Kcnq1ot1 expression. Kcnq1ot1 expression silences the paternal allele of the rest of the imprinted genes in 
the domain in cis. On the maternal allele, Kcnq1ot1 is not expressed due to methylation of the ICR, and the adjacent imprinted genes 
are expressed. 
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Enrichment	of	H3K4me3	and	H3K27me3	with	
respect	to	developmental	expression	status.	
The	two	histone	modifica$ons	H3K4me3	and	
H3K27me3	are	shown	to	be	important	for	the	
developmental	regula$on	of	imprinted	genes.	
Using	Mikkensen	et	al.	[50]	as	a	source	for	
histone	modifica$on	enrichment	and	
expression	data,	histone	modifica$on	profiles	
of	H3K4me3	and	H3K27me3	at	imprinted	gene	
transcrip$on	start	sites	were	assessed	in	
mouse	(A)	embryonic	stem	cells	(ESCs),	(B)	
neural	progenitor	cells	(NPCs)	and	(C)	mouse	
embryonic	fibroblasts	(MEFs)	at	
developmentally	expressed	and	repressed	
imprinted	genes.	Though	a	trend	is	observed,	
profiles	at	developmentally	expressed	
imprinted	genes	do	not	differ	significantly	to	
repressed	genes	for	ESCs	or	MEFs	(chi-square	
con$ngency	test,	ESC:P	=	0.097,	MEF:	P	=	
0.079).	NPC	data	does	not	meet	the	condi$ons	
required	for	the	chi-square	con$ngency	test.		
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Epigenetics and the placenta. 
Nelissen EC, et al. (2011) Hum Reprod Update. 17(3):397-417.  

Schematic representations in mouse of four imprinted 
clusters that are regulated by maternally methylated 
germline imprinting control regions (ICRs) (Aa–d) and 
three clusters that are regulated by paternally 
methylated germline ICRs (Ba–c). For all seven clusters, 
targeted deletion of the ICR in the mouse has proven 
their role as elements controlling parental-origin-specific 
gene expression across the whole imprinted domain. Aa 
| The insulin-like growth factor 2 receptor (Igf2r) cluster. 
Ab | The Kcnq1 cluster. Kcnq1 encodes a tissue-
specifically imprinted voltage-gated potassium channel 
that is not imprinted in cardiac muscle. Ac | The Gnas 
cluster is named after the guanine nucleotide binding 
protein, α-stimulating (Gnas) gene. Note that although 
the germline differentially methylated region (DMR) 
encompasses both the neuroendocrine secretory protein 
antisense (Nespas) and Gnasxl promoters, the ICR itself 
(indicated by the asterisk) covers the Nespas promoter. 
Ad | The Snrpn cluster, which in humans is associated 
with Prader–Willi syndrome (PWS) and Angelman 
syndrome. Ba | The Igf2–H19 cluster harbouring the Igf2 
gene and the non-coding RNA gene H19, which contains 
the microRNA miR-675. DMR0 is placenta-specific and 
its germline status is not known. Bb | The RAS protein-
specific guanine nucleotide releasing factor 1 (Rasgrf1) 
cluster. The tandem repeats are required for the paternal 
germline methylation of the ICR. Bc | The Delta-like 
homologue 1 (Dlk1)–Dio3 cluster. Multiple imprinted, 
non-coding RNAs are expressed from the maternally 
inherited chromosome. For example, AntiRtl1 encodes 
seven microRNAs (miRNAs). The small nucleolar RNA 
(snoRNA)-containing gene is also known as Rian. The 
genes and clusters are not drawn to scale. CTCF, 
CCCTC-binding factor. Figure is modified, with 
permission, from Ref. 52 © (2007) Elsevier Science. 

Regulation and flexibility of genomic imprinting during seed development. 
Raissig MT, Baroux C, Grossniklaus U. (2011) Plant Cell. 23(1):16-26. 
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The specification of imprints in mammals. 
Hanna CW, Kelsey G. Heredity (Edinb). 2014 Aug;113(2):176-83.  

Factors involved in the maintenance of DNA methylation at imprinting control regions (ICRs) during early 
embryonic development. In the preimplantation embryo, the parental alleles of ICRs are bound by specific 
complexes to maintain their differential methylation status during the genome-wide epigenetic reprogramming. (a) 
The unmethylated ICR has the properties typical of a CpG island. It coincides with an expressed promoter and is, 
therefore, associated with the RNA polymerase II (pol II) complex. Unmethylated CpG sites are bound by the Cfp1 
protein, which recruits the Set1 complex to trimethylate H3K4 which, in turn, reinforces the DNA hypomethylated 
state, as methylated H3K4 is antagonistic to binding of Dnmt3a/Dnmt3L. Protection against de novo DNA 
methylation of the unmethylated ICR allele could, therefore, be accomplished by generic factors acting at CpG 
islands, rather than imprint-specific factors. (b) The methylated ICR is bound by the Zfp57:Kap1 complex and 
Uhrf1 to direct the action of Dnmt1; the complex also interacts with the Setdb1 methyltransferase, which deposits 
the repressive histone modification H3K9me3. In addition, recognition of H3K9me2 by the PGC7/Stella protein 
may protect against demethylation in the zygote. Maintenance of DNA methylation at an ICR, therefore, involves 
the interplay between the imprint-specific factor Zfp57 and generic factors, such as Dnmt1. 

Developmental	Epigene$cs	
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Developmental	Epigene$cs	
(Germ	line	and	early	embryo)	
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Phylogenetic distribution of Dnmt3C  (A) Locus organization and synteny around the Dnmt3B (blue) and 
Dnmt3C (red) genes in human, rabbit, mouse, and rat genomes. (B) Dnmt3C distribution in the mammalian 
phylogenetic tree with a focus on the Rodentia order. Species in detail have available sequenced genomes. Red 
branches: Muroidea families in which Dnmt3C was identified; dashed branches: Muroidea families without 
available genome sequence. 

Global mapping of DNA methylation in 
mouse promoters reveals epigenetic 

reprogramming of pluripotency genes. 
 

Farthing CR, Ficz G, Ng RK, Chan CF, Andrews S, 
Dean W, Hemberger M, Reik W.  

 
PLoS Genet. 2008 Jun 27;4(6):e1000116. 

Promoter methylation and gene 
expression compared between 
ES cells and pMEFs. 
(A) Promoter methylation patterns in 
ES cells (red bars), early passage 
pMEFs (pMEFs-P1, light blue bars), 
late passage pMEFs (pMEFs-P5, 
dark blue bars) and sperm (yellow 
bars). Candidate promoter regions 
were identified by the meDIP screen 
and validated by Sequenom 
analysis. The number of 
differentially methylated CpGs 
analysed for each gene are given in 
brackets. (B) Gene expression 
differences between ES cells and 
pMEFs (P1) as determined by 
quantitative RT-PCR analysis. The 
x-axis gives the log-fold expression 
difference between the cell types 
(i.e., log [ES/pMEF]). Three 
reference genes (Dynein, Rsp23 
and Hdac10-11) were used for 
normalization between cell types. 
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Promoter methylation and gene 
expression compared between 
ES and TS cells. 
(A) Promoter methylation patterns 
in ES cells (red bars) and TS cells 
(green bars). Candidate promoter 
regions were identified by the 
meDIP screen and validated by 
Sequenom analysis. The number of 
differentially methylated CpGs 
analysed for each gene are given in 
brackets. (B) Gene expression 
differences between ES and TS 
cells as determined by quantitative 
RT-PCR analysis. The x-axis gives 
the log-fold expression difference 
between the cell types (i.e., log [ES/
TS]). Three reference genes 
(Dynein, Pmm1 and Sdha) were 
used for normalization. 

