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Abstract

Computational drug repositioning has been proved as an effective approach to develop new
drug uses. However, currently existing strategies strongly rely on drug response gene signa-
tures which scattered in separated or individual experimental data, and resulted in low effi-
cient outputs. So, a fully drug response gene signatures database will be very helpful to
these methods. We collected drug response microarray data and annotated related drug
and targets information from public databases and scientific literature. By selecting top 500
up-regulated and down-regulated genes as drug signatures, we manually established the
DrugSig database. Currently DrugSig contains more than 1300 drugs, 7000 microarray and
800 targets. Moreover, we developed the signature based and target based functions to aid
drug repositioning. The constructed database can serve as a resource to quicken computa-
tional drug repositioning. Database URL: http://biotechlab.fudan.edu.cn/database/drugsig/.

Introduction

Over the past decades, to develop a de novo drug often takes billions of dollars and about 9-12
years [1]. New drug discovery has grown to be time-consuming and costly. This directly
resulted in small quantity and high price of new drugs on the market. Drug repositioning, by
exploring new clinical indications for those existing drugs has become an increasingly impor-
tant strategy for drug development resulted from their proved drug safety and the abridged
process of drug discovery and preparation [1-9]. However, traditional drug repurposing is
mostly through serendipity or explored from a better understanding of the drugs’ mechanism
of action. The efficacy of these methods is very low. When the drug-related and genome-

wide data initiatives grew quickly, the mode for computational drug repositioning has been
changed.

By integrating data from various sources, like pharmacological, genetic, chemical or
clinical data, a set of new computational repositioning strategies and techniques has emerged
[3,10,11]. Especially, the Connectivity Map (CMap) [12,13] project which produced large-scale
drug response gene expression profiles lead to the establishment and development of methods
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of ‘gulit-by-association’ and ‘signature reversion‘ for computational drug repurposing [14].
With these methods, Sirota et al. and Dudley et al. had found that an antiulcer drug and an
antiepileptic drug can be reused for lung cancer and inflammatory bowel disease by comparing
each of these disease signatures to each of the gene expression signatures for 164 drugs from
CMap [15,16]. Obviously, the quantity and quality of drug response gene signatures is the core
for these computational approaches. But these data still scattered in separated or individual
experimental data, it brought about low efficient outputs. So, a database archiving enough
drug response gene signatures will be very helpful to computational drug repurposing.

Based on above observation, we collected most of drug response microarray data from
GEO or scattered in the separated database to develop the DrugSig database. Moreover, we
manually inspected targets information for each drug extracted from microarray data and
archived them into DrugSig. Finally, we implemented two functions for repositioning old
drugs using signature or target based drug repositioning method respectively. The constructed
database will serve as a resource to quicken computational drug repositioning.

Results and discussion
Database description

DrugSig was created as a resource for computational drug repositioning utilizing gene expres-
sion signatures. As a web based database, DrugSig provides a user-friendly web interface for
users to easily query and retrieve information on drug signatures. All the data in DrugSig can
be accessed and retrieved directly from the web browser. Fig 1 describes the schema of the cre-
ation of DrugSig. All raw data were manually collected from literate and public databases. We
processed these microarrays, drugs, targets and literate data into seven Mysql tables, such as
drugs, instances, drugsig, platform, targets, drug_target and papers table. On the basis of these
data, we developed tools for signature based and target based computational drug repurposing
functions and recorded the computational history into uses table.

DrugSig web interface

A concise navigational interface comprised of the Home, Browse, Search, Tools and Guide
options was designed to generate a clearly structured database layout that enables fast and easy
navigation (Fig 2A). The Browse interface allows users to navigate all drugs included in Drug-
Sig. The current database is composed of more than 1300 drugs. A click of each drug will dis-
play a results page with four sections: drug summary, drug signature, drug targets and links.
(Fig 2B). Drug summary section consists of drug name, chemical name, formula, CAS no,
description and drug indications. In addition, it also provides a link to DrugBank [17] for fur-
ther investigation. Drug signature section demonstrates its common signatures which are
comprised of top 50 up-regulated and down-regulated genes and its data source (list all related
microarray). For each microarray, there is a page to display its signatures. The drug targets sec-
tion consists of the drug targets and their expression value in cells treated by the drug and
other drugs. The prior expression level reflects the expression of the target gene response to
the drug while the latter expression level shows the potential of other drugs which inhibit or
stimulate the target. The Search interface can be used to retrieve specific information using
either a quick or advanced option (Fig 2C). A quick search only allows keywords field, while
the advanced search accepts the specification of up to six separate fields: Drug Id, Drug Name,
DrugBank Id, Disease, Target, and Signature Symbol. The user can query the database by
either one particular condition or a combination of various conditions. The prior five fields
search produces a results page which list all drugs meet the specified conditions. The final field
search produces a list of the gene expression of specified signature symbol if its expression
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Fig 1. DrugSig architecture. After collecting raw data, we processed them into seven tables in MySql and developed functions to compute drug
repositioning by up and down list.

