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The nuclear lamina is a dense (~30 to 100 nm thick) fibrillar network inside the nucleus of most cells. It is 
composed of intermediate filaments and membrane associated proteins.  

Besides providing mechanical support, the nuclear lamina regulates important cellular events such as 
DNA replication and cell division. Additionally, it participates in chromatin organization and it anchors the 
nuclear pore complexes embedded in the nuclear envelope. 

The 3D view of the nuclear lamina shows a section 
of the architecture of the delicate meshwork made 
of lamin filaments (filament rod in dark grey and its 
globular domains in red) beneath the cell nuclear 
membrane (transparent grey) and the nuclear pore 
complexes (blue). (Image: Yagmur Turgay, UZH).  
Diseases such as muscular dystrophy and 
premature aging, caused by mutations in the lamin 
gene, the major constituent of the lamina, can now 
be studied more effectively. 
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Chromatin inactivation (or heterochromatin formation) occurs 
by the addition of proteins to the nucleosomal fiber.   

May be due to: 

Chromatin condensation -making it inaccessible to transcriptional 
apparatus 

Proteins that accumulate and inhibit accessibility to the regulatory 
sequences 

Proteins that directly inhibit transcription 

Two well characterized systems: HP1 in mammals and SIR 
complexes in yeast.

Heterochromatin differs from euchromatin in that heterochromatin is 
effectively inert; remains condensed during interphase; is 
transcriptionally repressed; replicates late in S phase and may be 
localized to the centromere or nuclear periphery 

Heterochromatin is not restricted to regions of chromosome defined 
by pre-designated sequence(s); genes that are moved within or 
near heterochromatic regions can become inactivated as a result of 
their new location. 
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Position-effect variegation (PEV)



Position-effect variegation (PEV) Figure 1. A schematic illustration of white 
variegation in the X chromosome inversion 
In(1)wm4.  

(A) Rearrangement attributable to an X-ray-
induced inversion places the white locus, 
normally located in the distal euchromatin 
(white bar) of the X chromosome (see top 
line), ∼25 kb from a breakpoint in the 
pericentric heterochromatin (black bar; bottom 
rearranged line). Spreading of 
heterochromatin packaging into the 
euchromatic domain results in silencing 
(causing a white eye in this case); loss of 
silencing in some cells during differentiation 
results in a variegating phenotype (bottom 
line, right).  

(B) (B) Given a variegating phenotype, screens 
for second site mutations can recover 
suppressors (Su(var)s) and enhancers 
(E(var)s) as described in the text.  

(C) (C) Some Su(var) loci (e.g., Su(var)3-9, 
shown here) show an antipodal dosage-
dependent effect, and are consequently 
thought to be structural proteins of 
heterochromatin. The presence of only one 
copy of the modifier gene results in less 
heterochromatin formation, and more 
expression from the reporter gene 
(suppression of PEV, top fly eye); conversely, 
the presence of three copies of such a 
modifier gene will drive more extensive 
heterochromatin formation, resulting in an 
enhancement of reporter gene silencing 
(enhancement of PEV, bottom fly eye).

Epigentics, Second Edition 2015 Cold Spring Harbor La. Press
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Most modified sites in histones have a single, specific type of modification, 
but some sites can have more than one type of modification



Heterochromatin Depends on Interactions with 
Histones 

• HP1 is the key protein in forming mammalian heterochromatin, 
and acts by binding to methylated histone H3.

 HP1 contains a chromodomain and a chromoshadow domain

 HP1 contains a chromodomain and a 
chromoshadow domain

HP1 contains a chromodomain and a 
chromoshadow domain



HP1 interacts with H3K9me2 and H3K9me3 through its chromodomain, and with 
SU(VAR)3-9 through its chromoshadow domain. By interacting with both the modified 
histone and the enzyme responsible for the histone modification, HP1 provides a 
foundation for heterochromatin spreading and epigenetic inheritance. (Figure 
adapted, with permission, from ref. 10.)

Transcription and RNA interference in the formation of heterochromatin 
Shiv I. S. Grewal & Sarah C. R. Elgin 
Nature 447, 399-406(24 May 2007) 
doi:10.1038/nature05914

http://www.nature.com/nature/journal/v447/n7143/full/nature05914.html%2523B10
http://www.nature.com/nature/journal/v447/n7143/full/nature05914.html


Figure 4. Interaction of SU(VAR)3-9 and HP1a in 
setting the distribution pattern of H3K9 methylation.  

(A)HP1a interacts with H3K9me2/3 through its 
chromodomain, and with SU(VAR)3-9 through its 
chromoshadow domain. By recognizing both the 
histone modification and the enzyme responsible 
for that modification, HP1a provides a 
mechanism for heterochromatin spreading and 
epigenetic inheritance.  

