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Abstract 

Overcoming multidrug resistance represents a major challenge for cancer treatment. 

In the search for new chemotherapeutics to treat malignant diseases, drug repurposing 

gained a tremendous interest during the past years. Repositioning candidates have often 

emerged through several stages of clinical drug development, and may even be marketed, 

thus attracting the attention and interest of pharmaceutical companies as well as regulatory 

agencies. Typically, drug repositioning has been serendipitous, using undesired side effects 

of small molecule drugs to exploit new disease indications. As bioinformatics gain increasing 

popularity as an integral component of drug discovery, more rational approaches are 

needed. Herein, we show some practical examples of in silico approaches such as 

pharmacophore modelling, as well as pharmacophore- and docking-based virtual screening 

for a fast and cost-effective repurposing of small molecule drugs against multidrug resistant 

cancers. We provide a timely and comprehensive overview of compounds with considerable 

potential to be repositioned for cancer therapeutics. These drugs are from diverse 

chemotherapeutic classes. We emphasize the scope and limitations of anthelmintics, 

antibiotics, antifungals, antivirals, antimalarials, antihypertensives, psychopharmaceuticals 

and antidiabetics that have shown extensive immunomodulatory, antiproliferative, pro-

apoptotic, and antimetastatic potential. These drugs, either used alone or in combination with 

existing anticancer chemotherapeutics, represent strong candidates to prevent or overcome 

drug resistance. We particularly focus on outcomes and future perspectives of drug 

repositioning for the treatment of multidrug resistant tumors and discuss current possibilities 

and limitations of preclinical and clinical investigations.  

Keywords: Drug repurposing; multidrug resistant cancer; clinical cancer trials; 

pharmacophore modelling; virtual screening 
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1. Introduction

The number of published articles referring to the term 'drug repositioning', or its 

siblings 'drug repurposing', 'drug reprofiling', 'drug redirecting' and/or 'drug rediscovery' have 

increased exponentially in the past decade. Those terms relate to a drug discovery strategy, 

where the ultimate goal is finding new uses for existing drugs (Pushpakom et al., 2018). 

Although several factors could be attributed to this phenomenon, the economic benefit 

remains the driving force. This approach grants pharmaceutical companies extended patents 

as a mean to overcome the difficulties arising from the so-called productivity problem. 

Additionally, the worldwide pressure on prices, the challenges from generics and the ever-

increasing regulatory hurdles make drug repositioning an attractive stratagem. Drug 

reprofiling represents a cost-effective subterfuge over de novo drug discovery and 

development for diverse reasons since it offers one of the best risk-versus-reward trade-offs 

of the available drug development strategies (Ashburn and Thor, 2004, Pushpakom et al., 

2018). This occurs because repositioning candidates have often been through several stages 

of development, including efficacy, pharmacokinetics, pharmacodynamics and toxicity, and 

may even be marketed entities (Figure 1). 

The repurposing of drugs has been applied in several chemotherapeutic strategies to 

treat human health disorders such as cancer (Antoszczak et al., 2020; Armando et al., 2020; 

Masuda et al., 2020; Mudduluru et al., 2016; Nowak-Sliwinska et al., 2019; Serafin et al., 

2019), neurodegenerative diseases (Corbett et al., 2015; De Castro et al., 2018), neglected 

tropical diseases (Andrade et al., 2019; Sbaraglini et al. 2016), autoimmune diseases 

(Grammer and Lipsky, 2017), asthma (Huo and Zhang, 2018), psoriasis (Xu and Zhang, 

2017), cystic fibrosis (Valeria et al.; 2019), and systemic lupus erythematosus (Grammer et 

al., 2016), to mention a few. With the development of computational methods and the 

increasing availability of novel types of big data (Kwon et al., 2019), the major limitation to 

find a new indication of a known drug lays in the identification of the molecular target of the 

disease of interest. In this particular context, dedicated computational tools have been 

developed to identify novel drug–disease connections (Yosipof et al., 2018; Zhang and Gant, 
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2009). Among the experimental approaches to unveil new drug-target interactions, binding 

assays using drug libraries and high-throughput phenotypic screening of compounds using in 

vitro or in vivo disease models can facilitate the identification of new potential drug 

candidates for clinical evaluation (Figure 2). 

As a matter of fact, drug repositioning arises from the exploitation of the promiscuity 

of small molecule drugs, i.e., the ability to disturb two or more independent proteins causing 

undesired side effects. The growing appreciation of network pharmacology as the next drug-

discovery paradigm encourages scientists to better understand and make use of such 

polypharmacological effects of promiscuous compounds (Chaudhari et al., 2017). 

Polypharmacological effects offer significant advantages for finding novel therapeutics 

particularly for the treatment of complex and multifactorial diseases such as cancer. In this 

context, the antiparasitic drug niclosamide has emerged as a relevant multitarget drug 

against both cancer cells and cancer stem cells (CSCs). Niclosamide inhibits the Wnt/β-

catenin, mTORC1, STAT3, NF-κB, NFAT and Notch signaling pathways, and targets 

mitochondria in cancer cells and glutathione biosynthesis, thereby inducing cell cycle arrest, 

growth inhibition and apoptosis (Hamdoun et al., 2017; Li et al., 2014b). The unexplored off-

target potencies of the approved drugs axitinib and tivantinib led to novel drug repurposing 

opportunities for cancer treatment (Kuenzi et al., 2019; Pemovska et al., 2015). More 

importantly, polypharmacology represents a promising strategy to overcome multidrug 

resistant (MDR) diseases (Stelitano et al., 2020). 

In the past decades, several drugs that were originally approved for indications other 

than cancer treatment have shown cytostatic effect on cancer cells (Hanusova et al., 2015; 

Yang et al., 2016). Notable examples of drug repositioning can be found in anthelmintics, 

antibiotics, antifungal, antiviral, antihypertensive drugs, psychopharmaceuticals and 

antidiabetic drugs due to their extensive immunomodulatory, antiproliferative, pro-apoptotic, 

and antimetastatic potential. These drugs have the potential to be used in combinations with 

existing anticancer chemotherapeutics as a mean to prevent or to overcome drug resistance. 
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In this review, we highlight the attempts to repurpose selected drugs commonly used 

for other medical indications, with a particular focus on the outcomes and future perspectives 

of drug repositioning for the treatment of MDR tumors. We present a brief outline of the 

computational methods that are relevant for drug reprofiling. In the subsequent sections, 

different classes of clinically used drugs (Figures 3 and 4) will be outlined and discussed for 

their anti-tumor properties and, for some of them, the most relevant repositioning studies 

(Table 1) that have been reported. Our aim is not to summarize all the reported studies but to 

provide an overview of the current possibilities and limitations. 

 

2. In silico approaches 

2.1. Pharmacophores and drug repurposing 

Overexpression of ATP-binding cassette (ABC) transporters in cancer cells, 

particularly ABCB1 (P-glycoprotein, P-gp), ABCC1 (MDR protein 1, MRP1) and ABCG2 

(breast cancer related protein, BCRP), has been identified as a key player in the 

development of MDR to multiple chemotherapeutic agents (Assaraf et al., 2019; Cui et al., 

2018; Gacche and Assaraf, 2018; Gonen and Assaraf 2012; Kopecka et al., 2020; Li et al., 

2016; Livney and Assaraf, 2013; Milman et al., 2019; Niewerth et al., 2015; Shapira et al., 

2011; Vasconcelos et al., 2019; Wijdeven et al., 2016; Zhitomirsky and Assaraf, 2016; Zhong 

and Virshup, 2020). These MDR transporters function as efflux pumps which extrude a 

multitude of structurally and mechanistically distinct anticancer drugs. As such, MDR efflux 

transporters have been prime therapeutic targets in different strategies to overcome MDR 

(Amawi et al., 2019; Assaraf et al., 2014; Assaraf et al., 2019; Bar-Zeev et al., 2017; Li et al., 

2016; Livney and Assaraf, 2013; Taddia et al., 2015; Taylor et al., 2015).  Particularly, over 

the time the focus has shifted more from inhibitor design towards lowering the likelihood that 

the drug will be recognized as an ABC-transporter substrate (Montanari and Ecker, 2015). In 

addition, bioavailability and toxicity of drugs strongly depends on their ability to interact with 

ABC transporters.  
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P-gp is one of the best characterized multidrug efflux transporter not only in MDR

cells but also for orally administrated drugs and as such, there has been continuous interest 

in elucidating, whether existing drugs are potential P-gp substrates/inhibitors. For a long 

time, these studies have been complicated due to the lack of high-resolution structural 

information, particularly because of the intrinsic difficulties involved in membrane protein 

crystallization. Thus, in silico approaches such as pharmacophore modelling and 

pharmacophore-based virtual screening have gained significant popularity in this research 

area. 

2.1.1. Pharmacophore concept 

The pharmacophore concept was first introduced by Paul Ehrlich in the late 19th 

century as specific groups within a molecule that are responsible for its biological activity 

(Güner and Bowen, 2014). This concept has evolved over the time and according to modern 

understanding “a pharmacophore is the ensemble of steric and electronic features that are 

necessary to ensure the optimal supramolecular interactions with a specific biological target 

structure and to trigger (or to block) its biological response” (Wermuthet et al., 1998). 

Therefore, the pharmacophore is an abstract concept that accounts for the common 

molecular interaction capacities of a group of compounds towards their target structure. In 

the modelling studies depending on the purposes, often а structural (2D) pharmacophore is 

defined that represents minimum skeleton connecting important binding groups, while 3D 

pharmacophore defines relative positions of these groups in the space. Pharmacophoric 

descriptors (features) that are used to define the pharmacophore, include hydrogen bonding 

(hydrogen bond donors and acceptors), hydrophobic and electrostatic interaction sites, etc., 

defined by atoms, ring centers and virtual points. The pharmacophore can be identified from 

the X-ray crystal structure of the protein-ligand complex taken from Protein Data Bank (PDB, 

https://www.rcsb.org/). If the target structure is unknown, it is derived from the comparison of 

active compounds binding to the same target in the same active site. Based on this, the 

following classification of pharmacophore modelling approaches is commonly accepted: (i) 
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ligand-based, where the pharmacophore hypothesis is built from a collection of active (and 

possibly inactive) ligands and no target information is used; (ii) target-based, where the 

pharmacophore hypothesis is built from the structural data of the receptor only; and (iii) 

complex-based, where the pharmacophore model is derived from structural data of protein-

ligand complexes. Further, it can be successfully combined with molecular docking, for 

instance known active compounds can be docked into the binding pocket of the target. At the 

next stage, these binding poses can be directly employed to extract the pharmacophore 

features. The generated pharmacophores lay the ground of the pharmacophore-based virtual 

screening, where large chemical libraries are screened against pharmacophore models and 

structures with high correspondence to the model are potential hits, meaning high potential to 

be active in the experimental testing. The predictive abilities of this approach to estimate the 

likelihood for a set of compounds to be active against protein targets of interest have 

stimulated its applications as a computational repurposing method. In this case, the 

pharmacophore modelling/screening is applied to discover potential targets of a query 

molecule (known drug) by comparing it with key pharmacophore models of the potential 

target’s binders, thus to search/propose new potential therapeutic applications of this drug 

(Huang et al., 2018). 

 

2.1.2. Pharmacophore modelling of MDR modulators 

The P-gp ligands termed MDR modulators or chemosensitizers in drug resistant 

tumor cells are representatives of different pharmacological classes, including anticancer 

agents, calcium channel blockers, neuroleptics, antiarrhythmics, antimalarial, antifungal, and 

many other drugs. Within such a diverse chemical space, it has been a challenge to identify 

which structural parameters/pharmacophore features are common and required for a 

molecule to bind P-gp (Borgnia et al., 1996; Pajeva and Wiese, 2002). Historically, after the 

calcium channel blockers, phenothiazines and related compounds exerting diverse biological 

effects including psychotropic, antimicrobial, and antifungal, are the second large group of 

intensively studied MDR modulators. A number of 3D QSAR (quantitative structure-activity 
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relationships) studies on phenothiazine-related drugs have outlined the importance of the 

space structural properties, namely steric, hydrogen bond acceptor and hydrophobic 

properties as main pharmacophoric features for P-gp binding (Tsakovska and Pajeva, 2006). 

