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From Transcription factor binding sites to metabolic 
phenotype: A tale of MORE gene regulation
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From Transcription factor binding sites to metabolic 
phenotype: A tale of MORE gene regulation

Disease
Promoters

Phenotype

Genotype

Mutation 
Deletion
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Genotype

multi-tissue 
expression profiles

Which code? A code can be read from the genome…

We need to know MORE than just a SNP - expression correlation

18 years after the human genome had been sequenced
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It all starts with Transcription Factor Binding Sites (TFBSs)…

DNA

TFBS

TFBSs are like the 
words in a dictionary…
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…and continues with networks!

Life in a cell is a 
single network

Fortunately, divide and conquer 
does work (to some extent)
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It is time to tell you MORE about gene regulation

TFBS 

         inside!
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TFBSs are ubiquitous - present everywhere and every time
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TFBSs are ubiquitous - present everywhere and every time

F1

F1

F1F1

MORE cassette 1

MORE cassette 1

MORE cassette 2
•••  MORE cassette n

Different    TF sets

F2 F2 F2

F2
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TFBS1 TFBS2 TFBS3 TFBS4 TFBS5

Multiple Organized Regulatory Elements - Cassette

A MORE cassette is a regulatory program 
written in Transcription Factor Binding Sites (TFBSs)
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TFBS1 TFBS2 TFBS3 TFBS4 TFBS5

Aktivate me by this signal

TF 1 TF 2 TF 3 TF 4 TF 5

Multiple Organized Regulatory Elements - Cassette

A MORE cassette is a regulatory program 
written in Transcription Factor Binding Sites (TFBSs)
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Basic properties of MORE-cassettes

Invariant part of genomic sequence 
in every cell and all the time

Transcriptional function is 
cell / condition dependent

cell B                 

condition
1

2

cell C                 

cell A

Individual TFBSs can be part 
of multiple MORE-cassettes

Function emerges upon binding 
of TF-sets NOT individual TFs

Function 1

Function 2

Function n

•••

Neither TFs nor TFBSs are functional without context!

A MORE-cassette 
represents context!

A MORE-cassette 
has a clear structure

TFBSs order (1-n) 
TFBSs distance ranges 

Distance range variation 
MORE-strand orientation
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A tale of a transcription factor (CREB)

CREB binding sites are 
present in 96.2 % of all 
vertebrate promoters!

CREB is involved in hundreds of 
different biological processes, 

among them: 

circadian rhythm

Multiple Organized Regulatory Elements (MORE) - cassette

(formerly known as TFBSs framework)

≈20 - 40 bp

166 - 184 bp

193 - 223 bp

V$ZFHX V$KLFS

V$CREB

distance range

distance  variation

strand orientation +

strand orientation -

distance range
TFBSs family 3

TFBSs family 1   TFBSs family 2

TFBS1 TFBS2 pos1 - pos2 bp

pos3 - pos4 bp

V$CREB

Associated with the 
circadian regulation 

of TF1 by CREB

CREB
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• 24 matches in 56656 rat promoters 

• 5 are CREB regulated in circadian rhythm 
(in the pineal gland, 2019 promoters) 

• 5.8 fold overrepresented

Selectivity: 1/ 2360V$CREB

TFBS1 TFBS2

The structure of a MORE cassette is the basis of the function

simple
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V$CREB

12

• 24 matches in 56656 rat promoters 

• 5 are CREB regulated in circadian rhythm 
(in the pineal gland, 2019 promoters) 

• 5.8 fold overrepresented

Selectivity: 1/ 2360

V$CREB

no order, any distance!

≈200 - 230 bp

Same 3 TFBSs families 
- any order 
- any strand 
- same overall range

TFBS1

TFBS2

TFBS2

TFBS2

The structure of a MORE cassette is the basis of the function

simple

without  
STRUCTURE!
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V$CREB

12

• 24 matches in 56656 rat promoters 

• 5 are CREB regulated in circadian rhythm 
(in the pineal gland, 2019 promoters) 

• 5.8 fold overrepresented

• > 18,000 matches in 56656 rat promoters 

• 714 are CREB regulated in circadian rhythm 
(in the pineal gland, 2019 promoters) 

• not overrepresented (1.1 fold)

Selectivity: 1/ 2360

Selectivity: 1/ 3
V$CREB

no order, any distance!

≈200 - 230 bp

Same 3 TFBSs families 
- any order 
- any strand 
- same overall range

TFBS1

TFBS2

TFBS2

TFBS2

The structure of a MORE cassette is the basis of the function

too simple 
emergence of function

simple
including structure!c o n t e x t

without  
STRUCTURE!
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Promoter space (whole genome > 100,000)

Promoter space (experiment > 1,000)

Promoter group  
(feature selected > 3)

• 
• 
•

Definition of MORE-cassettes

MORE cassettes are part of the genomic sequence! 
All other promoters or sequences containing the same MORE-cassette can be found
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Promoter space (whole genome > 100,000)

Promoter space (experiment > 1,000)

Promoter group  
(feature selected > 3)

• 
• 
•

Definition of MORE-cassettes

Search in sequences

•   •   •

MORE-cassettes find ALL matching promoters regardless of the initial set

MORE cassettes are part of the genomic sequence! 
All other promoters or sequences containing the same MORE-cassette can be found
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MORE cassettes represent regulatory networks! 
Promoters with the same MORE cassettes can be part of the same functional network

common biological function

14

regulatory network

function 1

function 3

function 2

MORE-cassettes are function-associated 
but usually not function-specific!