(C)(B) SU(VAR)3-9 is responsible for much of the 
dimethylation of H3K9 (H3K9me2); loss of the 
enzyme results in loss of this modification in the 
pericentric heterochromatin, as shown by loss of 
antibody staining of the polytene chromosomes 
(compare middle panel with top panel). Loss of 
HP1a results in a loss of targeting of 
SU(VAR)3-9; high levels of H3K9me are 
consequently now seen throughout the 
chromosome arms (bottom panel).

Epigenetics, Second Edition 2015 Cold Spring Harbor La. Press



Heterochromatin Depends on Interactions with 
Histones

• HP1: 
– is the key protein in forming mammalian heterochromatin 
– acts by binding to methylated histone H3



HP1 then self-aggregates



Heterochromatin Depends on Interactions with 
Histones

• Telomeric silencing in yeast is analogous to PEV in D. 
melanogaster eye colour.  

• Rap1 initiates formation of heterochromatin in yeast by 
binding to specific target sequences in DNA. 

• The targets of Rap1 include telomeric repeats and silencers 
at HML and HMR. 

• Rap1 recruits Sir3 and Sir4, which interact with the N-terminal 
tails of H3 and H4. 

• Sir2 deacetylates the N-terminal tails of H3 and H4 and 
promotes spreading of Sir3 and Sir4.
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In yeast, Rap1 is able to initiate the 
formation of heterochromatin by 
binding to specific target sequences in 
the telomeric regions of the DNA and 
to cis-acting silencer elements. 

The proteins Sir3/Sir4 are recruited to the 
DNA sequences by Rap1, and act 
directly with the N-terminal tails of H3/
H4. 

Sir2 then deacetylates the N-terminal 
tails of H3 and H4 and promotes 
spreading of Sir3 and Sir4.  

After which Sir3/Sir4 continue to 
aggregate on the DNA and may act to 
tether the heterochromatin to the 
nuclear periphery. 



• Self-perpetuating structures that 
assemble on the DNA usually have 
a repressive effect by forming 
heterochromatic regions that 
prevent expression of genes within 
them. 

• This depends on their ability to 
remain bound to the DNA following 
DNA replication.

Self-assembling complexes maintain 
heterochromatin



                                    
   The Pc-G complex proteins maintain repression

Polycomb-group proteins are a family of protein complexes, first discovered in fruit flies, that can remodel 
chromatin such that "epigenetic silencing” of genes takes place. Thes Polycomb-group proteins are well 
known for silencing Hox genes through modulation of chromatin structure during embryonic development 
in fruit flies (Drosophila melanogaster).

https://en.wikipedia.org/wiki/Protein_family
https://en.wikipedia.org/wiki/Chromatin
https://en.wikipedia.org/wiki/Epigenetic
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Hox_gene
https://en.wikipedia.org/wiki/Embryonic_development
https://en.wikipedia.org/wiki/Drosophila_melanogaster


 
X chromosome inactivation is an example of 

facultative heterochromatin.

• dosage compensation – Mechanisms employed to compensate for the 
discrepancy between the presence of two X chromosomes in one sex but 
only one X chromosome in the other sex.

 Dosage compensation change X-
expression

Mammals – one of the two female 
X chromosomes is inactivated 

Drosophila –expression of single 
male X chromosome is doubled 
relative to the female X 
chromosome expression 

C. elegans – expression of each 
female chromosome is halved 
relative to expression of single X 
in males.



 
X chromosome inactivation is an example of 

facultative heterochromatin.
• dosage compensation – Mechanisms employed to compensate for the 

discrepancy between the presence of two X chromosomes in one sex but 
only one X chromosome in the other sex.



 X Chromosomes Undergo Global Changes 

• constitutive heterochromatin – The inert state of 
permanently non-expressed sequences, such as satellite 
DNA. 

• facultative heterochromatin – The inert state of sequences 
that also exist in active copies; for example, one mammalian 
X chromosome in females.



X Chromosomes Undergo Global Changes

• One of the two X chromosomes is inactivated at random in 
each cell during embryogenesis of eutherian mammals. 

• single X hypothesis – The theory that describes the 
inactivation of one X chromosome in female mammals. 

• In exceptional cases where there are >2 X chromosomes, all 
but one are inactivated (the n–1 rule).



XIST “Exists” to Silence 

XIST, or X-inactive specific transcript, was discovered due to its 
specific expression from inactive female X chromosomes. This RNA has 
four unique properties (Borsani et al., 1991; Brockdorff et al., 1991, 
1992; Brown et al., 1991, 1992; Clemson et al., 1996): 
1.The XIST gene does not encode a protein but rather produces a 17 
kilobase (kb) functional RNA molecule. Hence, it is a noncoding RNA 
(Costa, 2008). 

•XIST RNA is only expressed in cells containing at least two Xs and is 
not normally expressed in male cells (Figure 2). Higher XIST expression 
can be seen in cells with more X chromosomes, as a counting 
mechanism dictates that only one X per cell can remain active. In such 
cells, XIST is expressed from all supernumerary Xs. 

•XIST RNA remains exclusively in the nucleus and is able to "coat" the 
chromosome from which it was produced  

•Paradoxically, XIST RNA is expressed from an otherwise inactive X 
chromosome.



