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Computational approaches integrating drug-related information to 
gain a systems level understanding of drug action

Iskar et al. Curr. Opin. Biotechnol. (2011)Iskar et al. (2011) Drug discovery in the age of systems biology: the rise of computational approaches for data 
integration. Current opinion in biotechnology 23 (4), 609-616
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Recent studies integrating side effect 
information with drug-target relations

• Campillos et al. (2008) Drug target identification using side effect similarity. 

Science 321(5886):263-6

• Kuhn et al. (2013) Systematic identification of proteins that elicit drug side 

effects. Molecular Systems Biology 9:663
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drugs
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Integration of drug-information resources: a special focus on 
gene-expression compendium of drug treatments

Drug-target interactions Drug indications
Side effects

The Connectivity Map
(www.broadinstitute.org/cmap/)

The DrugMatrix database 
(GEO: GSE8858)

Mode of action

STITCH resource
(http://stitch.embl.de)

SIDER resource
(http://sideeffects.embl.de)

Drug-induced gene 
expression profiles

1 42

3

3 Natsoulis et al. MSB (2008)
4 Kuhn et al. MSB (2010)

1 Kuhn. et al.  NAR (2012)
2 Lamb J. et al.  Science (2006)

Structural features

Kuhn et al. (2012) STITCH 3: zooming in on protein–chemical interactions. Nucleic Acids Research 40(D1): D876–D880
Lamb et al. (2006) The Connectivity Map: Using Gene-Expression Signatures to Connect Small Molecules, Genes, and Disease. Science 313:1929-1935
Natsoulis et al. (2008) The liver pharmacological and xenobiotic gene response repertoire. Molecular Systems Biology 4:175
Kuhn et al. (2010) A side effect resource to capture phenotypic effects of drugs. 6:343

http://www.broadinstitute.org/cmap/
http://www.broadinstitute.org/cmap/
http://stitch.embl.de
http://stitch.embl.de
http://sideeffects.embl.de
http://sideeffects.embl.de
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Drug-induced gene expression profiles were used to 
generate a drug-drug similarity network

• Iorio et al. (2009) Identifying network of drug mode of action by gene 

expression profiling. Journal of Computational Biology 16 (2), 241-251

• Iorio et al. (2010) Discovery of drug mode of action and drug repositioning 

from transcriptional responses. Proceedings of the National Academy of 

Sciences 107 (33), 14621-14626
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Inferring novel drug-disease associations based on 
anti-correlated expression profiles

• Hu et al. (2009) Human Disease-Drug Network Based on Genomic Expression 

Profiles. PLoS ONE 4(8): e6536

• Sirota et al. (2011) Discovery and preclinical validation of drug indications 

using compendia of public gene expression data. Science Translational 

Medicine 3 (96), 96ra77-96ra77

• Dudley et al. (2011) Computational repositioning of the anticonvulsant 

topiramate for inflammatory bowel disease. Science Translational Medicine 3 

(96), 96ra76-96ra76
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Comparison of the Connectivity Map 
and the DrugMatrix database
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Mean centering among treatments eliminates
batch effect in the Connectivity Map resource

Same Drug/Same Batch
Same Drug/Different Batch
Different Drug/Same Batch
Different Drug/Different Batch

Iskar et al. (2010) Drug-induced regulation of target expression. PLoS computational biology 6 (9), e1000925Iskar et al. PLoS Comput Biol. (2010)
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Assessment of drug-induced gene expression profile similarity (DIPS)
 with structural similarity and ATC classification

False positive rate

Classi!cation
(Sharing 4th level)

2D Chemical Structural Similarity
(Tanimoto score>0.8)

DIPS
Iorio et al.
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Drug-induced regulation of target expression

Cytoplasm

NucleusDown-regulation Up-regulation

Expression change

Small molecules

Drug target (Present call)

mRNA transcription

Agonists/antogonists vs all treatments

STITCH 2.0 target relations and actions

Aim: Systematic analysis of feedback regulation of 
drug targets induced by its inhibitors/activators



9.Calmodulin 1

1.Histone deacetylase 3

3.Beta-2 adrenergic 

receptor

7.Lanosterol 14-α demethylase 

6.Interleukin-8

2.Endoplasmin

11.Thymidylate synthase

4.Prostanoid EP2 receptor

Gene Name

13.Tubulin, Beta 2cA

Hemmatazad et al.

