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Manzamine A (MA), a bioactive compound derived from the marine sponge Haliclona sp., shows considerable therapeutic potential, particularly in the treatment of various cancer types. Extracted with acetone and purified through chromatography, MA exhibits a bioavailability of 20.6% when administered orally in rats, underscoring its feasibility for therapeutic use. This compound disrupts key cellular mechanisms essential for cancer progression, including microtubule dynamics and DNA replication enzymes, demonstrating strong anti-proliferative effects against multiple cancer cell lines while sparing normal cells. Additionally, network pharmacology and molecular docking studies reveal MA’s interactions with important targets related to lung cancer progression, such as EGFR and SRC, bolstering its potential as a novel anti-lung cancer agent. Pathway analyses further indicate that MA influences critical signaling pathways involved in tumor growth and metastasis. Given the urgent need for effective treatments against drug-resistant cancers and the limited toxicity profile of MA, further exploration of its pharmacological benefits and mechanism could pave the way for new therapeutic strategies in lung cancer.
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1 INTRODUCTION
Lung cancer ranks as the second most commonly diagnosed cancer globally and remains the leading cause of cancer-related deaths, surpassing breast, colorectal, and prostate cancers combined in 2020 (Siegel et al., 2023; Kratzer et al., 2024). By 2022, lung cancer had become the most diagnosed cancer worldwide, with nearly 2.5 million new cases, accounting for 12.4% of all cancer diagnoses (Bray et al., 2024). Projections suggest that the global cancer burden will double by 2050, further elevating lung cancer’s prominence (Nooreldeen and Bach, 2021). The two primary types of lung cancer are non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), with NSCLC representing approximately 80% of cases (Nooreldeen and Bach, 2021; Liang et al., 2024). NSCLC encompasses subtypes such as adenocarcinoma, squamous cell carcinoma, and large cell carcinoma, while SCLC is characterized by its rapid growth and tendency to metastasize quickly, often associated with smoking (Risch and Plass, 2008; Warren and Cummings, 2013; Alam et al., 2021). Tobacco smoking is the primary risk factor for lung cancer, underscoring its significant impact on global health. The increasing incidence of lung cancer in developed nations is linked to long-term smoking and various environmental factors. The severity of lung cancer underscores the importance of targeted prevention strategies and early screening efforts to reduce mortality rates. Treatment for stage I or II NSCLC typically involves surgical removal and adjuvant therapy, while chemotherapy or radiation is commonly used for stage III or IV (Wathoni et al., 2022; Mathieu et al., 2023). However, conventional chemotherapy faces challenges such as non-specific targeting, low bioavailability, and the development of drug resistance, which can limit its effectiveness in cancer treatment (Holohan et al., 2013).
Numerous treatment strategies have been developed to combat lung cancer (Miyasaka et al., 2021; Ashrafi et al., 2022; Li et al., 2023; West and Kim, 2024). The treatment of lung cancer has entered the era of precision medicine, which includes chemotherapy, immunotherapy, targeted therapy, anti-angiogenesis therapy, and emerging treatment options. Chemotherapy remains a cornerstone for SCLC and certain subtypes of NSCLC, utilizing agents such as cisplatin, carboplatin, and paclitaxel (Barr et al., 2024). Immunotherapy, particularly PD-1/PD-L1 inhibitors (e.g., pembrolizumab, atezolizumab), is now considered first-line treatment for advanced NSCLC and SCLC (Roque et al., 2023). Targeted therapies that address mutations in EGFR, ALK, ROS1, and BRAF (e.g., osimertinib, crizotinib, dabrafenib) have significantly improved survival outcomes (Yu et al., 2024). Anti-angiogenesis agents, such as bevacizumab, when combined with chemotherapy and immunotherapy, can inhibit tumor growth (Siegel et al., 2023). Antibody-drug conjugates (ADCs) and nanomedicine delivery systems are at the forefront of therapeutic research (Ara and Hafeez, 2024). CAR-T therapy is currently under clinical investigation but remains experimental (La’ah and Chiou, 2024). These evolving strategies are enhancing survival rates, with ongoing research focused on optimizing personalized and combination treatments. However, lung cancer patients undergoing standard chemotherapy often face severe side effects due to the drug’s toxicity to normal tissues and the emergence of resistance. Traditional remedies have been used for centuries to treat a variety of diseases, including cancer (Banday et al., 2024). Marine natural products from animals, plants, and bacteria are a rich source for discovering and developing new, innovative treatments with unique mechanisms of action (Zhou et al., 2021). Sponges, which are immobile organisms, have developed complex defense mechanisms to protect themselves from predators, employing both physical and chemical strategies (Varijakzhan et al., 2021). These organisms produce a variety of bioactive compounds. Substances such as terpenes, alkaloids, and macrolides extracted from aquatic fungi, cyanobacteria, algae, sponges, and tunicates have shown diverse anti-cancer properties (Karthikeyan et al., 2022).
