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Human Phenotype Ontology (HPO)
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Bioinformatics

@ Since the beginnings of the field of Bioinformatics in the 1960s, a
central theme has been the development of algorithms that
calculate similarity scores between biological entities and use them
to rank lists

Margaret Dayhoff, originator of PAM matrices
BLAST: Find and rank homologous sequences
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Bioinformatics for medicine’

But how exactly do we calculate the similarity between diseases,
symptoms, patients,...?
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The Human Phenotype Ontology

Abnormality of erythrocytes

e 11,030 terms

e 117,348 annotations for ~ 7000
ot mainly monogenic diseases

Abnormal hemoglobin

Anisocytosis

imbalanced
hemoglobin
synthesis

Hemoglobin H
@ http://www.human-phenotype-ontology.org

Reduced alpha/beta Reduced beta/alpha
s ratio synthesis ratio

Widely used in rare disease community: UK 100,000 genomes; NIH
Undiagnosed Diseases Network; DDD/DECIPHER, GA4GH, etc.

Applications:

linking human diseases to animal models
inferring novel drug interactions
prioritizing gene-disease targets
describing rare clinical disorders

vV vyVvYy

Interoperable with model organism data and basic research standards

A computable representation of human disease
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Why HPO?

e Substantially better coverage of phenotype concepts than any

other terminology

UMLS
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Widely used in the community

Databases & Bioinformatics Resources Using HPO
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Ontology Algorithms: The Bare-Bones Basics
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What’s The Problem?

e Phenotypic descriptions that are very evocative for humans but
meaningless for computers:

myopathic electromyography
still walking 25 years after onset
o The following descriptions mean the same thing to you:
“generalized amyotrophy”, “generalized muscle
atrophy”, “muscular atrophy, generalized” (etc)!
e Many publications have little? information about the actual
phenotypic features seen in patients with particular mutations

e Databases cannot talk to one another about phenotypes
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A tale of two footballs

A football ... A football ...

American Football = Football # Football = European Football = Soccer

When you see “football”, your computer sees:

0100011001101111011011110111010001100010011000010110110001101100
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A tale of two fibrillations

Fibrillation to PSW

fibrillation ...

Fib and intermediate shapes

fibrillation ...

Transformation is complete

muscle fibrillation = fibrillation = fibrillation = ventricular fibrillation

When you see “fibrillation”, your computer sees:
01100110011010010110001001110010011010010110110001101100011000010111010001101001

0110111101101110
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What is an Ontolog

“An ontology is a specification of a conceptualization.”
Tom Gruber, 1993

disjoint
inverse
part of
Catalog Thesaurus - instances value

restrictions

logfcal

! ¢ subclassi ti i
G ossary:., subclassing properties constraints
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Information content

~log(p)

T T T T
1.0 0.8 0.6 0.4 0.2 0.0
p=Frequency of clinical feature

IC(t) = —logp(t),

@ Information content of common ancestor: Similarity between ontology terms

@ Average similarity between terms can be used to compare two diseases
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The Human Phenome: Network of Human Diseases and

Disease Genes

Muscular

Disorder class
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FOL: Klingon Opera

(Vz)(Klingon(x) = OperaLover(x))
Klingon(Worf)

o If Klingon(Worf) is true, we can infer that Worf is an opera lover.

OperaLover(Worf)

e Analogous algorithms are the basis for human < model organism
comparisons
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What is a phenotype ontology?

Precise language (and thinking), interoperability, improved
database models to reliably capture and interpret phenotype
information.

o A medical phenotype ontology describes the individual
manifestations of diseases:
@ signs
© symptoms
© laboratory findings
© imaging studies
Q@ cte.
@ Deep phenotype: The precise and comprehensive analysis of
phenotypic abnormalities

o Individual components of disease rather than ”gestalt”

Robinson PN, Webber C (2014) Phenotype ontologies and cross-species analysis for translational research.
PLoS Genet 10:e1004268.

