Seminars in Cancer Biology 68 (2021) 84–91

Contents lists available at ScienceDirect

Seminars in Cancer Biology
journal homepage: www.elsevier.com/locate/semcancer

Current progress and future perspectives of polypharmacology : From the
view of non-small cell lung cancer
Ramanathan Karuppasamy a, *, Shanthi Veerappapillai a, Sayoni Maiti a, Woong-Hee Shin c, d,
Daisuke Kihara b, c, e, f
a

Department of Biotechnology, School of Bio Sciences and Technology, Vellore Institute of Technology, Vellore 632014, Tamil Nadu, India
Department of Biological Science, Purdue University, West Lafayette, IN, 47907, United States
Department of Computer Science, Purdue University, West Lafayette, IN, 47907, United States
d
Department of Chemistry Education, Sunchon National University, Suncheon 57922, Republic of Korea
e
Purdue University, Center for Cancer Research, West Lafayette, IN, 47907, United States
f
Department of Pediatrics, University of Cincinnati, Cincinnati, OH, 45229, United States
b
c

A R T I C L E I N F O

A B S T R A C T

Keywords:
Lung cancer
Drug resistance
Drug Discovery
Drug repurposing
Repositioned hits

A pre-eminent subtype of lung carcinoma, Non-small cell lung cancer accounts for paramount causes of cancerassociated mortality worldwide. Undeterred by the endeavour in the treatment strategies, the overall cure and
survival rates for NSCLC remain substandard, particularly in metastatic diseases. Moreover, the emergence of
resistance to classic anticancer drugs further deteriorates the situation. These demanding circumstances culminate the need of extended and revamped research for the establishment of upcoming generation cancer therapeutics. Drug repositioning introduces an affordable and efficient strategy to discover novel drug action,
especially when integrated with recent systems biology driven stratagem. This review illustrates the trendsetting
approaches in repurposing along with their numerous success stories with an emphasize on the NSCLC therapeutics. Indeed, these novel hits, in combination with conventional anticancer agents, will ideally make their
way the clinics and strengthen the therapeutic arsenal to combat drug resistance in the near future.

1. Lung cancer biology
Lung cancer harbours a complicated molecular basis portraying
diverse heterogeneity. Hence, it is obligatory to comprehend the technicalities in order to invent targeted therapies. Lung cancer is majorly
bifurcated into non-small cell lung cancer (NSCLC) represented by 85%
of the case and the rest is attributed to small cell lung cancer (SCLC).
Histologically, NSCLC is withal systematized into large-cell carcinoma,
squamous-cell carcinoma and adenocarcinoma, [1]. Literature evidences support that squamous-cell lung carcinoma emanates at the main
bronchi and forges ahead towards the carina. With a slight different,
adenocarcinoma springs among the peripheral bronchi. Moreover,
large-cell carcinoma depicts exiguity of either squamous or classic
glandular morphology. Finally, small-cell lung cancer originates from
the hormonal cells, promulgates into regional lymph nodes and submucosal lymphatic vessel in the absence of a bronchial invasion. Under
normal conditions, several proteins work in an intricate manner in order
to establish homeostasis and normal cell proliferation. Lung cancer

develops through an involuted mechanism which comprises of several
genetic and epigenetic alterations, specifically upregulation of oncogenes and downregulation of tumor suppressor genes [2]. Subsequent to
the initiation of primary cancer, perpetuating amassment of aberrant
genetic transformation, procured in the course of clonal expansion,
predisposes the mechanism of metastasis, tumor invasion and resistance
to cancer medication. A few tumor suppressor genes and oncogenes have
been characterized which are found to be altered in NSCLC. The RTK
pathway includes the oncogenes namely, ALK, MET, DDR2, EGFR,
ERBB2/3, FGFR1 [3]. The RAS pathway is marked by the genes HRAS
and KRAS [4]. Similarly, the RAF pathway involves BRAF gene [5]. A
few of these proteins are depicted in Fig. 1. Apart from this, enhanced
telomerase activity, which maintains the telomere length through
incessant synthesis of telomeres and lengthing of enduring telomeres,
contributes towards the cellular immortality [6]. Additionally, the
tumor microenvironment plays a very crucial role to support the tumor
growth. The complex interaction of the cancer-associated fibroblast,
stromal cells, immune cells and stem cells constitute major hallmarks of

* Corresponding author.
E-mail address: kramanathan@vit.ac.in (R. Karuppasamy).
https://doi.org/10.1016/j.semcancer.2019.10.019
Received 14 July 2019; Received in revised form 22 October 2019; Accepted 28 October 2019
Available online 4 November 2019
1044-579X/© 2019 Elsevier Ltd. All rights reserved.

