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The homeodomain

From The Art of MBoC= € 1995 Garland Publishing, Inc.




A transcription factor protein bound to a specific nucleotide
sequence of DNA, interacting with major grooves

minor
groove

major
groove

The DNA helix is bent: « induced-fit »




Extreme cases exist...

The TBP-TATA (DNA) complex




Stability is given
mainly by ionic bonds
with phosphates

Specificity is given
by stereospecific weak
bonds with bases

Copynght 1999 John Wiley and Sons, Inc. All rights reserved.
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Genome-wide identification of TFBS
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qPCR detection
with primers
for candidarte loci

\
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Caution !

for TF mapping you can not use «expression microarrays»

(usually contain only expressed sequence probes)

Scientists used «tiling microarrays», i.e. probes covering the entire

(nonripetitive) genome, or arrays containing only probes for known
regulatory elements (e.g. known gene promoters).

tiling microarrays

all the genome, nonrepetitive regions

=== Affymetrix probes (24-25nt)

promoters microarrays

———" ————"

promoter gene A promoter gene B



a Identification of TFBS
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Global Screening Methods

(OS s-link

eln
jﬂ% complexes
\ DNA with @
\

interacting proteins /
'\

G@/il RIR/IIECAERIIEED

peite
Kterrgor

ar
@ -‘fFaru

tag dstribution

‘ 2. ChlIP-seq

Perform regular ChlIP, then sequence
every DNA fragment
immunoprecipitated (next-generation
sequencing, lllumina or ABI-SOLID
platforms)

Advantages: little material required, higher
resolution, fully open end approach,
spatial resolution, less artifacts due to
PCR amplification, possibility to
multiplex, can do custom

Disadvantages: expensive (particularly if
controls included), need large computer
storage capacity, requires complex
bioinformatics analysis.



Control sample: “Input” or “IgG”
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Let us simplify a bit...

/’\\ / Frequency plot
/ \
/ \

Chlp-Seq analysis identifies a / \\
region where the TF binds, \ TFBS (4-15 bp)

not the binding motif itself /
% .

All these fragment will
score positive in ChIP assay




As a matter of fact,
we have reads from
both strands

join

peak call

peak annotation
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Figure 3.1 Work flow of ChIP-seq data processing and analyzing pipeline.



Statistical analysis defines
the binding region

a genome fragment around the center of the peak
(or defined by statistics)

can now be explored to predict the binding sequence



Algorithms exist for two different purposes:

1. to statistically evaluate the presence of a given known TF-binding
motif in the list of «chipped» sequences

2. to evaluate, in the list of chipped sequences, the most represented
«words» as compared to control sequences

Please consider that, even when a TF-binding motif is determined using
direct biochemical techniques such as SELEX, you will never get a single,
unvariable sequence motif

This is because the protein can adapt to certain base change at certain
positions of the recognition sequence (less determinant contacts).

Example:
JASPAR database at http://jaspar.genereg.net/



http://jaspar.genereg.net/
http://jaspar.genereg.net/

Identification of R.E.

For example take -500, +500 interval around binding peak summits: algorithms
exist to find unbiased overrepresented motifs, or known motifs, based on

positional weight matrices.
see Bioinformatics

Examples of sites for different TFs:
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What is a PWM ?

https://en.wikipedia.org/wiki/Position weight matrix



https://en.wikipedia.org/wiki/Position_weight_matrix

Caution !

ChlIP-seq experiments identify TFBS NOT DNA/TF interaction

TFs show a coplex protein-protein interaction network among
themselves and with co-regulators (coactivators, corepressors,
remodellers, other) (next lesson) and

formaldehyde will cross-link everything
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Protein contacts are facilitated by
juxtaposition of TFBSs

Protein contacts are not mediated
by DNA

Protein contacts (if any) are only
mediated by DNA




Enhancer structure

Individual TF Binding Sites are short motifs: 4-15 bp

How can «small» cis-elements guide the specificity of DNA binding ?

First, almost all TFs bind DNA either as dimers or trimers or higher, and
with more complex patterns (e.g. heterodimers of the same family)

Second, almost all the time TFBS are not isolated but found in clusters

We will see in the following that TF function follow the co-co-co- rule:

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



We start from considering a very old story that was worked out on
the wonderful biology of early development in D. melanogaster.

Edward B. Lewis, Christiane Nusslein-Volhard and Eric F. Wieschaus

have received the Nobel Prize in Physiology and Medicine 1995 for
this discovery.

just few words....

