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Enhancer functioning 



The next levels of complexity: 
 
 
• Long-range interaction with promoters 

 
• Chromatin domains, insulators 

 
• Mediators of interaction, co-regulators 



Key methods to allow appreciating the functioning of Enhancers 
were Long-Range interaction methods 
 
The first historically and technically is 3C 



A number of different methods have been developed to scale 
up this approach genome-wide 



Long-range interactions are studied with 3C (Chromatin Conformation Capture) 
or different genome-wide scale variants (4C, 5C, Hi-C, ChIA-PET). 

Restriction enzyme site 

Restriction 
enzyme 

PCR or cloning and sequencing, or NGS 

PCR for single interaction.  
Generate libraries to NGS for genome-wide studies 

Complexes may also be 
IMPT using an antibody 
that recognizes a specific 
protein  ChIA-PET 

Note: from this scheme nucleosomes are omitted 







Chromosome conformation 
capture carbon copy (5C) 

Oligonucleotides partially 
overlapping all restriction sites (H) 
in the genome are made, with 5’- 
and 3’ common extensions. 
When they hybridize to a junction, 
can be ligated together, so that 
they «carbon copy» the junction. 



HiC 

 
This is an «all versus all» method. 
 
After digestion and before ligation, sticky 
ends are filled using biotinylated 
nucleotides, so that ligation junctions 
remain marked with Biotin and can be 
enriched using streptavidin beads. 
 
After this step, fragments are processed, 
amplified and NGSequenced as in other 
methods. 
  



ChIA-PET 

PCR amplify and mass-sequencing 

mapping 

Uses only complexes containing a specific 
protein, i.e. ChIPped complexes 

ChIP with anti-     

Formaldehyde 
Sonication 

RE cut 
add adapters 

ligate add adapters 



The vast non-coding portion of the human genome is full of functional elements and 
disease-causing regulatory variants. The principles defining the relationships between 
these elements and distal target genes remain unknown. Promoters and distal elements 
can engage in looping interactions that have been implicated in gene regulation1. Here we 
have applied chromosome conformation capture carbon copy (5C) to interrogate 
comprehensively interactions between transcription start sites (TSSs) and distal elements 
in 1% of the human genome representing the ENCODE pilot project regions.  
5C maps were generated for GM12878, K562 and HeLa-S3 cells and results were 
integrated with data from the ENCODE consortium. In each cell line we discovered >1,000 
long-range interactions between promoters and distal sites that include elements 
resembling enhancers, promoters and CTCF-bound sites. We observed significant 
correlations between gene expression, promoter–enhancer interactions and the presence 
of enhancer RNAs.  

ENCODE paper 

Nature. 2012 Sep 6; 489(7414): 109–113. 

https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=22955621
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=22955621
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=22955621


Reverse 5C primers were designed for HindIII fragments that contain 
a TSS (red; according to the GENCODE v720) and forward 5C primers 
for all other ‘distal’ HindIII fragments (blue) 



Long-range interactions show marked asymmetry with a bias at 120 
kilobases upstream of TSS  
 
Long-range interactions often not blocked by sites bound by CTCF and 
cohesin 
 
Only 7% of looping interactions are with the nearest gene 
 
Promoters and distal elements are engaged in multiple long-range 
interactions to form complex networks.  

results  



Enhancers are asymmetric in respect to TSS 

the long-range interaction landscape is asymmetric, with interactions of E, P 
and CTCF classes peaking around 120 kb upstream of the TSS. This asymmetry 
of interactions reveals an unanticipated directionality in long-range interactions 
with TSSs. 

Kbp 



• The fact that there is a decreasing frequency with the distance testifies 
that limitations exist for this kind of interactions 

 

• Mapping of a number of insulator binding proteins, the most known of 
them being CTCF  (CCCTC-binding Factor), has shown that te chromosomes 
are organized in domains. 

 

• Within the domains, the frequency of long-range interaction is higher, and 
studies of PTMS have shown that often these domains are coherent as far 
as the status of chromatin is considered. 

 

• Using the HiC methods, several laboratories have traced maps of domains 
in several cell types.  