https://doi.org/10.1371/journal.pone.0177743.9001

level lies in top 500 up-regulated or down-regulated genes. The Tools interface implements the
signature based and target based drug repositioning functions (see ‘Drug repurposing tools
implemented in DrugSig’ section below for further details). The Guide interface provides detail
instructions to potential users on how to use DrugSig.

Drug repurposing tools implemented in DrugSig

Tools of drug repurposing implemented in DrugSig consist of signature based and target
based drug repositioning functions. The signature based drug repositioning function provides
an interface to input user’s gene list to compute against DrugSig (Fig 3A). After submitting the
gene list to DrugSig, user can click the start computing button to compute the scores which is
the ratio of the number of common genes between user’s gene list and each gene signature to
the number of user’s genes (Fig 3B). Once the computing finished, DrugSig will sent a notice
email to user. The results can be accessed later from the email or by searching the task history
with user’s email address. The computing result contains queried gene list, top 50 score drugs
produced reverse gene list and top 50 score drugs produced similar gene list (Fig 4A). The
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Database Search Tools Guide

Browse All Drugs
Current page (1/27)[2][3][4][5][6][71[8][9][10][11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27]

1 metformin

Drug Id: BCTDO00001
Drug name: metformin
; ?Ha Chemical name: 1,1-dimethylbiguanide hydrochlorid
HyN N N Formula: C4H11Ns
CHy .
Weight: 129.1636
b B CAS no: 657-24-9
DrugBank link: DB00331
B etomin Drug Signature
BCTD00001
Data Source
» Drug Summary Array Id Drug Concertration Duration  Cell Array Platform
+ Drug Signature 1 DS01B00001A00001 0.00001 6 MCF7 HG-U133A
2 DS01B00001A00002 0.00001 6 MCF7 HG-U133A
1 DS01B00001A00001
2 DS01B00001A00002 3 DS01B00001A00003 0.0000001 6 MCF7 HG-U133A
3 DS01B00001A00003
P ES01E 0000 A0000% 4 DS01B00001A00004 0.001 6 MCF7 HG-U133A
5 DS01B00002A00061 5  DS01B00002A00061 0.00001 6 MCF7 HG-U133A
6 DS01B00627A01694
7 DS01B00628A01816 6 DS01B00627A01694 0.0000242 6 MCF7 HT_HG-U133A
8 DS01B00629A01858
9 DS01B00718A05068 7  DS01B00628A01816 0.0000242 6 PC3  HT_HG-U133A
10 DS01B00737A05487 8 DS01B00629A01858 0.0000242 6 HL60 HT_HG-U133A
» Drug Targets 9  DS01B00718A05068 0.0000242 6 PC3  HT_HG-U133A
» Links 10 DS01B00737A05487 0.0000242 6 MCF7 HT_HG-U133A
Top 50 up-regulated genes
Id Probe Id Symbol Expression Value Contol Value Fold
1 202648_at RPS19 2945.94 21.74 135.51
2 220810_at CLCA3P 43.25 0.46 94.02
3 204940_at PLN 87.84 1.41 62.30
4 206434_at SPOCK3 88.36 1.68 52.60
5 AFFX-r2-Hs18SrRNA-5_at 5208.71 102.07 51.03
C Home Browse Tools Guide [ | search I
Search

Drugld: [ (Drugld, such as BCTD00001)
DrugName: [ (Drug name, such as metformin)
DrugBankId: [ (DrugBank Id, such as DB00331)
Disease: [ (Disease abbreviation, such as NIDDM)
Target: [ (Drug target symbol, such as PRKAB1)
Signature Symbol: [ (Gene symbol of drug signature, such as CXCL11)