Epigenetic reprogramming of the 
Nanog promoter during 
preimplantation development. 
(A) Methylation patterns of the 
Nanog promoter in gametes and in 
early fertilised embryos were 
determined by bisulphite sequencing 
analysis. The Nanog promoter is 
highly methylated in sperm but 
hypomethylated in fertilised 
embryos. CpG dinucleotides are 
represented as open circles 
(unmethylated) or closed circles 
(methylated). The percentage of 
CpG methylation is indicated in 
brackets. (B) Summary of Nanog 
promoter methylation during 
preimplantation mouse 
development. The level of 
methylation at the Nanog promoter 
is given as a percentage. 
Methylation levels are given for the 
gametes and at the preimplantation 
stages indicating that the Nanog 
promoter undergoes both active and 
passive demethylation after 
fertilisation. 
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Hydroxylation of 5-methylcytosine by TET1 promotes active DNA demethylation in the adult brain.   
Guo JU, Su Y, Zhong C, Ming GL, Song H. Cell. 2011 Apr 29;145(3):423-34. 

Abstract 
Cytosine methylation is the major covalent modification of mammalian genomic DNA and plays important roles in 
transcriptional regulation. The molecular mechanism underlying the enzymatic removal of this epigenetic mark, 
however, remains elusive. Here, we show that 5-methylcytosine (5mC) hydroxylase TET1, by converting 5mCs to 
5-hydroxymethylcytosines (5hmCs), promotes DNA demethylation in mammalian cells through a process that 
requires the base excision repair pathway. Though expression of the 12 known human DNA glycosylases 
individually did not enhance removal of 5hmCs in mammalian cells, demethylation of both exogenously introduced 
and endogenous 5hmCs is promoted by the AID (activation-induced deaminase)/APOBEC (apolipoprotein B 
mRNA-editing enzyme complex) family of cytidine deaminases. Furthermore, Tet1 and Apobec1 are involved in 
neuronal activity-induced, region-specific, active DNA demethylation and subsequent gene expression in the 
dentate gyrus of the adult mouse brain in vivo. Our study suggests a TET1-induced oxidation-deamination 
mechanism for active DNA demethylation in mammals. 

Dynamic regulation of 5-hydroxymethylcytosine in mouse ES cells and during 
differentiation.  
Ficz G, et al. Nature. 2011 May 19;473(7347):398-402. 

Genome-wide mapping of 5-hydroxymethylcytosine in embryonic stem cells.  
Pastor WA, et al. Nature. 2011 May 19;473(7347):394-7.  

TET1 and hydroxymethylcytosine in transcription and DNA methylation fidelity. 
Williams K, et al. Nature. 2011 May 19;473(7347):343-8. 

Germline DNA demethylation dynamics and imprint erasure through 5-hydroxymethylcytosine. 
Hackett JA, et al. (2013) Science. 2013 Jan 25;339(6118):448-52.  
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Global DNA demethylation during mouse erythropoiesis in vivo.  
Shearstone JR, et al. Science. 2011 Nov 11;334(6057):799-802.  
Abstract 
In the mammalian genome, 5'-CpG-3' dinucleotides are frequently methylated, correlating with transcriptional silencing. Genome-
wide demethylation is thought to occur only twice during development, in primordial germ cells and in the pre-implantation embryo. 
These demethylation events are followed by de novo methylation, setting up a pattern inherited throughout development and 
modified only at tissue-specific loci. We studied DNA methylation in differentiating mouse erythroblasts in vivo by using genomic-
scale reduced representation bisulfite sequencing (RRBS). Demethylation at the erythroid-specific β-globin locus was coincident with 
global DNA demethylation at most genomic elements. Global demethylation was continuous throughout differentiation and required 
rapid DNA replication. Hence, DNA demethylation can occur globally during somatic cell differentiation, providing an experimental 
model for its study in development and disease. 

A role for Set1/MLL-related components in epigenetic regulation of the Caenorhabditis elegans germ line. 
Li T, Kelly WG. (2011) PLoS Genet. 7(3):e1001349. 

Summary of H3K4me3 and RNA polymerase C-terminal domain phosphorylation dynamics during the C. elegans germline 
cycle. 
Relative abundance of H3K4me3 in germ cell chromatin at different stages of germ cell development (indicated across the top of the 
graph) is plotted for wild type (WT; red solid line) and both wdr-5.1 and rbbp-5 mutants (blue dotted line). Superimposed on this are 
the dynamics observed (in WT) for the phosphorylation of Serine 2 of the C-terminal domain repeat of RNA Pol II (pSer2; green line; 
data from [68]). Notice that pSer2 is absent in the P-cells, in which H3K4me3 is maintained, and that loss of H3K4me3 occurs in the 
P-cell/PGC stage despite the appearance of pSer2. 

Developmental	Epigene$cs	
(Chroma$n	Remodeling	and		

Development)	
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a, Diagrams representing the composition of PRC2 and PRC1 are shown. In PRC1, the diagrams shown on the left correspond to 
the classical PRC1 complexes, whereas those on the right correspond to the so-called PRC1-like complexes. Owing to their 
homology with the Drosophila PSC protein, we assumed that the BMI1-, MEL18- and NSPC1-containing PRC1 complexes could 
compact chromatin. The 'pocket' shape of the CBX proteins represents the chromodomain that specifically recognized H3K9/27me3. 
HPH1, 2 and 3 denote human polyhomeotic homologue 1, 2 and 3. X, Y and Z denote various proteins such as SCMH1/2, FBXL10, 
E2F6 and JARID1D that could contribute to the formation of PRC1-like complexes, whose exact composition is still enigmatic. b, 
Characterized domains with potential functions are indicated for each PRC2 component. In EZH2, box 1 and 2 refer to domains 
based on sequence homology, and the numbers below the scheme indicate the percentage similarity between mouse and 
Drosophila homologues for the corresponding domain. CXC, cysteine-rich domain; ncRBD, non-coding-RNA-binding domain; SANT, 
SWI3, ADA2, N-CoR and TFIIIB DNA-binding domain; SET, Su(var)3-9, enhancer of zeste, trithorax domain; VEFS, conserved 
among VRN2–EMF2–FIS2–SU(Z)12; WD40, short ~40 amino acid motifs. 

