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Protein

What did we understand 
from reading the chromatin?

Regulatory regions



(i) Nuclei are harvested from
plant tissues and treated with
the endonuclease DNase I. (ii)
Regulatory regions are
hypersensitive to cleavage by
DNase I. (iii) Protein-bound
regions within DNase I
hypersensitive sites are
protected from DNase I
cleavage leaving detectable
“footprints.” (iv) Footprint and
TF motif information can be
integrated to generate TF-to-TF
regulatory networks.

Schematic of DNase I-seq-derived data



modified from Science 337:1159-60, 2012

!"##################

Protein

What did we understand 
from reading the chromatin?

Epigenetic marks



The readout of the histone post-transcriptional modifications



A critical clue for hunting RNA genes came from chromatin

Chromatin marks of

transcription initiation

(H3K4me3) and elongation

(H3K36me3) define whole

transcribed regions of the

genome, while sequencing of

capped RNA fragments

(CAGE-tag) or poly-

adenylation ends (3P-seq)

defined the precise beginning

and ends of transcripts.

What did we understand 
from reading the chromatin? RNA genes 



Intergenic K36-K4 domains produce multiexonic RNAs
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Protein

What did we understand 
from reading the chromatin?

TF binding



1. Level of Chromatin (DNA accessibility)

• Histone modifications
• Histone modifying enzymes & remodeling complexes
• 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
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The Transcription UNIT



Transcription initiation in 
eukaryotes

At the transcription start site, Pol II
initiation is regulated by a protein
assembly known as the pre-initiation
complex (PIC) containing TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, TFIIH, Pol II and
Mediator



General Transcription Factors



The consensus
sequence of E. coli
promoter was found by
alignment of 300
sequences interacting
with σ70

Promoter = Consensus

A consensus sequence is a genetic sequence found in widely divergent organisms or genetic
locations withminor variations and (probably) similar functions.

It represents the residues which are more represented when a lot of sequences are aligned.
Take care!!! The consensus sequence is NOT a real sequence but represents the most
common nucleotides: it is a statistical creature!!!



Regulatory signals and promoter elements in Metazoa

• The term 'core promoter' is
often used to focus on the DNA
region in the immediate vicinity
of the TSS, which is assumed to
dock the pre-initiation complex
(PIC)

• It consists of several
interchangeable sequence
elements around the TSS, which
bind core components of the
PIC.

• The region around the TSS has
several over-represented
sequence patterns; the TATA
box and initiator (Inr) are the
most studied and most
prevalent.

BRE, B recognition elements
DCE, downstream core element;
DRE, DNA recognition element;
MTE, motif ten element.



Mediator has key roles in the assembly of the PIC
For gene-specific transcription, Pol II must be recruited to specific sites on the genome. This is
generally controlled by sequence-specific, DNA-binding TFs.

Although TFs do not directly bind to Pol II, one mechanism by which they can promote Pol II
recruitment is by binding to the Mediator complex. Mediator enables Pol II recruitment via
interaction with the CTD of the Pol II. The large size of Mediator is likely to promote stable PIC
formation by allowing the complex to directly interact with multiple PIC factors. Moreover,
Mediator helps to regulate the recruitment and/or the activity of the PIC components.



to study the binding of a trascription factor (TF) on a specific promoter in vivo 

Target-directed experiment:

- Predict possible TF binding sites

- Perform ChIP

- Validate the assumptions by functional analyses

How

1
2
3



To be able to predict potentially functional TFBS is an important first step in
promoter analysis.

It is important to note that TFBS only carry the potential to bind their corresponding protein.
However, they can occur everywhere in the genome and are by no means restricted to
regulatory regions. It is the context that differentiates a functional binding site affecting
gene regulation from a mere physical binding site

Functionality can ultimately be proven only by a wet-lab experiment with defined
settings, particularly since potential binding sites in a promoter can be functional in
certain cells, tissues or developmental stages and non-functional under different
conditions.

