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Figure 1 
Current state of knowledge about 
transcription factors in the human genome. 
a | For the top 20 most cited transcription 
factors (TFs) in PubMed the number of 
studies performed in humans (blue bars) 
and in all other organisms (grey bars) is 
shown. ER* combines the citations for ERs1 
and ERs2, which were indistinguishable in 
the literature search; similarly, sTAT5* 
includes citations for both sTAT5A and 
sTAT5B. b | summary of biological 
processes regulated by TFs.
Annotations were obtained from the Gene 
Ontology database, excluding those basedOntology database, excluding those based
only in electronic annotation. Numbers of 
annotated TFs are given in parentheses;
each gene can be annotated with more than 
one function.
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PUAS

sebbene vi siano diversi tipi di promotore (es. TATA-dep, Inr-dep, CpG, etc)

il promotore minimo è:

1) estremamente inefficiente in vivo

la situazione più semplice è:

1) estremamente inefficiente in vivo

2) non regolato

ed è prevalentemente un elemento di posizione



Is the interaction of a DNA-bound regulatory TF with the basal PIC (general TFII 
+ PolII )

DIRECT ?

Older experiments were made by reconstructing “in vitro” a minimal transcription 
system.
This was made by constructing a reporter gene driven by a basal promoter 
combined with variable UAS elements, binding specific transcription factors
The performance of these regulatory elements were then tested in experiments 
of “in vitro transcription”, using purified, recombinant proteins. of “in vitro transcription”, using purified, recombinant proteins. 

To understand these approaches, first think about what you should know about 
basal transcription. 



The general factor TFIID has the primary role of promoter recognition: it is 
composed of TBP (TATA-binding protein) and 9-14 TAFs. 

TAFs (TBP-associated proteins) have different roles in PIC assembly: 

-possess histone acetylase activity (HAT)

-make contacts with DNA and recognize Inr, DPE

-mediate contacts with transcription factors ?=

TFII

A

TBP
TFII

B



Human Drosophila Yeast 
Essential 
in Yeast 

Features 
New 
nomen
clature 

TAF250 TAF250/230 TAF145/130 Yes 
HAT, G1/S 
arrest 

TAF1 

TAF150 TAF150 TAF150 Yes 
G2/M 
arrest 

TAF2 

TAF140  TAF47 Yes  TAF3 

TAF130/135 TAF110 TAF48 Yes  TAF4 

TAF100 TAF80/85 TAF90 Yes 
G2/M 
arrest 

TAF5 

TAF80 TAF60/62 TAF60 Yes H4 like TAF6 

TAF55  TAF67 Yes  TAF7 

TFIID = TBP + 9 to 14 TAF 

TBP= TATA binding protein
TAF = TBP associated factors

TFIID factor has since long time been 

appreciated as an essential component 

to “recognize” the transcriptional 

initiation site.

It is composed of TBP + variable 

number of subunits called TAFs (TBP 

associated factors)

(bab71460)  TAF65 Yes  TAF8 

TAF32/31 TAF40/42 TAF17 Yes H3 like TAF9 

TAF30  TAF25 Yes 
G1/S 
arrest 

TAF10 

TAF28 TAF30beta TAF40 Yes H3 like TAF11 

TAF20/15 
TAF22, 
TAF28/30 alfa 

TAF61/68 Yes H2B like TAF12 

TAF18  TAF19 Yes H4 like TAF13 

  TAF30 no   

TAF105    
B-cell 
specific 

 

 

� Comparison of yeast and higher 

eukaryotic TAFIIs. 

Homologues of TAFIIs are arranged in 

rows, human TAFIIs (column 1), 

DrosophilaTAFIIs (column 2), yeast 

TAFIIs (column 3). 

TAFIIs required for viability in yeast are 

indicated as essential. 

(HAT, histone acetyltransferase).



PUAS

TAFs

Regulatory 

factor RNA 
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PUAS

TFIIB

TBP

Regulatory Transcription Factors bound to proximal elements will contact 
components of the PIC, primarily TAF proteins. This was shown experimentally by 
reconstitution experiments.



Although TFIID purifies as a multimeric protein, starting from recombinant TAFs and 

recombinant TBP expressed in E. coli, R. Tjian’s group has shown that partial complexes can 

be assembled and tested in “in vitro transcription” experiments.

These experiments showed that transcription from TATA-box containing promoters can be 

correctly initiated using only TBP, TFIIB and RNA Pol II.

