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The Nature of Biological 
Information

• Hierarchical levels of information
• At every level

– Redundancy
– Multiplicity
– Variability

• A MOLECULAR parts-list approach



The molecular parts list
making sense of the Sequence …

DNA genomic 
sequence

Gene 
Finding

Reguatory site
analysis

Variation: 
SNPs

Exons/intron
Identification



The molecular “parts-list”: 
Transcriptosome Snapshots: Expression Profiling

cDNA bonded on 
a glass surface

Camera
(Microarray)

Snapshot
(Expression profile)

Scanned, 
hybridized array

Label RNA from 
cell and hybridize 

to array



The molecular “parts-list”: 
The proteome

Translation
Degradation

Localization

Modification 
(binding, cleavage, 

covalent modification)

0.5-1X106 variants



Multiple Faces of the Proteome: 
Protein-protein Interaction

High throughput 2-hybrid analysis of protein-protein 
interaction in yeast



Volatile organics important for wine flavor
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Bacteria
1.6Mb

1600 genes

Eukaryote
13Mb

~6000 genes

Animal
100Mb

~20,000 genes

Human
3Gb

~30,000 genes?

More than 200 genomes have been sequenced

http://www.ncbi.nlm.nih.gov/

But we are still searching for the holy grail!!!





The more you know
the harder is 

to take decisive action ???

A man of action 
cannot afford this risk

Either go back to a 
reductionist approach

OR….

apply tools enabling to 
handle complexity

The Genomics paradox



Challenge 1- Connect the data we produce to 
what we already know

A protein-protein interaction pathway map automatically 
constructed from a user query of effective human cyclin inhibitor".



Integration of whole genome gene 
expression data with biological function





Methods that use 
genomic information 
to infer correlations 
between genes and 
clusters of genes

Methods that 
integrate functional 
genomics result in 
metabolic or cellular 
pathways

Methods that 
automatically display 
functional genomics 
results on metabolic 
or cellular charts

Methods that test for 
statistical 
significance of 
enrichment of genes 
belonging to pathway 
or network

Methods that use 
functional genomics 
results, existing 
biological 
information, and 
clustering to 
reconstruct a novel 
biological network.

Genomics
data

Identification of similar 
core clusters of genes 
that are most strongly 
affected by coordinate 
regulation

Hierarchical
Cluster

Non 
Hierarchical

Cluster

Integration of the 
results from pathway-
based analyses with 
those of clustering 
algorithms to provide 
information on genes 
of unknown function



What is a pathway?

Depends on who you ask

• Pathways are a way to describe biological networks.

• One of the main differences of a network and a pathway is that a pathway 
include a directionality, lines become arrows, with a given direction.



Open Goals and questions

• 1-How can we infer the actual regulatory networks 
from heterogeneous sources of data? 

• 2-What are the limits of the existing probabilistic 
models in assessing pathway alteration?

• 3- How the genes and the pathways should be 
annotated in the different organisms?

• 4- How can we properly reconstruct novel pathways 
based on specific information in genomics?

• 5 Which are the best graphical models to visualize 
pathways?



Conceptualizing Biology: Ontologies, 
Databases and Visualization

• Ontologies: How to formalize our knowledge?
• Databases: How to store pahway information
• Statistics: How to determine significance?
• Visualization: How to display it?



Pathway Standards 
Ontologies, Databases and Visualization

• Ontologies: How to formalize our knowledge in order 
to have the most direct correlation between a gene 
and a function in a pathway? Biopax!!!! Systems 
Biology Markup Language SBML.

• Databases: How to store and access data? How to 
annotate biological function data? Reactome!!!!

• Statistics: Fisher exact test????
• Visualization: How to display biological function?????
KEGG Maps or Biocarta.



WIT
BioCyc
Reactome
aMAZE
KEGG
BIND
DIP
HPRD
MINT
IntAct
PSI format
CSNDB
TRANSPATH
TRANSFAC
PubGene
GeneWays

Pathway
Databases

Metabolic
Protein Interaction

Signal Transduction
Gene Regulatory

Universal Pathway database

For now we are working on the annotation.



Visualizing expression on Pathways

• Cytoscape/pathway miner are useful tools for the integration of genomic 
data onto gene networks.

