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ABSTRACT ARTICLE HISTORY

This study evaluated Farnesiferol C (FC), a natural coumarin, as a potential topoisomerase Received 14 July 2025
lla (TOP2A) inhibitor to enhance chemotherapy and ionising radiation (IR) efficacy in Revised 30 August 2025
melanoma cells. Key targets were identified, followed by enrichment and gene Accepted 18 September
expression analyses, and molecular docking and dynamics simulations. Upon extraction 2025

of FC from Ferula szowitsiana, cell treatment with FC, alone or combined with IR or KEYWORDS
temozolomide (TMZ), was performed, and viability and apoptosis were assessed. TOP2A Melanoma; farnesiferol C;
emerged as a hub target, showing elevated expression in melanoma and a negative topoisomerase Il alpha;
correlation with patient survival. Simulations demonstrated stable binding of FC at the ~ chemotherapy; ionising
ATP-binding site of TOP2A. Experimental data revealed selective cytotoxicity of FC on radiation

A375 melanoma cells (IC;,: 76.9uM, SI: 4.97), sparing normal fibroblasts. Combination

treatments with IR or TMZ further increased cytotoxicity and apoptosis. These findings

suggest FC as a promising TOP2A inhibitor that potentiates the DNA damage effects of

chemoradiotherapy in melanoma.

1. Introduction

Melanoma represents the most aggressive and lethal subtype of skin cancer'. Early-stage melanoma is
primarily managed through surgical excision of the tumour; however, treatment of advanced-stage
disease remains challenging and multifaceted?. Current therapeutic modalities include chemotherapy
with agents such as temozolomide (TMZ) and dacarbazine, radiotherapy, immunotherapy, and targeted
therapies®S. Despite their clinical utility, these approaches are often hindered by inherent or acquired
resistance, off-target cytotoxicity affecting normal tissues, and immune-related adverse events—including
severe dermatologic toxicities—that can necessitate treatment discontinuation and adversely impact
patient prognosis’®. Emerging modalities such as radiodynamic therapy, ultrasound technology, and
nanotechnology have contributed to enhancing the efficacy of conventional treatments'®-'3, Nonetheless,
considerable interest persists in the development of natural compounds as adjuvants to sensitise malig-
nant cells to chemotherapy and ionising radiation (IR) by modulating key pathways involved in therapeu-
tic resistance mechanisms.

DNA topoisomerases orchestrate the modulation of DNA topology by inducing transient single- or
double-stranded breaks, thereby relieving torsional stress during replication and transcription processes'.
Two isoforms of type Il topoisomerase include topo lla (TOP2A), which is predominantly expressed in
proliferating cells, and topo II (TOP2B), which is ubiquitously present across both dividing and quiescent
cell populations™'6, TOP2A functions as a homodimeric enzyme composed of four principal domains,
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including the N-gate harbouring an ATP-binding motif characteristic of the GHKL ATPase family, the DNA
gate, the C-gate, and the C-terminal domain, with catalytic activity reliant upon Mg?* ions and ATP
hydrolysis'”'8, TOP2 inhibitors are broadly classified into catalytic inhibitors, which obstruct DNA binding,
cleavage, or ATPase activity without inducing DNA strand breaks, and TOP2 poisons, which stabilise the
cleavage complex, thereby enhancing DNA damage'. By disrupting topoisomerase function, these agents
induce DNA lesions culminating in cell death, underscoring the longstanding therapeutic relevance of
TOP2 as an oncology drug target?.