Schematic representation of chromatin at PcG target genes as a function of ES-cell 
differentiation. In ES cells, most PcG targets are methylated on both H3K4 and H3K27 and co-
localize with the histone variant H2Az. During differentiation, H2Az is removed, and some 
bivalent domains are resolved. For example, genes that are actively transcribed lose 
H3K27me3. A substantial proportion of PcG targets that retain H3K27me3 but lose H3K4me3 
are targeted by other silencing pathways such as DNA methylation or H3K9 trimethylation. 

Schematic representation of the PRC2 holoenzyme at chromatin. Putative interactions 
with either DNA or histones that could explain PRC2 recruitment are highlighted. 

a, Comparison of expression levels of pluripotency factors and factors that induce 
cell commitment during ES-cell differentiation in wild-type and PRC2-impaired ES 
cells. b, The consequences of PRC2 inactivation for cell differentiation. For simplicity, 
intermediate differentiation steps are not shown in some cases (dashed arrows). 
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Comparative analysis of metazoan chromatin organization. 
Ho JW, et al. Nature. 2014 Aug 28;512(7515):449-52.  
 

Overview of the data set. a, Histone modifications, chromosomal proteins and other profiles mapped in at least two species (see 
Supplementary Fig. 1 for the full data set and Supplementary Table 1 for detailed descriptions). Different protein names for 
orthologues are separated by ‘/’ (see Supplementary Table 2). b, The number of all data sets generated by this and previous 
consortia publications1, 2, 3 (new, 815; old, 638). Each data set corresponds to a replicate-merged normalized profile of a histone, 
histone variant, histone modification, non-histone chromosomal protein, nucleosome or salt-fractionated nucleosome. c, The number 
of unique histone marks or non-histone chromosomal proteins profiled. 

Role of Chromatin Conformation in ESC in Lineage Commitment. Enhancer usage during ESC differentiation. 
“Ground-state” ESCs achieve expression (green) of pluripotency genes through specific enhancer clusters or 
super-enhancers (yellow), while differentiation genes are repressed (purple gene with black cross) or in a bivalent 
state (green and purple). The blue dots and purple ring represent CTCF and Cohesin holding the chromatin loop 
together. In primed ESC genes, expression of pluripotency-associated genes is often achieved via a switch in 
enhancer usage, which also may involve local loop rearrangement. Additional primed ESC genes may also start 
to be expressed. Upon cell-fate determination, lineage-specific genes are activated while pluripotency-associated 
and alternative-fate genes lose active marks and acquire a repressive chromatin environment. 

Developmental	Epigene$cs	
	(HOX	Gene	Cluster)	
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Epigenetic stress responses induce muscle stem-cell ageing by Hoxa9 developmental 
signals.  
Schwörer S, Becker F, Feller C, et al., 
Nature. 2016 Dec 15;540(7633):428-432.  

a–c, Analysis of freshly isolated, in vivo activated SCs (3 days after muscle injury with BaCl2) from young adult and aged mice. a, 
Heatmap showing the mRNA expression of all Hox genes as determined by RNA-sequencing analysis. b, Representative 
immunofluorescence staining for Hoxa9 and Pax7. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). c, 
Corrected total cell fluorescence (CTCF) for Hoxa9 per SC as shown in b. AU, arbitrary units. d, e, Immunofluorescence (IF) staining 
for Hoxa9 and Pax7 in myofibre-associated SCs that were quiescent (freshly isolated (FI) myofibres) or activated (act; 24 h culture of 
myofibres). d, Representative images with arrowheads denoting Pax7+ cells. e, CTCF for indicated Hox genes. Note the specific 
induction of Hoxa9 in activated SCs isolated from aged mice. Scale bars, 5 µm (b) and 20 µm (d). P values were calculated by two-
sided Mann–Whitney U-test (c) or two-way analysis of variance (ANOVA) (e). NS, not significant. n = 3 mice in a; n = 134 nuclei 
(young), n = 181 nuclei (aged) from 3 mice in c; n = 12/13/17/56 nuclei (Hoxa7), n = 9/42/102/62 nuclei (Hoxa9), n = 7/35/34/25 nuclei 
(Hoxb9) from 2 young and 4 aged mice in e. 
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Spring	2017	–	Epigenetics	and	Systems	Biology	
Lecture	Outline		(Epigenetics)	
Michael	K.	Skinner	–	Biol	476/576	
Week	8	&	9	(February	28	and	March	7)	

	

Epigenetics	of	Cell	and	Developmental	Biology	

- Basic	Cell	and	Developmental	Biology	
- X	Chromosome	Inactivation	
- Imprinted	Genes	
- Developmental	Epigenetics	
- Epigenetics	and	Stem	Cells	
- Epigenetics	and	Developmental	Systems	

	

Required	Reading	
	
Michael	K.	Skinner	(2011)	Environmental	Epigenetic	Transgenerational	Inheritance	and	
Somatic	Epigenetic	Mitotic	Stability.	Epigenetics	1;6(7):838-42.	
	

Books	(Reserve	in	Library)	
	

Scott	F.	Gilbert	and	David	Epel	(2009)	Ecological	Developmental	Biology.	Sinauer	
Associates	Inc.		Sunderland,	Massachusetts		

	

Epigene$cs	
and	Stem	Cells	
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Epigenetics: Actors in the cell reprogramming drama 
Kyle M. Loh & Bing Lim (2012)  Nature  488, 599–600 

The transformation of skin cells into stem cells is a fascinating but poorly understood process. At last, the 
molecular characters underlying the initial steps have been revealed.  

Shown are selected genes with their chromatin and expression state across distinct cell types color-coded as shown on the bottom (data taken from ref. 81). 
Data are for uninduced mouse embryonic fibroblasts (MEFs), a hypothetical primary iPS cell colony (nascently reprogrammed) as well as an established iPS 
(MCV8.1) and ES (V6.5) cell line. Upon induction of Oct4, Sox2, Klf4 and c-Myc (OSKM), the MEF epigenome begins remodeling. The initial events and 
required factors have not been described yet. After ~10–14 days, iPS cell colonies appear that express markers such as Oct4-GFP. The expression of 
housekeeping genes is not affected, and they remain active throughout the reprogramming process (Gapdh and Dnmt1 are representative examples). With the 
exception of a few marker genes, the global extent of remodeling is unknown for this stage. Primary colonies are then picked and expanded as clonal iPS cell 
lines. Usually several more passages are needed before extensive marker stains can be performed. Typically, at least 5 -8 passages are required to obtain 
sufficient material for genome-wide studies. The chromatin and expression states for the selected marker genes are identical in the iPS cell line MCV8.1 and in 
a wild-type ES cell line (V6.5) used to construct this schematic81. Ink4a (Cdkn2a) remains bivalent and sensitive to rapid induction in normal (not transformed 
or immortalized) cells. Overexpression of OSKM or extended cell culture can induce expression of Ink4a, but ES and iPS cells show bivalent marks and lack of 
DNA methylation. Snai1 is an expressed somatic gene that becomes repressed and regains bivalency upon reprogramming. MyoD is silent in both MEF and 
iPS cells, but switches from H3K27 only to a bivalent state upon reprogramming. Lin28 and Fgf4 are repressed by H3K27 methylation, whereas Oct4 and 
Nanog are repressed by DNA methylation, and all become transcriptionally reactivated only upon reprogramming. 
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Incomplete DNA methylation underlies a transcriptional memory of somatic cells in human iPS cells.  
Ohi Y, et al. (2011) Nat Cell Biol. 13(5):541-9.  

