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Transcription Factors  

Enhancers 



The homeodomain 



A transcription factor protein bound to a specific nucleotide 
sequence of DNA, interacting with major grooves 

The DNA helix is bent: « induced-fit » 



The TBP-TATA (DNA) complex 

Extreme cases exist... 



Stability is given 
mainly by ionic bonds 
with phosphates 

Specificity is given 
by stereospecific weak 
bonds with bases 



aminoacid R 

base pair section 



DNA-B 

sections 





Genome-wide identification of TFBS 



first phase 



Caution ! 
 
for TF mapping you can not use «expression microarrays» 
 
(usually contain only expressed sequence probes) 
 
Scientists used «tiling microarrays», i.e. probes covering the entire 
(nonripetitive) genome,  or    arrays containing only probes for known 
regulatory elements (e.g. known gene promoters).  

Affymetrix probes (24-25nt) 

all the genome, nonrepetitive regions 

promoter gene A promoter gene B 

tiling microarrays 

promoters microarrays 



Identification of TFBS 

Farnham 2009 



, can do custom 



from Park, 2009, Nat Rev Genetics 



TFBS (4-15 bp) 

T F 

All these fragment will 
score positive in ChIP assay 

Frequency plot 

ChIp-Seq analysis identifies a 
region where the TF binds, 
not the binding motif itself 

Let us simplify a bit... 



As a matter of fact, 
we have reads from 
both strands 

join 

peak call 

peak annotation 



T F 

Statistical analysis defines 
the binding region 

a genome fragment around the center of the peak 
 
(or defined by statistics) 
 
can now be explored to predict the binding sequence 



Algorithms exist for two different purposes: 
 
1. to statistically evaluate the presence of a given known TF-binding 

motif in the list of «chipped» sequences 
 

2. to evaluate, in the list of chipped sequences, the most represented 
«words» as compared to control sequences 

Please consider that, even when a TF-binding motif is determined using 
direct biochemical techniques such as SELEX, you will never get a single, 
unvariable sequence motif  
 
This is because the protein can adapt to certain base change at certain 
positions of the recognition sequence (less determinant contacts).  
 
Example: 
JASPAR database at    http://jaspar.genereg.net/ 
 

http://jaspar.genereg.net/
http://jaspar.genereg.net/


For example take -500, +500 interval around binding peak summits: algorithms 
exist to find unbiased overrepresented motifs, or known motifs, based on 
positional weight matrices. 
      see Bioinformatics 
Examples of sites for different TFs: 

Identification of R.E. 



What is a PWM ? 
 
 
 
https://en.wikipedia.org/wiki/Position_weight_matrix 

https://en.wikipedia.org/wiki/Position_weight_matrix


Caution ! 
 
ChIP-seq experiments identify TFBS    NOT    DNA/TF interaction 
 
 
TFs  show a coplex   protein-protein interaction network  among 
themselves and with co-regulators (coactivators, corepressors, 
remodellers, other) (next lesson) and 
  formaldehyde will cross-link everything 



Protein contacts are facilitated by 
juxtaposition of TFBSs 

Protein contacts are not mediated 
by DNA 

Protein contacts (if any) are only 
mediated by DNA 



How can «small» cis-elements guide the specificity of DNA binding ? 
 
First, almost all TFs bind DNA either as dimers or trimers or higher, and 
with more complex patterns (e.g. heterodimers of the same family) 
 
Second, almost all the time TFBS are not isolated but found in clusters 
 
 
We will see in the following that TF function follow the co-co-co- rule:  
 
 Combinatorial binding integrates multiple regulation 
 Compositional binding increases fine-tuning 
 Cooperativity will determine transcriptional outcome 
 

 Individual TF Binding Sites are short motifs:  4-15 bp 

Enhancer structure 



We start from considering a very old story that was worked out on 
the wonderful biology of early development in D. melanogaster. 
 
Edward B. Lewis, Christiane Nüsslein-Volhard and Eric F. Wieschaus 
have received the Nobel Prize in Physiology and Medicine 1995 for 
this discovery.  
 
 
 
just few words.... 