Farnesiferol C (FC), a sesquiterpene coumarin predominantly isolated from the roots of Ferula species,
is a polycyclic aromatic compound characterised by a 1-benzopyran core and a ketone functional group
at the C2 position?'?2, FC demonstrates a broad spectrum of pharmacological properties, encompassing
antiviral, anti-inflammatory, and neuroprotective activities?*>-?’. Moreover, FC has exhibited notable cyto-
toxic effects against various cancer cell lines, both as a monotherapy and in synergy with conventional
chemotherapeutics. For example, FC induced apoptosis and significantly inhibited viability in human
breast, cervical, and oesophageal carcinoma cells?®. In chronic myelogenous leukaemia models, FC treat-
ment resulted in G, phase cell cycle arrest, cleavage of PARP and caspases 9 and 3, downregulation of
cyclins D1, E, and B1, and potentiated the apoptotic efficacy of Imatinib?. Additionally, FC promoted
apoptosis and G, arrest in non-small cell lung cancer cells through suppression of anti-apoptotic proteins
such as BCL-2, BCL-xL, Survivin, and procaspase-3, and exhibited synergistic effects with Puromycin and
Doxorubicin?. Furthermore, FC enhanced the cytotoxicity of Doxorubicin in breast carcinoma cells by
inhibiting P-glycoprotein-mediated drug efflux, thereby reversing multidrug resistance®®. Despite these
promising anticancer properties, the effects of FC—both alone and in combination with other thera-
pies—on melanoma cells remain unexplored.

To address this critical knowledge gap, the present study constitutes a novel investigation into the
potential of FC as a TOP2A inhibitor capable of augmenting the DNA-damaging efficacy of radiotherapy
and an alkylating agent in human melanoma cells. Initially, key molecular targets were identified, and
enrichment and gene expression analyses were performed. Subsequently, molecular docking and dynamic
simulations were employed to characterise the binding interactions of FC within the ATP-binding site of
TOP2A. Experimentally, FC was isolated from Ferula szowitsiana, and its effects on the viability of human
melanoma cells and normal fibroblasts were evaluated following treatments with FC alone as well as in
combination with IR or TMZ. Additionally, apoptosis induction was quantitatively assessed via flow
cytometry to elucidate the mechanistic impact of FC.

2. Methods
2.1. Computational analyses

2.1.1. Target prediction, interaction and enrichment analyses

To identify genes associated with skin cutaneous melanoma (SKCM), the Open Targets platform (https://
platform.opentargets.org/) was employed, which integrates diverse datasets to systematically prioritise
disease-related genes3'. Complementarily, genes significantly overexpressed in SKCM were extracted from
GEPIA2 (http://gepia2.cancer-pku.cn/#index) using an ANOVA-based differential expression analysis, com-
paring tumour RNA-seq data from The Cancer Genome Atlas (TCGA) against paired normal tissue from
the Genotype-Tissue Expression (GTEx) project, with a threshold of Log2 fold change (FC) > 1.

Simultaneously, potential molecular targets corresponding to FC were predicted via the
SwissTargetPrediction tool (http://swisstargetprediction.ch/)*2. The input utilised was the SMILES represen-
tation  (C/C(=C\COC1=CC2=C(C=C1)C=CC(=0)02)/CC[C@H]3[C@@]4(CCC@HO4)C)  retrieved  from
PubChem (https://pubchem.ncbi.nlm.nih.gov/). Overlapping genes between these datasets were identi-
fied through Venn diagram analysis to focus on shared targets.

For elucidation of the protein-protein interaction (PPl) network among common genes, the STRING
database (https://string-db.org/) was utilised, applying a stringent confidence score cut-off of = 0.7 to
ensure high-quality interactions3. The resultant PPl network was subsequently visualised and interro-
gated using Cytoscape (v3.10.3). To pinpoint critical hub genes within this network, the CytoHubba
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plugin was employed, leveraging clustering coefficient metrics to rank nodes by the Density of Maximum
Neighbourhood Component (DMNC) method.

Finally, functional enrichment and characterisation of the prioritised gene set were performed using
Gene Ontology (GO) analysis via the TNMplot platform, incorporating adjusted p values to ensure robust
statistical validation of enriched biological processes and molecular functions?. This multi-tiered integra-
tive approach provides a comprehensive framework for unveiling key molecular players in SKCM
pathogenesis.