On the contrary, TATA-less promoters require TFIID (i.e. the TAFs) for initiation. In particular, a 

sub-complex containing TAFII-250 and TAFII-150 (drosophila) was enough to initiate 

transcription from a INR-containing promoter and TAFII40+TAFII60 was enough for a DPA-

containing promoter.

recombinant proteins added to 
the “in vitro” transcription mixture

G-less cassette

G-less cassette

TATA

TBP 

TFIIB

PolII

+

-

TFIID(1)

TFIIB

PolII

+

+

TBP

TFIIB

PolII

TAFs

(partial)

+

+/- (*)

(*) depending on TAFs added

(1)  the entire protein, composed of TBP-TAFs 

in vitro transcription experiment:



These experiments demonstrated that reconstituted transcription “in vitro” is 
possible, starting from few recombinant proteins.
Note that TATA-plus promoters do not require TAFs for basal activity

Now, the same experiment was done by adding 5’ UAS (sequence 
elements recognizing specific regulatory Transcription Factors) and adding 
to the “in vitro” transcription mixture the appropriate recombinant TF.

See the next scheme:



g-less cassette

g-less cassette

g-less cassette

g-less cassette

g-less cassette

Minimal Basal components (TBP, TFIIB, 
RNAPol-II)

0 2 4 6 8 10 12

1

2

3

4

6

+TAFs

“In vitro” transcription with:

g-less transcriptsminimal promoter, 
TATA-plus

“Trans-activation” is seen only when specific TAFs are added to the mixture, 
allowing conclusion the direct contact between regulatory (activating) TF and basal 
PIC requires TAFs, i.e. transcription factors interact with TAFs.

Problem: the effect of multiple elements and multiple TFs is “compositional”

+ purified 
regulatory TFs



The complexity of eukaryotic genes requires 

the concept of a molecular “integrator” to 
communicate between multiple DNA 
elements and the basal apparatus

distant enhancers

elements and the basal apparatus

PIC



The Mediator, a megadalton complex 

interacting with TF and PIC components, 

was isolated ancd characterized in 2004-05.

There are several version of Mediator in the 

cell nucleus



Il complesso del “Mediatore”



Interactcs with CTD
Both activator and repressor signal
Transmitter to Pol

Role in contacting 
trans-activators

CTD



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) 

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, 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° . Part 

(b) reproduced, with ermission, from Ref. [19].



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 (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  and Mediator conformation is dependent on the 

kind of activator is bound



CONCLUSIONS

Direct interaction of regulatory TFs with the basal machinery is 
possible

but

“in vivo” is greatly enhanced through interaction with 
megadalton multifunctional protein complexes called “Mediator”



Second question:

-where are enhancers (regulatory modules) placed in genomes?

-how can we define “response elements” for a specific TF ?

-is TF binding to a cognate sequence wherever sufficient for transactivation?









We deprived MCF-7 cells of hormones for 3 d and then synchronously 
induced transcription by the addition of estrogen for a brief period of time 
(45 min) known to result in maximal estrogen receptor–chromatin binding.

We used estrogen receptor–specific and RNA PolII–specific antibodies for 
ChIP and prepared precipitated chromatin.
We hybridized ChIP chromatin and input DNA to the Affymetrix Human 
tiling 1.0 microarrays representing the entire nonrepetitive human genome 
sequence (NCBI build 35) tiled at 35-bp resolution.



(a) Location of estrogen receptor (ER) and RNA PolII sites relative to transcription 
start sites (TSS) of RefSeq genes. The scale on the left represents RNA PolII
distribution, and the scale on the right represents estrogen receptor and random 
distribution.





3 hours

6 hours

Estrogen-mediated transcript changes
and correlation with estrogen receptor 
binding.
(a) Expression changes of all genes as 
ranked by Welch t statistic at 3, 6 and 12 h 
relative to 0 h. Induction of gene expression 
relative to 0 h is represented as yellow and 
repression as blue. The graph represents 
the fraction of genes with an estrogen 
receptor binding site within 50 kb of the
transcription start site. Genes were ranked 
by Welch t statistic between 3, 6 and 12 h 
and 0 h (control). The black (3 h), blue (6 h) 

Expression

12 hours

with ER binding sites

and green (12 h) lines represent 2,000 gene 
moving averages of the fraction of genes 
that have one or more estrogen receptor 
binding sites within 50 kb of the 
transcription start site. The yellow band is
a 99% confidence interval for the binding 
site moving average of genes in the 25%–
50% 12-h  t statistic range.



contain ER binding sites     do not contain ER binding sites

(b) Summary of estrogen mediated expression changes over a time course (0, 3, 6 
and 12 h). Shown are the number of differentially expressed genes after estrogen 
treatment,  relative to the vehicle-treated control (0 h). Blue segments represent 
upregulated genes, and red segments represent downregulated genes. 
(c) Percentage of genes upregulated or downregulated at each time point (relative to 
time 0 h) that contain estrogen receptor binding sites within 50 kb (purple sector).