- Predict possible TF binding sites (TFBS)1

TFBS prediction programs (Jaspar, MatInspector…) can infer the binding potential,
although not the functionality of a site.

- Perform ChIP to validate the assumptions

- Validate the assumptions by functional analyses

2
3



Prediction of TF binding sites precedes ChIP

Transcriptional regulation requires the binding of transcription factors (TFs) to short
sequence-specific DNA motifs, usually located at the gene regulatory regions.



Prediction of TF binding sites precedes ChIP

http://jaspar.genereg.net





http://jaspar.genereg.net/matrix/MA0503.1/



Nkx2-5(var.2)
http://jaspar.genereg.net/matrix/MA0503.1/ Relative profile score threshold 100 % 

…but then you have to validate the binding peaks!  How?                                           
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Network of coupled interactions in gene expression



1) temporal coordination of gene transcription in response to developmental or environmental
changes.

2) spatial coordination of gene transcription within each cell nucleus

When RNA polymerase II is

detected by immunofluorescence

a non-uniform staining pattern can

be observed (green dots). (B)

Labeling of nascent RNA by Br-UTP

incorporation and subsequent

immuno-staining (red dots) reveals

a staining pattern that matches

the polymerase staining as an

overlay (C) shows (yellow dots).

These discrete sites of active

transcription are referred to as

“transcription factories”.

The “mRNA Factory” model



Transcription occurs at discrete sites in the nucleus 
termed “transcription factories”

where multiple active RNA polymerases are concentrated and anchored to a nuclear 
substructure.

It shows a transcription factory
with a diameter of 70 nm that
contains eight RNA polymerase II
enzymes (green crescents). Genes
are reeled through these
polymerases (in the direction of the
large arrows) as they are
transcribed, and the nascent RNA
(yellow) is extruded.

Genes from the same or from
different chromosomes may
associate with polymerases in the
same factory. Small arrows indicate
the direction of transcription at the
transcription start site.



Each factory contains RNA
polymerase II molecules which are
located on the surface of a protein-
rich core (87 nm in diameter, as
determined by EFTEM in HeLa
cells). These proteins include many
factors involved in transcription
such as co-activators, chromatin
remodelers, histone modification
enzymes, RNPs, RNA helicases, and
splicing and processing factors.
Multiple genes can be processed by
the same factory (three are shown).

Structure of a Transcription Factory



1. Glu   Ala  Pro  Thr  Ser  Pro Gly
2. Phe  Gly  Val  Ser  Ser  Pro  Gly
3. Phe  Ser  Pro  Thr  Ser  Pro  Thr
4. Tyr   Ser  Pro  Thr  Ser  Pro Ala
5. Tyr   Ser  Pro  Thr  Ser  Pro Ser
6. Tyr   Ser  Pro  Thr  Ser  Pro Ser
7. Tyr   Ser  Pro  Thr  Ser  Pro Ser
8. Tyr   Ser  Pro  Thr  Ser  Pro Ser
9. Tyr   Ser  Pro  Thr  Ser  Pro Ser
10. Tyr   Ser  Pro  Thr  Ser  Pro Ser
11. Tyr   Ser  Pro  Thr  Ser  Pro Ser
12. Tyr   Ser  Pro  Thr  Ser  Pro Ser
13. Tyr   Ser  Pro  Thr  Ser  Pro Ser
14. Tyr   Ser  Pro  Thr  Ser  Pro Ser
15. Tyr   Ser  Pro  Thr  Ser  Pro Ser
16. Tyr   Ser  Pro  Thr  Ser  Pro Ser
17. Tyr   Ser  Pro  Thr  Ser  Pro  Ala 
18. Tyr   Ser  Pro  Thr  Ser  Pro Ser
19. Tyr   Ser  Pro  Thr  Ser  Pro Ser 
20. Tyr   Ser  Pro  Thr  Ser  Pro Ser 
21. Tyr   Ser  Pro  Thr  Ser  Pro Ser
22. Tyr   Ser  Pro  Thr  Ser  Pro Ser 
23. Tyr   Ser  Pro  Thr  Ser  Pro  Asn
24. Tyr   Ser  Pro  Thr  Ser  Pro  Ser
25. Tyr   Ser  Pro  Thr  Ser  Pro  Gly
26. Tyr   Ser  Pro  Thr  Ser  Pro  Ala

