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Normal Diseased

How is signal processing altered in disease?

Can we revert disease phenotype ...
or target diseased cells with new therapies?



(Some) challenges in drug discovery

?
Identifying the molecular 
pathways targeted by a 
compound and its off-
target effects

?
Dissecting what 
follows functionally  
the drug/substrate 
interaction

• Identify drug targets for a certain disease
• Characterization of mode of action



There is information available at different levels
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Characterization of drugs at biochemical level 
with  mechanistic models of signalling networks
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Characterization of drug mode of action
 at biochemical level

Mitsos et  al PLoS Comp Bio 2009

Identification of off-target effect of Gefitinib (EGFR inhibitor) 
on IL1-alpha pathway (cJun activation) 



Characterization of drug mode of action
 at biochemical level

Mitsos et  al PLoS Comp Bio 2009

+ Precise characterization at biochemical level
-  Limited scope (measurement limitations)
-  No direct connection to phenotype

Identification of off-target effect of Gefitinib (EGFR inhibitor) 
on IL1-alpha pathway (cJun activation) 
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DvD: An R/Cytoscape pipeline for drug repurposing 
using public repositories of gene expression data

Pacini C  Iorio F 
Gonçalves E Iskar M 

Klabunde T Bork P  
Saez-Rodriguez J,

 Bioinformatics, 
2013

- Compare drug & disease signatures with dynamic access 
to databases (Array Express, GEO),  and Connectivity Map



prednisolone. Based on our analysis, topiramate is also one of the
strongest predicted therapies for UC, with a score of −0.219. Although
another compound, an isoindoline carboxamide (ChemBridge 5186324),
scored higher than topiramate by our method, we focused on topiramate
for experimental validation because it is a Food and Drug Administra-
tion (FDA)–approved compound known to be generally safe in humans
and is readily available for clinical use.

Experimental validation of topiramate as an
indication for IBD
To determine whether our in silico drug indication predictions would
translate into therapeutic efficacy in vivo, we tested whether topiramate
would show efficacy for IBD by means of a TNBS-induced rat model
of IBD. We performed an initial pilot validation experiment followed
by two independent replication experiments in male Sprague-Dawley
rats given TNBS [5% (w/v) total of 100 mg/kg] intrarectally to induce
colitis. One group was not induced with TNBS and was treated with
vehicle only, another group was induced with TNBS and treated with
vehicle (TNBS + vehicle), and the third group was induced with TNBS
and treated with topiramate (80 mg/kg per day) by oral gavage (TNBS
+ topiramate). A fourth group that was induced with TNBS and treated
with prednisolone (3 mg/kg per day) served as a positive control
(TNBS + prednisolone). After the initial TNBS induction, animals
were treated for 7 consecutive days, and the induced IBD phenotype
was assessed in vivo by video endoscopy at days 3 and 7.

Disease severity was assessed over the course of treatment by ob-
servation of clinical signs and by gross inspection of affected colon tis-
sues after treatment termination. Animals treated with both prednisolone
(TNBS + prednisolone) and topiramate (TNBS + topiramate) exhibited
reduced incidence of diarrhea over the course of treatment compared
to affected animals administered vehicle alone (TNBS + vehicle) (Fig. 2).
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Fig. 2. Effect of topiramate on clinical evaluation of IBD severity. For
each study day, treatment groups were scored by percent of animals
with diarrhea within each group (n = 12 animals per group). The pre-
ponderance of diarrhea was found to be significantly different among
treatment groups (one-way ANOVA, P < 0.005). IBD-induced animals
treated with topiramate (TNBS + topiramate) exhibited significantly re-
duced diarrhea over the course of the study compared to the respective
control (TNBS + vehicle; Tukey-Kramer test, P < 0.05).
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Fig. 1. Significant drug-disease scores for Crohn’s disease (CD). The names of
the drugs are placed along the bottom axis, and the vertical bars above the
drug name indicate the computationally predicted therapeutic score for the
drug based on comparison of the gene expression signature of the drugwith
the gene expression signature of CD. A positive score indicates that the drug
exhibits an expression pattern that is synergistic with the disease, whereas a
negative score indicates that the drug exhibits an expression pattern that is
oppositional to the disease. Drugs are sorted from left to right starting with
those predicted to be most efficacious for the disease. Green bars indicate
drugs that are discussed in the text. The red triangle points toward the anti-
convulsant drug topiramate, which was selected for experimental validation.
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Assessment of colitis by visual inspection of endoscopy video captured
on day 7 of treatment and scoring of disease severity demonstrated re-
duced gross pathological inflammation and ulceration in the topiramate-
and prednisolone-treated groups relative to the untreated (TNBS + vehicle)
group (Fig. 3A and videos S1 to S4). Quantitative assessment of the
gross pathological characteristics revealed that animals in the topiramate-
treated group (TNBS + topiramate) exhibited significantly reduced
swelling, ulceration, and other gross pathological characteristics com-
pared to animals in the untreated (TNBS + vehicle) group (P < 0.0001,
Mann-Whitney U test; n = 12 per group) (Fig. 3B).

