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Background: Neuraminidase-1 (NEU1) is an enzyme that breaks down sialic acids on glycoproteins and glycolipids. Aberrant expression of NEU1 has been linked to the progression of numerous malignancies, including liver cancer. Oseltamivir phosphate (OP) is a drug used to treat and prevent influenza, which specifically inhibits NEU1. However, the molecular mechanisms of NEU1 in liver cancer and the potential therapeutic effects of OP remain largely unclear.Methods: NEU1 expression in liver cancer was evaluated using public databases and validated in our samples. CRISPR/Cas9, CCK-8 assay, transwell assays, oil red O staining, RNA-sequencing, immunofluorescence and co-immunoprecipitation (Co-IP) and in vivo experiments were used to investigate the biological function of NEU1 and the therapeutic effect of OP in liver cancer.Results: We demonstrated that NEU1 expression was significantly elevated in liver cancer cells and tumor tissues. Patients with liver cancer exhibiting high levels of NEU1 expression tended to have a less favorable prognosis. NEU1 knockdown inhibited liver cancer cells proliferation, invasion and migration. Subsequent experiments demonstrated that NEU1 knockdown reduced lipid accumulation through promoting perilipin 2 (PLIN2)-mediated lipophagy. Notably, OP (NEU1 inhibitor), promoted lipophagy, thereby inhibiting liver cancer proliferation and tumorigenesis. Moreover, liver cancer cells were more sensitive to OP compared to other chemotherapeutics, like 5-fluorouracil and gemcitabine, with a reduced drug resistance.Conclusion: OP inhibits liver cancer progression by targeting NEU1 and inducing lipophagy through the suppression of PLIN2. Our findings provide new directions on the role of NEU1 in liver cancer and offer latent strategies to address the chemotherapy-induced drug resistance.Keywords: NEU1, liver cancer, lipophagy, PLIN2, oseltamivir phosphate
1 INTRODUCTION
Liver cancer is an aggressive malignant tumor with a challenging early diagnosis, characterized by rapid progression, high rates of recurrence, and metastasis. This results in a poor prognosis with a 5-year survival rate ranging from 15% to 38% (Ye et al., 2016). The 2020 global cancer statistics highlight that liver cancer has notably exacerbated the global burden of cancer-related mortality (Sung et al., 2021). The majority of patients with liver cancer are diagnosed in the middle to late stages, often with metastasis, rendering them unsuitable for surgical treatment (Forner et al., 2018; Wang and Deng, 2023). Consequently, chemotherapy has emerged as the primary treatment option. However, resistance to chemotherapeutic agents is a major challenge in liver cancer treatment, leading to frequent clinical treatment failures (Weiwei et al., 2020; Junru et al., 2022). Therefore, there is urgently needed to explore the underlying mechanisms driving the progression and metastasis of liver cancer, reduce chemotherapy resistance, and enhance the effectiveness of chemotherapy.
Neuraminidase-1 (NEU1) is an essential enzyme involved in the breakdown of sialic acid on cell surface and plays multiple roles beyond lysosomes catabolism, including immune response signaling and elastic fiber assembly (Pshezhetsky and Hinek, 2011). Studies have linked NEU1 in several diseases including diabetes (Blaise et al., 2013), ovarian cancer (Ren et al., 2016) and bladder cancer (Zhou et al., 2020). In tumor progression, elevated NEU1 levels are often associated with increased tumor aggressiveness, chemotherapy resistance, and immune evasion, prompting exploration of NEU1 as a potential therapeutic target (Gorelik et al., 2023). Liver cancer, being a metabolism-related disease, has shown a close association with NEU1 through recent bioinformatics analysis of The Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) datasets (Wu et al., 2021). However, laboratory evidence remains limited, and further investigation is necessary to elucidate the molecular mechanism of NEU1 regulating liver cancer.
