
RNA transcription



All living beings have RNA pols with a core of five to seven subunits. 
After Eubacteria separation, the common ancestor of Archaea and Eukarya added 
additional peripheral subunits. Finally, after eukaryote emergence, the Archaea-
derived nucleus started to develop specialized RNA polymerases. Specialized RNA 
pols I and III integrated some transcription factors as permanent subunits which, in 
RNA pol II, remain independent (TFIIS, TFIIF, TFIIE).

RNA polymerases



47S pre-rRNA tRNAs, 5S rRNA, U6 snRNA

RNA polymerases

mRNAs, lnRNAs, snRNAs

* RNA Pols I and III  
make up over 80% of the 
transcriptional activity in 
a growing cell.

* *



1. Level of Chromatin (DNA accessibility)

• Histone modifications
• Histone remodeling
• Nucleosome composition
• DNA methylation

2. Level of DNA (Interaction with basal transcription machinery)

• Regulatory sequences (enhancers, silencers) 
• Transcription factors (activators, repressors) 

3. Level of Regulatory RNA (Interaction with DNA, RNA or protein)

• Small and long non-coding RNAs

Eukaryotic Transcriptional Regulation
(RNA Pol II)



Eukaryotic Transcriptional
Regulation

-Level of Chromatin-



Chromatin-structure - reminder

• Several levels of condensation
• 10 nm extended fiber with nucleosomes like beads-on-a-string (7x 

compaction)
• 30 nm condensed fiber (40-50x compaction)
• And higher

10 nm fiber



Chromatin imposes a major limitation to transcription by three eukaryotic RNA 
pols preventing their direct targeting to gene promoters, which probably explains 
why all nuclear RNA pols are first engaged in pre-initiation complexes before 
starting transcription.

Chromatin compaction influences activity
of DNA in transcription



Chromatin compaction influences activity
of DNA in transcription

• Heterochromatin -transcriptionally 
silent

• Euchromatin - transcriptionally active

Miescher, Flemming, Kossel and Heitz defined nucleic acids, chromatin and histone 
proteins, which led to the cytological distinction between euchromatin and 
heterochromatin ( from 1869 to 1928).



Epigenetics

1942, Waddington coined the term 'epigenetics', which he 
defined as changes in phenotype without changes in 
genotype, to explain aspects of development for which there 
was little mechanistic understanding.

2016, epigenetic mechanisms transduce the inheritance of 
gene expression patterns without altering the underlying 
DNA sequence but by adapting chromatin, which is the 
physiological form of our genetic information.



Timeline of major discoveries and advances in 
epigenetic research



Key examples of chromatin contribution to 
epigenome function



Epigenetic mechanisms that regulate transcription

• DNA methylation

• Histone modifications



DNA methylation



DNA modification
DNA methylation recruits specific proteins that modulate transcription. Moreover, 
specific proteins (Erasers or Editor) can recognize this modification

Eraser

Eraser

It is a frequent modification in plants (~14%) and mammals (~8%) , very rare in 
flies (~0.03%), not present in yeast and nematodes.



• The predominant epigenetic modification of DNA in mammalian
genomes is methylation of cytosine nucleotides (5-MeC or 5mC).

• The primary target sequence for DNA methylation in mammals is
5'- CpG-3' dinucleotides.

DNA methylation

5mC



DNA Methylation

 Cytosine DNA methylation is a stable epigenetic mark that is 
crucial for diverse biological processes

 Sites of methylation:

• Inactive X

• Imprinted loci

• Transposon-derived sequences

• CpG islands



CpG Methyltransferases

DNMT1 -Maintenance methylation

•  Looks for hemimethylated CpG and maintains methylation 
pattern following replication

DNMT3 - De novo methylation



The DNMT family of enzymes

HSC: hematopoietic stem cell



In mammals, DNA methylation patterns are established by the DNA 
methyltransferase 3 (DNMT3) family of de novo methyltransferases and 
maintained by the maintenance methyltransferase DNMT1. DNMT3L 
interacts with unmethylated H3K4 and recruits DNMT3A resulting in the 
formation of a tetrameric complex.
In addition to interactions with unmethylated H3K4 tails, other mechanisms 
for targeting DNA methylation to specific loci are interactions of DNMT3 
with the histone methyltransferases G9a (H3K9me), Ezh2 (PRC2 component, 
H3K27me), suppressor of variegation 3-9 homologue 1 (SUV39H1) and SET 
domain bifurcated 1 (SETDB1) and recruitment by lncRNAs.