Microscopic damage was assessed by histopathology analysis of
fixed colon tissue sections harvested at the conclusion of the dosing
schedule. Visual inspection of fixed colon tissues revealed extensive
destruction of the colon mucosal layer in the untreated colitis-induced
group (TNBS + vehicle), which was substantially ameliorated in colitis-
induced animals receiving topiramate (TNBS + topiramate) (Fig. 3C).
Quantitative evaluation demonstrated significantly reduced microscopic
damage in animals treated with topiramate compared to animals in the
untreated (TNBS + vehicle) group (P<0.05,Mann-WhitneyU test;n=12
per group) (Fig. 3D). Together, these data provide evidence that topiramate
exhibits efficacy against IBD in the TNBS model, as predicted by our
computational method.

Expression signature evaluation
The predicted efficacious relationship be-
tween IBD and topiramate was inferred
from public data, suggesting that partic-
ular sets of genes would exhibit oppo-
sitional expression between drug and
disease. Comparative visual inspection of
the Crohn’s and topiramate expression
signatures revealed the expected antithet-
ical expression patterns between the drug
and the disease, and functional enrichment
analysis indicated that genes involved with
gastrointestinal disease, inflammatory re-
sponse, andother immune-related functions
were reciprocally expressed between the
drug-affected and the disease-affected con-
ditions (Fig. 4A).

We performed quantitative polymer-
ase chain reaction (qPCR) analysis spot
checks of postmortemcolon tissues to eval-
uate whether the expected expression pat-
terns of genes reflected in the public gene
expression data driving our prediction
were observed in the animal validation
study. We randomly selected eight genes
for qPCR analysis from those genes ex-
hibiting opposing expression patterns
between drug and disease expression sig-
natures and for which commercial pri-
mers were available (see Materials and
Methods). qPCR analysis revealed that
two of these genes,TRPV1 and IFI30, were
differentially expressed between treat-
ment groups in the direction expected
from comparison of the public molecular
data (Fig. 4B).TRPV1was significantly up-

regulated in the topiramate-treated group (TNBS + topiramate) relative
to the untreated disease-induced group (TNBS + vehicle) (P < 0.05,
Mann-Whitney U test; n = 12 per group), and IFI30 was significantly
down-regulated in the topiramate-treated group relative to the un-
treated disease-affected group (TNBS + vehicle) (P < 0.005, Mann-
Whitney U test; n = 12 per group). These findings corroborate the
expected oppositional relationships between these genes reflected in
the expression signatures that were used to computationally predict
an efficacious relationship between topiramate and IBD.

DISCUSSION

Using an in silico approach based on the integration of publicly avail-
able gene expression data, we inferred that the anticonvulsant topiramate
was a potential new therapeutic agent for IBD and performed an ex-
perimental validation that confirmed topiramate’s efficacy in ameliorat-
ing a TNBS-induced rodent model of IBD. The precise mechanism of
action for topiramate is unknown, but it is known to enhance the ac-
tivity of g-aminobutyric acid (GABA)–activated chloride channels, ac-
tivate kainate and AMPA receptors, and inhibit the activity of some
carbonic anhydrase enzymes (8). Topiramate is administrated orally
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Fig. 3. Effect of topiramate on pathological assessment of IBD severity. (A) Clinical endoscopy captured
from live animals on day 7 of the study. (B) Gross pathology score. (C) Micrographs of H&E-stained colon
tissues showing microscopic damage to the mucosal and epithelial layers of the colon wall between treat-
ment groups. (D) Macroscopic damage score assessed from light microscopy of fixed colon tissues. Data
graphs represent the mean and SEM estimated from three independent experiments (n = 12 rats per
group). *P < 0.05; ****P < 0.00005, two-sided Mann-Whitney U test.
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* Prednisolone = established compound for Crohn’s disease
** Trinitobenzene Sulfonic Acid (TNBS)