R. Karuppasamy et al.

Seminars in Cancer Biology 68 (2021) 84–91

cancer [7]. This microenvironment gets transmuted in a manner so as to
foster tumor growth and suppress the host’s immune system. The altered
environment is marked by effectual secretion of sundry growth factors
like
vascular
endothelial
growth
factor
(VEGF)
and
granulocyte-macrophage colony stimulating factor (GM-CSF) and by the
loss of antigen variants as well as MHC class I molecules. The immune
cells are functionally vitiated, and the newly infiltrating immune cells
get triggered, causing a disconcerted phenotype [8]. Thus, lung cancer is
equipped with multifarious targets and understanding the molecular
biology of lung cancer will help us to formulate targeted therapies.

protein (MAGE-A3 and protein D of Hemophilus influenza) in combination with an immune-enhancing adjuvant. These help to ameliorate
the immune system of the body and prepares it to attack the tumor. A
few other well-known vaccines are liposomal BLP25, CIMAvax EGF,
TG4010, belagenpumatucel-L [14]. Since all these futuristic approaches
have paved the way for modern drug development, dietary agents are
being ignored. Though they are not as effective, but they are natural and
devoid of all the side effects [15]. Recent literature suggests that dietary
modifications might reduce lung cancer incidences [16]. It has been
found that green tea polyphenols upregulate p53 expression, genistein,
curcumin and fisetin inhibits cell proliferation and promotes several
other antitumor activities [17]. Components of pomegranate polyphenols like Punicalagin causes inhibition of DNA adducts and has
anti-proliferative effects [17]. Finally, targeted therapy always has a
place reserved in drug discovery. US Food and Drug Administration
(FDA) has approved various medications for the treatment of NSCLC.
For the past few years, these remedies focussed on oncogenic EGFR
(epidermal growth factor receptor) mutations, ROS1 (proto-oncogene
receptor tyrosine kinase) and ALK (anaplastic lymphoma kinase) fusion,
BRAF and KRAS mutations, HGFR/MET (hepatocyte growth factor receptor) alterations and HER2/ERBB2 (human epidermal growth factor
receptor 2) mutations [18–20]. EGFR triggers the cell growth signalling
pathways, hence their oncogenic transformation leads to uncontrolled
cell growth. Presently, there are four FDA-approved EGFR TKIs which
are under clinical use. The first, second and third generation inhibitors
include erlotinib gefitinib, afatinib and osimertinib respectively [18,21].
Similarly, ALK gene exists as a fused product with echinoderm
microtubule-associated protein-like protein 4 (EML4) and enhances
malignant growth and proliferation. Crizotinib was the first generation
ALK inhibitor, followed by ceritinib, alectinib and brigatinib have also
been approved by FDA to target ALK fusion driven NSCLC [22]. Notably,
ROS1 gene rearrangements have been found to occur in a few NSCLC
cases. These fusion brings together the intact ROS1 kinase domain with a
range of partners, viz. CD74, to promote constitutive ROS1 kinase activity [23]. Crizotinib has addressed a few of these cases. Moreover,
mutations in the BRAF gene also occur in a few lung adenocarcinoma
cases. BRAF-V600E mutations induce constitutive activation of BRAF in
its monomeric form, activating the downstream MEK-ERK signalling
[24]. Lately, a combination of dabrafenib and trametinib have been

2. Treatment methods
There are ample amount of treatment options available for cancer.
They can be majorly categorized into primitive, immunotherapy, existing and advanced targeted therapy. The primitive methods focus on
either its physical removal or destroy it with the help of radiation. A few
routine procedures which have been implemented for lung cancer are
surgery, adjuvants, chemotherapy and radiotherapy. Either the tumor is
physically removed by surgery or adjuvant therapy takes charge. This
refers to the subsequent treatments viz chemotherapy, radiotherapy or
targeted therapy [9]. Advances in scientific research has suggested that
the immune system of the body is a very attractive option for cancer
treatment [10]. This is the in-built surveillance network, which protects
the body from diseases by keeping a check on the foreign particles and
maintain harmony among various life processes. For long, it was
considered that lung cancer is non-immunogenic. But lately, evidences
depict the immune system evasion by lung cancer [10]. There is loss of
major histocompatibility complex (MHC), secretion of immunosuppressive cytokines, and expression of molecules that prevent the activation of T cells. All these have paved way for immunotherapeutic. This
futuristic therapy aims to elicit the immune-mediated destruction of
cancer cells [11–13]. Presently, there are monoclonal antibodies, immunomodulators, therapeutic vaccines, autologous cellular therapies,
and more [11–13]. Recently, checkpoint inhibitors have been discovered that target programmed death-1 (PD-1) pathway and cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4) [10]. Apart from this, a
few vaccines have been introduced as well [14]. An immunotherapeutic
NSCLC marker, MAGE-A3 antigen is composed of a recombinant fusion