Manzamine A (MA), derived from sponges of the genera Haliclona sp., Xestospongia sp., and Pellina sp., features a pentacyclic core linked to a β-carboline alkaloid (Edrada et al., 1996; Watanabe et al., 1998). Studies indicate that MA exhibits anti-cancer effects against various types of cancer, including colorectal cancer, breast cancer, cervical cancer, pancreatic cancer, and prostate cancer (Kallifatidis et al., 2013; Lin et al., 2018; Karan et al., 2020; Wang et al., 2023; Karan et al., 2024). Although current treatments are effective for some patients, resistance remains a significant challenge to long-term efficacy. MA, with its multiple mechanisms of action, may help circumvent resistance issues associated with existing therapies. Specifically, MA could offer new avenues for lung cancer treatment by modulating several key pathways. The exploration of MA in comparison to traditional lung cancer therapies is a promising area of research. However, there is currently no literature supporting its specific role in lung cancer treatment or its comparison with conventional therapies. Thus, while MA’s anti-tumor effects have been validated in other cancers, its application in lung cancer warrants further research and clinical trials.
The innovative approach of network pharmacology, which integrates systems biology and medical data, has emerged as a powerful tool for predicting disease targets and gaining a comprehensive understanding of drug mechanisms (Guo et al., 2024; Qin et al., 2024; Xiang et al., 2024). When paired with molecular docking techniques, this approach enhances the ability to predict and validate the potential role of MA in treating lung cancer. Although research has demonstrated MA’s therapeutic effects on various conditions such as colorectal cancer, breast cancer, and cervical cancer, network pharmacology has yet to be employed to investigate its pharmacological activity specifically in lung cancer. Therefore, this review combines a literature survey with network pharmacology to examine MA’s chemical properties, pharmacokinetics, safety profile, and potential applications across different fields, with a particular emphasis on its pharmacological mechanisms and future research directions in lung cancer treatment. These findings provide valuable insights and guidance for the future development and application of MA in lung cancer therapy.
2 CHEMICAL PROPERTIES AND PHARMACOKINETICS OF MA
MA (C36H44N4O, CAS: 104196-68-1) (Figure 2A) was first isolated in 1986 from the marine sponge Haliclona sp. collected near Cape Manzamo in Okinawa, Japan (Kubota et al., 2020). Featuring a complex structure with multiple rings and functional groups, including a fused and bridged tetra- or pentacyclic ring system linked to a β-carboline moiety, MA has shown potential in cancer treatment. These distinctive characteristics endow MA with various pharmacological activities, positioning it as a promising candidate for the treatment of cancer and malaria (Shilabin et al., 2008). The extraction of MA involves soaking the sponge in acetone to release its bioactive compounds. The process begins with the extraction of sponge samples using organic solvents like methanol or chloroform to yield a crude extract. This is followed by liquid-liquid extraction and chromatography techniques, such as silica gel column chromatography and reversed-phase liquid chromatography, to further separate and purify the compound, ultimately leading to the isolation of pure MA. These steps ensure the effective extraction of MA from the complex composition of the sponge while maintaining its purity (Sakai et al., 1987). Initially recognized for its potent antitumor properties, the potential medical applications of manzamine and its derivatives continue to be investigated (Pathak et al., 2015). Preliminary studies indicate that manzamine and its derivatives may be effective against a range of conditions, including malaria, herpes, HIV, and cancer, while also exhibiting antibacterial, antifungal, and anti-inflammatory effects (Hardy et al., 2022). As research progresses, it is becoming increasingly clear that this emerging compound could hold significant promise for the treatment of a diverse array of illnesses.
A solid understanding of the pharmacokinetics of MA is essential for determining appropriate dosages and studying potential drug interactions. In a pharmacokinetic study conducted in rats, an oral dose of 50 mg/kg of MA resulted in an oral bioavailability of approximately 20.6%, with a Cmax of 1066 ± 177 ng/mL and a time to reach Tmax of 10 ± 5 h (Yousaf et al., 2004). The pharmacokinetic analysis was performed using liquid chromatography-mass spectrometry (LC-MS), which provided precise measurements of MA concentrations over time. Non-compartmental pharmacokinetic analysis was employed to calculate key parameters such as half-life, volume of distribution, and clearance. MA demonstrated a relatively long half-life and low plasma clearance, indicating slow liver metabolism and good oral absorption, likely due to stable metabolic processes and favorable absorption characteristics enhanced by acid solubility and a high log P value (Yousaf et al., 2004). The study design also accounted for variability among subjects by including a diverse group of rats with variations in age, sex, and body mass. To evaluate differences in absorption, the coefficient of variation (CV%) was calculated for key pharmacokinetic parameters, including Cmax and AUC. This analysis provided insights into inter-subject variability in MA’s pharmacokinetic properties, which is crucial for translating preclinical findings into clinical applications. These results underscore the potential of MA as a candidate for further preclinical evaluation and therapeutic development.