2.1.2. Validating the expression of TOP2A and its clinical significance in melanoma
The expression validation of TOP2A and its clinical relevance in melanoma was conducted through a
multi-database integrative analysis. Initially, differential expression of TOP2A in SKCM tissue (n=461) rel-
ative to normal tissue (n=558) was examined using the GEPIA23%. TOP2A expression levels were further
evaluated in an independent cohort comprising SKCM samples (n=103) and normal tissues from
non-cancerous individuals (n=47) using RNA-seq data retrieved through the TNMplot.

To elucidate the prognostic impact of TOP2A expression, Kaplan—-Meier survival analyses were con-
ducted to compare overall survival between patients stratified into “high” and “low” expression groups.
Statistical significance of survival differences was determined by the log-rank test within the GEPIA2
framework.

To complement these findings at the cellular level, microarray data from the Gene Expression
Omnibus (GEO) were analysed. Dataset GSE86373 was selected to assess TOP2A expression in the A375
melanoma cell line relative to primary human epidermal melanocytes. Differential expression analysis
was performed using the GEO2R tool, where statistical significance was determined with adjusted p
values computed via the “ggplot2” package in R software, applying stringent criteria of p<0.05 and a
Log2 FC > 0.5.

2.1.3. Molecular docking

Molecular docking was performed to elucidate the interaction between FC and TOP2A. The high-resolution
crystal structure of human TOP2A (PDB ID: 1ZXM, 1.87 A) was retrieved from the RCSB Protein Data Bank
(https://www.rcsb.org/). The three-dimensional SDF format of FC (ID: 15559239) and Etoposide (ID: 36462),
a well-characterised TOP2A inhibitor serving as a positive control, were obtained from the PubChem
(https://pubchem.ncbi.nlm.nih.gov/).

Protein preparation was executed using the Protoss tool to optimise protonation states and refine the
hydrogen bond network, ensuring an accurate molecular environment for docking. Docking was con-
ducted on the Proteins Plus platform (https://proteins.plus/) utilising the JAMDA algorithm with a site
radius constrained to 6.5A to focus the search on the active binding pocket3. Post-docking, the resultant
protein-ligand complexes were visualised and scrutinised with PoseEdit, generating both 2D and 3D
interaction diagrams34-38, The distance between FC and the docked enzyme was calculated and visual-
ised using PyMOL (v 3.0.3).

2.1.4. Molecular dynamics simulations

To assess the conformational flexibility and binding stability of the FC-TOP2A complex, molecular
dynamics simulations were performed. These simulations utilised GROMACS version 2023 equipped
with the CHARMM36 all-atom force field. To facilitate the preparation process—which included merg-
ing topologies, solvation, energy minimisation, and equilibration steps—a custom Bash script was
employed. The system was solvated using the CHARMM-adapted TIP3P water model and neutralised
by adding Na* and CI" ions. Energy minimisation proceeded until the maximum force on any atom
dropped below 10.0kJ/mol. Equilibration proceeded under constant volume and temperature (NVT),
followed by constant pressure and temperature (NPT), with both phases maintained at 310K and 1 bar
using Parrinello-Rahman coupling. Production runs spanned 100ns, applying the leapfrog integrator
with a 2 fs timestep. Analysis of simulation trajectories encompassed structural stability assessed by
root mean square deviation (RMSD), residue-level flexibility via root mean square fluctuation (RMSF),
compactness through radius of gyration (Rg), solvent exposure evaluated by solvent-accessible surface
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area (SASA), and evaluation of non-bonded interactions via Coulombic and Lennard-Jones potential
energy calculations. Data visualisation was performed using the ggplot2 package in R.

