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Constitutively expressed genes (“housekeeping”)

Regulated genes (positive and negative feedbacks)g g (p g f )

Inducible genes (“on-off”) and repressible genes (“off-on” ?)

Silenced genes (heterochromatic, CpG-methylated)

Mechanistically, we say that inactive genes that can be reversibly 
activated are “poised” for activation, i.e. their status allows activation.  
Remember HCP-promoters from the genome-wide methylome study.

idem, of course, for histone modifications....

Caution:
we should avoid confusing the status of histone modifications at the “locus” 
(i th t f h th it ) ith th “l l” hi t(i.e the part of chromosome were the gene sits), with the “local” histone 
status: if we concentrate to the very proximal part of promoters, often 
histone modifications are lost simply because histones are lost !
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Pho2 binding sites

Pho4 is the P-sensitive 
inducer, whereas Pho2 
is constitutive

yeast

Chromatin remodeling is brought about by essentially these classes of 
factors:

1. ATP-dependent chromatin remodelers.
Enzymes that induce a topological change into nucleosomal DNA, 
altering DNA/histone interaction and/or the positioning of 
nucleosomes.

2. HAT (histone acetyl transferases)  (vs. HDAC histone deacetylases) 
Acetylation of the N-term of histones H3 & H4 reduces 
histone/DNA interaction and changes the conformation of 
nucleosomes in such a way that the nucleosomes are much less stable 
also translationally.

3. Histone demethylase (HDM) and methyltransefrase (HMT)

Chromatin remodeling activities rely on quite large multiprotein 
complexes that are recruited to gene promoters by interaction 
with transcription factors 
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The nucleosomes positioned on PHO5 promoter are “remodeled” 
after induction.

The prevailing model for understanding how a nucleosome can be 
“remodeled” foresees usual histone modifications, loosening of 
histone-DNA contacts, and sliding away or removal from that region, 
due to the activity of ATP-dependent Chromatin Remodeling 
Complexes (histone/nucleosome chaperons).

Histone modifications and mobilization follow very rapidly
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Figure 4. Histone H3 hyper-
acetylation at the Induced PHO5 
Promoter in a snf2 Strain. 
Cells from strain 8141 (snf2) 

Using of a snf2 defective strain: Snf2 is one of the major ATP-dependent chromatin remodelling 
enzymes in yeast. 

Cells from strain 8141 (snf2) 
were induced by phosphate 
starvation, and the levels of 
histone H3 (A), H3 acetylated at 
lysine 9 (B), and at lysine 18 (C) 
were followed over time by ChIP. 
Acetylation levels normalized 
with respect to histone 
occupancy are listed in the 
tables. They were calculated by 
dividing the values for 

t l t d H3 b  th  H3 

Transient increase in H3K9 
and H3K18  acetylation is 
now appreciated 

acetylated H3 by the H3 
occupancy values. 0 time values 
were set to be 1.0.

Other ATP-dep. Chromain remodeling enzymes exist in yeast: removal of nucleosome is 
therefore delayed, but not abrogated.
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These experiments say that we have

1. first, extensive histone acetylation, that reduces the strength of y g
DNA/histone interaction

2. second (but immediate) the intervention of ATP-dep. chromatin 
remodeling complexes that displace nucleosome from the place

This is true o the PHO5 promoter in yeast, but ... does it represent 
the common mechanism ? 
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Figure 4. Characterization of the Condensed
Heterochromatic Locus
YFP-HP1 (A-C), YFP-HP1 (D-F), and YFPHP1
(G–I) colocalize with the condensed locus,
marked by CFP-lac repressor and the
histone H3 is trimethylated on lysine 9 (H3 trimeK9)
(J-L). The H3 lysine 9 modification is
not detected after the induction of transcription
(M–O; 2.5 hr postdox).
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Histone-modifying enzymes

Vedere Lezione “chromatin” Vedere Lezione “chromatin” 

Histone Acetyltransferases HAT - Histone deacetylases HDAC

Histone Methyl transferases HMT - Histone demethylases 

Several families – common domains – often domains that recognize other 
histone modifications. Often specific . They commonly make part of large 
multiprotein complexes and show a number of reciprocal interactions. 

ATP-dependent chromatin remodeling complexes

Several types, with some context specificity. Sometimes very large multiprotein 
complexes. 

