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• eRNA transcription is associated with active enhancers
• eRNA transcription is responsive to stimulation

• eRNAs are unstable, long noncoding transcripts in both directions around 
enhancers

• eRNAs are quantitatively correlated with enhancer-regulated mRNA

• eRNAs are mainly poly(A-)

H3K4me3H3K4me1

1-1000kb

mRNA promoterenhancer

Features of Enhancer-associated transcripts (eRNAs)



• Enhancers identified using ChIP-Seq with CBP antibodies (12,000, 
activated neurons)

• RNA Pol II  colocalizes with several enhancers (ChIP-Seq)
• Level of eRNA expression correlates with level of expression of

nearby genes



Djebali et al., 2012 (ENCODE paper)
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Are eRNA functional ?

o eRNA transcription from putative 
enhancers of  E2-regulated genes is 
also induced by E2 

o E2-induced eRNAs are required for the
activation of the induction of  
corresponding coding genes.

o eRNAs might be required to 
promote/sustain promoter looping 
(NRIP and GREB loci)



GRO-Seq (Nascent RNA) 
Strand-specific library prep

In this representation, each line is 
an enhancer, and the density of 
reads is depicted in the -1Kb to 
+1Kb interval, using a scale of blue 
color.
The lines are then ordered from the 
most transcribed to the less 
transcribed 

Li et al., Nature 2013



Figure 2 | Importance of eRNA for target gene activation.
a, b, siRNA/LNA knockdown of eRNAs. Efficacy and effects 
on coding gene transcription were assessed by qPCR for the 
TFF1, FOXC1 and CA12 eRNAs and corresponding coding 
transcription units. 

Lower case ‘e’ and ‘m’ after gene names denote eRNA and 
gene mRNA, respectively. CTL, control; Scr, scramble.

LNA= Locked Nucleic Acid

eRNA at enhancer
mRNA

Based on GRO-seq analyses, we selected ten 
highly upregulated transcription units for 
further experimentation, each associated with 
adjacent UP-enhancers exhibiting ~2.5-5-fold 
E2-induction of eRNAs

Li et al., Nature 2013



Li et al., Nature 2013

(e) GRO-seq data from FOXC1e LNA treated cells showing its inhibitory effect on the 
transcription of FOXC1 coding locus, but not on the targeted enhancer region itself. 
FOXC1e LNA does not affect GAPDH transcription. 
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Enhancer and promoter are thought to come together in the 3D 
space through formation of a loop

How do we study this process? Can we measure long-range interactions?

What are the mediators of interaction ? 

Is the looping functional? Is it required?



The basic methodology to study Enhancer-Promoter interaction is 
3C assay = chromosome conformation capture



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

DNA ligase

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 à ChIA-PET

Note: from this scheme nucleosomes are omitted





In humans, there are two gene clusters direct the synthesis of hemoglobins: the α locus, 
which contains the embryonic ζ gene and the two adult α genes; and the β locus, which 
consists of the ε, Gγ, Aγ, δ, and β genes. Two globin gene switches occur during 
development: the embryonic to fetal globin switch, which coincides with the transition 
from embryonic (yolk sac) to definitive (fetal liver) hematopoiesis; and the fetal to 
adult switch, which occurs at the perinatal period. The switches from ε to γ and from γ 
to β globin gene expression are controlled exclusively at the transcriptional level. The 
LCR confers lineage-specific expression on the globin genes; it acts as the major 
enhancer of the β locus; it insulates the locus from surrounding inactive chromatin.

Stamatoyannopoulos et al., 2005



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



BREAK à Mechanisms to promote/support looping



Pombo & Dillon, 2015

What is the molecular 
mechanism of looping ?

Heinz et al., 2015



Enhancer action from a distance 
requires upstream promoter 
elements à TFs binding proximaly is 
required for enhancer function.

HeLa cells were transfected with the 
indicated chloramphenicol acetyl
transferase (CAT) reporter plasmids. 
The cells were mock or virus infected 
for 24 h before being harvested. 
Then CAT activity was determined.

Line 1 is the natural arrangement.

Nolis et al.
Transcription factors mediate long-
range enhancer–promoter interactions
PNAS 106:20222-227, 2009



In previous work they found lncRNAs with enhancer-
like properties (Orom et al., Cell 2010):
they identified a small subsets of lncRNAs, termed 
ncRNA-activating (ncRNA-a), that function to activate 
their neighbouring genes.

