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What this is all about

Double-check your expectations! 

What you will hear about…

Some basics about transcription control in general 

Where and how to obtain promoter sequences

Properties of transcription factor binding sites and how to analyze them

The difference between a physical promoter and promoter functions

Strategies and tools to analyze and detect biological functionality

You will see how to set up strategies with existing tools 
NOT how to generate new tools yourself

Part I : Understanding promoter elements

Part II : Understanding promoter function

The difference between binding sites and transcriptional modules

Part III : Understanding promoter analysis results

Comparative genomics with promoters
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Double-check your expectations! 

Three times around the clock…
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Biological context of transcription I

Chromatin 
organization

Transcription 
cycle

Promoter 
elements

Where to get
promoter sequences? TFBS

detection
Promoters in 
the genome

Biological context of transcription 

Understanding
Promoter elements

Part I
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The chromatin in the nucleus is highly organized

Part I : Chromatin organization

There are two different
environments within a
Cell nucleus

Chromatin territories
(transcriptionally inactive)

Interchromatin domains
(transcriptionally active)

Chromatin moves between
those compartments
(chromatin hypothesis T. Cremer)
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Chromosomal
territories

Interchromatin-
domains

Nucleolus

Nuclear membrane

Lamina

Pore complex

The chromatin in the nucleus is highly organized

Inter chromatin domains are where the in situ nuclear matrix is located

Part I : Chromatin organization
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Chromatin territory Interchromatin domain

S/MARs / interchromatin domains

Potential activation mechanisms of a chromosomal loop

Part I : Chromatin organization

S/MAR

S/MAR

Nuclear 
matrix?

(SAF-A)

(SAF-A)

Transcription 
factors

Transcription

Transcription 
inactive

Transcription 
active

Chromosomal loop
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Only part of the functional context is located in cis on the genomic DNA

Gene
(by definition includes all gene-specific regulatory sequences)

Primary transcript

Chromosomal loop - schematic

Schematic organization of a chromosomal loop

Part I : Chromatin organization

S/MAR S/MAR

enhancer terminationpromoter

repeats

exons
LCR
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Tissue/cell specificity is determined by multiple events

Part I : Chromatin organization

Epigenetics

Chromatin structure
DNA methylation
Histone de/acetylation

Transcription control

Locus Control Regions
Enhancers
Promoters

Differentiation

Permanent Heterochromatin
DNA recombination

Transcriptional regulation in the cell

Promoter analysis
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Transcription

Chromatin activation

Translation

Which part of gene expression is controlled by promoters?

Part I : Chromatin organization

What is really covered by promoters?

Epigenetics

Genomic sequence

Mature mRNA

Protein

Processed 
protein

Transcriptional
termination

de novo
transcription

Promoter 
dependent

G-ppp-

Primary transcript
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Summary

Gene expression is controlled on many levels

Chromatin is transcriptionally inactive by default

Summary Chromatin organization

Activation includes relocation and S/MAR association

Epigenetic control decides on accessibility of promoters

Promoters act in transcriptional initiation

Part I : Chromatin organization

Promoters are the final processors in transcription control
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Biological context of transcription 

Biological context of transcription II

Chromatin 
organization

Transcription 
cycle

Promoter 
elements

Where to get
promoter sequences? TFBS

detection
Promoters in 
the genome

Understanding
Promoter elements

Part I
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Chromatin
(inactive)

Chromatin
(active)

Factors
(initial) Matrix

attachment

Initiation
complex

Elongation
complexTranscriptional

termination

Chromatin
(active)

Cap

RNA processing

AAA

Participation
of promoters

Transcription cycle

Transcription cycle of chromatin

Part I : Transcription cycle
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Biological context of transcription III

Biological context of transcription 

Chromatin 
organization Promoter 

elements

Where to get
promoter sequences? TFBS

detection
Promoters in 
the genome

Transcription 
cycle

Understanding
Promoter elements

Part I
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Promoter elements general

Promoters do not contain any known terminal elements

Part I: Promoter elements 

Promoters contain discernible elements

Promoter elements are necessarily in linear order within the promoter 

Very important elements are transcription factor binding sites (TFBSs)

Promoters may also contain repeats and inverted repeats

Promoters apparently also contain nucleosomal positioning elements

Promoters always contain at least one transcription start site (TSS)
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These elements can be detected in the nucleotide sequence

Secondary structures (cruciform DNA, hairpins)

Repeated sequences

Example: TGASTCA binds to AP-1

Example: AAAAAGCTGTTTTT can form a hairpin

Example: TCCAGTAGTCCAGTGTCCAGT

Promoter elements basics

Basic types of known promoter elements

Transcription factor binding sites (TFBSs) 

Part I: Promoter elements
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TFBS conservation

The inherent variability of TFBSs complicates specific recognition

Part I: Promoter elements

General description of a transcription factor binding site

A short stretch of DNA 
(about 10 to 25 nucleotides long) 

Bound by one (or more!) 
transcription factors 

TFBS are usually families of 
sequences, not defined strings 

TFBS contain highly conserved 
as well as variable nucleotides

Glucocorticoid receptor BS
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The TAR hairpin is an essential structure in the HIV-1 promoter

TAR

TAR 
RNA

NF κB SP-1 TATAIR IR

U3 R U5

multiple 
sites

Hairpin structures

Part I: Promoter elements

Polymerase II promoters may contain hairpin structures

TAR acts as an 
RNA enhancer

TSS
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Promoters are composed of multiple elements

Summary

Promoter elements determine specificity and activity of promoters

Transcription factor binding sites (TFBSs) are most important

Summary Promoter elements

TFBSs can be detected in the primary DNA sequence

TFBS are variable, not fixed sequences

Repeats, hairpins are other known promoter elements

Part I: Promoter elements
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Biological context of transcription IV

Biological context of transcription 

20

Chromatin 
organization

Promoter 
elements

Where to get
promoter sequences?

Promoters in 
the genome

Transcription 
cycle

Understanding
Promoter elements

Part I

TFBS
detection
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Weight matrix definition

Distribution matrices do not have any intrinsic quality control!

A   C   C   G   A = 15

T   C   C    T   A = 11

Part I: TFBS detection

pos 1 2 3 4 5

A

C

G
T

6

0

0
0

0

3

0
3

2

2

1
1

2

2

0
2

4

0

2
0

A   C   C    T   A = 17

Distribution matrices allow determination of similarity

Example: 6 sequences aligned,
position 1 of alignment contains only A

No arbitrary consensus

Quantitative measure of similarity 

Binding sites are aligned

For each column the amount of each
of the four nucleotides is counted
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Linear scoring function

100

90

80

70

60

50

40

30

20

10

0

Nucleotide distribution A

20
5

Part I: TFBS detection

Nucleotide distribution matrices

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

conserved

A
C
G
T 
A
C
G
T 
A
C
G
T 
A
C
G
T
A
C
G
T 

random

Maximum difference is 4-fold and depends on number of sequences!
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Inversion insures maximum value for conserved position!

Shannon entropy scoring function

∑  p(b) * lnp(b)
b=A,C,G,T
 0, if p(b) = 0

+ ln 4 )C = 100 / ln 4 * (

100Ci

Part I: TFBS detection

Nucleotide weight matrix using Shannon entropy

pos 1 2 3 4 5

A

C

G
T

6

0

0
0

0

3

0
3

2

2

1
1

2

2

0
2

4

0

2
0
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Maximum scoring difference is now 100-fold!

