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ABSTRACT 

Lung cancer is among leading causes of death worldwide. The five-year survival rate of this 

disease is extremely low (17.8%), mainly due to difficult early diagnosis and to the limited 

efficacy of currently available chemotherapeutics. This underlines the necessity to develop 

innovative therapies for lung cancer. In this context, drug repurposing represents a viable 

approach, as it reduces the turnaround time of drug development removing costs associated to 

safety testing of new molecular entities. Ribavirin, an antiviral molecule used to treat hepatitis 

C virus infections, is particularly promising as repurposed drug for cancer treatment, having 

shown therapeutic activity against glioblastoma, acute myeloid leukemia, and nasopharyngeal 

carcinoma. In the present study, we thoroughly investigated the in vitro anticancer activity of 

ribavirin against A549 human lung adenocarcinoma cells. From a functional standpoint, 

ribavirin significantly inhibits cancer hallmarks such as cell proliferation, migration, and 

colony formation. Mechanistically, ribavirin downregulates the expression of numerous 

proteins and genes regulating cell migration, proliferation, apoptosis, and cancer angiogenesis. 

The anticancer potential of ribavirin was further investigated in silico through gene ontology 

pathway enrichment and protein-protein interaction networks, identifying five putative 

molecular interactors of ribavirin (Erb-B2 Receptor Tyrosine Kinase 4 (Erb-B4); KRAS; 

Intercellular Adhesion Molecule 1 (ICAM-1); amphiregulin (AREG); and neuregulin-1 

(NRG1)). These interactions were characterized via molecular docking and molecular dynamic 

simulations. The results of this study highlight the potential of ribavirin as a repurposed 

chemotherapy against lung cancer, warranting further studies to ascertain the in vivo anticancer 

activity of this molecule. 

 

Keywords: lung cancer; drug repurposing; ribavirin; computational biology; docking; 

molecular dynamics 
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1. Introduction 

Lung cancer is a global health burden and is among the leading causes of death worldwide, 

representing about 20% of all cancer-related deaths [1, 2]. In 2020, lung cancer has claimed 

nearly 1.7 million lives throughout the world [3]. Despite the availability of numerous 

treatment strategies such as chemotherapy, radiotherapy, surgical resection, and 

immunotherapy, the life expectancy of lung cancer patients is still extremely low, with a five-

year survival rate of 17.8% [4, 5]. This underlines the necessity to develop innovative 

(example:  nanotechnology, advance drug delivery system, chronotherapy, microRNA 

inhibitors, metallic nanoparticles), more effective treatment strategies to tackle the burden of 

lung cancer [6-13]. 

In the context of developing novel treatments, the inhibition of cancer hallmarks such as 

abnormal cell proliferation, cell migration and invasion, neo-vascularization, dysregulation of 

the cell cycle, apoptosis, and epigenetic changes represent key treatment strategies [14-18]. 

However, cancer cell metastasis represents a significant challenge as it not only promotes the 

spreading of cancer but also reduces treatment efficacy [19]. Furthermore, it is a well-

established fact that cancer cells develop resistance to anticancer drugs through various 

mechanisms, contributing to cancer progression [20]. All these factors, combined with the 

elevated cost of developing new drugs, make anticancer treatment a challenge for many 

suffering from cancers, including lung cancer [21, 22]. 

Recently, there has been a paradigm shift in the efforts of researchers toward the repurposing 

of existing drugs, consisting in identifying new therapeutic applications for existing clinically 

approved drugs. Also known as drug reprofiling or repositioning, examples of drug repurposing 

became more evident during and post-COVID era, where scientist repurposed various antiviral 

drugs for the treatment of COVID. Additionally, many other anti-viral drugs have also been 

repurposed for various infections and other diseases. Some examples include favipiravir and 

sofosbuvir, which display promising efficacy against Ebola virus and Zika virus infections [19, 

23]. 

Similarly, to address the challenges posed by cancer and its treatment, drug repurposing has 

emerged as a compelling strategy to find effective treatments [24]. Drug repurposing not only 

considerably reduces costs and time investment in the new drug research and development, but 

it also reaps the benefits from the plethora of information available on drugs already tested in 
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human clinical trials [25]. Resistance to the existing anticancer drugs has further fuelled the 

interest of scientists working in the field of oncology towards drug repurposing.  

Additionally, various anti-depressant [26] and anti-viral agents have been explored for their 

anti-cancer properties [27]. Drugs like acyclovir [27] and azido thymidine [28, 29] (Figure 1), 

for example, have been investigated for their potential in the treatment of breast cancer and 

various other cancer types [19]. Nelfinavir, a protease inhibitor for HIV (Figure 1), has 

anticancer effects via inhibiting the Akt signalling pathway and by inducing endoplasmic 

reticulum stress [30]. Ribavirin, a well-known anti-viral agent used to treat hepatitis C virus 

(HCV) infection (Figure 1), is a guanosine analogue and RNA synthesis inhibitor that has 

shown effectiveness in treating COVID-19 [31], glioblastoma, acute myeloid leukemia (AML), 

and nasopharyngeal carcinoma (NPC) [32].  

 

Figure 1: Examples of some of the repurposed drugs that are under investigation for the 

treatment of cancer. 

Ribavirin has been reported to display its anticancer effects mechanistically via modulating 

pathways involving proteins such as Enhancer Of Zeste 2 Polycomb Repressive Complex 2 

Subunit (EZH2), Snail, eukaryotic translation initiation factor 4E (eIF4E), mammalian target 

of rapamycin (mTOR), cyclin D1, and inosine-5′-monophosphate dehydrogenase (IMPDH) for 

treatment of nasopharyngeal carcinoma, breast cancer, thyroid cancer, glioblastoma, and others 

[33-35]. Ribavirin has also been reported to target and reduce the activity of matrix 

metalloproteinase-3 (MMP-3) and matrix metalloproteinase-9 (MMP-9), two fundamental 

mediators of cancer cell migration and invasion [36]. In a recent study from our team, we 

demonstrated that ribavirin downregulates the expression of the interleukins (ILs) IL-6 and IL-

8, two cytokines that play a major role in cancer progression, in A549 human lung 

adenocarcinoma cells, providing further proof of the potential of ribavirin as anticancer drug 

[37]. 
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Furthermore, drug repurposing has been supported by the computational revolution, which has 

allowed the exploration of available data across different platforms to streamline the process 

of drug repurposing [38]. Furthermore, various approaches, such as knowledge-based drug 

repurposing, target-based drug repurposing, pathway-based drug repurposing, gene expression 

profiling, network analysis, and protein-ligand docking studies, have significantly contributed 

to the exponential development of this innovative field [39-43].  