X Chromosomes Undergo Global Changes

Figure 2: Expression of the XIST gene in males, females and somatic cell hybrids.
Slot blot of total cellular RNA isolated from human lymphoblastoid cell lines or mouse-human somatic cell 
hybrids retaining either the active or inactive human X chromosome, hybridized with the 14A XIST cDNA 
proble. The probe hybridizes only to RNA samples from cell lines which contain an inactive X chromosome.
Copyright 1991 Nature Publishing Group. Brown, C. J. et al, Nature 349, 38-44

Figure 3: RNA fluorescent in situ hybridization on metaphase 
chromosomes showing that Xist (green) coats the X 
chromosome (arrow). DNA stained in blue.

Copyright 1999, Nature Publishing Group, Lee., J. et. al., Tsix, 
a gene antisense to Xist at the X-inactivation centre, Nature 
Genetics 21, 400 - 404

http://www.nature.com/
http://www.nature.com/
http://www.nature.com/
http://www.nature.com/
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So, how is XIST expressed from one X chromosome while it remains silent on the 
other X? The answer to this question came just several years after the discovery 
of XIST, when XIST's antisense partner— TSIX ("XIST" backwards)—was 
identified (Lee et al., 1999).  

The term "antisense" refers to the fact that TSIX is complementary in sequence to 
XIST. TSIX is also a long (40 kilobase), noncoding RNA (lncRNA), but it is 
transcribed in the opposite direction across the entire XIST gene. Like XIST, TSIX 
only acts on the chromosome that produces it.  

Moreover, there is an inverse relationship between TSIX and XIST expression: 
When TSIX transcription is reduced on one X, XIST expression increases and 
leads to inactivation of that same X chromosome (Lee & Lu, 1999; Sado et al., 
2001).  

In contrast, overexpression of TSIX prevents any increases in XIST expression 
and blocks inactivation in cis or on that same X (Luikenhuis et al., 2001; 
Stavropoulos et al., 2001).  

These observations suggest that expression of TSIX is required to antagonize 
XIST on the future active X.

TSIX Antagonizes XIST



X Chromosomes Undergo Global Changes

• The Xic (X inactivation center) is 
a cis-acting region on the X 
chromosome that is necessary 
and sufficient to ensure that only 
one X chromosome remains 
alive. 

• Xic includes the Xist gene, 
which codes for an RNA that is 
found only on inactive X 
chromosomes.

Xist RNA inactivates one X 
chromosome



Furthermore. while it has been confirmed that XIST RNA is both necessary 
and sufficient for inactivation (Penny et al., 1996; Wutz & Jaenisch, 2000).....  

It also recruits various silencing protein complexes to label the future inactive X 
chromosome.  

Increased XIST expression represents a key initiation event in X inactivation, 
indicating the central role of this noncoding RNA. 

In addition to silencing one of the two Xs, the cell must also make sure 
that the other X remains active. Thus, there must be a way for the two 
Xs to communicate with each other to designate mutually exclusive 
fates. Interestingly, recent evidence suggests that this communication 
is mediated by protein- and transcription-dependent pairing between 
the Xs during early development (Bacher et al., 2006; Xu et al., 2006, 
2007). The random XCI story becomes even more complex with the 
discovery of various enhancers and modifiers that can alter or skew 
inactivation of one X chromosome over the other.



 Silencing of one X chromosome by Xist.

Adapted from A. Wutz and J. Gribnau, Curr. Opin. Genet. Dev. 17 (2007): 
387-393.

• Xist recruits Polycomb complexes, which modify histones 
on the inactive X. 

• The mechanism that is responsible for preventing Xist 
RNA from accumulating on the active chromosome is 
unknown. 
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• In the early 1980’s Marcus Pembrey (then, a geneticist at University 
College London in the U.K.) and his colleagues (who studied the 
unusually detailed historical medical records of the isolated northern 
Swedish city of Overkalix) found that grandsons of men who experienced 
famine during mid-childhood went through puberty earlier and had longer 
lifespans, while the grandsons of men who were well fed in early 
childhood had an increased likelihood of diabetes. 

• For females, the effect was similar but it was tied to the grandmother, 
rather than the grandfather. 

• More contemporaneously, Pembrey has found that fathers who had 
started smoking before age 11 had sons who were significantly fatter than 
average. There was no similar effect on daughters

Epigenetics





• Angelman syndrome results from a loss of gene activity in a specific part of chromosome 15 (the 
15q11-q13 region).

– This region on chromosome 15 contains a gene called UBE3A that, when mutated or 
absent, likely causes the characteristic features of this condition.                       
Humans normally have two copies of the UBE3A gene, one from each parent. 

– Both copies of this gene are active in many of the body's tissues. 
– In the brain, however, only the the maternal copy is active. If the maternal copy is 

lost because of a chromosomal change or a gene mutation, a person will have no 
working copies of the UBE3A gene in the brain.