100

90

80

70

60

50

40

30

20

10

0

Ci score

Shannon entropy scoring results

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C
G

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C
G
T

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C
C
G
T

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C
C
G
G
T

A
A
A
A
A
C
C
C
C
C
G
G
G
G
G
T
T
T
T
T

Part I: TFBS detection

Effect of introducing Shannon entropy

Dramatic loss when conserved position is exchanged!

Almost indifferent upon changes at variable positions!

70% A, Ci = 32,16
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MatInspector scoring example - grafics

Part I: TFBS detection

Matrix pos. 1 2 3 4 5 6 7 8 9 10 11 12 13

A 14 0 0 15 0 2 9 3 11 8 22 0 0

C 0 0 22 1 12 3 5 4 5 3 0 22 0

G 8 0 0 4 0 4 3 3 3 5 0 0 22

T 0 22 0 2 10 13 5 12 3 6 0 0 0

Ci: 59 100 100 42 57 31 19 26 24 17 100 100 100

Sequence A T C T C T C G C A A C G

Numerator of mat_sim: Σ (score * Ci) of the sequence  =       13426

score 14 22 22 2 12 13 5 3 5 8 22 22 22
* * * * * * * * * * * * *

 Ci 59 100 100 42 57 31 19 26 24 17 100 100 100

Denominator of mat_sim: Σ (maximum score * C i) = 14426

score 14 22 22 15 12 13 9 12 11 8 22 22 22
(maximum) * * * * * * * * * * * * *
 Ci 59 100 100 42 57 31 19 26 24 17 100 100 100

Matrix similarity = 13426/14426  =  0.93

MatInspector scoring algorithm



© 2004  by Genomatix Software GmbH

Genomatix 

Slide #  26

Part I: TFBS detection

MatInspector uses matrix as well as IUPAC libraries

1000 TFs covered!
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More binding sites reported does not mean better quality of prediction

Why matrix families?

(e.g. cAMP responsive elements: V$CREB, V$ATF, V$P300, V$JUN)

Part I: TFBS detection

Why matrix families?

There are several matrices for the same or very similar factors

Result lists are inflated and are hard to interpret

Programs to locate binding sites report several matches 
at the same or very similar positions

There is no such thing as the “best” matrix to be used exclusively
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SOMs - principle 

Part I: TFBS detection

Self Organizing maps (SOMs)

Data described by many different features
can be arranged in two dimensions 

This way clusters of similar data
are easily detected

Projection of feature vectors 

SOMs are also known as Kohonen cards
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SOMs - feature example

V$CREB V$TATA

AAA 0.000 0.430
AAC 0.000 0.000
AAG 0.000 1.122
AAT 0.000 0.430 ...
ACA 0.008 0.099
ACC 0.035 0.000
ACG 1.865 0.000
ACT 0.000 0.505
 ... ... ...

Selected
features

Different weight matrices

Calculated values

Part I: TFBS detection

A statistical approach…
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Matrix SOM

Part I: TFBS detection

…turns out to be a useful concept!
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There is obviously a general protein-DNA recognition code!

Matrix SOM - protein map

Part I: TFBS detection

MatInspector matrix families agree with protein data
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Matrix families application example

Part I: TFBS detection

Analysis with individual matrices

Analysis with matrix families
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TFBSs can be reliably predicted by in silico approaches

Summary

TFBS can be described and detected by mathematical models

Matrix-based approaches are more specific than IUPAC strings 

Summary TFBS detection

Nucleotide distribution matrices have a small scoring range

Weight matrices can successfully predict binding affinity

Matrix families account for the biological variability of TFs

Part I: TFBS detection
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Biological context of transcription V

Biological context of transcription 

20

Chromatin 
organization

Promoter 
elements

Where to get
promoter sequences?

TFBS
detectionPromoters in 

the genome

Transcription 
cycle

pos1 2 3 4 5

A
C
G
T

6
0
0
0

0
3
0
3

2
2
1
1

2
2
0
2

4
0
2
0

Understanding
Promoter elements

Part I
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The first exon of every mRNA is or contains part of a promoter sequence!

What is a promoter?

Part I: Promoters in the genome

General description of a polymerase II promoter region

A short stretch of DNA containing a transcription start site (TSS) 

Capable to support initiation of transcription 

Most of a polymerase II promoter 
region is not transcribed

Promoter regions are genomic DNA

Promoter regions are not necessarily connected to a coding sequence 

Promoter regions vary in length from 150 bp to 2,500 bp 

 not transcribed transcribed 

Promoter regions may contain multiple TSS

Exon1!
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A promoter region solely defines a sequence range in the genome

What is the quality of a promoter?

Part I: Promoters in the genome

Definition of promoter regions and transcript quality 

Each transcript is associated with a quality 

No quality can be assigned to the promoter region

TSS of transcript experimentally verified

Promoter region of transcript predicted

Upstream region of an annotated  transcript

PromoterInspector prediction/no transcript

gold

silver

bronze

noneNo Promoter
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Multifunctional promoters

Is this a bidirectional promoter or are these two independent promoters?

Part I: Promoters in the genome

Promoter regions can be multifunctional 



© 2004  by Genomatix Software GmbH

Genomatix 

Slide #  38

Pol II promoters / sequence alignments

Only the complete context of elements determines a promoter function!

Functional similarity is reflected in sequence similarity

Locating transcription factor binding sites indicates promoters

Promoters are simple clusters of promoter elements

Promoters have a general common structure

Part I: Promoters in the genome

Pol II promoters defy “simple” rules of sequence analysis

Promoters as well as their elements show low sequence conservation

Promoters need to be different to ensure different regulation

Promoters require a defined internal organization to be functional

All promoter elements can be found almost everywhere in DNA
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Biological context of transcription 

Biological context of transcription VI

Chromatin 
organization

Promoter 
elements

Where to get
promoter sequences?

TFBS
detection

Promoters in 
the genome

Transcription 
cycle

pos1 2 3 4 5

A
C
G
T

6
0
0
0

0
3
0
3

2
2
1
1

2
2
0
2

4
0
2
0

Understanding
Promoter elements

Part I
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Mammalian promoter sequence determination is still a difficult task!

Part I: Where to get promoter sequences 

How to get to mammalian promoter sequences?

Cloning of sequence, verification in transient expression assays  

Exact mapping of 5’ end of complete mRNA to genomic DNA   

Prediction of promoter by suitable bioinformatics methods

Upstream region of an annotated transcript

Phylogenetic conservation of known promoter from other species

Phylogenetic conservation of transcript from other species

Upstream region of a cDNA (usually 5’ incomplete!)

Most reliable

Reliable

Reliable

Reliable

Acceptable

Dangerous

Very dangerous

How to get promoters
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Dephosphorylation is only 70% to 80% complete!