Submit

Fig 2. Overview of DrugSig. (A) Browsing the entire database by drugs. (B) A snapshot of the page of drug detail. (C)
Searching the database by six options.

https://doi.org/10.1371/journal.pone.0177743.9002
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A Signature based drug repositioning

Emai|:|xxxxxx@xx><‘edu.cn

Up List,example

(* Required!)  Search Task History

Down List,example

PLN PRKD1
UGT2A3 A ZNF407 A
AQP4 UTP14A

HOXB9 ATRNL1

ARSJ SRI

LAMB4 SLC4AT
SSX4B///SS PLXNC1

MS4R4A CTH

CcDS1 ZEB2

PDE4DIP C8orf4

ABO LRRC8B

RAG2 TNFRSF11B

WNT2B IGK///IGKC
MST1L UHRF1BP1L
TNFRSF4 KITLG

SLC38A4 DPT

CLCA3P NOVA2

PDLIM5 ZNF135

RFPL1S FRZB

GP5 SLC17A6

SOHLH2 CR1

NE2 EPB41L13

PINL I1GJ

PFKFB2 v IGHV4-31// v
ABCAS DBT

You can input or paste gene symbol into textbox, one gene per row and the number of genes in any textbox should be >=30.

Submit Gene List

B You have submited your gene list successfully!

Up list(30)

PLN UGT2A3 AQP4 HOXB9 ARSJ LAMB4 SSX4B///SS MS4A4A CDS1 PDE4DIP ABO RAG

2 WNT2B MST1L TNFRSF4 SLC38A4 CLCA3P PDLIM5 RFPL1S GP5 SOHLH2 NF2 PIN1 PFK
FB2 ABCA8 RGS9 BMP2K NPPB IL26 CDR1

Down list(30)

PRKD1 ZNF407 UTP14A ATRNL1 SRI SLC4A7 PLXNC1 CTH ZEB2 C8orf4 LRRC8B TNFRSF1
1B IGK/NIGKC UHRF1BP1L KITLG DPT NOVA2 ZNF135 FRZB SLC17A6 CR1 EPB41L3 IGJ |
GHV4-31// DBT CDK11A///C TMEM47 ZNF711 RARRES1 ALG13

Start Computing

When the computing finished, we will send a notice email to you! (xxxxxx@xxx.edu.cn)

Fig 3. A case study for how to use signature based drug repositioning function. (A) The input interface. (B) The computing interface.

https://doi.org/10.1371/journal.pone.0177743.9003

reverse and similar drugs infer to potential indications. Each drug produces a page display the
reverse gene list and similar gene list for further investigation (Fig 4B).

The target based drug repositioning function provides an interface to explore the specified
target (Fig 5A) and its targeting drugs, as well as target gene expression level in cells after
treated by drugs (Fig 5B). The targeting drugs may have similar indications for drug repurpos-
ing. The expression level of target gene partly infers the potential of the drug which either
inhibits or enhances the target.
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Browse

A Home

Queried gene list
Up list(30)

Database Search

Guide

Result of Task 1701165555908

I Search I

PLN UGT2A3 AQP4 HOXB9 ARSJ LAMB4 SSX4B///SS MS4A4A CDS1 PDE4DIP ABO RAG2 WNT2B MST1L TNFRSF4 S
LC38A4 CLCA3P PDLIM5 RFPL1S GP5 SOHLH2 NF2 PIN1 PFKFB2 ABCA8 RGS9 BMP2K NPPB IL26 CDR1

Down list(30)

PRKD1 ZNF407 UTP14A ATRNL1 SRI SLC4A7 PLXNC1 CTH ZEB2 C8orf4 LRRC8B TNFRSF11B IGK///IGKC UHRF1BP1
L KITLG DPT NOVA2 ZNF135 FRZB SLC17A6 CR1 EPB41L3 IGJ IGHV4-31// DBT CDK11A///IC TMEM47 ZNF711 RARRE

S1 ALG13

Drugs produced reverse gene list

Drug Name
furosemide
chlorpropamide
phenyl biguanide
rosiglitazone

valproic acid

o g~ WON =

colchicine

Drugs produced similar gene list

Drug Name
metformin
metformin
metformin
metformin
pirinixic acid
L-294002

o O A WON =

B Reversed gene list

Array Id Up Score Down Score
DS01B00622A01580 0.4(12/30) 0.13(4/30)
DS01B00006A00144 0.23(7/30) 0.27(8/30)
DS01B00002A00022 0.3(9/30) 0.17(5/30)
DS01B00055A00430 0.27(8/30) 0.2(6/30)
DS01B00070A00497 0.33(10/30) 0.13(4/30)
DS01B00112A00644 0.23(7/30) 0.23(7/30)

