. RBIOLOGI

Department of Systems Biology CALSEQU
ENCEANA

LYSIS CBS

[]]'U DTU Systems Biology CENTERFO

i

From Chemical to Systems Biology: How
Chemoinformatics can contribute?

Red = more serious

Eyes
- Blurred vision
- Yellowing

Psychological
- Anxiousness

- Dizziness - Ringing
- EFOV;Si“:SS sound Face, lips or tongue
- Headache - Dryness
- Mood changes Tgroa& - Swelling
- Fainting - oweling_ g
- Confusion ) : Muscular
- Fear ‘ - Seizures
- Unusual thoughts ; : — L Heart

P> or behavior | - Slowed
- Loss of appetite heart rate

Skin Stomach

- Hives - Nausea
- Itching - Vomiting
- Yellowing | - Distress
= : - Pain
Lungs Intestinal Urinary
- Difficulty breathing - Constipation - Problems urinating

- Shallow breathing - Clay-colored stools - Dark urine

Olivier Taboureau, Computational Chemical Biology group SSSC, June 27, 2012
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Objective: Understand the relationship between chemical actions (environmental
chemicals, drugs, natural products) and disease susceptibility genes.

Targets

Molecules

Functional human variation Toxicogenomics Integrative Chemical Biology
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The Long Road to a New Drug

- Registratio

Full NDA/MAA
Development
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Systems chemical biology

Tudor I Oprea, Alexander Tropsha, Jean-Loup Faulon & Mark D Rintoul

The increasing availability of data related to genes, proteins and their modulation by small molecules has
provided a vast amount of biological information leading to the emergence of systems biology and the broad
use of simulation tools for data analysis. However, there is a critical need to develop cheminformatics tools that

can_integrate chemical knowledge with these biological databases and simulation approaches, with the goal of
creating systems gllemical biology.

/ POLYPHARMACOLOGY \
CHEMOGENOMICS
NETWORK PHARMACOLOGY

SYSTEMS PHARMACOLOGY
Small compounds Human body

Structural information Biological pathways - /
Bioactivity information Protein-protein interactions

Gene expression data

Disease phenotypes

Side effect data,

etc... etc...

Oprea et al. Nature Chem Biol (2007) 3, 447-450
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L]

Omics
= Complex cell systems assays
Molecules Pathways Cells Tissues Humans
Meters 0°° 10! 0’ 0-* 104 0 w? 0= 0 1
Seconds -+ N2 104 0 0
Scale

Butcher EC, Berg EL, Kunkel EJ. Systems biology in drug discovery. Nat Biotech 2004; 22: 1253-9.



Where to start?
A Meta-Database?

HOW STANDARDS PROUFERATE:
(e AJC CHARGERS, CHARACTER ENCODINGS, INSTANT MESSAGING, ETC)

SITUATION:
THERE ARE
14 COMPETING
STANDPRDS.

1?7 RiDICVLoLS)

WE NEED To DEVELORP

ONE UNIVERSAL STANDARD

THAT COVERS EVERYONES
VSE CASES. YERH!

\ O J

)

GoON:

SITUATION:
THERE. ARE
|15 COMPETING
STANDPRDS.

http://xkcd.com/927/




We hope for a simple concept...
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Side Effects

Side Effects

Side Effects



What is the number of targets for a drug?
DrugBank mmml> 4400 drugs, 2.7 targets/drug in average

=mmjp 1081 drugs, 5.69 targets/ drug in average

Wombat-PK

The topology of drug—target interaction networks: implicit dependence
on drug properties and target families{i

Jordi Mestres,** Elisabet Gregori-Puigjané,” Sergi Valverde™ and Ricard V. Solé™

Received 23rd March 2009, Accepted 26th May 2009
First published as an Advance Article on the web 8th July 2009
DOIL: 10.103%9/b905821b

