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Motivation 

The introduction and popularisation of high-throughput 

techniques has drastically changed the way in which 

biological problems can be addressed and hypotheses can 

be tested. (although not necessarily the way in which we 

really address or test them) 

Omics technologies have a major impact in Medicine 

Progress in science depends on 
new techniques, new discoveries 
and new ideas, probably in that 
order. 

(Sydney Brenner, Nobel Prize Physiology or Medicine 1980) 



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

That is the knowledge od disease and drug action mechanisms 

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

diagnostic procedures and treatment decisions 

Background: 
The transition to precision medicine 

Intuitive 
Based on trial 

and error 

Identification of 
probabilistic 

patterns 

Decisions and 
actions based 
on knowledge 

Intuitive Medicine             Empirical Medicine            Precision Medicine 

Today Tomorrow 

Degree of personalization 

Genomic biomarkers 

Molecular biomarkers 



And how do we identify patterns?  
Using single-gene biomarkers 

 

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

Most “personalized” therapies are based on this 

type of biomarkers 



From genotype 

to phenotype.  

…code for 
proteins... 

…whose structure 
accounts for 
function... 

Genes in the 
DNA... 

…plus the 
environment... 

…produces the final 
phenotype 

And.. where biomarkers come from? 

…are transcribed 
and… 



From genotype 

to phenotype.  
(in the functional post-genomics 

scenario) 

…when they 
are expressed 
in the proper 
moment and 

place... …in cooperation 
with other 
proteins… 

…conforming complex 
interaction networks... 

Genes in 
the DNA... 

…whose final 
effect 

configures 
the 

phenotype... 

Each protein has an average 

of 8 interactions 

Next Generation Sequencing 

109bp per round 

…code for 
proteins... 

…that account for 
function if... 

That undergo post-translational 

modifications, somatic 

recombination... 

100K-500K proteins 

…with its 
complex 

variability... 
Half a million of variants 

between pais of individuals 

Genomics 

Transcriptomics 
Proteomics 

Metabolomics 

Our observational tools: 

Different omic data 

Omics 

Almost-omics 

Epigenomics 



From genotype 

to phenotype.  

…code for 
proteins... 

…whose structure 
accounts for 
function... 

Genes in the 
DNA... 

…plus the 
environment... 

…produces the final 
phenotype 

Reductionist approach to explain phenotype 

(consequences) from gene integrity and activity 

(causes) through cell functionality (function) 

…are transcribed 
and… 

Causes 

Function 

Consequences 



Exome sequencing has been 

systematically used to identify 

Mendelian disease genes 



The principle: comparison of patients to 

reference controls or segregation within families  

A B 

C D 

A 

B 

C 

D 

Cases 

Controls 

Segregation 

within a 

pedigree 



Pipeline of data analysis 
Primary 
processing 

 

Initial QC 

FASTQ file 

 

Mapping 

 BAM file 

 

Variant calling 

VCF File 

 

Knowledge-based 
prioritization 

 

Proximity to other 
known disease genes 

 

Functional proximity 

 

Network proximity 

 

Burden tests  

 

Other prioritization 
methods 

 

Secondary analysis 

(Heuristic filtering) 

 

Variant annotation 

 

Filtering by effect 

 

Filtering by MAF 

 

Filtering by family 
segregation 

 

Primary 
analysis 

Gene prioritization 



3-Methylglutaconic aciduria (3-

MGA-uria) is a heterogeneous 

group of syndromes 

characterized by an increased 

excretion of 3-methylglutaconic 

and 3-methylglutaric acids. 

WES with a consecutive filter 

approach is enough to detect 

the new mutation in this case. 

Heuristic Filtering approach 
An example with 3-Methylglutaconic aciduria syndrome 



Lessons learned: the importance of local 

variability in the prioritization process 

One of the most stringent filtering steps is the 

exclusion of known population 

polymorphisms. Public databases (1000 

genomes, ESP, ExAC)  

 

 

 

 

 

 

 

 

 

 

It is well known that population is structured, 

but, to what extent is this structure important 

in the filtering process? 



Lessons learned: the importance of local 

variability in the prioritization process 

The filtering 

efficiency of the local 

population can be 

between 5 and 10 

times those of a 

general database, 

such as the 1000 

genomes 



The CSVS is a crowdsourcing project 
Scenario: Sequencing projects of healthy 

population are expensive and funding 

bodies are reluctant to fund them 

CSVS Aim: To offer increasingly accurate 

information on variant frequencies 

characteristic of Spanish population. 