• MetaCyC and EcoCyC display expression data of some experiments on 
their maps. 

• Genemapp, UCSF, map genomics data on metabolic or cellular charts. 
Proposing a new MAPP format, MAPPs.

• Gene-Go, integrates expression data with data from different sources on 
pathways.

• Kegg also allows to map data on metabolic MAPS.

• Gene-Merge, (Castillo Davis and Hartl 2003) provides statistical rank scores 
for over-representation of particular functions or categories.

• Gostat is another recent program using GO terms.



www.geneontology.org

Gene Gene OntologyOntology



GO

Is like an onion

LEU4

metabolism

AA metabolism

Leucine
metabolism

synthase mitochondrial
metabolism



Uses only 96 well established pathways in
a well established model microrganism, yeast 

Scores biochemical pathways according to the 
probability that as many or more genes in a 
pathway would be significantly altered in a 

given experiment by chance alone.

Use P-values to select pathways to examine 
more closely using Expression Mapper.

Paul Grosu
CGR Computational
Biology Group

Pathway Analyzer 
http://www.cgr.harvard.edu/

cavalieri/pp.html

Analyze expression profiles with
Pathway Processor





http://www.cgr.harvard.edu/cavalieri/pp.html/pathway



Changes in expression during Diauxic shift
(De Risi et al 1997)

9 hours

21 hours







Open-dx visualization







NCS is a chromoprotein composed of a 11kDa protein (Apo-NCS) complexed with 
a highly reactive cromophore with antitumoral activity

It is used in bladder cancer, breast, liver. 

The reducing environment breaks the complex activating the NCS

NCS causes sinle and double strand break. 

(PNAS (PNAS SchausSchaus et al., 2000)et al., 2000)

Nucleophilic activation of 
NCS due to thiols (R = 
CH2CO2CH3) or glutathion
(reducing environment).



Genome wide analysis of the response to a protein-
small molecule DNA-damaging agent

• Neocarzinostatin, NCS is a protein-small molecule 
complex that exhibits potent antiproliferative activity in 
mammalian cells but has little effect on the growth of the 
unicellular eukaryotic organism, Saccharomyces
cerevisiae. The basis of this resistance is not known. 

• The determination of the mechanism of action of any 
small molecule in vivo is challenging under normal 
circumstances, but is especially complicated when the 
molecule is highly reactive, such as NCS.



1,288 genes exhibited 2 fold modified mRNA transcript levels in time course 
of S. cerevisiae treated with (50 µg/ml) NCS at 1-, 2-, 3-, and 4-h time points.

180 (24%) of the 780 genes overexpressed contain the stress-responsive 
element (STRE), 5'-CCCCT, in their respective promoters.



MEC1 and RAD9 were 
overexpressed 2.4- and 2.6-fold

SIR2 3,4p complex is proposed to 
undergo Rad9p and Mec1p 
dependent relocation from 
silenced chromatin to sites of DNA 
damage, where it interacts with the 
yKu heterodimeric complex. DNA-damage repair

detoxification and nonclassical protein export. 

HSP12, was overexpressed >2-
fold after 1 h.

DDR2 and DDR48, DNA damage 
stress response genes were not 
overexpressed until 3 h.

MDR proteins YOR273C, YOR378W, and YNL065W showed a time-dependent increase 
in expression levels over the course of the treatment. 

YCF1, homologous to the human hMRP1, was +2.1-fold at 4 h. 

Glutathione S-transferase
GTT1, was + 4.1-fold at 4 h. 



1h- Activation of nucleotides metabolism (DNA Repair) repressed at 4 h.

3h- Activation of methionine e selenoaminoacid metabolism (detoxification).

4h- Inactivation of Glicolysis and activation of respiratory metabolism.



4h- Activation of TCA cycle and mitochondrial metabolism.