Fig. 1. Traditional and rationale strategies for the treatment of NSCLC.
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approved for the treatment [18] Furthermore, there is a tumefying
spectrum of oncogenic driver alterations, which include the MET, KRAS
and HER2 mutations. Crizotinib and cabozantinib have been utilised for
targeting MET alterations. Besides, KRAS signaling is targeted by the
cyclin-dependent kinase 4/6 (CDK4/6) which is in-turn inhibited by
abemaciclib. Lastly, HER2 has been targeted with the help of the
monoclonal antibody trastuzumab in combination with chemotherapy.
Shedding light upon the most recent techniques it has been established
that NSCLC propagates with the help of very intricate network which
involves ambiguous modifications in umpteen proteins. Neoteric literature survey provides powerful insight into these mechanisms. Nitrosylation of Peroxiredoxin-2 (Prdx-2) facilitates the apoptosis of NSCLC
cells via the AMPK-SIRT1 pathway [25]. Further, UV-irradiated
apoptotic cancer cells interact with macrophages in order to furnish
an anti-tumor microenvironment. This interaction leads to the formation
of Peroxisome proliferator activated receptor gamma (PPARγ), which is
a potent PTEN transcription factor. PTEN downregulates AKT and hence
curbs the epithelial to mesenchymal transition (EMT), thus inhibiting
lung metastasis [26]. Moreover, increased expression of p53 and Bax,
with the help of a natural extract, caused the reduction in the level of
JAK2 and phosphorylated STAT3, thus prevents metastasis by inducing
apoptosis in cancer cells [27]. Furthermore, Cyclin dependent kinase 1
(CDK1), which is a key determinant of mitotic progression, when bound
directly to iron, promotes JAK1 phosphorylation and activates STAT3
signaling, and hence tumor formation [28]. CDK1 knockdown and DFO
(iron chelator) suppresses tumorigenicity [28]. Besides, Extracellular
signal-regulated kinase 5 (ERK5) is an indicator of radioresistance of
cancer cells. ERK5 triggers Checkpoint kinase 1 (Chk1) thus supplementing the DNA repair of the cancer cells. ERK knockdown enhances
G2/M cell cycle arrest and apoptosis, thus exhibiting anticancer activity
[29]. Yet another, Paired-box 6 (PAX 6) is an oncogene, which regulated
the transcriptional activity of zinc finger E-box binding protein 2 (ZEB2).
PAX6-ZEB2 promotes metastasis by mediating E-cadherin downregulation through PI3K/AKT pathway in NSCLC. PAX6 knockdown and
PI3K-AKT inhibitor restricts cell migration and promotes anti-tumor
activity [30]. All the treatment strategies have been summarised in
Fig. 1.