Methylation dynamics in the germline and the embryo. (A) Methylation of imprinted genes versus the genome as a 
whole during gametogenesis and after fertilization. (B) Imprint establishment in the female germline. (C) Imprint 
establishment in the male germline. 
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Loss of Tet enzymes compromises proper differentiation of embryonic stem cells. 
Dawlaty MM, et al. Dev Cell. 2014 Apr 14;29(1):102-11.  

Biphasic demethylation dynamics in mouse PGCs. PGCs are derived from the embryonic ectoderm of the E6.5 
embryo and display high (somatic) 5mC levels (green lines) and low 5hmC levels (red lines). Upon migration, 
PGCs proliferate, and 5mC levels are passively diluted. Coincidently, hemimethylated DNA strands accumulate 
transiently and are subsequently lost (purple dashed line). Post-migratory PGCs enter a phase of active DNA 
demethylation, resulting in an almost complete loss of 5mC and a transient enrichment of 5hmC. At E13.5, both 
5mC and 5hmC levels are low.  

TET-mediated DNA demethylation controls gastrulation by regulating 
Lefty-Nodal signalling. 
Dai HQ, Wang BA, Yang L, et al.   
Nature. 2016 Oct 27;538(7626):528-532.  

a, TET catalytic activity is required for Lefty2 and Nodal 
regulation. Tet1/2-DKO embryos carrying a catalytically 
inactive allele of Tet3 (mutated H and D residues; denoted 
HD/−) show diminished Lefty2 and unrestricted Nodal 
expression compared to the embryos retaining a wild-type 
Tet3 allele (+/−). Images for Lefty2 are lateral views and 
the others are anterior views. b, TET catalytic activity is 
required for hypomethylation at the Lefty2 enhancer. 
Shown are the methylation profiles for Lefty2-expressing 
areas dissected from the posterior domains of E7.25 
Tet1/2-DKO embryos expressing a Tet3 wild-type or an 
HD mutant allele at approximately E7.5. c, Deletion of 
methyltransferase genes in Tet-TKO embryos restores the 
expression patterns of Lefty and Nodal. 1, 2 indicate 
Lefty1 and Lefty2 expression. Lateral views are shown. d, 
Dependence of Lefty2 enhancer methylation on Dnmt3a 
and Dnmt3b. Bisulfite sequencing shows much decreased 
methylation in dissected Lefty2-expressing compartments 
of E7.0–E7.25 TKO embryos deficient in Dnmt3a or 
Dnmt3b. e, A model illustrating the roles of TET and 
DNMT3 enzymes in the Lefty–Nodal feedback loops in 
embryonic development. In wild-type embryos, Nodal 
signalling is balanced by a positive feedback loop and the 
connected Lefty-based negative feedback loop. In Tet-
deficient embryos, the Lefty1 and Lefty2 genes are 
subject to hypermethylation (filled circles) that presumably 
impairs their response to the transcriptional activation 
driven by Nodal signalling, resulting in reduction in Lefty 
signalling, which in turn causes Nodal overexpression. 
Scale bars, 200 µm. 
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The role of chromatin and epigenetics in the polyphenisms of ant castes. 
Bonasio R.  Brief Funct Genomics. 2014 May;13(3):235-45. 

Epigenetics and polyphenism in ants. (A) Cellular epigenetics in mammals. The embryo of a calico cat contains 
genomic information encoding both dark pigmentation (‘D’) and light pigmentation (‘L’). Through the process of 
random X inactivation, only one of the two phenotypes remains active and its state is epigenetically transmitted to 
the developing tissues, giving rise to clonal patches of dark or light skin in the adult individual. Photo courtesy 
photos-public-domain.com. (B) The ant genome encodes both queen (‘Q’) and worker (‘W’) traits (left), here for 
simplicity, depicted as single gene loci, although in all likelihood, hundreds of genes are involved. During 
development one or the other phenotype is activated (middle), possibly in response to environmental cues, and 
this results in the observable polyphenisms in the adult individuals that belong to different castes (right).  

Extreme epigenetics. (A) Eusocial insects, such as ants, encode different developmental destinies in the same 
genome. In most species embryos (left) and larvae (middle) are genetically indistinguishable, but they give rise to 
entirely different adults (right); specifically, reproductives (queens) and non-reproductives (workers). These differ 
not only in size and morphology, but also in physiology and behavior. (B) Adult planarians can regenerate all body 
tissues and structures after amputation (1). Pluripotent adult stem cells known as neoblasts (red dots) migrate to 
the wound site (2), create a regenerating structure called blastema (3), which eventually restores all organs of the 
adult animal, including the nervous system (4).  

Examples of epigenetic plasticity in 
development. (A) In Daphnia, alternative 
phenotypes can emerge as a consequence 
of exposure to predator-derived chemicals 
(kairomones). In this case, genetically 
identical F1 (products of parthenogenesis) 
present differences in the form of a defensive 
structure called a ‘helmet’. The presence of 
the helmet can persist in later generations 
despite the absence of the originating 
stimulus. (B) In the half-smooth tongue sole 
Cynoglossus semilaevis, sex is genetically 
determined by the presence of two Z 
chromosomes (male) or one Z and one W 
chromosome (female). However, higher 
temperatures during the juvenile phase 
induce conversion of ZW females to 
‘pseudomales’. Interestingly, the ZW progeny 
of these pseudomales will develop into more 
pseudomales even if the temperature 
remains low, suggesting an epigenetic 
transmission of the sex conversion.  

The honey bee epigenomes: differential 
methylation of brain DNA in queens and 

workers. 
 

Lyko F, Foret S, Kucharski R, Wolf S, Falckenhayn 
C, Maleszka R. 

 
 
 PLoS Biol. 2010 Nov 2;8(11):e1000506. 
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CpG (o/e) bias of protein-coding regions in the honey bee genome. 
Since the profiles for both queens and workers are virtually identical, only the 
queen profile is shown. 

Detailed analysis of deep sequencing of selected genes. 
The bisulfite converted amplicons of selected genes were sequenced using 454 technology. The selection was based on 
differential methylation in brains of queens and workers, but DNA from male brains (drones) was also used in this experiment. 
The panels illustrate the uniqueness of brain methylation patterns in bees. 3A: Genes showing similar methylation patterns in 
workers and drones, but a distinct methylation pattern in queens. 3B: Genes with similar methylation patterns in queens and 
drones, but a distinct pattern in workers. 3C: Gene with distinct methylation patterns in all three castes. Panel 3D shows the full 
methylation heatmaps of GB15356. This result is discussed in the chapter “Detailed Analysis of Methylation Patterns in 
Selected Amplicons by Deep Bisulfite Sequencing.” Gene annotations: GB18798 - ubiquitin conjugation factor; GB13464 - 
RhoGAP93B. For other genes, see Figure 2. 