PN Robinson (2012) Deep phenotyping for precision medicine. Hum Mutat 33: 777-780 (Special Issue of
Human Mutation on Deep Phenotyping)
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The Phenomizer
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Ontological diagnostics

Noonan Syndrome

a)

Opitz Syndrome
b) " pitz Sy

c)
sim(Q,Noonan) = 378+ 3.09

=342

Sm(Q.0piz) ~2457 305

=275

245
0C of abn. of the eyelc)

sim(Q) - d) = avg Z I{Aeaécsim(s,t)
s€EQ
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Disease X *
Microcephaly

musculoskeletal Microcephaly
movement

Microcephaly
Akinesia phenotype Myoclonus
Involuntary
Choreoathetosis ' vemenie Myoclonus

Abnormal
stereopsis

Visual impairment

@ Basic idea of ontological search: Do not need exact match! But
semantically similar diseases score well
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The Phenomizer

Menu. ~ Help
Features. || Diseases. || Ontology Patient's Features. || Diagnosis. Diagnosis. *
SCOLIOSIS Algorithm: resnik (Symmetric). & Features
HPO id. Feature. [7] p-value = OMIM name Genes
HP:0008453 CONGENITAL KYPHOSCOLIOSIS 0.0095 LOEYS-DIETZ SYNDROME, TYPE 1 & TGFERT
HP: 0008458 CONGENITAL SCOLIOSIS, PROGRESSIVE 02388 MARFANCID HYPERMOBILITY SYNDROME
HP:0002751 KYPHOSCOLIOSIS 03244 WENTAL RETARDATION, X-LINKED, SNYDER-ROBINSON TYPE  SMS
HP:0003412 KYPHOSCOLIOSIS MAY OCCUR 0.3356 HOMOCYSTINURIA CBS
HP.0004518 LUMBAR KYPHOSCOLIOSIS 03356 MENTAL RETARDATION, X-LINKED, SYNDROMIC 14 UPF38
HP:0004626 LUMBAR SCOLIOSIS 03356 BRACHIOSKELETOGENITAL SYNDROME
HP0003303 MILD SCOLIOSIS [[] oa7e3 PECTUS EXCAVATUM
HP.0004615 MILD THORACIC SCOLIOSIS [ 04783 CANPTODACTYLY WITH FIBROUS TISSUE HYPERPLASIA AND SI
HP:0004585 MILD THORACOLUMB AR SCOLIOSIS [ 05216 PECTUS EXCAVATUM, MACROCEPHAL Y, SHORT STATURE, DS
HP0003424 PROGRESSIVE KYPHOSCOLICSIS [0 oszr7 MARFANCID HABITUS WITH SITUS INVERSUS
HP:0003317 PROGRESSIVE SCOLIOSIS [ 05786 SHPRINTZEN-GOLDBERG CRANIOSYNOSTOSIS SYNDROME  FB1
HP.0002650 scoLosis [ o848z ARTERIAL TORTUGSITY SYNDROME SLC2A10
HP.0004567 SCOLIOSIS, THORACOLUMBAR, SEVERE, PROGRESSIVE [ osna UVLLA, BFID
HP:0002770 SEVERE 5COLIOSIS [ ostie CEREERAL AMYLOID ANGIOPATHY, APP-RELATED AP
HP:0004593 SEVERE, PROGRESSIVE KYPHOSCOLIOSIS [ ogts4 CONTRACTURAL ARACHNODACTYLY, CONGENITAL FBNZ

2 b M Features 1 - 150f 20 Page

[ Improve Differential Diagnosis. Download Resul

Page

@ Sebastian Kohler et al. (2009) Clinical Diagnostics with Semantic Similarity Searches
in Ontologies. Am J Hum Genet, 85:457—64.

http://compbio.charite.de/Phenomizer
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The HPO for translational research
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HPO for translational research

Clinical

Basic Science

genetics Research Clinical Care
ge_nomics trials diagnostics
animal rljlodels epidemiology drugs

proteomics deep phenotyping treatments
metabolomics quality of care

cell biology

e The HPO is a sophisticated computational resource that can be
used to link data from anatomy, histology, pathology, gene
function, model organisms, etc., in order to perform integrative
computationally driven translational research
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Traditional view of CNV pathogenesis

Human 22q11.2 [}]I_:-E=_= D

o o Oy
w X oy om I -~ g @ w Geue By ¥erxrd
583 3y0Bs2538 8553 3855888
SE3EABAdES S0 EGEEr3REEZHEER
=R o-0-0-0-0-0-0-0-0-00-8-0-6-0-0-0-0-00000 0]

@ Phenotype results from dosage effects of one or more affected genes

e Diagnostic problem: Distinguish pathogenic from neutral CNVs

@ Scientific and medical problem: Decide which genes are
responsible for the phenotypic features?