• Prader-Willi syndrome is caused by the loss of active genes in a specific part of chromosome 15, 
the 15q11-q13 region. People normally have two copies of this chromosome in each cell, one copy 
from each parent. 

– Prader-Willi syndrome occurs when the paternal copy is partly or entirely missing
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• Pembrey (a geneticist at University College London in the U.K.) and his 
colleagues (who studied the unusually detailed historical medical records 
of the isolated northern Swedish city of Overkalix) found that grandsons of 
men who experienced famine during mid-childhood went through puberty 
earlier and had longer lifespans, while the grandsons of men who were 
well fed in early childhood had an increased likelihood of diabetes. 

• For females, the effect was similar but it was tied to the grandmother, 
rather than the grandfather. 

• More contemporaneously, Pembrey has found that fathers who had 
started smoking before age 11 (on average) had sons who were 
significantly more obese than average. There was no similar effect on 
daughters.

Epigenetics



Epigenetic Effects Can Be Inherited 

• Epigenetic effects can result from the modification of a nucleic acid 
after it has been synthesized or by the perpetuation of protein 
structures. 

• Epigenetic effects may be inherited through generations 
(transgenerational epigenetics). 
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• The two pictures show the eyes of two genetically identical flies. The difference in eye colour is 
determined by epigenetic factors. (Credit: Renato Paro/ETH Zürich)

Certain laboratory strains of the fruit fly Drosophila melanogaster have white eyes. 


If the surrounding temperature of the embryos, which are normally nurtured at 25º C, is briefly raised 
to 37ºC, the flies later hatch with red eyes. If these flies are again crossed, the following generations 
are partly red-eyed – without further temperature treatment – even though only white-eyed flies would 
be expected according to the rules of genetics.


Stress can also be inherited....Activating Transcription Factor -2

ATF-2 is required for those tightly packed, heterochromatin structures to form. ATF-2 is altered by 
stress-activated protein kinases in response to environmental stress, inflammatory cytokines, and 
reactive oxygen species (ROS). But it wasn't entirely clear what this might mean for other organisms.


Ishii and his colleagues now confirm that ATF-2 is required for heterochromatin assembly in 
multicellular organisms. When fruit flies are exposed to stressful conditions, the ATF-2 is modified and 
disrupts heterochromatin, releasing genes from their usually silenced state. Importantly, these 
changes in genomic structure are passed on from one generation to the next.

25  Co 37  Co



Epigenetic effects of maternal diet...
ScienceDaily (Mar. 9, 2011) — Poor diet during pregnancy increases offspring's 
vulnerability to the effects of aging, new research has shown for the first time.  

To test their theory, the researchers used a well-established rat model where, by 
altering the protein content of the mother's diet during pregnancy, the offspring 
develop type 2 diabetes in old age. 

First, they studied the RNA from insulin secreting cells in the pancreas from 
offspring of normally fed as well as malnourished mothers in young adult life and in 
old age. When they compared the two, they found that there was a significant 
decrease in the expression of the Hnf4a gene in the offspring prone to type 2 
diabetes. The expression of Hnf4a also decreased with age in both groups. 

Second, they studied the DNA and found that the decrease of Hnf4a was caused 
by epigenetic changes...... .
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Caring Mothers Reduce Response to Stress for Life 

How a rat responds to stress depends on whether its mother cared for it properly as a pup, which 

marks its genes for life. Dr. Mae-Wan Ho reports 

Maternal effects in the spotlight 

Maternal effects on the development of offspring are well known. But they are thought to be due 
to nutritional and physiological factors affecting the foetus in the womb; and within the past few 
years, geneticists have discovered that diet and stress can profoundly change the pattern of 
gene expression in the offspring, affecting their health prospects as adults (see Diet trumping 
genes, SiS 20). 

A team of researchers from the Douglas Hospital Research Centre and McGill University in 
Montreal Canada, and the Molecular Medicine Centre, in Edinburgh University Western General 
Hospital in the UK, now report a remarkable experiment in which the behaviour of the mother 
nursing her pups not only affects the pups’ response to stress as adults, but are correlated with 
changes in gene expression states in brain cells that persist into adult life. Such changes are 
referred to as ‘epigenetic’ as they do not involve alterations in the base sequence of DNA in the 
genome, only their off and on states; but they can persist in the brain cells and are passed on to 
all the daughter cells. 

Caring mothers reduce stress response of pups 

In the nest, the mother rat licks and grooms her pups and, while nursing, arches her back to 
groom and lick her pups. Some mothers (high performers) tend to do these acts more frequently 
than others (low performers). As adults, the offspring of high performers are less fearful and show 
more modest responses to stress in the hypothalamus-pituitary-adrenal (HPA) neuro-endocrine 
pathway.