It is noteworthy that oseltamivir phosphate (OP), a sialidase inhibitor, effectively cut off and inhibit infected cells, and is currently widely used in the influenza treatment. The therapeutic applications of OP have been expanded in recent studies. Qin Y et al. revealed the OP’s beneficial effect on the cardiac health by targeting NEU1, which inhibits mitochondrial fission and mitophagy mediated by dynamin-associated protein 1, thereby improving cardiac dysfunction in doxorubicin-induced cardiomyopathy (Qin et al., 2021). The potential of OP as a NEU1 inhibitor in cancer therapy is being increasing explored. Studies have shown that OP inhibits breast cancer cells proliferation (Thulasiraman et al., 2019; Haxho et al., 2014; Sambi et al., 2020), and displays potential as a therapeutic agent for drug-resistant pancreatic cancer (O’Shea et al., 2014; Itakura and Mizushima, 2011). In addition, OP enhanced the sensitivity of esophageal squamous cell cancer cells to 5-fluorouraeil (5-FU), showing great potential in cancer treatment (Yang et al., 2024). Recent bioinformatics analysis have confirmed NEU1’s role in carcinogenesis of liver cancer (Wu et al., 2021). More importantly, Huang et al. found that OP can induce apoptosis and autophagy of HepG2 cells, demonstrating exert anti-liver cancer activity (Huang et al., 2021). Lipophagy is a major form of autophagy that relies on autophagy-lysosomal pathway to engulf and degrade fats, polysaccharides and proteins. Evolved as self-protection mechanism, lipophagy helps maintain lipid homeostasis and manage metabolic waste by processing intracellular lipids and other substances (Singh et al., 2009; Zechner et al., 2017; Zhang et al., 2022). Abnormalities in lipid metabolism are often associated with liver cancer development. Emerging researches have highlighted the significant role of lipophagy in liver diseases, including non-alcoholic fatty liver disease and alcoholic fatty liver disease (Grefhorst et al., 2020; Lin et al., 2013).
Despite these advances, the specific mechanisms by which NEU1 participates in the occurrence and progression of liver cancer, particularly the role of lipophagy, as well as the potential therapeutic effects of its inhibitor, OP, remain underexplored. In this study, we utilized public databases such as Gene Expression Profiling Interactive Analysis (GEPIA) and Kaplan-Meier Plotter, along with data from our own cohort, to investigate the expression patterns and prognostic value of NEU1 in liver cancer. We then assessed the impact of NEU1 knockdown on the malignant phenotype of liver cancer cells and explored the underlying mechanisms through RNA sequencing, Oil Red O staining, and co-immunoprecipitation. Additionally, both in vitro and in vivo studies were conducted to evaluate the anti-liver cancer effects of OP by targeting NEU1. Our findings offer novel insights into how NEU1 regulates lipophagy by binding to perilipin 2 (PLIN2), influencing liver cancer progression. Furthermore, we demonstrate that inhibiting NEU1 with OP could serve as a potential therapeutic strategy for liver cancer treatment in the future.
2 MATERIAL AND METHODS
2.1 Analysis of NEU1 expression in public databases
cBioPortal can be used to explore, multidimensional cancer genome data visualization and analysis (de Bruijn et al., 2023). In our study, we analyzed NEU1 expression in a variety of tumors. The expression levels of NEU1 in liver cancer was evaluated, and its correlation with clinicopathological parameters was assessed using GEPIA platform, which is based on TCGA the liver hepatocellular carcinoma dataset (http://gepia2.cancer-pku.cn). Besides, the impact of NEU1 expression on overall survival and disease-free survival were analyzed in the Kaplan-Meier plotter. Survival curves were plotted, and the hazard ratio along with the 95% confidence interval (95% CI) was calculated by a cox regression model (https://kmplot.com). In addition, the GEO database (https://www.ncbi.nlm.nih.gov/geo/) was used to validate the expression characteristics of NEU1 in liver cancer, including datasets GSE55092, GSE121248, GSE45436, GSE62232, GSE101685, and GSE76427.
2.2 Cell culture and transfection
Human normal liver cell lines (LO2, QSG-7701) and human liver cancer cell lines (HepG2, Huh7, MHCC97H) were procured from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences. HepG2, LO2 and QSG-7701 cells were cultured in RPMI-1640 (Hyclone, United States) supplemented with 10% fetal bovine serum (FBS, Invitrogen, United States) and 1% penicillin and streptomycin. Huh7 and MHCC97H cells were maintained in DMEM (Gibco, United States) under the same condition. For transfection experiments, plasmids were introduced into the cells using Lipofectamine 2000 reagent (Beyotime Biotechnology, China, TL201-01) following the manufacturer’s protocol. The resulting cell lines, expressing Cas9-NC, Cas9-NEU1, pCDH-NC, and pCDH-PLIN2 were obtained. Plasmids for NEU1 knockdown or overexpressing PLIN2 were constructed by Plasmid Inc (Vector Builder). The plasmid sgRNA sequences are as follows: Cas9-NEU1-1: CTT​GGC​CCC​CTC​ATC​GGA​TG; Cas9-NEU1-2: AAG​GGC​CGC​CTC​ATC​GTG​TG.
