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Abstract

of recommendations.

Background: Drug repurposing has been motivated to ameliorate low probability of success in drug discovery. For
the recent decade, many in silico attempts have received primary attention as a first step to alleviate the high cost
and longevity. Such study has taken benefits of abundance, variety, and easy accessibility of pharmaceutical and
biomedical data. Utilizing the research friendly environment, in this study, we propose a network-based machine
learning algorithm for drug repurposing. Particularly, we show a framework on how to construct a drug network,
and how to strengthen the network by employing multiple/heterogeneous types of data.

Results: The proposed method consists of three steps. First, we construct a drug network from drug-target protein
information. Then, the drug network is reinforced by utilizing drug-drug interaction knowledge on bioactivity and/
or medication from literature databases. Through the enhancement, the number of connected nodes and the
number of edges between them become more abundant and informative, which can lead to a higher probability
of success of in silico drug repurposing. The enhanced network recommends candidate drugs for repurposing
through drug scoring. The scoring process utilizes graph-based semi-supervised learning to determine the priority

Conclusions: The drug network is reinforced in terms of the coverage and connections of drugs: the drug coverage
increases from 4738 to 5442, and the drug-drug associations as well from 808,752 to 982,361. Along with the network
enhancement, drug recommendation becomes more reliable: AUC of 0.89 was achieved lifted from 0.79. For typical cases,
11 recommended drugs were shown for vascular dementia: amantadine, conotoxin GV, tenocyclidine, cycloeucine, etc.

Keywords: Drug repurposing, Drug scoring, Semi-supervised learning, Network reinforcement

Background

Drug development and trials in animals and humans is a
long and costly process. In general, the whole process of
de novo drug discovery takes 10 to 17 years for develop-
ment with the cost rising from 300 to 600 million dollars
[1]. To overcome the de facto difficulty, drug repurposing
(or repositioning) has received much attention in recent
years [2, 3]. Drug repurposing finds new indicators in
already-approved drugs that could be used for treating
other diseases. Sometimes, side-effect of a certain drug
gives a hint on its repurposing to other diseases.
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Botulinum toxin and sildenafil (a.k.a., Viagra) are well
known as such cases. There are three channels of ap-
proaches, in vitro, in vivo, and in silico, in drug repurpos-
ing. Compared to de novo drug discovery, in vitro, and in
vivo approaches have advantage of reducing the develop-
ment time, down to 3 to 12 years but they are only avail-
able with a good years of expertise on clinical and
pharmaceutical domain [4-6]. To find new indicators for
drugs, in silico approaches, on the other hand, attempt
computational dry-runs that simulate and search all the
possible combinations of drugs and diseases from data-
bases which have been more available nowadays. In fact,
one channel is not an alternative to others but rather com-
plementary to each other, so it is accepted as a packaged
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pipeline for drug repurposing, in silico prior to in vitro
and in vivo [7].

Up to date, there have been numerous studies for in
silico drug repurposing. There are two streams of those
studies: drug-centric and disease-centric. The former
performs repurposing in pharmaceutical aspect concern-
ing chemical structures of drugs (or compounds) and us-
ages of medication [8—10]. Lamb et al. (2006) used
information on molecule movements of components of
drugs, Keiser et al. (2009) examined chemical structure
and target protein information of drugs, and Chang et
al. (2010) utilized both tissue localization and gene ex-
pression patterns for analysis. On the other hand,
disease-centric approaches repurpose drugs in patho-
logical and clinical aspects, by obtaining knowledge from
disease-gene or disease-protein relations [11, 12]. Cam-
pillos et al. (2008) predicted new drug targets by using
similarities between diseases based on possible
side-effects appearing from drugs. Meanwhile, Chiang et
al. (2009) suggested a drug repositioning approach under
the assumption that if two diseases share few, but simi-
lar, number of treatments, then there is a room for repo-
sitioning. Despite the disparate views, whether it is
drug-centric or disease-centric, the main idea of disclos-
ure for new usages of existing drugs is similarity between
drugs or between diseases.