Thomas Werner 
Scientific & Business Consulting

© 201815

astrocytesmesangial cells

The most universal feature of languages is redundancy 
(MORE-cassettes are reused and extended)

ridgeSee that

RANTES (CCL5) promoter
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astrocytesmesangial cells

The most universal feature of languages is redundancy 
(MORE-cassettes are reused and extended)

Emergence of function is context-dependent!

ridgeSee that

tentridgeSee that

RANTES (CCL5) promoter
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regulatory network

Gene E Gene D

Gene F

16

MORE-cassettes and signaling pathway form networks

D
MORE-network

D

pathways

MOREs

target genes

C Pathway C

Signal C

C

Pathway B
B

Signal B

B

Pathway A
A

Signal A

A

metabolic network
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Relevant MORE cassettes are associated with gene sets 
Gene promotors can contain MOREs      or not

All human promoters 
 (> 150,000)

Calculate expectation for  
sample of same size

Determine 
overrepresentation:  

here: 3-fold

Find all promoters 
sharing one MORE-

cassette

Find promoters 
sharing this MORE-
cassette in sample
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OK, so MORE-cassettes finally explain 
regulation of gene transcription?
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The belief that there is only one truth, 
and that oneself is in possession of it, 
is the root of all evil in the world.

Max Born 

They are definitely part of the answer, but only part!
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What happens with genomic mutations / deletions?

metabolic networkregulatory  network

PPI  network

knockout
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What happens with genomic mutations / deletions?

metabolic network
regulatory  network

PPI  network

some genes are connected in one network

some genes are connected in multiple networks

Use the knockout genes to find the networks involved!
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Phenotyping 

22

The regulatory mechanisms behind phenotypes

Persistent  
hard     
work

Luck!
2016 knockout 

7 phenotypes 

MOREs

Is there a MORE-
phenotype correlation?

Rozman et al Nature Communications 2018



Thomas Werner 
Scientific & Business Consulting

© 2018

Regulatory network analysis

23

IMPC experimental strategy

gene A gene B gene N

n = 2016
…

7 phenotypes

different genes 
same phenotype

7 sets of genes for 7 phenotypes 
x 2 for male and female 

x2 for stronger or weaker phenotype 

28 sets of genes

T0         AUC         TG          BM          MR         VO2         RER
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Helmholtz / Werner analytical strategy - MORE cassettes

Ranking/Determination 
of 28 outlier lists  

0%-5%, 95%-100%
strong phenotype 

(974 genes)
28 sets of genes

• 
• 
•

Promoter analysis 
(225 MORE-sets 
428 genes, 44%)

MORE-set / 
phenotype networks

28 sets of 
promoters
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Cir1

Rabl2Slcs2a2

Cpe

Dtnbp1

Knockout genes are connected by MOREs

=

common MORE-set
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Knockout genes are connected by MOREs
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Both MORE-cassettes 
in both promoters

Only phenotype-associated MORE in 
other genes from same phenotype
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Composite network

Regulatory network 
MORE-set / phenotype network (AUC)

Metabolic network 
KEGG pathways / phenotype network

28

Regulatory and metabolic networks of knockout genes overlap
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What happens with genomic mutations / deletions?

metabolic network
regulatory  network

PPI  network

some genes are connected in one network

some genes are connected in multiple networks

Use the knockout genes to find the networks involved…

…and use the networks to find genes!



Thomas Werner 
Scientific & Business Consulting

© 2018

Is this gene 
likely to cause a 

phenotype?
Zranb2

30

What about genes we had not seen before?
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Literature

Snap25
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Is this gene 
likely to cause a 

phenotype?
Zranb2

30

Yes!
Yes!

OK, is there any 
additional 

evidence known?

Yes!
Yes!

What about genes we had not seen before?

Network from previous phenotyping analysis

phenotype
experimentally

verified
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Phenotype prediction of knockout - by MORE cassettes!

757 new knockout genes phenotypes

225 MORE-sets 
(phenotype-associated)

460 genes with 1-11 MORE-sets 297 genes without MORE-set

68 genes with phenotype 
(22.9 %)

150 genes with phenotype 
(32.6 %)

p = 0.004  
(Fisher’s exact test)

MOREs connect more than a few genes, they can indicate a phenotype!

> 105 MORE-sets 
(> 102 phenotypes-associated)

In the not too 
far future…
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Phenotyping 

32

Predicting vs verification of phenotypes

> 103 knockout 

7 phenotypes 

MOREs

MORE-phenotype 
correlation

Predict phenotype from regulation using the Regulatory Code

several months  
or even > 1 year

minutes or hours
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Genetic Code                     versus                    

Genome 
95% unknown 

≈ 2% coding 
> 3% 

promoters / 
enhancers 

Regulatory Code

TFBSTriplett
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Genetic Code                     versus                    

Genome 
95% unknown 

≈ 2% coding 
> 3% 

promoters / 
enhancers 

peptides MORE-cassettes

Regulatory Code

TFBSTriplett
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Genetic Code                     versus                    

Genome 
95% unknown 

≈ 2% coding 
> 3% 

promoters / 
enhancers 

peptides MORE-cassettes

Initiation complex -> Transcriptionfolded protein -> cell

Regulatory Code

TFBSTriplett
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Genetic Code                     versus                    

Genome 
95% unknown 

≈ 2% coding 
> 3% 

promoters / 
enhancers 

peptides MORE-cassettes

Initiation complex -> Transcriptionfolded protein -> cell

Transcription Factors

RNAs

Regulatory Code

TFBSTriplett

It is all one big network!
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DNA

The genetic code

Nucleotide triplets

The regulatory code

MORE-cassettes

Mechanisms of life

Gene regulation 
(software)

Protein coding 
(hardware)

RNAsProteins

RNA-Splicing 
  RNA-editing 
   protein     
 modifications 
etc…

Epigenetics 
   RNA-Splicing         
     regulatory 
       RNAs (miRs,  
             lncRNA) 
             etc…

Phenotype
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