Full length RNA

Identification of true 5‘-ends of mRNAs by oligo-capping

p-

Oligo-cap-

Sequencing

p-

Partial RNA

Oligo-capping - principle  (grafics)

Dephosphorylation

RNA collection

Decapping

Oligocapping

Part I: Where to get promoter sequences 
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ElDorado currently contains ~30,000 human annotated genes with promoters

Genomatix annotated promoters in the human, mouse, and rat genomes

Length of promoter regions: ~ 600 bp (user-defined)

The Genomatix Genome Engine (ElDorado)

Open for free registration (monthly limits)

~210 GB total sequence &  annotation compiled

ElDorado promoter summary - academic

Part I: Where to get promoter sequences 

50,145 gene-associated human promoters (28,538 exp. verified)

33,392 gene-associated rat promoters (3,319 verified by prediction) 

77,424 gene-associated mouse promoters (55,160 exp. verified)
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CPR summary

GPD provides complete promoter sets for several genomes

Part I: Where to get promoter sequences 

www.promoter-resource.com

GPD promoters are biologically relevant (alternative promoters)

GPD promoters are of highest quality (independent evidence)

GPD promoters cover DNA microarrays (chip promoter sets)
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A promoter region is just a piece of DNA sequence

Summary

Promoters are defined by their transcriptional function

Genomic sequences contain promoter regions

Summary Promoters in the genome

A single promoter region can initiate several transcripts

Promoter analysis requires other approaches than protein analysis 

Promoter regions are available for several complete genomes

Part I: Promoters in the genome
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Break Part 1

End of part one

Time for a break!
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Functional organization I

Physical vs functional 
TF binding sites 

Transcriptional 
modules

Comparative 
genomics

of promoters

Regulatory
networks

Common TFBS
vs frameworks

Promoter
functions

Functional organization of transcription 

Understanding
Promoter function

Part II
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TF binding sites are ubiquitous

Mammalian TF binding sites become functional only as organized groups 

Part II: Physical vs functional TFBS

Transcription factor binding sites (TFBS) are ubiquitous

TFs do not discriminate between promoters and other regions in mammals

TFBS Max: ≈ 7,700 matches in human genome

TFBS TATA-box: ≈ 5,200,000 matches in human genome

TFBS SP1: ≈ 415,000 matches in human genome

There are less than 40,000 genes and only half have a TATA-box

Even piles of TF binding sites are not indicative of a promoter
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TF binding sites are underrepresented in promoters

Frequency of TFBSs depends to a large extent on local GC content 

Part II: Physical vs functional TFBS

TFBSs are not generally overrepresented in human promoters

TFs do not discriminate between promoters and other regions in mammals

Statistically, TFBS families are 1.4 fold overrepresented in 
human promoters as compared to the whole human genome 

73 are actually underrepresented in human promoters (57%)

Only 28 out of 127 TF families reach or exceed that limit (22%) 

127 MatInspector matrix families represent more than 1000 TFs
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Physical binding sites have no function in transcription on their own

Part II: Physical vs functional TFBS

A physical binding site is invariable

A physical binding site is a fixed part of the genome

This DNA sequence usually can bind to its cognate protein(s)

Physical binding sites can be detected by MatInspector

=  weight matrix / IUPAC string

Physical binding site
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Transcriptional function is defined by the cellular and genomic context

Functional binding site

Part II: Physical vs functional TFBS

One binding site,
five cell types...

...but binding proteins are
   present only in  2 cell types!

-> no functional binding site 
    in the other 3 cell types!

A functional binding site depends on context!

A functional binding site requires a cellular context

A functional binding site requires a genomic context

Even when 
binding proteins
are present...

...biological function
   may require additional 
   binding sites!

Module
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Functional organization II

Physical vs functional 
TF binding sites 

Transcriptional 
modules

Comparative 
genomics

of promoters

Regulatory
networks

Common TFBS
vs frameworks

Promoter
functions

Functional organization of transcription 

Understanding
Promoter function

Part II
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Response to TFs is cell-specifically differentiated in multicellular organisms

Part II: Transcriptional modules

Single cells versus differentiated multicellular organisms

Prokaryotes Mammals/Plants

TF expressed TF expressed

Gene G
expressed

Regulatory networks

Cell B/ gene G
Pathway X

Cell A / gene G
Not expressed

Cell C/ gene G
Pathway Y

Functional complexity - Prokaryotes/Eukaryotes

Transcriptional modules
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Promoter module definitions

Transcriptional modules integrate signals via the interacting Transcription Factors

Part II: Transcriptional modules

A transcriptional module is the smallest functional unit

A transcriptional module consists of two or more TFBSs

Strand orientation, relative order and distance of TFBSs are important

A module also has a strand orientation and can shift within a promoter

F1 + F2 - F3 +/-

Transcriptional modules are present in promoters and enhancers
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Binding modes of TFs

Protein-mediated binding depends more on context than binding site affinity!

Part II: Transcriptional modules

Transcription factor (TF) binding modes

Direct binding (affinity driven)

Cooperative binding (protein-mediated by another TF)

Indirect binding (protein-mediated)

S         = f(TFBS        )
binding affinity

Sbinding = f1(TFBSaffinity  * f2(Sn(interacting factors)))

Sbinding(A) = f1(TFBSaffinity(A)* f2(TFBSaffinity(m)*f3(Sm(interacting factor m)))

MatInspector
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Promoter module - cooperative binding 

Promoter modules cannot be found by simple combination of sites

Direct DNA binding to strong site

site NFkB
site

IRF1
site

site

IRF1

High score / High score

Cooperative binding with other protein

site NFkB
site

NFkB

p50

p65

IRF1
site

site

IRF1

High score / Low score

The context of a promoter module can allow for one weak site

Part II: Transcriptional modules
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Promoter modules action modes

Promoter modules can work in three different ways

Part II: Transcriptional modules

High / Low
Is possible

High / Low
Is possible

High / Low
Is possible

High / High
only

Binding 
Affinity:

Synergistic

“Composite 
elements”

Antagonistic

or or

Synergistic

“short range module”
distance ≤ 50 bp

“Looping module”
distance up to 300bp

“short range module”
distance ≤ 50 bp
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NFAT/AP1 module 3 D structure

The relative order of 
elements can be crucial

The distance of elements 
is important

The strand orientation
of elements must support
3-D protein complexes

The DNA-protein complex of the NFAT-AP1 promoter module

Part II: Transcriptional modules
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Modules are the basic elements of regulatory pathways and networks

Part II: Transcriptional modules

Transcriptional modules define target genes of pathways

NFkappaB regulates a number of “target genes”

NFkappaB

IL-6IL-8ICAM-1

SAA-1

SAA-2

ELAM-1

IFN-ß

IP-10 G-CSF

IL-2

HLA-A HLA-B IL-1E-Selectin

C/EBPCREB

IRF-1

NFkappaB

Module example: NFkB targets

NFkB CREB NFkB C/EBP

NFkB IRF-1 NFkB NFkB

NFkappaB is involved in regulation of target genes of several pathways
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Modules definitely have a biological function, frameworks may have a function

Definitiona: Models / frameworks / modules

Part II: Transcriptional modules

Describing promoter/enhancer organization

A model is a mathematical description 
of any kind of promoter / enhancer organization

A framework describes a conserved 
set of transcription elements

A module describes experimentally 
verified mutually dependent 
functional transcription elements

Delete a single site -
lose function of all



© 2004  by Genomatix Software GmbH

Genomatix 

Slide #  60

Models, frameworks and modules are hierarchically connected

Definitiona: Models / frameworks / modules

Part II: Transcriptional modules

Describing promoter/enhancer organization

model

framework

module

(requires experimental verification)
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Transcriptional initiation

Part II: Transcriptional modules

Promoter modules guide complex formation on promoters

„empty” promoter

Activation complex Initiation complex
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Organization enigma / module

No common organization? Common modules!