3 SAFETY ASSESSMENT OF MA
MA is an alkaline compound derived from sponges, known for its potential anti-cancer and anti-microbial properties. Despite its promising medical applications, research on its safety profile has been limited. In vitro studies have demonstrated that MA exhibits cytotoxic effects on various cancer cell lines, suggesting its potential to inhibit the growth of specific cancer cells. However, further assessment of its toxicity towards normal cells is essential to ensure selective targeting of cancer cells while minimizing harm to healthy tissues (Karan et al., 2020). Previous investigations by Hamann’s team have also shown that MA is effective against melanoma, prostate, and pancreatic cancer. Additionally, MA has demonstrated efficacy against the malaria parasite, leading to successful treatment outcomes in rodent models when administered alone (Ang et al., 2000; Rao et al., 2003). Moreover, an analog of MA, chloroquine, is currently being explored for its potential benefits in managing COVID-19, the disease caused by the novel coronavirus.
4 THE POTENTIAL EXPLOITATION VALUE OF MA
The substantial potential for the exploitation of manzamine A (MA) primarily resides in the medical field. Its unique structure and bioactivity profile suggest promising applications in combating cancer, viruses, inflammation, and malaria, particularly against drug-resistant strains of malaria and certain cancers in early research studies (Ashok et al., 2014). MA’s anticancer activity is a significant focus of research, with evidence indicating its ability to inhibit the growth of various cancer cell types, including colorectal, breast, and pancreatic cancers. This activity may be associated with its interference in microtubule dynamics, which are crucial for cancer cell growth and division. One of the earliest reports highlighting MA’s anti-cancer properties against leukemia dates back to the late 1990s, demonstrating potent anti-proliferative effects on multiple cancer cell lines, including leukemia cells. Several studies have investigated the cytotoxic effects of MA on different cell lines. At concentrations of 10–20 μM, osteoblast viability significantly decreased after 24–72 h. Additionally, Caspase 3/7 detection indicated that apoptosis in preosteoblasts and mature osteoblasts increased in a dose-dependent manner at 2.5 μM and 5 μM MA concentrations, with a decrease in apoptosis at 72 h in the 5 μM group, suggesting that peak apoptosis had occurred (Hardy et al., 2022). Another study evaluated the effects of MA on colorectal carcinoma cells using the MTS assay, revealing that MA reduced cell viability in HCT116, HT-29, and DLD-1 cells in a dose-dependent manner, with HCT116 exhibiting the highest sensitivity (IC50 = 4.5 μM). Colony formation assays further demonstrated that MA irreversibly inhibited HCT116 cell proliferation (Lin et al., 2018). The study also highlighted MA’s ability to inhibit DNA polymerase and topoisomerases, enzymes vital for DNA replication and cell division (Sakai et al., 1987).
Despite the significant promise shown by MA in inhibiting cancer cell proliferation, inducing apoptosis, and suppressing tumor growth, there is a notable lack of direct comparisons between MA and traditional chemotherapy agents such as paclitaxel, cisplatin, and doxorubicin. Research has indicated that MA diminishes the formation of individual pancreatic cancer cells, restricts cell movement, and enhances the susceptibility of AsPC-1 cells to TRAIL-induced apoptosis (Guzmán et al., 2011). Further studies have shown that MA can affect vacuolar ATPase in pancreatic cancer cells, impairing autophagy and potentially offering a beneficial treatment for cancer (Kallifatidis et al., 2013). The study showed that MA could potentially help CRC patients with poorly differentiated tumors by increasing E-cadherin expression, decreasing the activity of cancer-promoting proteins such as Snail and Slug, and preventing the movement of β-catenin into the cell nucleus (Lin et al., 2018). Molecular docking studies identified proteins and transcription factors regulated by CRC-related genes as potential drug targets, revealing that MA exhibited strong binding affinity for most target proteins, with an average affinity of −9.2 kcal/mol, and the TPX2-MA drug-ligand complex demonstrated stability (Islam et al., 2023). MA may thus help prevent the progression of colorectal cancer. In breast cancer, MA has shown notable activity and therapeutic effects. Wang et al. (2023) have reported that MA induces secretory autophagy in breast cancer cells by promoting autophagosome formation through inactivating the RIP1-mediated AKT/mTOR signaling pathway and inhibiting autophagosome degradation by reducing lysosomal acidity. This indicates that MA could potentially slow down or halt tumor growth. Furthermore, studies have indicated that MA is ten times more effective at inhibiting RSK1 compared to RSK2 in vitro and has been shown to suppress the expression of RSK1 and RSK2 proteins in human cervical cancer cells. RSK protein kinases are critical for cell growth, survival, and proliferation, operating downstream of the ras-ERK1/2 pathway. By inhibiting RSK1, MA disrupts this pathway, affecting the survival and proliferation of cervical cancer cells (Mayer et al., 2021). MA also disrupts the cell cycle in cervical cancer cells (SiHa and CaSki) at the G1/S phase and regulates key genes involved in the cell cycle, such as p21 and p53. It triggers apoptosis more effectively in HeLa cells and reduces Six1 levels, which are associated with cervical cancer development, underscoring its potential for both prevention and treatment (Karan et al., 2020). This research represents the first exploration of the anti-cancer effects of MA on prostate cancer, both in vitro and in vivo. The findings indicate that MA impedes the transcription of AR-FL and its variant AR-V7 by targeting E2F8, suggesting its potential as a therapeutic option for prostate cancer in both preclinical and clinical contexts (Karan et al., 2024).