of the available information on drugs and their targets networks,
chemical configuration, approval labels from FDA, clinical trial data and
metabolic pathways into drug repurposing studies. This method grabs
the lime light on account of the monumental amount of documentation
that is already available, this accurate channelization and intellectual
conclusion will pave way to drug repurposing. The following representative, Metformin, constitutes a magnificent illustration of the outcome
of knowledge-based drug repurposing approach for NSCLC. It stands
distinguished as the unrivalled exemplification of cancer drugrepurposing issued with the help of knowledge-based approach. A
study was conducted by amalgamating two massive electronic health
records which suggested that metformin was associated with decreased
cancer mortality either by insulin-dependent or independent mechanism
[31,32]. Recent evidence highlighted that its anti-tumor effect was on
account of the inhibition of the mTOR signaling pathway by activating
AMPK regulator and p53 [33]. Preclinical analyses have also highlighted
that metformin can harmonize with chemotherapeutics like taxane and
platinum, aggrandize anti-cancer potency of tyrosine kinase inhibitors
and triumph over resistance to same, and function as a radio sensitizing
agent [34]. Ex post facto and epidemiological studies have syndicated
metformin’s use with declining lung cancer prevalence, meliorated
overall survival (OS) as well as concertion with TKIs [35–37]. Hydroxychloroquine (HCQ) is an alternative illustration of the
knowledge-based repurposing approach, and stands as one of the
promising samples which also is an established antimalarial agent. Scientific evidence supports the HCQ has been used in cancer therapy,
particularly to upgrade the quality of life of NSCLC valetudinarian. It
functions as a chemo-activator and immune regulator to supplement the
therapeutic effects. A study demonstrated that HCQ decreases lysosomal
acidification by emancipating chemotherapeutic drugs from the lysosome to the cytoplasm or nucleus, ramifying into intensified cytotoxicity
[38,39]. Moreover, HCQ does not affect cell viability, exclusively, but at
higher concentrations, while 5 μM is sufficient to sensitize tumor cells
[40]. The other repurposed hits emerged from this strategy were given
in Table 1 [41–52].

3. Channelization towards drug repurposing

The comparison between drug and disease gene expression profiles
utilize the gene signatures introducing a novel method designated as
‘signature reversion’ [53,54]. A circumstantial map concatenating disease and drug actions can be constructed with the help of gene expression based methods [55]. Predominantly on the basis of transcriptome
data, it was victoriously manipulated to ascertain drug repositioning
opportunities in a wide range of therapeutics areas, especially in the
field of oncology and rare diseases.
An antipsychotic drug, Pimozide, constitutes a striking example that
was identified as lung cancer therapeutic in the context of signaturebased repurposing strategy. The growth retardation effects of pimozide were studied in four cell lines of lung cancer, all of which overexpressed HCC4006, CALM1, H460, A549, and H1437. Fortunately, the
study demonstrated that pimozide showed significant anticancer activity and hence can be used to treat lung cancer. However, the contrivance
of its activity remains unascertained and materializes to be CALM1independent [56]. Furthermore, another antipsychotic agent, Trifluoperazine, stands as an interesting success story of gene-signature based
repurposing approach. It was postulated that trifluoperazine impedes
tumor growth and overcomes drug resistance by exerting anti-CSC effects. Trifluoperazine obstructs Wnt/β-catenin signaling in
gefitinib-resistant lung cancer spheroids. The coalescence of trifluoperazine with either cisplatin or gefitinib has also been reported to overcome drug resistance in lung CSCs [57]. Moreover, Bisphosphonates are
a fascinating example from signature-based approach, as well. These
group of drugs are the mainstay of therapy worldwide for osteoporosis
and skeletal metastasis. However, the cell free in vitro assays with
N-containing bisphosphonates established that they minimize tumor

4.2. Signature-based drug repurposing

Despite the advancement in the treatment strategies and enhanced
knowledge of cancer heterogeneity, translation of these benefits into
therapeutic advances has been fewer than expected. Importantly,
limited success with current therapies in advanced stages have driven
huge investments into drug development. This appetency for more
effective anti-cancer drugs has sparked a growing interest for drug
repurposing. Thus, we have curated the details of repurposed candidate
particularly for the treatment of NSCLC by extracting documents from
PubMed central and Elsevier journals. Emphatically, our anatomization
will bestow valuable information for the scientific community to
accelerate NSCLC drug discovery.
4. Drug repurposing approaches
Although, the number of drug repositioning approaches have
dramatically escalated in the recent years, they mostly fit into three
basic units viz. (i) drug (ii) target and (iii) disease/therapy-oriented. On
the basis of procurable information of disease and drugs we have tried to
obtain meaningful interpretations for repurposing hypotheses. Here, we
have highlighted the success stories of drug repurposing in lung cancer
with respect to six major strategies.
4.1. Knowledge-based drug repurposing
Knowledge-based drug repurposing basically involves unveiling the
novel therapeutic uses of the pre-existing medicaments with the support
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Table 1
Details of repurposing opportunities for the treatment of NSCLC.
S.
No

Drug Name

Original indication

Remarks

Type of Repurposing Approach

References

Metformin
Hydroxychloroquine
Verapamil
Clarithromycin
Dihydroartemisinin
(DHA)
Pirfenidone
Disulfiram