A B C

A B C

A B C

Part II: Transcriptional modules
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Promoter module - MHC alignment/module

The promoter module shifts and changes strand orientation in these promoters

1
2
3
4
5

1
2
3
4
5

The module consists of two transcription factor binding sites (NFκB  and IRF)

Part II: Transcriptional modules

All 5 promoters, except for #3, are induced by TNF and IFN

Klingenhoff et al., (1999)Bioinformatics 15, 180-186

HLA-A tgtatggattggggagtcccagccttGGGGATTCCCcaactccgCAGTTTCTTTTCTCCctct..cccaacctacgtagggtccttcatcctggatactcacgacgcggacccagt
       || || | ||||||| | |||| ||||||||||||||   ||     |  ||  || | |||  |||||| |  || ||||||||| ||| ||||||||  ||||||  |||| |
HLA-B cgtctgcaatggggaggcgcagcgttGGGGATTCCCcactcccctGAGT..TTCACTTCTTCt..cccaacttgtgtcgggtccttcttccaggatactcgtgacgcgtccccact
       ||||||| ||||||||||| |||||| |||||| ||||||||||||||  ||||||||||||  |||||| || |||||||||||||||| | |||||| ||||||||||||| |
HLA-C tgtctgcactggggaggcgccgcgttGAGGATTCTCcactcccctGAGT..TTCACTTCTTCt..cccaacctgcgtcgggtccttcttcctgaatactcatgacgcgtccccaat
         | |  | || |     |   ||  ||    |       ||| |  |  | ||   ||| |    || |  | | |                  |     ||     || |  |
b-2-m ccccagatccggagggcgccgatgtacagacagcaaactcacccagtctagtgcatgccttcttaaacatcacgagactctAAGAAAAGGAAACTGaaaacGGAAAGTCCCtctct
        |   |  |       |    | || | |     |    |||        || |   ||| ||    || |      ||  |  | ||||   | || |  ||   |      ||
b-IFN tgctttagtcattcactgaaactttaaaaaacattagaaaacctcacagtttgtaaatctttttccctattatatatatcataagataggagcttaaataaagagttttagaaact

HLA-A tctcactcccattgggtgtcgggtttccagagaagccaatcagtgtcgtcgcggtcgctgttctaaagtccgcacgcacccaccgggactcagattctccccagacgccgagga~~
      || |||||||||||||| | || | || ||||||||||||||| |||| ||||||| | |||||||||||| |||||||||||| ||||||||| ||||| |||||||||||
HLA-B tcccactcccattgggtattggatatctagagaagccaatcagcgtcgccgcggtcccagttctaaagtccccacgcacccacccggactcagagtctcctcagacgccgag~~~~
      ||||||||||||||||| | || | |||||||||||||||||||||| |||| ||||| |||||||||||||||  |||||||||||||||||| ||||| |||||||||||
HLA-C tcccactcccattgggtgtcgggtttctagagaagccaatcagcgtctccgcagtcccggttctaaagtccccagtcacccacccggactcagattctccccagacgccgaggatg
           ||  || ||  |  | || ||  ||| | |  |      |    |   |||| | ||     | |    ||     |   |         || | |
b-2-m ctaacctggcactgcgtcgctggcttggagacaggtgaggtcctgcgggccttgtcctgattggctgggcacgcgtttaatataagtggaggcggtcgcgct~~~~~~~~~~~~~~
         |    | |          |        |  || || ||      ||     ||||         |  | |    |   |||     ||||  |   |  
b-IFN actaaaatgtaaatgacataggaaaactgaaaggGAGAAGTGAAAGTgGGAAATTCCTctgaatagagagaggaccatctcatataaataggccatacccacggagaaaggac~~

HLA-A tgtatggattggggagtcccagccttGGGGATTCCCcaactccgCAGTTTCTTTTCTCCctct..cccaacctacgtagggtccttcatcctggatactcacgacgcggacccagt
       || || | ||||||| | |||| ||||||||||||||   ||     |  ||  || | |||  |||||| |  || ||||||||| ||| ||||||||  ||||||  |||| |
HLA-B cgtctgcaatggggaggcgcagcgttGGGGATTCCCcactcccctGAGT..TTCACTTCTTCt..cccaacttgtgtcgggtccttcttccaggatactcgtgacgcgtccccact
       ||||||| ||||||||||| |||||| |||||| ||||||||||||||  ||||||||||||  |||||| || |||||||||||||||| | |||||| ||||||||||||| |
HLA-C tgtctgcactggggaggcgccgcgttGAGGATTCTCcactcccctGAGT..TTCACTTCTTCt..cccaacctgcgtcgggtccttcttcctgaatactcatgacgcgtccccaat
         | |  | || |     |   ||  ||    |       ||| |  |  | ||   ||| |    || |  | | |                  |     ||     || |  |
b-2-m ccccagatccggagggcgccgatgtacagacagcaaactcacccagtctagtgcatgccttcttaaacatcacgagactctAAGAAAAGGAAACTGaaaacGGAAAGTCCCtctct
        |   |  |       |    | || | |     |    |||        || |   ||| ||    || |      ||  |  | ||||   | || |  ||   |      ||
b-IFN tgctttagtcattcactgaaactttaaaaaacattagaaaacctcacagtttgtaaatctttttccctattatatatatcataagataggagcttaaataaagagttttagaaact

HLA-A tctcactcccattgggtgtcgggtttccagagaagccaatcagtgtcgtcgcggtcgctgttctaaagtccgcacgcacccaccgggactcagattctccccagacgccgagga~~
      || |||||||||||||| | || | || ||||||||||||||| |||| ||||||| | |||||||||||| |||||||||||| ||||||||| ||||| |||||||||||
HLA-B tcccactcccattgggtattggatatctagagaagccaatcagcgtcgccgcggtcccagttctaaagtccccacgcacccacccggactcagagtctcctcagacgccgag~~~~
      ||||||||||||||||| | || | |||||||||||||||||||||| |||| ||||| |||||||||||||||  |||||||||||||||||| ||||| |||||||||||
HLA-C tcccactcccattgggtgtcgggtttctagagaagccaatcagcgtctccgcagtcccggttctaaagtccccagtcacccacccggactcagattctccccagacgccgaggatg
           ||  || ||  |  | || ||  ||| | |  |      |    |   |||| | ||     | |    ||     |   |         || | |
b-2-m ctaacctggcactgcgtcgctggcttggagacaggtgaggtcctgcgggccttgtcctgattggctgggcacgcgtttaatataagtggaggcggtcgcgct~~~~~~~~~~~~~~
         |    | |          |        |  || || ||      ||     ||||         |  | |    |   |||     ||||  |   |  
b-IFN actaaaatgtaaatgacataggaaaactgaaaggGAGAAGTGAAAGTgGGAAATTCCTctgaatagagagaggaccatctcatataaataggccatacccacggagaaaggac~~
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Promoter module - JC virus story

…and JC virus probably uses the same signal to escape!

Part II: Transcriptional modules

JC-infected
brain cell

(low HLA)

Killer cell
resistant

Killer cell

Interferon
(IFN)

HLA
induction

Killer cell
susceptible

The TNF/IFN module reveals molecular basis for viral escape!