In conclusion, MA demonstrates significant promise in medicine, particularly for its anticancer properties. It disrupts critical cellular processes across various cancer types, including colorectal, breast, pancreatic, cervical, and prostate cancers, by targeting DNA replication, cell division, and apoptosis pathways. This highlights its potential for further preclinical and clinical development (Figure 1). Given MA’s efficacy in these cancers, researchers may consider investigating its effects on lung cancer. Such studies would involve detailed experiments to assess MA’s impact on lung cancer cells, including its influence on tumor growth, its capacity to induce apoptosis, and its role in lung cancer-related signaling pathways. Should these laboratory investigations reveal a potential therapeutic effect of MA on lung cancer, subsequent studies in animal models and preclinical trials could be conducted to evaluate its safety and effectiveness. Furthermore, the application of bioinformatics methods, such as network pharmacology and molecular docking, could be valuable in identifying specific lung cancer targets of MA and elucidating the molecular mechanisms behind its anticancer activity. These approaches would provide essential insights to inform future experimental and clinical research, even as the precise role of MA in lung cancer treatment remains to be fully clarified.
[image: Figure 1]FIGURE 1 | Potential mechanisms of MA for cancer. Black arrows indicate the order of linked responses. Red arrows show an increase in gene expression, component content, or specific indicators. Green arrows indicate a decrease in gene expression, component content, or the index of interest.
5 NETWORK PHARMACOLOGY ANALYSIS
Network pharmacology is an interdisciplinary approach designed to systematically clarify the multi-target and multi-pathway nature of drug actions by constructing complex networks that connect drugs, targets, and diseases (Zhao et al., 2023). This methodology incorporates advanced technologies such as bioinformatics, protein-protein interaction networks, molecular docking, and virtual screening to thoroughly analyze the interactions between drugs and biological systems, as well as to assess their potential side effects. By integrating diverse data from genomics, proteomics, and metabolomics, network pharmacology not only provides a comprehensive understanding of drug mechanisms but also supports the development of precision drug design and personalized therapeutic strategies (Hopkins, 2008).
5.1 Potential target screening
The Swiss Target Prediction online tool (http://www.swisstargetprediction.ch/) was used to identify the target genes of MA, yielding a total of 100 associated targets. To narrow these targets for lung cancer, we consulted the GeneCards database (https://www.genecards.org/, n = 25,951), the OMIM database (https://omim.org/, n = 526), and NCBI (https://www.ncbi.nlm.nih.gov/gene, n = 4,232), ultimately identifying 25,350 relevant targets after removing duplicates. The Venny 2.1 online tool (https://bioinfogp.cnb.csic.es/tools/venny/) was then employed to determine 94 common targets between lung cancer and MA (Figures 2B, C). To standardize these targets, the UniProt database was utilized to search for gene names within the “Human” species category.
[image: Figure 2]FIGURE 2 | The exploration of potential molecular targets for treating lung cancer. (A) The molecular structure of MA. (B) The overlapping targets of MA and lung cancer using a Venn diagram. (C) The intricate interactions among the shared targets of MA and lung cancer through a diagram with green circles for lung cancer, yellow circles for MA, and diamond shapes for targets. The connections between MA, lung cancer, and shared targets are shown by lines. (D) The PPI network of shared targets, with proteins represented as points and associations indicated by lines. (E) The target centrality degree based on interaction counts, combination ability, and centrality degree, represented by changes in x-axis values, node colors, and node sizes. (F) A bubble diagram showing the KEGG pathway linked to lung cancer.
5.2 Protein-protein interaction (PPI) networks analysis
The STRING online tool (https://cn.string-db.org/) was used to conduct a PPI analysis on the intersecting targets, with the species filter set to “Homo sapiens” and a minimum interaction score of 0.400. The resulting network visualized genes as nodes and their interactions as edges. Five target proteins with no interactions were excluded, yielding a PPI network consisting of 94 nodes (representing active proteins) and 268 edges (illustrating interactions among these active proteins and others) (Figure 2D). The top 20 targets were selected for enrichment mapping based on the number of interactions and binding capacity, noting an average node degree of 5.7 and an average local clustering coefficient of 0.569 (Figure 2E). Core targets were identified by assessing interaction counts, binding capacity, and centrality measures.
The PPI network diagram indicated that Epidermal Growth Factor Receptor (EGFR), Proto-oncogene Tyrosine-Protein Kinase Src (SRC), Heat Shock Protein HSP 90-alpha (HSP90AA1), Insulin-Like Growth Factor 1 Receptor Alpha Chain (IGF1R), and E3 Ubiquitin-Protein Ligase Mdm2 (MDM2) exhibited high scores. EGFR is vital for regulating epithelial tissues and is implicated in numerous cellular processes, including proliferation, survival, differentiation, and migration (Sabbah et al., 2020). Mutations in EGFR are found in 10%–40% of patients with NSCLC (Shigematsu and Gazdar, 2006). These mutations significantly influence the development and progression of lung cancer, and the immune response in EGFR mutation-driven cases is often weak, resulting in poor infiltration by anti-cancer immune effector cells and limited response to PD-1/PD-L1 therapies (Huang et al., 2022).