Functional conservation of DNA methylation 
in the pea aphid and the honeybee. 

 
Hunt BG, Brisson JA, Yi SV, Goodisman MA.  

 
Genome Biol Evol. 2010;2:719-28. Epub 2010 Sep 20. 

 

Distributions of normalized CpG dinucleotide content (CpGO/E). (A) Acyrthosiphon pisum and (B) 
Apis mellifera exhibit bimodal distributions of CpGO/E among genes, signifying variation in germline 
DNA methylation levels. Dashed red lines indicate cutoffs used to divide low CpGO/E genes (blue) 
from high CpGO/E genes (yellow). In contrast to A. pisum and Ap. mellifera, (C) Drosophila 
melanogaster has a unimodal distribution of CpGO/E and does not exhibit substantial levels of CpG 
methylation.  
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Pan-genomic high CpGO/E status is less conserved than low CpGO/E status. 
Analysis of orthologs in Acyrthosiphon pisum and Apis mellifera show that a 
higher proportion of (A) low CpGO/E genes are conserved with respect to 
normalized CpG content than (B) high CpGO/E genes. Each circle represents 
the number of genes from one species belonging to the designated CpGO/E 
class; overlap designates the number of orthologs with agreement in CpGO/E 
classification in both species.  

Ubiquitously expressed genes exhibit higher levels of DNA methylation than genes with condition-specific 
expression. (A) Genes with a high degree of differential expression between groups exhibit significantly higher 
CpGO/E than genes with ubiquitous expression in Acyrthosiphon pisum. This relationship also holds true for (B) 
differential expression between Apis mellifera queen and worker castes (adapted from Elango et al. 2009). (C) 
Similarly, genes with a high degree of tissue specificity exhibit significantly higher CpGO/E than genes with 
ubiquitous expression among tissues in Ap. mellifera (adapted from Foret et al. 2009). Significance values 
represent Wilcoxon signed-rank tests in panels A and B and a Kruskal-Wallis rank sum test in panel C. Means and 
95% confidence intervals are plotted. Horizontal dashed lines represent the mean CpGO/E for all genes in a given 
panel. Vertical gray lines represent bin cutoffs for classification of genes according to mean |log2 expression ratio|.  

Distributed probing of chromatin structure 
in vivo reveals pervasive chromatin 
accessibility for expressed and non-

expressed genes during tissue 
differentiation in C. elegans.  

 
Sha K, Gu SG, Pantalena-Filho LC, Goh A, Fleenor 

J, Blanchard D, Krishna C, Fire A.  
 
 

BMC Genomics. 2010 Aug 6;11:465. 

Promoter specific expression of DAM methyltransferase in 
transgenic animals. (a-d) PD5122 animals expressing DAM-GFP fusion 
driven by the myo-3 (body wall muscle) promoter. (a = L4,10X; b = adult,
10X; c = adult,10X; d = adult,100X). (e-f) PD3995 animals expressing a 
DAM-GFP fusion construct driven by the rol-6 (hypodermal) promoter. (e 
= 200X; f = 400X). (g-h) PD3997 animals expressing a DAM-GFP 
construct driven by the vit-2 (gut) promoter. (g = 200X; h = 200X) 
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Stage-specific histone modification profiles reveal global transitions in the Xenopus embryonic 
epigenome. 
Schneider TD, et al. (2011) PLoS One. 6(7):e22548.  
 

S t a g e - s p e c i f i c h i s t o n e 
modification profiles. 
 
The heatmap visualizes clusters 
of histone modifications according 
to their relative abundance at the 
four developmental stages, which 
we have invest igated. The 
hierarchical clustering analysis 
produces a dendrogram, shown 
on the left side, with four major 
branches that correspond to 
specific developmental stages. 
Modifications associated with 
t ranscr ip t iona l ac t i v i t y a re 
highl ighted in green, whi le 
modifications associated with 
repressed/silent states are shown 
in magenta. The four clusters 
define histone modifications 
profiles (HMPs), which reflect the 
gradual transition from uncomitted 
to determined cell fates. 

A circadian rhythm orchestrated by histone deacetylase 3 controls hepatic lipid metabolism.  
Feng D, et al.  (2012) Science. 11;331(6022):1315-9.  

Abstract	
Disruption of the circadian clock exacerbates metabolic diseases, including obesity and diabetes. We show that 
histone deacetylase 3 (HDAC3) recruitment to the genome displays a circadian rhythm in mouse liver. Histone 
acetylation is inversely related to HDAC3 binding, and this rhythm is lost when HDAC3 is absent. Although 
amounts of HDAC3 are constant, its genomic recruitment in liver corresponds to the expression pattern of the 
circadian nuclear receptor Rev-erbα. Rev-erbα colocalizes with HDAC3 near genes regulating lipid metabolism, 
and deletion of HDAC3 or Rev-erbα in mouse liver causes hepatic steatosis. Thus, genomic recruitment of 
HDAC3 by Rev-erbα directs a circadian rhythm of histone acetylation and gene expression required for normal 
hepatic lipid homeostasis. 

Genome-scale epigenetic reprogramming during epithelial-to-mesenchymal transition.  
McDonald OG, Wu H, Timp W, Doi A, Feinberg AP.  Nat Struct Mol Biol. 2011 Jul 3;18(8):867-74. 
Abstract 
Epithelial-to-mesenchymal transition (EMT) is an extreme example of cell plasticity that is important for normal development, injury 
repair and malignant progression. Widespread epigenetic reprogramming occurs during stem cell differentiation and malignant 
transformation, but EMT-related epigenetic reprogramming is poorly understood. Here we investigated epigenetic modifications 
during EMT mediated by transforming growth factor beta. Although DNA methylation was unchanged during EMT, we found a global 
reduction in the heterochromatin mark H3 Lys9 dimethylation (H3K9Me2), an increase in the euchromatin mark H3 Lys4 
trimethylation (H3K4Me3) and an increase in the transcriptional mark H3 Lys36 trimethylation (H3K36Me3). These changes 
depended largely on lysine-specific demethylase-1 (Lsd1), and loss of Lsd1 function had marked effects on EMT-driven cell 
migration and chemoresistance. Genome-scale mapping showed that chromatin changes were mainly specific to large organized 
heterochromatin K9 modifications (LOCKs), which suggests that EMT is characterized by reprogramming of specific chromatin 
domains across the genome. 
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Lung development: orchestrating the generation and regeneration of a complex organ. 
Herriges M, Morrisey EE.  Development. 2014 Feb;141(3):502-13. 
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Neuronal	Development	

Figure 1. Stem Cells Become Progressively More Restricted over Time 
 
Pluripotent ES cells derived from the inner cell mass of the blastocyst can differentiate 
into all cell types. During development, neural stem cells are contained in the 
neuroepithelial→radial glia→astrocyte lineage. However, stem cell potential is retained 
by the transit amplifying progeny (green cells) of adult stem cell astrocytes when 
exposed to appropriate growth factors (reviewed in Doetsch, 2003). The multipotency of 
stem cells is reduced over time due to progressive gene silencing. ES cell, embryonic 
stem cell. 