JC virus infects brain cells with low HLA class I expression,
causing progressive multifocal leukoencephalopathy (PML)

(Problem in immunosupressed patients like AIDS patients)

NFkB IRF1

JC
induction
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A promoter becomes functional due to organization of its elements

Summary

TFBSs can assume several functions depending on the context

Individual TFBS only bind to TFs, but have no transcriptional function

Summary TFBS and modules

The smallest functional unit in transcription is a transcriptional module

Transcriptional modules exhibit a strict internal organization

Transcriptional modules can move and flip strand in promoters

Part II: TFBSs & transcriptional modules
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Functional organization III

Physical vs functional 
TF binding sites 

Transcriptional 
modules Comparative 

genomics
of promoters

Regulatory
networks

Common TFBS
vs frameworks

Promoter
functions

Functional organization of transcription 

Understanding
Promoter function

Part II
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Multiple promoters / phylogeny

Phylogenetic conservation of promoters is the best safeguard against artifacts

Part II: Comparative promoter genomics

Many genes have more than one physical promoter (sequence)

Multiple promoters can be responsible for multiple transcripts

Best way to confirm multiple promoters is to look at their phylogeny  

ElDorado contains whole genome sequences for several mammals

Comparative genomics of promoters is a unique feature of ElDorado 

This allows to collect support for different promoter sets 

One promoter set contains all promoters for one ortholog transcript set 
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Genomic map of the beta1 integrin ITGB1 

ITGB1 ElDorado map

Two promoters?

Data from ElDorado

Part II: Comparative promoter genomics
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ITGB1 comparative genomics/4 promoter sets

Comparative genomic map of the beta1 integrin ITGB1 

Promoterset 1

Promoterset 2

Promoterset 3

Promoterset 4

Data from ElDorado

Part II: Comparative promoter genomics

Sets 1, 3, and 4 are supported experimentally!
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Genes with multiple promoters are common, not exceptions!

Why do genes have more than one promoter?

A significant portion of mammalian genes has more than one promoter

Two promoters can direct expression independently in two tissues/cells

Why multiple promoters for a single gene?

Each promoter can have a much simpler structure

New expression patterns can be acquired by recombination

Alternative transcripts can be realized in the most economic way

Not all functional promoters are necessarily evolutionary conserved

Part II: Comparative promoter genomics
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Comparative genomic map of the Glucokinase GCK 

Promoterset 1 Promoterset 2

Hepatic 
promoter

Pancreatic 
promoter

GCK comparative genomics / 2 promoter sets

Tanisawa et al., Mol. Endocrinol. 6, 1070-1081, 1992.

Data from ElDorado

Part II: Comparative promoter genomics



© 2004  by Genomatix Software GmbH

Genomatix 

Slide #  72

This gene appears to feature species specific transcripts

Comparative genomic map of the Retinoic acid receptor RARA 

RARA comparative genomics / different promoter sets

Data from ElDorado

New transcript predicted, 
supported by:
-  PromoterInspector
-  Phylogenetically conserved
   ESTs exist in human & mouse 

Part II: Comparative promoter genomics
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Promoters are conserved mainly in their organization, not their sequence

Summary

Phylogenetic comparison is an important aid in promoter analysis 

Promoter region location is often phylogenetically conserved

Summary TFBS and modules

The sequence of promoter regions is often not conserved

Direct alignment of orthologous promoter regions often does not work

Genes can have multiple promoter regions

Part II: Comparative promoter genomics
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Functional organization IV

Physical vs functional 
TF binding sites 

Transcriptional 
modules

Comparative 
genomics

of promoters

Regulatory
networks

Common TFBS
vs frameworks

Promoter
functions

Functional organization of transcription 

Understanding
Promoter function

Part II
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GCK exon/unrelated/orthologous promoters

Comparison is only useful if functional relationship is clear

12 common TFBs

Orthologous 
GCK promoters

Unrelated 
GCK promoters

14 common TFBs

20 common TFBs

Coding exons
GCK / MYLC2A

The orthologous promoters share the least TFBS

Part II: Common TFBS vs frameworks
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How to avoid spurious results in comp. genomics

Combine independent data: Shared transcriptional function & common TFBSs

Part II: Common TFBS vs frameworks

Comparison is only useful if functional relationship is clear

Common TFBSs do not prove any functional relationship

Common TFBSs are not suitable to detect promoters in other species

First make sure promoter/enhancer sequences will be analyzed

Make sure the set of sequences shares some transcriptional function

Go for frameworks of TFBSs rather than individually shared TFBSs
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Part II: Common TFBS vs frameworks

Comparative genomics of the Actin A1 promoter 

Actin A1 promoters Human, mouse, rat

Human

Mouse

Rat

Data from ElDorado
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Actin A1 promoters common TFs +0.02

Part II: Common TFBS vs frameworks

Comparative genomics of the Actin A1 promoter 

Data from GEMS 
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Actin promoters - AB versus A1 hmr

Promoter frameworks depend on the set of sequences used for analysis

Actin A1 framework versus actin B framework

Part II: Common TFBS vs frameworks

SRF
+

SRF
-

MAZ
+/-

PAX5
+

SP1
+

Automatically
generated
(Actin A1)

AREB
-

TATA
+/-

E2F
+

ETS
-

SRF
+/-

TATA
+/-

RCAT
+

Automatically
generated
(Actin B)

MAZ
+

FKHD
+

NRSF
+

Automatically
generated

(Actin A1 + B)
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The YY1 - SRF module was detected and defined in a chicken actin gene

Human

Mouse

Rat

All modules are experimentally verified

A single module is conserved in all three promoters

Actin A1 promoters common modul

Part II: Common TFBS vs frameworks

Actin A1 promoters were analyzed for more than 200 modules

Data from GEMS 

Min. matrix sim: 0.769

Opt. Matrix sim.: 0.840 
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Phylogenetically conserved promoter structures indicate functional conservation

Summary

Comparative genomics can help elucidate functional promoter structures 

Common TFBSs alone do prove any biological function

Summary Common TFBS vs frameworks

Only compare orthologous or functionally related promoters

Functional relationship is seen in conserved TFBS frameworks

Conserved transcriptional modules suggest conserved function

Part II: Common TFBS vs frameworks
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Functional organization V

Physical vs functional 
TF binding sites 

Transcriptional 
modules

Comparative 
genomics

of promoters

Regulatory
networks

Common TFBS
vs frameworks

Promoter
functions

Functional organization of transcription 

Understanding
Promoter function

Part II
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The sequence of a promoter region is fixed in all tissues, its function changes!

Promoters must support several distinct 3-D protein complexes

Promoters must integrate several signals into one output 

Promoters must encode distinct functionalities in several somatic tissues

All this must be achieved with a limited number of elements

Promoter restrictions

The organization of promoters is functionally restricted

Part II: Promoter functions

Promoters must correctly function in embryonal development



© 2004  by Genomatix Software GmbH

Genomatix 

Slide #  84

Promoter Thermodynamics/Kinetics - academic

Understanding transcriptional regulation requires both approaches

Part II: Promoter functions

Advantages and limitations of in silico promoter analysis 

Regulatory „thermodynamics“ 

• Genomic promoter sequences are static

• Every functional dimension is imprinted in this sequence

• There is no information WHEN functions will be active

Regulatory „kinetics“ 

• (Runon) expression arrays indicate WHEN and WHERE
   transcription is active

• Expression arrays do NOT indicate WHY transcription is active
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Regulation of the RANTES promoter is very complex

RANTES physical promoter summary

Part II: Promoter functions

Seven binding regions

The RANTES example

Tissue specific regulation encoded in promoter

Experimentally well characterized

300 bp
R(G)

R(C)
R(D)

R(E)

R(A)
R(B)

TATA

(84 TF potential binding sites)

Physical promoter

TF binding sites
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More than 8000 combinations possible!