SRC, a non-receptor tyrosine kinase, is critical for cell survival in NSCLC tumorigenesis, interacting with cell surface growth factor receptors and intracellular signaling pathways. Elevated SRC levels in NSCLC have been associated with negative outcomes, increased cell movement, invasion, metastasis, drug resistance, and the activation of various tyrosine kinase receptors (He et al., 2013; Kuranami et al., 2015; Gu et al., 2017; Liu et al., 2019). The overexpression and hyperactivation of SRC have also been noted in various human cancers, leading to the upregulation of receptors such as EGFR and IGFR (Liu et al., 2015; Roskoski, 2015). SRC collaborates with factors like VEGF to promote tumor growth and metastasis, underscoring its significant role in tumor progression (Giaccone and Zucali, 2008). Targeting SRC and its signaling network is believed to improve treatment outcomes for NSCLC patients, with ongoing research exploring these interactions to develop more effective anti-cancer therapies.
HSP90AA1, also known as HSP90, is located on chromosome 14q32.2 and is a well-characterized protein composed of three domains: N-terminal, middle, and C-terminal (Gallegos Ruiz et al., 2008; Zuehlke et al., 2015). Its expression is significantly elevated in various cancers, including lung cancer (Birbo et al., 2021; Basset et al., 2023; Zhou et al., 2023). Research indicates that HSP90AA1 is associated with shorter overall survival in lung cancer patients, highlighting its relevance in tumor progression. Silencing HSP90AA1 has been shown to inhibit the AKT1 and ERK pathways, which are typically overactive in tumor tissues (Niu et al., 2021). Additionally, HSP90AA1 is downregulated in squamous cell carcinoma of the lung (a subtype of NSCLC), suggesting its potential role in the progression of this cancer type (Wang L. et al., 2020). Overall, HSP90AA1 functions as a critical molecular chaperone within signaling networks that support tumor growth and survival in lung cancer, making it a promising target for therapeutic intervention.
IGF1R is pivotal in tumor progression. A meta-analysis assessing the prognostic significance of IGF1R expression in NSCLC patients revealed that positive IGF1R expression correlates with poorer disease-free survival, as well as associations with smoking status and tumor size (Zhao et al., 2014). Disruption of IGF1R is common in various human cancers, leading to the activation of key pathways such as PI3K/AKT/mTOR and Ras/Raf/MAPK, which contribute to cancer cell proliferation, apoptosis, metastasis, and drug resistance (Ariga et al., 2000; Gallardo et al., 2012). IGF1R impacts survival, tumor development, and response to treatment, highlighting its potential as a therapeutic target in cancer treatment.
MDM2 is an enzyme that regulates the protein p53 by tagging it with ubiquitin (Gadepalli et al., 2014). In the context of NSCLC, the p38MAPK/MDM2/p53 signaling pathway has been well characterized. The activation of p38 MAPK can influence MDM2’s function, thereby affecting p53 levels and activity, which are critical for cell growth and survival. This pathway has garnered significant interest as a target for therapies aimed at modulating p53 and its regulatory mechanisms in cancer treatment (Zhang et al., 2021). MDM2 inhibitors have emerged as a promising area of research for lung cancer, focusing on disrupting the interaction between MDM2 and p53 to impede cancer progression (Konopleva et al., 2020).
In short, a PPI analysis utilizing the STRING tool revealed 94 active proteins and 268 interactions, highlighting key proteins associated with lung cancer, including EGFR, SRC, HSP90AA1, IGF1R, and MDM2. Both EGFR and SRC play vital roles in lung cancer progression, with EGFR mutations linked to diminished immune responses and SRC facilitating metastasis. HSP90AA1, a molecular chaperone, is associated with tumor survival, while IGF1R and MDM2 contribute to cancer proliferation and resistance through key signaling pathways. These insights emphasize the potential of targeting these proteins in the development of novel lung cancer therapies. To evaluate the therapeutic potential and underlying mechanisms of MA in lung cancer, both Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were conducted.
5.3 GO analysis and KEGG pathway analysis
GO analysis and KEGG pathway analysis were conducted on the 64 core targets of MA, using a significance threshold of P < 0.05. The top enrichment results were classified into three categories: biological process (BP), molecular function (MF), and cellular component (CC), yielding 162 entries for BP, 34 for CC, and 58 for MF (Figure 3A). The categories of biological processes provide a comprehensive overview of the functional changes occurring within the body. To investigate the potential mechanisms by which MA may treat lung cancer, KEGG enrichment analysis was performed with the same significance threshold, identifying 206 signaling pathways. A selection of the top 30 key signaling pathways was illustrated in a loop graph (Figure 3B). Additionally, KEGG pathways specifically related to lung cancer were further enriched for a more detailed examination (Figure 2F).