Pathway of pluripotent stem cells to neural cell populations. Fertilization and subsequent cellular divisions 
create the embryonic blastocyst, where pluripotent ESC are derived (from the inner cell mass; ICM). Additionally, 
pluripotent and multipotent-like cells can be created via transduction of various factors into differentiated tissue, 
such as fibroblasts. In vitro analyses of pluripotent and multipotent neural stem cells are integral for understanding 
aspects of neural differentiation. The in vivo niche of stem cells contains a considerable diversity of biomolecules 
whose roles still need be deciphered. Exposure of ESC in vitro to various growth factors in serum free media such 
as fibroblast growth factor 2 (FGF2) and epithelial growth factor (EGF) allows selection of cell lines possessing a 
neural fate. Neural stem cells can also be acquired from adult tissue and expanded in vitro. 
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Epigenetic regulation of self-renewal and fate determination in neural stem cells.  
Mohamed Ariff I, Mitra A, Basu A. J Neurosci Res. 2012 Mar;90(3):529-39.  

Genome-Wide Screen for Differential DNA Methylation Associated with Neural Cell Differentiation in 
Mouse 
Rene Cortese, et al. (2011) PLoS One. 6(10): e26002. 

TSS-associated tDMRs define distinct groups in NSCs, ESCs and embryonic brain. 
A) Unsupervised clustering of top-ranked candidates. B) ANOVA of methylation percentage in ESCs, NSCs and 
embryonic brain defined 6 tDMR groups. 382 candidate tDMRs were selected and ranked. Color code as detailed 
in Figure 2. 

Histone deacetylation during brain development is essential for permanent masculinization of sexual 
behavior.  
Matsuda KI, et al. Endocrinology. 2011 Jul;152(7):2760-7.  

Neuronal activity modifies the DNA methylation landscape in the adult brain. 
Guo JU, et al.  Nat Neurosci. 2011 Aug 28;14(10):1345-51. 

Cell cycle restriction by histone H2AX limits proliferation of adult neural stem cells.  
Fernando RN, et al. Proc Natl Acad Sci U S A. 2011 Apr 5;108(14):5837-42.  
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A Role for Neuronal piRNAs in the Epigenetic Control of Memory-Related Synaptic Plasticity 
Priyamvada Rajasethupathy, et al. (2012) Cell. Vol. 149, Issue 3, 27:693–707	
	 Osteogenic	Development	

(C) Detection of expression profiles of MSC osteogenesis marker genes at day 7 
of osteogenic induction. Osteogenic specific genes, ALPL and CBFA1, were up-
regulated, whereas the stemness marker gene NANOG was down-regulated 7 
days after induction of osteogenic differentiation. Standard error bars of three 
individual experiments are indicated. 

Genome-wide identification of 
the gene enriched with H3K9Ac 
and H3K9Me2 upon MSC 
osteogenic differentiation. 
(A) When the normalized mean IP/
Input log ratios are plotted as 
density histograms, two 
populations of loci are apparent: 
the left peak represents the non-
enriched DNA fragments and the 
peak at the right side corresponds 
to the enriched DNA fragments. 
(B) Venn diagrams of differential 
H3K9Ac versus H3K9Me2 
changed genes. 
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Comparative analyses of the data from gene expression patterns and from promoter H3K9 modification 
profiles. (A) Hierarchical cluster analysis of the enrichments of H3K9Ac/H3K9Me2, and the data of gene 
expression upon MSC osteogenic differentiation. (B) Venn diagrams of H3K9Ac-decreased genes versus 
H3K9Me2-increased genes in expression-down pool, and H3K9Ac- increased genes versus H3K9Me2-
decreased genes in expression-up pool. (C) Real-time RT-PCR verification of gene expression of OCT4, 
NANOG, OPG and ALPL. The relative expression values were normalized against GAPDH. (D) Real-time ChIP-
PCR verification of H3K9Ac and H3K9Me2 of promoter regions of OCT4, NANOG, OPG and ALPL upon MSC 
osteogenic differentiation. Standard error bars of three individual experiments are indicated. 

An informational network of the genes regulated by H3K9Ac and H3K9Me2 upon MSC osteogenic 
differentiation. The informational pathway networks were generated by using BioRag (http//:www.biorag.org). 
The most affected pathways are the cell cycle pathway (cluster I), the cell communication (cluster II), the 
cytokine-cytokine receptor interaction (cluster III), the regulation of actin cytoskeleton (cluster IV), and the TGF-
beta signaling pathway (cluster V) 

Ocular	Development	
Brahma-related gene 1 (Brg1) 
expression profile during mouse ocular 
development. (A-I) Sagittal sections were 
immunostained with antibody recognizing 
Brg1 (brown) and counterstained lightly 
with hematoxylin (purple) at embryonic 
days E10.5 (A), E11.5 (B), E14.5 (C) and 
E16.5 (D and E), as well as postnatal day 
P21 (F-I). Higher-magnification areas 
stained with the Brg1 antibody indicated in 
(D) are shown in (E). (G-I) Brg1 at different 
ocular regions of (F). C: cornea, Ep: 
cornea epithelium, GCL: ganglion cell 
layer, INL: inner nuclear layer, L: lens, NR: 
neural retina, OC: optic cup, ON: optic 
nerve, P: photoreceptors, PM: periocular 
mesenchyme, SE: surface ectoderm, T: 
transition zone. Magnification: (A), ×460; 
(B and C), ×320; (D), ×250; (E), ×400; (F), 
×60; and (G-I), ×320. 
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Generation and initial evaluation of the dnBrg1 transgenic mice. (A) Schematic of the transgenic construct. 
αA-crystallin promoter fragment (-366 to + 46, Cryaa; blue arrow) was used to express mutated Brg1 (K798R) 
with a C-terminal FLAG tag (green triangle). ATPase domain (yellow) and bromodomain (blue) are shown. (B) 
Two-month-old wild-type (WT) and transgenic mice. Note the cataract formation in the transgenic mouse and in 
isolated lens. 

Gene Set Enrichment Analysis (GSEA) analysis of two significantly enriched classes of genes: nervous 
system development and neurodegenerative diseases. (A) Enrichment plot for a category nervous system 
development that includes 300 genes. (B) Normogram for 111 core-enriched genes classified in nervous system 
development. (C) Enrichment plot for a category of neurodegenerative diseases that includes 34 genes. (D) 
Normogram for 14 core enriched genes classified in neurodegenerative diseases. Individual genes are listed in 
Additional file 5. Increased expression (red); decreased expression (blue). 

Identification of lenses commonly regulated in dnBrg1, Hsf4-/- and Pax6+/-. (A) Venn 
diagram showing number of genes and/or transcripts regulated in dnBrg1, Hsf4-/- and Pax6+/- 
lenses. (B) A list of 22 genes regulated in all three systems. The genes were analyzed using 
the unsupervised hierarchical clustering described in Methods. Gene Expression Omnibus 
database accession numbers for dnBrg1, heat shock transcription factor 4 (Hsf4) and paired 
box gene 6 (Pax6) data are GSE22322, GSE22362 and GSE13244, respectively. 