The availability of mteraction data between small molecule drugs and protein targets has
increased substanually i recent years. Using seven different databases, we were able 1o assemble
a total of 4767 unique interactions between 802 drups and 480 targets, whick means that on
average cvc:_vlr.u 18 currently acknowledped to interact with 6 tarpets| The application of
network theory to the analysis of these data reveal’s an unexpectedly complex picture of
drug-target interactuons. The results confirm that the topology of drug-target networks depends
implicitly on data completeness, drug properties, and target families. The implications for drug
discovery are discussed.
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Chemical similarity

"

.
g by Moonde [l Prosn >

Proteins mopcas hal e
.(-"E ' B i ISt [¢ Ik
J:-nx i -~ " : |

)
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°

L3

Compounds

-
.
X

d o
Wetstsctrcgas @

Serotorengcs osctrope Serdonengics

Keiser MJ et al. Nat. Biotech 2007
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Drug-target network ENCEANA
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Yildirim M et al. Nat. Biotech 2007
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What about phenotypes?

Protein-Protein interactions Network (PPI)

. . disease

‘:- ,.Z;.:::.-e.. —— disease

disease

Especially genetic disorders
(color blindness, Huntington’s
disease, Cystic fibrosis)

Prader-Willi syndrome (7 genes)

Cancer, diabetes, mental illness
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MINT
BIND
DIP
GRID a o e tseare
cgo 9o
HPRD — > ey —»
KEGG " T A
REACTOME
Curated 500 000
interactions
Download and , : between 10,300
f t PP Trans organism Automated scoring :
rerorma ) : . human proteins
ppi transferral of all interactions

databases \ /

Lage et al. Nat. Biotech 2007
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Candidate Candidate Identification of proteins Candidate Candidate ranking
proteins complexes known to be involved in score based on score
similar disorders (Score, candidate)
Virtual Phenotype . o~ . _
Pu"'down i associatiog : (? E Scorlng 0 1 5
Virtual ) Phenotype : .
) Pull-down : associatiog : : : Scoring 0.02
Virtual Phenotype )
@ Pull-down assoc[atiog Scorlng 0'60
Linkage interval, Virtual Phenotype - : Scori
with N candidates Pull-down associatiog coring
found in genetic . > [ 4) . [4) . » 0.01
studies to be : :

associated with
the patient
phenotype

Vir}ual Phenotype Scorin

Pull-down % assomatlog % : 9 0.10
|dent|f|Cat|0n Of new d |Sease gene EPain/vise similarity of;)r:g:‘e;?yp%henotype and patient;
candidates by phenomic ranking
of protein Complexes Notinvolved  Similar _ Highly similar Identical

in similar dis.

Lage et al. Nat. Biotech 2007
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Side Effects
PPI

O—%e-1,
LNANAN
AR

_o — ) e
o/
VAVRY

Pathway Therapeutic outcome

Target 3



Tissue-specific pathology and gene expression of

human disease genes and complexes

7

.

TH
SNCAIP'
SNCA
LAMP2

psmca  Cellular component:

Disease: \
Parkinson disease

Tissue expression:

Caudate nucleus: 0.668
Subthalamic nucleus: 0.251

Globus pallidus: 0.119

Presynaptic membrane

Biological Process:
Catecholamine metabolism j

-

PRINX1
P;

PMP22

Z Dorsal root ganglion: 2.182

Disease: \
Charcot-Marie-Tooth disease
Tissue expression :

Spinal cord: 1.237
Skeletal muscles: 0.722
Cellular component:
Chromosome, telomeric region
Biological Process:
Mechanosensory behaviour

<

Disease:
Medulloblastoma

Tissue expression:
Whole Brain: -0.452
Cerebellum: -0.215
Cellular component:
Lateral plasma membrane
Biological Process:

Biological Process:
Muscle development

( TBX19
<@,

Disease:
Sex reversal
Tissue expression:

Biological Process:
Regulation of transcription

( Disease: \ Wnt receptor signaling
TNNI3 Cardiomyopathy pathway
Tissue expression:
e Heart 1.576
Cardiac myocytes 0.777
Skeletal muscle 0.565 =
Cellular component: Disease:
Myofibril Tu_Jrcot syndrome_
NDUFA4 Biological Process: é‘:;‘é‘;lf:rﬁ_’egss'g;:
Seguatonoieat contracty Temporal Lobe: -0.417
Parietal Lobe: -0.320
Skin: -0.547