To answer the general question how structurally diverse compounds bind P-gp, a 

comprehensive pharmacophore modelling study based on structurally different compounds 

binding to the verapamil binding site of P-gp was performed, and a general pharmacophore 

model of P-gp drugs was proposed (Pajeva and Wiese, 2002). The drugs in the modelling 

set included anticancer agents, calcium channel blockers, neuroleptic, antifungal, and 

antimalarial drugs, proton pump inhibitors, and their analogues. The derived general 

pharmacophore pattern for the verapamil binding site of P-gp involved two hydrophobic 

planes, three hydrogen bond acceptors, and one hydrogen bond donor. These 

pharmacophoric features were fixed in the space by calculating distances and angles 

between them. The study suggested that the broad structural variety of the P-gp substrates 

and inhibitors may be explained by the presence of several points (receptor atoms and 

substructures) in the verapamil binding site of P-gp that can participate in hydrophobic and 

hydrogen bond interactions with the ligands and further by the hypothesis that different drugs 

can interact with different receptor determinants in different binding modes. This hypothesis 

is confirmed by the recently resolved structure of human P-gp in a complex with the 

antitumor drug paclitaxel (PDB ID 6QEX) and two molecules of the third generation MDR-

modulator zosuquidar (PDB ID 6QEE) (Alam et al., 2019). 

Other studies developed an ensemble of pharmacophore models aiming to predict 

inhibitors or differentiate between P-gp substrates and non-substrates (Chen et al. 2012; 

Ekins et al., 2002; Li et al., 2007; Penzotti et al., 2002). The principle was to generate a set of 

significant pharmacophores that cover the features necessary for the particular group of 

compounds to occupy particular regions in P-gp. With the aim to predict existing drugs that 

are P-gp substrates or inhibitors, a pharmacophore model was developed based on 26 

known P-gp inhibitors from the flavonoid family (Palmeira et al. 2011). The model included 

six types of pharmacophoric features, namely hydrogen bond donor and acceptors, aromatic 
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centers, hydrophobic centers, negative charge, and positive charge atoms. At the next stage, 

the DrugBank database (Wishart et al., 2008) was screened against this model. Twenty-one 

hits were identified that were further subjected to in vitro testing. This resulted in 12 drugs 

found to significantly increase the intracellular accumulation of the fluorescent P-gp substrate 

Rhodamine-123 and additionally two tetracyclic antidepressant drugs, discovered to be 

potent non-competitive inhibitors of P-gp. Overall, the study is an excellent example for the 

suitability of the pharmacophore modelling as a computational repurposing approach. 

Similar successful application of a ligand-based virtual screening and experimental 

tests was demonstrated in the study of Pan et al., toward identification of old drugs as 

inhibitors of BCRP (Pan et al., 2013). In this study, Bayesian and pharmacophore models 

were generated using known BCRP inhibitors and were applied to screen more than 2000 

FDA approved drugs. This integrative virtual screening led to selection of 33 drugs that were 

experimentally tested using cell-based assays. Of them, 19 drugs including amlodipine, 

nicergoline, nisoldipine, fosinopril, papaverine, prochlorperazine, trifluoperazine, 

promethazine, thioridazine, and more, significantly inhibited BCRP transport function. 

In the recent years, there has been an increasing interest towards small-molecule 

tyrosine kinase inhibitors (TKIs) (Dal Bo et al., 2020; Gillis and McLeod, 2016; Hochhaus et 

al., 2020; Leonetti et al., 2019; Sarmento-Ribeiro et al., 2019), which demonstrate effective 

anticancer activities and some of them have been approved for clinical use or are in clinical 

trials. At the same time, several TKIs (e.g., imatinib, nilotinib, dasatinib, ponatinib, gefitinib, 

erlotinib, lapatinib, vandetanib, etc.) have demonstrated capabilities to bind ABC-transporters 

(Wang et al., 2014). This is not surprising, because they possess several pharmacophoric 

features such as hydrophobic groups, aromatic ring centers, hydrogen bond acceptors that 

are essential for interaction with the transporters (Demel et al., 2008). The investigations 

demonstrate that TKIs may behave as substrates or inhibitors depending on a number of 

factors such as the expression of specific pumps, drug concentration, affinity for transporters 

and types of co-administered agents (Beretta et al., 2017). This opens new strategies in 

anticancer therapy – to repurpose TKIs as inhibitors of ABC transporters or to design TKIs 
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with reduced binding capabilities to ABC transporters. A good example of the latter strategy 

is the pharmacophore modelling and in vitro experiments of the TKI nilotinib and a series of 

25 analogs (Shukla et al., 2014). Pharmacophore models for BCR-ABL kinase inhibitory 

activity, BCRP and P-gp inhibitory activities were generated and validated on test sets of 

BCR-ABL, ABCG2, and P-gp inhibitors. The study demonstrates a strategy to design TKI 

that specifically inhibit the target kinases without interacting with ABC drug transporters. 

2.2. Virtual drug screening and molecular docking studies 

Molecular docking and virtual screening are well-known and an integral component of 

drug discovery and also for finding targets for compounds (Isca et al., 2020; Shoichet, 2004). 

The method allows for finding drugs that were approved for a different indication and have 

potential to be repurposed for anticancer therapy by docking them into targets related to 

oncology. Inherent advantages of docking and virtual screening are available at relatively low 

cost, though structural information is required. 

2.2.1. Thalidomide 

Thalidomide was considered initially as possible antitumor agent in virtue of its 

potential antiangiogenic effects. The PDB database contains several holo X-ray crystal 

structures of the human cereblon (CRBN) protein - the primary teratogenic target of 

thalidomide - with the binding site resolved. This allowed docking to be performed, the results 

showing a good fit of thalidomide to this receptor (with RMSD values ranging from 0.349 to 

1.133, scores ranged from -9.9 to -9.1 kcal/mol) (Lagarde et al., 2018). Another study 

showed that fibroblast growth factor receptors (FGFRs), involved in embryo development 

and cancer pathophysiology, could be potential targets of thalidomide and its analogs, also 

endorsing the link between the teratogenicity and antitumor activities of these drugs 

(Sundaresan et al., 2019). 

2.2.2. Fluspirilene 
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Fluspirilene is one of the approved drugs for the treatment of schizophrenia. This 

antipsychotic drug is administered by intramuscular injection and is thought to mediate the 

inhibition of the dopamine D2 receptor (Hassel, 1985) and blocking the calcium channel 

(Wang, 2002). Cyclin-dependent kinase 2 (CDK2), a protein involved in cellular proliferation 

and tumor growth and a well-known cancer target, was identified by virtual screening of 

approved small-molecule drugs as a new target for this compound (García-Sosa and 

Mancera, 2005).  

In vitro and in vivo experiments indicated that fluspirilene bears the potential as a possible 

therapeutic against hepatocellular carcinoma (Shi et al., 2015). More than 300 holo CDK2 X-

ray crystal structures are available in the PDB. The MTiOpenScreen service was used to 

virtually screen compounds and crystal structures, obtaining the best result for protein 

structure PDB ID 1PXO with a Vina score of -11.1 kcal/mol (Lagarde et al., 2018). Spirilene, 

spiperone, and fluspiperone clustered together with fluspirilene (indicating similarity in 

FragFp descriptors), and were also ranked within the 1,500 best scored drugs (Lagarde et 

al., 2018). Fluspirilene may thus inhibit CDK2 and may be further developed as drug against 

liver and colon cancer. 

2.2.3. Mebendazole 

Parasitic infections with helminths in humans and animals have been successfully 

treated with mebendazole for more than two decades. Mebendazole acts as a tubulin 

depolymerization agent which induces apoptosis due to blockade of spindle formation, but 

also has a role in angiogenesis through vascular endothelial growth factor 2 (VEGFR2) 

(Dakshanamurthy et al., 2012). PDB ID 3U6J revealed the best docking outcomes for 

mebendazole (confirmed in vitro). The authors also identified closely related compounds 

such as oxfendazole, nocodazole, luxabendazole, and flubendazole as hits in their procedure 

(Lagarde et al., 2018). 

2.2.4. Raloxifene 
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Treatment and prevention of postmenopausal osteoporosis is the approved indication 

for raloxifene, a non-hormonal anti-resorptive agent (Xiao et al., 2017). Proliferation, survival, 

invasiveness, and metastasis of tumor cells and suppression of the anticancer immune 

response can depend on interleukin-6 (IL-6) and GP130 in the IL-6/JAK/STAT3 pathway 

(Xiao et al., 2017). Raloxifene and bazedoxifene were discovered as new inhibitors of the 

protein-protein IL-6/GP130 interaction through multiple ligand simultaneous docking (MLSD) 

and drug repositioning, where multiple drug scaffolds were simultaneously docked into hot 

spots of GP130 D1 domain, competing for the key interacting residues of IL-6, and then 

tethering to generate virtual hits (Xiao et al., 2017). Similarity searches of these in drug 

databases identified raloxifene and bazedoxifene (also used for postmenopausal 

osteoporosis) as new potential IL-6/GP130 protein-protein inhibitors, with potential use in the 

treatment of cancers dependent on this pathway, such as rhabdomyosarcoma (Xiao et al., 

2017). 

 

2.2.5. Sulindac 

Osteoarthritis, ankylosing spondylitis, rheumatoid arthritis, and gout are among the 

ailments treated by targeting COX enzymes and prostaglandin synthesis with non-steroidal 

anti-inflammatory agents such as sulindac (also known as imbaral). However, sulindac and 

other compounds of this class may also inhibit aldo-keto reductase 1C3 (AKR1C3), which is 

overexpressed in many cancers (Flanagan et al., 2012). In the absence of AKR1C3, PGD2 

spontaneously dehydrates and isomerizes to form anti-neoplastic PGJ2 prostanoids. 

Structure 3R7M in the PDB contains the X-ray protein crystal structure of sulindac in complex 

with AKR1C3. Similar compounds to sulindac include its stereosiomers, as well as exisulind, 

the sulfone derivative of sulindac approved as an antineoplastic drug for familial 

adenomatous polyposis (FAP), precancerous sporadic colonic polyps, cervical dysplasia, 

and the prevention of tumor recurrence in prostate and breast cancer (Goluboff, 2001). The 

mode of action for exisulind is inhibition of enzyme cyclic guanosine monophosphate 

phosphodiesterase type 5 (cGMP-PDE). 
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3. Preclinical studies

3.1. Immunomodulatory imide drugs (IMiDs) 

Immunomodulatory imide drugs (IMiDs) are chemotherapeutic drugs capable of 

controlling molecular pathways, relevant in the context of tumor development and secondary 

spread. The most common known drug of the family is thalidomide. Thalidomide was 

approved in 1953 for preventing morning sickness in pregnancy and as a sedative, but it was 

retracted from the market in 1963, because babies exposed to the drug in utero showed 

severe teratogenic effects. Studies aimed at elucidating the mechanism of thalidomide-

induced birth defects led to the discovery of unexpected immuno-adjuvant, anti-inflammatory, 

anti-proliferative and anti-angiogenic properties (Shortt et al, 2013). Notably, thalidomide has 

been repurposed twice by the FDA. First in 1998, when it was approved as a leprosy 

treatment, and then in 2006, as multiple myeloma (MM) therapy. Lenalidomide and 

pomalidomide, two thalidomide analogues carrying an amino group on the phthaloyl ring, 

were developed to obtain derivatives endowed with increased anticancer potency and 

efficacy and reduced side effects. Several mechanisms of action have been proposed for 

their antitumor activity (Stewart, 2014). 

The primary teratogenic target of thalidomide, CRBN (Mori et al., 2018), is a highly 

conserved protein that forms with the DNA damage-binding protein-1 (DDB1), Cullin 4A, and 

regulator of Cullins 1 (RoC1), the functional E3 ubiquitin ligase complex (CLR4CRBN), involved 

in protein degradation through the ubiquitin-proteasome pathway (Fischer et al., 2014). 

However, CRBN is also required for anti-MM activity of IMiDs (Eichner et al., 2016). By 

modulating the substrate specificity of the CRL4CRBN, IMiDs block MEIS2 (myeloid ecotropic 

insertion site 2) from binding to the ligase complex, inducing the recruitment and proteasomal 

degradation of transcription factors (TFs) Ikaros family zinc finger protein 1 (IKZF1) and 

IKZF3. This is ensued by transcriptional repression of myelocytomatosis (MYC) oncogene 

cellular homolog and interferon regulatory factor 4 (IRF4), two important proteins for MM 

proliferation and survival (Abbruzzese et al., 2019). In vitro as well as in vivo studies have 
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demonstrated that CRBN and IKZF1/3 mutations cause resistance to IMiDs (Barrio et al., 

2020). Furthermore, new insights into CRBN ubiquitin-independent function and IMiD 

antitumor mechanisms were provided. It was shown that CRBN mediates maturation and 

stabilization of the basigin (CD147) – solute carrier family 16 member 1 (SLC16A1, MCT1) 

complex, which promotes various biological functions, including angiogenesis, proliferation, 

invasion and lactate export. Thalidomide and its derivatives compete with CD147 and MCT1 

for CRBN binding to exert versatile antitumor effects (Eichner et al., 2016). 