One effective way to describe similarities between en-
tities is network representation of nodes and edges.
Given a set of drugs, drugs are the nodes and drug-drug
similarities (or associations in a broader concept) are
represented on the edges [13]. In these days, there are a
number of pharmaceutical and biomedical data sources
that can be employed for calculating similarities between
drugs. Also, there have been constant advances in ma-
chine learning algorithms that can represent heteroge-
neous types of data as a form of network and draw a
good inference from the network structure. In a word, a
bunch of data sources and tools of high quality are more
available than ever. These environmental advantages can
lead in silico drug repurposing to a more reliable and
realistic approach.

In this study, we propose an algorithm performing
drug repositioning based on a network of drugs. We
start from presenting how to construct a drug network,
and how to evolve or strengthen it, taking benefits of
multiple/heterogeneous types of data. For the process of
constructing a drug network, we first construct a net-
work with information on drug-target protein. The drug
network, however, can be sparse (mostly unconnected)
due to unidentified target proteins for drugs or insuffi-
cient knowledge of the drugs. In drug repurposing per-
spective, if a drug is undefined in terms of interactions
with other drugs, we cannot obtain sufficient pharma-
ceutical evidences for repurposing existing drugs to
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other disease. In network-modeling perspective, a sparse
network may not provide satisfactory inference or per-
formance because of deficiency in flow of information
via edges [14-17]. To overcome the difficulty, we en-
hance the original network to make up the lack of con-
nections by utilizing complementary data sources.
Complementary Linkage with Anchoring and Scoring
(CLASH) is employed [15]. It is an algorithm that com-
plements a network by using external knowledge while
preserving original information of the network. In this
study, the algorithm is applied to our drug network and
further extended by including more data sources. In the
network, drug-protein relation become a base source,
and additional information on bioactivity and medica-
tion from PubChem and PubMed strengthen the net-
work  capability by complementing insufficient
connections of network. On the resulting drug network,
scoring is run for finding candidate drugs for repurpos-
ing. Scores endowed to drugs provide priority ranks for
recommendation. At last, drugs in top-tier become the
candidates of repurposing. Figure 1 describes the con-
cept of reinforcement for drug network. In the center,
there are two networks: (a) original network, (b) Rein-
forced network. Network (a) is constructed only with
drug-target protein association. Network (b) is the rein-
forced network with additional information. In network
(a), two drugs 1 and 8 (marked as blue) are disconnected
in the graph. If drug-target protein association is not
identified or if some of drugs do not have shared target
proteins, they are isolated in the graph. In such case, if
we want to find similar drugs or compounds with drug 3
(marked as red), we cannot measure the scores for drug
1 and 5 (See Fig. 1(c)). However, if the network is rein-
forced with additional information, as in network (b), we
can calculate the scores for all drugs including drug 1
and 8 (as shown on the right side of the Fig. 1). With
the reinforced drug network, it leads to a higher prob-
ability of success of in silico drug repurposing.

More details of the how to construct drug network
and how to reinforce/complement the network is de-
scribed in the methods section. In the results, we pro-
vide experimental results on validity and utility for drug
scoring. Also, we present and discuss the typical results
for drug scoring with vascular dementia.

Results

Experimental settings

The proposed method was applied to 5442 drugs and
1938 diseases. A list of 5442 drugs and 1938 diseases
was obtained from PubChem and Medical Subject Head-
ings (MeSH) of the National Library of Medicine. For re-
lation data, we used 91,450 drug-target protein
information and 61,794 disease-drug association. For the
original drug network, 4738 drugs (out of 5442) and
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Fig. 1 The main idea of drug repurposing with network reinforcement: Red circle represents the originally known drugs, and blue circle represents isolated
(disconnected) drugs from the drug network. The center panel shows the drug network constructed by drug-protein association and its reinforced network
with additional information. Left and right panel show the scoring results according to (a) and (b), respectively
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19,465 target protein were used, leaving other 704 drugs,
which had no drug-target protein information, uncon-
nected. The edges were calculated with cosine similarity
between 19,465-dimensional drug vectors. To enhance
the drug network, 77,729 drug-drug interaction know-
ledge from PubChem and PubMed were used as external
data sources. These external knowledges include drug
interactions (or compound relation) shown in literature,
medications, and bio-activities. From this point onward,
we define the original drug network as a network con-
structed with drug-target protein information and the
enhanced network as a network complemented with ex-
ternal sources of information. To validate performance
of drug network, we utilized disease-drug associations.
Table 1 summarizes the data and its source used for our
experiment.