CSVS Main use: Frequency-based 

filtering of candidate variants 

Main data source: Sequencing projects 

of individual researchers (CIBERER and 

others) 

Problem: Most of the contributions 

correspond to patient exomes 

Idea: Patients of disease A can be 

considered healthy pseudo-controls for 

disease B (providing no common genetic 

background exist between A and B) 

Beacon: CSVS will soon appear in the 

Beacon server 

http://ciberer.es/bier/exome-server/ 

A widely used tool containing 
over 800 exomes and >2000 

in September 



Genomic initiatives 

PERIS 

RareGenomics 

http://rare-genomics.com/ 

NaGen 

Personalized 
Medicine Plan 



Personalized Medicine Model 
without universal eHR 

Time 

… 

… 

Genoma Clinica 

Clinical study 

… 

… 

Genoma Clinica 

Clinical study 

……. 

• Each study requires of a 
specific genomic and 
clinical data collection into 
an external database 

• Static clinical data (e.g. if a 
control becomes a case the 
external DB will not be 
updated) 

• Limited genomic data reuse 
for purposes different from 
the original study 

• Model of GEL (100,000 
genomes) Catalonian 
Genomic initiative, etc. 



Advantages of a model that integrates 
genomic data and universal eHR 

Time 

… 

… 

Genoma Clinica 
……. 

…. 

Study1         …..          Studyn 

… 

… 

Genoma Clinica 

…. 

Study1          …..         Studyn 

• The whole health system 
becomes a humongous 
potential prospective 
study 

• Clinical data dynamically 
associated to patients 

• Possibility of many clinical 
studies by reanalyzing 
genomic data under 
diverse perspectives (with 
no extra investment) 

• Growing genomic DB with 
increasing study 
possibilities 

MMP MMP 



How to explain missing heritability? 

Rare Variants, rare CNVs, epigenetics? 

The (relative) success in rare 

diseases has not been reproduced 

in complex diseases  



How to explain 

missing heritability? 

Rare Variants, rare 

CNVs, epigenetics 

or.. epistatic effects? 

Is the heritability missing or are we 

looking at the wrong place? 

At the end, most 

of the heritability 

was there… 



Human genetic diseases have a 

modular nature 
• With the development of systems biology, studies have shown that 

phenotypically similar diseases are often caused by functionally related 

genes, being referred to as the modular nature of human genetic 

diseases (Oti and Brunner, 2007; Oti et al, 2008).  

• This modularity suggests that 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 



The modular nature of human diseases 

Affected cases in complex diseases will be a heterogeneous population with 

different mutations (or combinations).  

Many cases and controls are needed to obtain significant associations.  

The only common element is the (know or unknown) module affected.  

Disease understood as the failure of a functional module 

Cases Controls 



Two problems: defining 

functional modules and 

modeling their behavior 
Gene ontology: 

descriptive; 

unstructured 

functional labels 

 

 

Interactome: 

relationships among 

components but 

unknown function 

 

 

Pathways: 

relationships among 

components and 

their functional roles 

Models 
 

Enrichment methods. GO, etc. (simple 
statistical tests) 
 

Connectivity models. Protein-protein, protein-
DNA and protein-small molecule interactions 
(tests on network properties) 
 

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

Detailed models. Kinetic models including 
stoichiometry, balancing reactions, etc. 
(mathematical models) 



Gene Ontology 

Gene Ontology are labels to genes that describe, by means of a controlled 

vocabulary (ontology), the functional role(s) played by the genes in the cell.  

A set of genes sharing a GO annotation can be considered a functional module.   

SNPs 

 

 

WES/WGS 

Gene 

expression 

AND/OR 

From gene-based to 

function-based perspective 



An example of GWAS 

GWAS in Breast Cancer.  

The CGEMS initiative. (Hunter  et al. Nat Genet 2007) 

1145 cases 1142 controls. Affy 500K 

Conventional association test reports only 4 SNPs 
significantly mapping only on one gene: FGFR2  

 

Conclusions: conventional SNP-based or 
gene-based tests are not providing much 

resolution.  