In the present study, we have thoroughly investigated the in vitro anticancer potential of 

ribavirin against A549 cells. Our results indicate that ribavirin, at concentrations of 25 µM, 

significantly inhibits cancer hallmarks such as cell proliferation, cell migration, and colony 

formation. Mechanistically, this effect was exerted by decreasing the expression of several 

proteins associated with proliferation (ErbB3, ErbB4, enolase 3 and others), 

migration/invasion/metastasis (angiopoietin-like 4, thrombospondin-1,mesothelin, and others), 

and angiogenesis (VE-cadherin and human chorionic gonadothropin), as demonstrated via 

proteome profiler protein array. At the mRNA level, ribavirin also decreased the expression of 

the oncogenes Kirsten rat sarcoma viral oncogene homolog (KRAS) and v-raf murine sarcoma 

viral oncogene homolog B1 (BRAF). These results were supported by in silico computational 

analysis, which was performed through gene ontology pathway enrichment and the 

investigation of protein interaction networks. From these studies, five putative interactors of 

ribavirin were identified: Erb-B2 Receptor Tyrosine Kinase 4 (Erb-B4); KRAS; Intercellular 

Adhesion Molecule 1 (ICAM-1); amphiregulin (AREG); and neuregulin-1 (NRG1). The 

interaction of these five hits was further investigated with molecular docking studies, as well 

as through molecular dynamics simulation of the interaction of ribavirin with ERBB4 and 

KRAS. 

In summary, the present report elucidates the promising anticancer potential of ribavirin in 

A549 lung cancer cells, and the underlying mechanism through which ribavirin exerts this 

activity, further identifying five putative interactors of this molecule. The results of the present 

study provide foundational information for further investigation towards the repurposing of 

ribavirin as an anticancer agent in the treatment of lung cancer, to be used either as 

monotherapy or as combination therapy with commonly used chemotherapeutics. In order to 

achieve this goal, in vitro confirmation of the identified putative interactions should be 

performed, as well as a thorough in vivo investigation of the anticancer potential of ribavirin. 

 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

  7 

 

2. Materials and Methods 

2.1. Cell culture and treatment with Ribavirin 

Human lung adenocarcinoma cells (A549) and human bronchial epithelial cells (BEAS-2B), 

both sourced from ATCC, USA, were a kind gift from Woolcock Institute of Medical Research, 

Sydney, Australia. The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

low-glucose (Sigma-Merck, Australia). The culture medium was supplemented with 1% v/v 

penicillin/streptomycin solution (Sigma-Merck, Australia) and 5% v/v FBS (Sigma-Merck, 

Australia). The cells were kept at 37 °C, in a humidified environment with 5% CO2. Ribavirin 

(Sigma-Merck, Australia) was dissolved at a stock concentration of 80 mM in sterile 

phosphate-buffered saline (PBS, Sigma-Merck, Australia), and diluted to the final 

concentration with complete DMEM.  

 

2.2. Cell proliferation assay – MTT 

In order to assess the anti-proliferative effect of ribavirin on A549 cells, and its effect on BEAS-

2B cell viability, an MTT assay was conducted as reported previously [44-46]. Briefly, 5000 

cells/well were seeded in a volume of 200 µL complete DMEM in a 96-well plate and left to 

attach overnight. The next day, the cells were treated with concentrations of ribavirin ranging 

between 2.5 and 200 µM for 72 hours. After treatment, a concentration of 250 µg/mL MTT 

((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma-Merck, Australia) 

was added to each well, and the cells were incubated for 4 hours at 37°C. After the incubation, 

the supernatant was aspirated and the formazan crystals obtained dissolved in 100 µL dimethyl 

sulfoxide (DMSO, Sigm-Merck, Australia). The absorbance of the wells was read at a 

wavelength of 570 nm in a plate reader (TECAN Infinite M1000, Tecan Trading AG, 

Switzerland). 

 

2.3. Cell migration assay – wound healing assay 

With the aim of investigating the effect of ribavirin on the migratory capacity of A549 cells, a 

wound healing assay was performed as described previously [47-49]. A549 cells were seeded 

at a density of 100,000 cells/well in a volume of 2 mL complete DMEM, in 6-well plates. The 

cells were then grown until confluency at 37°C. A scratch was then created at the center of 
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each well with a sterile 200 µL pipette tip. The wells were then washed with sterile PBS five 

times to remove the detached cells, and treated with 0 or 25 µM ribavirin for up to 72 hours. 

The distance between the two edges of the scratches was then imaged with a light microscope, 

at a magnification of 10X, upon 0, 24, 48, and 72 hours of ribavirin treatment. The distance 

between the edges was then measured using the ImageJ software (version 1.53c, Bethesda, 

MD, USA). The wound closure of the ribavirin-treated groups was indicated as percentage 

compared to the control untreated group. 

 

2.4. Cell migration assay – transwell chamber assay 

Transwell chamber assay to quantify A549 migration was done as described previously with 

slight modifications [50]. As A549 cell doubling time is approximately 22 hours, we allowed 

the A549 cells treated with or without 25μM of ribavirin to migrate from the upper 

compartment of transwell to the lower compartment for 16 hours (less than the cells’ doubling 

time) to validate the anti-migratory activity. The non-migrated cells on the upper surface of the 

membrane were cleaned using cotton swabs. The cells migrated to the lower surface of the 

membrane were fixed in 10% formalin, stained with hematoxylin and eosin, and cover-slipped 

to take microscopic images at 40X magnification. 

 

2.5. Colony formation assay – crystal violet staining 

To assess the efficacy of ribavirin in inhibiting the colony formation capacity of A549 cells, a 

crystal violet assay was performed as reported previously [44]. A549 cells were seeded at low 

density (500 cells/well) in 6-well plates and left to adhere overnight. The next day, cells were 

treated with 0 or 25 µM ribavirin for 72 hours. After treatment, the cells were left to grow in 

complete DMEM until visible colonies were observed in the control (untreated) group (about 

2 weeks). During this time, the culture media was replaced every 72 hours. After colony 

development, the cells were washed 3 times with PBS and fixed with 4% formaldehyde for 30 

minutes. This was followed by three washes with PBS and by staining with 0.4% w/v crystal 

violet (Sigma-Merck, Australia). Finally, the cells were washed three times with PBS and 

photographed. The number of colonies formed were counted manually. 
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2.6. Gene expression analysis – real-time qPCR 

To assess the effect of ribavirin on the mRNA expression levels of the genes KRAS and BRAF, 

real-time qPCR was performed as reported in a previous study [51, 52].  

2.6.1. Cell treatment and harvesting 

A549 cells were seeded at a density of 100,000 cells/well in 6-well plates and left to attach 

overnight. The next day, the cells were treated with 0 or 25 µM ribavirin for 72 hours. After 

treatment, the cells were washed 3 times with ice-cold PBS, followed by lysis and harvesting 

with 500 µL TRIreagent (Sigma-Merck, Australia). The samples were frozen at -80°C until 

use. 