(vou may also see a Developmental Biology book here:
https.//www.ncbi.nlm.nih.qov/books/NBK10081/ )



https://www.ncbi.nlm.nih.gov/books/NBK10081/
https://www.ncbi.nlm.nih.gov/books/NBK10081/
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Superficial cleavage in a Drosophila embryo. The early divisions occur centrally. The
numbers refer to the cell cycle. At the tenth cell cycle (512-nucleus stage 2 hours
after fertilization), the pole cells form in the posterior, and the nuclei and their
cytoplasmic islands (“energids”) migrate to the periphery of the cell. This creates
the syncytial blastoderm. After cycle 13, the oocyte membranes ingress between
the nuclei to form the cellular blastoderm.

(from: Gilbert SF. Developmental Biology 6th edition, 2000)
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Cellularization




In Drosophila, the cellular blastoderm consists
of approximately 6000 cells and is formed
within 4 hours of fertilization.

Transcription from the nuclei (which begins around the eleventh cycle) is greatly
enhanced at cycle 14, when D. embryo forms cells (midblastula transition ).

Eric F. Wieschaus
https://youtu.be/Ncxs21KEjOg



https://youtu.be/Ncxs21KEj0g
https://youtu.be/Ncxs21KEj0g
https://youtu.be/Ncxs21KEj0g
https://youtu.be/Ncxs21KEj0g
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10-hour embryo \

embryo stained with Ab for
Engrailed= homeoprotein

embryo
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parasegments

newly hatched
larva

From The Art of MBoC® £ 1995 Garland Publishing, Inc.
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Eric Wieschaus (Princeton) Part 1: Patterning Development in the Embryo
Bicold HNA

Bicold protein

|

Activation of gene |

occurs wherever Bicold
protein Is above its

critical threshold

)
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From The Art of MBaC® € 1995 Garland Publizhing, Inc.

Risposte secondarie a gradienti primari possono generare segmentazione




Patterns of cell behavior reflect
underlying patterns of gene activity
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Similar gradients in head to tail direction

primary genes

anté'r'i-;rr_

posterior

Hunchback

Gap genes (Giant, kruppel, Knirps)

From The &t of MBoC?® & 1995 Garland Publishing, Inc.




Where do these «signals» come from ?

ANTERIOR SYSTEM POSTERIOR SYSTEM

localized mRNA localized mRNA

detormining
« germ cells vs, somatic cells

« head vs. rear
* body segments

Antero-posterior axis: maternal mRNAs




DORSOVENTRAL SYSTEM TERMINAL SYSTEM

transmembrano rocoplors transmembrane receptors

determining
« cctoderm vs, mesoderm vs, endodorm

« terminal structures



Dorsal
appendage
pp g \ Perivitelimy
Anterior ¢ Polar  Pasterior
granules

Egg membrane Chorion

Vitelline coat

Ventral

Each developing unit, or follicle, consists of
a developing oocyte, nurse cells and a layer
of somatic cells called follicle cells.

Stage 1: Early in oogenesis, the oocyte is
about the same size as the neighboring
nurse cells.

Stage 2: The nurse cells begin to
synthesize mRNAs and proteins necessary
for oocyte maturation, and the follicle
cells begin to form the egg shell.

Stage 3: The mature eqg is surrounded by
the vitelline coat and chorion, which
compose the egg shell. The nurse cells and
follicle cells have been discarded, but some
of the mRNAs synthesized by nurse cells,
which become localized in discrete spatial
domains of the oocyte, function in early
patterning of the embryo.

Polar granules are disinct cytoplasmic
structures located in the posterior region
of the egg. This is the region in which germ
cells arise.



Dorso-ventral axis: soluble
signalling proteins

Lesson:
Information in biological
systems is quantitative
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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



Eve (even-skipped) is the first “pair-rule” segmental gene: it has more than 12Kb essential
regulatory sequences
Each enhancer is regulated by the exact combination of factors present in stripes

a
b
enhancer enhancer enhancer
delle bande enhancer > delle bande delle bande
3e7 della banda 2 regione codificante 4eb 1e5

= S ) e B
-4 |kb —3| —2| —1I I +1| +2I +?I> +Z|1 +£’> +(|5 +|7 +|8




Hunchback is a repressor:
Kruppel enhancer has few sites, requires higher levels
Giant enhancer has more sites: lower levels are enough

bande dieve - b Krippel
glant (posteriore)
(anteriore) P m

"_\ hunchback

Lesson: the same TF shows different effects on different sites,
based on its level of expression
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From The art of MEoC® @ 1995 Garland Fublishing, Inc.