[image: Figure 3]FIGURE 3 | Bioinformatics analysis based on target genes of MA. (A) GO enrichment analysis. (B) KEGG pathway enrichment analysis. (C) Molecular docking results. 1. EGFR; 2. SRC; 3. HSP90AA1; 4. MDM2; 5. IGF1R; 6. KDR; 7. EZH2; 8. FGFR1; 9. APP; 10. GSK3B; 11. TLR4; 12. PRKCD; 13. IDH1; 14. PRKDC; 15. PRKCB; 16. PRKCH; 17. PRKCQ; 18. MDM4.
In healthy cells, calcium (Ca2+) signals play a crucial role in regulating cell proliferation. However, cancer cells exhibit unique characteristics, including uncontrolled growth, enhanced spreading capabilities, and a propensity for metastasis. Unlike non-cancerous cells, the Ca2+ signaling pathways in cancer cells undergo reprogramming or dysregulation, which leads to alterations in their physiological properties (Zheng et al., 2021). Research indicates that disruptions in Ca2+ homeostasis contribute to tumor formation and progression (Wang W. J. et al., 2020). There is a growing recognition that changes in the expression or activation of specific proteins involved in Ca2+ regulation are linked to tumor development (Vandewalle et al., 1995; Gkika and Prevarskaya, 2011; Zhu et al., 2014). The balance of Ca2+ within cells is governed by a complex system of channels and transporters: (1) IP3 receptors and ryanodine receptors release Ca2+ from internal stores, such as the endoplasmic or sarcoplasmic reticulum; (2) Ca2+-ATPase pumps extrude Ca2+ from the cytosol into internal stores or out of the cell; (3) Various channels and transporters facilitate Ca2+ entry from the extracellular space, including voltage-gated Ca2+ channels, Transient receptor potential (TRP) channels, Ca2+ release-activated channels, Na+/Ca2+ exchangers, and purinergic receptors; (4) The mitochondrial Ca2+ uniporter regulates the uptake of Ca2+ into mitochondria (Cui et al., 2017). This intricate network of widely distributed Ca2+ channels, transporters, and pumps, along with their various activation processes, presents numerous potential targets for therapeutic intervention in cancer treatment.
TRP channels, a diverse group of ion channels found in various animal cell types, play a pivotal role in cellular functions such as sensation and signaling. These channels have garnered attention in the context of lung cancer for their influence on cancer cell physiology and tumor progression. TRP cation channels are essential for regulating the movement of positively charged ions like Na+ and Ca2+ across the cell membrane into the cytoplasm (Song and Yuan, 2010). Various types of TRP channels, including TRPV, TRPM, and TRPC, are expressed in lung tissues, each exhibiting unique characteristics that may differentially impact cancer cell behavior (Marini et al., 2023). TRP channels are integral to cancer development, as they influence cell proliferation, apoptosis, migration, and invasion. For example, TRPV6 has been shown to enhance cancer cell proliferation in NSCLC (Fan et al., 2014). Studies indicate that TRPV6 is highly expressed in SCLC tissues and cell lines compared to normal lung tissue (Lau et al., 2014). Additionally, TRPM7 receptors are critical in NSCLC progression, facilitating tumor cell migration, invasion, and metastasis. Specifically, TRPM7 promotes cancer progression by activating signaling pathways such as Hsp90α/uPA/MMP2, with its inhibition leading to decreased cancer cell motility and metastatic characteristics (Liu et al., 2018). Recent studies suggest that targeting the TRPM7/O-linked-β-N-acetylglucosaminylation (O-GlcNAcylation) axis may represent a promising therapeutic strategy to reduce lung cancer spread and enhance patient survival (Luanpitpong et al., 2020). Although TRP channels hold potential as therapeutic targets and biomarkers, further research is essential to fully realize their clinical applications.
The Rap1 signaling pathway in lung cancer plays a crucial role in regulating cell adhesion, migration, and survival, which are important factors for tumor progression and metastasis (Deregowska and Wnuk, 2021). In lung cancer, Rap1 can either enhance tumor growth by promoting cell survival and proliferation or hinder tumor development depending on the cellular context and tumor environment (Looi et al., 2020). Research has demonstrated that RAP1 protein levels are elevated in tumors from NSCLC, with higher concentrations observed in both the cytoplasm and nucleus compared to normal tissues, particularly in the cytoplasm (Xiao et al., 2017). Targeting the Rap1 signaling pathway could present novel therapeutic options in lung cancer. Inhibitors targeting Rap1 or its downstream effectors may be utilized to disrupt tumor cell adhesion, migration, or survival (Looi et al., 2020). Moreover, understanding the dual roles of Rap1 in tumor growth promotion or suppression could aid in developing targeted therapies considering the specific tumor context and patient genetic background.