Activity: “remodeling” of nucleosomes on a tract of DNA; removal of 
nucleosomes from DNA; reordering of nucleosomes on DNA; deposition of 
nucleosomes on new DNA (replication); isoform exchange. 
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Figure 2. Biochimical Activities of ATP--
dependent Remodeling Complexes
Each panel depicts a known activity of 
at least one remodeling complex (see 
text).

(a) The 10 bp pattern generated by 
DNaseI on a positioned nuclesome is 
disrupted. Some DNA sites become 
hypersensitive, and some become less 
accessible to DnaseIaccessible to DnaseI.
(b) A nucleosomal species is generated 
that has the size of a dinucleosome and 
has a disrupted DNaseI cleavage 
pattern.
(c) The histones are transfered 
between two DNA molecules
(d) nucleosomes are translated
(e) randomly ordered nucleosomes are 
orderly spaced
(f) cruciform DNA generation
(g) alteration of the access of(g) alteration of the access of 
restriction enzymes
(h) Treatment of a closed circular 
nucleosomal array with Topoisomerase 
I followed by deproteinization gives one 
negative supercoil per nucleosome. A 
remodeler can reduce this number of 
supercoils without loss of the histone 
octamers.
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Pho5 5’ flank + TTS

Two h. recombination sites inserted

minicircles
nucleosome
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Remote interactions (Long-range interactions)

PRp enhancer

?

?
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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 sequenzeParticolari sequenze, 
chiamate isolatori 
(insulators), limitano 
l’effetto di un enhancer

Gruppi genici (clusters) derivati da duplicazione sono spesso regolati da una sequenza 
enhancer di controllo collettivo, che viene definita LCR (locus control region).

Gli LCR controllano l’utilizzo sequenziale ed esclusivo dei promotori dei geni del gruppo. Come 
esempi, il gruppo di geni che codficano le globine embrionali, fetali ed adulte; i gruppi di geni 
che codificano omeoproteine, espressi secondo un preciso ordine spazio-temporale.
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Fig. 2. DNA looping mediates the interaction between 
a remote enhancer and a promoter. (A) Shown is a 3C 
experiment depicting the PCR products using primers 
specific for the enhancer and the promoter as seen in Fig. 
S1. PCR was performed on NlaIII-digested chromatin 
derived from HeLa cells mock or virus infected for 6 h 
harboring the Distal (lanes 1 and 2) or the DistalSp1 
(lanes 7 and 8) plasmids. Genomic DNA (lanes 5, 6, 11, 
and 12) and cross-linked
digested but not ligated chromatin (lanes 3, 4, 9, and 10) 
derived from mockor virus-infected (6 h) cells were used 
as controls. Lane 13 is a negative PCR control, and lane 
14 i th i k (B) S h ti t ti f14 is the size marker. (B) Schematic representation of 
theCAT constructs used to determine mechanisms of 
enhancer function. The arrows indicate the position of the 
primers used in the PCR reactions with 
immunoprecipitated DNA. The wild-type TK promoter 
contains an Sp1 site (Proximal and Distal constructs), 
whereas in the DistalSp1 construct the Sp1 site has been 
mutated. In the Distal p50 construct, the Sp1 site was 
replaced by a consensus p50 homodimer site. (C) Stable 
HeLa cells bearing the indicated CAT
reporter plasmids were mock or virus infected for 12 h 
before being harvested; then CAT activity was 
determined. The error bars indicate SD. (D) Cross-linkeddetermined. The error bars indicate SD. (D) Cross linked 
chromatin prepared from mock- or virus-infected (6 h) 
HeLa cells stably transfected with the indicated CAT 
constructs was immunoprecipitated with the indicated 
antibodies. The precipitated DNA was subjected to PCR 
analysis using 32P-dCTP and plasmid-specific primers. 
(E) The process is as described in (D), except that p65 
and IRF-3 antibodies were used, and the Distal p50 
construct instead of the proximal construct was included 
in the experiment.

3C assay = chromosome conformation capture
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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.
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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.
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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 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.
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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 brainobserved 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.

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 restriction sites 
analyzed being 1.5 kb apart). 
Scaling on the y axis (from 0 to 6) 
allows direct comparison with other 
fifigures.

(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.
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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(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 II 
(5HS62.5/60.7) versus the rest of the 
locus.
(B) Fixed HindIII fragment XI (3HS1) 
versus the rest of the locus.



21

ARTICLE



22