2.2. In vitro studies

2.2.1. Extraction of FC

For extraction of FC, Ferula szowitsiana was collected from the mountains of Golestan forest with the
necessary permissions from local authorities. The plant material was formally identified by a botanical
expert at the Faculty of Pharmacy, Mashhad University of Medical Sciences (MUMS), to ensure the accu-
racy of the species. A voucher specimen of the roots (No. M1001) was deposited at the Department of
Pharmacognosy and Biotechnology, Faculty of Pharmacy, MUMS, Iran. The extraction of FC was per-
formed as previously described®. Briefly, roots of Ferula szowitsiana were air-dried, ground into powder,
and macerated in acetone (Merck) at room temperature. After filtration, the extract was concentrated
under reduced pressure to obtain a brownish residue, which was subjected to silica gel column chroma-
tography using a petroleum ether/acetone gradient. Fractions were analysed by thin-layer chromatogra-
phy (TLC) on silica gel plates with a petroleum ether/ethyl acetate mobile phase. Final purification of FC
was achieved by preparative TLC, and its structure was confirmed by 'H- and '3C-NMR spectroscopy
(Figure 1).

2.2.2. Single and combinatorial treatments of cells

Human melanoma cells (A375 cell line) and human normal fibroblasts (HFF-3 cell line), procured from
the Pasteur Institute (Tehran, Iran), were cultured in Dulbecco’s Modified Eagle’s Medium—high glucose
(Capricorn) supplemented with 10% foetal bovine serum (Neofroxx). Cells were maintained under stan-
dard conditions at 37°C in a humidified atmosphere with 5% CO, and subcultured upon reaching con-
fluency using 0.25% trypsin-1mM EDTA (Betacell).

Stock solutions of FC (MW: 382.5g/mol) were prepared in dimethyl sulfoxide (DMSO). Final concentra-
tions of 25, 50, and 100 uM were freshly prepared in complete medium prior to use, and a solvent con-
trol containing 0.3% DMSO was included. Cells were seeded in 96-well plates (4,000 cells/well) and
treated with FC for 72 and 120h, after which cell viability was assessed and IC,, values were determined.

For combined treatment with IR, cells were pre-treated with 25 and 50uM FC for 48h, then exposed
to IR doses of 4, 6, and 8Gy using the Elekta Compact™ linear accelerator (Crawley). These IR doses were
selected based on established radiation oncology protocols, balancing effective induction of cellular
damage and evaluation of potential radiosensitizing effects. After 72 h recovery, cell viability was assessed.
Controls included untreated cells and cells pre-treated with 0.3% DMSO exposed to the corresponding
IR doses.
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Figure 1. Chemical structure of FC (A) and its corresponding proton ('H) NMR spectrum (B) and carbon-13 ('3C) NMR
spectrum (C).
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For combinatorial treatment with TMZ, the viability of cells was first determined by treating cells with
100, 200, 400, and 600 uM TMZ (Merck). Subsequently, A375 cells were treated with combinations of 25
and 50uM FC plus 200 and 400uM TMZ for 72h, followed by viability assessment. Controls included
untreated cells and cells treated with 0.3% DMSO combined with corresponding TMZ concentrations.

2.2.3. Cell viability assay

Cell viability after single and combination treatments was evaluated using the resazurin assay. Briefly,
resazurin solution (0.1 mg/ml, Sigma) was added to the cells at the end of each time point, followed by
3h incubation at 37°C. Absorbance was then measured at 600 nm using a microplate reader (Epoch). Cell
viability (%) was calculated as (100 — (AT—AU)/(AB—AU)) x 100, where AT, AU, and AB represent the
absorbance values of treated cells, untreated cells, and blank control, respectively.

2.2.4. Apoptosis assay

To assess apoptosis, A375 cells treated with 50 uM FC, 400 uM TMZ, their combination, and DMSO control
were harvested after 72h, washed with PBS, and resuspended in binding buffer containing annexin
V-FITC and propidium iodide (PI, Sigma). Flow cytometric data were collected using FL1-H and FL2-H
channels (BD FACSCalibur), enabling discrimination of viable cells (negative for both annexin V and PI),
necrotic cells (Pl-positive only), and early and late apoptotic cells (annexin V-positive).