De Novo DNA Methylation in Mammals



Active demethylation of 5mC to cytosine is
mediated through a series of oxidative steps
mediated by the ten-eleven-translocation (TET)
enzymes, which require oxygen, iron and a-
ketoglutarate (α-KG). 5mC is converted to 5-
hydroxymethylcytosine (5-hmC), 5-
formylcytosine (5-fC) and 5-carboxylcytosine (5-
caC), which is then either decarboxylated to
cytosine or recognized by thymine DNA
glycosylase as part of the mismatch repair
system.

Removing the 5-methylcytosine (5mC)



DNMT3A and DNMT3B are de novo methyltransferases that mark unmethylated
DNA, whereas DNMT1 maintains DNA methylation after DNA replication, 5-
methylcytosine (5-mC) is oxidized to 5-hydroxymethylcytosine (5-hmC) by
enzymes of the TET family (TET1, TET2 and TET3); 5-hmC is not recognized by
DNMT1, which results in loss of DNA methylation during replication.

Methylation patterns are reproduced at each round of 
cell division



IDH1 and IDH2 are the most frequently mutated metabolic genes in human cancer, 
resulting in neomorphic enzymes that convert α-ketoglutarate (α-KG) to 2-
hydroxyglutarate (2-HG). 2-HG acts as an antagonist of α-KG to competitively inhibit 
the activity of α-KG-dependent dioxygenases, including those involved in histone 
and DNA demethylation.

IDH1 and IDH2 mutations lead to epigenetic alteration 
in cancer



Dynamics of DNA methylation during development

Shortly after a sperm fertilizes an egg, the paternal genome rapidly undergoes 
genome-wide active DNA demethylation and remains demethylated following 
multiple rounds of cell division. During this time, the maternal genome experiences 
gradual, passive demethylation. De novo methylation patterns are established by 
the DNA methyltransferases DNMT3A and DNMT3B during the development of 
the blastocyst.



1. Methylation-sensitive restriction enzymes combined with 
Southern blots or PCR

• Requires complete digestion of methylated DNA to avoid false 
positives and lacks sensitivity

2. Methylation specific immunoprecipitation

3. Bisulfite modification (is the most widely used technique for 
studying DNA methylation )

• C’s are converted to U’s
• Methylated C’s are NOT converted

Studying DNA Methylation



Studying DNA Methylation
Short Reads Sequencing (SRS) methods for detecting DNA methylation include 
bisulfite conversion, affinity enrichment and enzymatic cleavage. 1) In bisulfite 
conversion, unmethylated cytosines are converted to uracil, while methylated 
cytosines remain unchanged, allowing their differentiation during sequencing. 2) 
Affinity enrichment using methyl-binding proteins attached to beads then 
selectively isolates methylated DNA regions. 3) Subsequent enzymatic cleavage 
with restriction enzymes (for example, HhaI) that cut at specific unmethylated 
sites leaves methylated regions intact.

SRS



Direct DNA methylation detection

Nanopore PacBio

Long reads Sequencing (LRS) methods with Nanopore and PacBio enable direct 
detection of DNA methylation by analyzing the read signal. In Nanopore 
sequencing, a motor protein controls the movement of DNA strands through a 
nanopore and analyzes changes in ionic current as DNA passes through the pore to 
identify methylated bases. In PacBio sequencing, DNA polymerase synthesizes the 
complementary strand within a zero-mode waveguide, and methylation is detected 
by analyzing the interpulse duration (IPD) and pulse width (PW). These alterations 
in sequencing signals are used to predict methylation at the level of individual 
sequencing reads, known as read-level methylation detection.



