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How much data? 

!   Our ability to identify causative variants/variants of 
interest depends on the layer of biological knowledge 

 

!   More genetic data will increase our ability to prioritise 
gene candidates (GWAS, QTL, etc.) 

!   More phenotype data will alter our potential for 
revealing gene candidates 



Phenotypes in the clinic 



Animal Model Phenotypes 



Plant Phenotypes 



Comparative Phenomics  



Power of the Phenotype 

The meaningful cross species and across domain 
translation of phenotype is essential à phenotype-driven 
gene function discovery and comparative pathobiology  

 

Goal - “A platform for facilitating mutual understanding 
and interoperability of phenotype information across  

•  species,   

•  domains of knowledge,  

and amongst people and machines”  ….. 



PATO today 

PATO is now being used as a community standard for 
phenotype description  

–  many consortia (e.g. Phenoscape, The Virtual Human 
Physiology project (VPH), IMPC, BIRN, NIF)  

–  most of the major model organism databases, (e.g. 
example Flybase, Dictybase, Wormbase, Zfin, Mouse 
genome database (MGD)) 

–  international projects 



PATO’s Semantic Framework 

!   Conceptual Layer 

!   Semantic Components Layer 

!   Unification Layer 

!   Integration Layer 



PATO Conceptual Layer 

PATO 

Process 

Object 

EQ 

EQ Model 
 

link Entities (E) from GO, 
CheBI, FMA etc. to Qualities 
(Q) from PATO à 
  

EQ statements 
 

Genome Biol. 2005;6(1):R8. 
Using ontologies to describe mouse phenotypes. 
Gkoutos GV, Green EC, Mallon AM, Hancock JM, Davidson 
D. 



Endophenotype disaggregation of the tetralogy of Fallot 
(OMIM:187500) 

 



PATO 

PIDO 

MPATH 

UO 

NBO UBERON 

GO 

CL 

Semantic Components Layer 

EQ 

•  Behavior 
•  Cell Phenotype 
•  Pathology 
•  UBERON 
•  Measurements 
•  etc 

Mamm Genome. 2013 Nov 1. [Epub ahead of print] 
Analyzing gene expression data in mice with the 
Neuro Behavior Ontology. 
Hoehndorf R, Hancock JM, Hardy NW, Mallon AM, 
Schofield PN, Gkoutos GV. 

Int Rev Neurobiol. 2012;103:69-87.  
The neurobehavior ontology: an ontology for annotation 
and integration of behavior and behavioral phenotypes. 
Gkoutos GV, Schofield PN, Hoehndorf R. 

Database (Oxford). 2012 Oct 10;2012:bas033. 
The Units Ontology: a tool for integrating units of 
measurement in science. 
Gkoutos GV, Schofield PN, Hoehndorf R. 

Bioinformatics. 2012 Jul 1;28(13):1783-9. 
Semantic integration of physiology phenotypes with an 
application to the Cellular Phenotype Ontology. 
Hoehndorf R, Harris MA, Herre H, Rustici G, Gkoutos 
GV. 

Genome Biol. 2012 Jan 31;13(1):R5. 
Uberon, an integrative multi-species anatomy ontology. 
Mungall CJ, Torniai C, Gkoutos GV, Lewis SE, Haendel 
MA. 

Bioinformatics. 2011 Nov 15;27(22):3193-9.  
PIDO: the primary immunodeficiency disease ontology. 
Adams N, Hoehndorf R, Gkoutos GV, Hansen G, Hennig 
C. 

J Biomed Semantics. 2013 Sep 13;4(1):18. 
The mouse pathology ontology, MPATH; 
 structure and applications 
Schofield PN, Sundberg J, Sundberg B, McKerlie C, Gkoutos GV. 



Unification Layer 

PATO 

NBO 

MPATH 

GO 

CHEBI UBERON 

CL 

UO 

EQ 

CPO 

MP 

TO 
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FBCV 

WBPhenotype 

YPO 

Provision of PATO 
based 

equivalence 
definitions  

J Biomed Semantics. 2012 Sep 21;3  
Ontology-based cross-species integration and 
analysis of Saccharomyces cerevisiae phenotypes. 
Gkoutos GV, Hoehndorf R. 

J Biomed Semantics. 2013 Oct 18;4(1):30.  
The Drosophila phenotype ontology. 
Osumi-Sutherland D, Marygold SJ, Millburn GH, 
Stefancsik R, Falls K, Brown NH, Gkoutos GV. 