(you may also see a Developmental Biology book here: 
https://www.ncbi.nlm.nih.gov/books/NBK10081/ )  

https://www.ncbi.nlm.nih.gov/books/NBK10081/
https://www.ncbi.nlm.nih.gov/books/NBK10081/




Superficial cleavage in a Drosophila embryo. The early divisions occur centrally. The 
numbers refer to the cell cycle. At the tenth cell cycle (512-nucleus stage 2 hours 
after fertilization), the pole cells form in the posterior, and the nuclei and their 
cytoplasmic islands (“energids”) migrate to the periphery of the cell. This creates 
the syncytial blastoderm. After cycle 13, the oocyte membranes ingress between 
the nuclei to form the cellular blastoderm. 
                                         (from: Gilbert SF. Developmental Biology 6th edition, 2000) 



fertilized egg 

polar granules 

several nuclei in 
a syncythium 

nuclei move to 
periphery, membane 
furrows form 

polar cells 

somatic cells 



In Drosophila, the cellular blastoderm consists 
of approximately 6000 cells and is formed 
within 4 hours of fertilization. 

Transcription from the nuclei (which begins around the eleventh cycle) is greatly 
enhanced at cycle 14, when D. embryo forms cells  (midblastula transition ). 
 
  

Eric F. Wieschaus 
https://youtu.be/Ncxs21KEj0g  

https://youtu.be/Ncxs21KEj0g
https://youtu.be/Ncxs21KEj0g
https://youtu.be/Ncxs21KEj0g
https://youtu.be/Ncxs21KEj0g


Gastrulation and body 
plan determination 



embryo stained with Ab for  
Engrailed= homeoprotein 



fertilized egg 

polar granules 

several nuclei in 
a syncythium 

nuclei move to 
periphery, membane 
furrows form 

polar cells 

somatic cells 







Risposte secondarie a gradienti primari possono generare segmentazione 





primary genes Gap genes (Giant, kruppel, Knirps) 

Similar gradients in head to tail direction 



Antero-posterior axis: maternal mRNAs 

Where do these «signals» come from ? 





Each developing unit, or follicle, consists of 
a developing oocyte, nurse cells and a layer 
of somatic cells called follicle cells. 

Stage 1: Early in oogenesis, the oocyte is 
about the same size as the neighboring 
nurse cells. 

 

Stage 2: The nurse cells begin to 
synthesize mRNAs and proteins necessary 
for oocyte maturation, and the follicle 
cells begin to form the egg shell. 

 

Stage 3: The mature egg is surrounded by 
the vitelline coat and chorion, which 
compose the egg shell. The nurse cells and 
follicle cells have been discarded, but some 
of the mRNAs synthesized by nurse cells, 
which become localized in discrete spatial 
domains of the oocyte, function in early 
patterning of the embryo.  

Polar granules are disinct cytoplasmic 
structures located in the posterior region 
of the egg. This is the region in which germ 
cells arise. 



Dorso-ventral axis: soluble 
signalling proteins morphogen source cell 1 cell 2 cell 3 

Number of 
bound receptors 

Levels of 
activated TFs in 
cell nucleus Lesson: 

Information in biological 
systems is quantitative 



Figure 1. Organization of cis-
Regulatory DNAs in Metazoan 
Genomes  
 
Metazoan genes are regulated 
by multiple enhancers. 
(A) Organization of the even-
skipped (eve) locus in the 
Drosophila genome. The eve 
gene is just 3 kb in length but is 
regulated by individual stripe 
enhancers (E) located in both 50 
and 30 flanking regions. The eve 
stripe enhancers function in an 
additive fashion to produce 
seven stripes of gene expression 
in the early Drosophila embryo 

Levine et al., 2014 



Eve (even-skipped) is the first “pair-rule” segmental gene: it has more than 12Kb essential 
regulatory sequences 
Each enhancer is regulated by the exact combination of factors present in stripes 
 



Hunchback is a repressor:  
Kruppel enhancer has few sites, requires higher levels 
Giant enhancer has more sites: lower levels are enough 

Lesson: the same TF shows different effects on different sites, 
based on its level of expression 

hunchback 













Dorsal is NFkB homologue 



Twist 5’ contains 2 low affinity sites for Dorsal (bound only were Dorsal is higher) 
Rhomboid 5’ enhancer cotains several sites: only one is high-affinity: it is on at high or 
intermediate levels of Dorsal. 
Sog intronic enhancer contains 4 high-affinity dorsal sites: on in all cells where dorsal is present 
  



Snail is activated by synergy  
between Twist and dorsal 

Dorsal sites Twist sites Snail gene 

Snail expression 



Snail is primary repressor of epithelial genes (e.g. E-cadherin) 

Romboid 
here 

Sog here 

In ventral cells, twist + dorsal stimulate expression of the Snail repressor: 

Snail expression in ventral cells limits expression of romboid and sog, 
making boundaries of expression sharply defined.  