 



Miano V, Int J Mol Sci. 2018 Feb 16;19(2). pii: E593. doi: 10.3390/ijms19020593 

ChIA-PET CTCF 

ChIA-PET ERα 



TAD 

Heinz et al. 2015 



a | Hi-C profiles reveal that the mammalian genome is organized 
into topologically associating domains (TADs): regions that show 
high levels of interaction within the region and little or no 
interaction with neighbouring regions. The heat map represents 
normalized Hi-C interaction frequencies.  

Pombo & Dillon, 2015 

TAD 



Frequency of interaction 
In color-code Each dot connects two 

points in the diagonals 

Hi-C results are expressed as interacting frequency 



Figure 1. Organization of cis-Regulatory DNAs in Metazoan Genomes  
 
(C) Organization of the Hoxd complex in mice.  
The complex is regulated by a series of flanking enhancers (purple and green ovals) 
located in two neighboring TADs. The telomeric TAD (T-DOM) regulates linked Hoxd genes 
in the developing arm and forearm, whereas the centromeric TAD (C-DOM) regulates 
expression in the hand and the digits. 

Levine et al., 2014 



Changes to domain organization. (a) Hi–C of human embryonic stem cells (H1 ESC — 
bottom right) compared to lung fibroblast cells (IMR90 — top left) [47]. Arrows 
indicate TAD structure changes. (b) Hi–C of D. melanogaster under heat shock 
(bottom right) compared to normal temperature (top left)  

Rowley & Corces, 2016 

Developmental changes in TADs organization 



Schematic of putative TAD structures. The central regions of TADs show high levels of 
chromatin interaction and coincide with the presence of tissue-specific genes and their 
associated enhancers, the interactions of which with their cognate promoters are 
facilitated by the presence of cohesin and CCCTC-binding factor (CTCF). The border regions 
between TADs are enriched for housekeeping genes, which are often clustered together 
and generally lack the widely dispersed distal enhancers that are found around tissue-
specific genes. The border regions show high levels of CTCF and cohesin binding, although 
only CTCF seems to prevent interactions between TADs.  Pombo & Dillon, 2015 



TADs are defined by interactions and are bordered by highly transcribed 
regions (housekeepers). 
 

The large loops of chromain that define TADs are due to specific proteins 
that bind DNA at specific sequences and interact reciprocally. 
 

They are defined «Architectural Proteins» and the sequences of DNA that 
are recognized by APS are called APBS. 
   

By far, the most studied AP in Mammals is CTCF, but others exist. CTCF also 
interacts with cohesins, which are supposed to stabilize loops and that 
some studies have shown to be essential for enhancer activity.   

From Cabenas-Potts & Corces 2015 



from Wutz et al 
(2017)  
EMBO J, 36:3573. 

A model has been proposed where unidentified forces drive DNA loops into the 
cohesin ring, then side more DNA into it until a CTCF binding site is reached.  
Cohesin loading inhibitors WAPL/PDS5A/B Knock-Down  increases the extension 
of the loop, pssobly by inhibiting CTCF-cohesin interaction. 



Cohesin stabilizes long-range interactions.  
 
 

Cohesins mediate looping also in a CTCF-independent fashion, in ESC. In 
this case, the cohesin loading factor NIPBL and Mediators are found in 
complex with cohesins at enhancers. 

Question: does DNA 
methylation at insulators 
regulate CTCF binding 
and, as a consequence, 
TAD organization? 
 



Question: does DNA methylation at insulators regulate 
CTCF binding and, as a consequence, TAD organization? 
 



Borders can be stronger or weaker, i.e. extra-TAD interactions are 
sometimes permitted 





TADs 

• The importance of «domains» is also evident when studying the 
effect of integration position on the activity of a reporter transgene  

 
• analysis of transgenic mice carrying a transposable reporter gene cassette 

(sleeping beauty). This transposon moves using a cut-and-paste strategy. 
Transposase expressed only in haploid spermatids.  
https://www.nature.com/articles/ng.790  

 

• As a result, spermatocyte carry the reporter at different locations 
and transmit this to the progeny. 