Summary of two complementary 
models illustrating Brg1's role 
during lens fiber cell differentiation. 
(A) A schematic of the Dnase2b locus 
including its evolutionarily conserved 
promoter region (-205 to + 180). 
Multiple Pax6- and Hsf4-binding sites 
were identified in the DNase2b 
promoter and 3'-downstream 
evolutionary conserved region. Hsf4 
and Pax6 recruit (switch/sucrose 
nonfermentable) (SWI/SNF) 
complexes as described elsewhere 
[29,30]. (B) A schematic of a DNA 
double-strand break (DSB) 
accompanied by insertions of H2A 
histone family, member X (H2AX) 
histone variant (nucleosomes shown 
in purple). Both SWI/SNF (including 
Brg1) and DNA repair (including Nbs1) 
complexes are then recruited to the 
chromatin. Both complexes are 
thought to regulate chromatin structure 
prior to and during lens fiber cell 
denucleation. In mouse, Nbs1-
deficient lenses show incomplete 
denucleation of lens fiber cells [71]. 
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Vernalization-Mediated Epigenetic 
Silencing by a Long Intronic Noncoding 

RNA 
 

Jae Bok Heo and Sibum Sung 
 
 

Science 7 January 2011: Vol. 331 no. 6013 pp. 
76-79 

 

COLDAIR, an intronic long ncRNA of the FLC. (A) Schematic representation of transcription start sites for COLDAIR and COOLAIR 
and the location of VRE at the FLC genomic region. (B) Transcript expression patterns of COOLAIR, COLDAIR, VIN3, and FLC 
during the course of vernalization. Relative levels of mRNA expressions were calculated compared with those of the control, PP2A. 
Maximum expression for each gene is set as 100%, and relative levels are shown. Mean ± SD of quantitative RT-PCR data are 
shown (n = 3). NV, nonvernalized. V10, 10 days of vernalization treatment. V20, 20 days of vernalization treatment. V30, 30 days of 
vernalization treatment. (C) Luciferase expression in COLDAIR-promoter::Luciferase transgenic lines during the course of 
vernalization. (D) Expression patterns of luciferase (left) and COLDAIR (right) transcripts in two stable representative COLDAIR-
promoter::Luciferase transgenic lines (1 and 2) and nontransgenic line (NT). Mean ± SD of quantitative RT-PCR data compared with 
the control, PP2A, are shown (n = 3). ND, not detectable. (E) Transient increase in RNAPII occupancy at the COLDAIR promoter 
region. Chromatin immunoprecipitation (ChIP) using RNAPII antibody (8WG16). Relative occupancies of RNAPII at FLC regions 
were calculated by comparison to occupancy of RNAPII at the UBQ10 promoter region. Relative locations of P1 to P3 are shown in 
(A). Mean ± SD of quantitative ChIP-PCR data are shown (n = 3). V40, 40 days of vernalization treatment; V40T10, 40 days of 
vernalization treatment followed by 10 days of normal growth temperature.  

COLDAIR is required for proper repression of FLC during the course of vernalization. (A) Flowering behaviors of the parental line 
and a representative COLDAIR knockdown line. (B) Flowering times are determined by the rosette leaf number at the timing of 
flowerings of FRI in Ws, the parental line, and two representative COLDAIR knockdown lines (34-1, 36-2). (C) Changes in FLC 
mRNA during the course of vernalization in the parental line and two representative COLDAIR knockdown lines. Data (fold 
change; mean ± SD of quantitative RT-PCR; n = 3) are relative to the FLC mRNA level in the parental line before vernalization. 
T20, 30 days of vernalization treatment followed by 20 days of normal growth temperature. (D) Changes in FLC, FLM, MAF2, and 
MAF3 mRNA during the course of vernalization in the parental line and two representative COLDAIR knockdown lines. Data (fold 
change; mean ± SD of quantitative RT-PCR; n = 3) are relative to the FLC, FLM, MAF2, and MAF3 mRNA levels in the parental 
line before vernalization.  

Immune	Cell	Development	
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Epigenetic programming of monocyte-to-macrophage differentiation and trained innate 
immunity. 
Saeed S, et al. Science. 2014 Sep 26;345(6204):1251086.  

Long non-coding RNAs and control of gene expression in the immune system. 
Atianand MK, Fitzgerald KA. Trends Mol Med. 2014 Nov;20(11):623-31 

Long non-coding RNAs (lncRNAs) are versatile regulators of gene expression. lncRNAs employ three basic modules, RNA–RNA, RNA–protein 
and RNA–DNA interactions, to exert their functions either in the cytosol (A,B) or the nucleus (C–E). (A) In the cytosol lncRNAs interact with target 
mRNAs through base-pairing to either enhance translation (e.g., Uchl1 AS), or repress translation (e.g., lincRNA-p21). In addition, cytosolic 
lncRNAs are also known to regulate mRNA stability. For example, the lncRNA termed ½-Staufen binding site (sbs) RNA forms an RNA duplex 
with mRNAs containing partial complementarity in the 3′-untranslated region (UTR) to promote Staufen 1 binding, which drives Staufen-mediated 
mRNA degradation. (B) Cytosolic lncRNAs are also known to regulate immune signaling pathways through RNA–protein interactions. NRON and 
lnc-DC act as a scaffold for the transcription factors NFAT and Stat3, respectively, regulating phosphorylation status and thereby the expression 
of target genes in immune cells. (C–E) In the nucleus, lncRNAs function by acting as a guide (C, NeST; THRIL), decoy (D, Lethe), or scaffold (E, 
lincRNA-Cox2) to interact with specific protein(s) to silence gene expression. Abbreviations: hnRNP, heterogeneous ribonucleoprotein; IQGAP, IQ 
motif-containing GTPase activating protein; MD1, muscle differentiation 1; NFAT, nuclear factor of activated T cells; NRON, non-coding repressor 
of NFAT; THRIL, TNFα and hnRNPL related immunoregulatory lincRNA; Uchl1, ubiquitin carboxy-terminal hydrolase L1; WDR5, WD repeat-
containing protein 5. 

Chromatin Dynamics during Differentiation of Myeloid Cells. 
Schönheit J, Leutz A, Rosenbauer F.  2015 J Mol Biol. 427(3) Pages 670–687 
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Aberrant epigenetic modifications involved in myeloid leukemia.  Epigenetic mechanisms are involved in myeloid 
cell commitment and three major functions are associated with the onset of leukemia, aberrant histone 
modification, aberrant DNA methylation and altered chromatin accessibility (red boxes). 

Epigenetic control of myeloid cell differentiation, identity and function. 
Álvarez-Errico D, et al.  Nat Rev Immunol. 2014 Dec 23;15(1):7-17. 

reChIP-seq reveals widespread bivalency of H3K4me3 and H3K27me3 in 
CD4(+) memory T cells.  
Kinkley S, Helmuth J, Polansky JK, et al.  
Nat Commun. 2016 Aug 17;7:12514.  

