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Precision medicine is based on a better knowledge of phenotype-genotype relationships. 

This ultimately involves the knowledge of disease and drug action mechanisms 

Requires of a better way of defining diseases by introducing genomic technologies in the 

diagnostic procedures and treatment decisions 

Setting the problem in context: 
The transition to precision medicine 
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Single-gene biomarkers are the result of 
probabilistic associations 

http://www.fda.gov/drugs/scienceresearch/researchareas/pharmacogenetics/ucm083378.htm 

Most “personalized” therapies are based on this 

type of biomarkers 



Despite most biomarkers used are single 

gene variants, most human genetic diseases 

(and almost all traits) have a modular nature 
• Conventional single-gene biomarkers have a demonstrated clinical utility. 

However, their success is purely probabilistic, often modest and frequently lack 

any mechanistic anchoring to the fundamental cellular processes responsible 

for the disease or therapeutic response. 

• Modular nature of genetic diseases: Causative genes for the same or 

phenotypically similar diseases may generally reside in the same biological 

module, either a protein complex (Lage et al, 2007), a sub-network of protein 

interactions (Lim et al, 2006) , or a pathway (Wood et al, 2007) 

Goh 2007 PNAS 

Same disease 

in different 

populations is 

caused by 

different 

genes 

affecting the 

same 

functions Fernandez, 2013, Orphanet J Rare Dis. 

Disease 

genes are 

close in the 

interactome 



There are exceptions: MammaPrint, an 
example of successful breast cancer decision 
support test based on a multigenic biomarker 

The strength of this approach is that it is unbiased: there are 
no assumptions about which genes are likely to be involved in 
the process of interest. For example, in a data-driven study of 
the prognosis of patients with breast cancer, little was known 
about the function of 15 of the 70 genes that were found to 
constitute a prognostic gene-expression signature4.  A 
drawback of this approach is that the outcome relies solely on 
the quality of the data (and the samples).  
By contrast, using the knowledge-driven approach, genes that 
are thought to be relevant to a particular cancer trait are 
selected on the basis of the scientific literature. 

Finding 
genes 

1 2 

Assessing 
functions 

Risk is calculated as a 
function of the 70 gene 
expression levels 

risk= f(gene1, gene2, … gene70) 

By historic reasons 
genes were first 
selected and their 
functionalities were 
assessed afterwards. 



Change in the paradigm 

MammaPrint and other multigenic 

biomarkers: bottom up, from genes 

to functions that define one (or 

several) biological modules. 

 

Models of cell functionality:  

top-down mechanism-based 

biomarkers, from biological 

modules to genes 



Two problems: defining 

functional modules and 

modeling their behavior 

Definition 
 

Gene ontology: 

descriptive; 

unstructured 

functional labels 

 

Interactome: 

relationships among 

components but 

unknown function 

 

Pathways: 

relationships among 

components and 

their functional roles 

Behavior 
 

 

Enrichment methods. GO, etc. (simple 
statistical tests). No information on how 
components relate among them 

 

Connectivity models. Protein-protein, protein-
DNA and protein-small molecule interactions 
(tests on network properties). No information  
the functional roles of the components 
 

Mathematical models. Kinetic models 

including stoichiometry, balancing reactions, etc.  

Computational models. Models of signalling 
pathways, metabolic pathways, regulatory 
pathways, etc. (executable models) 
 



Defining the module:  

Pathways: maps of cell activity 
(in sickness and in health) 

disease-maps.org/ 

www.genome.jp/kegg 

reactome.org 

www.wikipathways.org/ 

Oncogénesis 
Alzheimer 

More disease maps… 
Parkinson 



Defining pathway activity 
We first need a map: pathways are defined in different repositories (KEGG, 

Reactome, Biocarta, disease maps, etc.) 

  

What pathway level makes a real biological meaning? 
 

Gene       sub-pathway       pathway 

Enrichment methods 

(pathway-level): Different 

and often opposite cell 

behaviors are triggered by 

the same pathway.  

E.g.: death and survival 

Gene level: The same gene can trigger different (and 

often opposite) responses, depending on the stimulus 

Survival 

Death 

Sub-pathway 

(elementary circuit) 

connects stimulus to 

response 



Decomposition of a pathway 

into their elementary circuits 



How realistic are models of 

pathway activity? 

Beyond static biomarkers—The activity 

of signalling networks as an alternate 

biomarker? 
Fey et al., Sci. Signal. 8, ra130 (2015). 