Part II: Promoter functions

       unstimulated  
stimulated by LPS 

          unstimulated  
stimulated by antigen 

            unstimulated 
stimulated by TNF- α 

        unstimulated 
stimulated by TNF- α IFN γ 

       unstimulated  
stimulated by IL-1 β

HMGI
(Y)

GABP 
a/b

Ets-
1

SP1

JunD
Fra2

IRF1
?

p50/
p65

p50/
p50Fra1

Fra1

FosB

IRF1
?

IRF1
?

p50/
p65

p50/
p65

CEBP
β

P50/
p65

P50/
p65

p50
p50

NFAT
?R(C)
FLAT

CEBP
β

R
FLAT

1

CEBP
ε

PU.1 ?

C/EBP
α,β,δ,ε

SP1

R(G) R(C) R(D) R(E) R(A) R(B)

Astrocytes

Mesangial

Fibroblasts

T cells

Monocytes

Six binding sites
Five cell lines

The RANTES example

p50
p50

P50/
p65ATF3

Jun

RANTES promoter5 cells  TIG figure
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MatInspector correctly predicted the overlapping binding sites

Part II: Promoter functions

The RANTES A region NFkB and SP1 binding?

RANTES promoter A region NFkB/SP1

A region
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Transcription

Promoter
binding

Transcription
factors

Output

Processing

Input

The RANTES promoter circuits

RANTES promoter Chip model

Promoter Part II: Promoter functions

R(A) R(B) R(D)

R(C) R(E) R(G)

OFFON
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R(A) R(B) R(D)

R(C) R(E) R(G)

OFFON

The RANTES promoter: the monocyte program

Stimulation by LPS

RANTES promoter chip Monocytes

Part II: Promoter functions

Unstimulated SP1

R(A)

CEBP

R(E)R(C)

?Pu1

R(G)

OFFON

p50/
p65

R(A)

p50/
p50

R(B)

OFFON

Elimination of R(E)
greatly reduces
LPS stimulation!

ATF Jun

R(G)

Fra Jun

R(G)

ON
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Drug action or disease related questions require analysis of promoter functions

genomic 
sequence

The promoter program

Part II: Promoter functions

Physical promoter versus functional promoter complexity

Physical promoter

Promoter Function 1

Promoter Function 2

Promoter Function 3

Promoter Function 4

Promoter Function 5

Physical promoter region Promoter function

• Detectable in genomic sequence

• Fixed sequence / many TF sites

• Fixed genomic location

• Variable structure (chromatin)

• Not detectable in genomic sequence

• Variable organization (multiple functions)

• Multiple genomic locations 

• Cell-/Tissue specific functions 

Physical promoter

A physical promoter can become
functionally completely irrelevant
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The output of any promoter program is ON or OFF of transcriptional activity

Summary

Promoter regions can fulfill many distinct promoter functions 

All possible functions are encoded in the sequence of a promoter region

Summary Promoter functions

The organization of a elements in promoter region resembles hardware

Sets of TFs binding to the promoter region resemble input

The TFs interactions on the promoter region resemble a program

Part II: Promoter functions
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Functional organization VI

Physical vs functional 
TF binding sites 

Transcriptional 
modules

Comparative 
genomics

of promoters

Regulatory
networks

Common TFBS
vs frameworks

Promoter 
functions

Functional organization of transcription 

Understanding
Promoter function

Part II
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Gene function - a transcriptional view

The context of expression is an essential part of the function of a gene

Pathways 

Promoter organization 

Part II: Regulatory networks

Promoter analysis reveals part of the functional context

Protein interactions
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Tracing networks by promoter modules

Functional context can be derived from conditional regulatory context

Tracing networks by promoter modules

Part II: Regulatory networks

Protein
complex

Pathway
interaction

Database search
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Regulatory networks provide the basis for many physiological feedback loops

Summary

Regulatory networks steer and link signaling and metabolic networks

Functional connections of genes are often reflected in the promoters

Summary Regulatory networks

Shared modules in promoters often indicate functional connection

Functionally linked genes can be detected by promoter analysis

Transcriptional networks mirror functional protein networks

Part II: Regulatory networks
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Break Part 2

End of part two

Time for another break!
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Application I

TF binding sites 
Transcriptional 

modules
Comparative 

genomics
of promoters

General 
strategy

What frameworks 
can do and can‘t doAppropriate

Controls

Promoter analysis strategies 

Understanding
Promoter analysis results

Part III
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Combine independent data / Products

Only independent data and algorithms allow a synergistic consensus approach

Literature analysis

Promoter network

Part III: TF binding sites

Independent data sources enhance functional context analysis

BiblioSphere

GEMS
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BiblioSphere graphical overview 

Part II: Regulatory networks

BiblioSphere

Data mining,
visualization

12 million abstracts

About 1,100 papers/day

Conserved structure
(3D representation)

Extracted correlations

Directly linked to sequence
analysis of genes&promoters

Rapidly growing database

BiblioSphere 
data mining 

A
U
T
O
M
A
T
I
C
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RANTES TF BiblioSphere

Part II: Regulatory networks

Transcriptional context of RANTES identified by BiblioSphere

Green spheres:
Binding site confirmed
In promoter sequence

Gray spheres:
Binding site not found
In promoter sequence

Confirmed 
functional 
binding sites

Reference gene
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MatInspector 
+ 

BiblioSphere

11

BiblioSphere

44

MatInspector

49

RANTES BiblioSphere/MatInspector filtering

Part II: Regulatory networks

Transcriptional context of RANTES - cross filtering

8 7

functional sites 100 % 63 % 18 % 14 %

8

Experimentally
verified TFBSs

5

10

15

20

25

30

35

40

7
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Application II

Transcriptional 
modules

Comparative 
genomics

of promoters

What frameworks 
can do and can‘t doAppropriate

Controls

Promoter analysis strategies 

Transcription factor 
binding sites

General 
strategy

Understanding
Promoter analysis results

Part III
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Part III: Transcriptional modules

Search with AP1-NFkB “module” in the EPD (2997 promoters)

AP1-NFkB is a functionally verified promoter module

AP1 NFkB

120 - 128 bp

Searching EPD with this module (GEMS) should find target genes!

The human P53 gene is a known target (module derived from p53)

Promoter module search I
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However, this does not necessarily indicate six target genes 

Part III: Transcriptional modules

Search with AP1-NFkB “module” in the EPD (2997 promoters)

A total of 6 matches was found

Promoter module search II
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Only the complete functional module is target gene specific!

Part III: Transcriptional modules

AP1-NFkB is only a submodel of a functional module

The complete AP1-NFkB-EBOX module finds 1 match in EPD

AP1 NFkB

120 - 128 bp

EBOX

8 - 16 bp

Promoter module search III
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Promoter module search III

Deletions in native context do not necessarily define the complete module!

A B CA BA B

Part III: Transcriptional modules

Why can verified modules still be incomplete?

Modules are usually verified by mutual deletion experiments

A deleted A+B B deletedA+B

Loss of function upon deletion of either site proves module

C deletedA+B

Nev
er

 ch
ec

ke
d!
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Successful transfer of module function proves completeness of the module

Part III: Transcriptional modules

How can a complete module be defined?

Transfer module to a heterologous promoter context!