ISIS Report 07/09/04

mailto:m.w.ho@i-sis.org.uk
http://www.i-sis.org.uk/isisnews/sis20.php


Four Recognized Mechanisms of 
Cellular Epigenetic Inheritance 

• Self sustaining feedback loops  
• 3 D templating -Structural Inheritance 
• Chromatin Marking 
• RNA-mediated EIS
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Four Recognized Mechanisms of 
Cellular Epigenetic Inheritance 

• Self sustaining feedback loops -protein 
products (or modifications thereof) or 
mRNA 
– Bistability of the lac operon 
– Candida albicans, where an epigenetic switch underlies the 

transition between white and opaque cells—two states that are 
heritable for many generations 

• 3 D templating -Structural Inheritance 
• Chromatin Marking 
• RNA-mediated EIS
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Four Recognized Mechanisms of 
Cellular Epigenetic Inheritance 

• Self sustaining feedback loops  
• 3 D templating -Structural Inheritance 

– Inheritance of alternative three-dimensional (3-D) structures 
through spatial templating: Prions 

• Chromatin Marking 
• RNA-mediated EIS
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• Prion – A proteinaceous infectious agent that 
behaves as an inheritable trait, although it contains 
no nucleic acid. 
– Examples are: 

– Bovine spongiform encephalopathy (BSE), commonly 
known as “mad cow disease”, is a fatal, 
neurodegenerative disease in cattle that causes a spongy 
degeneration in parts of the brain and spinal cord.  

– Sup35 in Yeast 

– PrPSc, the agent of scrapie in sheep and bovine 
spongiform encephalopathy in cattle, and Psi, which 
confers an inherited state in yeast.

http://en.wikipedia.org/wiki/Neurodegenerative_disease
http://en.wikipedia.org/wiki/Cattle
http://en.wikipedia.org/wiki/Brain
http://en.wikipedia.org/wiki/Spinal_cord


Yeast Prions Show Unusual Inheritance

• amyloid fibers – Insoluble fibrous protein polymers with 
a cross β-sheet structure, generated by prions or other 
dysfunctional protein aggregations (such as in 
Alzheimer’s). 

• Conversion between the two forms is influenced by 
chaperones. 

• The wild-type form has the recessive genetic state psi– 
and the mutant form has the dominant genetic state 
PSI+. 



Yeast Prions Show Unusual Inheritance 

• The Sup35 protein in its wild-type 
soluble form is a termination 
factor for translation. 

• Sup35 can also exist in an 
alternative form of oligomeric 
aggregates, in which it is not 
active in protein synthesis.

The [PSI+] state is due to protein 
aggregation as a function of the history 

of the strain 



Yeast Prions Show Unusual Inheritance

• The presence of the oligomeric 
form causes newly synthesized 
protein to acquire the inactive 
structure.

The [PSI+] state is dominant



Prions Cause Diseases in Mammals

• Scrapie (in sheep) is a neurodegenerative disorder that is manifested 
by the inability of the sheep to remain upright.  

• The protein responsible for scrapie exists in two forms and is normally 
expressed in the brain:  

• the wild-type, non-infectious form PrPC is susceptible to proteases 

• the disease-causing form PrPSc is resistant to proteases 

• Difference in the two forms appears to lie with a change in 
conformation rather than conventional alterations (i.e. methylation, 
acetylation, sequence mutation)



• The PrPSc protein can perpetuate itself by causing the newly 
synthesized PrP protein to take up the PrPSc form instead of 
the PrPC form 

• Different prions may interact, leading to the formation of 
many different transmissible (cell- heritable and infectious) 
phenotypes 

• Indeed, multiple strains of PrPSc may have different 
conformations of the protein -giving rise to variable degrees 
of severity of the phenotype.

Prions Cause Diseases in Mammals



Prions Cause Diseases in Mammals 

• The neurological disease, scapie can be transmitted to 
mice by injecting the purified PrPSc protein into mice. 

• The recipient mouse must already have a copy of the 
PrP gene, coding for the mouse protein, present.

PrP interactivity is not always 
restricted to species



Prions Cause Diseases in Mammals 

• The neurological disease, 
scapie can be transmitted 
to mice by injecting the 
purified PrPSc protein into 
mice. 

• The recipient mouse must 

PrP interactivity is often restricted to 
species… but not always



Four Recognized Mechanisms of 
Cellular Epigenetic Inheritance 

• Self sustaining feedback loops  
• 3 D templating -Structural Inheritance 
• Chromatin Marking 

– Physical changes in DNA, histones and non-histonal proteins 
interacting with chromatin caused by chemical modification 

– Numerous examples. 

• RNA-mediated EIS
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Four Recognized Mechanisms of 
Cellular Epigenetic Inheritance 

• Self sustaining feedback loops  
• 3 D templating -Structural Inheritance 
• Chromatin Marking 
• RNA-mediated EIS  

– RNA interference has been located in all eukaryote phyla.. with 
quite different mechanisms used by different cell types -lncRNA, 
siRNA, µRNA 
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Histone Acetylation Is Associated with 
Transcription Activation

• Acetylation is associated with activation of gene activity.  
• Histone acetyltransferases (HATs) vary in their target 

specificity. 

• Deacetylation is associated with repression of gene 
activity. 
• Histone deacetylase (HDACs) –  Enzyme that 

removes acetyl groups from histones; may be 
associated with repressors of transcription. 