The reChIP-seq method.(a) Experimental design. Black, purple, red and grey circles denote 
chromatin containing A and B antigens, only A antigens, only B antigens, or neither A nor B 
antigens, respectively. (b) ChIP- and reChIP-seq at the human HOXD locus. The colours of the 
boxes in the TSS state track indicate the co-occupancy patterns as described in Fig. 2. 

Cross-talk between genome and epigenome. (a–c) The filled circles denote the relative fraction of TSSs in the 
indicated state. Purple indicates H3K4me3-only, red H3K27me3-only, black bivalent and grey the unmodified state. 
Continuous lines indicate possible transitions, while broken lines indicate a low probability of a transition between 
the states. (d,e) Possible models promoting either a bivalent (d) or H3K4me3-only state (e) as depicted in a. 
H3K4me3X and H3K27me3Y indicate that they reside on two different H3-tails, while H3K4me3XY indicates that 
H3K4me3 is on both H3-tails of a nucleosome. 
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Orofacial	Development	
Figure 1. Development of the midfacial primordia. Scanning electron micrographs 
of the developing orofacial region showing the prominences that give rise to the 
main structures of the face. (A) mouse gestational day (GD) 10, equivalent to 
human 5th week of development, (B) mouse GD 11, equivalent to human 6th 
week of development, and (C) human 6th week of development. The mandible is 
formed by merging of the homologous mandibular processes (MP) of the first 
branchial arch. The upper lip is formed by merging of the bilateral maxillary 
processes (MX) of the first branchial arch with the medial nasal processes (MNP), 
which merge with each other. The lateral nasal processes (LNP) give rise to the 
alae, or sides, of the nose. Reprinted with the permission of Dr. Kathleen Sulik, 
University of North Carolina, Chapel Hill, N.C. 
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Figure 8. Computational gene interaction predictions from a selected microRNA 
gene network in murine orofacial development. Several differentially regulated 
microRNA genes in developing murine orofacial tissue (shown in aqua) were 
used to construct a gene association map using Ingenuity Systems Pathway 
Analysis (IPA) software. Solid lines specify direct relationships between genes 
whereas dotted lines indicate indirect interactions. 

Figure 10. Computational gene interaction predictions: gene network with microRNAs 
demonstrating enhanced expression in developing orofacial tissue (GD-13 vs. GD-12) and 
their target genes. A network with selected genes encoding microRNAs (orange) that 
demonstrate increased expression between GD-12 and GD-13 of orofacial development, 
and their known or predicted target genes (yellow) critical for orofacial ontogenesis was 
constructed with Ingenuity Systems Pathway Analysis (IPA) software and the miRDB (http://
mirdb.org/miRDB/) database. Solid lines specify direct relationships between genes 
whereas dotted lines indicate indirect interactions. 

Figure 12. CpG methylation profile of the Sox4 gene upstream regulatory region during 
murine secondary palate development. An 1.7 kb upstream region of the Sox 4 gene, 
beginning from the ATG start site (shown on the right), is defined by eight amplicons 
(boxed). Individual CpG residues are numbered within the boxes. Percentage methylation
—the average of all methylated CpG residues within an amplicon—is shown below each 
amplicon for murine gestation day (GD) 12, GD 13, and GD 14 secondary palate. Yellow 
boxes represent differentially methylated regions (DMRs); blue boxes represent 
unmethylated regions; and red boxes represent highly methylated regions. Amplicon 2 was 
not analyzed as it was presumed to be unmethylated based on analysis of amplicons 1 
and 3. Amplicon 6 could not be amplified. The CpG island, an area of high CpG density is 
located in the area of amplicon #1. 
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Paramuta$on	 PARAMUTATION	
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Paramutation phenomena in plants.  
Pilu R.  
Semin Cell Dev Biol. 2015 Aug;44:2-10. 

General outline of the paramutation phenomenon. (1) A paramutable allele (red) can spontaneously change into a paramutagenic 
(dark blue) allele; neutral alleles (grey) are stable. (2) Crossing an individual carrying the paramutagenic A’ allele with another 
carrying the paramutable A allele causes A’ to paramutate A; the new A’ allele can be as inactive as the original A’ (dark blue) or less 
silenced than the original one (light blue). (3) No trans-interaction takes place between a paramutagenic A’ allele and a neutral A 
allele. (4) Crossing the paramutated A’ allele with the original strong A’ allele, reinforcing of the silencing can occur as A” haplotype. 
(5) Secondary paramutation (violet A’) can occur when an individual carrying the paramutated A’ allele is crossed with an individual 
carrying a new paramutable A allele. Silencing can be weaker than after the primary paramutation. (6) If a paramutated A’ allele is no 
longer exposed to the original A’ allele, e.g. after a few few backcrosses to a neutral allele, it can revert to the original A paramutable 
allele. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

The first cases of paramutation described in plants. (a) ‘Rogue’ character (on the right) in Pisum sativum 
conferring an “inferior” phenotype compared to wild type [after 23]. (b) Crociata character (on the right) in 
Oenothera species conferring an aberrant development of the petals compared to wild type [after 26]. (c) Sulfurea 
locus in Lycopersicon esculentum conferring yellow chlorophyll-deficient sectors [after 24]. (d) Red colour 1 locus 
(R-r paramutable allele) in maize conferring dark purple seeds (on the left) that when combined with the R-
stippled paramutagenic allele (on the right) is heritably silenced, acquiring a very light pigmentation (designated 
R-r′) [after 27]. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Overview of Epigenetic Modifications and Its Role in Development. The role of chromatin as a filter for genomic information in 
gene expression and the determination of cell identity (left panel). Chromatin acts at various scales of size (middle panel), from 
topological organization of chromatin (middle panel, top; different colors represent A and B compartments), chromatin accessibility 
(middle panel, second from top; triangles represent chromatin accessibility, gray spheres represent nucleosomes), and histone 
modifications (middle panel, third from top; colored spheres represent modified histone H3 residues) to DNA methylation (middle 
panel, bottom; methyl-cytosine indicated in red). Chromatin is decorated by modifications and binding of different factors that are 
specific for the function of the sequence and its transcriptional state (right panel). H3 and H4 refer to histone H3 and H4, respectively, 
K to the lysine residue involved, me1, me2, and me3 to mono-, di-, and trimethylation, and ac and ub to acetylation and 
ubiquitination, respectively. CTCF and Cohesin are involved in the organization of chromosomal loops. ATAC sequencing (indicated) 
and DNase I sequencing (not shown) can be used to assess chromatin accessibility. The p300 coactivator protein acetylates H3K27 
and is mainly found at enhancers. RNAPII causes deposition of H3K36me3 in actively transcribed genes. Lighter gray shades 
indicate a lower or variable degree of factor binding or histone-tail modification. For DNA methylation (DNAme), light gray indicates 
that the sequence could be either methylated or unmethylated depending on the example considered. H3K27me3-repressed genes 
tend to be unmethylated. Active promoters tend to be unmethylated unless they have a low CpG density. 

Developmental	Epigene$cs	
Summary	
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