
previous lecture

Euchromatin and Heterochromatin have distinguishing features:

1. histone post-translational modifications (PTM) = histone code
2. histone variants
3. proteins recognizing histone modifications and modifying enzymes
4. DNA Cytosine Methylation at CpG islands



During development, a progressive selection of genes 
to be expressed and genes to be silenced occurs.

Each cell type establishes its own 
profile of heterochromatic and 
euchromatic partition of the genome. 

We see this quite clearly by 
following development using 
DNA microarray analysis of 
gene expression

The question now is:

How is the heterochromatic or euchromatic status transmitted 
to daughter cells during DNA replication and cell division ?

Epigenetic determinants
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DNA CpG methylation in plants and mammales provides a simple 
paradig how an epigentic mark it is established and mainitained, i.e. 
how it can be transmitted in somatic cells.
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The DNMT1 methyl transferase act to maintain the 
methylation profiles when cells divide, as follows:

DNMT1



Why are methylated genes silenced ?

Usually CpG methylation does not limit access of transcription factors to 
DNA (there are few exceptions).

Is there any link between DNA CpG methylation  and  histone 
modifications typical of heterochromatin ?

The answer is:  YES !

There are several links between DNA CpG methylation 
and histone de-acetylation and H3-K9 methylation



There are several Methyl CpG binding 
proteins in eukaryotes, which deserve 
different functions. The protein 
involved in heterochromatinization is 
most likely MeCP2 that possesses both a 
Methyl CpG Binding Domain (MBD) and a 
transcriptional repression domain (TRD). 

≈100 aa

The structure of Methyl Binding 

Domain (MBD) in complex with 

methyl CpG (orange)



CpG methylation is physically linked to campaction of chromatin through 

the MeCP2 protein and other MBD proteins that bind meCpG and make 

part of large protein complexes containing Histone Deacetylases (HDAC), 

Histone methyltransferases (HMT) etc... to the site.

…ATTTACGTATGTGAACGTTCGATCATCCGTTTATCACTGTATG…

Me Me







CpG methylation partecipate in epigenetic inheritance but is not the (unique) 
(principal) mechanism

First, this is true in plants and mammalians, but other organism do not use CpG 
methylation to this purpose or do not use CpG methylation at all.

Second, heterochromatic CpG hypermethylation is characteristic of promoter 
CpG islands but many heterochromatic regions have no CpG island

The other modifications that we know and correlate with active/inactive status 
are histone PTMs, however.... 



Whereas DNMT1 activity easily explains how CpG methylation profiles are 
maintained at DNA replication, 

....we need a mechanisms explaining how histone PTMs are “replicated” 
together with DNA replication
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Figure 3 | Models of histone deposition during 
replication. Here, we illustrate the
means by which old and new histones might 
be deposited following replication.
A | Random model of histone segregation. In 
this model, we do not discriminate between 
dimer or tetramer deposition. The histones 
segregate randomly between the leading and 
lagging replicated DNA strands. 

B | Semi-conservative model of histone 
segregation. 
Ba | the scheme is based on the assumption Ba | the scheme is based on the assumption 
that the histone 3 (H3)–H4 tetramer is divided 
during DNA replication and the parental H3–
H4 histones segregate as dimers onto the 
newly replicated DNA strands. The parental 
histones associate with naive dimers to 
reconstitute the tetramer. 
Bb | This scheme posits that parental H3–H4 
histones segregate as tetramers, resulting in 
the joint deposition of recycled histones
and newly deposited naive histones. PTM, 
post-translational modification.



A very old discovery of Genetics , “PEV” (positional effect variegation), 

illustrated a very interesting property of Heterochromatin:

“spreading” or “diffusion” 



PEV = Positional Effect Variegation
Silencing effects of heterochromatin in 
different organisms.

Translocation of the Drosophila white
gene close to the centromere results in 
mosaic (variegated) expression in the 
eye. 

Insertion of transgenes into peri-
centromeric regions in mice gives 
expression in a proportion of cells from expression in a proportion of cells from 
expressing tissues. Expression is clonally 
stable through multiple cell divisions but 
also undergoes stochastic
switching between the active and inactive 
states. 

Insertion of the Ade2 gene into the 
telomeric region of Saccharomyces 
cerevisiae causes metastable silencing of 
the gene resulting in sectored colonies 
containing white (expressing) and red 
(nonexpressing) cells. 
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Mechanisms operating at centromeres, telomeres ad other heterochromatic 
loci are similar, but not identical.

Nonetheless, PEV is seen in all these contexts
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Model for the formation of telomeric heterochromatin. Black lines wrapped around nucleosomes 
represent DNA. 