2.3 Western blot
Cells were lysed with RIPA buffer (Beyotime Biotechnology, Shanghai, China), protease inhibitors and phosphatase inhibitors (Beyotime Biotechnology, Shanghai, China) mixture, and the supernatant was extracted. The proteins were extracted, separated by SDS-PAGE, and transferred to PVDF membranes. The membranes were then blocked with 5% skim milk and incubated overnight with primary antibodies. Visualization was achieved using the ECL kit (Vazyme, Nanjing, China). The antibodies used for protein analysis were as follows: anti-NEU1 (1:1000, 67032-1-Ig, Proteintech, Chicago, United States), anti-PLIN2 (1:500, ET1704-17, HUABIO, Hangzhou, China), anti-Ki67 (1:1000, Proteintech, 28074-1-AP, Chicago, United States), anti-Vimentin (5741), anti-E-cadherin (14472), anti-PCNA (13110), anti-LC3B-II (4108), anti-GAPDH (5174) or β-actin (4970) were purchased from Cell Signaling Technology (United States), the dilution concentration was 1:1000.
2.4 Quantitative real-time PCR
Total RNA was extracted from cells using TRIzol Regent (CWBIO, Jiangsu, China) following a previously established protocol. Subsequently, the extracted RNA was reverse-transcribed into cDNA using HiScript III All-in-one RT SuperMix Perfect for qPCR (Vazyme, Nanjing, China). qRT-PCR was performed on a LightCycler 480 II (Roche, United States) using Chamq SYBR qpcr Master mix (Vazyme, Nanjing, China). The relative RNA levels in each experimental group were determined using the 2−ΔΔCt method, with normalization to GAPDH, which served as internal controls. The primers sequences used for qRT-PCR are provided below: NEU1-Forward: 5′-GGA​GGC​TGT​AGG​GTT​TGG​G-3′; NEU1-Reverse: 5′-CAC​CAG​ACC​GAA​GTC​GTT​CT-3′; GAPDH-Forward: 5′-AGG​TCG​GTG​TGA​ACG​GAT​TTG-3′; GAPDH-Reverse: 5′-CAC​CAG​ACC​GAA​GTC​GTT​CT-3′.
2.5 Immunohistochemistry staining
Immunohistochemical staining was conducted on liver cancer samples, including both cancerous and adjacent tissues, as well as tumor samples from xenograft mice, following established protocols. Informed consent was obtained from all patients and volunteers involved, and this study was approval by Jiangnan University (JNU202409RB0012). Tumor specimens were immersed in 4% paraformaldehyde. Paraffin embedded tissues were sectioned, and the thickness of the sections was 4 µm. Following dewaxing, rehydration, and antigen retrieval steps, the slides were incubated with specific primary antibodies against NEU1, PLIN2 and LC3B-II. Then, the sections were incubated with the corresponding secondary antibody, followed by dyeing with DAB (CWBIO, Taizhou, China) and counterstaining with hematoxylin. Representative images were captured using Pannoramic MIDI (3DHISTECH, Budapest, Hungary).
2.6 Immunofluorescence analysis
HepG2 and MHCC97H cells were inoculated in 24-well plates fitted with glass slides and allowed to adhere and reach approximately 60% confluence. Following either 24 h of plasmid transfection or treatment with OP, the cells and lipoprobes were incubated with at 37°C away from light, washed, fixed, permeabilized, and sealed with bovine serum albumin. Next, the cells were incubated with antibodies targeting NEU1, PLIN2, or LC3B-II (diluted at 1:100). The sample at a temperature of 4°C was incubated for overnight, the cells were incubated with secondary antibodies conjugated with 649 (red), Alexa Fluor 488 (green) to detect the localization and expression of target proteins. Finally, the slides were sealed with DAPI, and immunofluorescence images were acquired using confocal microscopy. Uniform cell distribution fields were selected using Zen software (Zeiss, 2024. ZEN Software: Features and Applications. Carl Zeiss AG. https://www.zeiss.com/microscopy/zh/products/software/zeiss-zen.html), and the mean fluorescence intensity of cells in the same field was quantified using ImageJ (Schneider et al., 2012).
2.7 Co-immunoprecipitation
HepG2 cells were seeded on 10 cm Petri dishes and transfected with plasmids. The specific antibodies and anti-IgG were incubated with protein A/G beads (Abbkine, Wuhan, China) for 1 h at room temperature. The supernatant of lysed cells was incubated overnight at 4°C with protein A/G beads (Abbkine, Wuhan, China). The immunoprecipitates were then separated by SDS-PAGE. Finally, we applied Western blot to verify the immunoprecipitation of NEU1 and its interaction with PLIN2.