2.6.2. RNA extraction 

Immediately before extracting the RNA, the samples were thawed on ice and vortexed for 45 

seconds to maximize cell rupture. Successively, 125 µL chloroform (Sigma-Merck, Australia) 

were added to each sample. The samples were pulse-vortexed and incubated for 15 minutes at 

room temperature. After incubation, the samples were centrifuged at 12,000 g for 15 minutes, 

at 3°C, to separate the aqueous phase and the organic phase. The aqueous layer was then 

carefully aspirated and transferred into fresh tubes. Successfully, the RNA was precipitated by 

adding 250 µL of ice-cold isopropanol (Sigma-Merck, Australia) to the aqueous phase. The 

tubes were pulse-vortexed, incubated at room temperature for 10 minutes, and centrifuged at 

12,000 g, for 10 minutes, at a temperature of 3°C. The supernatant was then removed, and the 

RNA pellets washed twice with 1 mL of 75% ethanol (Sigma-Merck, Australia). After each 

wash, the tubes were centrifuged at 8,000 g for 5 minutes at a temperature of 3°C. The ethanol 

was then carefully aspirated, and the samples were left to dry on ice until complete evaporation 

of the remaining ethanol. The dry pellets were then dissolved in 20 µL nuclease-free water 

(Sigma-Merck, Australia). The concentration and purity of the obtained RNA samples were 

assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA). Only samples with a 260/280 ratio > 1.8, a 260/230 ratio > 2.00, and a concentration > 

150 ng/µL were used in the successive steps. 
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2.7.3. Reverse Transcription 

The RNA samples were first diluted to a concentration of 100 ng/µL with nuclease-free water. 

8 µL of RNA solution, corresponding to 800 ng RNA, were then transferred to a 0.5 µL PCR 

tube. The samples were subjected to treatment with DNAse I (Sigma-Merck, Australia) and 

then reverse transcribed using, in the reaction mixture: 1X M-MLV reaction buffer (Sigma-

Merck, Australia); 0.5 µg/µL random hexamer primers (ThermoFisher Scientific, Australia); 

10 mM dNTPs (ThermoFisher Scientific, Australia); 100 mM dithiothreitol (DTT, 

ThermoFisher Scientific, Australia). The reverse transcription was performed in an Eppendorf 

Flexlid Mastercycler Nexus thermal cycler (Hamburg, Germany) with the following program: 

denaturation (65 °C, 10 min); annealing (25°C, 10 min), reverse transcription (37°C, 50 min), 

and reverse transcriptase inactivation (70°C, 15 min). The samples were diluted to a final 

volume of 100 µL (corresponding to approximately 8 ng/µL cDNA) before performing the 

qPCR. 

 

2.8.4. Real-time qPCR 

The real-time qPCR was performed using 2 µL of each cDNA, corresponding to 16 ng cDNA. 

The reaction was performed using the iTaq Universal SYBR green mix (BioRad, USA), 

following the manufacturer’s instructions. Gene-specific forward and reverse primers (Sigma-

merch, Australia) were used at a final concentration of 0.5 µM each, in a final reaction volume 

of 10.5 µL per sample. The qPCR protocol was run in a CFX96 thermal cycler (BioRad, USA), 

using the following protocol: initial denaturation (95°C for 30 s for one cycle); 95°C for 15 s  

and 60°C for 30 s (alternated, for 50 cycles). The human glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) gene was used as an internal normalization control. The sequences 

of the human gene primers used were as follows: 

Gene name FW sequence RV sequence 

KRAS GCCTGCTGAAAATGACTG TCCTGTAGGAATCCTCTATTG 

BRAF ATATCTGGAGGCCTATGAAG CTGAAAGAGATGAAGGTAGC 

GAPDH TCGGAGTCAACGGATTTG CAACAATATCCACTTTACCAGAG 

 

2.7. Protein expression analysis – oncology protein array 
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To assess the effect of ribavirin on A549 cancer cells proliferation, migration/invasion, 

metastasis, and angiogenesis, a Proteome Profiler Human XL Oncology Array kit (R&D 

Systems, USA) was used, as reported previously [47].  

A549 cells were seeded at a density of 200,000 cells/well in 6-well plates and left to attach 

overnight. After attachment, the cells were treated with 0 or 25 µM ribavirin for 72 hours. 

Following treatment, the cells were washed 3 times with ice-cold PBS, followed by lysis and 

harvesting with 400 µL radioimmunoprecipitation assay (RIPA) buffer (ThermoFisher 

Scientific, Australia) supplemented with protease inhibitor cocktail tablets (Roche Diagnostics, 

Switzerland). After lysis, the cells were centrifuged at 14,000 g for 15 minutes, at 3°C to 

separate insoluble cell membranes, and the cleared lysate was transferred into fresh tubes.  

The protein concentration of each sample was determined via bicinchoninic A/acid (BCA) 

method (Pierce BCA kit, ThermoFisher Scientific, Australia), following the manufacturer’s 

instructions. 

The Proteome Profiler Human XL Protein Array Kit was used following the manufacturer’s 

instructions, hybridizing 300 µg protein per sample in a final volume of 1.5 mL. The 

chemiluminescent signal was acquired using a ChemiDoc MP imaging system (Bio-Rad, 

USA), and the pixel density of each spot was quantified using the ImageJ software (version 

1.53c, Bethesda, MD, USA). 

 

2.8. Statistical Analysis 

All data are shown as average ± SEM. Statistical analysis was performed using the PRISM 

v9.3 software (GraphPad, USA). Statistical comparisons were performed by either one-way 

ANOVA followed by Dunnet’s test for pairwise comparisons, or by Student’s t-test, as 

indicated in the figure legends. A P-value < 0.05 was considered statistically significant. 

 

 

 

 

2.9. In silico studies  
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2.9.1. Gene Ontology & pathway enrichment analysis 

Gene ontology (GO) mapping was performed to classify genes into a hierarchy of groups and 

to discover the gene regulatory network using biological functions and KEGG pathways. The 

DAVID computational biology tool (https://david.ncifcrf.gov/) was further utilized to evaluate 

gene ontology (GO) biological processes along with functional dominance. Also, the data set 

exhibited a p-value of 0.05 which was considered as a significant enrichment and ggplot2 was 

used to visualize the statistically most enriched GO terms [53]. 

 

2.9.2. Construction of PPI network 

The protein-protein interaction (PPI) network is an intricate system in which proteins that 

participate in a biological event interact with one another. This network for the DEGs was 

identified using the GeneMANIA database and the PPI network was built with Cytoscape 

v3.7.1 which is a very effective tool for visualizing and analyzing PPI networks [54].   