(a) Core telomeric heterochromatin in wild-type cells containing only a single genomic copy of 
SIR3. It is proposed that the RAP1-containing telosome folds back onto subtelomeric regions. 
In this manner, RAP1–SIR–histone interactions are all required for stability of the complex. 

(b) Upon SIR3 overexpression, telomere position effect and the presence of SIR3 is extended up 
to some 16–20 kb from the telomere. SIR3 overexpression causes loss of some SIR4 and most 
SIR2 from the complex. Due to the interdependence of RAP1–SIR3–H4 interactions, and 
because all three SIR proteins are required for extension of heterochromatin by SIR3, it is 
proposed that the complex necessary for the initiation of heterochromatin formation requires 
RAP1, the SIR proteins and H4. 



How does heterochromain “spread” ?

The simplest model is that proteins that modify histones (and CpG) show 

reciprocal interaction, so that one modification of a specific position in 

histones can bring about other coordinated modifications, either at other 

positions in histones making part of the same nucleosome, or in adjacent 

nucleosomes, or both. 

Two principles:Two principles:

1. Extensive network of protein-protein interaction between HAT, HDAC, 

HMT, demethylases, DNMT, and modification-binding proteins, such as 

HP-1. 

This has been verified by c o-immunoprecipitation and re-ChIP 

2. Modular structure of chromatin-interacting proteins, leading to 

double- or triple-function in individual proteins. 



Active genes have HATs locally that acetylate many 
histone positions, especially H3-K9.

Acetylation of H3-K9 prevents H3-K9 methylation; 
thus, step one involves the deacetylation of H3-K9 
by specific HDACs, and the subsequent methylation 
by a histone lysine acetyltransferase (HKMT), such 
as Suv39H1. 

In step two, HP1 selectively recognizes methylated 
H3-K9 through its chromodomain

Example: interaction between HDAC, Suv39H1 and HP1

H3-K9 through its chromodomain

Step three involves propagation of heterochromatin 
through HP1 recruitment of Suv39H1 via protein 
association. Suv38H1 is one methyltransferase 
specific for H3-K9 

Once nearby H3-K9 sites are methylated, additional 
heterochromatin-associated protein 1 (HP1) molecules 
recognize this mark through its chromo-domain. HP1 
then recruits Suv39H1 through protein interactions 
recruiting further H3-K9 methylation activity. 

. 
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The epigenetic code is read by multiprotein complexes that use 

a defined set of “modules” or “domains” to recognize CpG 
methylations, histone modifications 

and 

a defined set of enzymes to introduce further modifications and/or 
maintain the chromatic status.
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Principal characteristics of chromatin-interacting proteins

1.   “Modules” or “domains” that recognize specific histone position / PMT 

are present in a plethora of chromatin metabolizing enzymes and proteins

2.  These modular proteins are always present in megadalton, heteromeric 

and multifunctional complexesand multifunctional complexes

Ruthenburg et al., 2007, Nat. Rev. Mol. Cell Biol. 8: 983.





a | Monovalent association of a hypothetical effector module 
(purple) to a chromatin substrate (yellow tail with green 
diamond) is simplistically compared to a bivalent 
association of the same effector in a complex, representing 
the lowest order of multivalent interactions. The change in 
free energy Gi for the monovalent system undergoing 
binding is indicated by the change in enthalpy Hi minus the 
change in entropy Si, scaled by the temperature (T). b | By 
tethering the two effector modules, the entropy term may 
be, to a first approximation, similar for each of the binding 
equilibria in panels a and b (TScomplex TSi). For our 
purposes, this example assumes that hydrogen-bonding 
electrostatic interactions dominate and desolvation is 
negligible, so that S for the system will be negative. Thus, 
the entropic penalty to binding is lessened approximately the entropic penalty to binding is lessened approximately 
twofold by pre-organizing the effector domains in a complex 
(TScomplex TSi), while the enthalpy of the bivalent domain 
interaction is effectively double that of the monovalent case 
(2Hi, if enthalpic penalties due to the strain induced by 
bivalent binding are negligible). In this manner, the reduced 
net entropy loss for the binding process can be a significant 
determinant of free energy, especially in low-binding 
enthalpy regimes. Losses of entropy on the substrate side 
would be expected to be minimal due to the low intrinsic 
rotational and translational freedom of chromatin; however, 
conformational entropy losses here are assumed to be 
negligible for simplicity.
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Elements that promote heterochromatin are called 
“silencers”

Elements that stop heterochromatin spreading are called 
“insulators” or “boundaries”

“spreading”.... indefinitely ?