Hunchback Knirps

siti di legame siti di legame
] per Hunchback - per Knirps

enhancer della banda 3

1 0

enhancer della banda 4
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DORSOVENTRAL SYSTEM TERMINAL SYSTEM

transmembrano rocoplors transmembrane receptors

determining
« cctoderm vs, mesoderm vs, endodorm

« terminal structures



nuclei at
periphery

Dorsal protein
released to nuclei

perivitelline
space

Toll receptor—

Q

extracellular ventral
signal (Spatzie fragment)

Dorsal is NFkB homologue



sog —»
0 BREER

+1 | |
4 optimal Dorsal-
binding sites
rhomboid —>
A ——— el )
L1 +1
1 high-affinity

Dorsal-binding site
twist —>
 — )

2 low-affinity
Dorsal-binding sites
(filled at high [Dorsal])

sog on

Twist 5’ contains 2 low affinity sites for Dorsal (bound only were Dorsal is higher)

Rhomboid 5’ enhancer cotains several sites: only one is high-affinity: it is on at high or
intermediate levels of Dorsal.

Sog intronic enhancer contains 4 high-affinity dorsal sites: on in all cells where dorsal is present



Snail expression v
Snail is activated by synergy G%jtﬁ_‘_—*- (ON)
between Twist and dorsal , , . ,

Dorsal sites = | Twist sites Snail gene




In ventral cells, twist + dorsal stimulate expression of the Snail repressor:

Snail is primary repressor of epithelial genes (e.g. E-cadherin)

a rhomboid

Ul cmid)) ) sz \\\\ )
X 7 a

siti di legame per Snail

NE
dorsale

b sog

NE =\ | 1 \
ventrale o B : O__\\_-J Y N - -~ ;-J

S!tl di legame per Snail

Snail protein

Romboid
here

mesoderma

Snail expression in ventral cells limits expression of romboid and sog,
making boundaries of expression sharply defined.




2nd Lesson
TFs act in a combinatorial fashion
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Compositionality

TFs binding may be
favoured by the local
3D conformation

Old example

the INF-B enhancer:

gene INF-B

i X

enhancer

A / gene INF-B

(),! Dl ) —iff—i )
/

@ ‘,!”

ATF
(b M, =
e L) )
w U/
L |

enhanceosoma




Compositionality

HMGIKY)4+ - = - -
ATEF-2 - - - 4

NF-xB - =+ -
IRF-1 -+ - -

How it is done:
Enhancer DNA with nucleosome is

-
+ . .
i added of recombinant proteins.

[}
4
]
+
+

Enhanceasome »

Band-shift (EMSA) analysis shows
binding of ATF-2, NF-kB and IRF-1 to
the enhancer.

.‘ . - The enhanceosome is formed only in

18 - the presence of the architectural
‘ protein HMGI(Y) to 4 specific sites.

a2 W e

from: Agalioti et al. (2000) Cell 103: 667-678.

Nucleosome »

1 2 3 4 § 6 7 8 21011121314

Mutated in HMGI(Y) site
-110IFN-(3 -110IFN-B(mut) </

(D) Assembly of the IFN-B enhanceosome on nucleosomal IFN-B promoter fragments. An IFN-B promoter fragment (—143 to +183) (lanes
1-7) or an identical-sized fragment bearing mutations in all HMG [(Y) binding sites (lanes 8-14) were reconstituted into a nucleosome, gel
purified, and used in EMSA experiments along with recombinant IFN-B activators in the presence or in the absence of HMG I(Y). The following
amounts of recombinant proteins were used: HMG [(Y) 10 ng, IRF-1 30 ng, NF-kB 20 ng, ATF-2/c-Jun 50 ng. The bottom part of the Figure
depicts a diagrammatic illustration of the enhanceosome bound to the IFN-B nucleosomal promoter fragment.



Compositionality

enhancer

The INF-3 “enhanceosome”

NFxB
/Jun
q/ 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.

gene INF-B

This old example illustrates «compositionality»




b

Uomo
Topo
Ratto
Suino
Cavallo
Bovino2
Bovino

Compositionality

ATF  Jun IRF IRF IRF IRF NF-xB

1:ARATGTAAATGACATAGGAARAACTGAAAGGGAGAAGTGAAAGTGGGAARATTCCTCTGAAT: 60
l:......AAATGACAGAGGAAAACTGAAAGGGAGAACTGAAAGTGGGARATTCCTCTGA. .:52
l:......AAATGACGGAGGAAAAGTGAAAGGGAGAACTGAAAGTGGGAAATTCCTCTGA. .:52
l:......AAATGACATAGGAAAACTGAAAGGGAGAACTGAAAGTGGGAAATTCCTCTGAA.:53
l: . AATGTAAATGACATAGGAAAACAGAAAGGGAGAACTGAAAGTGGGAAATTCCTCTGAA. :58
l:.....TAAATGACAAAGGAAAACTGAAAGGGAGAACTGAAAGTGGGARATCTCTCC....:45
l:.....TAAATGACATGGGAAARATGAAAGCGAGAACTGAAAGTGGGAAATTCCTCT....:51

100 milioni di anni



Combinatorial control of gene expression

Attila Reményi*>4, Hans R Scholer!? & Matthias Wilmanns?