Breast Cancer 

CGEMS initiative. 
(Hunter  et al. Nat  

Genet 2007) 

1145 cases 1142 
controls. Affy 500K 

Only 4 SNPs were 
significantly associated, 

mapping only in one gene: 
FGFR2  

Bonifaci et al., BMC Medical Genomics 2008;  Medina et al., 2009 NAR 

PBA reveals 19 GO categories including regulation of 
signal transduction  (FDR-adjusted p-value=4.45x10-03) 

in which FGFR2 is included. 

The same GWAS data re-analyzed 

using a function-based test 



GO processes 

significantly associated 

to breast cancer 

Rho pathway 

Chromosomal 
instability 

Metastasis 



From gene-based to 

function-based perspective 
SNPs,  

Gene expression 

 
Gene1 

Gene2 

Gene3 

Gene4 

: 

: 

: 

Gene22000 

 

Gene 

Ontology 

SNPs, gene 

exp. 

GO 

Detection 

power 

Low (only very 

prevalent genes) 

high 

Annotations 

available 

many many 

Use Biomarker Illustrative, give 

hints 



Two problems: defining 

functional modules and 

modeling their behavior 
Gene ontology: 

descriptive; 

unstructured 

functional labels 

 

 

Interactome: 

relationships among 

components but 

unknown function 

 

 

Pathways: 

relationships among 

components and 

their functional roles 

Models 
 

Enrichment methods. GO, etc. (simple 
statistical tests) 
 

Connectivity models. Protein-protein, protein-
DNA and protein-small molecule interactions 
(tests on network properties) 
 

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

Detailed models. Kinetic models including 
stoichiometry, balancing reactions, etc. 
(mathematical models) 



From gene-based to 

function-based perspective 

SNPs 

 

 

WES/WGS 

Gene 

expression 

Using protein interaction 

networks as an scaffold to 

interpret the genomic data in 

a functionally-derived context 

AND/OR 

What part of the 

interactome is active 

and/or is damaged 



Network analysis helps to find 

disease genes in complex diseases 

CHRNA7  (rs2175886 p = 0.000607) 

IQGAP2  (rs950643 p = 0.0003585) 

DLC1  (rs1454947 p = 0.007526) 

 

 

SNPs validated in 

independent cohorts 



From gene-based to 

function-based perspective 

SNPs, gene 

expression, 

etc. 

GO Protein 

interaction 

networks 

Detection 

power 

Low (only 

very 

prevalent 

genes) 

High High 

Information 

coverage 

Almost all Almost all Less (~9000 

genes in 

human) 

Use Biomarker Illustrative, 

give hints 

Biomarker* 

*Need of extra information (e.g. GO) to provide functional insights in the findings 



Two problems: defining 

functional modules and 

modeling their behavior 
Gene ontology: 

descriptive; 

unstructured 

functional labels 

 

 

Interactome: 

relationships among 

components but 

unknown function 

 

 

Pathways: 

relationships among 

components and 

their functional roles 

Models 
 

Enrichment methods. GO, etc. (simple 
statistical tests) 
 

Connectivity models. Protein-protein, protein-
DNA and protein-small molecule interactions 
(tests on network properties) 
 

 

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

Mathematical models. Kinetic models including 
stoichiometry, balancing reactions, etc. 
(mathematical models) 



Where the cell activity maps 
come from? 

KEGG 

REACTOME 

More 
specialized 
repositories 



How realistic are models of 

pathway activity? 

Beyond static biomarkers—The activity 

of signalling networks as an alternative 

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 



From gene-based to 

function-based perspective 

SNPs, gene 

expression, 

etc. 

 

GO 

Protein 

interaction 

networks 

Models of 

cellular 

functions 

 

Detection 

power 

Low (only 

very 

prevalent 

genes) 

High High Very high 

Information 

coverage 

Almost all Almost all Low (~9000 

genes in 

human) 

Low (~6700 

human 

genes)* 

Use Biomarker Illustrative, 

give hints 

Biomarker Biomarker 

that explain 

disease 

mechanism 

*Only ~1000 genes in human signaling pathways  



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 

Intuitive 
Based on trial 

and error 

Identification of 
probabilistic 

patterns 

Decisions and 
actions based 
on knowledge 

Intuitive Medicine             Empirical Medicine           Precision Medicine  

Today Tomorrow 

Degree of personalization 