The mechanisms underlying the immunomodulatory, antiproliferative and anti-

angiogenic activities of thalidomide appear interconnected and CRBN plays a key role. 

Thalidomide was evaluated initially as an antitumor agent due to its potential 

antiangiogenic effects. In fact, it inhibited basic fibroblast growth factor (bFGF) as well as 

vascular endothelial growth factor (VEGF)-induced angiogenesis in rabbit and mouse corneal 

pocket assays (D’Amato et al, 1994) and, later, in several experimental cell and tissue 

models (Therapontos et al, 2009; Yabu et al, 2005). Furthermore, the production/expression 

of proangiogenic factors such as TNF-α, NF-ĸB, IGF-1, IL-6, IL-8, PGE2, stromal cell-derived 

factor-1 (SDF-1) and C-X-C chemokine receptor type 4 (CXCR4) was suppressed by 

thalidomide (Bouyssou et al., 2016; Keifer et al., 2001). Thalidomide-mediated disruption of 

αvβ3 integrin signalling (Stephens and Fillmore, 2000) and ensuing decreased gelatinase 

production in response to fibronectin (Segarra et al., 2010), may also contribute to its 

antiangiogenic effect. Moreover, thalidomide inhibited leukocyte adhesion and intercellular 

adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin 

expression in TNF-α/LPS-activated human intestinal microvascular endothelial cells (Rafiee 

et al., 2010). Thalidomide inhibited TGF-β1-induced epithelial to mesenchymal transition 

(EMT) in alveolar epithelial cells via Smad-dependent and Smad-independent signalling 

pathways (Zhou et al., 2017a). 

The anti-inflammatory and immunomodulatory activity of thalidomide mainly relies on 

its modulation of the secretion and activities of various cytokines including interleukin 6 (IL-

6), IL-10, IL-12, IL-1β, and TNF-α and these modulatory effects may contribute to its 
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antiproliferative and antiangiogenic effects. Thalidomide inhibits TNF-α production in 

lipopolysaccharide-induced human monocytes and mouse macrophages by enhancing 

degradation of its mRNA (Rowland et al., 1998). Afterwards, thalidomide was shown to 

downregulate NF-ĸB, an essential transcription factor for TNF and other cytokines, through 

suppression of IĸB kinase activity (Keifer et al., 2001). 

Immunomodulatory properties of thalidomide include also T-cell co-stimulation, with 

ensuing augmented production of IL-2, IL-12, and IFN-γ and consequent NK cells activation 

(Kawamata et al., 2006). For thalidomide derivatives, lenalidomide and pomalidomide, it was 

demonstrated that co-stimulation of T cells and NK activation is linked to degradation of T 

cell repressors Ikaros and Aiolos via modulation of CLR4CRBN (Fionda et al., 2015). 

 

3.2. Antihypertensives 

Antihypertensives constitute a heterogeneous group of drugs used for the treatment 

of high blood pressure. Four major pharmacological classes with a relation to the MDR 

phenotype will be briefly discussed here: calcium channel blockers, angiotensin receptor 

blockers, diuretics and β-blockers. 

 

3.2.1. Calcium channel blockers 

Calcium channel blockers (CCBs) are used in treatment of hypertension, Angina 

pectoris and supraventricular tachycardia. The first original report on the pharmacological 

reversal of the MDR phenotype appeared more than 35 years ago with the calcium-channel 

blocker verapamil (Tsuruo et al., 1981). CCBs are historically significant in MDR research as 

the first drug repurposing attempt in MDR treatment. Initially, P-gp/MDR1/ABCB1 was 

identified as the binding target for a series of CCBs (Safa et al., 1987) and later on, most of 

the dihydropyridine and non-dihydropyridine CCBs (nicardipine, nifedipine, niludipine, 

nimodipine, nitredipine, diltiazem, quinidine, and trifluoperazine) were shown to increase 

drug accumulation and cytotoxicity in MDR cells (Bruno et al., 1990; Ford et al., 1989). Some 

of them not just block P-gp transport activity, but also MRP1/ABCC1 (Abe et al., 1995) and 
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BCRP/ABCG2 (Shukla et al., 2006). Unfortunately, even though verapamil is considered as 

one of the most effective and safe medicines by the World Health Organization (WHO), it 

failed in clinical trials for reversal of cancer MDR reversal due to adverse pharmacokinetic 

interactions and toxicity issues. Nifedipine also failed in a phase I clinical trial due to dose-

limiting cardiovascular effects (Philip et al., 1992). These findings led to the development of a 

second and third generation of P-gp inhibitors with higher specificity, but clinical trials failed 

to show MDR reversal benefits (Nobili et al., 2006), in part, because of the presence of the 

ABC transporter-independent mechanisms of resistance. There are currently no approved 

inhibitors of P-gp for clinical use in treatment of MDR cancers. Instead, multifunctional drugs 

targeting several other mechanisms of the MDR phenotype were used or designed in the 

past few years (Palmeira et al., 2012). 

 

3.2.2. Angiotensin II receptor inhibitors 

The renin angiotensin system (RAS) is the major regulator of blood pressure and 

blood volume homeostasis. Major targets addressed by antihypertensive therapy are (1) 

angiotensin converting enzyme (ACE)- that converts angiotensin I to angiotensin II- and (2) 

angiotensin receptor 1 (AT1R) to which angiotensin II binds. ACE inhibitors and angiotensin 

receptor blockers (ARBs) improve cancer patients’ survival by mechanisms other than 

antihypertensive action (Sun et al., 2017). In the past decade, it has been shown that ARBs 

also act as ABC transporter inhibitors. Losartan, telmisartan, irbesartan, candesartan, and 

valsartan (collectively Sartans) are well tolerated ARBs. Telmisartan showed the most 

prominent effects on ABC transporter function: it is a strong transport inhibitor of P-

gp/MDR1/ABCB1 (more potent in inhibition of P-gp than the known inhibitors verapamil and 

quinidine), and a moderate inhibitor of BCRP/ABCG2 and MRP2/ABCC2 (Weiss et al., 

2010). Candesartan is also a P-gp/MDR1/ABCB1 and BCRP/ABCG2 inhibitor, while 

irbesartan is a rather weak P-gp/MDR1/ABCB1 inhibitor (Weiss et al., 2010). Given that 

telmisartan has the highest volume of distribution of all ARBs with long duration of action 

(Schmidt and Schieffer, 2003), it represents a promising agent for repurposing to treat MDR. 
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Physiologically achievable concentrations of telmisartan in patients and healthy volunteers 

may affect the concentration of BCRP/ABCG2 substrates. A daily dose of 40 mg telmisartan 

increased the systemic exposure to rosuvastatin (statins are used to prevent cardiovascular 

disease and are BCRP/ABCG2 substrates), presumably due to telmisartan inhibition of 

BCRP/ABCG2 efflux activity (Hu et al., 2016). Telmisartan also increased the area under the 

curve (AUC) for digoxin, a prototypical P-gp/MDR1/ABCB1 transport substrate, in healthy 

volunteers (Stangier et al., 2000). In addition to AT1R inhibition, telmisartan also has partial 

PPARγ agonistic activity at physiological concentrations (Benson et al., 2004) and influenced 

the BCRP/ABCG2 membrane localization (see section 3.3. on antidiabetic drugs). 

3.2.3. Diuretics 

Diuretics increase the elimination of excess salt and water through kidneys and are 

one of the first line antihypertensives prescribed either alone or in combination with CCBs, 

ACE inhibitors or ARBs (James et al., 2014). In the early 1990s, it was described that MDR 

cells display increased intracellular pH and increased Na+/H+ exchanger (NHE) activity 

(Boscoboinik et al., 1990), which led to the hypothesis that cytosolic acidification through 

Na+/H+ exchanger (NHE) inhibition may contribute to sensitization of intrinsic MDR 

(Harguindey and Cragoe, 1992). The potassium-sparing diuretic amiloride, which is an NHE 

inhibitor, was the first diuretic tested in MDR in vitro, but did not cause reversal of drug 

resistance in Chinese hamster ovary (CHO) cells. Nevertheless, a series of amiloride 

analogs were later synthetized which were found to sensitize CHO cells to vinblastine 

(Epand et al., 1991). Decades later, amiloride analogs were shown to increase doxorubicin 

accumulation and to inhibit proliferation in MDR colon carcinoma cells (Pannocchia et al., 

1996). Amiloride itself modulated the splicing of apoptotic genes and synergized with imatinib 

in chronic myeloid leukemia cells (Chang et al., 2011). As NHEs increased both intracellular 

pH as well as the pHof the tumor microenvironment (Harguindey et al., 2005), NHE inhibitors 

are still explored (Harguindey et al., 2013) in the context of MDR reversal (e.g. cariporide) 

(Chen et al., 2019), as agents promoting apoptosis (Li et al., 2014a; Gao et al., 2011); as 
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well as detection agents for the localization of tumor acidity and monitoring of therapy 

response in brain tumors (Albatany et al., 2018; Albatany et al., 2019). 

Several loop diuretics that act on the Henle loop in the kidney in patients with 

impaired kidney function can be exploited for MDR reversal. Low doses of furosemide 

increased epirubicin accumulation in MDR bladder cancer cells, although the exact 

mechanism was not elucidated (Speers, 2006). Ethacrynic acid is an inhibitor of Na+/K+/Cl- 

cotransporter and glutathione S-transferases. It partially reversed resistance to doxorubicin in 

sarcoma cells (Efferth and Volm, 1993). 

3.2.4. β-blockers 

β-blockers are competitive inhibitors of β-adrenergic receptors used against heart 

rhythm disturbances as well as second line medications against hypertension (Wiysonge et 

al., 2017). Carvedilol – a selective third generation β1-agonist, which also has α1-blocking 

and antioxidant activity, reduced P-gp transport activity and increased doxorubicin toxicity in 

triple negative breast cancer Hs578T-Dox cells (Jonsson et al., 1999). The concentration 

needed to achieve this effect was 10 μM, which was much higher than the clinically 

achievable levels. Later on, more realistic concentrations of carvedilol (1 μM) were tested 

and shown to increase the efficacy of vinblastine, paclitaxel, doxorubicin, and daunorubicin 

via inhibition of P-gp-overexpressing HeLa cells (Kakumoto et al., 2003). In the same study, 

propranolol (β1- and β2-adrenoreceptor blocker), metoprolol and atenolol (β1-selective 

blocker) did not affect P-gp efflux function, implying that the effects were independent of β-

blocker activity (Takara et al., 2004). 

3.3. Antidiabetics 

MDR cells have a higher ATP demand, as ABC transporters hydrolyze ATP to 

energize the efflux of cytotoxic substrates and are therefore more sensitive to glucose 

deprivation (Kam et al., 2015). This feature has been harnessed to limit the growth of MDR 

cells in vitro in two ways: first, by treating cells with non-toxic drug substitutes that are ABC 
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substrates, thus forcing MDR cells to “waste” ATP on drug efflux rather than cell proliferation; 

second, by preventing ATP generation by targeting cancer cell metabolism. To this end, 

antidiabetic drugs have been intensively investigated for cancer treatment (Klil-Drori et al., 

2016; Saraei et al., 2019). Intriguingly, mechanisms other than ATP depletion contribute to 

anti-MDR effects of select anti-hyperglycemic drugs. For instance, metformin mainly 

modulates AMPK activation through LKB1 which activates and/or inactivates various 

downstream signaling targets such as mTOR, PTEN/PI3K-Akt, MAPKs, transcription factors 

(NF-κB, FOXO) and p53 (Kamarudin et al., 2019). 