Inability of JNK activation (that mediates 

apoptosis) is associated to bad prognostic, 

irrespective of MYCN amplification status 

Problem: 

ODE can 

efficiently 

solve only 

small 

systems  

Construct, activity inferred 



𝑆𝑛 = 𝜐𝑛 ∙  1 −  1− 𝑠𝑎 

𝑠𝑎∈𝐴

 ⋅  1− 𝑠𝑖 

𝑠𝑖∈𝐼

 

From individual gene 

expression profiles… 

…to profiles of circuit 

activity (and 

functional activity) 

Two types of activities 

Signal propagation models of 

signaling pathways 

Are scalable 



Gene expression data are transformed 

into signal activity intensities 

Cases / controls 
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Ps1 344 344 4556 667 88  

Ps2  543 67 88 90 12 36  

Ps3  36 833 78 38 99 00  

Ps4  59 73 336  677 00 31 

Ps1 344 344 4556 667 88  

Ps2  543 67 88 90 12 36  

Ps3  36 833 78 38 99 00  

Ps4  59 73 336  677 00 31 

……. 

……. 

…….   

Cases / controls 

 

C
ir
c
u
it
s
 

Ps1 344 344 4556 667 88  

Ps2  543 67 88 90 12 36  

Ps3  36 833 78 38 99 00  

Ps4  59 73 336  677 00 31 

Ps1 344 344 4556 667 88  

Ps2  543 67 88 90 12 36  

……. 

……. 

…….   

A simple transformation of raw data (normalization) and an algorithm for 

signal propagation results in accurate estimations of circuit activities. 

 

The same concept that MammaPrint, 

but based on biological knowledge, is used here to estimate cell 

functional activity   

Circuits within 

pathways Cases / controls 

R
a
w

 d
a
ta

 

Ps1 344 344 4556 667 88  

Ps2  543 67 88 90 12 36  

Ps3  36 833 78 38 99 00  

Ps4  59 73 336  677 00 31 

Ps1 344 344 4556 667 88  

Ps2  543 67 88 90 12 36  

Ps3  36 833 78 38 99 00  

Ps4  59 73 336  677 00 31 

……. 

……. 

…….   

risk= f(gene1, gene2, … gene70) ¡ ! 



Models of signaling activity provide  

high-throughput estimations of intensity 

activation of cell functions from gene 

expression measurements 

Some (not all) conventional 

cell function can be 

studied, one at a time, in 

individual assays 

With Signaling models, the intensity 

at which the whole repertoire of cell 

functions is triggered can be 

measured in only one individual 

experiment 

Hypothesis: the intensity at which functions are triggered 

by the signaling system of the cell is more related to 

phenotypes than the intensity of gene expression 



Signaling activity trigger cell functions 

directly related to cancer progression 

DNA replication function is a construct: the activity is inferred not measured 

DNA replication= f(gene1, gene2, … genen) Hidalgo et al., 2017 Oncotarget 



Actually, signal activity triggers 

all the cancer hallmarks 

Hanahan, Weinberg, 2011 

Hallmarks of cancer: the next 

generation. Cell 144, 646 

Negative regulation of release of cytochrome c 

from mitochondria (inhibition of apoptosis) 



The inferred function activity (mechanistic 

biomarker) is more correlated to survival 

than the activity of any gene (conventional 

biomarker) in the circuit 

p-val=5.9x10-8 



Different cancer use different 

gene expression programs to 

activate the same functions 



Signal intensity over certain functions 

increases in the initiation of cancer while 

on others increases with cancer stage 

Cell 

division 

Cell 

cycle 

Cancer initiation                         Cancer progression 



Circuit activation probabilities can 

be used as features for predictors 

Circuit activation 

probabilities are 

mechanism-based 

biomarkers 

1. Generation of features: signaling 

circuit activities 2. Training set 

3. Prediction 



Prediction of IC50 values from the 

activity of signaling circuits 

Amadoz et al., Sci. Rep. 2015 



Actionable models 
The real advantage of models is that, the same way they can be used to 

convert omics data into measurements of cell functionality that provide 

information on disease mechanisms and drug MoA, they can be used to 

test hypothesis such as “what if I suppress  (or over-express) this (these) 

gen(es)?” This lead to the concept of actionable models.  

 

By simulating changes of gene expression/activity it is easy to: 

 

• Directly study of the consequences of induced gene over-expressions 

or KOs 

• Carry out reverse studies of genes that need to be perturbed to change 

cell functionalities, such as: 

• Reverting the “normal” functional status of a cell 

• Selectively kill diseased cells without affecting normal cells  

• Enhancing or reducing cell functionalities (e.g., apoptosis or 

proliferation, respectively, to fight cancer)   

• Etc. 