2.2.5. Statistical analyses

Data were analysed statistically using one-way ANOVA for multiple comparisons with GraphPad Prism
software (v 10.4.1). The results are presented as meanzstandard deviation (SD), and statistical signifi-
cance was determined for p values < 0.05, 0.01, 0.001, and 0.0001.

3. Results

Target screening identified 3,789 genes associated with SKCM, 2,541 genes overexpressed in SKCM, and 205
predicted targets of FC. Venn analysis revealed 24 overlapping protein-coding genes (Figure 2A), which
were used to construct the PPl network via STRING. These genes included MET, CDK1, MMP1, CCNB2, CDK2,
KIF11, SOAT1, TOP2A, ACSL3, AURKA, AURKB, CTSB, ITGB1, FCGR3A, CDK4, PIK3CD, STAT1, ADORA3, TGM2, CTSS,
ADAM10, CTSD, CTSL, and CDK5 (Figure 2B). The resulting network was then visualised in Cytoscape (v3.10.3),
comprised 22 nodes and 61 edges. Using the CytoHubba plugin with the DMNC ranking method, AURKB,
TOP2A, KIF11, CCNB2, and AURKA were identified as the five top hub genes (Figure 2C).

FCGRIA
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Figure 2. Identification of shared targets and PPl network for hub genes. Venn diagram showing the overlap among
overexpressed genes in SKCM, SKCM-associated genes, and protein targets of FC (A). STRING-based interactome map-
ping of the shared targets, illustrating their functional associations (B). Cytoscape visualisation of the PPl network com-
prising 22 nodes and 61 edges, highlighting five top hub genes (C). Node colours represent expression levels, ranging
from significantly high (red) to low (yellow).
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Enrichment analysis of the identified hub targets revealed significant biological process terms, includ-
ing modification, phosphorylation, apoptosis, and mitotic cell cycle phase transition, all with adjusted
p<0.05, underscoring their involvement in cell proliferation and apoptotic regulation (Figure 3A). Within
the molecular function category, terms such as endopeptidase activity, serine/threonine kinase activity,
and cyclin-dependent protein kinase activity were significantly enriched (p<0.05), highlighting the enzy-
matic and kinase-related roles of the hub genes (Figure 3B).

To evaluate the clinical significance of TOP2A in SKCM, multi-database analyses of tissue samples were
conducted. Expression analysis via GEPIA2 demonstrated a significant (p<0.01) upregulation of TOP2A in
tumour tissues compared to normal controls (Figure 4A). Concordantly, analysis using TNMplot, with the
Mann-Whitney test, revealed markedly (p=1.07e-33) elevated TOP2A expression in SKCM samples
(Figure 4B). The Kaplan—-Meier survival analysis, spanning a follow-up period of 300 months, stratified
patients into high (n=229) and low (n=229) TOP2A expression groups (Figure 4C). Patients with high
TOP2A expression (red dashed line) exhibited poorer survival outcomes, with overall survival declining to
approximately 20% at 300 months, whereas the low-expression group (blue dashed line) showed a more
gradual decrease, maintaining survival above 40% at the same time point. The log-rank test yielded a
marginally non-significant difference between groups (p=0.073), with a hazard ratio of 1.3, indicating a
trend towards reduced survival associated with elevated TOP2A expression in SKCM. Further, differential
expression analysis of the GSE86373 dataset was performed in R to compare TOP2A levels in A375 mel-
anoma cells versus normal human epidermal melanocytes. As illustrated in the volcano plot (Figure 4D),
TOP2A expression was significantly (p <0.05) upregulated in A375 cells relative to controls.