Dudley et al, Sci Trans Med 2011

Signature matching: e.g. Topiramate 
(anticonvulsant) identified as treatment for IBD 



Iorio et al, PNAS 2010

Guilt by association: fasudil (vessel obstructions) 
identified as enhancer of autophagy 
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not known. ROCKs, existing as two iso-
forms (ROCK1 and ROCK2), are Ser/
Thr protein kinases, which are down-
stream targets of the small GTPase RhoA. 
ROCKs regulate a wide range of biological 
functions including cell growth, migra-
tion and apoptosis. Since knockdown of 
both ROCK1 and 2 results in autophagy 
activation, the effect of fasudil on autoph-
agy is likely mediated by its known inhibi-
tory effect on these proteins. However, 
whether and how cytoskeletal changes 
due to Rho/ROCK inhibition results in 
activation of UPS and autophagy remain 
unknown. Activation of ROCKs by GTP-
bound Rho results in phosphorylation of 
various target proteins. One of the main 
substrates of ROCK is myosin light chain 
(MLC) that stimulates myosin-actin 
interactions. Other downstream targets 
of ROCKs include the Ser/Thr kinases 
LIM kinase 1 and 2 (LIMKs). Besides 
the action on MLC, which underlies its 
therapeutic effect against vasospasm, 
fasudil appears to have other cellular 
effects. Substrates of ROCK, for example, 
include the glial fibrillary acidic protein, 
neurofilaments that upon phosphoryla-
tion by ROCK undergo depolymeriza-
tion and microtubule-associated protein 
2 (MAP2). Based on results obtained in 
animal models, ROCK inhibitors have 
been proposed to slow down the degenera-
tive process in Alzheimer disease by reduc-
ing toxic levels of Aβ42 and stimulating 
regenerative growth of neurites. Moreover, 
peripheral delivery of fasudil reduces 
neuronal death and epilepsy in mice and 
improves spatial cognition and memory in 
rats. Whether these effects are mediated 
by enhancing autophagy is an interesting 
hypothesis which warrants further studies. 
Nevertheless, these studies suggest that 
fasudil is able to cross the blood-brain-
barrier and to reach therapeutic concen-
trations in the brain, at least in rodents. In 
summary, fasudil is a clinically approved 
drug with potential applications to vari-
ous human disorders where enhancement 
of autophagy can provide clinical benefit.

inducer via a high throughput drug screen-
ing approach. Fasudil, a ROCK inhibitor 
used to reverse blood vessel spasm occur-
ring after subarachnoid hemorrhage, was 
not previously directly linked to autoph-
agy. Besides subarachnoid hemorrhage, 
clinical applications of fasudil include var-
ious types of cardiovascular diseases, such 
as acute ischemic stroke, stable angina 
pectoris, coronary artery spasm, heart 
failure-associated vascular resistance and 
constriction, pulmonary arterial hyper-
tension, essential hypertension, athero-
sclerosis and aortic stiffness. Interestingly, 
previous studies have shown that Y-27632, 
an analog of fasudil not currently approved 
for clinical use, is effective at reducing the 
aggregation of several poly-glutamine pro-
teins, including mutant huntingtin. This 
effect was attributed to enhancement 
of degradation by macroautophagy and 
the ubiquitin proteasome system (UPS), 
mediated by inhibition of ROCK 1 and 
2. Interestingly, in our drug network, in 
contrast to fasudil, Y-27632 was found 
close to other small molecules functioning 
as UPS modulators, raising the hypothesis 
that the effects of Y-27632 on UPS are 
stronger than those on autophagy.