Bioinformatics. 2012 Jul 1;28(13):1783-9. 
Semantic integration of physiology phenotypes with an 
application to the Cellular Phenotype Ontology. 
Hoehndorf R, Harris MA, Herre H, Rustici G, Gkoutos 
GV. 

Genome Biol. 2010 Jan 8;11(1):R2.  
Integrating phenotype ontologies across 
multiple species. 
Mungall CJ, Gkoutos GV, Smith CL, 
Haendel MA, Lewis SE, Ashburner M. 

Conf Proc IEEE Eng Med Biol Soc. 2009;2009:7069-72. 
Entity/quality-based logical definitions for the human skeletal phenome using PATO. 
Gkoutos GV, Mungall C, Dolken S, Ashburner M, Lewis S, Hancock J, Kohler S, Robinson 
PN. 

Hum Mutat. 2012 May;33(5):826-36.  
Mouse genetic and phenotypic resources 
for human genetics. 
Schofield PN, Hoehndorf R, Gkoutos 
GV. 
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PATO-based definitions 





MP - PATO based definitions 



HPO-PATO based definitions 

!   OBO format 

[Term] 
id: HP:0004349 ! Reduced bone mineral density 
intersection_of: PATO:0001790 ! decreased density 
intersection_of: inheres_in FMA:30317 ! bone 

!   OWL format 

Class: Hypoglycemia 
EquivalentTo: 
‘decreased concentration’ 
and towards some ‘glucose’ 
and inheres_in some ‘portion of blood’ 
and qualifier some ‘abnormal’ 



HELLP 
syndrome 

Liver failure Hepatic failure 
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HELLP 
syndrome 

Liver failure Hepatic failure 

Pregnancy related 
premature death 

Glomerular vascular 
disorder Abnormal 

glomeruli 

Hypertension E: Blood (MA) 
Q: Increased pressure 
(PATO)  

Hypertension 
E: Blood (FMA) 
Q: Increased pressure 
(PATO)  

Thrombocytopenia 
E: Platelet(CL) 
Q: Decreased number  
(PATO) 

Thrombocytopenia 
E: Platelet (CL) 
Q: Decreased number  
(PATO) 

Renal Failure 
E: Renal system process (GO) 
Q: disfunctional (PATO) 

Renal failure 
E: Renal system process (GO) 
Q: disfunctional (PATO) 

Hepatic 
necrosis 

E: Liver (MA) 
Q: Necrosis (PATO) 

Acute and subacute 
liver necrosis 

E: Liver (FMA) 
Q:Necrotic (PATO) 

Proteinuria Proteinuria 

Haemolytic 
anaemia 

Anaemia 
haemolytic 

E: Hepatocobiliary  
system process (GO) 
Q: disfunctional (PATO) 

E: Hepatocobiliary  
system process (GO) 
Q: disfunctional (PATO) 

E: Glomerulus (MA) 
Q: abnormal ( PATO) 

E: Glomerulus (FMA) 
Q: abnormal ( PATO) 

E: Urine(MA) 
Q: Increased concentration 
E2:Protein( CheBI) 

E: Urine(FMA) 
Q: Increased concentration 
E2:Protein( CheBI) 

Part_of 
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Formalisation Layer 

PLoS One. 2011;6(7):e22006.  
Interoperability between biomedical ontologies through relation 
expansion, upper-level ontologies and automatic reasoning. 
Hoehndorf R, Oellrich A, Schuhmann D, Schofield P, Gkoutos GV. 

Bioinformatics. 2011 Apr 1;27(7):1001-8. 
A common layer of interoperability for biomedical 
ontologies based on OWL EL. 
Hoehndorf R, Dumontier M, Oellrich A, Wimalaratne S, 
Rebholz-Schuhmann D, Schofield P, Gkoutos GV. 

Brief Bioinform. 2012 Sep 8. 
Evaluation of research in biomedical ontologies. 
Hoehndorf R, Dumontier M, Gkoutos GV. 

Mamm Genome. 2012 Oct;23(9-10):669-79. 
Computational tools for comparative phenomics: 
the role and promise of ontologies. 
Gkoutos GV, Schofield PN, Hoehndorf R. 

BMC Bioinformatics. 2011 Oct 27;12:418. 
Improving ontologies by automatic reasoning and evaluation of logical definitions. 
Köhler S, Bauer S, Mungall CJ, Carletti G, Smith CL, Schofield P, Gkoutos GV, Robinson 
PN. 