 

2.9.3. PPI network involving topological analysis 

The topological qualities of the network as it has been formed are the first and main 

fundamental analysis as it aids in understanding the structure of a network, making it easier to 

comprehend the hidden mechanisms. The PPI network of genes' topological features are 

described by measurements of degree, centrality Betweenness (CB), and BottleNeck (𝐵𝑁). In 

this study, the topological properties were determined using Cytoscape plugins, Network 

Analyzer [55], and cytohubba [56] to understand topological changes that occur when the 

network is impacted. The following network properties were examined to investigate the 

network's essential behaviors. 

a) Degree (𝒌): The total number of linkages is established by a node in the network and 

indicated by the degree k during the network analysis process. This is also used to 

determine a node's local significance in the network regulation process. In the graph 

defined by G = (N, E), N represents the nodes and E represents the edges. The degree 

of the 𝑖𝑡ℎ node (𝑘𝑖) is represented as 𝑘𝑖 = ∑ 𝐴𝑖𝑗
𝑁
𝑖𝑗 , where 𝐴𝑖𝑗 denotes the graph's 

adjacency matrix elements. 
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b) Betweenness centrality (CB): The CB, also known as betweenness centrality, is a 

node's share of all shortest-path traffic from all feasible routes through nodes 𝑖 to 𝑗. As 

a result, it is the parameter of a node's ability to benefit from the flow of information 

throughout the network [57] and its capacity to regulate signal processing over other 

nodes in the network [58]. If 𝑑𝑖𝑗(𝑣) indicates the number of geodesic lines from node 

𝑖 to node 𝑗 that passing through node 𝑣, then 𝐶𝐵(𝑣) of node 𝑣 can be calculated using 

equation 1. 

𝑪𝒃(𝒗) = ∑
𝒅𝒊𝒋(𝒗)

𝒅𝒊𝒋
 𝒊,𝒋;𝒊≠𝒋≠𝒌   (Equation 1)  

The normalized betweenness centrality is summarized in the equation 2, in which  

𝑀 represents the number of node pairs, excluding 𝑣. 

𝑪𝑩(𝒗) =
𝟏

𝑴𝑪𝒃(𝒗)
  (Equation 2) 

c) BottleNeck (𝑩𝑵): The high betweenness nodes are the bottleneck, it can be estimated 

using central betweenness, which seems to be a measurement of the centrality of a node 

in a network, and equal to the number of shortest paths [56]. Let D n be the shortest 

node-rooted path tree, (𝑩𝑵) 

 

                                      𝑩𝑵(𝐯)  =  ∑𝐱 ∈ 𝐕𝐑𝐧(𝐯)   (4) 

where Rn(v)  =  1 if more than 
V(Dn)

4
 paths from node n to other nodes in Dn meet at 

the vertex v; otherwise Rn(v)  =  0. 

 

2.9.4. Driver gene identification 

Centrality estimates can be utilized to identify essential driver genes by characterizing the most 

significant genes in a complex network, which are capable of quick information propagation, 

reception, and sensitivity to local and global alterations. To extract driver genes, the top ten 

genes with the highest degree, betweenness, and bottleneck centrality were used. To ensure 

their trustworthiness as regulatory network driver genes, the commons genes for the three 

topological qualities listed above were traced to the top 10 hub genes (genes with the highest 

degrees) [59-64]. 
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2.9.5. Molecular docking 

The Extra Precision (XP) tool in the Schrodinger suite's Glide programme was used for ligand 

docking. Both the produced protein and the ligand were obtained from Glide's Ligand Docking 

panel. We have downloaded the target protein pdb structures from RCSB PDB 

(https://www.rcsb.org/). The Ribavirin structure was downloaded from PubChem 

(https://pubchem.ncbi.nlm.nih.gov/), having CID: 37542.  The protein's glide grid file and the 

suitably prepared ligand file were fed into the Ligand Docking panel, allowing for the 

exploration of protein-ligand interactions. Glide generated several stances automatically, 

subjecting them to multiple algorithmic screenings. The proteins and ligand were prepared by 

protein preparation vizard and Ligprep module of the GLIDE suite respectively.  We have also 

used PDBSum server for identification of active site residues present in each crystal structures 

of proteins [65-67]. 

A grid minimization approach was used in the final screening stage to compute the OPLS-AA 

non-bonded ligand-protein interaction energy, identifying the poses with the lowest energy 

levels. These chosen poses with minimal energy were then displayed in the project table. A 

ligand interaction diagram was used to visualise the 2-D depiction of ligand-protein 

interactions, efficiently defining the interaction types with unique amino acids using a color-

coded method. An overall study was performed to compare the observed binding affinity and 

interactions, with the goal of determining whether experimental molecule would serve as a 

superior ligand for Acetylcholinesterase [65]. The estimation of free energy for protein-ligand 

complexes utilising Prime's MM-GBSA panel required the use of prepared protein and ligand 

inputs. The programme generated output in the form of a maestro structure file, which included 

the MMGBSA_dG_Bind in Complex Energy values, allowing the free energy associated with 

the complexes to be assessed. 

 

2.9.6. Molecular Dynamics (MD) simulation study 

MD simulation stands as a prominently used computational method for modelling biological 

systems. In this study, we used GROMACS version 4.5.5 for conducting molecular dynamic 

simulations [68]. The Amber force field was used to build the protein's topology file, while the 

ACPYPE web service was used to generate topology files along with other essential parameter 

files for ligands [69]. All other processes and settings were consistent from earlier reports [70, 
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71]. In brief, our approach involved the solvation with spc water molecules to ensure electro-

neutrality during the simulation and simultaneously Na/Cl counter ions were introduced.  

Furthermore, the steepest descent approach, V-rescale temperature coupling, and Parrinello-

Rahman pressure coupling were used to keep the system stable at 300 K and 1 bar. The Partial 

Mesh Ewald (PME) approach was used to estimate Van der Waals and electrostatic 

interactions. Also, the bond lengths were controlled using the LINCS technique and finally, 

both the complexes with apo-proteins were simulated for 100 ns. 

We used the RMS (root mean square deviation), RMSF (root mean square fluctuation), and 

gyrate (radius of gyration) tools on the trajectory data to evaluate the behaviour of the backbone 

atoms throughout the simulations. The Graphing Advanced Computation and Exploration 

(GRACE) Programme was used to generate the plots. 

 

3. Results 

3.1 Antiproliferative activity of ribavirin on A549 cells and toxicity on BEAS-2B cells 

To assess the antiproliferative activity of ribavirin on A549 human lung adenocarcinoma cells, 

and to determine its toxicity on non-cancerous BEAS-2B human bronchial epithelial cells, an 

MTT assay was performed after exposing both cell lines to concentrations of ribarivin ranging 

from 2.5 to 200 µM for 72 hours (Figure 2). On A549 cells, treatment with up to 10 µM 

ribavirin did not result in a significant reduction of cell proliferation (Figure 2a). Treatment 

with 25, 50, 75, 100, and 200 µM ribavirin resulted in a statistically significant, dose-dependent 

reduction of A549 cell proliferation of 12%, 26.9%, 33.3%, 43.5%, and 58.7%, respectively 

(Figure 2a). On BEAS-2B cells, treatment with up to 25 µM ribavirin did not significantly 

impact cell viability (Figure 2b). Treatment with 50, 75, 100, and 200 µM ribavirin resulted 

in a statistically significant, dose-dependent reduction of BEAS-2B cell viability of 30.3, 37.4, 

44.7, and 53.6%, respectively (Figure 2b). Considering the absence of BEAS-2B cells toxicity 
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achieved by 25 µM ribavirin treatment, the subsequent experiments were performed treating 

A549 cells with 25 and µM ribavirin, or with 25 µM only in the case of the protein array. 

