human disease network analysis reveals the clinical
severity of genetic disorders
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Society

Mega-Hub. An MTV veejay spreads the
word to thousands or millions of people
through one-way links.

Internet

Hub. This undergraduate has spread the word
to seven other people through two-way links.
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Biological Network
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Disease pleiotropy and network modularity

Costanzo et al. The Genetic Landscape of a Cell. Science (2010) vol. 327 (5964) pp. 425
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Disease mechanism in the protein interaction network

Disrupt the interaction interface leading to loss of function effect
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ol ' Modify the interaction properties recruiting of novel partners

Major issues of Network Medicine

Medical language system, Biomedical vocabularies, Clinical repository
Disease classification, Disease gene mapping, Network medicine, Autonomic diagnosis




The human disease network

Construction of the diseasome bipartite network

Human Disease Network
(HDN)
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Disease Gene Network
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Procedures to connect comorbidity and genetic associations

Patient ID Diagnosis 1 Diagnosis 2 Diagnosis 3 Diagnosis 10
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Example: Diabetes in the Human disease network
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Integrative approach to predict phenotype connections

Molecular connections

Localization Metabolic
similarity pathway

Protein-protein

SUETEIEEE interaction

Co-expression

Data integration

Prediction of
phenotype connections



Protein subcellular localization and Human diseases
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Relationships between disease-associated proteins and their subcellular localizations
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Correlation between disease classes and subcellular localizations

A

Disease class
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The implication of subcellular localization for disease comorbidity
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Comorbidity tendency

The implication of subcellular localization for disease comorbidity
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Subcellular localization and human diseases
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Evolutionary history of human disease genes reveals phenotypic connections and
comorbidity among genetic diseases

A philosophical question?
Evolution of human diseases

gain or loss of function ?

Evolution of anatomy and physiology



Disease and evolution

Why do we need diseases”?

Comparison of the distribution of malaria (left) and
sickle-cell anaemia (right) in Africa



http://www.survivalofthesickestthebook.com/buy.php

Evolution of automobiles




Conserved (common) or evolving (species specific) parts ?




Human disease genes; fast or slow evolving ?
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Human disease genes have diverse evolutionary rates
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Human disease genes have diverse evolutionary rates
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human disease genes

Morphogenes and physiogenes enriched differently

27, 617 mouse genes

genes are knocked out,
N knocked down, or mutated

5,199 genes are collected with
one or more phenotypic alterations

classified the phenotypes
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Evolution connect genotype to phenotype

Molecular connections in the comorbid disease pairs

A

Hip dysplasia

Vertical talus

Welander digtal

myopathy "= -S_
Arthrogrypesis

Cataract Cerebellar

Macular;
degeneralion

nanism

Palymicrogyria

Phenotypic disease network

@ Slow evolving diseases

@

Moderate evolving diseases
Fast evolving diseases

Glucose/galactose
malabsarplion

maiabsarplion

Evolutionary connections

Molecular connections

Phenotypic connections
. comorbidity



Unpublished results

It is hard to relate mutations with disease due to various genetic backgrounds and environmental
factors

Background Mutation Environmental Variation
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Lung 1
-
Cancer Phenotype Health Phenotype

(Malignant cancer) (sometimes benign tumor)



Building genotype-phenotype map from model organism is important for human disease prognosis.

» Disease-associated genes found by GWAS have low heritability and small effect for clinical use
(Human disease outcome, severity, and progression prediction).
» Experiments on model organisms offers opportunity to evaluate the phenotypic effect of disease-causing

mutations
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(Modified from Matthew et al. Alcohol Research: Curr Reviews. 2011)



Model organism genotype-phenotype maps have relevance to human disease.
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Relationship between gene essentiality and disease-association is under debate.



Essential genes are associated with human diseases.

» Essential genes are required for survival and contribute to fithess of model organism.
» Perturbations of essential genes cause discernible phenotypic symptoms as human disease phenotypes.

Normal Heart  Dilated Cardiomyopathy

: ) | B Dilate
. Gene s ventricle

C®
/N
o @

Essential Non-essential
genes genes

@ medmovie.com

* In mouse, knock-out of ACTC-1 makes mouse lethal with heart development failure.
* In human, mutations in ACTC-1 are found in cardiomyopathy patients.



However, many non-essential genes are also related with human diseases.

Perturbation of Effects Network
' Individuals can tolerate disease-causing mutations .
Disease _ _ g Malfunction .
genes longer, often past their reproductive age. (Disease) Periphery
Essential Functional perturbation of essential genes 5 System Failure Hub
genes leads to abortion in the embryonic stages. (Death)
Periphery
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proteins ®
Disease ‘ :e:mﬁm‘ ;
proteins ' '

85

em Failure (in entire network) Malfunction in local network

(Barabasi et al. Nat Genet Rev. 2011) Death Disease



Genotype and phenotypes of human diseases are diverse.

Diseases are caused by mutation of conserved gene effecting loss of function in organism.
Some disease phenotypes are beneficial for survival and reproduction of organisms.