For NSCLC patients with mutations in the EGFR who develop resistance to EGFR tyrosine kinase inhibitors (TKIs) through a process known as epithelial to mesenchymal transition (EMT), effective treatment strategies are urgently needed. Approximately 10%–15% of NSCLC patients have activating mutations in EGFR (Willmore-Payne et al., 2008). The standard initial treatment for these patients typically involves EGFR-TKIs, which are targeted therapies designed to inhibit the activity of the EGFR protein, often hyperactive due to mutations. By blocking EGFR activity, TKIs can help control the growth and spread of cancer cells in NSCLC patients with EGFR mutations (Zhang et al., 2023). EGFR-TKIs are preferred for initial treatment in this population, demonstrating superior efficacy compared to traditional chemotherapy in terms of response rates, progression-free survival (PFS), and quality of life (Su et al., 2020). A new treatment approach for specific types of lung cancer is currently being investigated by researchers, involving a combination of two drugs - amivantamab and lazertinib. Amivantamab targets two cancer growth-related proteins, while lazertinib fights EGFR gene mutations. These drugs are being evaluated together in phase I clinical trials known as CHRYSALIS and CHRYSALIS-2, being conducted in multiple countries. Preliminary results from these trials are promising, suggesting that this combination therapy may be effective (Bauml et al., 2021). The treatment of EGFR-mutant NSCLC has been transformed by EGFR-TKIs, leading to notable advancements in patient outcomes (Yoneda et al., 2019). Nevertheless, challenges such as resistance and side effects persist, necessitating ongoing research efforts to address these issues and further enhance drug efficacy.
The cGMP-PKG signaling pathway is recognized for its critical role in cancer progression, as demonstrated by various studies (Gong et al., 2019; Lv et al., 2020; Wang Z. et al., 2020; Chiang et al., 2024; Li et al., 2024). Current research is actively investigating the involvement of this pathway in lung cancer (Yang et al., 2024). By regulating apoptotic proteins, including those in the Bcl-2 family, the cGMP-PKG pathway can induce apoptosis in lung cancer cells (Wong et al., 2012). Investigations into the modulation of the cGMP-PKG pathway in lung cancer have primarily focused on its potential for novel therapeutic strategies.
In summary, network pharmacology analysis has identified that MA interacts with a substantial network of 64 core proteins linked to lung cancer, affecting key signaling pathways such as Ca2+ regulation, TRP channels, Rap1, EGFR, and cGMP-PKG. These pathways are crucial for essential cellular processes, including cell proliferation, apoptosis, migration, and metastasis, highlighting MA’s significant promise as a therapeutic agent for lung cancer. Despite these promising insights from pharmacological analyses regarding MA’s interaction with important pathways, including Ca2+ regulation, TRP channels, Rap1, EGFR, and cGMP-PKG, there remains a critical need for more concrete evidence. This can be achieved through rigorous in vivo and in vitro studies to confirm these findings and translate them into clinical applications. Particularly, the focus on targeting EGFR and addressing its resistance mechanisms offers a promising therapeutic avenue. Furthermore, exploring the roles of TRP channels and the Rap1 signaling pathway could lead to innovative interventions. Special emphasis should be placed on the cGMP-PKG pathway, which is pivotal in apoptosis, deeper investigation in this area may yield groundbreaking treatments in the battle against lung cancer. Overall, this expanded understanding calls for further exploration to unlock new avenues for lung cancer therapy.
6 MOLECULAR DOCKING
Molecular docking is a computational technique employed to predict the binding behavior between small molecules (drugs) and target proteins, elucidating binding sites, modes, and affinities (Burle et al., 2023). The process begins with obtaining the 3D structure of the target protein, typically through experimental methods such as X-ray crystallography or homology modeling. The ligand is then simulated to interact with the protein, and docking algorithms calculate the optimal binding mode and binding energy, with lower binding energies indicating stronger affinity. To validate these docking results, molecular dynamics simulations are conducted to assess the stability of the drug-protein complex, considering factors such as binding site stability, solvent effects, and conformational changes in the protein (Agu et al., 2023).
Based on findings from PPI and KEGG analyses, compound structural formulas were retrieved from the GeneCards website (https://www.genecards.org/) and saved in mol2 format. The 3D structures of receptor proteins were obtained from the PDB database, selected based on X-ray crystallography data and Angstrom (Å) values, and saved in PDB format. Blind docking analysis guided by cavity detection was performed using the online tool CB-DOCK2 (https://cadd.labshare.cn/cb-dock2/php/index.php), which predicts binding regions based on curvature and integrates with AutoDock Vina to explore interactions between MA and core targets. Data on binding energy, cavity volume, and center coordinates (x, y, z) were then collected to evaluate binding capacity. Molecules with docking energy below −5.0 kJ/mol indicate good binding ability, while those below −7.0 kJ/mol suggest excellent binding capability. Our molecular docking results revealed that the binding energies of EGFR, SRC, HSP90AA1, MDM2, IGF1R, KDR, EZH2, FGFR1, APP, GSK3B, TLR4, PRKCD, IDH1, PRKDC, PRKCB, PRKCH, PRKCQ, and MDM4 were all below −5.0 kJ/mol, indicating strong binding interactions. Notably, EGFR, MDM2, IGF1R, KDR, EZH2, GSK3B, TLR4, IDH1, PRKDC, and PRKCQ exhibited binding energies lower than −10.0 kJ/mol, suggesting exceptional binding strength and marking them as potential targets for further investigation. Among these, EZH2 displayed the most stable binding with MA, with a binding energy of −10 kJ/mol. EZH2 functions as a histone methyltransferase, specifically catalyzing histone H3 lysine 27 methylation. As a member of the PRC2 complex, EZH2 is accompanied by other components such as EED, SUZ12, and RpAp46/48 (Sun et al., 2022). EZH2 and MDM2 are critical in lung cancer; the activation of EZH2 accelerates cell growth, promoting rapid tumor progression and facilitating cancer cell dissemination to other organs by inducing EMT, thereby increasing cell mobility and invasiveness. Furthermore, elevated EZH2 levels in lung cancer are associated with reduced responsiveness to treatment, complicating disease management (Sun et al., 2014; Sun et al., 2016; Chen et al., 2020; Yang et al., 2021). Importantly, reducing EZH2 levels can slow tumor growth and enhance the effectiveness of anti-cancer drugs, making EZH2 inhibition a promising strategy in the fight against lung cancer (Gong et al., 2020). MDM2, another key player in lung cancer, inhibits the tumor-suppressive functions of p53, regulates cell cycle progression, prevents apoptosis, and facilitates cancer spread (Gadepalli et al., 2014). Targeting MDM2 presents a potential strategy to combat lung cancer by disrupting its interactions or inhibiting its activity. Researchers have also explored the role of circ-GSK3B, a circular RNA, in lung adenocarcinoma (LUAD), investigating its connection with glycogen synthase kinase 3 beta (GSK3B) and the Wnt/β-catenin signaling pathway. They found that circ-GSK3B acts as a tumor suppressor in LUAD by increasing and activating GSK3B (Zhu et al., 2022). The results of the molecular docking analyses can be found in Table 1 and Figure 3C.