• Deacetylases are very often present in complexes with 
repressor activity.
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Nucleosomes are removed from the region around the start site but alternative histone 
components (H2AZ) are inserted into the “gate keeper” nucleosomes on each side of an 

open start site 



Modifying complexes have several components

HAT complex

Remodeler
Co-activator

Activator

HDAC complex
Remodeler

Co-repressor

Repressor
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• a, In the OFF state, the DNA-bound repressor (REP) at the upstream repressor site 
(URS) recruits negative modifiers, such as histone deacetylase (HDAC), which remove 
acetyl (ac) groups from histones.  

• b, In the ON state, DNA-bound activator (ACT) at the upstream activator site (UAS) 
recruits positive modifiers, such as histone acetylases (HAT), at the promoter, while 
DNA-bound RNA polymerase (POL) recruits histone methylases at the ORF. Early 
during elongation, the C-terminal domain (CTD) polymerase repeat is phosphorylated 
at serine 5 (S5ph), leading to recruitment of the COMPASS complex (Set1, part of the 
COMPASS complex, methylates H3K4) and DOT1 (which methylates H3K79). Later in 
elongation the CTD repeat is phosphorylated at serine 2 (S2ph), leading to 
recruitment of Set2 (which methylates H3K36).



Narliker et al., Cell (2002)  108: 475-487 
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Four Recognized Mechanisms of 
Cellular Epigenetic Inheritance 

• Self sustaining feedback loops  
• 3 D templating -Structural Inheritance 
• Chromatin Marking 
• RNA-mediated EIS
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• 3 D templating -Structural Inheritance 
• Chromatin Marking 

– Physical changes in DNA, histones and non-histonal proteins 
interacting with chromatin caused by chemical modification 

– Numerous examples. 

• RNA-mediated EIS
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• Figure 2. Proposed mechanism by which DNA 
methylation leads to transcriptional repression.  

• (a) Transcriptionally active chromatin is predominantly 
unmethylated and has high levels of acetylated histone 
tails (short black squiggles).  

• (b) Methylation at CpG dinucleotides can be carried out by 
one of the three known human DNA methyltransferases 
(DNMT1, 3a and 3b), resulting in DNA with high levels of 
CpG methylation (purple circles), but still containing 
predominantly acetylated histone tails. DNA in this form 
would still be expected to be transcriptionally competent.  

• (c) Methylated DNA is targeted by methyl-binding 
domain (MBD) proteins such as MBD2 and MeCP2, which 
are found associated with large protein complexes such as 
the NuRD complex (MBD2) and the Sin3a complex 
(MeCP2).  

• Histone deacetylase (HDAC1 and 2) and chromatin-
remodelling activities (Mi-2 and Sin3a) within these 
complexes result in alterations in chromatin structure, 
producing chromatin that is refractory to transcriptional 
activation (pink streaks represent deacetylated histone 
tails). 

Proposed mechanism by which DNA 
methylation leads to transcriptional repression 

G. Strathdee and R. Brown



DNA methylation is probably the 
best-understood system of 
Epigenetic inheritance as it is a 
genetic modification found in 
Eubacteria, Archaebacteria, and 
Eukaryota. It is involved in many 
important functions 

In eukaryotes, methylation 
usually occurs on the cytosines 
in CpG doublets as well as 
CpNpG triplets in plants.  

Since CpG and CpNpG are 
palindromes… they provide 
perfect template for “mirroring” 
regulatory markers one at of the 
DNA strands. 

In vertebrate genomes, CpG dinucleotides are relatively depleted, except in specific DNA 
regions with a high den- sity of this dinucleotide.  

The typical density of CpG doublets in mammalian DNA is ~1/100 bp, as seen for alpha -
globin genes.
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Fig. 1. Graphic representation of the different compartments where DNA methylation occurs in relation to CpG 
islands and genes. For clarity, only SINE and LINE retrotransposons are shown in the figure to represent the 
repetitive DNA compartment.

M.R.H. Estécio, Jean-Pierre J. Issa / FEBS Letters 585 (2011) 2078–2086 
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islands and genes. For clarity, only SINE and LINE retrotransposons are shown in the figure to represent the 
repetitive DNA compartment.
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Epigenetic differences arise in MZ twins. 

Fraga M F et al. PNAS 2005;102:10604-10609

©2005 by National Academy of Sciences



 Epigenetic differences arise in MZ twins.  

(A) Two representative examples of the determination of monozygosity using 
microsatellite markers.  

(B) Quantification of X chromosome inactivation by PCR amplification of the 
androgen receptor locus after digestion with the DNA methylation-
sensitive and -insensitive restriction enzymes HpaII and MSp I, 
respectively. Two examples of a different pattern of X inactivation 
between MZ twin pairs are shown.  

(C) (C Upper) Quantification of global 5mC DNA content (Left), histone H4 
acetylation (Center), and histone H3 acetylation (Right) by HPLC and 
high-performance capillary electrophoresis. 