 

 

 

 

 

Figure 2 

– 

Assessment of the antiproliferative activity of ribavirin on A549 cells and its toxic effect 

on BEAS-2B cells. An MTT assay was performed to test the antiproliferative activity of 

ribavirin on A549 cells (a) and its toxic effect on BEAS-2B cells (b). 5,000 cells/well were 

seeded in a 96-well plate and treated for 72 hours with the indicated ribavirin concentrations. 

One-way ANOVA test, n=3, ****:p<0.0001. 

 

3.2 Anti-migratory activity of ribavirin on A549 cells 

To test the effect of ribavirin in inhibiting the migration of A549 cells, a wound healing assay 

was performed upon treating A549 cells with 25 µM ribavirin for up to 72 hours (Figure 3). 

At the 24-hour time point, the average wound closure of untreated cells was 42.3%, whereas 

the wound closure of cells treated with 25 µM ribavirin was 28.5% (Figure 3a). This 

corresponds to a statistically significant 32.6% reduction of the cells’ migration achieved by 

25 µM ribavirin (Figure 3a). At the 48-hour time point, the average wound closure of untreated 

cells was 55.6%, whereas the wound closure of cells treated with 25 µM ribavirin was 35.0% 

(Figure 3b). This corresponds to a statistically significant 37% reduction of the cells’ migration 

achieved by 25 µM ribavirin (Figure 3b). At the 72-hour time point, the average wound closure 
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of untreated cells was 57.37%, whereas the wound closure of cells treated with 25 µM ribavirin 

was 36.6% (Figure 3b). This corresponds to a statistically significant 36.2% reduction of the 

cells’ migration achieved by 25 µM ribavirin (Figure 3c). Figure 3d shows representative 

figures of the wound healing assay. Similarly, in our trans-well cell migration assay, we 

observed that 25 µM ribavirin treatment for 16 hours significantly inhibits the migration of 

A549 by 23.6% (p=0.0401 control vs 25 µM ribavirin) – Figure 3e and Figure 3f.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CTR Rib 25 M 

0h 

24h 

d 

48h 

72h 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

  18 

 

 

 

 

 

 

 

Figure 3 – Assessment of the anti-migratory activity of ribavirin on A549 cells – wound 

healing and transwell chamber migration assay 

A wound healing assay was performed to test the anti-migratory activity of ribavirin on A549 

cells upon 24 hours (a), 48 hours (b), and 72 hours  (c) of treatment. Upon scratching a 

confluent monolayer of A549 cells in a 6-well plate, cells were treated with 25 µM ribavirin 

for up to 72 hours. Figure 3d shows representative pictures of the assay (c), scale bar = 300 

µm. (e), Transwell cell migration assay on A549 cells treated with ribavirin and allowed for 

migration for 16 hours, followed by H/E staining, and microscopic images at 20X 

magnification (f) quantification of migrated cells per field. Statistical analysis was done with 

unpaired Student’s t-test, n=3, *: p<0.05; **: p<0.01. CTR = control cells, Rib = Ribavirin (25 

µM) treated cells 

 

3.3 Anti-colony formation activity of ribavirin on A549 cells 

To test the effect of ribavirin in inhibiting the formation of colonies in A549 cells, a colony 

formation assay followed by crystal violet staining was performed upon treating A549 cells, 

seeded at low density, with 25 µM ribavirin for 72 hours (Figure 4). After the period of 

treatment and colony development, the untreated cells developed an average of 88.3 

colonies/well, whereas treatment with 25 µM ribavirin dose-dependently reduced the number 

of colonies developed to averages of 53.5 colonies/well (Figure 4a). This corresponds to a 

statistically significant 39.4% reduction of the colony formation capacity of A549 cells 

achieved by treatment with 25 µM ribavirin (Figure 4a). Figure 4b shows representative 

pictures of the colony formation assay. 
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Figure 4 – Assessment of the anti-colony formation activity of ribavirin on A549 cells – 

colony formation assay 

To assess the efficacy of ribavirin in inhibiting the capacity of A549 cells to form colonies 

when seeded at low density, A549 cells were seeded at a density of 500 cells/well in 6-well 

plates and treated with 25 µM ribavirin for 72 hours. After treatment, the cells were left to 

develop colonies for about two weeks and stained with crystal violet. (a) – Average number of 

colonies; (b) – representative pictures of the colony formation assay. Statistical analysis was 

done with unpaired Student’s t-test, n=3, **: p<0.01. CTR = control cells, Rib = Ribavirin 

treated cells 

 

3.4 Ribavirin treatment downregulates the mRNA expression of the oncogenes KRAS and 

BRAF 

The effect of ribavirin on the expression of the oncogenes KRAS and BRAF was assessed by 

performing RT-qPCR after treating A549 cells with 25 µM ribavirin for 72 hours (Figure 5). 

Treatment with 25 µM ribavirin resulted in a statistically significant reduction of KRAS mRNA 

expression of 18.3% (Figure 5a). Treatment with 25 µM ribavirin resulted in a statistically 

significant reduction of BRAF mRNA expression of 32.1% (Figure 5b).  
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Figure 5 – Ribavirin downregulates the mRNA expression of the oncogenes KRAS and 

BRAF on A549 cells 

To assess the effect of ribavirin on the expression of KRAS (a) and BRAF (b), an RT-qPCR 

was performed upon treating A549 cells with 25 µM ribavirin for 72 hours. Statistical analysis 

was done with unpaired Student’s t-test, n=3; *: p<0.05; ***: p<0.001. 

3.5 Ribavirin treatment downregulates the expression of proteins promoting cancer cell 

proliferation, migration/invasion/metastasis, and angiogenesis – oncology protein array 

analysis 

To investigate the effect of ribarivin on the expression of proteins promoting cancer cell 

proliferation, migration, and angiogenesis, an oncology protein array evaluation was performed 

upon treating A549 cells with 25 µM ribavirin for 72 hours. The results are shown in Figure 6 

(proliferation), Figure 7 (migration/invasion/metastasis), and Figure 8 (angiogenesis). 