To verify the performance of the proposed drug repur-
posing method, we applied it to prediction of drugs for
treating a certain. The performance comparison was
conducted on three networks: original network, data fu-
sion network, enhanced network. Original network was
constructed by 4738 drugs with drug-target protein in-
formation. To construct data fusion network, it was sim-
ply integrated with original network and drug-drug

Table 1 List of data sources to construct/enhance drug

networks

Description  # of data Sources

Drug 5442 PubChem (https://pubchem.ncbi.nlm.nih.gov/)

Disease 1938 MeSH (https://www.ncbi.nlm.nih.gov/mesh)

Protein 19,465 Entrez Gene (https://www.ncbi.nlm.nih.gov/
gene)

Drug-Protein 91,450 PubChem (https://pubchem.ncbi.nim.nih.gov/)

Drug-Drug 77.729 PubMed (https://www.ncbi.nim.nih.gov/

Interacti pubmed/)

nteraction PharmGKB (https://www.pharmgkb.org/)

Disease-Drug 61,794 DrugBank (https://www.drugbank.ca/)

Association T3DB (http://www.t3db.ca/)

TTD (http://bidd.nus.edu.sg/group/cjttd/)
CTD (http/ctdbase.org/)

DCDB (https://doi.org/10.1093/database/
bau124)

interaction network. Data fusion network is simply a
combination of two networks. The enhanced network is
a proposed method that selectively uses drug-drug inter-
action for external sources based on original network.
To obtain predictive outputs for drugs, we used graph
based semi-supervised learning algorithm. Given a target
disease, SSL provides scores for all drugs. For experi-
ment setting, we first selected a target disease and gave
label ‘1. Then if we know 20% of drugs already in use
for the target disease in a priori, we randomly assigned
20% drugs associated with the target disease with label
‘I’s and gave ‘O’s to remaining drugs (See Fig. 2). The ex-
periment was carried out with 5-fold cross validation
and the whole experiment was repeated 10 times.

Results for comparative performance
Table 2 shows the overall properties of three networks.
Original network was constructed by 4738 drugs with
already existing information. Data fusion network is sim-
ply a combination of two networks. For the enhanced
network, the number of drugs increases from 4738 to
5442 and the drug-drug associations from 808,752 to
982,361. The density of original network is 5.46% while
that of the enhanced network is 6.64%. Network density
is calculated by actual connection over potential connec-
tions. We achieved an improvement of density with an
increase by 21.47%. The density of data fusion network
is larger than that of the enhanced network. In case of
enhanced network, the newly connected edge is select-
ively used. This is a selective selection of information
that does not degrade performance after reinforcement.
The validation results are summarized in Fig. 3.
Figure 3 illustrates a comparison of performance of the
original network and the enhanced network. The net-
work performance is measured by the Area under the
ROC curve (AUC) [18]. In the figure, the distribution of
AUC for 1938 diseases in both original and enhanced
network is presented. The x-axis represents section by
section AUC and y-axis represent frequency of target
disease belonging in the range. The figure shows that
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the distribution from the proposed enhanced network is
shifted towards right compared to that of the original
network. This demonstrates that the network perform-
ance of the enhanced network is outstanding compared
to the original network. Moreover, from the box plot,
which describes the overall AUC, the proposed method
improves the performance up to Avg. 0.89 (lifted from
0.79). As shown in the box plot, the average of the AUC
for data fusion network was 0.85. The performance dif-
ference between data fusion and enhanced network may
not appear to be significant. However, through the devi-
ation, the enhanced network is more robust in the pre-
diction results than the other two networks. The p-value
for statistical tests for pairwise comparison between ori-
ginal network-reinforce network and data fusion
network-reinforce network are 0.0003 and 0.0005,
respectively.