 

• The reporter transgene is expressed with very variable patterns in 
the embryo. 

https://www.nature.com/articles/ng.790


Figure 2 | The mammalian regulatory jungle. A model of three hypothetical genes (yellow, red and 
green) and their hypothetical expression pattern at a given stage of embryonic development are shown. 
Embryos coloured blue show the activity of a given reporter gene integrated at different chromosomal 
locations (adapted from ref. 16). They illustrate that genomic context critically determines expression 
patterns. Thus, a, various insertion sites may display comparable expression patterns despite being 
spread over a large chromosomal interval. Note that these reporter genes incorporate most of the 
regulatory activities acting on the downstream gene shown in yellow. b, Often, the reporter gene 
incorporates the enhancer activities that control the expression of one the nearest genes (red gene). c, 
Tissue-specific reporter gene expression can sometimes be seen at sites close to housekeeping genes 
(green gene). In addition, two closely linked integration sites may show very distinct expression patterns 
that reveal highly localized regulatory circuits. d, At some chromosomal sites, the reporter gene is 
inactive and apparently not capable of capturing enhancer activity.  

De Laat & Duboule, 2013 

One way to study this  is to make transgenic animals carrying reporter genes 



Thus, a, various insertion sites may display comparable 
expression patterns despite being spread over a large 
chromosomal interval. Note that these reporter genes 
incorporate most of the regulatory activities acting on 
the downstream gene shown in yellow.  



b, Often, the reporter gene incorporates the 
enhancer activities that control the expression 
of one the nearest genes (red gene).  



c, Tissue-specific reporter gene expression can 
sometimes be seen at sites close to housekeeping 
genes (green gene). In addition, two closely linked 
integration sites may show very distinct expression 
patterns that reveal highly localized regulatory circuits.  

d, At some chromosomal sites, the reporter 
gene is inactive and apparently not capable 
of capturing enhancer activity.  



LCR and Super-Enhancers 



Apparently, development or cell-fate programming enhancers are 
grouped togeter to define Large regulatory regions that are called 
Super-Enhancers (SE).  
 
In active SEs, a very high signal of H3K27ac is seen spanning several 
thousand bp; several centers of eRNA transcription may be present. 
 
It is thought that these SE are essential regulators of cell-specific 
genes.  
 
 
Some typical Ses were known before genome-wide technologies in 
particular loci, as for example the globin locus, were they were 
dubbed LCR for Locus Control Region.  



Gene clusters that derive from gene 
duplication events are often controlled 
by one or more common enhancer 
module, which interacts in a exclusive 
fashion with one or the other promoter. 
These common control regions are called  
LCR (locus control region). 

LCRs control the sequential and exclusive 
use of one promoter at the time. An 
example is given by the  globin gene 
clusters, containing embryonic, phoetal 
and adult versions of the globin proteins. 
Another example is given by the gene 
clusters encoding homeoproteins, that 
are expressed following a precise spatial 
order in the body.  

We know examples in which a single enhancer (composite, called LCR- 
modern name «super-enhancer») controls groups of genes, often in an 
«exclusive» fashion 





Gene clusters that derive from gene duplication events are often controlled by 
one or more common enhancer module. These common control regions are 
called  LCR (locus control region). 

Some LCRs control the sequential and exclusive use of one promoter at the time.  

An example is given by the  globin gene clusters, containing embryonic, phoetal 
and adult versions of the globin proteins.  

Another example is given by the gene clusters encoding homeoproteins, which are 
expressed following a precise spatial order in the body.  

The β-globin locus in M. musculus 



Figure 1. 3C Technology in the Murine beta-globin Locus 
(A) Schematic presentation of the murine beta-globin locus. Red arrows and ellipses depict the 
individual HS. The globin genes are indicated by triangles, with active genes (maj and min) in red and 
inactive genes (y and h1) in black. The white boxes indicate the olfactory receptor (OR) genes (5OR1-5 
and 3OR1-4). The two sets of restriction fragments (BglII and HindIII) that were used for 3C analysis are 
shown below the locus. The individual fragments are indicated by Roman numerals. Identical numbering 
between BglII and HindIII indicates that two fragments colocalize. Distances are in kb counting from the 
site of initiation of the y gene. 