3.5.1 Proteins promoting cell proliferation 

Treatment with 25 µM ribavirin significantly reduced the expression of proteins promoting cell 

proliferation compared to the untreated control (Figure 6). In particular: the expression of 

ErbB4 was reduced by 85.8% (Figure 6a); the expression of enolase 3 was reduced by 14.4% 

(Figure 6b); the expression of CEACAM-5 was reduced by 84.8% (Figure 6c); the expression 

of ErbB3/HER3 was reduced by 49.1% (Figure 6d); the expression of SPARC was reduced 

by 46.7% (Figure 6e); and the expression of CA125/MUC16 was reduced by 82.1% (Figure 

6f). 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

  21 

 

 

Figure 6 – Ribavirin downregulates the expression of proteins promoting A549 cells 

proliferation 

To assess the effect of ribavirin on the expression of proteins promoting cancer cell 

proliferation, a protein array was performed on proteins extracted from A549 cells treated with 

25 µM ribavirin for 72 hours. Ribavirin significantly reduced the expression of ErbB4 (a), 

enolase 3 (b), CEACAM-5 (c), ErbB3/HER3 (d), SPARC (e), and CA125/MUC16 (f). 

Unpaired Student’s t-test, n=4, *: p<0.05; **: p<0.01. 

 

3.5.2 Proteins promoting cell migration/invasion/metastasis 

Treatment with 25 µM ribavirin significantly reduced the expression of proteins promoting cell 

migration, invasion, and metastasis compared to the untreated control (Figure 7). In particular: 

the expression of amphiregulin was reduced by 17.3% (Figure 7a); the expression of 

angiopoietin-like 4 was reduced by 96.3% (Figure 7b); the expression of CapG was reduced 

by 11.4% (Figure 7c); the expression of Thrombospondin-1 was reduced by 51.5% (Figure 

7d); the expression of Tenascin C was reduced by 25.8% (Figure 7e); the expression of 
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mesothelin was reduced by 57.7% (Figure 7f); the expression of ENPP2-Autotaxin was 

reduced by 71.7% (Figure 7g); the expression of CCL7/MCP-3 was reduced by 64.3% (Figure 

7h); the expression of carbonic anhydrase IX was reduced by 30.8% (Figure 7i); the expression 

of cathepsin B was reduced by 10.6% (Figure 7j); the expression of eNOS was reduced by 

97.0% (Figure 7k); and the expression of ICAM-1/CD54 was reduced by 60.7% (Figure 7l). 
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Figure 7 – Ribavirin downregulates the expression of proteins promoting A549 cells 

migration/invasion/metastasis 

To assess the effect of ribavirin on the expression of proteins promoting cancer cell migration, 

invasion, and metastasis, a protein array was performed on proteins extracted from A549 cells 

treated with 25 µM ribavirin for 72 hours. Ribavirin significantly reduced the expression of 

amphiregulin (a), angiopoietin-like 4 (b), CapG (c), thrombospondin-1 (d), tenascin C (e), 

mesothelin (f), ENPP2-Autotaxin (g), CCL7/MCP-3 (h), carbonic anhydrase IX (i), cathepsin 

B (j), eNOS (k), and ICAM-1/CD54 (l). Unpaired Student’s t-test, n=4, *: p<0.05; **: p<0.01; 

***: p<0.001; ****: p<0.0001. 

3.5.2 Proteins promoting angiogenesis 

Finally, we investigated the effect of ribavirin on the expression of proteins regulating 

angiogenesis in cancer. Treatment with 25 µM ribavirin significantly reduced the expression 

of two of these proteins compared to the untreated control (Figure 8). In particular: the 

expression of VE-cadherin was reduced by 60.0% (Figure 8a); and the expression of HCG was 

reduced by 79.3% (Figure 8b). 

 

 

Figure 8 - Ribavirin downregulates the expression of proteins promoting angiogenesis in 

A549 cells 

To assess the effect of ribavirin on the expression of proteins promoting angiogenesis, a protein 

array was performed on proteins extracted from A549 cells treated with 25 µM ribavirin for 72 

hours. Ribavirin significantly reduced the expression of VE-cadherin (a) and HCG (b). 

Unpaired Student’s t-test, n=4, *: p<0.05; ***: p<0.001. 
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3.6 In silico studies 

3.6.1 Gene ontology and pathways of genes 

Gene ontology enrichment analyses were performed to further explore the biological functions, 

cellular component, molecular function and KEGG pathways of genes. The biological process 

category of the GO analysis results showed that down-regulated genes were significantly 

enriched in immune response, cell proliferation, cell migration, apoptosis, angiogenesis, 

ERK1/K2 cascade, MAPK and Pi3K-Akt signaling pathways (Figure 9).  

 

Figure 9 - Biological process and pathways of genes.  The image illustrates the biological 

process and pathways of genes with Gene Ontology (GO) Enrichment Analysis of Down-

regulated Genes. 
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Protein–Protein Interaction Network Construction and Downstream Analysis 

In our analysis, a total of 24 genes involved in cell proliferation, cell migration, invasion, 

metastasis and angiogenesis were submitted to STRING for the construction and analysis of 

the network. The network analysis shows that the protein–protein interaction network has 45 

interacting nodes and 140 edges (Figure 10a). Further analysis of this network was executed 

using Cytoscape. After performing the analysis, we found the top 10 hub genes (genes with 

highest degrees), KRAS, THBS1, ERBB4, ERBB3, AREG, CTSB, SPARC, NRG1, ICAM1 

and BRAF as per the decreasing order of degree values. Furthermore, we identified the top 10 

betweenness centrality genes NRG1, ICAM1, ERBB4, THBS1, KRAS, CTSB, CAPG, AREG, 

FSHB and CCR1 and the top 10 bottleneck genes NRG1, AREG, HER3, KRAS, eNOS, CCR1, 

ERBB4, ENO3, IGFBP5 and ICAM1, as per the decreasing order of highest betweenness 

centrality of score (Figure 10b, 10c, and 10d). The common genes for each pair are shown 

in Figure 10e. Most of the hub genes in the network such as ERBB4, KRAS, AREG, NRG1, 

ICAM1, etc. are either associated with non-small cell lung cancer itself or other forms of 

cancers.  We noted that cell proliferation, cell migration, invasion, metastasis and angiogenesis 

were some of the significant pathways for these key genes.  
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Figure 10:  PPI regulatory network of genes: (a) Protein–protein network of genes. Color of 

nodes show the degree of notes, dark color showing higher value in analysis. (b) Bar graph of 

top 10 degree and (c) betweenness centrality (d) bottleneck genes of PPI network retrieved 

from significant modules (e) Venn diagram shows the number of common genes among 

various of top 10 genes topological parameters i.e., degree, betweenness centrality, and 

bottleneck. These common genes are considered as key genes. 