2.8 Cell proliferation and colony formation assays
A cell suspension with a concentration of 8,000 cells per 100 μL was prepared and transferred to a 96-well plate. The absorbance of cells at 450 nm was measured using CCK-8 assay (Beyotime Biotechnology, Shanghai, China) and the proliferation rate was calculated. For the colony formation assay, 1,000 to 1,500 cells were plated in 6-well plates and incubated for around 14 days. Afterward, the colonies were fixed with 4% formaldehyde and stained with 0.1% crystal violet for 10 min. The number of colonies was then counted to evaluate the colony-forming ability of the cells.
2.9 Cell invasion and migration
Invasion assays were performed based on previous studies. In brief, 5 × 104 cells in 200 µL of serum-free medium were inoculated in a transwell insert (Corning, Shanghai, China) coated with matrigel (Corning, Shanghai, China). In the lower chamber of 24-well plate, 600 µL of medium supplemented with 10% FBS was added. Following a 48-h at 37°C, the migrated cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet solution. Subsequently, the migrated cells were imaged and counted using an Olympus microscope.
For the scratch assay, a total of 3 × 105 cells were seeded into 6-well plates and incubated until reaching confluence. Cells were transfected with plasmid or treated with drugs. A scratch test was then performed by scraping the bottom of the 6-well plate with a P-100 pipette tip, and the suspended cells were gently washed with PBS. The cells were subsequently cultured in medium containing 1% FBS for 48 h at 37°C in a humidified incubator with 5% CO2. The scratch site was imaged using a microscope with a digital camera at 0, 24 and 48 h. Images were acquired at the designated time points, and the migration distance was calculated.
2.10 Oil red O staining
After treating cells in 24-well plates with climbing slides, the medium was aspirated off and washed with PBS. Cells were fixed with 4% paraformaldehyde for 20 min, then washed with PBS. Subsequently, they were moisturized and washed with 60% isopropanol for 30 s. Each well was then filled with 1–2 mL of oil red O staining solution (NanJing JianCheng Bioengineering Institute, Nanjing, China), and filtered by a 0.22 μm filter and stained for 30 min at room temperature in darkness. The oil red O staining solution was then aspirated, and the wells were rinsed with 60% isopropanol, followed by a light staining with hematoxylin for 1 min. After PBS washing, the slides were sealed. The lipid droplets were specifically stained red, while the nuclei were stained blue, observable under an inverted microscope. For lipid droplet number quantification, we utilized Image-Pro Plus 6.0 (IPP 6.0) software (Kong et al., 2019). Fields with uniform cell distribution were selected, and the software was used to determine the average number of lipid droplets per cell within the same field.
2.11 ZDOCK analysis
ZDOCK is a computational tool for protein-protein molecular docking, designed to simulate and predict the interaction between two protein molecules and their binding sites (https://zdock.umassmed.edu/) (Pierce et al., 2014). The 3D structures of NEU1 (PDB ID: 8DU5) and PLIN2 (PDB ID: 3EWO) proteins were obtained from the Protein Data Bank (https://www.rcsb.org/) and the interacting protein domains were predicted using the ZDOCK server and PDBePISA server (https://www.ebi.ac.uk/pdbe/pisa/). These structures were then visualized by the molecular graphics software Jmol (http://www.jmol.org/).
2.12 Reagent treatment
Oseltamivir phosphate (OP) 75 mg capsules were dissolved in 10 mL sterile 1× PBS and centrifuged at 1,000 rpm for 10 min. The stock-extracted solution of OP had a concentration of 18 mM. Various concentrations of OP solutions were used in cell culture for both in vitro and in vivo experiments.
Gemcitabine hydrochloride (GEM) (Sigma-Aldrich, St. Louis, MO, United States) was dissolved in phosphate-buffered saline to prepare a 50 mg/mL stock solution. This stock solution was then serially diluted to achieve GEM concentrations of 0.5, 1, 2, 4, and 8 μg/mL in culture medium containing 10% FBS and 1% penicillin-streptomycin solution. The resulting solutions were added to Petri dishes or 96-well plates with each medium change.
5-FU (Sigma-Aldrich, St. Louis, MO, United States) was dissolved in dimethyl sulfoxide to create a 98 μg/mL stock solution. This stock was serially diluted to produce various concentrations of 5-FU (1–20 μg/mL) in culture medium containing 10% FBS and 1% penicillin-streptomycin solution. The diluted solutions were added to Petri dishes or 96-well plates with each medium change.