For instance, haploinsufficiency of TBX1 contributes to the heart defects seen in 22q11.2 deletion

syndrome
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Liebenberg syndrome

@ Recent observations challenge the gene-dosage model

Healthy control
individuals Family 1 & 2 Family 3

Humerus R

Radius

Patella

Spielmann et al., (2012) Homeotic Arm-to-Leg Transformation Associated with Genomic Rearrangements

at the PITX1 Locus. Am J Hum Genet 91:629-635
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Long Range Control of Gene Expression

@ Re-examination of the Liebenberg deletion indicated deletion of a
topological domain barrier between a forelimb enhancer and a
PITX1

e ... leading to ectopic gene expression (“enhancer adoption”)

Topological domain

puta\ive putétive

insulator insulator
& N €
domains = n =
| = 1
SAR1B PITX1 H2AFY Cb5orf20
- -
Chr5: cen :ﬂ o fetff - - :m'—. h
269kb hs1473
Deletions: Liebenberg Family 1 HEE
Liebenberg Family 2 E ] “

Spielmann M, Mundlos S (2013) Bioessays 35:533-43.
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Gene-Dosage vs. Enhancer adoption

@ Therefore, we decided to address the question of how common
haploinsufficiency (gene-dosage; a) and TDB disruption (b) are
amongst CNVs associated with congenital disease

: ’
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O
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Tissue-Specific Enhancers and Phenotypic categories

i o

18020000 119040000 118060000 118080000

genomicpostion, 1o

@ Our genome: > 400,000 enhancers
@ We identified cell type specific enhancers as DNase I hypersensitive sites (DHS)

@ Assigned tissue-specific enhancers to HPO terms

Tissue HPO term name Term ID Descendant Genes Cases

HPO

terms
Adrenal Abnormality of the adrenal glands HP:0000834 65 75 2 (0.217%)
Brain Abnormality of the forebrain HP:0100547 213 640 276 (29.9%)
Heart Abnormality of the heart HP:0001627 273 491 236 (25.6%)
Intestine Abnormality of the intestine HP:0002242 121 260 17 (1.84%)
Kidney Abnormality of the kidney HP:0000077 184 383 77 (8.35%)
Lung Abnormality of the lung HP:0002088 149 529 9 (0.976%)
Muscle Abnormality of the musculature HP:0003011 667 1079 2901 (31.6%)
Stomach Abnormality of the stomach HP:0002577 24 116 10 (1.08%)
Thymus Abnormality of the thymus HP:0000777 9 26 0 (0.0%)

WBC Abnormality of leukocytes HP:0001881 195 256 4 (0.434%)




How common is enhancer adoption?

Permuted CNV phenotypes
p=te-0a Permuted gene phenotypes
o " oo | |moECKHER
pete-0t
Gene dosage effect p=0014
n=698 p=033
75.7% —| 7 pom
No data
n=162 o
17.6% o bound
ToBD TOBD only  enhancer adoption

@ 6.7% of 922 DECIPHER deletion cases potentially related to TDBD

@ Even higher rate of TDBD predicted by analysis that includes ontologically mapped
model organism phenotype data (mouse, fish): 11.9%

@ No difference if we simulate deletions so as not to disrupt TDBs!
Ibn-Salem J, Kohler S, (13 coauthors), Spielmann M, Robinson PN (2014) Deletions of

chromosomal regulatory boundaries are associated with congenital disease. Genome Biology 15:423.
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PhenIX: Clinical Diagnostics in Medical Genetics
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Clinical Diagnostics in Medical Genetics

Getting a precise diagnosis for individuals with rare disease
can be difficult

e Roughly 7,000 Mendelian diseases. Although these diseases are
individually rare, up to 8% of the population is affected by a
specific genetic disorder

e Diagnosis useful for avoiding unnecessary investigations, exact
prognosis, personalised clinical management, recurrence risk,
“closure” and reduction of feelings of guilt

e Diagnostic rate

Cytogenetics: ~ 4%

Array-CGH: ~ 10-15 %

Targeted Sanger sequencing: ~ 5-95% (depending on indication)
Total with traditional workup: Less than 50% overall®
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PhenIX

e Basic algorithm: (i) Identify predicted pathogenic mutations in
(clinical) exome (typically up to 100); (ii) rank the corresponding
genes according to phenotypic relevance with the Phenomizer