The mechanism resulting in the 
enhancement of autophagy by fasudil is 

a single synthetic “consensual” transcrip-
tional response is generated for each drug, 
and a drug network is built considering 
similarities in the consensual transcrip-
tional responses. The small molecules 
in the network are then automatically 
grouped in modules termed “communi-
ties” (i.e., groups of densely intercon-
nected nodes). Analyses of the network 
reveal that each community contains a set 
of drugs (i.e., nodes) enriched for a given 
mode of action. Thus, the drug network 
is effective for the classification of drugs 
and for predicting their modes of action. 
MANTRA turns out to be effective also at 
finding candidates for drug repositioning, 
i.e., the identification of new applications 
for existing drugs.

Specifically, the drug network was used 
to identify new autophagy enhancer drugs. 
Using 2-deoxy-D-glucose (2DOG), a 
known inducer of autophagy, to interro-
gate the drug network, MANTRA gener-
ated a list of drugs that were predicted to 
share a similar mode of action to 2DOG, 
including fasudil, thapsigargin, trifluo-
perazine and gossypol. Of these, thapsi-
gargin, trifluoperazine and gossypol are 
previously known inducers of autophagy 
(Fig. 1). Interestingly, trifluoperazine was 
previously repositioned as an autophagy 

Figure 1. Neighborhood of 2-deoxy-D-glucose in the drug network. Each dot corresponds to a 
drug of the network and edge thickness is proportional to similarity in the drug-induced tran-
scriptional responses. In green are shown drugs previously known to induce autophagy.
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not known. ROCKs, existing as two iso-
forms (ROCK1 and ROCK2), are Ser/
Thr protein kinases, which are down-
stream targets of the small GTPase RhoA. 
ROCKs regulate a wide range of biological 
functions including cell growth, migra-
tion and apoptosis. Since knockdown of 
both ROCK1 and 2 results in autophagy 
activation, the effect of fasudil on autoph-
agy is likely mediated by its known inhibi-
tory effect on these proteins. However, 
whether and how cytoskeletal changes 
due to Rho/ROCK inhibition results in 
activation of UPS and autophagy remain 
unknown. Activation of ROCKs by GTP-
bound Rho results in phosphorylation of 
various target proteins. One of the main 
substrates of ROCK is myosin light chain 
(MLC) that stimulates myosin-actin 
interactions. Other downstream targets 
of ROCKs include the Ser/Thr kinases 
LIM kinase 1 and 2 (LIMKs). Besides 
the action on MLC, which underlies its 
therapeutic effect against vasospasm, 
fasudil appears to have other cellular 
effects. Substrates of ROCK, for example, 
include the glial fibrillary acidic protein, 
neurofilaments that upon phosphoryla-
tion by ROCK undergo depolymeriza-
tion and microtubule-associated protein 
2 (MAP2). Based on results obtained in 
animal models, ROCK inhibitors have 
been proposed to slow down the degenera-
tive process in Alzheimer disease by reduc-
ing toxic levels of Aβ42 and stimulating 
regenerative growth of neurites. Moreover, 
peripheral delivery of fasudil reduces 
neuronal death and epilepsy in mice and 
improves spatial cognition and memory in 
rats. Whether these effects are mediated 
by enhancing autophagy is an interesting 
hypothesis which warrants further studies. 
Nevertheless, these studies suggest that 
fasudil is able to cross the blood-brain-
barrier and to reach therapeutic concen-
trations in the brain, at least in rodents. In 
summary, fasudil is a clinically approved 
drug with potential applications to vari-
ous human disorders where enhancement 
of autophagy can provide clinical benefit.

inducer via a high throughput drug screen-
ing approach. Fasudil, a ROCK inhibitor 
used to reverse blood vessel spasm occur-
ring after subarachnoid hemorrhage, was 
not previously directly linked to autoph-
agy. Besides subarachnoid hemorrhage, 
clinical applications of fasudil include var-
ious types of cardiovascular diseases, such 
as acute ischemic stroke, stable angina 
pectoris, coronary artery spasm, heart 
failure-associated vascular resistance and 
constriction, pulmonary arterial hyper-
tension, essential hypertension, athero-
sclerosis and aortic stiffness. Interestingly, 
previous studies have shown that Y-27632, 
an analog of fasudil not currently approved 
for clinical use, is effective at reducing the 
aggregation of several poly-glutamine pro-
teins, including mutant huntingtin. This 
effect was attributed to enhancement 
of degradation by macroautophagy and 
the ubiquitin proteasome system (UPS), 
mediated by inhibition of ROCK 1 and 
2. Interestingly, in our drug network, in 
contrast to fasudil, Y-27632 was found 
close to other small molecules functioning 
as UPS modulators, raising the hypothesis 
that the effects of Y-27632 on UPS are 
stronger than those on autophagy.