Snail protein 



2nd Lesson 
TFs act in a combinatorial fashion 



Watson textbook 

Enhancer structure 

  

YES 

No 



Old example 
 
 
the INF-β enhancer: 
 
 
 

TFs binding may be 
favoured by the local 
3D conformation 

Compositionality 



Band-shift (EMSA) analysis shows 
binding of ATF-2, NF-kB and IRF-1 to 
the enhancer.  

The enhanceosome is formed only in 
the presence of the architectural 
protein HMGI(Y) to 4 specific sites. 

from: Agalioti et al. (2000) Cell 103: 667-678. 

Mutated in HMGI(Y) site  

How it is done:  
Enhancer DNA with nucleosome  is 
added of recombinant proteins. 

Compositionality 



The INF- “enhanceosome” 

This old example illustrates «compositionality» 

The binding of multiple different 
proteins to adjacent sites in 
enhancers is required.  

HMG are DNA-binding proteins 
with no transactivating domain, but 
displaying “architectural” functions, 
e.g. bending the DNA and allowing 
correct interaction among TFs. 

Compositionality 



Compositionality 



TF-TF interaction may be mediated by 
DNA (adjacent elements) or by simple 
protein-protein contacts 



cooperativity 

The binding of one Transcription Factor increases the probability of 
binding for a second TF and so forth 
 
This is due often to chromatin «opening» that facilitates following TF 
binding 

a b c reporter p 

Factor added      Transcription 
 
None    1 
TF-A    2 
TF-A + TF-B   3  
TF-C    2 
TF-A + TF-B + TF-C  25   



One important question is specificity 
 
In the case seen as examples, the «order» of TFs is dictated by DNA 
sequence 
 
In higher eukaryotic genomes, do we find any kind of combination of 
TFBS ? In other words, any kind of TF cooperation is allowed ? 

Example of  a TF  analysis by  ChIP-Seq       paper 

ENCODE studies (in the following) 





Transcription Factors + transcription-related factors by ChIP-Seq. 
 
The sum of chromatin sites bound by a given TF in a given cell type under 
a specific experimental condition is called «cistrome»  
 
Very often, single TF bind to different chromatin sites in different cell 
types (i.e. TFs display cell type-specific cistromes). 
 
Whenever TFs collapse (+other histone and cofactor marks)  enhancer 
 
Using data from 5 cell lines, the ENCODE project has identified: 
 
- Total 7.5 million «peaks» (40% of these within 2.5Kbp from TSS). 
 
This allowed to estimate around  400,000 putative enhancers in the 
human genome (Gerstein et al., 2012). (some recent estimates reach up 
to one million). 
 
 Therefore, enhancers largely outnumber promoters.  



Gerstein paper clearly indicates that different «combinatorial» groups 
exist or, in other words, not all the possible combinations are seen. 
 
This implies co-evolution of regulatory modules. This conclusion is 
further emphasized by the obervation that in a given conserved 
module, different TFBS are often arranged (ordered) in the same way. 

Questions:    
  - Is the «combinatorial» rule for TFs at enhancers true ? 
 - Can any TF combine with any other TF ? 

The combinatorial rule of Transcription Factor Binding Sites at enhancers  

frequent 

rare 

frequent 

never 



The «focus» factor here is GATA1.  Merging all the experiments, 
94 partner factors were found.  
Taking into account co-presence, several clusters are defined.  

One example from Gernstein paper: GATA1  



Coassociation shows groups that are quite strictly delimited in one type of 
regulatory element (e.g. Distal or proximal). 
Coassociation with REST or HDAC2 also define some «repressive» elements 



This «clustering» effect also 
suggests that enhancers 
have spread in the genome 
by duplication events 
(transposition ?) 
 
 
There is also evidence that 
in some cases Transposable 
Elements have been 
domisticated to act as 
enhancers  



On enhancers/PREs, TFs function follows these 
principles: 

•  combinatorial 
•  compositional 
•  cooperative 


