
L4.4 – Transcriptional regulation
(Distal sites and combinatorial regulation)



AGENDA

1. Dynamics of TF/cofactors recruitment

2. Enhancer definition & characteristics

3. Enhancer selection



Corepressor/Coactivator Exchange Model











• MCF-7 cells are starved of estrogen for several days

• 2 hours before treatment, they are added of α-amanitin 
(blocks transcription)

• Cells are then washed and treated with estradiol

• ChIP analysis for several factors  is run at 5 minute intervals on 
the pS2/TFF1 gene promoter



Minuti dopo estradiolo



Figure 3. Dynamics of Cofactor Recruitment Directed by E2-Liganded hER on the pS2 Promoter. Kinetic ChIP 
experiments were performed using specified antibodies as shown within the images. Chromatin was prepared 
on sampled cells at 5 minutes intervals. The amount of immunoprecipitated pS2 promoter was quantified by 
real-time PCR. Values, expressed as % of the inputs, are the mean of three separate experiments, and have a 
SD 2%. All ChIP were performed from a single chromatin preparation for each time point. 





Deacetlation of histones occurs at 
the end of each cycle and is 
accompanied by the recruitment of 
SWI-SNF ATPases. 

Later on, recruitment of the corepressor 
NCoR was demonstrated



Hager, McNally and Misteli, Mol Cell Review
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The primary knowledge about enhancers came from studies on patterning
during early Drosophila development.



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



While in Yeasts the majority of regulatory sequences (UAS) are preset 
very proximal to gene promoter, as far we move towards higher 
organisms  we see and increase in the number of regulatory sequences 
(or «modules»), as well as the increase of their distance and positional 
randomness in respect to promoters. 
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Different enhancers can control the same gene in 
specific cell types or disease states



Definitions of Enhancers:

• Functional: DNA elements that regulates the transcription of a gene 
from a distance and independently of their orientation

• Technical: DNA elements that are characterized by a 
chromatin/cofactor profile corresponding to that of functional
enhancers (i.e. p300 binding, H3K4me1, H3K27ac)

Super-enhancers: large clusters of enhancers (up to 50kb)
TFBSs hotspots
strong enrichment for Med1
they overlap with other large scale regulatory domains (LCRs)





BREAK



o Combinatorial binding integrates multiple regulation
o Compositional binding increases fine-tuning
o Cooperativity will determine transcriptional outcome

Genomic regions that functions as transcriptional
enhancers are enriched in closely spaced REs for 
sequence-specific transcription factors
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No



cooperativity

The binding of one Transcription Factor increases the probability of 
binding for a second TF and so forth

a b c reporterp

Factor added Transcription

None 1
TF-A 2
TF-A + TF-B 3
TF-C 2
TF-A + TF-B + TF-C 25



The yeast MAT locus encodes TFs a1, a1, a2.  Activation or repression comes from the 
combination and composition of th different factors, on differently composite DNA elements.

Mcm1 is constitutive

This old example illustrates «combinatorial» effect
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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-b “enhanceosome”

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



Is any kind of TF cooperation is allowed or there are specific rules?

Do we find any kind of combination of TFBS ? 





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» 

Using data from 5 cell lines, the ENCODE project has identified:

- Total 7.5 million «peaks» 
(40% of these within 2.5Kbp from TSS -> 60% are far from TSSes).

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.

The combinatorial rule of Transcription Factor Binding Sites at enhancers 
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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 
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(B) Representative examples of putative enhancers exhibiting dynamic H3K27ac
signal across tissues and time points.

This study demonstrates that enhancer show temporally restricted and tissue-specific 
patterns of activity and are associated with stage-specific biological functions. 



Textbook



Primary factors «prime» enhancer sequences in differentiating cells

Marks remain at enhancer maintaining a 
«poised» status  (H3.3, H2A.z, H3K4me2 ?)

Tissue-specific or induced factors bind to pre-marked 
enhancers and activate transcription from neighboring genes



In a given cell type and at a specific developmental/functional time, 
potential enhancers can be:

• Inactive
• Primed
• Poised
• Active

Their status is defined by:
• Accessibility (DNaseI, FAIRE)
• Histone PTMs
• Presence of «mobile» histone isoforms H3.3/H2A.Z
• Presence of the acetyltransferase  p300/CBP
• Transcription of eRNA



Heinz et al., 2015

Histone metyl transferase 
(H3K4 mono- di-)
Ortholog of Tritorax

PcG subunit

Lineage-determining TF

Cooperating TF

Signal-dependent TF

Textbook



Cell type-specific enhancers are marked by specific epigenomic features and chromatin accessibility. Genomic 
features of a ~60 kb region of human chromosome 1 centered around the TAL1 gene in 7 cell lines. Enhancers known to 
be responsible for TAL1 transcription in endothelial cells (the −3.8 kb and +19 kb enhancers in HUVEC cells) and 
erythroid cells (the +51 kb enhancer in K562 cells) exhibit cell type-specific DNase HS, H3K4me2 and H3K27ac 
signals. In cell types where TAL1 is not expressed, the promoter and gene body are devoid of DNase HS and histone 
modifications indicative of enhancer activation (H3K4me2, H3K27ac

Textbook



Enhancer activatin can follow  a progressive  way, stepping all intermediate states, 
or in some cases can be activated «ex-novo» following certain stimulations.



A certain number of Transcription Factors have the special property of 
being capable of interacting on DNA even when it is thightly bound to 
heterochromatic nucleosomes.

These TFs are defined «Pioneer Factors».

The family called Fox(nm) has been particularly studied, e.g. FoxA1.

The binding of these factors to their sites in chromatin is believed to be 
one of the first events to bring repressed enhancers to the primed or 
poised status. For example, this has been proposed for enhancers 
responding to AR and ER in prostate and breast cancer, respectively. 

However, one potential caveat comes from the fact that the recognition 
sequence is very short and degenerated, posing the problem of how 
these factors recognize the correct sequences among thousands. 







Hurtado et al., Nat Genetics 2011



The estrogen receptor (ER), glucocorticoid receptor (GR), and forkhead box protein 1 
(FoxA1) are significant factors in breast cancer progression. FoxA1 has been implicated 
in establishing ER-binding patterns though its unique ability to serve as a pioneer 
factor. However, the molecular interplay between ER, GR, and FoxA1 requires further 
investigation. Here we show that ER and GR both have the ability to alter the genomic 
distribution of the FoxA1 pioneer factor. Single-molecule tracking experiments in live 
cells reveal a highly dynamic interaction of FoxA1 with chromatin in vivo. 
Furthermore, the FoxA1 factor is not associated with detectable footprints at its 
binding sites throughout the genome. These findings support a model wherein 
interactions between transcription factors and pioneer factors are highly dynamic. 
Moreover, at a subset of genomic sites, the role of pioneer can be reversed, with the 
steroid receptors serving to enhance binding of FoxA1.