Diabetes
Malaria
Antihypertensive
Bacterial infections
Malaria

Clinical Trials Phase II
Clinical Trials Phase II - Ongoing
Randomized Clinical study
In vitro and in vivo
In vitro and in vivo

Knowledge
Knowledge
Knowledge
Knowledge
Knowledge

[31,32]
[38]
[41]
[42]
[43]

Idiopathic pulmonary fibrosis
Treatment of chronic
alcoholism
Psoriasis

In vitro and in vivo
Clinical Trials Phase III Completed
Clinical Trials Phase I - Completed
(with Afatinib) Phase IICompleted. (With erlotinib)
In vitro and In vivo
Clinical Trials Phase II - Ongoing
Clinical Trials Phase II - Ongoing

Knowledge based approach
Knowledge based approach

[44]
[45]

Knowledge based approach

[46]

Knowledge based approach
Knowledge based approach
Knowledge based approach

[47]
[48]
[49,50]

In vitro and in vivo studies
In vitro
In vitro and in vivo studies
In vivo

Knowledge based approach
Signature based approach (Disease)
Signature based approach (Gene)
Signature based approach (Drug)

[51,52]
[56]
[57]
[58]

In vitro
In vitro and in vivo
Clinical Trials Phase II - Ongoing
Clinical Trials Phase I - Completed
Phase III
Phase II
In vitro
in vivo and in vitro validation

Signature based approach (Gene)
Pathway based approach
Pathway based approach
Pathway based approach
Pathway based approach
Pathway based approach
Pathway based approach
Network Based (Protein-Protein network based
approach with cMap)
Network Based (Protein-Protein network based
approach with cMap)
Network Based (Protein-Protein network based
approach with cMap)
Mechanism of action
Mechanism of action
Target based approach
Target based approach
Target based approach
Target based approach

[59]
[61]
[62]
[63]
[63]
[63]
[64]
[65]

Network Based approach (Integration of the drug-gene
interaction (DGI) and the gene-disease association
network (GDN))
Integrative systems biology approach

[91]

[93]

[98,99]
[100]
[101]
[102]

Ruxolitinib
Phenformin
Nelfinavir
Ibrutinib

based approach
based approach
based approach
based approach
based approach

Ritonavir
Carglumic acid
Simvastatin
Celecoxib
Apricoxib
Rofecoxib
Lovastatin
Fluphenazine

Diabetes
HIV
Chronic lymphocytic
leukemia
Antibiotic
Antipsychotic
Antipsychotic drug
Osteoporosis and metastatic
bone disease
HIV
Hyperammonemia
High cholesterol
Fever and Pain control
Fever and Pain control
Fever and Pain control
Hypercholesterolemia
Anti-psychotic

Perphenazine

Schizophrenia

in vivo and in vitro validation

Mefloquine

Malaria

in vivo and in vitro validation

Auranofin
Nitroglycerin
Clobetasol propionate
Albendazole
Mebendazole
Cabozatinib

Rheumatoid arthritis
Coronary vasodilator
Skin disorders
Anti-helminthic
Anti-helminthic
Medullary thyroid cancer and
renal cell carcinoma
Antidepressant

In vitro and in vivo studies
Clinical Trials Phase II
Only in vitro and in vivo studies
In vitro
In vitro
In vitro

Only in vitro validation

Bezafibrate

Chronic myelogenous
leukemia
Hyperlipidaemia

In vitro and in vivo

Mepacrine (Quinacrine)

Antiparasitic

Phase I - Completed

Itraconazole

Anti-fungal

Phase II studies – ongoing

Potassium Antimonyl
Tartrate (PAT)
Bortezomib
Ouabain
Rifabutin
Niclosamide

Antiparasitic Drug

In vitro

Multiple approach (expression-based in silico
screening + CMap network analysis)
Gene expression analysis + CMap + Machine learning
approach
Activity based repurposing approach and pathway based
approach
Blinded search or screening approach

Refractory multiple myeloma
Cardiovascular disease
Tuberculosis
Anti-helminthic

Clinical Trials Phase II - Ongoing
In vitro
Only in vitro and in vivo studies
In vitro

Blinded search
Blinded search
Blinded search
Blinded search

Tigecycline
Pimozide
Trifluoperazine
Bisphosphonates

Sertraline
Bosutinib

In vitro and in vivo

progression in certain subgroups of patients. It downregulates the
signaling pathways by blocking kinase domain of HER1/2. Thus, it could
possibly be used for HER family associated cancer drug repurposing
[58]. Ritonavir, originally used as HIV Protease inhibitor, also of interest
in lung adenocarcinoma therapeutics [59].