 

3.3.1. Biguanides 

Biguanides are oral anti-hyperglycemic drugs used to treat diabetes mellitus or its 

precursor stages. The most widely used drug from this class is metformin, while phenformin 

and buformin were withdrawn from the market due to toxicity. Metformin also has widely 

recognized anti-cancer properties (Saraei et al., 2019) through modulation of mitochondrial 

bioenergetics and decrease of ATP supply (Vial et al., 2019). It selectively killed CSCs in 

mouse models of triple-negative breast cancer (TNBC) (Hirsch et al., 2009) and inhibited 

stem cell population maintenance by transcriptional repression of EMT (Vazquez-Martin et 

al., 2010). Metformin reversed the MDR phenotype in several cancer models. The 

expression of P-gp/MDR1/ABCB1 and MRP1/ABCC1, as well as of HIF-1α was 

downregulated through the AMPK/mTOR pathway in 5-fluorouracil (5-FU)-resistant 

hepatocellular carcinoma cells, which sensitized cells to 5-FU (Ling et al., 2014). The 

doxorubicin-induced expression of P-gp/MDR1/ABCB1 and HIF-1α was decreased in the 

presence of metformin both in vitro in MCF7-Dox breast cancer cells and in vivo in patient-

derived breast cancer xenograft model (Davies et al., 2017). In another study, the expression 

of P-gp/MDR1/ABCB1 was not changed in MCF7-Dox cells upon metformin treatment, but 

the activity of P-gp/MDR1/ABCB1 was decreased and the cytotoxicity of doxorubicin 

increased due to ATP depletion (Shafiei-Irannejad et al., 2018b). In resistant MCF7-FU cells, 

metformin reversed MDR by activation of the AMPK pathway and reversed the epithelial-
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mesenchymal transition (EMT) (Qu et al., 2014). In MCF7-ADR cells, metformin also 

inhibited P-gp/MDR1/ABCB1 expression through AMPK activation, inhibition of NF-κB and 

CREB-mediated transcription (Kim et al., 2011). Both metformin and phenformin increased 

the sensitivity of radiation- and 5-FU-resistant rectal cancer cells by attenuation of anti-

apoptotic gene expression and inhibition of EMT (Park et al., 2019). The combination of 

metformin and 2-deoxyglucose (2-DG) induced severe metabolic stress and autophagy in 

several in vitro models (prostate, MCF7-Dox, K562-Dox) and increased intracellular 

accumulation of chemotherapeutics and p53-mediated apoptosis (Ben Sahra et al., 2010; 

Xue et al., 2016; Xue et al., 2017). Most recently, nanoparticle-based co-encapsulation of 

doxorubicin and metformin showed increased cytotoxicity compared to the combination of 

the free drugs in vitro in MCF7-Dox cells through increased accumulation of doxorubicin 

(Shafiei-Irannejad et al., 2018a).  

Given that metformin is an AMPK activator and ETC Complex I inhibitor (Wheaton et 

al., 2014) that decreases glucose oxidation (Fendt et al., 2013), modulates autophagy (Kim 

and You, 2017) and eradicates CSCs in combination with chemotherapy (Hirsch et al., 

2009), it holds great promise in drug repurposing for cancer treatment, regardless of its 

effects on MDR. 

 

3.3.2. Thiazolidinedones 

Thiazolidinedones (glitazones) are a class of anti-hyperglycemic drugs that activate 

peroxisome proliferator receptor γ (PPARγ). PPARγ-induced transcription regulates 

increased storage of fatty acids in adipocytes, thus promoting oxidation of glucose to yield 

energy. Pioglitazone and rosiglitazone are approved for the treatment of diabetes mellitus 

type 2, while several experimental glitazones were withdrawn from clinical studies due to 

hepatotoxicity (e.g. troglitazone). As a result of an updated review in 2016, the FDA 

concluded that the use of pioglitazone may be linked to an increased risk of bladder cancer. 

In 2011, France and Germany suspended the use of pioglitazone, and five years later the 

marketing authorization in the European Union expired. Nevertheless, glitazones are still 
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preclinically studied as anticancer agents. Although contradictory results were reported 

regarding both tumor inhibiting and tumor promoting roles of PPARγ (Krishnan et al., 2007), 

therapeutic combinations with PPARγ agonists have been suggested for the treatment of 

several cancer types (Skelhorne-Gross and Nicol, 2012; Veliceasa et al., 2008). With regards 

to MDR, PPARγ agonists inhibited ABC transporter mRNA transcription, altered their 

membrane localization and decreased drug efflux. Rosiglitazone and troglitazone were 

significant inhibitors of P-gp/MDR1/ABCB1 and BCRP/ABCG2 function in hepatocellular 

carcinoma cells (Weiss et al., 2009) and downregulated the mRNA expression of P-

gp/MDR1/ABCB1 in lung cancer cells (Konieczna et al., 2015) and K562-DOX cells (Yousefi 

et al., 2015). Rosiglitazone treatment decreased resistance to paclitaxel, doxorubicin, 

cisplatin, and 5-FU in MDR ovarian cancer cells, where it reduced both P-gp/MDR1/ABCB1-

mediated drug efflux and mRNA transcription, the latter one through reduction of TCF4/β-

catenin transcriptional activity (Zhang et al., 2015a). Pioglitazone and rosiglitazone induced 

PTEN-Akt-mediated translocation of BCRP/ABCG2 away from the membrane thus limiting 

drug efflux, while they were weak inhibitors of this pump itself (To and Tomlinson, 2013). 

Telmisartan, a partial PPARγ agonist also exerted this effect. Pioglitazone prevented 

doxorubicin-induced P-gp/MDR1/ABCB1 expression and doxorubicin resistance in 134B 

osteosarcoma cells (Higuchi et al., 2019). Importantly, the combination of pioglitazone and 

doxorubicin was tested in vivo in a patient-derived osteosarcoma model. It induced 

significant tumor necrosis and was superior to doxorubicin treatment alone. Although these in 

vivo effects were not solely the consequences of the P-gp/MDR1/ABCB1 modulation, these 

findings represent an important step for drug repurposing of glitazones. As only discrete 

reports on glitazones’ effects on the mRNA expression and function of single ABC 

transporters are available, more comprehensive studies on MDR-mediating drug efflux 

pumps are needed. In addition, given the toxicity of glitazones in clinical trials for diabetes, 

special formulation strategy (e.g. tumor-targeted, nano-encapsulation) are of importance for 

advancing clinical cancer trials. 
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3.4. Anthelmintics 

3.4.1. Niclosamide 

Niclosamide, a safe and well-tolerated anthelmintic agent, has been identified as a 

potential anticancer agent with cytotoxic and/or anti-invasive effects against a variety of 

cancers, such as leukemia (Jin et al., 2010), lung cancer (Lee et al., 2014), and 

osteosarcoma (Liao et al., 2015). In a recent study, niclosamide showed good activity against 

the acute lymphocytic leukemia CCRF-CEM cell line and its MDR counterpart 

CEM/ADR5000 which showed similar sensitivity as the parental cell line (Hamdoun et al., 

2017). Niclosamide elevated reactive oxygen species (ROS) and glutathione levels in 

leukemia cells, and molecular docking studies revealed that niclosamide probably bound to 

the ATP-binding site of glutathione synthetase. Decreased NFAT (nuclear factor of activated 

T-cells) activity was also identified as a relevant mechanism for niclosamide’s anticancer 

activity against resistant leukemia cells. In combination with cisplatin, niclosamide inhibited 

EMT and tumor growth in cisplatin-resistant TNBC cells (Liu et al., 2016). Niclosamide 

treatment also suppressed cell migration and invasion in enzalutamide-resistant prostate 

cancer cells via Stat3-AR axis inhibition (Liu et al., 2015). 

 

3.4.2. Mebendazole 

Mebendazole is an FDA-approved drug extensively used in anthelmintic therapy with 

a good safety profile for human use (Bai et al., 2011). Numerous studies showed that 

mebendazole displayed anticancer activities in a variety of human cancer types both in vitro 

and in vivo (Nygren et al., 2013). In a study, where 2,000 small molecules were screened, 

mebendazole was selected for further mechanistic studies of cancer cell growth inhibition 

based on its promising pharmacokinetic profile (Doudican et al., 2008). While it was largely 

nontoxic to normal melanocytes, mebendazole inhibited the growth of M-14 and SK-Mel-19, 

two chemoresistant melanoma cell lines. This anthelmintic triggered microtubule 

depolymerization and induced a dose- and time-dependent intrinsic apoptotic response in 

melanoma cells through phosphorylation of Bcl-2 (Doudican et al., 2008). In combination 
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treatment with a gemcitabine derivative, mebendazole exerted cytotoxic activity against 

chemoresistant mammary adenocarcinoma SKBr-3 cells (Coyne et al., 2013). 

 

3.4.3. Albendazole 

Albendazole is a microtubule-targeting benzimidazole derivative introduced as 

anthelmintic drug in 1982. Albendazole has been increasingly recognized as an effective 

anticancer agent due to its low toxicity to normal cells and high efficacy against certain 

cancer types. In addition, there is emerging evidence supporting the repositioning of 

albendazole for the treatment of resistant cancers. Albendazole strongly inhibited the 

proliferation of human paclitaxel-resistant 1A9PTX22 ovarian cancer cells (Chu et al., 2009). 

Albendazole also evaded the MDR phenotype in epothilone- and paclitaxel-resistant 

leukemic CEM/dEpoB300 cells (Khalilzadeh et al., 2007). Indeed, albendazole was not 

found to be a P-gp substrate using various experimental approaches (Merino et al., 

2002).  

 

3.4.4. Ivermectin 

Ivermectin is a macrocyclic lactone that was FDA-approved as an anthelmintic drug 

for human use in 1987. The potential of ivermectin to reverse MDR phenotype was 

recognized decades ago (Gros et al., 1986) and this drug was shown to be a substrate in 

vivo (Schinkel et al., 1994) as well as an inhibitor of P-gp in human MDR lymphocytic 

leukemia cells (Didier and Loor, 1996). Abamectin, the synthetic precursor of ivermectin, 

significantly reduced tumor growth and enhanced vincristine-induced suppression of Ehrlich 

carcinoma growth in vivo (Drinyaev et al., 2004). Ivermectin restored tamoxifen sensitivity in 

human TNBC MDA-MB-231 cells (Kwon et al., 2015). 

 

3.5. Antimalarials 

3.5.1. Chloroquine and hydroxychloroquine 
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Chloroquine (CQ) and hydroxychloroquine (HCQ) are well-known 4-aminoquinolines 

with a long history in anti-malarial therapeutics. Various preclinical studies supported the use 

of CQ and HCQ as anticancer agents, particularly if combined with conventional 

chemotherapeutics. Current anticancer therapies frequently induce autophagy in cancer 

cells, which is linked with resistance to therapy. CQ and HCQ act as autophagy inhibitors 

and therefore sensitize cancer cells to chemotherapy. Preclinical data highlight an anti-tumor 

effect of CQ in different cancer mouse models with some reports that show also a pro-

tumorigenic function. These results are connected to the dual role of autophagy and 

lysosomal biogenesis in cancer and MDR (Stark et al., 2020; Zhitomirsky and Assaraf, 2014; 

Zhitomirsky and Assaraf, 2016) and highlight possible secondary mechanisms, which include 

among the others alterations of Toll-like receptor 9, p53 and CXCR4-CXCL12 pathways. In 

combination with chemo-, radio- and targeted therapies, CQ increased anti-tumor efficacy in 

many mouse models (Verbaanderd et al., 2017). 

CQ has sensitized cell lines of a variety of cancer types to chemotherapeutics, both in 

vitro and in vivo, including glioblastoma (Golden et al., 2014; Shen et al., 2013), melanoma 

(Goodall et al., 2014; Xie et al., 2013), breast cancer (Cook et al., 2014; Cufí et al., 2013; 

Maycotte et al., 2012), gastric cancer (Zhang et al., 2015b), hepatocarcinoma (Ding et al., 

2011; Guo et al., 2012), colon cancer (Kaneko et al., 2014; Sasaki et al., 2012), and lung 

cancer (Divac Rankov et al., 2017; Tang et al., 2015). 

CQ also sensitized cancer cells to chemotherapy via autophagy-independent 

mechanisms. This antimalarial drug induced alkalization of the pH of intracellular acidic 

compartments including lysosomes and prevented the entrapment of protonated 

chemotherapeutic drugs, thereby increasing their efficacy (Maycotte et al., 2012; Pascolo, 

2016; Zhitomirsky and Assaraf, 2014; Zhitomirsky and Assaraf, 2016). CQ restored the 

sensitivity of doxorubicin-resistant myeloid leukemia cells to daunorubicin and doxorubicin by 

this mechanism. If applied in combination, CQ sensitized mouse breast cancer cells to 

cisplatin by a mechanism independent of autophagy inhibition (Maycotte et al., 2012). 
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3.5.2. Primaquine and mefloquine 

In addition to CQ, other anti-malarial drugs also modulated MDR. CQ, primaquine and 

mefloquine, are P-gp substrates and inhibited the efflux of other substrates (Chairat et al., 

2018; Pham et al., 2000; Rijpma et al., 2014) as additional sensitization mechanism in drug-

resistant cancers with P-gp overexpression. The chemosensitizing potential of CQ, 

primaquine, and mefloquine was demonstrated in P-gp-overexpressing vinblastine-resistant 

KBV20C oral cancer cells (Choi et al., 2016). Vinblastine co-treatment with primaquine or 

mefloquine increased the sensitization of KBV20C cells, whereas this effect was not 

achieved by co-treatment with CQ (Kim et al., 2013b). Primaquine also sensitized KBV20C 

cells to other anti-mitotic drugs such as vinblastine, vinorelbine, paclitaxel, docetaxel, 

vincristine, and halaven (eribulin). Mefloquine also sensitized vinblastine-resistant cancer 

cells to all investigated anti-mitotic drugs. However, CQ showed some specificity and 

displayed synergy only in co-treatment with anti-mitotic drugs (paclitaxel, docetaxel, 

vincristine, and halaven). 