Tyr   Ser  Pro  Lys  Gln  Asp  Glu Gln Lys His Asn Glu Asn Glu Asn Ser Arg

Glu   Gly  Ala  Met  Ser  Pro Ser
1. Tyr  Ser  Pro  Thr  Ser  Pro  Ala
2. Tyr  Glu  Pro  Arg  Ser  Pro  Gly Gly
3. Tyr   Thr  Pro  Gln  Ser  Pro Ser
4. Tyr   Ser  Pro  Thr  Ser  Pro Ser
5. Tyr   Ser  Pro  Thr  Ser  Pro Ser
6. Tyr   Ser  Pro  Thr  Ser  Pro Asn
7. Tyr   Ser  Pro  Thr  Ser  Pro Ser
8. Tyr   Ser  Pro  Thr  Ser  Pro Ser
9. Tyr   Ser  Pro  Thr  Ser  Pro Ser
10. Tyr   Ser  Pro  Thr  Ser  Pro Ser
11. Tyr   Ser  Pro  Thr  Ser  Pro Ser
12. Tyr   Ser  Pro  Thr  Ser  Pro Ser
13. Tyr   Ser  Pro  Thr  Ser  Pro Ser
14. Tyr   Ser  Pro  Thr  Ser  Pro Ser
15. Tyr   Ser  Pro  Thr  Ser  Pro Ser
16. Tyr   Ser  Pro  Thr  Ser  Pro  Ala 
17. Tyr   Ser  Pro  Thr  Ser  Pro Ser
18. Tyr   Ser  Pro  Thr  Ser  Pro Ser 
19. Tyr   Ser  Pro  Thr  Ser  Pro Ser 
20. Tyr   Ser  Pro  Thr  Ser  Pro Ser
21. Tyr   Ser  Pro  Thr  Ser  Pro Ser 
22. Tyr   Ser  Pro  Thr  Ser  Pro  Asn
23. Tyr   Ser  Pro  Thr  Ser  Pro  Asn
24. Tyr   Thr  Pro  Thr  Ser  Pro  Ser
25. Tyr   Ser  Pro  Thr  Ser  Pro  Ser
26. Tyr   Ser  Pro  Thr  Ser  Pro  Asn
27. Tyr   Ser  Pro  Thr  Ser  Pro  Asn
28. Tyr   Ser  Pro  Thr  Ser  Pro Ser
29. Tyr   Ser  Pro  Thr  Ser  Pro Ser
30. Tyr   Ser  Pro  Thr  Ser  Pro Ser
31. Tyr   Ser  Pro  Ser  Ser  Pro Arg
32. Tyr   Thr  Pro  Gln  Ser  Pro Thr
33. Tyr   Thr  Pro  Ser  Ser  Pro Ser
34. Tyr   Ser  Pro  Ser  Ser  Pro Ser
35. Tyr   Ser  Pro  Thr  Ser  Pro Lys
36. Tyr   Thr  Pro  Thr  Ser  Pro Ser
37. Tyr   Ser  Pro  Ser  Ser  Pro Glu
38. Tyr   Thr  Pro  Ala  Ser  Pro Lys
39. Tyr   Ser  Pro  Thr  Ser  Pro Lys
40. Tyr   Ser  Pro  Thr  Ser  Pro Lys
41. Tyr   Ser  Pro  Thr  Ser  Pro Thr
42. Tyr   Ser  Pro  Thr  Thr  Pro Lys
43. Tyr   Ser  Pro  Thr  Ser  Pro Thr
44. Tyr   Ser  Pro  Thr  Ser  Pro Val
45. Tyr   Thr  Pro  Thr  Ser  Pro Lys
46. Tyr   Ser  Pro  Thr  Ser  Pro Thr
47. Tyr   Ser  Pro  Thr  Ser  Pro Lys
48. Tyr   Ser  Pro  Thr  Ser  Pro Thr
49. Tyr   Ser  Pro  Thr  Ser  Pro Lys Gly Ser Thr
50. Tyr   Ser  Pro  Thr  Ser  Pro Gly
51. Tyr   Ser  Pro  Thr  Ser  Pro Thr
52. Tyr   Ser  Leu  Thr  Ser  Pro Ala
53. Ile   Ser  Pro  Asp Asp Ser Asp Glu Glu Asn