@ PhenlIX Phenotypic Interpretation of eXomes

@ Designed for clinical diagnostics with exome or DAG panel

Peter Robinson (Charite) September 10-11, 2015



Phenotypic Interpretation of eXomes: PhenlX

X
=
=
2
é‘ mTop 20
E Top 10
E mTop5
l;w'f = Top
[
2
2
- [} x = o x - [ k-3
8 £ 5§ 8§ &8 § s & %
s 8 £ § 8 & §8 & &
2 £ £
o o a
all terms <5terms s5terms
& noise

e In 10,000 simulations with mutations from HGMD and
corresponding HPO terms, the correct gene was ranked in first
place in over 86% of cases
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PhenIX: Workflow

Suspected genetic disease |

Deep phenotyping

DAG sequencing

PhenIX
¥ ¥

Variant Analysis [ i type Analysis
2 @
8 o, _ 8 [Ontology |
IR Prediction crite HIE HPO
2 = Predicted pathogenicity 2§
S 5o Variant class S|38
5 z3 Location in DAG target g6 Prediction criteria
El ST £ Semantic similarity
<C < Mode of inheritance

Ranking by Ranking by
pathogenicity 20top clinical relevance
ked

candidates

Clinical genetics evaluation

Choose best candidate

v

Fails
> Exclude candidate
‘ Sanger validation e

T Y
Passes
v

. Consistent | 7 |
= studies

o Clinical/Bioinformatic workflow in ca. 60 min
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PhenIX: Prospective Validation

ID Age, Sex Presentation Gene Rank Diagnosis

P1 3y (f) Intellectual disability MLL 2 Wiedemann Steiner syndrome
+ complex phenotype

P2 5y (f) Intellectual disability SYNGAP1 4 Mental retardation, MRDS5
+ complex phenotype (41)

P3 6y (f) Skeletal phenotype FGFR2 1 Pfeiffer syndrome

P4 d. 5.5m (f) Complex phenotype SH3PXD2B 6 Frank-ter Haar syndrome
without  intellectual
disability

P5 6m (f) Intellectual disability SLC6A3 1 Parkinsonism-dystonia
+ neurological abnor-
malities

P6 Fetus Skeletal phenotype ALPL 2 Infantile hypophosphatasia

P7 Ty (m) Eye phenotype NHS 2 Nance-Horan Syndrome

P8 14y (m) Intellectual disability MLL 1 Wiedemann-Steiner syndrome
+ complex phenotype

P9 6y (f) Intellectual disability DYRKIA 4 Mental retardation, MRD7
+ complex phenotype

P10 1.5-Ty Intellectual disability MCOLN1 1 Type IV mucolipidosis
+ complex phenotype

P11 3y (m) Intellectual disability RBM10 3 TARP syndrome

+ complex phenotype

@ Diagnosis rate was 100% in 52 retrospective “solved” cases and 28% in the 40 “unknown” cases

10-11, 2015



PhenIX

RESEARCH ARTICLE

GENETIC DIAGNOSIS

Effective diagnosis of genetic disease by computational
phenotype analysis of the disease-associated genome

Tomasz Zemojtel,*>* Sebastian Kohler,'* Luisa Mackenroth,'* Marten Jager,'

Jochen Hecht,*® Peter Krawitz,' Luitgard Graul-Neumann,' Sandra Doelken,’ Nadja Ehmke,’
Malte Spielmann,™ Nancy Christine @ien,"® Michal R. Schweiger,"*’ Ulrike Kriiger,

Gotz Frommer,® Bjorn Fischer,"* Uwe Kornak," Ricarda Flottmann,' Amin Ardeshirdavani,”
Yves Moreau,® Suzanna E. Lewis,'® Melissa Haendel,"' Damian Smedley,'? Denise Horn,"

Stefan Mundlos,'** Peter N. Robinson'#5'3t

Phenl€  (Charite

e http://compbio.charite.de/phenix

@ Zemojtel T et al (2014) Effective diagnosis of genetic disease by computational phenotype analysis

of the disease-associated genome. Science Translational Medicine 6:252ral23



http://compbio.charite.de/phenix

The value of models

e We remain largely ignorant of the genetic basis of human disease

e Large scale mouse and zebrafish programs are providing
phenotype data for many thousands of genes for which no human
disease is currently known

e A number of talks in this Symposium!