• Definition
 Small stretches of about 300-3000bp
 >50% GC content, 5’ regulatory 

regions 

• Methylation status
 Generally non-methylated in 

coding regions allowing gene 
expression 

 Typically methylated in non-coding 
regions 

• Genomic distribution
 ~70% of promoter regions contain 

CpG islands 
 Only 1% of remaining genome 

contains CpG islands 
 Frequently methylated in tumor 

cells
 

CpG Island



Methylated CpG Islands Inhibit Transcription

• Active promoters are usually unmethylated

• Methylated DNA recruits methyl-CpG-binding domain proteins 
(MBDs or MECPs) which may inhibit transcription by several 
mechanisms

• Unmethylated CpG islands recruit Cfp1 which associates with a 
histone methyltransferase creating H3K4me3



Mechanisms for Repression Mediated by MBDs



Rett syndrome1 (RTT) is a progressive neurodevelopmental disorder and one of the most common causes of
mental retardation in females, with an incidence of 1 in 10,000–15,000. Patients with classic RTT appear to
develop normally until 6–18 months of age, then gradually lose speech and purposeful hand use, and develop
micro-cephaly, seizures, autism, ataxia, intermittent hyperventilation and stereotypic hand movements. After
initial regression, the condition stabilizes and patients usually survive into adulthood. As RTT occurs almost
exclusively in females, it has been proposed that RTT is caused by an X-linked dominant mutation with
lethality in hemizygous males. Previous exclusion mapping studies using RTT families mapped the locus to
Xq28. Using a systematic gene screening approach, we have identified mutations in the gene (MECP2)
encoding X- linked methyl-CpG-binding protein 2 (MeCP2) as the cause of some cases of RTT. MeCP2
selectively binds CpG dinucleotides in the mammalian genome and mediates transcriptional repression
through interaction with histone deacetylase and the corepressor SIN3A. In 5 of 21 sporadic patients, we
found 3 de novo missense mutations in the region encoding the highly conserved methyl-binding domain
(MBD) as well as a de novo frameshift and a de novo nonsense mutation, both of which disrupt the
transcription repression domain (TRD). In two affected half-sisters of a RTT family, we found segregation of
an additional missense mutation not detected in their obligate carrier mother. This suggests that the mother is
a germline mosaic for this mutation. Our study reports the first disease-causing mutations in RTT and points
to abnormal epigenetic regulation as the mechanism underlying the pathogenesis of RTT.



Loss of DNA methylation occurs primarily in constitutive-heterochromatin repeat 
regions in ageing, while hypermethylation primarily occurs at promoter CpG in cancer. 
Ageing is accompanied by selective loss and reorganization of heterochromatin and 
upregulation of transcripts from repeat elements, in particular retrotransposable 
elements, the genomic transposition of which is associated with the formation of DNA 
double-strand breaks and can negatively impact genome stability and cause disease.

Changes in DNA methylation



Mutations in DNMT3A and TET2 are two of the most frequent genes found in CHIP. 
In addition, IDH mutations are also associated with CHIP in older populations. 
Selective pressures such as age, chemotherapy and environmental insults lead to the 
expansion of these mutant clones that may progress to myeloid malignancies such as 
myelodysplastic syndrome (MDS), myeloproliferative neoplasms (MPN), and chronic 
myelomonocytic leukemia (CMML). The subsequent acquisition of additional 
mutations in genes such as FLT3 and NPM1 can result in the transformation into overt 
acute myeloid leukemia (AML).

Clonal hematopoiesis of indeterminate potential 
(CHIP)



Histone modifications



The nucleosome
- repeat unit of chromatin

• 146 bp of DNA wrapped around a histone octamer core

• so that it forms 1.7 turns of a left-handed superhelix
within the nucleosome core particle

• while the histon core is involved in histone-histone
packing and DNA-contact, the N-terminal tail point
outwards and is available for interaction



Histone H1 - linker histone
• H1 linker histone

– associated with linker DNA between nucleosomes (about one H1 per 
nucleosome)
• Binds DNA at entry/exit
• stimulates folding 10 nm  30 nm fiber
• repressive effect on transcription