Kb 



In 3C analysis, high-dilution ligase 
step guarantees intramolecular 
ligation and virtually no 
intermolecular ligation  



Figure 3. Erythroid-Specific Interaction and 
Looping between the LCR and an Active beta- 
-globin Gene. Relative crosslinking frequencies 
observed in fetal liver are shown in red. For 
comparison, data obtained in brain are depicted in 
blue. Standard error of the mean is indicated. 
Crosslinking frequency with a value of 1 arbitrarily 
corresponds to the crosslinking frequency between 
two neighboring CalR control fragments (with 
restriction sites analyzed being 1.5 kb apart). Scaling 
on the y axis (from 0 to 6) allows direct comparison 
with Figures 2 and 4–6. 
(A) Fixed BglII fragment VIII (maj) versus the 
rest of the locus. (B) Fixed BglII fragment V (5HS2) 
versus the rest of the locus. (C) Fixed BglII fragment 
VII (h1) versus the rest of the locus. 



Figure 4. Erythroid-Specific Interactions 
between the Active beta-globin Genes and 
Individual Hypersensitive Sites in the LCR. 
Relative crosslinking frequencies observed 
in fetal liver (red) and brain (blue) are 
shown. Standard error of the mean is 
indicated. Crosslinking frequency with a 
value of 1 arbitrarily corresponds to the 
crosslinking frequency between two 
neighboring CalR control fragments (with 
restriction sites analyzed being 1.5 kb 
apart). Scaling on the y axis (from 0 to 6) 
allows direct comparison with other figures. 

(A) Fixed HindIII fragment VIII Bmaj versus 
the rest of the locus. 

(B) Fixed HindIII fragment IX (Bmin) versus 
the rest of the locus. 



This data demonstrated multiple «looping» involving components of 
the super-enhancer LCR, other enhancers and promoters of the 
active B genes 
( the example below shows only some of the contacts verified ) 
 



Pombo & Dillon, 2015 

The concept of transcriptional «hub» 

Reminder: beta-globin locus LCR interactions 

This model has been verified at LCR (super-enhancers) 



Looping mechanisms 



Pombo & Dillon, 2015 

What is the molecular 
mechanism of looping ? 

Heinz et al., 2015 



Mediator, as well as a number of coactivator complexes, are 
multi-subunit proteins. 
 
Interaction of individual subunits with a series of 
Transcription Factors was demonstrated (CoIP+ 
reconstruction of transcription in vitro) 
 
Even though interaction of Mediator subunits were observed 
with basal PIC components, there is a need of proximal TFBS 
for a promoter to interact with an enhancer. 



P 
Transcribed sequence 

Sequence element 

Transcription factor 

Pol II+Basal 
complex 

CoActivators 

Proximal 
regulatory 
elements 



Coactivators and Corepressors: 

Large protein complexes exhibiting several functions: 

- Interaction with Transcription Factors ( sequence-specific TF ) 

- Histone PTM writers/erasers (in particular, HAT histone acetyl transferase) 

- Chromatin remodeling factors  

- (ATP-dependent chromatin remodelers are a class of proteins that 
«remodel» nucleosomes over DNA, usually in ATP-dependent fashion) 

 

 

CoA and CoR may be recruited:  

a) directly by Transcription Factors 

b) through interaction with PIC or Mediator subunits 



Histone acetylation 

Prototype Coactivator: CBP  

cAMP response pathway, CREB 



CBP = CREB binding protein (265KDa) and p300 are in fact general coactivators 

CBP/p300 
(encoded by different genes) 

HAT domain 



From: Perissi & Rosenfed, 2005, Nature Rev Mol Cell Biol, 6: 542-554 

Co-activators participating in transcriptional activation by Nuclear Receptors 



Cells or tissue 

Nuclei 

Nuclear extract (high salt) 

Immunoprecipitation using anti-TF Ab 
(or other component) 
or 
using Tagged proteins and Ab against 
Tag (e.g. FLAG or HA epitope) 

Agarose 
bead Mass spectrometry (identify) 

Immunoblotting (validate) 

2000-2005  

Mediator 



Different forms of “Mediator” Complex 



Interactcs with CTD 

Both activator and repressor signal 

Transmitter to Pol 

Role in contacting 

trans-activators 

CTD 

Mediator 



Figure 1. Structure of the yeast Mediator and holoenzyme 
complexes.  