Abdghinal

Kohler S, Schoeneberg U, et al (2014) Clinical interpretation of CNVs with cross-species phenotype data.

J Med Genet 51:766-72.

ember 10-11, 2015



HPO: Semantic Unification of Common and Rare Disease
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HPO and Common Disease

@ Groza T, et al. (2015) The Human Phenotype Ontology: Semantic unification of
common and rare disease (Am J Hum Genet, 97:111-24)
@ 132,006 annotations to terms of the HPO for 3,145 common human diseases




Phenotypic overlap: Rare and Common

e Mutations in the coding sequence of PSENT1 are associated with
early-onset familial Alzheimer’s disease

e

o}

o, )

«8 Y

}‘?J g% g"%‘*‘%ﬂi :&%39%

o

e Mutations in the promoter of PSEN1 are associated with an
increased risk of late-onset Alzheimer’s disease

@ Question: How common is this across the spectrum of all
Mendelian disease?
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Phenotypic overlap: Rare and Common

We compared phenotypes of rare diseases and common dis-
eases with non-coding GWAS hits in the region of the gene

Disease

Common HPO terms

15840016: Rheumatoid arthritis™
CD247: Immunodeficiency due to defect in CD3-(

Edema (HP:0000969)
Arthralgia (HP:0002829)
Arthritis (HP:0001369)

i ity (HP:0002960)

152268361 Polycystic ovary syndrome™
FSHR: Ovarian hyperstimulation syndrome & Ovarian
dysgenesis |

Polycystic ovaries (HP:0000147)
Decreased fertility (HP:0000144)
Amenorrhea (HP:0000141)

rs13081389: Type 2 diabetes mellitus”
PPARG: Lipodystrophy, familial partial, type 3

Hyperglycemia (HP:0003074)
Hyperinsulinemia (HP:0000842)
H; (HP:0000822)

159644568 Hypertriglyceridemia™
LPL: Type I hyperlipoproteinemia

Hypercholesterolemia (HP:0003124)
Combined hyperlipidemia (HP:0008356)
Atherosclerosis (HP:0002621)
Pancreatitis (HP:0001733)

1534778348: Parkinson’s disease”
LRRK2: Parkinson discase-8

Rigidity (HP:0002063)
Bradykinesia (HP:0002067)
Dementia (HP:0000726)
Tremor (HP:0001337)

1512726330: Parkinson’s disease”
GBA: Gaucher discase, various types

“Akinesia (HP:0002304)
Dementia (HP:0000726)
Dementia (HP:0000726)
Rigidity (HP:0002063)

1512149070: COPD™
HYDIN: Ciliary dyskinesia, primary, 5

Respiratory tract infection (HP:0011947)
Respiratory insufficiency (HP:0002093)

@ Hundreds of candidates

@ Overlap was significantly higher than randomized networks (p = 1.6 x 10~7)

ptember 10-11, 2015




Phenotypic Networks of Common Disease

GWAS studies have identified over 6,000 strong associations
(p < 1078) to common complex diseases

o Some GWAS hits have been associated with multiple diseases
e For instance, rs1344706 is associated with both schizophrenia and
bipolar disease

Of 16,152 GWAS hits analysed (GWAS Central), 863 were
associated with 2 or more diseases

For these 863 GWAS hits, we compared the HPO annotations of
the diseases and looked for overlap

Peter Robinson (Charite) Deep Phenotyping 42/5



Phenotypic Networks of Common Disease
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o We identified a substantial amount of phenotypic overlap including

many dense subnetworks

o Highly statistically significant (p = 2.3 x 10757)

Peter Robinson harite)

43/50
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Common Disease Annotations: Browsing

Parkinson Disease ' oownioad Disease Ontolo
gy

MeSH Term DOID: 0014330 - VIEW DISEASE NETWORK

HPO
Neuronal activities in the ventrolateral thalamus and basal ganglia in

relation to Parkinson's disease POSTURAL INSTABILITY

Wang, Jing; Zhuang, Ping; Li, Yong-jie;

g o o RESTING TREMOR
To investigate the neuronal activities in the ventrolateral thalamus (VL), internal
globus pallidus (GPi), and subthalamic nucleus (STN) in relation to parkinsonian POSTURAL TREMOR
symptoms.