(D) (C Lower) Comparison of epigenetic values between the siblings of each 
3- and 50-year-old twin pair. Results are expressed as mean ± SD.
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There is evidence that the rate of transmission of epigenetic marks lessens with each generation [57], suggesting 
that epigenetic profiles are likely to be more similar in families within generations as opposed to between generations 
This would be in contrast to transgenerational inheritance of DNA methylation patterns in plants, which  can be 
relatively stable for up to eight generations [48,50],

Trends Genet. 2011 Mar; 27(3): 116–125.









The Agouti Mouse Models

The best-characterized example of non-genomic inheritance of epigenetic marks via the gametes is 
exemplified by the agouti viable yellow (Avy) mouse.64 The agouti gene (Agrp) encodes a 
paracrine factor that stimulates the production of a yellow pigment (phaeomelanin) rather than the 
black pigment (eumalenin) in the follicles of the hair. 

Transcription of the gene from a wild-type allele (A) occurs during specific stages of development, is 
restricted to hair follicles, and results in the characteristic brown color of wild-type mice. In contrast, 
the Avy allele results from the insertion of an intracisternal A particle (IAP) transposon upstream of 
the agouti locus. The IAP acts as a cryptic promoter that stimulates constitutive and ectopic 
expression of the agouti gene. This aberrant expression leads to yellow fur, obesity, and high 
prevalence of tumor formation.

Typically, transposons are heavily methylated to block their activity. Nevertheless, the IAP of the 
Avy allele shows various degrees of methylation, from unmethylated (yellow mice) to heavily 
methylated (brown mice) -through various methylation densities (mottled combination of brown and 
yellow patches). Since the degree of methylation of the IAP correlates with the expression of the 
agouti gene (and fur color), it is relatively simple to assess whether parental methylation of the IAP 
is transmitted to the offspring. The authors first showed that the agouti traits were transmitted 
through the maternal line to the offspring. To demonstrate that inheritance of the phenotype was 
mediated by epigenetic mechanisms, they transplanted fertilized eggs from yellow dams into 
pseudoagouti mice.  Amazingly, the offspring from these pregnancies retained the agouti 
phenotype. Or, in other words, the offspring inherited and maintained the maternal epigenetic 
marks via the gametes (oocytes). This was the first reported example of transgenerational 
epigenetic inheritance via the gametes (oocytes) in mammals. Nevertheless, in a follow-up study it 
was questioned whether the inherited epigenetic mark was DNA methylation. The reason is that 
the maternal pattern of DNA methylation, present in oocytes and the zygote, was completely erased 
in the blastocysts. Therefore, either histone marks and/or other oocyte factors must mediate this 
type of epigenetic transmission.
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Abstract
Transgenerational inheritance of phenotypes refers to the transfer of information from one 
generation to the next by non-genomic mechanisms, such as epigenetics. Epigenetics can be 
defined as the study of heritable traits that do not involve changes in the DNA sequence. 
Epigenetic marks include DNA methylation, histone modifications and, recently, a variety of 
non-coding RNAs. Transgenerational epigenetic inheritance of diabetes therefore refers to the 
transfer of diabetes risk from parents to offspring through epigenetic modifications. This process 
implies that environmental factors can induce epigenetic modifications in cells from the germline 
which: i) escape the epigenetic reprogramming events occurring during gametogenesis and the 
first post-zygotic divisions, ii) are inherited into the next generation offspring, and iii) are stably 
maintained in tissues, where they influence gene expression and, ultimately, increase diabetes 
risk later in life. This chapter reviews the available evidence to support transgenerational 
epigenetic inheritance of type 2 diabetes and associated co-morbidities in humans and model 
organisms.
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• ScienceDaily (Sep. 20, 2011) — The first comprehensive inventory of epigenetic 
changes over several generations shows that these often do not last and 
therefore probably have limited effects on long-term evolution, according to 
scientists in Germany. 

• Scientists at the Max Planck Institute of Developmental Biology in Germany 
have now produced the first comprehensive inventory of spontaneous 
epigenetic changes. 

• Using Arabidopsis (the workhorse of modern plant genetics) the researchers 
determined how often and where in the genome epigenetic modifications occur 
-- and how often they disappear again. They found that epigenetic changes are 
many orders of magnitude more frequent than conventional DNA mutations, but 
also often short lived. They are therefore probably much less important for long-
term evolution than previously thought. 

• To determine the rate and distribution of methylation changes in the genome, 
the German biologists looked at ten Arabidopsis lines...ensuring that all 
offspring came from the same stock, but had been propagated independently 
for 30 generations by self-fertilization. 