Revealing the molecular principles of eukaryotic transcription
factor assembly on specific DNA sites is pivotal to under-
standing how genes are differentially expressed. By analyzing
structures of transcription factor complexes bound to specific
DNA elements we demonstrate how protein and DNA
regulators manage gene expression in a combinatorial fashion.

TF-TF interaction may be mediated by
DNA (adjacent elements) or by simple
protein-protein contacts

812 VOLUME 11T NUMBER 9 SEPTEMBER 2004 NATURE STRUCTURAL & MOLECULAR BIOLOGY

Oct-1 network Sox-2 network

£
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(Pax-6/

Oct-1
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Figure 3 Interaction diagram of Oct-1 and Sox-2.
Transcription factors are depicted as protein
molecules with surface patches that can interact
with a whole array of different partners provided
that the protein is bound to a specific DNA
element. DNA-bound Oct-1 and Sox-2 are
depicted schematically with protein-protein
interaction surface patches that are instrumental
in binding to other partners. [F1 and IF2 on the
Qct-1-DMA complex denote two interfaces of
Qct-1 that are accessible and used for interaction
on various DNA. Similarly, IFa and IFb designate
interfaces of Sox-2 that are used for interaction
on different DNA sites.



cooperativity

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

This is due often to chromatin «opening» that facilitates following TF
binding

>
B - o] p

Factor added Transcription
None 1
TF-A 2
TF-A + TF-B 3
TF-C 2

TF-A + TF-B + TF-C 25



One important question is specificity

In the case seen as examples, the «order» of TFs is dictated by DNA
sequence

In higher eukaryotic genomes, do we find any kind of combination of
TFBS ? In other words, any kind of TF cooperation is allowed ?

Example of a TF analysis by ChIP-Seq —=> paper

ENCODE studies (in the following)



ARTICLE

doi:10.1038/naturell1245

Architecture of the human regulatory
network derived from ENCODE data

Mark B. Gerstein®>™*, Anshul K]J.udajc"*, Manoj Hariharan®*, Stephen G. Landt™, Koon-Kiu Yan"**, Chao Chengi‘z*,
Xinmeng Jasmine Mu'*, Ekta Khurana'?*, Joel Rﬂzmﬁrskf*, Roger Alex ander' *, Rengiang Min'?* Pedro Alves'™,

Alexej Aby'zmrl'z, Nick Addle1na115, Nitin Ellﬂdxvagi'z, Alan P, EDYlE‘E’., Philip Cagrti.ug;", Alexandra Charos?, David Z. f311r:1131
Yong Chen g”, Dieclan Clarkeg, Catharine Eastman®, Ghia Eusld_rchens, Seth Frietze”, Yao Fui, Jason Gc—rtzm', Fabian Grubertﬁ,
A_ri.fHarmancil'z, Preti] ai_um, Maya KasmVEkis, Plli_lLar_'rcruteF‘, Jin Lengi, Jin Lian", Hannah Mon 311311?, Henriette O Geen”,
Zhengging Ouyanﬁ:‘, E. Christopher Partridge'®, Dorrelyn Patacsil®, Florencia Pauli'®, Debasish Raha’, Lucia Ramirez®,
Timothy E. Reddy'"t, Brian Reed’, Minyi Shi®, Teri Slifer®, Jing Wang', Linfeng Wu®, Xingiong Yang®, Kevin Y. Yip' >4,

Gili Zilberman-Schapira!, Serafim Batzoglou®, Arend Sidow'®, Peggy J. Farnham®, Richard M. Myers'?, Sherman M. Weissman®
& Michael Snyder®

1

Transcription factors bind in a combinatorial fashion to specify the on-and-off states of genes; the ensemble of
these binding events forms a regulatory network, constituting the wiring diagram for a cell. To examine the
principles of the human transcriptional regulatory network, we determined the genomic binding information of

‘ 119 transcription-related factors in over 450 distinct experiments. We found the combinatorial, co-association of
transcription factors to be highly context specific: distinct combinations of factors bind at specific genomic locations.
In particular, there are significant differences in the binding proximal and distal to genes. We organized all the
transcription factor binding into a hierarchy and integrated it with other genomic information (for example,
microRNA regulation), forming a dense meta-network. Factors at different levels have different properties; for
instance, top-level transcription factors more strongly influence expression and middle-level ones co-regulate
targets to mitigate information-flow bottlenecks. Moreover, these co-regulations give rise to many enriched
network muotifs (for example, noise-buffering feed-forward loops). Finally, more connected network components
are under stronger selection and exhibit a greater degree of allele-specific activity (that is, differential binding to the
two parental alleles). The regulatory information obtained in this study will be crucial for interpreting personal genome
sequences and understanding basic principles of human biology and disease.