 

3.6.2 Molecular Docking 

Furthermore, we performed molecular docking study of key genes (i.e. ERBB4, KRAS,AREG, 

NRG1 and ICAM1) to Ribavirin. The binding energy of key genes with Ribavirin is given in 

Table 1. The molecular docking showed the highest binding energy of Ribavirin with the 

ERBB4 protein (Table 1). The binding energy was observed as -8.008 kcal/mol while the 

second ranked energy was -6.269 kcal/mol, made with KRAS interaction. The remaining 
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proteins, ICAM1, AREG, and NRG1 bound to ribavirin with an energy of -4.955 kcal/mol, -

3.630 kcal/mol and -5.101 kcal/mol, respectively (Table 1). The docked complexes are shown 

in Figure 11. 

 

Figure 11: Molecular docking analysis.  Docking results of Ribavirin interaction with protein 

surface (a) ERBB4 (b) KRAS (c) ICAM1 (d) AREG (e) NRG1 (f) Binding energy of Ribavirin 

with proteins.  Proteins are shown in cartoon and Ribavirin molecules are shown in stick model. 

Surrounding residues of ERBB4, KRAS, ICAM1, AREG and NRG1 proteins are shown.   
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3.6.3 MDS Results 

The MD simulation analysis of ERBB4 & KRAS and their docked complexes (ERBB4-

Ribavirin & KRAS-Ribavirin) are shown in Figure 12 and Figure 13 respectively. The 

backbone RMSD values of the entire systems rise throughout the earliest stages. Then ERBB4 

apo-protein converged at 0.37 nm and its complex at 0.18 nm respectively during 100 ns 

(Figure 12a). Similarly, for KRAS apo-protein converged at 0.16 nm and its complex at 0.14 

nm respectively during 100 ns (Figure 13a). The movement of each residue was disclosed by 

the RMSF value of the backbone residues in all the systems and were shown in Figure 12b 

and Figure 13b, respectively, whereas the volume of the tertiary structure and the compactness 

of the protein are explained by the Rg for all the systems, are represented in Figure 12c and 

Figure 13c, respectively. 

 

Figure 12: The results of molecular dynamics simulation. (a) The backbone RMSD of ERBB4 

and complex of Ribavirin with protein ERBB4 for 100 ns MD simulation. (b) The backbone 

RMS fluctuation of ERBB4 and complex of Ribavirin with protein ERBB4, which clearly 

indicates four regions of ERBB4 fluctuate more. (c) Radius of gyration ERBB4 and complex 

of Ribavirin with protein ERBB4. (d) The backbone RMSD of KRAS and complex of 

Ribavirin with protein KRAS for 100 ns MD simulation. (b) The backbone RMS fluctuation 

of KRAS and complex of Ribavirin with protein KRAS, which clearly indicates four regions 

of KRAS fluctuate more. (c) Radius of gyration KRAS and complex of Ribavirin with protein 

KRAS. 
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4. Discussion 

Drug repurposing is an exemplary approach for drug discovery [72]. In our study, we have re-

purposed the anti-viral drug ribavirin for its anti-cancer potential in the human lung 

adenocarcinoma cell line A549. Through well-established and globally accepted in vitro 

techniques, we have demonstrated the anticancer activity of ribavirin through functional assays, 

mechanistic assays, and in silico studies. 

Drug repurposing is associated with several advantages over discovering entirely novel 

compounds/drugs. This includes significantly reduced costs associated to research and 

development. Furthermore, the drug development timeframe is remarkably reduced because 

the Phase 1 clinical trials (safety) of existing, previously approved drugs is not required. 

Finally, some of these re-purposed drugs have potential for reuse despite evidence of adverse 

effects and failed efficacy in some indications [73]. In the present study, we chose an FDA-

approved anti-viral drug, ribavirin, to investigate if it possesses anticancer activity against 

A549 cells. Recent literature has highlighted the anticancer therapeutic potential of ribavirin in 

different cancers, including acute myeloid leukemia, oropharyngeal squamous cell carcinoma, 

and metastatic breast cancer [36, 74, 75]. However, there is lack of literature claiming its 

anticancer activity against lung cancer. Therefore, we aimed at exploring the anti-lung cancer 

activity of ribavirin. 

In our study, we observed potent anti-proliferative and anti-migratory activity of ribavirin in 

vitro. Through functional assays such as the MTT cell proliferation assay (Figure 2), the 

wound healing assay (Figure 3a-d), transwell cell migration assay (Figure 3e, 3f) and the 

colony formation assay (Figure 4), we showed that ribavirin at a dose of 25 M exert 

remarkable anti-proliferative, anti-migration, and anti-colony formation activity. It is well 

known that anti-cancer agents also kill normal/healthy cells. For this reason, it is important to 

optimize the concentration of these anti-cancer drugs in order to identify a certain concentration 

which maximizes inhibition of cancer cell proliferation while being relatively safe for healthy 

cells to avoid or minimize the incidence of any potential side effects. It is clear from figure 2 

that a concentration of 25 M Ribavirin is toxic to A549 cells (****p<0.0001 compared to 

control), while the same concentration is safe in BEAS-2B cells (control versus 25 M 

Ribavirin is non-significant). Therefore, we can assume that up to 25 M Ribavirin do not 

possess significant side effects to the healthy cells but greater than 25 M Ribavirin is toxic 

and it will have side effect to normal cells. From this we can clearly understand that the 
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optimum concentration we can use Ribavirin to assess its anti-cancer activity without causing 

side effect to healthy cells is 25 M. To validate if the anti-cancer activity of 25 M Ribavirin 

on A549 lung cancer cell is reproducible in another lung cancer cell line, we performed the 

proliferation (MTT assay) and migration (wound healing) assays on larger cell lung cancer cell 

line H460. In line with our findings with A549, Ribavirin at a concentration of 25 M 

significantly inhibited the proliferation (supplementary figure S1) and migration 

(supplementary figure S2a, S2b, and S2c). Our functional assay was supported by 

mechanistic assays aimed at exploring the protein and gene expression. With regards to gene 

expression, we observed that ribavirin at a dose of 25 M significantly decreased the mRNA 

expression of KRAS (Figure 5a) and BRAF (Figure 5b). Inhibition of KRAS-dependent lung 

cancer cell proliferation and blockage of autophagy to increases cytotoxicity represents 

potential approach to control lung cancer progression [76]. Similarly, BRAF inhibitors are 

promising drug candidates in the management of lung cancer [77]. This clearly suggests that 

ribavirin is a potent anti-cancer agent to control proliferation of lung cancer. Similarly, in terms 

of protein expression, we have observed that ribavirin notably inhibits the key protein such as 

ErbB4, ErbB3/HER3, Enolase 3, CECAM-5, SPARC, CA125/MUC16, involved in cancer cell 

proliferation (Figure 7). Likewise, ribavirin also inhibited the expression of key protein 

involved in cancer cell migration/invasion/metastasis, including Amphiregulin, Angiopoietin-

like 4, CapG, Thrombospondin-1, Tenascin C, Mesothelin, ENPP2-Autotaxin, CCL7/MCP-3, 

Carbonic anhydrase IX, Cathepsin B, eNOS, ICAM-1/CD54 (Figure 8). On top of that, 

ribavirin also inhibited the protein expression of two key protein involved in angiogenesis: VE-

cadherin and HCD (Figure 9). The findings reported in the present manuscript are in agreement 

with a recent study from our team, whereby we demonstrated that ribavirin reduces the 

production of IL-6 and IL-8 in A549 cells, two cytokines implicated in the promotion of various 

stages of cancer progression [37]. 