ReferencesScatter plots of 

drug-induced drug-targets

against all other treatments

-1.5 -1 -0.5 0 0.5 1 1.5Activation Inhibition

Up-regulation Down-regulation
Activation Inhibition

Average difference gene expression

Drug 

Action

Direction of

Regulation

12.Prostanoid EP4 receptor

8.DNA Topoisomerase 2-α

5.Histone deacetylase 7

10.cAMP-specific 3',5'-cyclic 

phosphodiesterase 4D

Hadcock et al.

MacEwan et al.

Desai et al.

Hemmatazad et al.

Libra et al.

Desai et al.

Caron et al.

Iskar et al. (2010) Drug-induced regulation of target expression. PLoS computational biology 6 (9), e1000925
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Iskar et al. PLoS Comput Biol. (2010)

8% of drug targets are differentially regulated 
at the expression level upon drug perturbation
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Conclusions I

• Batch effect in the Connectivity Map resource can be eliminated by using treatments 
rather than untreated controls to estimate background. 

• Benchmarking highlighted that drug-induced gene expression profiles reflect the 
mechanism of action and chemical structure of drugs. 

• 8% of drug targets were found to be feedback-regulated at the expression level upon 
drug treatment. In addition to known cases reported in literature, we also identified 
novel feedback loops that may have a role in the development of drug tolerance.



Characterization of modules

MCF7

PC3

HL60
MCF7

Identification of modules

drugs

 g
en

es

Conservation of modules

H2 C

O

N

N

Cl

Cl

Novel
Drug MoA

Novel functions
for hypothetical

genes

Drug-induced gene
expression profiles

In vitro
Connectivity Map

In vivo
DrugMatrix

990

344

990

990

Drugs:
ATC code
Target proteins
Side effects

Genes:
GO terms
KEGG / BioCarta pathways
Protein-protein networks

HL60

PC3

Rat liver

Transcriptional module

October 25, 2011

Identification and characterization of drug-induced 
transcriptional modules in three human cell lines and rat liver

1 Lamb J. et al.  Science (2006)
2 Natsoulis et al. MSB (2008)

3 Bergmann et al. Phys Rev E Stat Nonlin. 
Soft Matter Phys. (2003)

1

2

3

Iskar et al. (2013) Characterization of drug-induced transcriptional modules: towards drug repositioning and functional understanding. Molecular Systems Biology 9:662
Bergmann et al. (2003) Iterative signature algorithm for the analysis of large-scale gene expression data. Physical Review E: Statistical, Nonlinear, and Soft Matter 
Physics. 2003 Mar;67(3 Pt 1):031902
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72% of human drug-induced modules  
are present in multiple cell lines

CODIM1

14

3 36

8

CODIM2

142

1225

CODIM7

22 13

13

CODIM17

19

18

detected in MCF7

detected in PC3

detected in HL60

detected in rat liver

significant overlap between genes (q < 0.01)

significant overlap between drugs and genes (q < 0.01)

MCF7-9

9
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Conservation estimates across cell lines and 
organisms are robust to variations in chemical space



Enriched biological process (14 out of 23 CODIM)

Enriched MOA or ATC class (10 out of 23 CODIM)

Well-known associations

Enriched BP and MOA (7 out of 23 CODIM)
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9 2
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Vesicle-mediated transport

MOA: Unknown

CODIM14:

19

18

Enrichment of WD40 repeat

Na+/K+ pump inhibitors

CODIM17:11 16

12

Enrichment of LIM domain

HDAC inhibitors

CODIM6:

15 7
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Characterization of gene and drug members of 
drug-induced transcriptional modules
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Inferring novel regulators of cellular cholesterol levels 
using drug-induced transcriptional modules

CODIM2

142

1225
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Prediction and confirmation of novel cell-cycle inhibitors via 
drug-induced transcriptional modules

CODIM1

14

3 36

8
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Identification of novel drug-target relations using 
cell line-specific drug-induced transcriptional modules
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Conclusions II

• Our analysis framework has delineated the modular architecture of regulatory networks 
in mammalian cells perturbed with various drugs, resulting in a compendia of drug-induced 
transcriptional modules.

• Drug-induced transcriptional modules are conserved across cell lines (72%) and 
organisms (15%). 

• Drug-induced modules can be used to infer gene function (e.g. novel regulators of 
cholesterol levels) and drug action (e.g. new cell cycle blockers and new modulators of 
PPARγ, ADRA2C and ERα).

• Drug-induced transcriptional modules can be regarded as transcriptional markers for 
specific (off-) targets or side effects to systematically evaluate the efficacy and safety of 
new chemicals during early drug development.
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