Array Id Up Score Down Score
DS01B00001A00001 1(30/30) 1(30/30)
DS01B00001A00002 0.57(17/30) 0.57(17/30)
DS01B00001A00003 0.67(20/30) 0.33(10/30)
DS01B00001A00004 0.67(20/30) 0.33(10/30)
DS01B00067A00487 0.3(9/30) 0.23(7/30)
DS01B00071A00501 0.3(9/30) 0.23(7/30)

Up list VS Down-regulated genes of DrugSig(DS01B00622A01580)

Total Score
0.27(16/60)
0.25(15/60)
0.23(14/60)
0.23(14/60)
0.23(14/60)
0.23(14/60)

Total Score
1(60/60)
0.57(34/60)
0.5(30/60)
0.5(30/60)
0.27(16/60)
0.27(16/60)

Symbol Gene Title Chromosome Location
1 AQP4 aquaporin 4 18q911.2-qg1
2 LAMB4 laminin, beta 4 7931
3 MS4A4A :e;w::;:;iianning 4-domains, subfamily 11q12
4 PDE4DIP phosphodiesterase 4D interacting protein (1912
5 RAG2 recombination activating gene 2 11p13

Similar gene list

Up list VS Up-regulated genes of DrugSig(DS01B00622A01580)

Symbol Gene Title Chromosome Location
1 PLN phospholamban 6qg22.1
2 AQP4 aquaporin 4 18qg11.2-q1
3 PDE4DIP phosphodiesterase 4D interacting protein (1912
Down list VS Down-regulated genes of DrugSig(DS01B00622A01580)

Symbol Gene Title Chromosome Location
1 TNFRSE11B tumor necrosis factor receptor superfamily, 8q24

member 11b

2 KITLG KIT ligand 12922

Fig 4. Results of signature based drug repositioning. (A) The drug list for signature based drug repositioning. (B) The

gene list for each calculated drug.

https://doi.org/10.1371/journal.pone.0177743.9004
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A Home Browse Database Search Guide Search

Tool
e Target based drug repositioning

Signature based drug
repositioning
Please input the target gene name: (for example:KCNH2)

Search |

= Target based drug
repositioning

B Results of target based drug repositioning
Targets
Target Symbol Target Name Uniprot Id
INEGER Epidermal growth factor receptor P00533

Drugs targeting T236

Drug Id Drug Name Target Action
1 BCTDO00033 genistein EGFR inhibitor
2 BCTDO00064 gefitinib EGFR antagonist
3 BCTDO00091 tyrphostin AG-1478 EGFR inhibitor
4 BCTDO00213 lidocaine EGFR antagonist

Expression of target gene in cells treated by drugs

Drug Id Array Id Probe Id Expression Value Control Value Fold
i BCTD00039 DS01B01008A05947 201984 _s_at 69.48 1.51 46.01
2 BCTD01262 DS01B01008A05944 201984 _s_at 56.12 1.51 37.17
3 BCTD00041 DS01B01008A05945 201984 _s_at 47.06 1.51 31.17
4 BCTD00622 DS01B00659A03028 211607_x_at 72.82 2.55 28.56
5 BCTDO00747 DS01B01022A06394 211607_x_at 35.60 1.39 25.61
6 BCTD01275 DS01B01040A06569 211551_at 94.02 3.93 23.92

Fig 5. A demonstration for target based drug repositioning function. (A) The input interface. (B) Partial results of target based drug repositioning.
https://doi.org/10.1371/journal.pone.0177743.9005