To further validate our in vitro findings, we performed in silico analysis using integrative 

network analysis, molecular docking and molecular dynamic simulation. We performed gene 

ontology and downstream analysis of genes and observed that ERBB4, KRAS, ICAM1, AREG 

and NRG1 were the key proteins identified. Amongst them, ERBB4 receptors showed the 

highest binding conformity with the target. These are the same proteins identified that support 

the anti-proliferative activity of ribavirin in our protein array data. Furthermore, various 

research studies have recognised ERBB4 for serving significant functions in a variety of 

cellular events, including proliferation, differentiation, angiogenesis, and apoptosis. A 
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functional assessment of its nine variants has revealed that there are four types of activating 

mutations (K935I, D931Y, Y285C, and D595V) causing increased basal and ligand-induced 

ERBB4 phosphorylation [78] 

Also, ERBB4 and NRG1 polymorphisms have been substantially linked to an elevated 

probability of developing lung cancer, implying a possible susceptibility to lung cancer 

formation due to ERBB4 mutation [79]. The current study's findings provide further evidence 

supporting ERBB4's major role in human lung cancer and propose it as a viable molecular 

target for anticancer therapy. 

In spite of the fact that docking studies have been effectively utilized in computing the limiting 

postures of ligands for some proteins, they refrained in evaluating ligand potential to binding. 

The protein rigidity in consideration overlooks the conformational modification in the course 

of docking of certain ligands [80]. The modifications in conformation during protein–ligand 

interactions could be contemplated through MD trajectory reproductions. The conformity 

changes in interaction of protein–ligand have been comprehensively examined through MD 

simulation strategies. With the substantial proliferation of computational biology, utilizing 

bioinformatics tools has forced stringent compliance in drug designing, thus helping to reduce 

the expenses and turn over time needed for in vivo screening and experimentations prerequisite 

for successful drug development [81]. These approaches have culminated in real-life outcomes 

including drug candidates recognition, structure-based designing and screening of the drug 

molecule, and genome-based investigation to locate host-specific targets [82]. 

Recently, computational skills determined the probability of linking various molecules before 

their development and estimation in experimental setup. Thus, the top-ranked compounds 

further chosen for MD simulation which demonstrated outcomes within the acceptable range 

of parameters proposes the interaction results are reliable in conformation. Nonetheless, 

investigative efforts on drug-gene interactions in our work, potentially inspire the research 

activities to identify therapeutic drug candidates for lung cancer. 

The results of the present study are summarized in Figure 13, which also serves as a graphical 

abstract of the study. 
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Figure 13 – Summary of the findings of the study highlighting the molecular pathways 

impacted by ribavirin as part of its in vitro anticancer activity on A549 cells 

 

Although we showed very promising biological activity of ribavirin against A549 lung cancer 

cells in vitro and in silico, there are certain limitations in our study that would serve as a 

research platform to expand our hypothesis. Our study lacks the inclusion of in vivo animal 

models of lung cancer to correlate the in vitro and in silico data. Similarly, it would be 

interesting to expand our study using 3D culture system such as lung-on-a-chip or microfluidics 

systems, that allows growing multiple cell types such as macrophage and fibroblasts, creating 

a tumour microenvironment that could mimic more realistically the physiological condition. 

Another potentially interesting study would involve assessing the potential of ribavirin on 

three-dimensional spheroid cancer models. Nevertheless, our study suggests that with further 

strengthening of research with ribavirin, it can be re-purposed as a valid therapeutic option for 

lung cancer. 

  

5. Conclusions 
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In conclusion, the results of the present study highlight the promising activity of ribavirin, an 

antiviral molecule, for the treatment of lung cancer. The findings showcased in this study, if 

confirmed by further in vitro, in vivo, and clinical investigations, will provide a platform for 

the repurposing of ribavirin as a monotherapy or as an adjuvant therapy for the treatment of 

lung cancer. 
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Supplementary materials and methods 

1.1. Cell culture and treatment with Ribavirin - H460 Cells 

Human large cell lung cancer (NCI-H460, HTB177, ATCC) was cultured similarly to the A549 

cell line mentioned in material and methods section 2.1. Ribavirin (Sigma-Merck, Australia) 

was dissolved at a stock concentration of 80 mM in sterile phosphate-buffered saline (PBS, 

Sigma-Merck, Australia), and diluted to the final concentration with complete DMEM.  

 

1.2. Cell proliferation assay – MTT – H460 Cells 

Cell proliferation assay was conducted similarly to the procedure mentioned in section 2.1 Cell 

proliferation assay - MTT  

 

1.3. Cell migration assay – wound healing assay – H460 Cells 

Cell migration assay was conducted similarly to the procedure mentioned in section 2.2 Cell 

migration assay – wound healing assay  

 

Supplementary results  

S1. Antiproliferative activity of ribavirin on H460 cells  

As shown in supplementary figure S1, ribavirin at concentrations of 25 and 50 M significantly 

inhibited the proliferation of H460 cells by 18% and 41% respectively. 
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Figure S1. Assessment of the antiproliferative activity of ribavirin on H460 cells 

An MTT assay was performed to test the antiproliferative activity of ribavirin on A460 cells. 

Statistical analysis was done with One-way ANOVA test, n=3, ****:p<0.0001, *:p<0.05 

versus CTR (control cells without ribavirin treatment) 

 

S2. Anti-migratory activity of ribavirin on H460 cells 

As shown in supplementary figure S2A and S2B, ribavirin at a concentration of 25 M 

significantly inhibited the migration (in terms of % wound closure) of H460 cells by 27.8% 

and 31.7% at 24 and 48 hours, respectively. Figure S2c shows representative figures of the 

wound healing assay. 
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Figure S2 – Assessment of the anti-migratory activity of ribavirin on H460 cells – wound 

healing assay. A wound healing assay was performed to test the anti-migratory activity of 

25M of ribavirin on H460 cells. Upon scratching a confluent monolayer of H460 cells in a 6-

well plate, cells were treated with 25 µM ribavirin for A) 24 h and B) 48 h and microscopic 

images were taken at 0 h, 24 h and 48 h. C). A) and B) show the % wound closure after 24 h 

treatment of ribavirin. Analysis were done with unpaired Student’s t-test, n=3, **: p<0.01, 

****: p<0.0001. 
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