( Disease: Cellular component:
Limb-G. muscular dystrophy Nucleus
Tissue expression: Biological Process:

ANE AGT  Skeletal muscle 1.345 Mismatch repair
S A Heart 1.066
Cardiac myocyte 0.164
SGCG Cellular component:
secs DMP Sarcoglycan complex

Disease:

Breast and ovarian cancer
Tissue expression:
Ovary: -0.372

Prostate: -0.065

Cellular component:
Condensed chr.
Biological Process:

Testis: 0.432 DNA repair
PNRC2 Testis leydig cell: 0.338

Ovary: -0.678

Cellular component:

Nucleus

Overexpressed non-cancer Underexpressed cancer
disease complexes complexe
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Lage K, et al.,PNAS, 52, 20870-20875 (2008)



Integration of chemical space into biological space
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Multi-data integration to
understand biological problems

|

Disease chemical biology network




Chemical collection with protein association

Pub©Ohem

PDSP

K Database

DrugBank

® ChemProt X

STITCH
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ChemProt: a disease chemical biology database CALSEQU
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® ChemProt «x-
700.000 unique bioactive compounds for
30.000 proteins

Protein-Protein Interactions
data integration**

Disease-protein complexes

OMIM, BioAlma, GO, Tissue specificity

ENCEANA
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MACCs and pharmacophore fingerprints
computed

P OH

o/

0foyo ojojojoqjo ojojojojopo

Structural similarity
search

Compound 1 Compound 2

Protein 1 Protein 2

Taboureau O et al. 2010 NAR
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F

13 proteins associated to citalopram O SN
Including the primary target SERT O
N//
ChemProt
PPIs

s
s
‘;.\,‘ \\ w

629 genes forming 4141 ¢ . |

interactions diseases




An example with citalopram: Genes enrichment

- cell communication (p-value 1.32 e-86)
- signal transduction (p-value 4.07 e-81)

OMIM - Major Depressive Disorder (p-value 3.77 e-06)
TPH2;FKBP5;HTR2A

- Obsessive-Compulsive Disorder 1 (p-value 1.67 e-04)

HTR2A;SLC6A4

BioAlma - Schizophrenia 9.02 e-24
- Bipolar disorder 6.92 e-21

- Anorexia nervosa 6.61 e-10 — e e\~

- Bulimia nervosa 1.41 e-07
- Obesity 2.20 e-05

et ———
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BioAlma

GO biological process

GO cellular component

HPA mRNA expression

Leukemia
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Citalopram inhibits hERG : :
(5.4 uM in ChEMBL) Not associated to LQTS and arrhythmia

Both EGFR kinase and Src-related tyrosine kinases regulate
human ether-a-go-go-related gene potassium channels.
Zhang OY, Wang ¥, Lau CP, Tse HF, Li GR.



CENTERFO
RBIOLOGI

An example with sibutramine (anti-obesity) CALSEQU

ENCEANA
LYSIS CBS

7 proteins associated to sibutramine

GO - Monoamine transport 5.07 e-08
OMIM - Neuroticism anxiety 3.1 e-03

ol - BioAlma - Tourette syndrome 1.28 e-08

_ - Schizophrenia 1.22 e-07
105 genes forming 326 - Obesity 3.0 e-07

interactions !