For 7 of them, 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
(not transcription of the reporter per se, relative transcription levels!)

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

Activating nc-RNA binds to Mediator

They are required for supporting the 
activation of neighbouring genes
through regulation of promoter-
enhancer looping.

Q: Are these eRNAs?



A recent study uncovers a set of bi-directional transcripts (termed eRNA) that are derived from sites in 
the human genome that show occupancy by CBP, RNA polymerase II and are decorated by 
monomethyl Histone H3 lysine 4 (H3K4) (Kim et al., 2010). Moreover, they show that the expression 
of such transcripts is correlated with their nearest protein-coding genes. There are fundamental 
differences between their collection of ~2,000 transcripts and our GENCODE set of transcripts. First, 
while all their eRNAs are bidirectional, only about one percent of our ncRNAs show evidence of bi-
directionality (see the example shown in the TAL1 locus). Second, our analysis of the histone 
modifications of a subset of ncRNAs that are expressed in lymph (Barski et al., 2007) indicates the 
presence of H3K4 trimethylation at the transcriptional start sites and H3K36 trimethylation at the body 
of the gene (Figure S1B and C). This is in stark contrast to eRNA loci where there is an absence of 
H3K4 trimethyl marks and the predominant chromatin signature is the monomethyl H3K4. Third, 
eRNAs are reported to be predominantly not polyadenylated. The majority of our collection of ncRNAs
show evidence of polyadenylation as they were amplified using oligo-dT-primed reactions and 
furthermore 41 percent display the presence of a canonical polyadenylation site. Analysis of the 
protein-coding transcripts revealed that a similar proportion (52 percent) to that of our ncRNAs contain 
the canonical polyadenylation sites. Finally, while we show that a set of our ncRNAs function to 
enhance gene expression, there is no evidence provided for eRNAs exerting a biological function. 
While we believe that eRNAs designate a different class of ncRNAs than ncRNA-a described in our 
study, it is temping to speculate that many of the ncRNA-a and their promoters may correspond 
to mammalian enhancers or polycomb/trithorax response elements (PRE/TREs). In such a scenario, 
binding of polycomb or trithorax proteins to proximal promoters of ncRNA-a will regulate the 
expression of ncRNA-a which in turn impact the expression of the protein-coding gene at the distance.

From the paper Discussion:

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4108080/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4108080/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4108080/


The next problem that we should consider is that the model of 
enhancer-promoter looping discussed is an over-simplification. 

Indeed, in a real mammalian cell, each enhancer or promoters show 
many contacts and multiple long-range interactions. 

First discussed for the beta-globin locus (see slides before)

Now this has been clearly shown by many studies using Hi-C and other 
technologies.



Moving 3C to «genome-wide» à 4C





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



HiC

Is a technique «all versus all»

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.



Few conclusion from ENCODE studies (5C)

In each cell line large numbers of statistically significant TSS–distal 
fragment interactions were identified, of which ca. 60% were observed in 
only one of the three cell lines  (i.e. active enhancers show cell specificity)

Interactions are not limited to most proximal E/P couple: only 7% of 
interaction link an enhancer to the most proximal TSS.

Very high number of interactions: some TSS show up to 20 
contemporaneous interactions. 



Heinz et al. 2015

ATF3 Super-enhancer
locus on Chr 1



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



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



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



Cohesin stabilizes long-range interactions. 

Cohesins interact with the CTCF protein, a CCCTC-binding protein, 
methylation-sensitive, which binds to «domain boundaries» and is involved 
in intra- and inter-chromosomal 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.

cohesins



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



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



TADs, intra-TADs, Promoter-Enhancer Looping



TADs, intra-TADs, Promoter-Enhancer Looping



Cell fate switch

Cell type A Cell type B

Cell type A

Cell type A

Cell type B

Cell type B

Pioneer or primary TFs bind

Tissue-specific TFs bind and...

activate transcription from promoters within chromatin domain

Enhancer
Gene
Histone PTM act.
Histone PTM repr.
insulator

Pioneer or primary factor
Tissue-specific TF

Gene transcript

? ?

ES = mostly bivalent