& SEPTEMBER 2012 | VOL 489 | NATURE | 91



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»

Very often, single TF bind to different chromatin sites in different cell
types (i.e. TFs display cell type-specific cistromes).

Whenever TFs collapse (+other histone and cofactor marks) = enhancer
Using data from 5 cell lines, the ENCODE project has identified:

- Total 7.5 million «peaks» (40% of these within 2.5Kbp from TSS).

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 outhnumber promoters.



The combinatorial rule of Transcription Factor Binding Sites at enhancers

Questions:
- Is the «combinatorial» rule for TFs at enhancers true ?

- Can any TF combine with any other TF ?

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.

B frequent
B —
\ B rare
B frequent

- never




One example from Gernstein paper: GATA1

94 partner factors

wlfie wpep rh o e k.’c’-o‘
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2,785 GATAT1 (focus factor) peak locations

| 58

The «focus» factor here is GATA1. Merging all the experiments,

94 partner factors were found.
Taking into account co-presence, several clusters are defined.
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Coassociation shows groups that are quite strictly delimited in one type of
regulatory element (e.g. Distal or proximal).
Coassociation with REST or HDAC2 also define some «repressive» elements
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Genomics
This «clustering» effect also
suggests that enhancers
have spread in the genome The role of Transposable Elements in shaping the
by duplication events combinatorial interaction of Transcription Factors

(tra nSp05|t|0n ?) Alzssandro TEI-::uriu', Livia Caizziu, Lantina Cutrupiu, Olivigr Friar-::l1, Micheale De Bnrtﬂli1'3, Davide Cora ™"
and Michele Caselle "

Abstract
There IS aISO eVIdence that Background: In the last few yvears several studies have shown that Trans posable Elements (TEs) in the human
. genome are significantly associated with Transcription Factor Binding Sites (TFESS) and that in several cases their
In some cases Tra n5p053b|e expansion within the gename led 1o a substantial rewiring of the regulatony netwark. Another impartant feature of
Elements have been the regulatony network which has been thoroughly studied 8 the combinatonal arganization of transcriptional
regulation. In this paperwe combine these two absorvations and suggest that TES, bosides rewining the notwork,

also played a central role in the evalution of particular pattemns of combinatorial gene regulation.

dom IStlcated tO aCt as Resufts: To address this Bsue we scarched for TES averapping Estrogen Receptor a (ERa) binding poaks in two
en h ancers publicly availab e ChiP-seq datasets from the MOFY cell line comespanding to different modalities of exposuie to
estrogen. We found a remarkable enfchment of a fow spocific classes of Trans posons. Amang thaese a prominont
role was playved by MIR (Mammalian Interspesed Repoatsh trans posans. Those TES undenvent a dramatic epansion
at the boginning of the mammalian adiation and than stabilized. We conjecture that the special affinity of ERa for
the MR class of TES could be at the onigin of the impotant rale assemed by ERa in Mammalians, We theon
soarched for TFBSS within the TES everapping ChiP-seq poaks. We found a strong ennchment of a fow procise
combinations of TFBS. In several cases the comesponding Transcription Factors (TFsh were known cofactors of ERa,
thus supporting the idea of a co-regulatary role of TFBS within the same TE Momaver, mast of thase carrelations
tumed out 1o be strictly associated to spocific Classes of TES thus suggesting the presence of a well-dofined

“trans poson code™ within the regulatany network

Conclusions: In this work we tried to shed light into the role of Transposable Elements (TES) in shaping the
regulatary network of higher cukansates. To tost this idea we focused on a paticular transcription facton the
Estrogen Receptor a (ERa) and we found that ERa preferentially targets a well defined sot of TES and that these TES
host combinations of transcriptional regulaton invaling soveral of known co-regulators of ERa Maraver, a
significant number of these TEs tumed out 1 be conserved between human and mouse and located in the vicinity
(and thus candidate 1o be regulatars) of important esroge neielated gones.

Keywords: Transposable elemants, Chif-seq, Transcription factors, ERa, Combinatarial interaction




On enhancers/PREs, TFs function follows these
principles:

e combinatorial

e compositional

* cooperative