(a) A 3D reconstruction of the yeast Mediator structure was 
calculated from images of individual particles imaged in 
an electron microscope after preservation in stain. 
Mediator has a compact, roughly triangular shape. A 
large domain at the bottom is linked by a thin connection 
to the top portion of the structure. The resolution of the 
reconstruction is 35- A° , and the scale bar represents 
100 A° .  

(b) (b) Structure of the Mediator–RNA polymerase II 
holoenzyme complex calculated from electron 
microscope images of individual particles preserved in 
stain. Previous characterization of the polymerase and 
Mediator structures led to identification of the Mediator 
and RNA polymerase II (red outline) portions of the 
holoenzyme structure. In the holoenzyme, Mediator 
adopts an extended conformation, embracing the central 
polymerase density. The resolution of the reconstruction 
is w35 A° , and the scale bar represents 100 A° .  



Figure 3. Interaction of Mediator and RNA polymerase II 
(RNAPII) in the holoenzyme complex. The precise 
orientation of RNAPII in the holoenzyme complex was 
established by 2D cross-correlation analysis between 
holoenzyme and RNAPII projections. The figure shows a 
cryoelectron microscopy reconstruction of polymerase 
fitted into the extended Mediator structure in the 
orientation determined by cross-correlation analysis. 
Multiple contacts between Mediator and RNAPII are 
established in the holoenzyme complex, involving mostly 
the head and middle domains, and distributed around the 
Rpb3–Rpb11 polymerase subunits (highlighted in red). 
The small green circle indicates the point where the 
carboxyterminal domain of Rpb1 (the largest polymerase 
subunit), crucial for Mediator polymerase interaction, 
emanates from the surface of the enzyme. The bacterial 
homolog of the Rpb3–Rpb11 complex, the a2 homodimer, 
is involved in transcription regulation in bacteria, 
suggesting a conservation between prokaryotes and 
eukaryotes of the RNA polymerase surface involved in 
regulation. The scale bar represents 100 A° .  



Different forms of Mediator exist in different cell types/developmental stage and 
possibly gene context, depending on the kind of TFs bound. 



Take-home message: 
 
Mediator is a large, multi-subunit protein complex. 
showing both common and facutative subunits. 
 
The composition, shape and MW is dictated by the 
context where Mediator operates, i.e. TFs bound to 
Enhancers and Promoters involved in any specific 
interaction. 



Figure 1. Schematics of lncRNA-Directed 
cis-Regulatory Mechanisms 

 
 
Model of ncRNA-a function as described by Lai et al. 
(2013).  
An ncRNA-a interacts with the multisubunit Mediator 
complex to facilitate the formation of a long-range DNA 
loop, bringing the enhancer-like ncRNAa locus into 
physical proximity with its target locus. This then leads 
to robust expression of the target gene. 

RNA in the loop ? 

ncRNA-a = noncoding RNA activator 



In previous work they found lncRNAs with enhancer-like properties: 
A class of lncRNAs, termed ncRNA-activating (ncRNA-a), that function to 
activate their neighbouring genes using a cis-mediated mechanism. 
 
They systhematically  siRNA noncoding RNAs and identified neighbouring 
down-regulated genes 
 



HEK293 cells 
(Human embryonal kidney) 

1st question: is activation ncRNA dependent ?  

siRNA down-regulation 



MED12 is the only protein, among those tested, that affects RNA-a function 

Screening protein components for function in gene activity 

2nd question: which component of the transcriptional machinery is 
involved ?   



3° question: is this effect reproducible on the endogenous loci ? 

sincRNA-a7 

siMED1 

siMED12 

affected 



RIP (RNA 
immunoprecipitation) 
performed using IgG or 
MED1-Ab or MED12-Ab, 
using in vitro 
transcribed ncRNA-a7 
and controls. 
 
 
 
 
 
Mediator purified using 
FLAG-tagged Med12 
 
 
Controllo: FLAG-GFP 

Authors demonstrated   ncRNA-a/MED binding 



Looping analysis by 3C 



Conclusions 
 
A new action of ncRNA was discovered 
 
ncRNA-a  binds to Mediator 
 
These ncRNAs are involved in looping interactions 

 
  