“insulators” or “boundaries”

Boundaries of heterochromatin are cis-elements regulated 
by trans-factors

Chromosomal boundaries in S. cerevisiae
Xin Bi* and James R Broach †
Current Opinion in Genetics & Development 2001, 11:199–204



HMR mating locus in yeast has heterochromatic features, e.g. is resistant 
to endonuclease digestion and silences constructs placed within





Saccaromyces cerevisiae   
(budding yeast)

Most studies on HC 
made in yeasts (S. 
cerevisiae / S. pombe)

Very easy, since 
homologous homologous 
recombination is 
favoured in yeasts and 
allows HC elements (i.e. 
HC organizers, 
silencers, boundaries, 
etc.) or reporters to be 
placed at will, in any 
genomic locus. 



Gene targeting by homologous recombination in yeast



Replacement of a gene with a 
version of the same gene that 
lacks important parts or 
carryes lethal mutations, 
abolishes the function of the 
gene.

The gene is now called “knock-
out”.

Since the yeast is diploid, his 
genotype will be YFG +/-
If aploid are produced and 
mutants isolated, a diploid YFG 
-/- mutants can be isolated.
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Combination of spreading properties and “border” 
elements make epigenetic inheritance “local”.



A model explaining how HC is epigenetically transmitted to daughter DNA molecules.



Some genes show a very interesting properties:
.

1. They are expressed only from 1 allele, and their expression depends on 
whether they are inherited from either the mother or the father.

2. One allele is DNA CpG hypermethylated in a specific control region

imprinting

2. One allele is DNA CpG hypermethylated in a specific control region

3. The methylation is made in germinal cells

This is called germinal epigenetic inheritance (to distingiush from somatic 
epigenetic inheritance discussed above).

We say these genes are imprinted

and the phenomenon is known as genomic imprinting 



Genomic imprinting was discovered twenty years ago, as an outcome 
of nuclear transplantation experiments in the mouse.

About 80-90 genes are known to be imprinted in mice and humans, 
and imprinting is conserved in ruminant species as well.

Many imprinted genes are involved in foetal development and 
growth, and some influence behaviour.

What is the biological role of imprinting ?

It represents possibly a form of sexual predominance, where a 
character from one of the partners is programmed to prevail 
upon the one from the other partner



Usually grouped into Large Chromosomal Domains (LCD)

Transgenic studies have identified sequence elements in these domains 
that are essential for the imprinted gene expression: 

the ICRs - imprinting control regions

•regulated by epigenetic modifications
•up to several kilobases in length•up to several kilobases in length
•rich in CpG dinucleotides (many correspond to CpG islands)
•CpG DNA methylation on one of the two parental alleles  

(DMR=differentially methylated region). 

At most ICRs, the allelic methylation originates from the egg. 
At only a few, it is established during spermatogenesis.

Following fertilisation, allelic methylation marks are maintained 
throughout development and they mediate imprinted expression.



Parental imprints are established during oogenesis, or spermatogenesis, at sequence 
elements that control the imprinted expression (ICRs). After fertilisation of the egg by 
the sperm, these imprints are maintained throughout development. DNA methylation 
(lollypop) is the most consistent hallmark of imprints. Two examples of ICRs are depicted:  
ICR with paternally-derived (ICR1); ICR with maternally-derived DNA methylation (ICR2).

Few genes expressed in 

developing and adult 

tissues

Most of them in extra-

embryonic tissues







Example 1:

Four maternally imprinted loci

Loci showing imprinting are often very complex



Example 2: Two paternally imprinted loci



Mechanisms of imprinting: 

-The Insulators model of imprinting

-The Non-coding RNA model of imprinting
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2°mechanism: noncoding RNAs
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Mutant yeasts deleted 

of components of the 

RNAi pathwayRNAi pathway

Swi6 is the yeast 

homolog of hu HP1







Two different hypothetical modes 

RITS can use ss-RNAi to target the 

gene it derives from

In the first model, a DNA-RNA 

hybrid is depicted and 

transcription is not required.

In the second model, transcription 

initiation is required, since the 

siRNA is thought to form a RNA-siRNA is thought to form a RNA-

RNA hybrid with the nascent 

transcript. 

Indeed, RNA Pol activity seems 

necessary to target the RITS 

complex to the locus, although a 

complete demontration is still 

lacking.



Interaction of RITS with several chromatin-modifying enzymes (Histone Methyl 

Transferases HMT, DNA Methyl Transferases DMT) was demonstrated using both 

co-immunoprecipitation experimetns and by showing binding of RITS together 

with HMTs and DMTs to the same regions of DNA, by chromatin 

immunoprecipitation (ChIP).

In S. pombe, the RdRP enzyme (not present in higher animals) is also localized to 

the centromere, thus suggesting a further amplification mechanism for the centromere, thus suggesting a further amplification mechanism for 

centromeric siRNA. 