86804 cohort in US who took an anti-obesity medication, 38% took antidepressants
and 2.5% had schizophrenia as side effects (Bolen SD, Obesity, 2010)
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Anatomical Therapeutic Chemical (ATC)
classification



Drugs categorization based on the Anatomical Therapeutic

Chemical (ATC) Classification.
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In ATC classification system, the active substances are divided into different
group according to the organ or system on which they act and their
therapeutic, pharmacologcal and chemical properties

A

Al10

A10B

A10BA

A10BA02

Alimentary tract and metabolism

(1st level, anatomical main group)

Drugs used in diabetes

(2nd level, therapeutic subgroup)

Blood glucose lowering drugs, excl. insulins
(3rd level, pharmacological subgroup)
Biguanides

(4th level, chemical subgroup)

metformin

(5th level, chemical substance)



Drug — Target — Disease Classification through ATC

Drugs categorization based on the Anatomical Therapeutic Classification (ATC)

SYSTEMIC HORMONAL PREPARATIONS, EXCL. SEX HORMONES AND INSULINS

MENT

0D AND BLOONAFORM
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T A
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MUSCULOA

GENITO AND SEX HORMONES
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S
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Drug — Target — Disease Classification through ATC
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Drugs categorization based on their bioactivity and ATC codes
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Drugs categorization based on their bioactivity and ATC codes
iz of
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CBS

Over 2 million serious Side Effects (SEs) occur every
year (in the world)

Side effects potentially accounts for the 4th leading
cause of death

The underlying mechanisms of side effects are not
understood (only partly)

Greater effort on designing safe drugs
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Side effect resource (SIDER database)
L
F\':ole.culzr Systems Biology 63 Article number 343; doi:10.1038/msb.2009.98 moIecuIar
%t?llflo gm:::ﬁzgﬁs;mmfmﬁ{ mited Al rights reserved 1744-4292/10 sysmmglogy
www.molecularsystemsbiology.com
REPORT

A side effect resource to capture phenotypic effects
of drugs

Michael Kuhn'#, Monica Campillos’, lvica Letunic’, Lars Juhl Jensen'? and Peer Bork'**

' Structural and Computational Biology Unit, European Molecular Biology Laboratory, Heidelberg, Germany, ° Novo Nordisk Foundation Center for Protein Research,
Faculty of Health Sciences, University of Copenhagen, Copenhagen, Denmark and ® Max-Deloriick-Centre for Molecular Medicine, Berin, Germany

* Present address: Biotechnology Center, TU Dresden, 01062 Dresden, Germany

* Corresponding author. Structural and Computational Biology Unit, European Molecular Biology Laboratory, Meyerhofsirasse 1, Heidelberg 69117, Germany.

Tel.: 4 49 6221 387 8526; Fax: -+ 49 6221 387 517; E-mail: bork & embl.de

Received 9.7.09; accepted 30.11.08

The molecular understanding of phenotypes caused by drugs in humans is essential for elucidating
mechanisms of action and for developing personalized medicines. Side effects of drugs (also known
as adverse drug reactions) are an important source of human phenotypic information, but so far
research on this topic has been hampered by insufficient accessibility of data. Consequently, we
have developed a public, computer-readable side effect resource (SIDER) that connects 888 drugs to
1450 side effect terms. It contains information on frequency in patients for one-third of the drug-side
effect pairs. For 199 drugs, the side effect frequency of placebo administration could also be
extracted. We illustrate the potential of SIDER with a number of analyses. The resource is freely

:10.1038/msb.2009.98

side effects

eatiyll Commons Attribution Licence,

Update from 888 to 996 drugs - =i
only ~ 200 drugs with placebo

ial exploitation without specific




Analyze carefully the information
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SIDER 2 — Side Effect Resource

Hypertension def

Dyspepsia def

Diarrhoea daf

Infection det

Respiratory tract infection deaf

Flatulence ce!

21% non significant pairs
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Mapped Tissue to SE

SE'drUgS pairs # around 1000 terms

I N .Sl Tissue - .