or
or
or
or

screening approach
screening approach
screening approach
screening approach

[65]
[65]
[67,68]
[69]
[70]
[73]
[73]
[75]

[92]

[94]
[95,96]
[97]

examples, was discovered by pathway based approach. It has been FDA
approved for hyperammonemia and claimed to be an orphan drug. Sodium phenylbutyrate (PB) was used as an example to access the potential of carglumic acid. The anticancer activity of PB can be accounted to
urea cycle activation. A study demonstrated the induction of apoptosis
and in turn inhibition of proliferation by carglumic acid in various
cancer viz. triple-negative breast cancer, human pancreatic cancer, lung
cancer and hepatoma. Significantly, Carglumic acid promotes cell
apoptosis by activating caspase 3, hence supressing tumor growth [61].
Moreover, Simvastatin (Zocor) which is an essential agent to elevate
HDL (good cholesterol) and alternately, abate LDL and triglycerides
(bad cholesterol) in blood, accompanied with a proper diet, has been

4.3. Pathway and network-based methods
The disease-specific pathway and network based approach is yet
another possibility which combines disease “omics” data, metabolic
pathways and protein interaction networks [60].
Carglumic acid (Carbaglu; Orphan Europe) one of the remarkable
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recently found to aid in cancer treatment as well. A randomized A549
cell line study demonstrated that simvastatin and survivin (a member of
the IAP family) expression are concomitant. The study depicted that
simvastatin induced apoptosis via Akt signaling pathway which reverberated into survivin down-regulation in A594 cells, hence exhibiting
anti-cancer effects [62]. The repurposed hits identified by pathway
based strategy were given in Table 1 [63–65].

could be repurposed for the management of NSCLC drug resistance. The
study also highlights that all these compounds are able to bind effectively with ALK protein through key hydrogen bonding interaction
exhibited by Met1199 [74]. Recently, cabozantinib was also used in the
treatment of NSCLC particularly patients with rare oncogenic alterations, such as NTRK1 and ROS1 rearrangements [75].
4.6. Systematic in Silico Drug (Re)purposing

4.4. Targeted Mechanism-based approach

Improvements in computational methods and omics technology have
provided new opportunity of computational drug repurposing. Valuable
data, such as protein-protein interaction networks, drug-target interactions, and drug side-effect have been collected rapidly and released
to the public. Although systematic computational approaches has not
been yet applied to lung cancer, they will become powerful tools. We
briefly overview such approaches in this section.
The most basic approach of computational drug repurposing is
structure-based drug interaction prediction to new targets. Zhao et al
[76] found potential inhibitors of Ebola virus by protein-ligand docking
which targeted viral protein 24 (VP24) and methyltransferase (MTase).
FDA-approved 2005 drugs from DrugBank [77] were docked to the
predicted binding sites of the proteins using AutoDock4 [78], AutoDock
Vina [79], PLANTS [80], and Surflex [81]. From the consensus of
docking results, Sinefungin and Indinavir were predicted as potential
inhibitors of Ebola virus infection.
Drug-target interaction (DTI) networks is an important resource for
understating patterns of interacting compounds and targets, which
would lead to identification of new potential targets for a drug. The
assumption of a DTI network-based approach is that similar drugs are
likely share targets and vice versa. It was discussed by Gao and Skolnick
[82] that different proteins share similar ligand-binding pockets and
pockets can be classified into a finite number of classes, which implies
that a ligand can bind to multiple proteins in general [82]. Nidhi et al.
[83] used extended-connectivity fingerprints (ECFP) [84] to represent
compounds and trained a multiple-category naïve Bayesian model on
the WOMBAT database [85] of compounds and their targets to capture
features of interacting compounds and targets. When tested on the
different database, MDDR [Elsevier MDL Home Page. http://www.mdli.
com], the program showed a recall of 77% on known interactions and
further predicted a new histone deacetylase inhibitor, [N-(2-aminophenyl)-4-(3-hydroxypropanamido) benzamide, a close analog of
known histone deacetylase inhibitor. Cao et al [86] used the PDSP Ki
database [87], which composed of 514 target proteins and 3393
drug-like ligands to train random forest, a popular machine learning
algorithm. Using the trained random forest, they could make 775 new
connections between 67 targets and 517 drugs, among which 63% were
validated from public biological resources.
In addition to DTI networks, other data such as side-effects, biological pathways, sequences and structures of target proteins, can be integrated to capture various aspects and similarities of interacting targets
and drugs. Sawada et al. [88] integrated three different data types,
compound features (ECFP, Chemistry Development Kit Fingerprints, and
KEGG Chemical FunKCF-S), target proteins, phenotypic effects (from the
FDA Adverse Event Reporting System), and disease association (the International Classification of Diseases and KEGG Disease database and
KEGG Drug database).
Recently, deep-learning has also been explored to predict a new
drug-target interaction. Aliper et al. [89] trained deep neural networks
(DNN) on gene transcription data to predict a novel target disease of a
drug. The DNN was able to re-classify drugs that were misclassified in a
public database. Thus, the DNN model could serve as a drug repositioning tool. Zeng et al. [90] integrated 10 networks, namely,
drug-target, drug-disease, drug-side-effect, and 7 drug-drug networks
and learned interaction patterns using a deep autoencoder, which is a
recent deep learning-based technique. Using the autoencoder, a new
target disease for a query target drug can be predicted.