• "For each line, we were able to look at about 14 million cytosines," said 
Claude Becker, a member of the Tübingen team. On average, every plant had 
almost 3 million methylated cytosines. The vast majority of these were the 
same in all lines, but about 6 percent had changed since the lines had become 
separated. At these positions, at least one of the individuals was different, with 
either methylation gained or lost relative to the ancestor. Each of the lines had 
about 30,000 such epimutations, which was 1,000 times more than DNA 
mutations.
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Use of Bisulphite reactions to discriminate between methylated and 
non-methylated sequences.
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Use of Bisulphite reactions to discriminate between methylated and 
non-methylated sequences.
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Use of Bisulphite reactions to discriminate between methylated and 
non-methylated sequences.



Most epigenetically important methyl 
groups in DNA are found on cytosines 
on both strands of the CpG doublets. 

Replication converts a fully methylated 
site to a hemi-methylated site. 





Methylation requires not only de novo 
activity, but also maintenance activity  

-following replication

The fidelity of transmission in cell 
lineages ranges from about 1% 
variation per cell generation up to 
the very high fidelity of 10-6 
variations per cell generation 



            Nature. 2008 Mar 6;452(7183):45-50.

Cyclical DNA methylation of a transcriptionally active promoter.
Métivier R, Gallais R, Tiffoche C, Le Péron C, Jurkowska RZ, Carmouche RP, Ibberson D, Barath P, Demay F, Reid G,
 Benes V, Jeltsch A, Gannon F, Salbert G.
Université de Rennes I, CNRS, UMR 6026 Equipe SPARTE, IFR 140 GFAS, Campus de Beaulieu, 35042 Rennes cedex, France. 
Raphael.Metivier@univ-rennes1.fr

Processes that regulate gene transcription are directly under the influence of the genome organization. The epigenome 
contains additional information that is not brought by DNA sequence, and generates spatial and functional constraints 
that complement genetic instructions. DNA methylation on CpGs constitutes an epigenetic mark generally correlated 
with transcriptionally silent condensed chromatin. Replication of methylation patterns by DNA methyltransferases 
maintains genome stability through cell division. Here we present evidence of an unanticipated dynamic role for DNA 
methylation in gene regulation in human cells. Periodic, strand-specific methylation/demethylation occurs during 
transcriptional cycling of the pS2/TFF1 gene promoter on activation by oestrogens. DNA methyltransferases exhibit 
dual actions during these cycles, being involved in CpG methylation and active demethylation of 5mCpGs through 
deamination. Inhibition of this process precludes demethylation of the pS2 gene promoter and its subsequent 
transcriptional activation. Cyclical changes in the methylation status of promoter CpGs may thus represent a critical 
event in transcriptional achievement.
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Fig. 1. 

Changes of histone modifications during cell cycle progression. (A) Histone modifications (red) were 
determined by immunostaining in culturing A549 cells. DNA was DAPI-stained for assumptions of mitotic 
stage. Acetylation of H3K9 (H3K9ac) was reduced in the mitotic cells, but trimethyation of H3K9 (H3K9me3) 
was increased in the mitotic cells. However, monomethylation of H3K9 (H3K9me1) and dimethylation of H3K9 
(H3K9me2) were not changed under identical conditions. P-H3S10 is shown as a mitotic control. White arrow 
head; mitotic cells. (B) Western blot analyses were conducted using synchronized HeLa cells. H3K9me3 and 
H3K9ac expressions were altered in the nocodazole and colcemid treatment groups, but not in the serum star-
vation group.
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There is an emerging realisation that DNA methylation and histone lysine 
methylation in mammals are highly interrelated. 

Targeting of DNA methylation is mechanistically linked to H3K9 methylation. 

Uhrf1 acts as a link between H3K9 methylation and maintenance methylation 
during DNA replication. 

See previous slides… 

Targeting of Dnmt3a/b is influenced by H3K4 and H3K36 methylation. 

Non-methylated DNA at CpG islands influences histone methylation through ZF-
CxxC proteins.

Understanding the relationship between DNA methylation and 
histone lysine methylation☆ 
Author links open overlay panel 
Nathan R.Rose1Robert J.Klose
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CpG islands are associated with distinctive chromatin environments.  

(a) CpG islands associated with actively transcribed genes recruit H3K4 methyltransferases (Mll1/2, Set1a/b) through interactions between ZF-CxxC domains and 
non-methylated CpG dinucleotides. RNA PolII associates with H3K4me3, while Kdm2a/b remove H3K36me2 from CpG islands.                                                   
CpG islands also block DNA methylation by preventing the binding of Dnmt3L/Dnmt3a/b to histone tails that are methylated at H3K4.                                                     

(b) CpG island associated genes may be repressed by the polycomb complexes PRC1 and PRC2. PRC1 can be recruited to CpG islands via interaction with Kdm2b to 
ubiquitylate H2AK119. PRC2 is targeted via unknown mechanisms to methylate H3K27 at CpG islands, though it may be excluded from non-CpG island regions by 
its reduced ability to methylate substrates that have H3K36 methylation.



Epigenetic Effects Can Be Inherited 

• Epigenetic effects can result from modification of a nucleic 
acid after it has been synthesized or by the perpetuation of 
protein structures. 

• Epigenetic effects may be inherited through generations 
(transgenerational epigenetics). 