DrugBank
DRUGBANK
l - Blood and immune system
{Hematopoetic)
Skin and soft tssues
oo e,
Add ) ﬂ:gam
secondary.targets from HUMAN PROTE'N ATLA§" gd:warsculw system
ChEMBL e ;;;?5:::“
IC50 and Ki < 100 uM Add ’ ?'""afvm
e Tissue information to the :
ChEMBLE. proteins from ProteinAltas



Diplopia
Anorexia
Nervousness
Insomnia
Oed

Gastrooesophageal reflux disease
Ataxia

Asthenia
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Urinary tract infection

Hypersomnia
Vision blurred

Hypotension
Dysarthria
Flatulence
Cough
Agitation

Dysphagia

Pharyngitis
Confusional state

Back pain
Dizziness
Headache

Diarrhoea
Dyskinesia

Dyspnoea
Constipation

Dyspepsia
Vomiting
Influenza
Amblyopia
Dry mouth
Syncope

Rash
Upper respiratory tract infection

Rhinitis

Nausea
Vaginal inflammation

Abdominal pain
Tachycardia
Palpitations

Weight decreased
Menstrual disorder
Hypersensitivity
Cerebration impaired
Vaginal haemorrhage
Weight increased

I

L =

mallg

MTTTTE TTTTTT]

=

I

Asthenia

Gastrooesophageal reflux disease

Diplopia

Anorexia

Ataxia

Nervousness

Insomnia

Oedema

Rash

Back pain
i Dizziness

Headache
Diarrhoea
Dyspnoea
Constipation
Abdominal pain
Dyspepsia
vomiting
Pharyngitis
Confusional state
Dyskinesia
Hypotension
Dysphagia
Influenza
Amblyopia
Dysarthria
Flatulence
Cough
Dry mouth
syncope
Urinary tract infection
Hypersomnia
Vision blurred
Agitation
Tachycardia
Palpitations
Upper respiratory tract infection
Rhinitis
Nausea
Weight decreased
Menstrual disorder
Hypersensitivity
Cerebration impaired
Vaginal inflammation
Vaginal haemorrhage
Weight increased

||

u
M
o
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Gastrooesophageal reflux disease

Diplopia
Anorexia

Ataxia
Confusional state

Asthenia
Nervousness
Insomnia
Oed

Back pain
Dizziness
Headache
Diarrhoea
Dyspnoea
Constipation
Abdominal pain
Dyspepsia
Vomiting
Pharyngitis
Dyskinesia
Hypotension
Dysphagia
Influenza
Amblyopia

Rash

Urinary tract infection

Flatulence
Hypersomnia

Dysarthria
Cough

Dry mouth
Syncope

nage
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Upper respiratory tract infection

Rhinitis

Nausea
Vaginal inflammation

Vision blurred
Agitation
Tachycardia
Palpitations

Weight decreased
Menstrual disorder
Hypersensitivity
Cerebration impaired

Gastroesophageal reflux disease

Weight increase
and

Wﬂ

e

Neurologlgal side effects
| N |

IIIﬁTH{H

MTTTTE TTTTTT]

=

thenia

trooes

lopia
norexia
Ataxia
Nervousne
Insomnia
Oedema
Rash
Back pain
Dizziness
Headache
Diarrhoea
Dyspnoea
Constipatiol
Abdominal p
Dyspepsia
vomiting
Pharyngitis
Confusional
Dyskinesia
Hypotension
Dysphagia
Influenza
Amblyopia
Dysarthria
Flatulence
Cough
Dry mouth
syncope
Urinary tra
Hypersomnia
Vision blur:
Agitation

| [4

GERD (gastroesophageal reflux disease)
has been directly linked to even small gains
in body weight, without the person having to
be overweight, say researchers in a report
published in the New England Journal of
Medicine, June 1 issue.

n
ain

state

ct infection

red

Female side effect

ory tract infection

RIOLILITLS
Nausea
Weight decr
enstrual d
ypersensit
erebration
aginal inf

eased
isorder
ivity
impaired
lammation

Vaginal haemorrhage

Weight incr:

eased
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Aripiprazole -
LYSIS CBS
Estradiol DF
&tanzapine
B
i N
CA9 4
Mirtazapine
. b
- CHRM2
CAl 4
Np o - .
gp
P ¥
\ i Quetiapi R Paroxetine
CAl2 . ~__ABAT \
bQ opiramate \
Varenicline A g Mperidone
eight increase
/O/ \ Gabapentin
Divalproex
GABRA3 Valproic Acid sodium Pregabalin
Gastrooesophageal
\D\ /w/wnux disease P
Zolpidem
CACNA2D1
Display Settings: (~) Abstract Send tc

Biol Res Nurs. 2007 Apr;8(4):294-9.