PATO 

NBO 

MPATH 

GO 

CHEBI UBERON 

CL 

UO 

EQ 

CPO 

YPO 

TO 

HPO 

FBCV 

MP 

WBPhenotype 

Integration Layer 



Cross Species Data Integration 



Cross species integration framework 

•  A PATO-based cross species phenotype network based 
on experimental data from 5 model organisms yeast, 
fly, worm, fish and mouse and human disease 
phenotypes (OMIM) 

•  integration of anatomy and phenotype ontologies 

–  more than 1.000,000 classes and 3,500,000 axioms 
•  PhenomeNET forms a network with more than 

310.000 complex phenotype nodes representing 
complex phenotypes 

•  Semantic phenotype similarity - pairwise comparison 
of disease and animal phenotypes 



PhenomeNet 

•  quantitative evaluation based on predicting orthology, pathway, 
disease 

•  Receiver Operating Characteristic (ROC) Curve analysis 

•  Area Under Curve (AUC) = 0.7 



Candidate disease gene prioritization  

•  Predict all known human and mouse disease genes 

•  Adam19 and Fgf15 mouse genes  

•  using zebrafish phenotypes - mammalian homologues of Cx36.7 and 
Nkx2.5 are involved in TOF  
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Q:	
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  (PATO)	
  

Human (HPO) 



•  Enhance the network e.g. 
–  Semantics e.g Behavior and pathology related phenotypes etc. 
–  Methods e.g. text mining, machine learning etc. 
–  Resources e.g. OrphaNet 

•  PhenomeNET now significantly outperforms previous phenotype-
based approaches of predicting gene–disease associations 

•  Performance matches gene prioritization methods based on prior 
information about molecular causes of a disease 

AUC	
  =	
  0.9	
  



IR D i RC  
dbGAP 

dbSNP 

ClinVar 



Ontologies &Biomedical 
Research 

!   Gene Function Determination 

!   Systematic Genome-Wide Phenotyping 

!   From Genotype to Phenotype   

!   Candidate Disease Gene Prioritisation 

!   Rare and Orphan Diseases 

!   Diagnostics Strategies to support Identification of 
Causative Genes  

!   Big Data 

!   Pharmacogenomics 



Gene function determination  



•  phenotype data are commonly annotated, automatically, semi-
automatically and manually,  with terms from species-specific 
phenotype ontologies, 

 

•  utilize phenotype ontologies  à infer the functions (impaired 
given a phenotype observation)  

•  phenotype data from 5 different species à evaluation  
•  manually for biological correctness  
•  predict genetic interactions (semantic similarity between 

genes) 
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Species' Inferred' p-value'
Fish% 1717% 0.24%
Yeast% 14047% 0.162%
Fly% 1633% 0.041%

Worm% 9221% 0.03%
Mouse% 15693% 0.00007%

%



Systematic Genome-Wide Phenotyping  



The promise of animal models 

!   Forward and reverse genetics (e.g. Collaborative Cross 
panel, IKMC/IMPC) 

 à understanding of gene function by taking a  pan-
  genomic and pan-phenomic approach  

!   EU invested to date > €700 million 

!   IMPC - systematic, agnostic phenotyping of the mouse 
genome 

 

•  IMPC - systematic, agnostic phenotyping of the mouse 
genome 



Gene-Disease associations based on 
minimal phenotype information  

!   The nature of a phenotyping pipeline is breadth whilst depth will 
rely on secondary and tertiary phenotyping carried out by domain 
experts  

!   Results to date has not revealed any significant associations 

!   Challenge – select genes based on primary screens to look at for 
secondary phenotyping  

!   Aim  - platform for the identification of possible gene disease 
associations based on minimal phenotype information  

 



Hyperactivity!
Glucose homoeostasis!
Decreased body fat!
Decreased grip strength!
Decreased body weight!
Increased erythrocytes!
Decreased blood lipids!
Abnormal skeletal morphology and mineralisation!
Cataracts!
Abnormal cornea 





Nsun2 is the pathogenic gene at MRT5 on 5p15 

•  3 patients in 
consanguineous Iranian 
and Turkish families 

•  Non-syndromic ARID 
•  Complete loss of Nsun2 

transcripts 
– Two nonsense 

mutations 
– Intronic exchange of 

A for G 11 nt 
upstream of exon 6. 
Cause exon 6 
skipping and loss of 
main transcript.  



Hum Mutat. 2012 May;33(5):858-66. 
MouseFinder: Candidate disease genes from mouse 
phenotype data. 
Chen CK, Mungall CJ, Gkoutos GV, Doelken SC, Köhler 
S, Ruef BJ, Smith C, Westerfield M, Robinson PN, Lewis 
SE, Schofield PN, Smedley D. 