TABLE 1 | Molecular docking results between MA and core targets.
[image: Table 1]Overall, the molecular docking analysis indicated strong binding affinities between MA and several key proteins associated with lung cancer, including EGFR, MDM2, IGF1R, EZH2, and GSK3B, with binding energies below −10.0 kJ/mol, suggesting exceptional binding strength. Notably, EZH2 exhibited the most stable interaction with MA, underscoring its potential as a therapeutic target for lung cancer. Targeting EZH2, MDM2, and other identified proteins may inhibit tumor growth, enhance treatment responsiveness, and disrupt critical cancer pathways, offering promising strategies for the development of effective lung cancer therapies.
7 CONCLUSION
MA, a compound derived from certain marine sponges, particularly those of the genus Haliclona, shows promising potential in the treatment of lung cancer. These sponges produce a variety of bioactive substances as a defense mechanism against predators and competitors.
Research has demonstrated that MA possesses several pharmacological effects, including anti-inflammatory, antimicrobial, and anticancer properties. In the context of lung cancer, MA is gaining attention for its ability to inhibit cancer cell growth, induce programmed cell death, and impede the formation of new blood vessels that support tumor growth. However, existing therapies for resistant cancers, such as lung cancer, often face significant challenges, including the development of chemotherapy resistance, off-target effects, and limited efficacy in advanced stages. While chemotherapy and targeted therapies may be effective initially, they frequently lead to tumor recurrence due to the emergence of resistant cell populations, highlighting the need for new treatment options. One notable aspect of MA is its broad mechanism of action, which targets multiple molecular pathways involved in cancer development and progression, including key enzymes and regulators of the cell cycle. For example, MA inhibits phosphodiesterase and protein kinases that play critical roles in cell signaling and proliferation. This multifaceted action provides an advantage over conventional therapies, which often focus on a single target and risk inducing resistance. By addressing multiple proteins involved in cancer progression, MA may help to prevent or delay the onset of resistance.
Moreover, MA exhibits minimal toxicity towards healthy cells, which is crucial in cancer treatment to avoid damaging normal tissues. This reduced toxicity is a significant advantage, as many conventional chemotherapy agents cause substantial side effects due to their non-selective effects on both cancerous and healthy cells. Although these findings are promising, further studies are necessary to fully understand the benefits of using MA for lung cancer treatment. It is also essential to investigate the potential risks associated with long-term use, including the possibility of tumor cells developing resistance to MA. Clinical trials are vital to assess the safety and efficacy of MA in human patients, as well as to determine optimal dosing and potential combination therapies. Such trials should also evaluate the long-term safety of MA, as resistance to multi-targeted agents could still present challenges, particularly in advanced cancer stages.
MA exerts its anticancer effects by targeting key proteins such as EGFR, SRC, HSP90AA1, MDM2, and IGF1R, which are often overexpressed or mutated in resistant cancer cells. A multi-targeted approach like MA could provide more durable treatment outcomes compared to therapies that target a single pathway. The significance of the pharmacological mechanisms and potential research directions for MA in lung cancer treatment cannot be overstated. Continued research will clarify the specific mechanisms of action of MA, facilitating its clinical application.
In conclusion, this study provides valuable insights and guidance for the development and utilization of MA in lung cancer therapy. MA represents a promising opportunity for innovative and effective lung cancer treatments. Its unique characteristics, multi-targeted mechanism of action, and low toxicity profile position it as a viable candidate to address the challenges faced by current cancer therapies, including drug resistance and toxicity. Nonetheless, ongoing research and clinical validation are crucial to confirming its potential and addressing the challenges of resistance and long-term safety.
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