To demonstrate the network reinforcement, we
present a sub-graph of the enhanced network. Figure 4
depicts a snapshot of a small sub-graph of 70 drugs
drawn from the proposed method. In the network, each
node represents a drug or a compound. The black circles
represent originally connected drugs and the red circles
represent isolated ones that do not have shared target
proteins with other drugs or do not contain sufficient
target-protein information. The solid and dotted lines
describe original connection with information on shared
target protein and newly connected edges using CLASH,
respectively. Three drugs were originally unconnected to

Table 2 Overall properties of constructed networks

the network due to lack of shared target protein. By ap-
plying the proposed method, unconnected nodes were
connected: network density increased from 11.18 to
14.87%; the drug coverage increases from 67 to 70, and
the connections between drugs from 270 to 359.

Discussion

To show utility of drug scoring, we applied the in-silico re-
purposing method to dementia disorder. Dementia refers
to a condition in which a person has multiple cognitive
impairments and mental disorders that severely affect
daily life. Symptoms of dementia include loss or changes
in memory, problems with abstract thinking, disorienta-
tion to time or places, and drastic changes in personality
[19, 20]. Among various types of dementia, more than
80% of patients have Alzheimer’s disease and vascular de-
mentia, which have cranial nerve lesion. Since the patho-
genesis of these diseases have not been completely
identified, drugs used in the clinical field only aid in pre-
venting or relieving symptoms of the diseases. Therefore,
drug discovery for dementia treatment is an important
issue in the pharmaceutical industry. Among various de-
mentia disorders, we demonstrate typical results for vas-
cular dementia and Parkinson diseases. Vascular dementia
is a decline in thinking skills caused by conditions that
hinder blood flow to the brain, thereby depriving brain
cells of vital oxygen and nutrients. In contrast to Alzhei-
mer’s disease, vascular dementia accompanies neurological

Original network

Data fusion network Enhanced network

(Reference) (Simple integration) (Proposed method)
Number of nodes (drugs) 4738 5442 5442
Number of edges 808,752 1,054,324 982,361
Density of networks 5.46% 7.12% 6.64%
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symptoms such as hemiplegia, facial palsy, blindness, vis-
ual field defects, gait disturbance, etc. [21, 22].

Figure 6 depicts the drug network focused on vascular
dementia. On the graph, the drugs that have potential
for treating vascular dementia are positioned so that it
reflects the result of drug scoring: the closer the drug to-
wards vascular dementia, the higher of its possibility of
treatment. In the Fig. 5(a), the gray circles represent
drugs or compounds that are already in use for vascular
dementia and the blue circles represent candidate drugs
that are newly found with drug scoring. The network is
divided into three regions, in which the 1st tier region
around the center consist of drugs with score value
greater than 0.9. Among six drugs in 1st tier region,
memantine, prednisolone, azathioprine, AC1LIPDP, and
nitric oxide are already in use for treating vascular de-
mentia. Figure 5(b) describes the difference of scoring
results according to the types of network. Left panel
show the results of drug scoring using original network
and the right panel is the enhanced network. In the ori-
ginal network, only originally known compounds had a
high score. On the other hand, the enhanced network
not only shows the already used drug but also the new
candidate drug. This result shows that the network in-
cludes drug-drug interaction information obtained
through literature as well as drug-target protein infor-
mation via network reinforcement.

Table 3 shows traits and validations for recommended
drugs. For exemplary cases, we examined Amantadine
and Conotoxin GV, which are top two recommended
drugs with high score values. In the enhanced network,
Amantadine was connected with memantine based on
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drug-drug interaction information from bioactivity and
literature. Usually, Amantadine is an antiviral used in
the prophy-lactic or symptomatic treatment of influenza
but is also known as an antiparkinsonian agent to treat
extrapyramidal reactions, and for postherpetic neuralgia.
Unlike Amantadine, Conotoxin GV was already con-
nected in the original network. While having low score
in the original network, Conotoxin GV had high score
value with newly connected edges from the enhanced
network. Therefore, we recommend Conotoxin GV as a
newly found candidate drug for repurposing. For some
verification, Conotoxin GV is known to act on N-methyl
D-aspartate acid receptor (NMDA receptor), where
NMDA receptor is responsible for memory and learning
functions in the brain. Other nine candidate drugs are
shown in Fig. 5(a). The implemented results can be used
to identify the priorities of candidate drugs with poten-
tial of dementia treatment. This can serve as a screening
tools for in vivo or in vitro drug discovery.