– H1 binds weaker to acetylated nucleosomes



1. Histone variants

2. Opening of chromatin through directed modication of
histone tails (e.g. acetylation and methylation)

3. Opening of chromatin through directed nucleosome
mobilization by remodeling complexes

4. Positioning of nucleosomes creates promoters with
different requirement for remodeling

Regulation of transcription by chromatin



Histone variants and modifications
influence transcriptional activity

• Histone tails can be covalently modified to facilitate or prevent
transcription

• Variants for Histone 2 and 3 mediate transcriptional control



Special functions of histone variants 



'Writers' introduce histone marks (circles), 'erasers’ (or editors) take 
them out and 'readers' can recognize a particular form of histone 
modification.

Histone post translational modifications (PTMs)



Histone post translational modifications (PTMs)



Histone PTMs regulate transcription



Histone Modifications Associated with 
Heterochromatin and Euchromatin

H3K9Me3

H3K27Me3

H3K9Ac H3S10P H3K14Ac

H3K4Me3 H3K14Ac

DNA methylation



Histone PTMs regulate transcription

• Acetylation is associated with activation of transcription and absent in
heterochromatin

• Histone acetyltransferases (HATs) and histone deacetylases
(HDACs) bind to transcription factors or coactivators often forming
large regulatory complexes

• chemical inhibitors (i.e. trichostatin) that inhibits HDACs resulted in
increased gene expression



Activators Regulate Gene Expression by 
Modulating Chromatin Structure to be Open

• The DBD of Activators like Gcn4 bind their Upstream Activating Sequence (UAS).  
• Activation Domain (AD) attracts protein complexes containing histone acetylases 

(Gcn5)
• Subsequent acetylation of histone tails serve to open up chromatin.

S.cerevisiae



Repressors Regulate Gene Expression by 
Modulating Chromatin Structure to be Closed 

• The DBD of repressors (like Ume6) bind a DNA element (URS1) and the 
Repression Domain (RD) recruits a protein complex containing a histone 
deacetylase like Rpd 3.

• The subsequent deacetylation of histone N-terminal tails results in chromatin 
condensation which promotes gene repression.

S.cerevisiae



• Both Lys (K) and Arg (R) can be methylated at more than one methyl-
group

• Histone methylation is a relatively stable modification with a slow
turnover rate.

• An ideal epigenetic mark for more long-term maintenance of
chromatin states.

• Methylated residues are present both in eu- and heterochromatin.

Histone methylation 



Function - Activation or repression?
2 sites - 2 HKMTs - 2 effects

[H3]    ARTKQTARKSTGGKAPRKQL

MeMe

4 9

Set1p SUV39H1

Activation Repression

• Histone methylation was traditionally linked to repression,
but turns out to be linked also to activation

– H3 K9-Methylation correlates with heterochromatin formation.
– H3-K4-Methylation correlates with trx activation
– Set1p, responsible for H3K4 methylation, associated with HAT complex



The subtrates:
Histone tails - multiple methylations

• Above ≈ activation
• Below ≈ repression

N-term tails reversible methylated in Arginine (R) and Lysine (K),
particularly in H3 and H4.



Histone PTMs regulate transcription

Transcription



Activation/silencing determined by the counteracting
action of KMTs and KDMs

• KMTs (histone lysine methylase) and KDMs (histone lysine demethylases) 
have a high degree of specificity for particular lysine residues and the 
degree of methylation.



Mouse developmental stages at which null alleles of the indicated histone 
methylation regulators exhibit embryonic lethality. Loss of some histone methylation 
regulators causes very early lethality, before or during implantation (for example, 
SETDB1), whereas other regulators are required at later stages of organogenesis, with 
the majority exhibiting lethality between embryonic day 7 (E7) and E12. For some 
regulators (MLL1, SETDB1), lethality was observed at different stages, depending on 
the report.