 

3.5.3. Amodiaquine 

Amodiaquine, an FDA-approved antimalarial drug with a known safety and 

pharmacology profile that was identified as an anticancer agent candidate by a 

computational approach and also suppressed chemoresistance in a multiple myeloma 

cancer cell line through inhibition of the heat shock protein 27 chaperone function (Salentin 

et al., 2017). 

 

3.5.4. Artemisinin derivatives 

Artemisinin and its derivatives are well-established antimalarial drugs. The 

sesquiterpenoid artemisinin has been isolated from Artemisia annua L., a plant that was used 

for centuries in traditional Chinse medicine. Since the middle of the 1990s, it turned out that 

this class of compounds is also active against cancer cells (Efferth et al., 1996; Efferth et al., 

2001; Lai and Singh, 1995). During the subsequent years, a plethora of data was published 
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unambiguously demonstrating the anticancer activity of artemisinin-type drugs in vitro and in 

vivo (Efferth, 2005; Efferth, 2017). Investigation of animal models did not only include 

syngeneic and xenograft tumor models in rodents, but also spontaneously occurring tumors 

in pets (dogs and cats) treated in veterinary medicine (Hosoya et al., 2014; Rutteman et al., 

2013). Artemisinin and derivatives induce reactive oxygen and nitrogen species and, thereby, 

DNA damage, which can be repaired by single and double-strand break DNA repair 

mechanisms (Berdelle et al., 2011; Li et al., 2008). Artemisinin also binds to specific target 

proteins (e.g. translationally controlled tumor protein, TCTP). The inhibition of diverse 

signaling pathways (e.g. Wnt/β, EGFR, JNK, ERK, p38, AMPK) and transcription factors (e.g. 

NF-κB, mTOR, Myc, AP1) results in inhibition of proliferation, angiogenesis, and metastasis 

and ultimately induction of several cell death mechanisms, such as apoptosis, autophagy, 

and ferroptosis (Efferth, 2017). As approved drugs, their untoward toxicity profile is well-

known from numerous malaria studies. Artemisinin-type drugs are generally well tolerated 

and severe toxicities are infrequent, although not absent (Efferth and Kaina, 2010). This 

makes them attractive candidates for drug repurposing. 

 

3.6. Antifungals  

3.6.1. Itraconazole 

Itraconazole (ITZ) is an FDA-approved and relatively safe antifungal medication 

increasingly recognized for its anticancer potential (Pounds et al., 2017). As antifungal drug, 

the mechanism of action of ITZ involves the inhibition of lanosterol 14-α-demethylase, an 

enzyme that produces ergosterol in fungi and cholesterol in mammals. The anticancer action 

of ITZ is achieved via mechanisms such as Hedgehog (HH) pathway inhibition, inhibition of 

angiogenesis and endothelial cell proliferation, cell cycle arrest, and MDR reversal 

(Pantziarka et al., 2015). The reversal of MDR in vitro was shown in doxorubicin- and 

etoposide-resistant human leukemia cells (Kurosawa et al., 1996). 

ITZ and arsenic trioxide, alone or in combination, inhibited the activation of the HH 

pathway, reduced the growth of medulloblastoma and basal cell carcinoma in vivo, and 
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prolonged survival of mice with intracranial drug-resistant medulloblastoma (Kim et al., 

2013a). ITZ inhibited P-gp in NIH-3T3-G185 cells (Wang et al., 2002). The ability of ITZ to 

inhibit BCRP was demonstrated in human topotecan-resistant BCRP-expressing human 

embryonic kidney (HEK) cells (Gupta et al., 2007). Treatment with ITZ also significantly 

reversed resistance to topotecan. ITZ-dependent growth suppression of endothelial cells and 

cancer-associated fibroblasts resulted in synergistic effects with bevacizumab in 

bevacizumab-resistant human gastrointestinal cancer cells (Hara et al., 2016). In nude mice, 

the combined treatment of ITZ and bevacizumab significantly reduced xenograft tumor 

volume and weight, as well as microvessel density. 

 

3.7. Antibiotics 

3.7.1. Anisomycin 

Anisomycin is an antibiotic produced by Streptomyces griseolus and a well-known 

inhibitor of protein synthesis. This antibiotic sensitized melanoma and mesothelioma cells to 

apoptosis induced by TNF-related apoptosis-inducing ligand (TRAIL) (Slipicevic et al., 2013). 

In glucocorticoid resistant acute lymphoblastic leukemia (ALL) CEM-C1 cells, anisomycin 

induced apoptosis via activation of mitogen-activated protein kinases p38 and JNK (Liu et al., 

2012). Anisomycin induced dramatic growth inhibition and apoptosis in a concentration- and 

time-dependent manner, and induced cell cycle arrest at G0/G1 phase in CEM-C1 cells by 

increasing expressions of p21 and p27, and decreasing cyclin A expression. In contrast, cell 

death induced by anisomycin and anisomycin analogs did not require JNK activation and 

protein synthesis inhibition in MDR breast cancer cells (Monaghan et al., 2014). More than 

1,200 approved compounds were screened in the MDR P-gp-overexpressing TNBC cell line 

MDA16, and anisomycin was identified as candidate drug with good activity against the MDR 

phenotype that could be repurposed. Anisomycin-induced cell death in MDA16 cells was 

caspase-independent and no correlation was found between cell death and protein synthesis 

or JNK activation. This suggests that cell death was triggered by a ribosome-anisomycin 

complex or anisomycin bound to another target. 
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3.7.2. Monensin 

Monensin is a polyether ionophore antibiotic produced by Streptomyces 

cinnamonensis which acts as a monovalent cation ionophore. Due to its toxicity monensin is 

not used in human medicine, and is approved by the FDA as a veterinary drug. Although 

research of monensin as repurposed drug in cancer therapy is still in its infancy, it 

demonstrated therapeutic potential against resistant cancers. Monensin effectively sensitized 

glioma cells, but not normal astrocytes, to TRAIL-mediated apoptosis (Yoon et al., 2013). 

This is a promising finding considering that many human cancers exhibit intrinsic or acquired 

resistance to TRAIL-induced apoptosis. Monensin displayed significant cytotoxic activity 

towards human ovarian HeyA8 and SKOV3 cancer cells by suppressing multiple cancer-

related pathways including Elk1/SRF, AP1, NFκB and STAT (Deng et al., 2015). Monensin 

synergized with oxaliplatin in inhibiting cell proliferation and inducing apoptosis of ovarian 

cancer cells. In vivo, monensin inhibited tumor xenograft growth by suppressing EGFR 

signaling (Deng et al., 2015). It also increased doxorubicin accumulation in MDR DLKP-A10 

lung cancer cells and promoted its redistribution from the cytoplasm to the nucleus (Clary et 

al., 1997). The potential of repurposing monensin was also studied to treat chemoresistant 

pancreatic cancer (Wang et al., 2018). Monensin inhibited cell proliferation, migration, and 

cell cycle progression, and triggered apoptosis in PANC-1 and MiaPaCa-2 cells. In 

combination treatments with gemcitabine and erlotinib, monensin synergistically suppressed 

cell growth and induced cell death in chemoresistant pancreatic cancer cells. Monensin 

suppressed cancer-associated pathways, including E2F/DP1, STAT1/2, NFκB, AP-1, Elk-

1/SRF, and EGFR. In vivo, monensin reduced the proliferation and growth of pancreatic 

ductal adenocarcinoma xenografts in nude mice via targeting the EGFR pathway. 

 

3.7.3. Salinomycin 

Salinomycin, another ionophore polyether antibiotic, is produced by Streptomyces 

albus and is used in veterinary medicine against coccidiosis. However, salinomycin also 
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possesses significant anticancer properties and specifically kills breast CSCs (Gupta et el., 

2009). Salinomycin is also a potent P-gp inhibitor in MDR cancer cell lines (Riccioni et al., 

2010). Treatment of MDR CEM-VBL 10 and CEM-VBL 100 leukemia, and A2780/ADR 

human ovarian carcinoma cells with salinomycin restored their sensitivity to drugs. This 

antibiotic also overcame MDR in human KG-1a promyeloblastic leukemia cells expressing P-

gp, breast cancer resistance protein (BCRP) and MRP8 transporters (Fuchs et al., 2010). 

KG-1a cells, which display stem cell features (e.g. CD34 expression) and are resistant to 

various chemotherapeutic drugs, exhibited significant sensitivity to apoptosis induction by 

salinomycin. The long-term presence of low doses of this compound prevented the 

development of resistance towards bortezomib and doxorubicin. 

 

3.7.4. Gramicidin A 

Gramicidin A is a pore-forming pentadecapeptide antibiotic produced by Bacillus 

brevis that changes cellular transmembrane potential by activating the Na+/K+-ATPase 

(Stankovic et al., 1989). Gramicidin A acts as a channel for inorganic monovalent ions such 

K+ and Na+. A combination of gramicidin A and curcumin was used to further stimulate ATP 

exhaustion in ABCG2-transfected HEK-293 cells and flavopiridol-selected MCF-7/FLV1 cells 

(Rao et al., 2014). Furthermore, it should be noted that gramicidin D was found to be a bona 

fide substrate of P-gp and that upon gradual selection of cultured CHO cells, a marked mdr1 

gene amplification occurred (Assaraf and Borgnia, 1994; Eytan et al., 1994). While single 

treatments with gramicidin A or curcumin did not cause collateral sensitivity, depletion of 

intracellular ATP in combined treatments selectively killed resistant cancer cells. Moreover, 

gramicidin A inhibited tumor growth and angiogenesis in therapy-resistant renal cell 

carcinoma via inhibition of the transcription factor hypoxia-inducible factor (HIF) (David et al., 

2014). Gramicidin A destabilized HIF-1α and HIF-2α in normoxic and hypoxic conditions, 

which reduced HIF transcriptional activity and the expression of different hypoxia-response 

genes. Gramicidin A treatment reduced the growth of human renal cell carcinoma xenografts 

without significant toxicity in mice. 
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3.7.5. Minocycline 

Minocycline, an FDA-approved antibiotic, also showed a noteworthy potential 

regarding repurposing for anticancer treatment. Minocycline overcame chemoresistance and 

enhanced the efficacy of irinotecan, a chemotherapeutic agent used for treating refractory 

peritoneal carcinomatosis as well as colorectal, pancreatic, and small cell lung cancer. (de 

Man et al., 2018; Huang et al., 2017). Minocycline synergistically enhanced irinotecan-

induced cell death in platinum-resistant epithelial ovarian cancer cells in vitro and reduced 

micrometastases in vivo. 

 

3.8. Antivirals 

3.8.1. Brivudine 

Brivudine is a nucleoside analog with antiviral activity against Herpes simplex virus 

which also demonstrated significant anticancer properties by suppressing the development of 

chemoresistance (Heinrich et al., 2016). Brivudine combined with bortezomib effectively 

inhibited cell growth of bortezomib-resistant MM cells. Brivudine was a potent inhibitor of 

heat shock protein Hsp27 chaperone function by inhibiting the interaction of Hsp27 with pro-

apoptotic proteins, which in turn restored the cellular capability to induce apoptosis. 

The enhanced expression of human endogenous retroviruses was linked to 

chemoresistance in colon cancer. The antiviral drugs amantadine and pleconaril target 

components of human endogenous retroviruses endogenously expressed in drug-resistant 

colorectal cancer cells (Díaz-Carballo et al., 2015). Treatment with antiviral drugs alone or in 

combination with established chemotherapeutics such as doxorubicin, 5-FU or cisplatin, 

produced a synergistic antiproliferative effect and downregulated different endoretroviral 

elements in etoposide-resistant HCT8 colorectal cancer cells. 

 

3.9. Phenotiazines 
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Phenothiazines demonstrated various pharmacological activities. Since the first 

synthesis and discovery of phenothiazines in the late 19th century, a multitude of properties 

have been described such antiemetic, antipsychotic, antihistaminic, and anticholinergic 

effects (Ohlow and Moosmann, 2011; Varga et al., 2017). The N-substituted phenothiazines 

such as antihistaminic agents and antipsychotics were introduced into the clinical praxis in 

the 1940s and 1950s, respectively. Besides their various biological activities (antiviral, 

antimalarial, antiplasmid, antibacterial, antitumor, and anti-neurodegenerative) their re-

discovery raised considerable interest to improve the treatment success of cancer patients 

by the phenothiazines’ engrossing characteristics (Motohashi et al., 1999). 