A, B Treatment 
with NCS-

Protein
complex

Hundreds of 
genes are 
activated

C, D
Treatement
with apo-
protein

NCE103, NCS 
specific

transporter is
the only gene 

that is activated



Motif Cluster Z-Score PValue Hits #Genes % Genome 
Hits

Genome 
Genes %

STRE_B 946 4.018548 1.65E-23 104 125 83.2 294 669 43.95
HAP234_01 1297 3.706969 3.82E-14 18 23 78.27 77 669 11.51
ROX1_Q6 1256 3.70189 0.009467 9 22 40.91 127 669 18.99
HAP1_B 1355 3.70045 0.00142 51 193 26.43 130 669 19.44
PHO4_01 999 3.700627 2.89E-08 11 14 78.58 88 669 13.16
MIG1_01 909 3.706847 5.17E-04 21 63 33.34 115 669 17.19
STE12_Q4 1062 3.948236 4.81E-04 32 83 38.56 158 669 23.62
LEU3_B 818 3.701191 6.04E-04 7 7 100 234 669 34.98
ABF1_01 1060 3.702356 6.09E-04 23 80 28.75 104 669 15.55

Tests for enrichment of functional categories and for transcription factors binding sites, 
reconstructs regulatory networks. 

Enrichment for Tf’s involved in respiratory metabolism and stress response.
Hap1-Hap4

GenExpress

E. Segal, A. Regev, D. Koller, N. Friedman     http://genexpress.stanford.edu/



Transcription factors bind...

And act together with co-activators/adaptors/co-repressors:
ADA3, ASPP, p53-BP1; p53-BP2,  p33ING1, WRN, BRCA1, TFIID, 

TFIIH, SIR2, CBP/p300, MDM2, MDMX

N

C
To transcribe 
a Target gene

+

N

C

RRRCWWGYYY(N)0-13RRRCWWGYYY

…to different response elements...





30% of the genes varying 
in expression contains 

Hap1-Hap4-Rox1 
signatures in their 

promoters
Eran Segal, Aviv Regev, http://genexpress.stanford.edu/

NCS treatement in aerobically and 
anaerobically growing cells

treated with 50 and 100 µg/ml NCS

Anaerobic------Aerobic



http://genexpress.stanford.edu/



•• DNADNA Repair one of the early responses to NCS treatement. 

• Switch from anaerobic to aerobic metabolism might 
represent a long term adaptive response to NCS. 
Respiration causes a change in pH and a passage from a  
reductive to an oxidative environment and as a consequence 
a small number of free thiolic groups and is likely to prevent 
the nucleophilic activation of NCS.

•• Active transport ofActive transport of NCS outside the cell.

Pathway processor enables to interpret gene expression og
drug treatment in the context of cell biology



• Up-load the gene lists from a library of 
pathways, including human, mouse and rat.

• Map gene expression data on your favorite 
maps annotating the pathways with a 
universal standard.

• Calculate connectivity between Pathways
How frequently the genes in a given pathway 
are represented in other pathways is an 
estimate of the degree of connection between 
the different pathways.
Flux balance of metabolites can be used to 
estimate interdependence of pathways???

The future of the Pathway processor 
Project



• What is the statistics most useful for multiple 
hypothesis testing if the pathways are clearly 
interconnected.

• Is it correct to analyze pathways that are not 
properly annotated or defined???

• Is it correct to analyze entities that are partially or 
totally overlapping???

• Pathway databases should contain information on 
pathway architecture, hierarchy.

Statistics



WE NEED GOOD STATISTICS BECAUSE

Magical induction won’t turn the data flood into knowledge









Yeast: ideal model to integrate biological 
function

Yeast: a great deal of biological function





The importance of the models

As in Biology nothing makes sense unless interpreted trough 
evolution, in genomics nathing makes sense unless analyzed in 

a comparative fashion.

Model systemsModel systems



Mouse-Rat

Human

Yeast
From models

to
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<11.5 12 12.5 13 13.5 14 14.5 15 15.5

433 S. cerevisiae (Chianti area) 



1Phase-contrast (A) and 
fluorescence (B) microscope 
images (magnification 
×1,000) showing budding 
yeast after incubation with 
NCS-Fl (NCS bearing a 350-
nm fluorescence label) The 
fluorescence image shows 
uniform intracellular 
distribution of the labeled
drug, providing evidence that 
the NCS protein component is 
internalized in yeast. 
Fluorescence imaging was 
conducted with excitation 
between 340 and 380 nm by 
using a 400-nm emission 
filter.