VISUAL HALLUCINATIONS

Parkin: much more than a simple ubiquitin ligase HYPOKINESIA
Alves da Costa, C; Checler, F;
BRADYKINESIA
Parkin is mainly a cytosolic protein involved in a subset of Parkinson's disease (PD)
cases referred to as autosomal juvenile recessive forms of PD. Most studies have
established as a dogma that. APATHY
AKINESIA.
Dopamine and ?-synuclein dysfunction in Smad3 null mice CHOREA
Tapia-Gonzélez, Silvia; Girdldez-Pérez, Rosa M; Guartero, M Isabel; Gasarejos, M
José; Mena, M Angeles; Wang, Xiao-Fan; Sanchez-Gapelo, Amelia; RO
Parkinson's disease (PD) is by i inthe
substantia nigra (SN). Transforming growth factor-?1 (TGF-?1) levels increase in ORTHOSTATIC HYPOTENSION

patients with PD, although the...

@ The common disease annotations are available for browsing and download at
http://pubmed-browser.human-phenotype-ontology.org
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Cross species phenotype analysis

e The full value of projects such as UDP/UDN, 100K Genomes,
IMPC, and many others will not be gotten without comprehensive
computational phenotype resources

e Monarch and HPO are growing into a comprehensive interlinked
database of the human phenome and diseasome with relevant
model organism data, but are still underfunded

@ Some areas in HP and MP will require extension

Behaviour
Metabolism (e.g., metabolomics)
Craniofacial
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Precision M

While current algorithms are working well for rare disease, more
sophisticated representations of the phenotype will be required for
common (complex) disease including cancer

Time course

Multimorbidity

Medications and treatments

Side effects

Integrated algorithms for matching phenotype to molecular
pathophysiology

Enable & shorten time to diagnosis
Identify actionable subtypes
Understand natural history and gender differences

e Connect to molecular taxonomy of disease

@ Animal models of common disease
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Genome sequencing & Non-coding Variation

e We are just beginning to explore the role of the entire genome in
human disease
e Regulatory variation is probably more common than we think

o By understanding regulatory mutations in rare disease, we will
have a path towards precision medicine — the great majority of
GWAS hits are non-coding.

e How does phenotype differ from that of coding mutations in rare
disease (e.g., SHH or PTF1A)

e How do the myriad variants found in all of us contribute to the
phenotypic spectrum of common disease?

e Animal models of gene regulation are many but not currently
annotated in a way that could be integrated in medical analysis
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HPO: Find out more

Overview articles

Robinson PN et al 2008 The Human Phenotype Ontology: a tool for annotating and ana-
lyzing human hereditary disease. Am J Hum Genet 83:610-5.

Robinson PN, Mundlos S 2010 The human phenotype ontology. Clin Genet 77:525-34.

Kohler et al 2014 The Human Phenotype Ontology project: linking molecular biology
and disease through phenotype data. Nucleic Acids Res. 42:D966-
74.

Computational semantic reasoning over phenotypes

Kohler et al (2013) Construction and accessibility of a cross-species phenotype on-
tology along with gene annotations for biomedical research.
F1000Research 2:30

Kohler S et al. (2011) Improving ontologies by automatic reasoning and evaluation of log-
ical definitions.
BMC Bioinformatics 12:418.

Robinson PN, Webber C (2014) Phenotype ontologies and cross-species analysis for translational
research. PLoS Genet 10:e1004268.

Decision support/exome analysis

Kohler S et al 2009 Clinical diagnostics in human genetics with semantic similarity
searches in ontologies. Am J Hum Genet. 2009 Oct;85(4):457-64.

Algorithms
Schulz MH et al 2011 Exact score distribution computation for ontological similarity
searches. BMC Bioinformatics. 12;12:441.
Bauer S et al 2012 Bayesian ontology querying for accurate and noise-tolerant seman-
tic searches. Bioinformatics;28(19):2502-8.
Robinson PN, Bauer S 2011 Introduction to Bio-Ontologies. Chapman & Hall/CRC Mathemat-

ical & Computational Biology
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