A ! ds Disease class Adw | dz
005 -D04 002 O ] 0.04 008 012
v Muscular ' ' '

i Ear, Moga Throat |

—d Psychiatric

¥ Skeletal
R Cardiovascular |
Meurglogical
* Cphthamaological ]
) Develcpmental ]
i | Multiple
-l Cancer
¥ Dermatological |
Metabolic  }
MNutritional HH
Endocring -
Connective [
Exare =
| Rena -
| Gastrointestinal | =
Hematological | IS
L Immunaological _pH
Respiratory

(Park et al. Scientific Reports. 2012)

Genotype-phenotype relationship of human disease are diverse.
Apply

Interpretation of human disease from genotype-phenotype map of model organism



Investigation of association between essential genes and human disease genes
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« 2,726 essential genes

] Mouse model organism
8 high sequence homology with human

well-annotated mutant phenotypes

Mouse Disease
Genome Genome Criteria of defining essential genes
. — Embryonic lethality
o Essential Prenatal lethality
e disease genes Survival postnatal lethality
Essential /& < Orthologous L Abnormal reproductive system
genes L 9 enes morphology or physiology
""""""""" Non-essential Premature death or induced morbidity
S disease genes Mutant life span < 50 days
- -

34



Gene Essentiality and Human disease-association
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Human diseases associated with essential or non-essential genes are different.
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Essential diseases are more clinically severe than non-essential diseases in human population study.
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* We investigated disease progression (death or viable) of specific diseases patients from medicare
patients population data (13,039,018).
» Essential disease classes have higher fraction of dead patients in 8 years than non-essential disease

classes.
» Top 5 of disease classifications causes death in US are overlapped with essential diseases.
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Association between gene essentiality and disease classes is originated from

disease module connected by essential or non-essential genes in HDN.
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Goh et al. found that diseases in same major class are clustered in Human Disease Network (HDN).
» Diseases connected by essential or non-essential genes have strong modularity in HDN.



Disease 0.7 -
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Protein Interaction Network Disease Network Motifs

 Complete disease network motif composed by 3 diseases is basic component of disease modules.
* 90% of disease network motif found from HDN are connected by all essential or non-essential genes.



Clustering of essential or non-essential gene

in protein interaction network is related with diseases modules in HDN.

Disease

04, P=301X10""

—

Human Disease Network (HDN)

Disease

module ~——
0.2 |

Ess
diseas¢ gene

Fraction of PPI within clusters

L P

PPI connection

* Protein interaction composed by all essential or non-essential genes tend to connect within module
in protein interaction network.
* Modularity of human diseases is closely related with protein interaction network (PIN).
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Unpublished work

Domain-Linear Motif Interactions Shape the Modular
Architecture of Human Protein-protein Interaction
Network During Evolution



Two types of PPI: DDI and DLI

Domain-Domain

(o) C%) o % Domain-Linear Motif

|
Interaction: O 5 Interaction:
”’O |
c2 |
: i F1:
~ : : s
I c
1:533 ;
R
O
OO O —— sirong interaction
P

weak interaction

- Domain length from 25 - 500 AA

- Affinities: K nM to pM

- Rather stable interactions

- Examples: BTB(POZ), Ras-GAP, CARD

Strong and obligate

- Motif length from 3 - 10 AA

- Affinities: K, ~ uM

- Rather transient interactions

- Examples: Sh3/PxxP, EVH1/FPPPP

Weak and transient
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Hypothesis; Interaction strength is related with modular architecture

Social network PPl network

Domain-linear

Domain-domain
— Strong tie interaction @
(DDI)

— Weak tie motif interaction
(DLI)
':_ _. _':- Community Module

DDIs and DLIs have distinct roles for the modular architecture of PPl networks and its

evolution.
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The strength of weak ties

Mobile call graph with call duration

Proc Natl Acad Sci U S A. 2007 May 1;104(18):7332-6.

Weak interactions connect between modules,
whereas strong interactions cluster nodes

within modules.

44



DLIs

and DDIs have different topological roles in the PPI network

a

b
Human PPI network
Proteins: 12016 Interactions: 78708 22 "
- DDI, R =0.76; p=2.2x10"
& 2'|-.
Domains: 19081 Linear motifs: 175398 | g 0 AT
L2 - . - .
w1 e ]
@ DLI, R = -0.92; p=8.6x102" *
22
1 10 20 30 40 50
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interaction (DLI): interaction (DDI):
5622 11237
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= DL| =DDI
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€ 2 .
§ 2 - )
B ot ]
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22 g T T T T
1 10 20 30 40 50
Betweenness
DLI and DDI assigned human PPI network
e
DLI
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8 5]
3 3
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Average clustering coefficient Average betweenness
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DDIs are enriched in within modular interactions and
DLIs are enriched in between modular interactions in the PPI network

b
22 -
_ DDI, R = 0.76; p=2.2x10""°
c 21 J
@
£ =, .
S 203 L et T
LICJ 2-1 )
52 ‘Lf_a R | 3.6
1 10 20 30 40
Clustering coefficient
C
22
DLI, R = 0.69 2.9x10
E 21 J
E -----
ﬁ 20 -, ':l. L
T
DDI, R =-0.61; p=2.8x10
22 - - : : -

1 10 20 30 40 50
Betweenness

DDIs — cluster proteins DLIs — connect different topological cluéters



Weak (transient) interactions have important roles in biological network

Function A Function B Complex A Complex B Organelle A Organelle B

O

) Co~
s GeR Ay
S /

O

I Weak interactions Il Strong interactions

Weak interactions are physically more suitable for transient interactions between
biological modules, including functional groups, protein complexes, and subcellular

localizations.
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DDIs are enriched in within modular interactions and
DLIs are enriched in between modular interactions in the PPI network

Between-module  Within-module

interactions interactions
§_‘ | é ]
a o T b

Cell adhesion Membrane traffic
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—— 00 7
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Cc [=%
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(7] ~
L o
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0.5 —

==DLI ==DDI : % Biological module
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Transient interactions have increased during the course of metazoan

species evolution

Number of interactions

@ DDI
@ DLI

10000 1
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]
()}
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N
[o)]
Non-
Metazoan
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improved the modularity of PPI networks
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rPoOosSTeCH

Refinement of module detection by using DLI and DDI information
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