Promoter module search IV

Native promoter context Heterologous promoter context

A B

basic induced

C A B

basic induced

D
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Module matches reduce experimental efforts by orders of magnitude

Part III: Transcriptional modules

Modules contribute strongly to functional promoter analysis

Modules are usually linked to at least one known biological function

Promoter module search summary

A module match in a promoter makes this gene a good candidate

Additional independent evidence is required to prove the target

A module match in a promoter does not prove the gene to be a target

A module match immediately suggests experimental verification
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Application III

Comparative 
genomics

of promoters

What frameworks 
can do and can‘t doAppropriate

Controls

Promoter analysis strategies 

Transcription factor 
binding sites

Transcriptional 
modules

General 
strategy

Understanding
Promoter analysis results

Part III
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Orthologous promoter properties

Orthologous promoter analysis yields basic promoter-specific frameworks

Part III: Comparative promoter genomics

Promoters can be phylogenetically conserved

Promoters containing long phylogenetic footprints are not informative
(Common TFs, even frameworks become a trivial consequence of sequence identity)

Orthologous promoters are not necessarily functionally orthologous
(When the gene evolved to new or distinct function, promoter structure differs)
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Frameworks are most meaningful when the sequences are not similar

Phylogenetic footprints in promoters

Phylogenetic footprints

phylogenetic footprints

Part III: Comparative promoter genomics
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Is human RANTES functionally similar to rodent KC (Gro ortholog)?

Orthologous promoters can be functionally different

Orthologous promoters / different function

Human and Mouse RANTES are othologous genes

Othologous genes do not necessarily fulfill orthologous functions

Mouse RANTES binds to a different receptor than human RANTES

This activity is mediated by GRO in humans

Mouse RANTES and human GRO appear to be functionally similar

Part III: Comparative promoter genomics
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The functional similarities are not correctly reflected in sequence similarities

Functional shift is not apparent on sequence level

GROhuman

RANTEShuman

RANTESmouse
KCmouse

KCrat

RANTESmouse

RANTEShuman

GROhuman

KCmouse

KCrat

Protein sequence Promoter sequence

RANTES protein/promoter sequence trees

Part III: Comparative promoter genomics
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Functional shift is apparent from promoter organization

      Gene  Models

 (accession #) Astro Tcell Mesangial Mono Fibro

RANTEShuman

(AB023652)

GRO/KCrat

(U85628)

GRO/KCmouse

(S79767)

RANTESmouse

(U02298)

R(G) R(C) R(D) R(E) R(A) R(B)

Astro

T-cell

RANTES promoter model phylogeny

Part III: Comparative promoter genomics
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Application IV

Comparative 
genomics

of promoters

What frameworks 
can do and can‘t doAppropriate

Controls

Promoter analysis strategies 

Transcription factor 
binding sites

Transcriptional 
modules

General 
strategy

Understanding
Promoter analysis results

Part III
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The significance and functional meaning of TFBS frameworks must be assessed

Part III: What frameworks can do

TFBS frameworks bear directly on functional aspects

Frameworks are independent of direct sequence similarity

Framework properties

Frameworks purge candidate lists by orders of magnitude 

Frameworks are molecular endpoints of signaling pathways

Frameworks do not prove functional similarity 

Frameworks directly generate functional hypotheses
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Promoters - turntable of life

Promoter analysis reveals molecular mechanisms of gene expression

Expression 
array

Part III: What frameworks can do

extracellular
signal

Signal transduction

Expression

Module

Frameworks are molecular endpoints of signaling pathways

Transcription
factors

S/MAR LCREnhancer
Silencer S/MARGene
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Frameworks are a prerequisite for elucidation of molecular networks

Part III: What frameworks can do

Frameworks purge candidate lists by orders of magnitude 

Genome-wide search  

Binding sites Millions

Frameworks (2 sites) Thousands

Frameworks (>2 sites) 10 - hundreds

Search item total matches % true positives*

*assuming ≤ 100 true positives per factor

 ≤ 0.01 %

≤ 10 %

10% - 100 %

Statistical matches: sites, modules, models
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The framework reduces the TFBS list thus providing functional hints

Part III: What frameworks can do

Frameworks directly suggest functional hypotheses

GFAP human promoter

44 optimized TFBS matches
in the human GFAP promoter

Data from GEMS 

Comparative genomics
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This framework is absolutely GFAP promoter specific

GFAP-Model searches -strategy

Part III: What frameworks can do

The Glial Fibrillary Acidic Protein (GFAP) promoter framework

Gold standard: promoter model derived from human, mouse and rat genes

ElDorado
Comparative

genomics

GEMS
FrameWorker

GEMS
ModelInspector 

NKXH
(homeodomain)

RORA
(orphan rec.)

EREF
(Estrogen)

SP1
(zinc finger)

CREB
(cAMP)
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GFAP-Model searches -model/modules

Part III: What frameworks can do

The Glial Fibrillary Acidic Protein (GFAP) promoter framework

No common predefined module was found in these promoters

These sites were found in module matches
(only in pairs of sequences)
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Function in GFAP regulation

Green spheres:
Binding site confirmed
In promoter sequence

Gray spheres:
Binding site not found
In promoter sequence

Reference gene

BiblioSphere analysis of the GFAP gene TF relations

GFAP TF BiblioSphere

NKXH RORA EREF SP1 CREB

Integrating literature & sequence analysis  
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GFAP-CREB cocitation

BiblioSphere GFAP - CREB cocitation

CREB is expressed
in astrocytes

CREB is not binding
in pure astrocytes

CREB is binding in neuron/
astrocytes cocultures

Integrating literature & sequence analysis  
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Shortening of framework or relaxing thresholds yields different results

GFAP-Model searches -results

Part III: What frameworks can do

The Glial Fibrillary Acidic Protein (GFAP) promoter framework

5325417

221

30

30

Model used in search Matches in EPD Matches in Human promoters
Threshold (≈ 3,000 promoters)              (≈ 59,000 promoters)

141

Default

Relaxed
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The Glial Fibrillary Acidic Protein (GFAP) promoter framework

14 matches in human promoters

3 matches were GFAP transcripts

6 matches were unannotated transcripts

5 matches were annotated transcripts:

-  RDHL (NADP-dependent retinol dehydrogenase)

-  ENNP4 (ectonucleotide pyrophosphatase)

-  PRDX4 (perioxireduxin)

-  NDN (necdin homolog)

-  DGAT2 (diacylglycerol O-acetyltransferase homolog)

Three of five genes are indirectly linked to GFAP

Match list GFAP model 60% human promoters

Coexpressed with GFAP in astrocytes

Binds toE2F which regulates GFAP

DGAT2 &GFAP are insulin induced

No annotation available

No connection detcted

Data from BiblioSphere
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A framework resembles a description of one or more promoter functions

Summary

TFBS frameworks help to trace transcription control genome-wide

TFBS frameworks & modules are the endpoints of signaling pathways

Summary What frameworks can do

TFBS frameworks reduce the search space for experimental design

TFBS frameworks can be unique fingerprints of promoters/enhancers

One promoter region can contain several distinct TFBS frameworks

Part III: What frameworks can do
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Application V
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strategy

Understanding
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Inappropriate controls provide false safety and are worse than no controls!