The importance of histone methylation regulators in 
mammalian development



Polycomb-group Proteins
• Maintains a silenced state

• Prevents chromatin 
remodelling

Trithorax-group Proteins
• Maintains an active state

• Counteracts the action of PcG 
proteins

• The ON and OFF states of key developmental genes are maintained by the 
MLL/Trithorax (Trx) and polycomb group (PcG) proteins, which mediate 
trimethylation of histone H3 lysine 4 (H3K4me3) to activate genes or lysine 
27 (H3K27me3) to repress genes. 

Polycomb and MLL/Trithorax Complexes

H3K4me3H3K27me3



Role of PcG proteins in determination of stem-cell fate 



Core PRCs and their chromatin-modifying activities 

•Polycomb repressive complexes (PRCs) repress transcription by a
mechanism that involves the modification of chromatin.



Polycomb systems and gene regulation 

Polycomb complexes lead to Polycomb chromatin domain formation, 
which then directs repression of transcription by RNA polymerase II (Pol 
II) at the associated gene.



PRCs recruitment



• Trithorax (MLL or COMPASS in mammals) methylates H3K4 and 
recruits HAT and remodeling complexes

• Acetylated H3K9 prevents methylation, and prevents HP1 binding

MLL-family HMTs associate with the core 
complex containing, WDR5, and ASH2, 
RbBP5 and DPY30 (abbreviated in 
WARD). The core complex cooperates with 
the catalytic SET domain to methylate 
H3K4, whereas other regions of the MLL 
protein are involved in association with 
other protein partners and in recruitment 
of the MLL complex to the target genes. 
WDR5 plays a role in substrate recognition 
and presentation, with preferential, but not 
exclusive, binding to the H3K4me2 
substrate.

Writing the H3K4 Methylation Mark

WARD

DPY30



Set1A/B COMPASS complexes catalyze mono-, di-, and trimethylation on H3K4 at
active promoters. The activity of the partially redundant COMPASS complexes
containing MLL3/KMT2C and MLL4/KMT2D leads to the deposition of H3K4me1 at
enhancers, facilitating the recruitment of other activators such as the HAT CBP/p300.
The deposition of methyl marks on H3K4 at bivalent regions is performed by
MLL2/COMPASS. Multiple histone demethylases, including members of the
KDM1/LSD, KDM2A/FBXL11, and KDM5/JARID families, are implicated in the
removal of methyl groups on H3K4.

Writing the H3K4 Methylation Mark



Recruitment of histone modifying 
complexes



• Cooperative interactions between TFs and PRC1
and PRC2 complexes contribute to stable PcG
binding. The PRC1 accessory protein Scm is a key
protein in mediating PRC1 interaction. Similarly,
SCMH1/2 and EED might mediate interactions
between PRC1 and PRC2 complexes, thereby
facilitating stable binding to chromatin. KDM2B,
which is part of ncPRC1.1, binds to CGIs
(hypomethylated CpG islands) through its zinc-
finger CxxC domain.

• Similarly, COMPASS(-like) complexes can bind
sequence specifically to their target sites via the
CxxC domain of MLL1/2 or can be recruited by TFs
such as CFP1 or FOXA1 or via their interaction with
PAF1.

Transcription factor (TF)-mediated recruitment



• RNA-mediated recruitment. ncRNAs (like 
XIST, HOTAIR, or KCNQ1, shown in red), 
or short RNAs transcribed from repressed 
genes that form stem- loop structures (in 
black), can induce recruitment of PcG 
complexes. 

• In a similar manner, HOTTIP ncRNA 
interacts with the WDR5 subunit of 
COMPASS to recruit it to the HOXA locus. 

RNA-mediated recruitment 



Nascent RNA modulates the association of regulatory 
factors with chromatin to maintain gene activity

a) Nascent RNA can compete with chromatin for binding of repressive chromatin 
modifiers, such as PRC2, and  DNMT1 and DNMT3A, which primarily 
methylate the DNA at CpG dinucleotides. 

b) Interaction of the transcription factor YY1 with nascent RNA facilitates its 
transfer to chromatin. Similarly, the interaction of WDR5, which is a component 
of MLL, with nascent RNA facilitates their transfer to chromatin and H3K4me3, 
thereby forming a positive-feedback loop that promotes gene expression.