Phenothiazines exert their anticancer activities via different mechanisms. The 

potential of these compounds in cancer therapy is related to their adjuvant role sensitizing 

MDR cancer cells to conventional chemotherapeutic agents and radiotherapy. 

 

3.9.1. Influence on cell cycle and induction of apoptosis 

Thioridazine is an apoptosis inducer in different cancer cell lines in vitro (Kang et al., 

2012; Spengler et al., 2011). Furthermore, trifluoperazine and chlorpromazine displayed anti-

tumor activity in clinically relevant concentrations (Tuynder et al., 2004). Phenothiazines are 

capable of interfering with DNA repair mechanisms, e.g. DNA-dependent protein kinase and 

endonuclease activity (Eriksson et al., 2001). In addition, numerous proteins regulating the 

cell cycle can be influenced by phenothiazines. Tousled-like kinases (TLKs) controlling 

chromatin rearrangement are highly expressed in the S phase of cell cycle and their 

inhibition can lead to genomic instability and apoptosis (Ronald et al., 2013). TCTP regulates 

the cell cycle and promethazine and thioridazine can eliminate cancer cells and significantly 

decrease the level of TCTP (Tuynder et al., 2004). Thioridazine decreases the expression of 

cyclin D1 and cyclin-dependent kinase 4 (CDK4) inhibiting the G1/S transition (Kang et al., 

2012). Thioridazine, fluphenazine, and trifluoperazine were able to reduce tumor progression 

and formation of metastases in mice bearing TNBC xenografts reducing PI3K/AKT/mTOR 

and ERK signaling (Goyete et al., 2019). 
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3.9.2. Inhibition of MDR efflux pumps 

One of the best characterized mechanisms of MDR is the ability of cancer cells to 

extrude multiple anticancer drugs out of the cells due to the overexpression of ATP-

dependent efflux pumps. Phenothiazines can interfere with multidrug efflux pumps (e.g. P-

gp) and increase the accumulation of anticancer agents in cancer cells (Akiyama et al., 

1986). Moreover, P-gp-mediated drug efflux was inhibited by thioridazine treatment in mouse 

T-lymphoma cells (Spengler et al., 2014). 

 

3.9.3. Inhibition of angiogenesis 

Thioridazine blocks the angiogenesis stimulating effect of tumors. The administration 

of thioridazine into human ovarian tumor xenografts in nude mice significantly inhibited tumor 

growth and decreased tumor vascularity (Park et al., 2014). In addition, thioridazine exhibited 

anti-angiogenic activity in a melanoma model (Jiang et al., 2018). 

 

3.9.4. Generation of reactive oxygen species (ROS) 

Thioridazine caused nuclear condensation, loss of mitochondrial membrane potential, 

release of mitochondrial cytochrome c and induced the mitochondrial apoptotic pathway in 

cervical cancer. Thioridazine increased ROS production and ER stress leading to apoptosis 

(Seervi et al., 2018). 

 

3.9.5. Anti-cancer stem cell activity 

CSCs form a subpopulation within heterogeneous tumors. These cells are capable of 

self-renewal and they are responsible for metastases and chemoresistance. Thioridazine can 

inhibit the proliferation and invasion of colorectal CSCs. Furthermore, it increased the 

expression of pro-apoptotic genes, disrupted the mitochondrial membrane potential, thereby 

inducing apoptosis (Zhang et al., 2016). Chlorpromazine inhibited the stemness properties of 
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breast cancer cells and enhanced the efficacy of doxorubicin and paclitaxel in combination 

towards breast cancer cells (Yang et al., 2019). 

 

4. Clinical studies to repurpose old drugs 

4.1. Immunomodulatory imide drugs (IMiDs) 

Thalidomide induced marked and durable responses in some patients with MM, 

including those who relapsed after high-dose chemotherapy (Singhal et al., 1999). In 2006, 

the FDA approved thalidomide for MM therapy in combination with dexamethasone. In 2005, 

the FDA approved the use of   lenalidomide in the treatment of myelodysplastic syndrome 

(MDS) with 5q deletion, of MM in 2006, of either relapsed or refractory mantle cell lymphoma 

in 2013, as well as of adult patients with previously treated follicular lymphoma or marginal 

zone lymphoma in combination with rituximab, in 2019. Pomalidomide received the clinical 

approval for relapsed and/or refractory (advanced) MM in 2013. Moreover, clinical benefit 

from pomalidomide has been also described in other hematological malignancies, including 

chronic lymphocytic leukemia and non-Hodgkin lymphoma. 

Despite the introduction of lenalidomide and pomalidomide, thalidomide is still 

included in therapeutic protocols for a number of hematological malignancies and several 

clinical trials are recruiting patients to evaluate its effects on oncology outcomes. 

According to the American Society of Clinical Oncology (ASCO) and Cancer Care 

Ontario (CCO) MM treatment guideline (Mikhael et al., 2019), the use of a proteasome 

inhibitor with IMIDs and dexamethasone is the preferred induction therapy in transplant-

eligible patients. In an open-label phase III randomized trial enrolling 340 patients with newly 

diagnosed MM, bortezomib-thalidomide-dexamethasone (VTd) regimen was shown to be 

superior compared to bortezomib-cyclophosphamide-dexamethasone (VCd) before high-

dose therapy and autologous stem cell transplantation (ASCT) (Moreau et al., 2016). In 

September 2019, the FDA approved the use of human anti-CD38 monoclonal antibody 

daratumumab in combination with VTd (D-VTd) in newly diagnosed MM patients who are 

eligible for ASCT. The decision was taken after phase III CASSIOPEIA trial demonstrated 
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that four pre-transplant (induction) and two post-transplant (consolidation) cycles of D-VTd 

induced a stringent complete response and a significant improvement in the secondary 

endpoint of minimal residual disease negativity compared to VTd regimen (Moreau et al., 

2019). 

The ECOG E1A06 trial (Stewart et al., 2015) demonstrated in transplant-ineligible MM 

patients that the disease-focused outcomes of a melphalan-prednisone-thalidomide (MPT) 

combination regimen is similar to that of melphalan-prednisone-lenalidomide (MPL), though 

quality of life was better with the MPL combination. The phase 3 FIRST trial demonstrated 

that treatment with lenalidomide and low-dose dexamethasone significantly improved 

survival outcomes versus MPT (Facon et al., 2018). Additionally, thalidomide may represent 

an option for MM relapsed patients especially if they are thalidomide-naïve or not eligible for 

bortezomib (Mikhael et al., 2019) and as maintenance treatment in association with 

bortezomib (Gay et al., 2018). 

Currently, numerous clinical trials are recruiting MM patients to assess the efficacy of 

thalidomide, lenalidomide and pomalidomide, respectively, in newly diagnosed MM, relapsed 

and/or refractory MM and in consolidation therapy regimen (https://clinicaltrials.gov/). 

 

4.2. Antihypertensives 

Hydralazine (HA) has been utilized as a smooth muscle relaxant and vasodilator 

against hypertensive disorders and heart failure. In cancer, HA acts as demethylating agent 

through inhibition of the DNA methyltransferase DNMT1 (Angeles et al., 2005). Since the 

correction of epigenetic alterations is a valid option in cancer therapy already approved for 

MDS and cutaneous T-cell lymphoma (CTCL), HA is under investigation together with 

magnesium valproate deacetylating agent (TRANSKRIPTM) (Dueñas-Gonzalez et al., 2014). 

It is well-tolerated as an anti-hypertensive drug. As a demethylating agent, it weakly inhibited 

DNMT1 avoiding toxicity associated with potent inhibitors. Dose ranging from 10 mg four 

times a day in hypertensive patients up to 800 mg/day for heart failure did not show clear 

dose-response effects. HA was inactivated by acetylation in bowel and liver with a half-life 
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time of 1 h and low systemic bioavailability (Dueñas-Gonzalez et al., 2014). The dosage 

depends on the ability of each single patient to acetylate the drug (slow and fast acetylators). 

An oral dose of 83 mg/day (slow acetylators) or 182 mg/day (fast acetylators) HA in 

combination with 700 mg/TID of valproate gave similar pharmacological parameters and 

were accepted for subsequent clinical trials (Garcés-Eisele et al., 2014). With this schedule, 

16 locally advanced breast cancer patients were treated starting from day -7 to the end of 

four cycles of chemotherapy with doxorubicin and cyclophosphamide. Complete clinical 

response was obtained in 31% of patients with an overall response of 81% and reduced DNA 

methylation (Arce et al., 2006). Refractory cancer patients are eligible for epigenetic 

therapies due to the general effect of DNA methylation and histone acetylation. Seventeen 

solid tumors pretreated with different regimens were subject to TRANSKRIP therapy in 

association with the last administered chemotherapy. Out of the 15 evaluable patients, 80% 

had partial response or stable disease. The progression free survival (PFS) was 2.4-5.7 

months and survival of 3.8-12.8 months suggesting a positive effect of the treatment 

(Candelaria et al., 2007). These data were confirmed in a phase II clinical trial, in which HA 

and valproate were added to cisplatin plus radiation therapy in 22 cervical cancer patients at 

FGO stage IIIB. All evaluable patients displayed a complete clinical response (Candelaria et 

al., 2010). From the preliminary results of a phase III double-blind, placebo-controlled, 

randomized trial in advanced cervical cancer patients, the addition of HA and valproate to 

chemotherapy increased the PFS from 6 to 10 months (p = 0.038). These data were 

sufficient for the approval of this regimen in Mexico (Coronel et al., 2011). 

Epigenetic therapies have been approved for MDS and CTCL. For this reason, 

HA/valproate treatment was utilized in an open phase II clinical trial in 12 MDS patients. One 

complete response, one partial response and four transfusion independencies were obtained 

without serious toxicity. Two patients progressed to acute myeloid leukemia (AML) 

(Candelaria et al., 2011). The same clinical group reported a retrospective analysis of 14 

MDS patients treated in a compassionate manner in which five achieved a complete 

response, one partial response, and two became transfusion-independent (Candelaria et al., 
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2017). In previously untreated and progressive/refractory CTCL patients, the HA/valproate 

treatment achieved 50% complete response and 21% partial responses. FDA approved 

HA/valproate as an orphan drug treatment for MDS and CTCL (Espinoza-Zamora et al., 

2017). 

 

4.3. Antidiabetics 

In 2005, a pilot case-control study demonstrated a dose-dependent inverse 

relationship between exposure of diabetics to metformin and risk of cancer (Evans et al., 

2005). Since then, several epidemiological studies (Libby et al., 2009; Ruiter et al., 2012; 

Tsilidis et al., 2014) and meta-analyses (Coyle et al., 2016; Gandini et al., 2014; Soranna et 

al., 2012; Stevens et al., 2012; Tang et al., 2018; Thakkar et al., 2013; Wu et al., 2015; Yin et 

al., 2013; Zhang and Li, 2014; Zhang et al., 2018; Zhou et al., 2017b) evaluated the role of 

metformin in reducing overall or site-specific cancer incidence in patients with type 2 

diabetes (T2D) and, most of them confirmed its preventive value. Furthermore, as metformin 

is widely prescribed alongside anticancer agents in patients with concurrent cancer and T2D, 

the adjuvant effect of this insulin sensitizer on cancer outcomes has been also investigated in 

several meta-analyses, that showed a reduced overall cancer mortality rate, although with 

conflicting results for individual tumor types (Lega et al., 2014; Yu et al, 2019). 

For example, a meta-analysis of 21 observational studies demonstrated a reduction 

in both all-cause and cancer-specific mortality in T2D patients exposed to metformin. A 

subgroup analysis showed this association for colon cancer, but not for breast and prostate 

cancers (Lega et al., 2014). Another meta-analysis of 27 observational studies on 24,178 

participants, metformin administration was associated with a significant improvement in 

recurrence-free survival (RFS), overall survival (OS) and cancer-specific survival (CSS) in 

patients with early-stage colorectal and prostate cancer but not with breast or urothelial 

cancer (Coyle et al., 2016). Accordingly, these differences in the adjuvant effects of 

metformin could be explained by patient characteristics and tumor biology. However, the 

inter-trial heterogeneity, a number of potential biases (i.e. time-related ones) and 
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confounding factors, which are less controlled in observational studies than in clinical trials, 

limit the robustness of these results and the extrapolation of these evidences to the general 

population (Campbell et al., 2017; Morales and Morris, 2015; Yu et al., 2019). Furthermore, 

even the meta-analysis of randomized controlled trials (Gandini et al., 2014; Stevens et al., 

2012; Wu et al., 2015) did not allow generalization of the results, as these trials were 

designed to assess the efficacy of metformin in T2D and in preventing/reducing the 

cardiovascular events associated with T2D (Heckman-Stoddard et al., 2017). Therefore, 

such limitations can only be overcome by randomized controlled trials with larger sample 

sizes and oncological outcomes, specifically designed to determine either the preventive or 

the adjuvant role of metformin. For this purpose, 132 completed, 85 still recruiting, and 32 

still active but not recruiting trials, are enlisted (https://clinicaltrials.gov/). Some of these 

“metformin (neo)-adjuvant” trials are presented below.  