Part III: Appropriate controls

Computational results can be misleading

Appropriate controls have to be applied to all results
(same as checking ingredients individually before experiments)

Controls overview

Several whole genomes are available - use them!
(“sheltered” environment of a single or a few hand-picked examples is not acceptable)

Biological relevance meets statistical significance in the right context
(a weak binding site may be spurious, in the context of a module it becomes crucial)

Computational results need to be as carefully controlled as lab experiments 

The right choice of tools is critical 
(same as deciding on a suitable experimental setup)

Never rely on results from only one type of analysis 
(Always seek confirmation of results from a different source)
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TFBS Weight matrix generation

Part III: Appropriate controls

Identify set of TFBS
for TF from literature

Quality-checked 
TFBS weight matrix!

Generate a weight matrix for a TFBS

GEMS Launcher
Task “define weight matrix”

No matrix

YesNo

Assess multiple 
alignment quality

 Strand optimization  
of sequences

Remove 
sequences YesNo

Generate multiple 
sequence alignment

No Yes

Determine optimized 
matrix thresholdNo optimization

Check matrix with 
training sequences
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The human genome contains about 3 billion bps, but almost no random DNA

Functionally verified sequences (true or false) are scarce

Random DNA can be easily generated in quantity 
- Random DNA fails to reflect important biological features
- Underrepresented, repetitive or symmetric elements

Large genomic DNA provides an “all-purpose” control
- Natural mixture of real elements
- Provides competitive elements in natural proportions

Do not use random DNA!

Part III: Appropriate controls

Biologically meaningful control sequences are crucial
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=> Other mammalian TF binding sites and mammalian genomic sequences!

=> Unrelated promoters or non-coding sequences from same species!

Control sequences should be as similar to the “true” set as possible!

Example 1: Specificity of TF-binding site detection
- Control set: bacterial DNA (for mammalian TF-sites)
- “High” specificity due to different nucleotide composition

Example 2: Promoter recognition
- Control set: coding sequences
- “Low” false positives due to codon restrictions

Appropriate controls

Unsuitable control sequences can bias results considerably!

Sequence control selection
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Application VI

Comparative 
genomics

of promoters

What frameworks 
can do and can‘t doAppropriate

Controls

Promoter analysis strategies 

Transcription factor 
binding sites

Transcriptional 
modules

General 
strategy

Understanding
Promoter analysis results

Part III
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Pax8 targets - problem

Three questions - one answer: Promoter analysis!

Part III: General strategy

A quest for targets of pathways acting through Pax 8 

Pax 8 is a transcription factor binding directly to promoters 

Pax 8 binding sites are available from known target genes 

How to find Pax 8 binding sites in new promoters? 

Questions

Facts

Since Pax 8 has no “target” genes, what else defines a target gene? 

How to find potential new target genes? 
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This strategy will yield targets for a single pathway involving Pax 8

Part III: General strategy

Strategy for finding Pax 8 “target” genes

Pax 8 target gene 
associated module

Pax 8 
weight matrix

Pax 8 binding sitesKnown tissue/pathway
Pax 8 target genes

Literature   EMBL/

Genbank

Database search with module

Evaluation of Database 
search results

TGAAGC

TCAAGT

TCAAGC

Pax 8 Strategy overview
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Pax 8 Strategy - Step 1

Generating a weight matrix for Pax 8

Part III: General strategy

Step 1

Pax 8 
weight matrix

Pax 8 binding sites

TGAAGC

TCAAGT

TCAAGC
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Part III: General strategy

Generation of a Pax 8 binding site weight matrix

8 known Pax 8 binding sites extracted from literature

GEMS generated a specific weight matrix

Pax 8 Weight matrix summary
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Pax 8 Weight matrix search

The Pax 8 binding site alone is insufficient to predict target genes!

Part III: General strategy

The Pax 8 binding site is not sufficient

Most of these sites are actually likely to bind the Pax 8 protein

GEMS

ElDorado promoters (human and mouse)  
Pax 8 matrix 31,802

Pax 8 binding sites were located with optimized thresholds
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Pax 8 Strategy - Step 2

Analysis of known target genes involving Pax 8, definition of target module

Step 2 & 3

Known tissue/pathway
Pax 8 target genes

Literatu

re

  

EMBL/

Genba

nk

Pax 8 target gene 
associated module

Part III: General strategy
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Pax 8 Thyroid expression / TTF1

Pax 8 and TTF1 are (part of) a promoter module defining target genes

Literature analysis identifies another transcription factor to be involved

Pax 8 is reported to be involved in thyroid specific expression

This other factor is the thyroid transcription factor TTF1

TTF1 and Pax 8 act synergistically in at least two promoters 

Problem: There was not TTF1 weight matrix available

Part III: General strategy

8 known TTF-1 binding sites from literature

Weight matrix defined by GEMS



© 2004  by Genomatix Software GmbH

Genomatix 

Slide #  140

Thyroglobulin and thyroperoxidase promoters share a module

Some thyroid specific Pax 8 target contain a promoter module

Pax 8 TTF-1matrices

+  +strand

distance 0 - 60

This module recognizes functional sites in known target promoters

Zannini 1992, Mol Cell Biol 12, 4230. 

Pax 8 Thyroid module Pax 8/TTF-1

Part III: General strategy
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Database search & evaluation of results

Step 3 & 4

Database search with module

Evaluation of Database 
search results

Pax 8 Strategy -steps 3 & 4

Part III: General strategy
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The module is almost 2 orders of magnitude more selective than the matrix

Binding site matrix versus promoter module

ElDorado promoters (human and mouse)  
Pax 8 matrix                      31,802
 TTF-1 matrix               19,829

Pax 8 / TTF-1 module     418

GEMS 

Pax 8 module vs site matches

Pax 8 matrix            1 match per ~ 2,000 
TTF-1 matrix        1 match per ~ 3,000

Pax 8 / TTF-1 module    1 match per ~ 144,000

Part III: General strategy
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Pax 8 module match list screen shot

Extraction of biologically relevant targets by keyword search (thyroid)

Reducing the match list by annotation filtering 

Part III: General strategy
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Transcriptional modules are crucial elements of regulatory networks

Module

TGF II β receptor is a potential target gene 

TGF II β receptor

TTF1

Pax8

TGF β Diacyglycerol 
Kinase (DAGK3)

promoter
structure

Pax 8 / TTF-1

?

Pax 8 TGFII beta - TGFIIbeta R

Part III: General strategy
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Transcriptional modules can organize regulatory feedback loops

TGF II β receptor action may be regulated by a common module 

TGF II β receptor

TTF1

Pax8

TGF β Diacyglycerol 
Kinase (DAGK3)

Extracellular
matrix components

P DAG inhibitor

Diacyglycerol

 Ignotz & Honeyman (2000), J Cell Biochem. 7, 588-594.

Pax 8 DAGK3 / inhibitor

Part III: General strategy
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Regulatory networks link genes functionally independent of physical interaction

Summary

The type of input data determines the questions that can be asked

TFBS sequences can only yield TFBS descriptions - not functions

Summary General strategy

A set of real target genes can yield a pathway target module

Such modules or frameworks can be used to locate new candidates

Often networks or feedback loops can be identified by modules

Part III: General strategy
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Combine independent data / Products

Only independent data and algorithms allow a synergistic consensus approach

Literature analysis

Promoter network

Part II: Regulatory networks

Independent data enhance functional context analysis

Expression analysis

Promoter phylogeny

BiblioSphere

Encyclopedia of
gene regulation

ElDorado

GEMS
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Thank you for following this presentation

Thanks!

Development of all Genomatix products is carried out according to these rules

http://www.genomatix.de

This presentation was meant to clarify the functional complexity 
of transcriptional elements such as TFBS and promoters.