Model validation (1) 
The activity of some signaling circuits is correlated with cell survival 

In
c
re

a
s
e
d
 s

u
rv

iv
a
l 

Increased pathway activity 

Repression of apoptosis 

Activation of proliferation 
Functions: 

Activation of apoptosis 

Repression of proliferation 

Survival data from Achilles cell line KOs (Broad Institute) can be 

compared to the change in circuit activities predicted by the model 

Essential circuits: once found, other ways of deactivating these circuits 

can be find, opening the door to knowledge-based target discovery 

        Onco-circuit                        Tumor suppressor circuit      



Model validation (2) 

Deactivation of tumor 

suppressor modules 
Deactivation in onco-modules 

Prostate cell line Skin cell line 

1) Prediction of other gene targets, whose inhibition (modeled KO) 

deactivate these circuits 

2) Validation of the real KO effects with Achilles II (Tsherniak A, et al. 

2017, Defining a cancer dependency map. Cell 170: 564-576)  



Interventions on pathways 
made easy 

Freely available software PathAct 

http://pathact.babelomics.org/ 



Actionable pathway models 

Transcription 

We can inhibit EGFR (target of Afanatib) by 

reducing its activity value (0.56 in cancer). 

Absolute KO value = 0  

Estrogen signaling pathway http://pathact.babelomics.org/ 



Actionable pathway models 

The inhibition of the transcription sought has been attained, but  six more pathways 

have been affected in different ways 
http://pathact.babelomics.org/ 



Actionable pathway models 

Cell cycle inhibited in 

Proteoglycans in cancer pathway 

Transcription, angiogenesis and other 

are inhibited in ErbB signaling pathway 

Cell cycle is inhibited in Oxytocin 

signaling pathway 

http://pathact.babelomics.org/ 



Simulating drug inhibition 

“Ideal” KO of 

EGFR affects 7 

pathways 

Real inhibition with 

Afanatib affects 11 

pathways 

Inhibition with 

broader spectrum 

Trastuzumab 

affects 13 pathways 



An example with SRC gene. 
Predicted to be essential in melanoma cell lines 

GnRH signaling pathway 

VEGF signaling pathway 

Estrogen signaling pathway 



Prediction of essential genes that were 

never experimentally tested before 
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Dasatinib 

        0              100               250                500               1000     nM  

Dasatinib, a specific inhibitor 

of SRC, demonstrates the 

essentiality of SRC predicted 

because the inhibition of the 

gene predicts the inhibition of 

an onco-circuit  



Metabolic pathways can also 

be modeled 

Where ni is the activity of the current node 

n, A is the total number of edges arriving to 

the node that account for the flux of 

metabolites produced in other nodes with 

activity values na.  

There are 94 modules that 

recapitulate the main aspects of 

metabolism of carbohydrates, 

lipids, amino acids and nucleotides 

Metabolic activity: 

Differential metabolic activity: two conditions are compared by means of a 

Wilcoxon test (FDR adjusted across modules)  



 Metabolic modules capture differential 

metabolic activity 



 Metabolic modules also capture cell 

functionality associated to cancer prognostic 

High activity of Guanine ribonucleotide biosynthesis and Pyrimidine 

ribonucleotide biosynthesis modules is associated to low survival. 

These modules are target of Mercaptopurine and Gemcitabine. 

The mechanism of action of these drugs involves inhibition of DNA synthesis 

and that leads to cell death 



Prediction of gene essentiality from 

metabolic pathway essentiality 

UPB1 encodes an enzyme (β-ureidopropionase) that catalyzes the last step in the 

pyrimidine degradation pathway, required for epithelial-mesenchymal transition  

Pyrimidine degradation pathway was predicted to be an onco-module in gastric 

cancer cell lines. Predicted genes that switch the pathway off are DPYD, DPYS 

(confirmed in Achilles) and UPB1 



Models of cell functional activity bring 
the dream of precision personalized 

(even individualized) treatments closer  

From: Dopazo, 2014, Genomics and transcriptomics in drug discovery. Drug Discovery Today 



The use of new algorithms that enable the transformation of genomic 

measurements into cell functionality measurements that account for 

disease mechanisms and for drug mechanisms of action will ultimately 

allow the real transition from today’s empirical medicine to precision 

medicine and provide an increasingly personalized medicine  

The real transition to precision medicine 
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