TAXOMET (NCT01796028) was the first multicenter phase II trial evaluating the 

combination of metformin (850 mg twice a day) with docetaxel (75 mg/m2 every 21 days) plus 

prednisone (5 mg twice a day), up to 10 cycles, in 99 non-diabetic metastatic castration-

resistant prostate cancer (CRPC) patients (https://clinicaltrials.gov/). The results presented at 

the 2019 ASCO Annual Meeting showed that the addition of metformin to the standard of 

care did not add a meaningful clinical benefit over placebo in prostate specific antigen (PSA)-

response rate, progression-free survival (PFS), OS and quality of life (QoL) (Pujalte Martin et 

al., 2019). The small number of patients enrolled, the late stage of the disease and the short 

metformin exposure time may have clearly affected the results of the study. 

The STAMPEDE trial (NCT00268476) is a multi-arm, multi-stage randomized 

controlled trial which started in 2005 with the aim to evaluate multiple therapeutic strategies 

in the management of high-risk localized or metastatic hormone-naïve prostate cancer 

(Clarke et al., 2019; James et al., 2017; Mason et al., 2017; Parker et al., 2018; Sydes et al., 

2018). Since 2016, it has been recruiting non-diabetic prostate cancer patients for 7 years to 

assess whether metformin (850 mg twice a day) in addition to standard-of-care treatment 

(docetaxel or abiraterone) improved survival times and mitigated androgen deprivation and 
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therapy-related metabolic dysfunction (Gillessen et al., 2016). The investigators planned to 

enroll 2,800 subjects, including 1,700 metastatic patients, with OS as both intermediate and 

definitive primary outcome measures. 

Regarding breast cancer, the recently completed phase II, placebo-controlled 

METEOR study (NCT01589367) enrolled 203 post-menopausal participants with estrogen 

receptor-positive breast cancer to identify the anti-tumor effect of metformin (2000 mg/day) 

with preoperatively given letrozole (2.5 mg/day) applied for 24 weeks (Kim et al., 2014b). 

Women with a history of diabetes were excluded. The results presented so far obtained from 

153 subjects (72 metformin, 75 placebo) showed that neither the primary outcome, the 

overall clinical response rate (66.7% metformin and 56.4% placebo, p = 0.193), nor the 

secondary outcomes (breast conservation rate of, 68%) reached statistical significance 

between the two arms. Importantly however, after four weeks of treatment, a greater number 

of patients displayed Ki-67 positivity of less than 10% in the metformin-treated group 

compared to the placebo group (87.5% vs. 33.3%, p = 0.017) (Kim et al., 2019). 

The MA32 phase III, one of the largest ongoing trials, randomly assigned 3,649 non-

diabetic breast cancer patients, stratified according to hormone-receptor and HER2 status, 

body mass index and prior chemotherapy, in order to apply metformin (850 mg twice a day) 

versus placebo for five years, in addition to standard adjuvant therapy (NCT01101438). The 

primary outcome was DFS, and main secondary outcomes were OS, distant DFS (DDFS) 

and breast cancer-free interval. Unfortunately, data on cancer outcomes are not yet available 

from this study, but only those on the metabolic profile, biomarkers and sex hormone levels 

of the women enrolled. After six months, metformin significantly improved weight and 

metabolic factors (insulin, glucose, leptin, highly sensitive C-reactive protein) in the first 492 

patients (Goodwin et al., 2015). Another analysis on 3,256 women showed reduced levels of 

the tumor marker CA15-3 (Dowling et al., 2018). Moreover, metformin lowered estradiol in a 

subgroup of post-menopausal women with estrogen and progesterone receptor negative 

breast cancer (Pimentel et al., 2019). 
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The open-label, phase II randomized METTEN (metformin and trastuzumab in 

neoadjuvancy) study (EudraCT number 2011-000490-30) evaluated the efficacy and safety 

of adding metformin (850 mg twice-daily) for 24 weeks to neo-adjuvant chemotherapy 

(paclitaxel, 5-fluorouracil, epirubicin, and cyclophosphamide) plus trastuzumab (Martin-

Castillo et al., 2018) in HER2-positive primary breast cancers. Metformin failed to 

significantly improve the pathologic complete response rate or to reduce the need for 

mastectomy in 84 women, although, a subsequent, prospective analysis showed a 

decreased proliferative capacity of residual breast cancer disease (Lopez-Bonet et al., 2019). 

The ongoing HERMET trial (NCT03238495) is still randomizing 100 participants with HER2-

positive, operable breast cancers treated with neo-adjuvant chemotherapy (docetaxel, 

carboplatin, herceptin plus pertuzumab) with or without addition of metformin. 

In the context of adjuvant trials, ALTTO (adjuvant lapatinib and/or trastuzumab 

treatment optimization) is an ongoing, not recruiting phase III study (NCT00490139) that 

randomly assigned 8,381 HER2-positive breast cancer patients for one year to four different 

arms: trastuzumab or lapatinib alone, their sequence, or their combination (Piccart-Gebhart 

et al., 2016). A sub-section of this study (Sonnenblick et al, 2017) evaluated the impact of 

diabetes and the use of metformin on patient outcomes in ALTTO participants (7,935 

subjects with no history of diabetes at study entry, 260 with diabetes and metformin 

treatment and 186 with diabetes, but no-metformin treatment). Use of metformin may reverse 

the worse prognosis associated with diabetes; in fact, patients with diabetes, not treated with 

metformin, experienced worse DFS (multivariable hazard ratio [HR], 1.40; 95% CI, 1.01 to 

1.94; p = 0.043), DDFS (multivariable HR, 1.56; 95% CI, 1.10 to 2.22; p = 0.013), and OS 

(multivariable HR, 1.87; 95% CI, 1.23 to 2.85; p = 0.004) (Sonnenblick et al, 2017). 

Therefore, the results of these already completed and still ongoing prospective trials 

are of paramount importance, although they do not allow yet to formulate general 

recommendations on the use of metformin in cancer patients. 

 

4.4. Anthelmintics 
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Niclosamide is an essential drug utilized to fight tapeworm infection by interfering with 

mitochondrial oxidative phosphorylation. Numerous preclinical studies showed that 

niclosamide could alter many oncogenic pathways including NFAT, Wnt, STAT3 and mTOR 

leading to clinical trials on prostate and colorectal cancer (Barbosa et al., 2019; Hamdoun et 

al., 2017). As an anthelmintic drug, oral delivery of 2 g/day is sufficient to kill tapeworms in 

the gastrointestinal tract. The first clinical trial designed by the University of Washington 

tested at two doses at 500 or 1000 mg three times a day in CRPC in combination with 

enzalutamide after abiraterone therapy (Schweizer et al., 2018). Five-hundred milligrams 

were considered as the maximal tolerated dose (MTD), since two patients reported adverse 

effects as diarrhea, colitis and nausea at 1000 mg of niclosamide. The drug concentrations in 

the blood were under the threshold levels (35.7-182 ng/ml) necessary to reach effectiveness 

as established in preclinical studies. In fact, the circulating PSA levels did not decline, and it 

was concluded that oral niclosamide is not suitable for repurposing in CRPC treatment. In a 

different setting, the University of Davis designed a phase I clinical trial with niclosamide in 

combination with abiraterone and prednisone up to 1600 mg three times daily (Pan et al., 

2018). No signs of toxicity were reported, and PSA reduction was recorded in four patients 

with blood concentration between 100 and 162 ng/ml. This result was confirmed in colorectal 

carcinoma, where 2 g/day niclosamide were not toxic and higher Cmax values were achieved 

(429-1777 ng/ml) (Burock et al., 2018). The authors concluded that the Cmax values might 

positively correlate with a delay in disease progression. On this bases, phase II clinical trials 

were proposed. It remains to be established, whether the MTD allows to reach therapeutic 

dosages high enough to be effective against tumors (Frayha et al., 1997). 

 

4.5. Antimalarials 

CQ has been utilized to treat malaria. If Plasmodia degrade hemoglobin to obtain 

essential amino acids for anabolic processes, CQ binds the porphyrin ring Fe(II)-

protoporphyrin IX (FP) to form the FP-CQ complex, a toxic compound, which destroys the 

membrane of the malaria parasites. In human cells, CQ is an inhibitor of autophagy, a 
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process utilized by normal cells to obtain energy under stress conditions such as glucose or 

oxygen deprivations. Autophagy and apoptosis networks are strictly connected and inhibition 

or activation of autophagy in cancer cells could have beneficial or detrimental effects. CQ 

inhibits autophagy by lysosome-endosome-autophagosome alkalization and fusion of 

autophagosome with lysosomes (Cuomo et al., 2019).  

CQ is administered orally as phosphate CQ at a dose of 250 mg/day. Long-term 

exposure is avoided because of severe toxicity such as renal dysfunction and 

cardiomyopathy. Different from niclosamide, CQ is a hydrophobic weak base that easily 

crosses cell membranes reaching a high bioavailability (>80%) and a large volume of 

biodistribution. In the liver, CQ is dealkylated producing two active metabolites: 

monodesethylchloroquine and bisdesethylchloroquine. CQ is mainly excreted through the 

kidney and can be found in the urine for months (Verbaanderd et al., 2017). 

Several clinical cancer trials are ongoing with CQ alone or in combination with 

chemotherapy and radiotherapy. The positive preclinical data obtained on rats with glioma 

treated with quinacrine (a CQ analog) and carmustine led to the design of an open 

prospective randomized controlled study. Thus, glioblastoma multiforme (GBM) patients 

underwent surgery, radiotherapy (total dose 6000 Gy), and four cycles of carmustine (i.v., 

200 mg/m2) once every 6 weeks. CQ was administered every day (150 mg) after surgery on 

9 patients which were paired with other 9 patients treated with placebo. Two years after 

surgery, all control patients died. By contrast, five patients died in the CQ-treated arm and 

Kaplan Meyer analysis denoted a significant longer survival (Briceño et al., 2003). In a 

second clinical trial started in 2000, the same research group studied 15 GBM patients 

treated with CQ following conventional radio- and chemotherapy (randomized, double-blind, 

placebo-controlled trial). Although not statistically significant, the data suggested the same 

trend of results obtained in the first clinical trial (Sotelo et al., 2006). In 2007, the 

retrospective analysis of 41 new GBM patients treated with CQ showed that the survival time 

almost doubled compared to the placebo arm (25 +/- 3.4 vs 11.4 +/- 1.3 months). 

Importantly, significant side effects were not noted (Briceño et al., 2007). In a phase II clinical 
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trial, CQ was tested as a radiosensitizer in 39 patients with brain metastasis. Although the 

OS did not change, PFS at 1 year improved (p = 0.046) (Rojas-Puentes et al., 2013). This 

study was confirmed by another pilot trial in which 20 patients with brain metastases were 

treated with CQ in combination with whole brain radiotherapy. A slight increase in OS was 

observed in patients with wild-type indoleamine 2,3-dioxygenase 2 (IDO2), an immune-

modulatory enzyme inhibited by CQ, when compared to mutant IDO2 (Eldredge et al., 2013). 

CQ (500 mg/day) was administered in combination with bortezomib and 

cyclophosphamide in 8 relapsed and refractory MM patients. A partial sensitization to 

bortezomib was observed and three patients had partial response and one patient presented 

with stable disease (Montanari et al., 2014). The combination of CQ with cyclophosphamide 

and prednisone did not improve the response of MM patients (Verbaanderd et al., 2017). 

HCQ is under evaluation in clinical trials since a lower risk of retinal toxicity has been 

reported. A partial response was reported in different types of tumors, but it remained unclear 

which drug between CQ or HCQ had a better efficacy since comparative studies were not 

reported (Verbaanderd et al., 2017). A recent meta-analysis on three CQ and four HCQ trials 

showed better ORR, 1-year OS and 6-months PFS rates in GBM patients treated with CQ or 

HCQ (Xu et al., 2018). 