Nucleic Acids Res. 2013 Nov 11. 
The Human Phenotype Ontology project: linking  
Molecular biology and disease through phenotype data. 
Köhler S, et al 

Diagnostics applications 

Bioinformatics. 2011 Nov 15;27(22):3193-9.  
PIDO: the primary immunodeficiency disease ontology. 
Adams N, Hoehndorf R, Gkoutos GV, Hansen G, Hennig 
C. 



From Genotype to Phenotype  



From Genotype to Phenotype 

!   similar function  
!   GO-based semantic similarity 

!   similar cellular location 
!    GO-based semantic similarity 

!   similar protein interactions/pathways  
!   distance in PPI network 

!   similar (gene, protein) sequence  
!   Smith–Waterman distance 

!   expression in similar organ systems 
!    semantic similarity over anatomy ontology 

!   similar phenotypes  
!   semantic similarity over phenotype ontology 

Existing  
measures 

Additional  
measures 



Predict the phenotypes resulting from single gene 
knockouts in mice 

!   training data (genotype)  
!   15,000 mouse models with single gene mutations 

!   SVM to combine similarity scores  

 

!   work in progress: 0.70 AUC for predicting gene–disease 
associations using PhenomeNET 



Candidate Disease Gene 
Prioritisation 



Copy Number Variation (CNV) 
!   Common in human genomes 

!   35% of the human genome 
demonstrates evidence of 
coverage by CNVs 

!   300,000 SNPs from each of 
three European population 
isolates, spanning from 
Northern to Southern Europe, 

!   detected 4016 CNVs in 1964 
individuals, clustering into 743 
CNVRs. 

!   Associated with common traits via 
SNP analysis 

!   Associated with recurrent syndromes 



Semantic Modelling of 27 CNVs 



Genotype-phenotype correlations in 
pathogenic CNVs  

•  879 potential gene candidates - 430 of which were not 
previously reported in the literature 

•  evaluated against two patients suffering from Williams-Beuren 
Syndrome (WBS) with rare microdeletions seen in clinic  
•  analysis generated a profile of 32 phenotypic 

abnormalities connected to 11 candidate genes through 
39 associations. 

•  basis for understanding previously uninterpretable 

 genotype-phenotype correlations in pathogenic CNVs  

Dis Model Mech. 2013 Mar;6(2):358-72.  
Phenotypic overlap in the contribution of individual genes to CNV pathogenicity revealed by cross-species computational analysis of single-gene 
mutations in humans, mice and zebrafish. 
Doelken SC, Köhler S, Mungall CJ, Gkoutos GV, Ruef BJ, Smith C, Smedley D, Bauer S, Klopocki E, Schofield PN, Westerfield M, Robinson PN, Lewis SE. 



Rare and Orphan Diseases 



Rare and orphan diseases  

•  at least 4000 diseases without known molecular basis 

•  disease-gene identification methods have a limited focal range 

•  necessary to suggest possible causative genes 



Bassoe Syndrome 



Bassoe Syndrome 



HIP1 candidate gene for Bassoe syndrome 

Interface Focus. 2013 Apr 6;3(2):20120055. 
An integrative, translational approach to understanding rare 
and orphan genetically based diseases. 
Hoehndorf R, Schofield PN, Gkoutos GV. 



“integration and computational analysis of human disease and animal 
model phenotypes using PhenomeNet has the potential to reveal novel 
insights into the pathobiology underlying genetic diseases” 



Candidate gene prioritization 



Gene Ontology 

Gene Ontology 



Gene Ontology 

Gene Ontology 



PATO 

PATO 



PATO 

PSYO 



Candidate gene prioritization 



Diagnostics Strategies to support 
Identification of Causative Genes  



Clinical diagnostics decision support 
systems  

!   “show me all genes involved in degenerative 
processes of the brain or heart for which no 
evidence of cerebellar degeneration is available 
in mouse models”   

!   “show me all genes associated with a particular 
process that are also associated with mental 
retardation”  

!   “prioritize these genes in order with their 
relevance to a particular set of phenotypes or a 
particular syndrome” 



“Additionally, inferring the candidate genes of 
phenotypes, especially diseases, helps to 
uncover the mechanisms of diseases, and thus 
further to aid drug development. For 
example, new drug might be discovered by 
identifying the products of candidate disease 
genes as new targets.” 