Given the pivotal role of TOP2A within the PPI network and its critical functional relevance, molecular
docking was performed to evaluate and compare the binding affinity of FC with that of the established
TOP2A inhibitor, Etoposide. As illustrated in Figure 5, FC demonstrated a favourable binding profile to
TOP2A, with a JAMDA docking score of —2.56791. This interaction was characterised by multiple stabilis-
ing contacts, including hydrogen bonds and hydrophobic interactions with key residues Ser148, Ser149,
Arg162, and Lys378, suggesting strong and specific engagement with the ATP-binding site of the enzyme.
Figure S1 details the distances between FC atoms and critical TOP2A residues: 2.2A between Ser148
(H from OH of side chain and O from FC), 2.1A and 2.5A involving Ser149 (H from backbone NH and
OH of side chain respectively with O from FC), 2.6 A for Arg162 (H from backbone NH and O from FC),
and 2.0A for Lys378 (H from NH3+ side chain and O from FC). Compared to FC, Etoposide exhibited a
slightly lower binding affinity, reflected by a JAMDA score of —2.05754, forming hydrogen bonds pre-
dominantly with Ser148 and Ser149 and hydrophobic contacts involving Pro126, Val137, lle141, and
Ser149. These findings underscore the potential of FC as a TOP2A-targeting agent, with its distinct inter-
action pattern and superior docking score indicating a robust binding capacity.
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Figure 3. Gene set enrichment analyses. Gene ontology enrichment analyses identified significant terms in biological
process (A) and molecular function (B).
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Figure 5. Molecular docking diagrams of ligands binding to TOP2A. The 3D and 2D interaction illustrations of FC (A)
and Etoposide (B) with the ATP-binding site of TOP2A. Images were generated using PoseEdit on the ProteinsPlus web
server.
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The interaction dynamics between FC and TOP2A were also examined to assess the stability and struc-
tural integrity. The mean RMSD values for the FC-TOP2A complex were 3.945 A, indicating stable binding
accompanied by some rotational movement within the TOP2A catalytic domain (Figure 6A). The RMSF
analysis showed that most residues of TOP2A exhibited fluctuations below 1.587 nm when bound to FC,
suggesting limited conformational change (Figure 6B). The Rg remained constant during the simulation,
demonstrating maintenance of a compact structural arrangement (Figure 6C). Assessment of SASA
resulted in an average value of 200.05nm? for the complex, reflecting significant exposure of both hydro-
philic and hydrophobic residues that could promote ligand binding (Figure 6D). Furthermore, analysis of
interaction energies by Coulombic and Lennard-Jones potentials demonstrated consistent and favourable
binding between TOP2A and FC throughout the simulation, confirming a strong affinity (Figures 6E-F).

Building on computational analyses indicating FC targets TOP2A, we evaluated its effects on the toxic-
ity of IR and chemotherapy. Initially, FC was extracted, and its half-maximal inhibitory concentration (IC)
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Figure 6. Stable interaction of FC with the ATP-binding site of TOP2A. Plots generated from 100ns molecular dynamics
simulations, demonstrating structural and energetic properties of the FC-TOP2A complex: RMSD (A), RMSF (B), Rg (C),
and SASA (D), short-range Coulombic potential (E) and short-range Lennard-Jones potential (F).
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and selectivity index (SI) were determined. In A375 cells, the IC;, values were 81.26uM at 72h and
76.99 uM at 120h. For HFF-3 normal fibroblasts, the IC., values were significantly higher, at 403.87 uM and
309.13uM at 72 and 120h, respectively. The resulting selectivity index (SlI) values were 4.97 and 4.01 at
72 and 120h, respectively, demonstrating selective cytotoxicity of FC towards melanoma cells.