Case reports on the compassionate treatment of cancer patients with artemisinin-type 

drugs indicated that these compounds may not only be active in the preclinical setting, but 

also in patients (Berger et al., 2005; Singh and Panwar, 2006). In subsequent years, several 

clinical trials have been published.  

Twenty-three metastatic breast cancer patients were treated with 100-200 mg 

artesunate/day orally. Adverse side effects were observed in few patients (leuco- and 

neutropenia, auditory system disturbances, asthenia). Concentrations up to 200 mg/day were 

considered as safe (von Hagens et al., 2017). 

Dose-limiting toxicities in patients suffering from various solid tumors were 

investigated at doses 12 and 25 mg/kg intravenous artesunate. Recorded side effects were 

neutropenic fever, nausea and vomiting, hypersensitivity reactions and hepatic enzyme 



V04/06/2020 (Revised version) 

43 
 

anomalies. In general, the treatment was well tolerated, and an MTD of 18 mg/kg was 

determined (Deeken et al., 2018). 

Oral artenimol treatment of 10 women from the Ivory Coast with advanced cervical 

carcinoma led to the disappearance of disease symptoms (pain, vaginal discharge) within 7 

days in median. In 6 patients, a relapse occurred after 6 months on average, while the 

remaining four patients had a median survival time of 12 months (Jansen et al., 2011).  

Twenty-three colorectal cancer patients were treated with oral artesunate prior to 

surgery in a randomized double-blind placebo-controlled pilot study. A follow-up for 42 

months showed that 1/9 patients (11.1%) treated with artesunate and 6/11 placebo-treated 

patients (54.5%) developed a recurrent disease (Krishna et al., 2014).  

 

4.6. Antifungals 

ITZ was developed more than 30 years ago to interfere with the synthesis of 

ergosterol, a sterol found in the fungal membrane. Preclinical studies indicated that ITZ 

inhibited the expression of P-gp and Wnt/-catenin, as well as angiogenesis and stromal 

stem cells signaling (Tsubamoto et al., 2017). As antifungal therapy, it was dosed as oral 

solution or tablets in the range of 100-600 mg daily for one month. Inter- and intra-patient 

pharmacokinetic variability was observed with an average bioavailability of 55%. ITZ is highly 

lipophilic and accumulates more in tissues than in plasma. It is well tolerated, but is not 

indicated during pregnancy or in patients with cardiac dysfunction (Pantziarka et al., 2015). 

There are many clinical studies, which assessed the antifungal activity of ITZ as 

concomitant therapy in cancer patients. This is not the focus of the present review. Here we 

are evaluating the direct antitumor effect of ITZ. In phase II randomized controlled clinical 

trials, ITZ was evaluated in combination with daunorubicin in ALL and acute myeloid 

leukemia (AML) patients to reverse daunorubicin resistance as demonstrated in preclinical 

studies (Gupta et al., 1991). ITZ improved the DFS of 11 out of 23 ALL patients, although 

statistical significance was not reached (p >0.05) (Vreugdenhil et al., 1993). In CRPC, 29 

patients were treated with high dose ITZ (600 mg/day) showing a 2-years PFS of 48% 
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compared to low dose (200 mg/day) treated patients (n = 17). However, the median PFS was 

similar to other treatments under evaluation (phase II, non-comparative randomized study). 

At high doses, 14% of patients experienced toxicity but not grade 4 (Antonarakis et al., 

2013). Preclinical data indicated that ITZ downregulates the HH pathway. Since HH is 

important in basal cell carcinoma, 15 patients were treated twice a day with 100 or 200 mg of 

ITZ in a phase II trial. The comparative analysis of primary endpoints (Ki-67 and HH 

biomarkers) in biopsies taken at baseline and at excision 1 month later demonstrated 

decreased cell proliferation and decreased GLI1 mRNA levels (Kim et al., 2014a). A phase II 

randomized controlled clinical trial was conducted in metastatic non-small-cell lung 

carcinoma (NSCLC) patients as second line therapy. The ITZ concentration used was 200 

mg/day. The trial was interrupted on pre-term due to increased usage of pemetrexed in the 

first line therapy. The primary endpoint of PFS at three months was not reached (15 patients 

treated with pemetrexed versus 8 patients treated with pemetrexed + ITZ) (29% versus 67%; 

p = 0.11). However, the median OS was 8 months vs. 32 months (HR = 0.194, p = 0.012). 

ITZ did not increase untoward toxicity (Rudin et al., 2013). As inhibitor of angiogenesis and 

drug efflux, ITZ was administered to refractory ovarian cancer patients in second- or third-line 

therapy (19 patients) at a dose of 400-600 mg/day on days -2 to 2 or 3, on a 2-week cycle. 

Median PFS and OS improved in ITZ-treated patients compared to standard therapy with an 

PFS HR = 0.24 (p = 0.002) and OS HR = 0.27 (p = 0.006). A survival advantage was also 

registered in a retrospective analysis of patients suffering from TNBC (Tsubamoto et al., 

2014a), recurrent ovarian clear cell carcinoma (Tsubamoto et al., 2014b), pancreatic cancer 

(Tsubamoto et al., 2015a), or biliary tract tumors (Tsubamoto et al., 2015b) treated with 

chemotherapy in combination with ITZ. 

The inhibition of HH, angiogenesis or drug efflux by ITZ could impact the survival of 

different types of patients including tumors of prostate, ovarian, and NSCLC as well as 

leukemia (Pantziarka et al., 2015). 

 

5. Conclusions and future perspectives 
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As there are currently no clinically approved cancer MDR chemosensitizing agents, 

drug repurposing provides a practical therapeutic strategy to resensitize MDR cancers to 

conventional chemotherapeutic agents. Drug repositioning offers the possibility of high 

rewards because of shorter times to market and higher possibility of differentiation as 

compared with in-licensing and reformulation strategies. An additional commercial incentive 

of drug repurposing is the possibility to prolong patents through the orphan status 

designation. In the past decade, over 100 drugs have been designated as orphan drugs by 

the FDA for the treatment of diverse tumor subtypes (Vokinger and Kesselheim, 2019). The 

majority of these cancer drugs that were approved with orphan status were indicated for solid 

tumors. Drug repurposing does not always succeed, however the causes for failure cannot 

be attributed to untoward toxicity, because the safety profiles of the candidates were 

previously characterized (Pushpakom et al., 2018). 

In drug discovery processes, the starting point is a disease or condition without 

appropriate treatment options. Drug candidates that enter the time- and cost-intensive clinical 

trials will be tested for the main indication, but not for all possible diseases. Thus, there is a 

considerable probability that the drug could be used for different indications, although it was 

not initially identified as such. New applications can be discovered during clinical practice, 

and drug prescription can accordingly evolve, even if the alternative indication is not legally 

approved. For this approach, publicly available databases of clinical trials are essential. At 

present, access to clinical trial data is limited or requires mining of enormous amounts of 

unstructured data. In this respect, a variety of predictive computational approaches have 

been developed to identify drug repositioning opportunities, each based around a biological 

target of interest. The first step in a computational strategy for drug reprofiling is virtual 

screening using a variety of in silico methods that provide new predictions for compounds 

shown to have pharmacological activity. This approach requires well-curated macromolecular 

target databases that provide accurate structural information (Kharkar et al., 2014; Markosian 

et al., 2018). As highlighted in the current review, pharmacophore modelling, and 

pharmacophore- and docking-based virtual screening have proved to provide efficient and 
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reliable solutions. Although outside the scope of this review, other remarkable computational 

tools are those that explore the genetic messengers to seek for drug repurposing 

opportunities (GNS et al., 2019). Such is the case of the web-based tool CMap that helped in 

the identification of sirolimus reversal of dexamethasone resistance in ALL patients (Wei et 

al., 2006).In the particular cases of cancer, immortalized human cancer cell lines (CCLs) 

represent plausible sources of data for drug repurposing. Keeping aside the known 

limitations of working with cell cultures, diverse studies showed a correlation between the 

pharmacological data sets resulting from cell viability screenings and the genomic 

characterization of the probed CCLs (Pushpakom et al., 2018). These pharmacogenomics 

interactions were comparable to the observed clinical data. Additionally, the overlap of 

genomic features from primary tumors and the effects of chemotherapeutics in CCLs led to 

the identification of novel drug repurposing opportunities in specific cancer types (Iorio et al., 

2016). 

Limitations of most of the current knowledge of drugs with the potential for 

repositioning may be good starting points for future investigations. The effect of dosing and 

clinically attainable blood serum concentrations has been insufficiently addressed in many 

studies. For example, aspirin in high doses acts against pain and can be used as preventive 

coagulant at low doses. In other cases, it may be that drugs were approved at a lower dose 

for a specific disease, but act only at high doses against MDR cancers. Here, the question 

arises, whether or not sufficient concentrations are achievable in patients to obtain 

comparable pharmacological effects as those observed under experimental conditions. 

Another caveat relates to drug interactions with standard chemotherapy. Some 

authors focused on synergistic interactions between repurposing drug candidates and 

standard medication. This is a favorable result which demonstrates that drug interactions 

have to be taken into consideration. Another aspect that has been neglected thus far is that 

drug interactions could also exert negative effects. Antagonistic effects may diminish the 

tumor killing efficacy of standard chemotherapy and synergistic effects may increase the 
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toxicity in normal tissues leading to non-tolerable side effects. Studies on these topics are 

largely missing as of yet. 

In summary, drug repurposing represents a powerful strategy for accelerated drug 

discovery programs. However, there are still limitations that prevent higher efficiency. 

Frequent factors limiting many current drug development approaches are insufficiently 

structured data. Therefore, efforts should be made to organize the available information in a 

more productive manner and to set the basis for proper data acquisition resulting from 

previous preclinical and clinical studies. Typically, repurposing has been achieved 

serendipitously. However, the development of more powerful computational tools and the 

homogenization of clinical trials data should provide a more rational approach to identify new 

drug candidates to treat MDR tumors. 
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FIGURES 

Figure 1. Schematic representation of the steps involved in traditional drug discovery and 

drug repurposing strategy. 

Figure 2. Different in silico and experimental approaches for drug discovery and validation 

during drug repurposing process. 
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Figure 3. Chemical structure of drugs undergoing preclinical investigation for repurposing in 

cancer. 

 

 

  



V04/06/2020 (Revised version) 

95 
 

Figure 4. Chemical structure of drugs being repurposed in cancer clinical trials. 
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TABLES 

Table 1. Drug repositioning opportunities in cancer therapy. 

Drug Indication (drug in combination) Status 
a
 

IMiDs 

Thalidomide Multiple myeloma (dexamethasone) 

Multiple myeloma (daratumumab-bortezomib-

dexamethasone) 

2006 

2019 

Lenalidomide Myelodysplastic syndromes with 5q deletion 

Multiple myeloma 

Relapsed or refractory mantle cell lymphoma 

Follicular or marginal lymphoma (rituximab) 

2005 

2006 

2013 

2019 

Pomalidomide Relapsed and/or refractory multiple myeloma 2013 

Antihypertensives 

Hydralazine Ovarian and cervical cancer (valproate) Phase III 

Breast and rectal cancer, refractory solid tumors, and 

myelodysplastic syndromes (valproate) 

Phase II 

Antidiabetics 

Metformin Oral, breast, colorectal, and prostate cancer, and 

hepatocellular carcinoma 

Metastatic prostate cancer (multiple drugs) 

Recurrent endometrial cancer (paclitaxel-carboplatin) 

… 

Phase III 

Anthelmintics 

Niclosamide Hormone-resistant prostate cancer (abiraterone-prednisone) 

Metastatic colorectal cancer, and familial adenomatous 

polyposis 

Phase II 

Antimalarials 

Chloroquine Glioblastoma multiforme 

High grade gliomas (temozolomide) 

Phase III 

Hydroxychloroquine Metastatic pancreatic, breast and prostate cancer 

Resectable pancreatic cancer (capecitabine) 

Metastatic prostate cancer (docetaxel) 

Hepatocellular cancer (sorafenib) 

Colorectal cancer (vorinostat) 

Metastatic breast cancer (ixabepilone) 

Phase II 
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Breast cancer stage IIB (everolimus) 

Metastatic colorectal cancer (capecitabine-oxaliplatin-

bevacizumab) 

… 

Artesunate Colorectal, lung, and cervical cancer Phase II 

Antifungals 

Itraconazole Ovarian cancer 

Prostate, lung, esophageal, and skin cancer, and basal cell 

carcinoma 

Non-small cell lung cancer (pemetrexed) 

Prostate cancer (orterenol) 

Platinum-resistant ovarian cancer (hydroxychloroquine) 

Phase III 

Phase II 

a Year of approval or most advanced clinical trials 
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