Chromatin-mediated recruitment

• H3K27me3 can increase the affinity of 
PRC1 to chromatin via interaction 
with the chromodomain of Pc/CBX. 
The EED subunit of PRC2 can bind to 
methylated H3K9 and H3K27, thereby 
stabilizing its binding to chromatin. 
H2AK119ub can induce PRC2 
recruitment mediated by AEBP2 and 
JARID2. H3K36me3 can stabilize 
binding of PRC2 via the TUDOR 
domain of PCL proteins. 

• TrxG complexes containing MLL1 can 
be recruited to their target sites via 
their interaction of the PHD finger 
with H3K4me3. H3K36me2, deposited 
by ASH1L, can promote binding of 
COMPASS complexes via the 
epigenetic reader protein LEDGF. 



Histone PTMs regulate transcription

• Histone modifying enzymes (writers) 
generate “ the histone code” . They 
usally act in large complexes.

• PTMs dictate chromatin structure 
and serve as a scaffold for additional 
regulatory proteins (readers).

• Most modifications have been found 
to be dynamic, and enzymes that 
remove the modification have been 
identified (erasers). 



Histone H3 Lysine Writers, Erasers, and 
Readers 

Post-translational modifications of histones are coordinated by 
counteracting writers and erasers.



Model for Role of H3K9 Methylation in 
Heterochromatin Formation

• HP1 (heterochromatin protein 1)  
binds to H3K9-Me3 

• HP1 oligomerization

• Spreads along chromatin

• Condenses chromatin into 
heterochromatin

(writer)

(reader)



Histone Modifications are recognized by specific
regulative proteins (readers)



Chromodomain
•CH3(Methyl)- recognition 
domain
•Targets to Me-lys 

Bromodomain
• Binds to acetylated lysines

Landmarks for Chromatin-binding Proteins



Recognition of the methylated (me) lysine, methylated (me) arginine, 
acetylated (ac) lysine and phosphorylated (ph) serine and threonine 
residues of the N-terminal histone H3 tail by indicated readers.

The list of newly identified histone readers has 
grown rapidly



Combinatorial readout of PTMs



• Chromatin is typically marked by multiple modifications, and it is essential that
these marks work in concert to achieve a coordinated cellular response. In some 
cases, the presence or absence of one modification can stimulate or inhibit
deposition of another. 

• Several chromatin regulators have important catalytically independent roles in 
setting chromatin modifications, often by recruiting other enzymes.

• Histone methylations are also highly coordinated with DNA methylation through
multiple feedback loops .

Crosstalk between chromatin marks



Regulation of transcription by chromatin

1. Opening of chromatin through directed modication of
histone tails (e.g. acetylation and methylation)

2. Histone variants

3. Opening of chromatin through directed nucleosome
mobilization by remodeling complexes

4. Positioning of nucleosomes creates promoters with
different requirement for remodeling



Four families of ATP-driven remodeling factors

Clapier et sl., 2017 Nature Reviews Molecular Cell Biology

(Tr: ATPase–translocase domain)

Chromatin remodellers can be classified into four subfamilies: imitation swtich 
(ISWI), chromodomain helicase DNA-binding (CHD), switch/sucrose non-
fermentable (SWI/SNF) and INO80, on the basis of the similarities and 
differences in their catalytic ATPases and associated subunits.



Functions of remodeling factors

Clapier et sl., 2017 Nature Reviews Molecular Cell Biology

SWI/SNF subfamily remodellers typically facilitate chromatin access, as they 
slide and eject nucleosomes, and are used for either gene activation or gene 
repression.



Possible activities of Swi/Snf

SWI2-subunit harbours a DNA-
stimulated ATPase activity



Possible activities of Swi/Snf



• It appears that there is no
obligate order for function of
ATP-dependent remodelers
and covalent modifiers that is
general for all promoters.

• Rather, it seems that each
individual promoter will
work using a set order of
action by these complexes
that differs from promoter to
promoter.

Each gene a specific pathway



Mutations in regulators of the epigenome identified in 
cancer