To evaluate the combined effects of FC and IR, A375 and HFF-3 cells were pre-treated with 25 and
50uM FC for 48h, followed by IR exposure and 72h recovery. As shown in Figure 7(A), the viability of
A375 cells pre-treated with DMSO and then exposed to 4, 6, and 8Gy IR was 95.06%, 95.04%, and
93.17%, respectively. After 48h pre-treatment with 25uM FC following 4, 6, and 8Gy IR and recovery,
viability was 88.57% (p<0.05), 85.74% (p<0.05), and 83.92% (p<0.01), respectively. With 50uM FC, IR
toxicity increased significantly compared to the DMSO control, reducing viability to 70.37% (p<0.001),
67.14% (p<0.001), and 57.84% (p<0.0001), respectively. Assessment of HFF-3 cells after 120h treatment
with 25 and 50 uM FC, alone or combined with 6 Gy IR, did not show considerable cytotoxicity (Figure 7B).

The viability of A375 cells was also assessed after treatment with 25 and 50 uM FC combined with 200
and 400 uM TMZ for 72h. As shown in Figure 7(C), viability was 87.67% and 65.08% for 25 and 50 uM FC
alone, respectively. Notably, combination treatment with 50uM FC and 400puM TMZ significantly
(p<0.0001) reduced cell viability to 58.60%, compared to 75.54% for the combined DMSO and TMZ
control.

To identify the type of cell death observed in resazurin assay, annexin V-P| staining was performed.
As shown in Figure 8(A), the DMSO control exhibited 83.7% viable cells and 14.4% late apoptotic cells.
Treatment with 50 uM FC showed 68.3% viability, with 3.59% early and 24.4% late apoptosis. With 400 uM
TMZ, 77.1% of cells were viable and 21.1% were late apoptotic. Combined treatment with 50uM FC and
400 uM TMZ reduced viability to 58.8%, with 2.16% early and 37% late apoptotic cells. Morphological
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Figure 7. Viability of cells treated with FC alone and combined with IR or TMZ. After 48h pre-treatment with 25 and
50uM FC, A375 cells were exposed to 4, 6, and 8Gy IR, followed by 72h recovery before viability measurement (A).
HFF-3 cells were treated with 25 and 50uM FC, then exposed to 6Gy IR and allowed 72h recovery before viability
assessment (B). A375 cells were treated with 25 and 50puM FC alone or combined with 200 and 400 uM TMZ for 72h
(C). Results are presented as mean =+ SD, with statistical significance compared to corresponding DMSO controls indicated
as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 8. Flow cytometry analyis and morphological alterations of A375 cells. After 72h treatment of cells with 50 pM
FC, TMZ 400 uM and their combination, apoptosis was detected using annexin V-FITC and PI staining followed by flow
cytometry (A). Cells were classified as viable (negative for both annexin V-FITC and PI), necrotic (Pl-positive only), or
apoptotic—early or late (annexin V-FITC positive). Phase-contrast images illustrate changes in cell density and morphol-
ogy in A375 cells after 72h combined treatment with 50 uM FC and 400 uM TMZ (B).

observations supported the viability and flow cytometry results, showing a reduced number of attached
and viable A375 cells after 72h of combined treatment with 50uM FC and 400 uM TMZ compared to
controls (Figure 8B).

4, Discussion

Melanoma continues to surge globally, with developed nations witnessing a particularly alarming rise in
cases®, While early-stage melanoma is often curable through surgery, advanced metastatic disease poses
a formidable challenge, demanding aggressive interventions such as immunotherapy, targeted therapy,
radiotherapy, or chemotherapy. Current treatments, however, face critical limitations. Chemotherapeutics
like TMZ suffer from short half-lives, necessitating high doses that trigger severe side effects and drug
resistance’. Meanwhile, cutting-edge options like immunotherapy and targeted therapies remain prohib-
itively expensive and inaccessible for many patients. These hurdles underscore an urgent need for safer,
affordable, and effective alternatives, ideally derived from natural sources with inherent biocompatibility.
In the present study, we pioneer the first investigation into whether FC—a natural sesquiterpene couma-
rin—can enhance chemotherapy and IR efficacy against human melanoma cells, aiming to bridge critical
therapeutic gaps by synergizing with conventional treatments.