Examples of ER binding sites proximal to the regulated gene





In the -500, +500 iterval around ER binding peaks, the following matrices of 
TF binding sites were found

Note that more than half of ER-binding locations does not possess any ERE. 
So how can the ER protein be recruited to these sites?



Artifact due to looping

Recruitmetn through protein-protein 
interaction with another TF

Binding to “poor” nonconsensus 
element aided by another TF

Binding to “poor” nonconsensus 
element aided by modified chromatin



Other TF binding sistes found enriched in ER-regulated genes



Serious problem:

how to attribute an enhacer-promoter couple with no experimental data?





Evolved model



Enhancer-promoter interactionEnhancer-promoter interaction



Gli enhancers sono sequenze regolatrici composte di molteplici siti di legame per fattori trascrizionali, 

localizzati in punti molto variabili del gene, anche a distanze considerevoli (50-100 Kb).

Perchè un enhancer non regola qualsiasi gene nelle vicinanze?

Particolari sequenze, 

chiamate isolatori 

(insulators), limitano 

l’effetto di un enhancer



L’esempio di eve di Drosophila ci ha illustrato
The example of Drosophila eve transcriptional regulatory enhancers has 
illustrated the fact that many genes possess more than one enhancer 
control “module” that may respond to different transcription factors in 
different cells/ tissues/ developmental stages etc.

On the opposite, 



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. 







3C assay = chromosome conformation capture





stable transfection





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.



No intermolecular ligation detected



Figure 2. Linear Conformation of the beta-globin Locus in Nonexpressing Brain Cells. 

The murine -globin locus is depicted on top of each graph (for explanation of symbols, see Figure 1A). The x 

axis shows the position in the locus. The black shading shows the position and size of the fixed fragment. The 

gray shading indicates the position and size of other fragments. 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 3–6. 

(A) Relative crosslinking frequencies between fixed BglII fragment V (5HS2 in LCR) and the rest of the locus.



Figure 2 (B) Relative crosslinking frequencies between fixed BglII fragment 

II (5HS62.5/60.7) and the rest of the locus.



Figure 3. Erythroid-Specific Interaction andFigure 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 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.



Figure 5. Erythroid-Specific High 

Crosslinking Frequencies among the 

Individual Hypersensitive Sites of the 

LCR and Two Distal Hypersensitive 

Sites

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 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 V (5’-HS2 of 

the LCR) versus the rest of the locus.

(B) Fixed HindIII fragment IV-b (5’-HS4-

5 of the LCR) versus the rest of the 

locus.



Figure 6. Two Distal Hyper-sensitive Sites 

at Each Side of the Locus Cluster with the 

LCR and the Genes 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 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 II 

(5HS62.5/60.7) versus the rest of the 

locus.

(B) Fixed HindIII fragment XI (3HS1) 

versus the rest of the locus.





This is quite close to what we understand of a enhancer placed at some 
Kb distance from the promoter

i.e. intrachromosomal interaction

but do we have long-range intrachromosomal interactions

or even inter-chromosomal interactions ?



Inter-chromosomal interaction!



A 3C scheme



?

236 lines

84 MOR

48 MOR28

16 MOR10

20 various 

MOR



48 MOR28 and 16 MOR10

MOR28 and MOR1o are close to H on chr 14

and are expressed 10 times more frequently than other MOR genesand are expressed 10 times more frequently than other MOR genes



FISH in sections of the olfactory epithelium, stained with  Ab-M71





RNA FISH demonstrates 
transcription from only one allele



One H enhancer allele is 
indeed inactivated by DNA indeed inactivated by DNA 
methylation.
As assayed by allele-specific 
PCR after bisulfite conversion





After E2 stimulus, NCF7 cells were subjected to FISH with probes for TFF1 (green) 
and for GREB1 (red), two genes that are stimulated by estrogen 

These genes are brought in close contact in response to the stimulus.