Conclusion

In this study, we propose an enhanced drug network
that could be utilized for in silico drug repurposing. The
method consists of three steps. First, we constructed a
drug network based on drug-target protein information.
Second, in order to overcome inherent difficulty, sparse-
ness of the network, we enhanced the network with vari-
ous external sources. To perform this, a network
complementation algorithm, CLASH was employed. The
algorithm succeeded in connecting 704 drugs previously
isolated. Finally, to the resulting network, we applied
graph based semi-supervised learning to score drugs.
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Fig. 5 Enhanced drug network focused on vascular dementia: (a) The network is divided into three regions, in which the 1st tier region around
the center consist of drugs with score value greater than 0.9. (b) Left panel shows the drug scoring results using original network. Right panel
shows the proposed scoring results using enhanced network
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Table 3 Traits and validation of the recommended drugs

Drug Amantadine Conotoxin GV Tenocyclidine Cycloleucine
(Compound)

Remarks for Enhanced Network:

validation

Bioactivity/Medication: Amantadine
can be used as an anti-parkinsonian
agent, to treat extrapyramidal reactions,
and for postherpetic neuralgia.

(NMDA receptor)

Conotoxin GV is known
to act on N-methyl D-
aspartate acid receptor

Sharing target protein:

Tenocyclidine share four target proteins
with memantine: Alpha-7 nicotinic
cholinergic receptor subunit, Glutamate
receptor ionotropic, NMDA 2A / 2B / 3A

Sharing target protein:
Cycloeucine share one
target protein with
memantine: Glutamate
receptor ionotropic,
NMDT;

PMID10051153, 7,773,540

The top ranked drugs were recommended as candidates
for repurposing. We validated the method by applying it
to 5442 drugs and 1938 diseases. The AUC performance,
we obtained is 0.89, a significant lift from 0.79. We
showed the typical cases of vascular dementia and Par-
kinson disease to present exemplar utility of the

proposed method: 11 candidate drugs were recom-
mended and validated for repurposing. Not limited to
the dementia disorders, the proposed method can be
generally extended to other diseases.

This research has novelty in the following aspects. The
proposed method not only utilizes drug-target protein
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Fig. 6 Drug repurposing with network reinforcement: The proposed method has three steps; (a) drug network construction based on drug-target
protein, (b) network reinforcement with external knowledge such as bioactivity, medications, etc, and (c) drug scoring with SSL for a specific
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information, but also employs latest research informa-
tion on drug-drug interactions. Thus, it is regarded as
effective for finding new indicators in drugs. One of ad-
vantages of the proposed method lies in that we can in-
stantly and easily update the candidate drug list with
recent knowledge. And, the network-based approach can
ease us to read and comprehend intricate associations
between drugs and/or diseases. We can further improve
the proposed network by expanding scopes of comple-
mentary knowledge sources to drug side-effects and
drug chemical structures, etc. Also, we did not consider
negative correlation of newly added connections with
antagonistic properties. It would be interesting to con-
sider such cases and develop more sophisticated algo-
rithms. On the other hand, we can personalize the
network by enhancing it with patient-specific genetic in-
formation. This personalized network will be a strong
tool for the era of precision medicine.

Methods

The drug repurposing method that we propose in this
study consists of three steps: drug network construction,
drug network enhancement, and drug scoring. In the first
step, we construct a drug network by calculating similarity
between drugs based on shared drug-target protein. How-
ever, since not all relationships between drugs can be
identified with shared target proteins, the network can be
very sparse. With such sparseness, the number of drugs
for repurposing can be very limited. To circumvent the
difficulty, we enhance the drug network by increasing the
number of nodes and edges. We apply a network comple-
mentation algorithm, CLASH. This increases the density
of network leading to higher and more stabilized perform-
ance: the latest possible information from PubChem and
PubMed is reflected to the network by connecting two
drugs that previously have no connection. Finally, a candi-
date drug chosen out of approved ones is applied as a new
usage to a certain disease. With the enhanced drug net-
work, we use a scoring algorithm that assigns scores to
drugs when a specific disease is given. Disease-drug asso-
ciation is used to pick the related drugs to the disease.
Through the procedure, the priority of drugs is deter-
mined and the ones in the top-tier are recommended as
candidates for repurposing drugs.