TOP2 is a vital enzyme responsible for maintaining genomic integrity by managing the compact fold-
ing of large DNA molecules within the nucleus during transcription and replication*'*2, TOP2A expression
increases during the S phase and peaks at the G,/M phase in rapidly dividing cells, whereas TOP2B
expression remains stable and low*#%, TOP2A is a key target in anticancer drug development, with
approximately 50% of antitumor drugs acting as topoisomerase inhibitors*>. Assessment of TOP2A expres-
sion confirmed its marked upregulation in melanoma, both at the tissue level and in A375 cells.
Additionally, elevated TOP2A expression in SKCM was found to correlate with poorer patient survival,
highlighting its prognostic significance and supporting findings from previous studies'*'>2°,

To investigate whether FC has the potential to inhibit TOP2A enzymatic activity, molecular docking
and dynamics simulations were conducted, providing a comprehensive characterisation of FC binding
interactions. These analyses demonstrated stable, high-affinity engagement with TOP2A, involving critical
ATP-binding site residues Ser148, Ser149, and Lys168, which are essential for enzymatic function'646, FC
exhibited docking affinity superior to that of the established inhibitor Etoposide, highlighting a strong
and specific capacity to target TOP2A and positioning FC as a promising therapeutic candidate for mel-
anoma treatment. To experimentally evaluate the potential of FC as a TOP2A inhibitor that enhances the



JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1

DNA-damaging effects of radiotherapy and the alkylating agent TMZ, human melanoma cells and normal
fibroblasts were treated with FC alone or in combination with IR or TMZ, and assessed for viability and
apoptosis. Sl values calculated from the viability assay confirmed the selective cytotoxicity of FC towards
melanoma cells. Combination treatments of FC with IR or TMZ significantly potentiated their effects,
markedly increasing apoptotic cell death. This enhancement is likely driven by FC-mediated inhibition of
TOP2A, impairing DNA repair mechanisms that resolve IR- and TMZ-induced double-strand breaks.
Consequently, the interference of FC with TOP2A-dependent DNA topology modulation hampers the
repair of DNA lesions caused by these treatments, thereby amplifying cell death. These findings support
the role of FC as a TOP2A inhibitor and suggest its promise as a sensitising agent in melanoma therapy.
These results are consistent with previous studies reporting that FC induced apoptosis and G,-phase
arrest in various cancer cell lines—including HepG2, K562, MCF-7, and NSCLC cells—through activation
of caspase-3 and regulation of key effectors such as BAX/BCL-2, Cyclin D1, and P2125262947 Moreover, FC
has been shown to reverse multidrug resistance in breast cancer cell lines3**® and sensitise leukaemia
cells to Imatinib via caspase activation and histone deacetylase inhibition?s. Combined treatment of lung
carcinoma cells with FC and chemotherapeutic agents such as Puromycin or Doxorubicin further enhanced
caspase activation and suppressed cell cycle regulators more effectively than monotherapies?#27:3048,
The present study focused on evaluating the effects of FC in combination therapy on human melanoma
cell viability and apoptosis, alongside analyses of the interaction between FC and TOP2A. While these
findings are promising, further investigation at the protein level, including assessment of apoptosis-related
factors such as caspases, Bax, and Bcl-2, is recommended. Future research should also validate the effects
of FC across a wider range of melanoma cell lines and explore its potential synergy with other chemother-
apeutic agents. Addressing these aspects will provide a more comprehensive understanding of the apop-
totic mechanisms involved and better define the therapeutic potential of FC in combination treatments.

5. Conclusion

The present study reports for the first time the effects of FC in combination with radiation and chemo-
therapy on melanoma cells through interaction with TOP2A, which exhibits elevated expression in mel-
anoma. These findings open new avenues for therapeutic strategy development and provide a strong
rationale for further preclinical and clinical evaluation of FC, as well as other natural sesquiterpene
coumarins.
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