The effect of kappa opioid receptor antagonism on energy expenditure in the obese Zucker rat.
Jarosz PA.
Wayne State University, College of Nursing, Detroit, Michigan 48202, USA. ad9433@wayne.edu

Abstract
Food intake and, subsequently, body weight are influenced by endogenous opioids acting in the central nervous system. Agonists for the opioid
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Association drugs, targets and clinical outcomes
A = :
% — _W‘ ‘ Systemic-8lood-Skin

CNS-Mental-Muscular
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Oprea Tl. et al. 2011, Mol. Inf.



Can we predict inter-species toxicological profiles.

We are addressing this by comparing gene expression patterns in rat and human, in vivo
and in vitro, after treatment with a set of 130 compounds from the TG-GATEs database
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The most perturbed genes, according to the conditions (species, organs, in vivo,
in vitro, times and doses), can be visualized and compared to each other.
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Collection of compounds
with known information
for toxicity endpoints

QSAR models based on Toxicogenomics models based
chemical structure on gene expression profiles

8 & o

-Phospholipidosis
-Hepatoxicity
-Nephrotoxicity
-Carcinogenicity
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Low Y. et al. 2011, Chem. Res. Toxicol.
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Patients with same diagnose

Response to treatment

428888
2888288

No response to treatment

Experience adverse events

808488




CENTERFO
RBIOLOGI

Genetic variation CALSEQU

ENCEANA
LYSIS CBS

- Normal
T

Deletion
— s s pr— Duplication
I el Triplication

OO - :
Inversion

Single nucleotide Copy number
polymorphism variation



$ood bran-barrer

Liver cell

rest o )
- e I
. . ‘_".) * ey
¥ derrmthic
St cram $chakogram
— (B |
-rn‘)
,,;9 J
:‘—: - S mkvv-ﬁ*g
A
~H RS o
N awde I A onkopas

Rt
BCracgewm

From PharmGKB

sropeom

CYP2D6 genetic variation

Ethnic origin n CYP2D6 poor metabolizers CYP2D6 gene duplications

Korea 152 | }
China 113 O |
|
Sweden 270 [ | '
Germany 589 [ | |
France 265 [ I
North Spain 147 [—
South Spain 217 1 I
|
Turkey 404 || I
Saudi Arabia 101 B
Ethiopea (Black) 122 [ ] l
f s T s T ] #
0 3 6 9% 0 5 10 15%

Perry et al Nat Genet. 2007 39: 1256-1260.

Frequencies of common deletion and duplications alleles of ADME genes in three major populations
determined by PCR-based techniques.

Gene Type of Decent (healthy subjects) Enzyme substrates
variation
African Asian European
CYP2D6 | Duplication 0.016-0.136 |0.000-0.010 | 0.011-0.070 | Metabolism of variety of xenobiotics and environmental
agents including antiarrhythmics, antipsychotics,
Deletion 0.006-0.061 |0.045-0.062 |0.016-0.073 | adrenoceptor antagonists and tricyclic antidepressants.

We are looking on a Danish and Icelandic cohort based on SNP array
and qPCR for CYP2D6
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Modulation of neurotransmission Modulation of neurotransmission

5. Postsysapic interaction
6 Diffision and metabol e
7. Reuptake by SERT

& Steage

7. Reuptske by SERT
& Steage

Andersen J et al., J. Biol. Chem. 284 (2009) 10276
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Mutagenesis study
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Doest that affect others antidepressants?
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Pharmacogenetics and personalized medecine
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« The study of how genetic variation influences the

response and side-effects of a drug.

 Drug administration based upon genotyping of genes

importance to drug response

........



CENTERFO

Conclusion RBIOLOGH

CALSEQU
ENCEANA
LYSIS CBS

Gene expression
and toxicogenomic
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