Drug network construction

Drug network is a graph, G=(V, W), that represents
connection between drugs (or compounds) with nodes
and edges. In a drug network, a node denotes drug and
an edge denotes a value obtained by calculating similar-
ity between two drugs based on their shared target pro-
teins [13]. More specifically, a drug vector has
n-dimensional protein vector, and the similarity between
two drugs are calculated with cosine similarity between
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drug vectors (See Fig. 6(a)). On the graph, similarity be-
tween two drugs are assigned with a weight value on the
edge and higher of its value implies higher relation be-
tween two drugs.

Network reinforcement

The complementation process can be applied to two
cases. First, drugs with no information on target pro-
teins are unconnected with other drugs in the net-
work. This corresponds to dr; in Fig. 6(a). Second,
two drugs can be unconnected if they do not have
shared target proteins. This corresponds to dr, and
dry in Fig. 6(a). To enhance the network, we apply a
complementation algorithm, CLASH, which reinforces
a network with external source while preserving the
original source of information [15]. The basic as-
sumption of the complementary process is to main-
tain the properties of the original network. The
algorithm consists of anchoring step for initializing
connections on nodes, scoring step for determining
priority of connection, and connecting step for con-
firming the connection. The algorithm stops when
there are no more possible nodes to connect. With
CLASH, we first initialize connections with anchoring
step, then finalize complementation in step by step
manner to prevent the performance of the original
network. For CLASH, not all external source of infor-
mation is used. The algorithm only accepts new
sources that does not harm the original knowledge of
information. Furthermore, if two nodes are connected
in the original network, no external source is used to
reinforce the network. The following describes an ex-
emplary process of network reinforcement.

Anchoring Step: When we have n drugs, we construct
a drug network G = (V; W). In the graph, we can define
the set of original drugs So ={v;|v; € V,i=1, ..., n}, set
of connected drugs S = {v;| v, v; € So, ; vi~v}, and
set of isolated (disconnected) drugs Sp = {v;| v;, v; €

So»  jVvi v} At the anchoring step, complementary
algorithm builds the pendant edges (virtual edges)
between an isolated drug and connected drugs from
available external sources. Then we have a anchoring
set of v;, S, = {vj|vi€Sp, v;€S,,vi ~ v;} where v;~v; is
identified from available external sources. And we have
a validation set of v;, S}, = S.\SY,. In Fig. 2(b), dr; is
initially anchored to {dr,, drs, drs} based on external
source of information. The anchoring set Sy = {dr, drs,
drs} remains connectable drugs. At this point, edges
between isolated drugs Sp and connected drugs S¢
remain virtually connected.

Scoring Step: The scoring step allows a disconnected
drug to select connectable drugs from anchoring set
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Sa. To order the connectable drugs, we apply graph-
based semi-supervised learning (SSL). (more details on
SSL is described in drug scoring section) In a virtually
connected graph, SSL calculate the scores f= {1, f3, ...
4T when a disconnected drug is given. In Fig. 6(b), the
scores for anchored drugs {dr, drs, drs} have the score
values {0.9, 0.8, 0.5}, respectively.
Connecting/Stopping Step: This is the confirmation
step for allowing isolated (disconnected) drugs to be
connected to the graph based on scoring results. The
order of connection is determined by scores on
anchored drugs. The connection step sorts fi, ..., f,, by
descending order of scores f and it connects v; to v; s
which have the largest scores. Complementary
algorithm check network performance by using
validation set Sy to preserve the network’s property
which means that the connecting step prevents the
degradation of network’s performance. The algorithm
stops when there are no more unconnected nodes, no
more external data, or the performance of the network
decreases. In Fig. 6(b), three connections are possible
with available external source but drl and dr5 are not
connected due to the criterion of finalizing the
connection. The degree of harmfulness of external
source is determined by measuring change in
performance of the network.