The mechanism resulting in the 
enhancement of autophagy by fasudil is 

a single synthetic “consensual” transcrip-
tional response is generated for each drug, 
and a drug network is built considering 
similarities in the consensual transcrip-
tional responses. The small molecules 
in the network are then automatically 
grouped in modules termed “communi-
ties” (i.e., groups of densely intercon-
nected nodes). Analyses of the network 
reveal that each community contains a set 
of drugs (i.e., nodes) enriched for a given 
mode of action. Thus, the drug network 
is effective for the classification of drugs 
and for predicting their modes of action. 
MANTRA turns out to be effective also at 
finding candidates for drug repositioning, 
i.e., the identification of new applications 
for existing drugs.

Specifically, the drug network was used 
to identify new autophagy enhancer drugs. 
Using 2-deoxy-D-glucose (2DOG), a 
known inducer of autophagy, to interro-
gate the drug network, MANTRA gener-
ated a list of drugs that were predicted to 
share a similar mode of action to 2DOG, 
including fasudil, thapsigargin, trifluo-
perazine and gossypol. Of these, thapsi-
gargin, trifluoperazine and gossypol are 
previously known inducers of autophagy 
(Fig. 1). Interestingly, trifluoperazine was 
previously repositioned as an autophagy 

Figure 1. Neighborhood of 2-deoxy-D-glucose in the drug network. Each dot corresponds to a 
drug of the network and edge thickness is proportional to similarity in the drug-induced tran-
scriptional responses. In green are shown drugs previously known to induce autophagy.

1 Fasudil 0.5162

2 Thapsigargi
n

0.5644

3 Trifluoperaz
ine

0.577

4 Gossypol 0.633

5 Niclosamid
e

0.6539

... ... ...

2DOG&neighborhood

Guilt by association: fasudil (vessel obstructions) 
identified as enhancer of autophagy 

+ Genome-wide characterization
+ Based on ‘phenotype’
-  None or limited mechanistic understanding
-  No direct connection to phenotype
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• Map expression on pathways?

From cancer drug-responses 
to signaling pathways
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1-Identify transcription factors involved in drug’s 
mode of action

2- Find pathways linking the transcription factors to 
the drug targets 

Identification of  transcription factors 
associated with drug response



  

Most deregulated 
subgraph for BRCA1 
mutation carriers against 
non-mutation carriers



  

 Furthermore, a very recent review 
[40] states that gene set enrichment 
analyses are “...commonly applied to 
identify enrichment of biological 
functional categories in sets of ranked 
differentially expressed genes from 
genome-wide mRNA expression data 
sets.”

 Abundance, abundance, abundance! 
So, how does one get a measure of a 
molecule’s behaviour?

 → Transcription Factor activity does not need to correlate with their abundance

(they just leave a “fingerprint” on the expression profile)



  

Differential co-expression

MYL2: muscle structural protein
MSTN: negative regulator of muscle mass 

Figure: mutant (left) vs. wild-type (right)

Drawback: -does not know if interaction direct or indirect
-need to know that MSTN is perturbed



  

336 expression profiles representative of 
perturbations of B cell phenotypes

eliminates indirect interactions as opposed 
to co-expression methods

(images from Carro2009 and Wang2009)



  



  

Inferring TF activity from expression

is like inferring the stones
from the ripples in a pond



  

Identify TF activity by GSEA of its regulon (GSEA intro: http://goo.gl/zOmtJ)



  

Example of using qualitative statements for reasoning on a graph

Biological follow-up study:



  



  

An alternative: Nested Effects Models

RNAi or drug perturbations



  

Reasoning on transcriptional data
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