This approach introduces yet another drug-repositioning strategy
which amalgamates data from signaling pathways, protein interaction
and treatment omics to particularize the unknown workflow of drugs
actions [60]. The case of Auranofin is debatably a well-known example
of cancer drug repositioning issued with the help of targeted
mechanism-based approach. It is basically a gold complex that has been
advocated for the treatment of rheumatoid arthritis since the 1980s
[66]. Treatment in the presence of gold revealed pruned malignancy
rates in the patients with rheumatoid arthritis treated, with respect to
the ones treated otherwise, providing a direct indication of feasibility of
using auranofin for cancer therapy. Thus, several assays performed in
NSCLC cell lines manifested the inhibition of AKT/PI3K/mTOR axis by
auranofin, providing a clear indication of potent anti-cancer activity
[67,68]. Nitroglycerin (NTG), is another illustration of a targeted
mechanism-based repurposing approach. For a long time it has been
used as a coronary vasodilator. Its application is also found in congestive
heart failure, treatment for hypertension, and for the instigation of
surgical hypotension. Recent literature summarises anti-tumor activities
of NTG which is mainly attributed to nitric oxide production, though its
manoeuvre against NSCLC remains explicable. There are instances of
replication failure of the initially positive results, leaving scope for
further exploration [69].
4.5. Target-based approach
This is a powerful technique which is embraced with high quality,
instantaneous experimentation of drugs for a protein or a biomarker. It
also involves in silico screening of drug libraries, viz. docking or ligandbased screening [60]. Taking the other side of the coin into account, the
data might not be very reliable always particularly if the compounds
have been found out from in silico library screening. Since they are more
theoretical in nature, it might offer incompatible results at times. Thus,
results offers an opportunity for further exploration. Clobetasol propionate (CP), a medicament that addresses dermatitis, eczema, psoriasis
and a variety of skin issues, is one of the best example of repurposed
candidate for NSCLC resulted from Target-based approach. A study
demonstrated that, screened CP as the most potent NRF2 inhibitor
among 4000 clinical compounds. Mechanistically, CP is found to play
through glycogen synthase kinase 3 (GSK3) signalling, by promoting
β-TrCP-dependent degradation of NRF2 and preventing nuclear accumulation. The laboratory assays unveiled that CP, either individually or
in association with rapamycin (mTOR inhibitor) ceased lung tumor
proliferation harbouring both KEAP1 and LKB1 mutation, which were
observed in NSCLC as well [70–72].
In another study, Lam et al [73] aimed to identify the novel combination therapies for navitoclax to improve the efficacy against NSCLC by
screening 640 FDA-approved drugs. The study demonstrated that benzidimidazole antihelminthic group of compounds viz. oxibendazole,
albendazole, oxfendazole and mebendazole were reported to facilitate
the navitoclax activity in multiple NSCLC cell lines. The data depicted
that benzidimidazoles would be reliable options to homogenize with
navitoclax in order to provide new combination therapies with novel
mechanisms of action. Recently, ligand and energy based pharmacophore approach was employed to identify the repurposed candidates for
the treatment of ALK affirmative NSCLC. The study summarized that few
experimental compounds alongside FDA approved molecule, nebivolol
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