Drug scoring for repurposing

Given a specific disease, the enhanced network recom-
mends candidate drugs for repurposing through drug
scoring. The scoring process determines the priority of
recommendations and utilizes one of machine learning
algorithm, graph-based Semi-Supervised Learning (SSL).
Since drug-drug interactions are sparsely known, most
machine learning algorithms cannot perform well. On
the other hand, SSL can predict unlabeled nodes by
using both labeled and unlabeled nodes. If we let the
similarity matrix of the constructed drug network as W,
SSL uses the graph Laplacian matrix, L, and yields score
ffrom the following functional:

f=+uL)y

where f=(fi, ....f)5 y=(0, ...,0,9;= 1,0, ...,0)%, and
¢ is a user-specified parameter. Here, the graph Lapla-
cian L is defined as L =D - W where D = diag (d;), and

d; = Z w;;j For more details see [23]. The larger score
j

of f for a drug implies higher possibility of treating the
given disease. In Fig. 6(c), we recommend drugs in the
top-tier, in the order of f-score, as candidates for
repurposing.
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Additional file

Additional file 1: Figure S1. A snapshot of the enhanced network with
150 drugs: the solid lines represent original connections with information
on shared target protein, and the dotted lines represent newly
connected edges using CLASH. Red circles represent orphan drugs but
linked to the network by the proposed method. (PDF 751 kb)

Abbreviations

CTD: Candidate Target Gene; MeSH: The Medical Subject Headings;
PharmGKB: The Pharmacogenomics Knowledge Base; TTD: Therapeutic
Target Database

Acknowledgements

HJS would like to gratefully acknowledge support from the National
Research Foundation of Korea (NRF) grant funded by the Korea government
(MSIP) (2018R1D1A1B07043524), and the Ajou University research fund. JHS s
would like to gratefully acknowledge support from the National Research
Foundation of Korea (NRF) grant funded by the Korea government (MSIP)
(2017R1ETATA03070345).

Funding
Publication of this article was funded by the National Research Foundation
of Korea (2017RTETA1A0307034) and Ajou University research fund.

Availability of data and materials

The data can be found in PharmDB (http://pharmdb.org/). PharmDB is a
tripartite pharmacological network database of human diseases, drugs, and
proteins which compiles and integrates nine existing interaction databases
(Access date: 2016. 11. 03).

Conflict of interest
None declared.

About this supplement

This article has been published as part of BMC Bioinformatics Volume 20
Supplement 13, 2019: Selected articles from the 8th Translational Bioinformatics
Conference: Bioinformatics. The full contents of the supplement are available
online at https://bmcbioinformatics.biomedcentral.com/articles/supplements/
volume-20-supplement-13.

Authors’ contributions

HJS supervised the whole study process and wrote/revised the manuscript.
YHN designed the idea and analyzed the data, implemented the system, and
wrote/revised the manuscript. MJK and HSC implemented and validated the
results. And all authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Industrial Engineering, Ajou University, 206, World cup-ro,
Yeongtong-gu, Suwon-si, Gyeonggi-do 16499, Republic of Korea.
’Department of Surgery, Thyroid Cancer Center, Gangnam Severance
Hospital, Institute of Refractory Thyroid Cancer, Yonsei University College of
Medicine, 211 Eonjuro, Gangnam-gu, Seoul 06273, Republic of Korea.


https://doi.org/10.1186/s12859-019-2858-6
http://pharmdb.org/
https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-20-supplement-13
https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-20-supplement-13

Nam et al. BMC Bioinformatics 2019, 20(Suppl 13):383

Published: 24 July 2019

References

1.

2.

19.
20.

21.

22.

23.

Scannell JW, Blanckley A, Boldon H, Warrington B. Diagnosing the decline in
pharmaceutical R&D efficiency. Nat Rev Drug Discov. 2012;11(3):191.
Khanna I. Drug discovery in pharmaceutical industry: productivity challenges
and trends. Drug Discov Today. 2012;17(19-20):1088-102.

Hughes JP, Rees S, Kalindjian SB, Philpott KL. Principles of early drug
discovery. Br J Pharmacol. 2011;162(6):1239-49.