1    2    3    4   5    6    7 

1    2    3    4   5    6    7 

m7G

arbossi erminal omain



Dynamic modification of the CTD during the transcription cycle

• The pattern of CTD phosphorylation during the transcription cycle is highly
dynamic and requires the activity of dedicated phosphatases as well as kinases.

• Transcription steps are marked by different modifications of the C-terminal
domain



The binding of specific factors starts from the first steps of gene expression and directs the
nascent ribonucleoprotein complexes along specific pathways of maturation.

By tethering machines to each other and to their substrates coupling plays a critical role in gene
expression dramatically increasing the specificity of enzymatic reactions.
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The fate of a specific RNA is determined at the beginning of transcription

pA site



RNAPII initiates
transcription and is 

phosphorylated on SER5-
CTD by TFIIH

The repressive action of 
NELF is neutralized and 

RNAPII resumes elongation

capping enzymes 
join the 

complex via 
interactions with

the ser5-CTD 
and DSIF

A CAP structure is 
added

To the 5’ end of 
the nascent RNA

TEFb is recruited 
by the capping enzyme, 
phosforylates SER2-CTD 

and DSIF

20-30 nucl.

DSIF binds RNAPII 
soon after 

initiation and 
recruits NELF.
NELF arrests

RNAPII

Capping and transcriptional pausing: checkpoint model



Chromatin organization and structure

One aspect of epigenetic regulation is the positioning of histones on the DNA.

However …this is not enough!

https://neherlab.org/20171205_theoretical_biophysics.html


Chromatin organization and structure

https://neherlab.org/20171205_theoretical_biophysics.html


The organization of the genome is interconnected with nuclear architecture and
and can vary between cell types and during cell differentiation and development

https://www.nature.com/collections/rsxlmsyslk

ALERT!

COLLECTION | 02 SEPTEMBER 2019
The 3D genome



Why studying genome 3D structure?
Because it is not random!!!

There is considerable cytological evidence and molecular evidence from
chromosome conformation capture approaches (such as 3C and 4C) for the
spatial clustering of active genes and genomic regions in the nucleus.



How to study the genome 3D structure?



These methods generate detailed maps of how likely it is that two points 
on the chromosome touch.

http://higlass.io/app/?config=MSHhOBbOS
W6iIovB5yk6BA

http://higlass.io/app/?config=MSHhOBbOSW6iIovB5yk6BA




Nuclear clustering of active genes

There is considerable cytological evidence and molecular evidence from
chromosome conformation capture approaches (such as 3C and 4C) for the
spatial clustering of active genes and genomic regions in the nucleus.



Article ALERT!

Genomics tools for unraveling chromosome architecture

Bas van Steensel & Job Dekker
Nature Biotechnology 28, 1089–1095 (2010)

http://www.nature.com/nbt/journal/v28/n10/full/nbt.1680.html


Chromosome Conformation Capture 3C (Dekker J et al 2002)

View point



Chromosome Conformation Capture 3C (Dekker J et al 2002)

Crosslink 
chromatin

Digest 
Chromatin 
with restriction enzyme

ligation
DNA purification and 
detection of 
ligation events by PCR



Which *C for which question?