Hum Mutat. 2012 May;33(5):858-66. 
MouseFinder: Candidate disease genes from mouse 
phenotype data. 
Chen CK, Mungall CJ, Gkoutos GV, Doelken SC, Köhler 
S, Ruef BJ, Smith C, Westerfield M, Robinson PN, Lewis 
SE, Schofield PN, Smedley D. 

Nucleic Acids Res. 2013 Nov 11. 
The Human Phenotype Ontology project: linking  
Molecular biology and disease through phenotype data. 
Köhler S, et al 



Big Data 



 

 

Can we apply the same approach 
across biology ? 



Description of 
Mutant Phenotype 

Atomized 
Phenotype 
statements 

Entity Quality 
(PATO) 

Dwarf with profuse 
slender tillers, small 
panicles 

dwarf PO: shoot system  decreased height 

profuse tillers PO: whole plant 
 has extra parts of type 
(basal axillary shoot 
system) 

slender tillers 
PO: basal axillary 
shoot system  slender 

small panicles PO: inflorescence  decreased size 

Delayed flowering; 
Reduction in total 
chlorophyll 

 

GO: flowering  delayed 

ChEBI: chlorophyll  decreased concentration 

Can we achieve the same type of phenotype data 
standardization for plants?  



Plant Phenotype Pilot Project (PPPP)  



Plant PhenomeNet 



Medtr5g011250- leucoanthocyanidin dioxygenase-
like protein 





 cROP portal 

 cROP-related ontologies 

cROP - Common Reference Ontologies and 
Applications for Plant Biology 



 BIG DATA: 
 ontology-based  heteregeneous, 

multi-modal data access 
 

Aber-OWL:  
 
•  biological data 

•  SPARQL endpoints 
•  literature  

•   MEDLINE/PubMed 
•  PubMed Central 





Aber-OWL: Common diseases 
Cellular proliferation disease Immune system disease Endocrine system disease

Respiratory system disease Disease of mental health Nervous system disease

Nat. Scientific Reports. 2015 in press. 
Analysis of the human diseasome reveals phenotype modules across 
common, genetic, and infectious diseases 
Hoehndorf R, Schofield PN, Gkoutos GV. 
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Pharmacogenomics 



Can a phenotype of gene which the drug interacts be 
used to predict diseases in which the drug is active? 



Pac Symp Biocomput. 2012:388-99. 
Linking PharmGKB to phenotype studies and animal models of disease for drug repurposing. 
Hoehndorf R, Oellrich A, Rebholz-Schuhmann D, Schofield PN, Gkoutos GV. 
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AUC: 0.76 

Extend PhenomeNET to include side effects, drug indications, drug targets 
 



Disease and drug pathways 
 

Integrate: 

!   chemical ontologies and disease ontologies 

!   e.g.  ATC, ChEBI, MeSH (chemicals, diseases) HumanDO 

!   databases containing drug, gene and disease information 

! DrugBank, PharmGKB, CTD, Pathway Interaction Database 

!   associations: drug-gene, gene-disease, drug-disease 

Identify: 

!   22,653 disease-pathway associations (disease pathways) 

!   e.g. Mood disorder and Zidovudine Pathway (p < 10-10) 
 

!   13,826 pathway-chemical associations (drug pathways) 

!   e.g. Clopidogrel and Endothelin signaling pathway (p < 10-3) 
Bioinformatics. 2012 Aug 15;28(16):2169-75. 
Identifying aberrant pathways through integrated analysis of knowledge in pharmacogenomics. 
Hoehndorf R, Dumontier M, Gkoutos GV. 



Drug targets and indications identification 

A similarity between drug D's effects and phenotypes resulting from 
knock-out/knock-down of a gene/protein in an animal model may 
indicate that D inhibits the gene/protein (or its human ortholog).  



Bioinformatics. 2013 Oct 24, PMID: 24158600 
Mouse model phenotypes provide information about human drug targets. 
Hoehndorf R, Hiebert T, Hardy NW, Schofield PN, Gkoutos GV 

Evaluation using human and mouse 
drug targets 
 
•  DrugBank 
•  STITCH 
 
Drug side effects 
•  SIDER 

Overall AUC: 0.82 

InterPro family ROCAUC 
(STITCH) 

G protein-coupled 
receptor, rhodopsinlike 

0:800  

Peptidase S1A, 
chymotrypsin-type 

0:892   

Steroid hormone receptor 0:916 

Neurotransmitter-gated 
ion-channel 

0:581 

PhenomeDrug 
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Semantic Integration Framework 

Systematic genome-wide phenotyping  

Human Disease Drugs 

Model Organism Databases 

Literature Experimental Data 

Personalized 
Medicine 