Barratt MJ, Frail DE. Drug repositioning: bringing new life to shelved assets
and existing drugs: John Wiley & Sons; 2012.

Goldstein I, Lue TF, Padma-Nathan H, Rosen RC, Steers WD, Wicker PA. Oral
sildenafil in the treatment of erectile dysfunction. N Engl J Med. 1998;
338(20):1397-404.

Singhal S, Mehta J, Desikan R, Ayers D, Roberson P, Eddlemon P, Munshi N,
Anaissie E, Wilson C, Dhodapkar M. Antitumor activity of thalidomide in
refractory multiple myeloma. N Engl J Med. 1999;341(21):1565-71.

Hurle M, Yang L, Xie Q, Rajpal D, Sanseau P, Agarwal P. Computational drug
repositioning: from data to therapeutics. Clin Pharmacol Ther. 2013;93(4):
335-41.

Chang RL, Xie L, Xie L, Bourne PE, Palsson B@. Drug off-target effects
predicted using structural analysis in the context of a metabolic network
model. PLoS Comput Biol. 2010,6(9):e1000938.

Keiser MJ, Setola V, Irwin JJ, Laggner C, Abbas Al, Hufeisen SJ, Jensen NH,
Kuijer MB, Matos RC, Tran TB. Predicting new molecular targets for known
drugs. Nature. 2009;462(7270):175.

Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel MJ, Lerner J,
Brunet J-P, Subramanian A, Ross KN. The connectivity map: using gene-
expression signatures to connect small molecules, genes, and disease.
science. 2006;313(5795):1929-35.

Campillos M, Kuhn M, Gavin A-C, Jensen LJ, Bork P. Drug target
identification using side-effect similarity. Science. 2008,321(5886):263-6.
Chiang AP, Butte AJ. Systematic evaluation of drug-disease relationships to
identify leads for novel drug uses. Clin Pharmacol Ther. 2009;86(5):507-10.
Yildirim MA, Goh K-I, Cusick ME, Barabasi A-L, Vidal M. Drug—target network.
Nat Biotechnol. 2007;25(10):1119.

Kim D, Joung J-G, Sohn K-A, Shin H, Park YR, Ritchie MD, Kim JH.
Knowledge boosting: a graph-based integration approach with multi-omics
data and genomic knowledge for cancer clinical outcome prediction. J Am
Med Inform Assoc. 2014;22(1):109-20.

Nam Y, Kim M, Lee K, Shin H. CLASH: complementary linkage with
anchoring and scoring for heterogeneous biomolecular and clinical data.
BMC medical informatics and decision making. 2016;16(3):72.

Shin H, Lisewski AM, Lichtarge O. Graph sharpening plus graph integration:
a synergy that improves protein functional classification. Bioinformatics.
2007;23(23):3217-24.

Shin H, Tsuda K, Scholkopf B. Protein functional class prediction with a
combined graph. Expert Syst Appl. 2009;36(2):3284-92.

Lappin G, Rowland M, Garner RC. The use of isotopes in the determination
of absolute bioavailability of drugs in humans. Expert Opin Drug Metab
Toxicol. 2006;2(3):419-27.

Burns A. The benefits of early diagnosis of dementia. Bmj. 2012;344:3556.
lliffe S, Manthorpe J, Eden A. Sooner or later? Issues in the early diagnosis of
dementia in general practice: a qualitative study. Fam Pract. 2003,20(4):376-81.
Guehne U, Riedel-Heller S, Angermeyer MC. Mortality in dementia.
Neuroepidemiology. 2005;25(3):153-62.

Karantzoulis S, Galvin JE, Braak S, Mckhann MK, Jack S, Hodges B.
Distinguishing Alzheimer's disease from other major forms of dementia.
Expert Rev Neurother. 2011;11(11):1579-91.

Zhu X. Semi-supervised learning. Encyclopedia of machine learning; 2010. p.
892-7.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Experimental settings
	Results for comparative performance

	Discussion
	Conclusion
	Methods
	Drug network construction
	Network reinforcement
	Drug scoring for repurposing

	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Conflict of interest
	About this supplement
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