Discussion

The purpose of establishing the DrugSig database is to aid drug repurposing. DrugSig server as
not only a tool to reposition old drugs with user’s input but also an open resource for users to
develop new computational approaches for drug repositioning. The current DrugSig contains
more than 1300 drugs, 7000 microarray and 800 targets. DrugSig is different from the existing
webservers or databases for drug repositioning. Although several drug repositioning related
webservers or databases exist such as CMap, PREDICT [18], PROMISCUOUS [19], INDI [20]
and Mantra [21], each has certain shortcomings, such as covering a limited collection of drug
response microarray or only containing a computational framework. These shortcomings
limit the accurate and scope of computational drug repurposing also increase the difficulties in
using these data for scientists. Although main data in DrugSig had also been collected from
CMap, DrugSig covered pertinent data from other experiments. Moreover, with pertinent
experiments growth, DrugSig will contain more and more drugs and signatures.
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Moreover, many projects focus on precision medicine will disclose insights between disease
and genes. Recently, Rubio-Perez et al. developed an in silico drug prescription strategy based
on driver alterations in each tumor and their druggability options and use it to identify drug-
gable targets and promising repurposing opportunities [22]. When applied these insights on
DrugSig, we can promptly verify these druggable targets and promising repurposing opportu-
nities. So we constructed a gene list from TCGA Esophageal carcinoma (ESCA) data and sub-
mitted it to compute against DrugSig. Results showed that the top compounds predicted to be
therapeutic for ESCA were acetysalicylic acid, an anti-inflammatory drug had been reported to
treat ESCA, and dizociline, an antiepileptic drug not previously described to have efficacy for
ESCA. Related validation work is in progress.

Limitations and future prospects

Currently DrugSig holds only 1300 drugs and 6000 plus signatures. Moreover, the functions
and methods implemented in database are limited. In the future, we plan to updates the data
continuously per half a year, and integrate some gene function analysis tools and other compu-
tational drug repurposing approaches into DrugSig to improve its interactivity with users and
to increase functions to aid computational drug repositioning. In addition, we plan to develop
open services convenient for researchers to get gene signatures applied to develop new compu-
tational approaches for drug repositioning.

Conclusions

DugSig is a web accessible database for computational drug repurposing studies. The current
version of DrugSig includes more than 1300 drugs, 6000 plus signatures and 800 available tar-
gets (till Jan, 2017). The database can be queried either by simply using keywords or by combi-
natorial conditions searches. DugSig will not only aid in expanding our current understanding
of drugs and their mechanisms of action but may have implications in the development of
new indications for existed drugs. DugSig now is available at http://biotechlab.fudan.edu.cn/
database/drugsig/.

Methods
Data acquisition and storage

The microarray data in DrugSig were obtained from the GEO [23] databases or individual sci-
entific researches. The steps of the curation of DrugSig contained collecting, processing and
computing (Fig 1). We first searched the scientific literature which contains drug response
microarray experiments form PubMed using keywords like “human cell AND treatment AND
(‘gene signature’ OR ‘expression profile’) AND (genechip OR microarray OR ‘gene expres-
sion’) AND English [la]” and collected available drug response microarray data from GEO
database or special sources described in scientific literature. Finally, we obtained more than
7000 microarray raw data. We then read the data via RMA method of affy package in BioCon-
ductor [24] and constructed the drug induced signatures using two approaches depending on
the quantity of raw data. When the replicates < 3 in raw data we computed the drug signatures
by simple fold changes (FC > 2.0 or FC < 0.5) and when the replicates > = 3 we computed the
drug signatures by Limma package of BioConductor program (FC > 2.0 or FC < 0.5 and P
value < 0.01) which implemented the linear models to calculate the differently expression
genes. In addition, if the number of calculated differential expressed probes < 500, we selected
all differential expressed probes as signatures. After abstracted more than 1300 drugs from

the related experiments, we investigated the drug related information from several public
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databases such as DrugBank [17,25], KEGG [26], CTD [27] and TTD [28]. Finally, 800 plus
available targets were constructed according to descriptions from the literature. All of the col-
lected information and computed data had been classified and filled into seven relational tables
in MySQL. Moreover, we constructed the up list and down list file from DrugSig table and
used them to implement signature based drug repurposing.

Database architecture and web interface

DrugSig was built on a 64 bit Windows (2008 R2) server running WAMPSERVER (V2.2d),
which integrates the Apache HTTP Server (V2.2.21) with PHP (V5.3.10) and the MySQL
Server (V5.5.20). All entries are stored in a MySQL database. The web application was coded
in PHP, using the jQuery JavaScript Library (V1.6.2), the Highchart jQuery Plugin, and Cas-
cading Style Sheets (CSS) for the web design. Apache, MySQL, PHP, R and jQuery were pre-
ferred as they are open-source software and platform independent, making them suitable for
academic use. The web server and all parts of the database are hosted at the Information Office
of Fudan University, Shanghai, China.
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