2.13 Animal experiments
The animals were maintained in a pathogen-free environment, and all animal experiments were conducted in accordance with the protocols approved by the Animal Care Committee of Jiangnan University and following the guidelines of the Animal Protection and Use Committee [JN. No20230515b0560805 (222)]. MHCC97H cells (5 × 107/mL) were injected into the same flank of athymic male BALB/c nude mice, which were 5 weeks old and obtained from Gempharmatech (Nanjing, China). Each group consisted of 5 mice. Tumor progression was closely monitored by measuring tumor volume, calculated using the formula (length × width2)/2. When the largest tumor reached a size of 1.0 cm3, all mice were humanely euthanized, and tumors, livers, and lungs tissues were collected for further analysis. Additionally, tumor tissues were collected for Western blot and qRT-PCR analysis. For in vivo imaging of tumors and lungs tissues in mice, fluorescence intensity was quantified using ImageJ software (Schneider et al., 2012).
2.14 Statistical analysis
Data are shown as the mean ± standard deviation (SD). The differences of continuous variables between two groups were compared by Student’s t-test, following a test for homogeneity of variances. For comparisons across multiple groups, One-way ANOVA was applied. The survival curve was generated using Kaplan-Meier analysis, and the difference was determined by the log-rank test. Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, United States) (Berkman et al., 2019). Statistical significance was set at P < 0.05.
3 RESULTS
3.1 NEU1 is upregulated in liver cancer and linked to the prognosis of liver cancer patients
We analyzed the expression of NEU1 across various tumor samples using a wide range of databases and analytical tools, including cBioPortal, GEPIA and GEO. Data from the cBioPortal platform revealed that NEU1 was expressed in multiple tumor tissues (Supplementary Figure S1). The GEPIA database showed the NEU1 expression patterns across 33 types of tumor samples and paired normal tissues (Supplementary Figure S2). Furthermore, independent TCGA database analysis and combined Genotype-Tissue Expression data showed that the expression of NEU1 was markedly elevated in liver cancer tissues in comparison to adjacent tissues (Figure 1A). To further validate this finding, we also analyzed six GEO datasets, revealing. remarkable overexpression of NEU1 in liver cancer across the GSE55092, GSE121248, GSE45436, GSE62232, GSE101685, and GSE76427 datasets (Supplementary Figure S3). Then, we examined NEU1 protein levels and mRNA levels in human normal liver cell lines (LO2, QSG-7701) and liver cancer cell lines (HepG2, Huh7, MHCC97H) by Western blot and qRT-PCR. Our findings demonstrated that the NEU1 was overexpressed in liver cancer cell lines, particularly in MHCC97H (Figures 1B, C). Moreover, we measured NEU1 protein expression in 4 paired liver cancer tissues by IHC staining and revealed increased NEU1 expression in tumor tissues compared to matched adjacent tissues (Figure 1D). It is noteworthy that the expression level of NEU1 was associated with disease progression and poor prognosis in liver cancer patients. The elevated expression of NEU1 was found to be significantly correlated to advanced tumor stage (Figure 1E). Survival curves were generated to depict the survival outcome of patients with high or low NEU1 expression. Notably, patients with low NEU1 expression had better prognosis than those with high expression (Figure 1F). Specially, patients with low NEU1 expression exhibited significantly improved overall survival and disease-free survival (Figures 1G, H). These findings indicate that NEU1 is overexpressed in liver cancer, and significantly correlated to the tumor stage and survival status in patients with liver cancer.
[image: Figure 1]FIGURE 1 | The relationship between the NEU1 expression and clinicopathologic parameters. (A) NEU1 expression in the TCGA LIHC cohort. (B) qRT-PCR and (C) Western blot analysis of NEU1 mRNA and protein expression in liver cancer cell lines and normal human liver cell lines. (D) Hematoxylin and eosin staining and IHC analyses were performed with 4 paired tumor tissues and adjacent non-cancerous tissues. Scale bar = 10 μm. (E) Relative expression of NEU1 in pathologic stage I, II, III, or IV; (F–H) The Kaplan-Meier survival curves comparing liver cancer patients with low (black) and high (red) NEU1 expression were plotted.
3.2 NEU1 promotes the proliferation, migration and invasion of liver cancer cell
We used CRISPR/Cas9 to knockdown NEU1, selecting the second sgRNA for follow-up studies due to its higher knockdown efficient (Supplementary Figures S4A, B). We knocked down NEU1 expression in HepG2, Huh7, MHCC97H cells to determine its effect on the malignant phenotype of cancer cell (Figure 2A). Western blot analysis was employed to assess the impact of NEU1 knockdown on proteins related to the epithelial-mesenchymal transition (EMT) signaling pathway (E-cadherin, Vimentin) and tumor cell proliferation (Ki67, PCNA). The results showed a notably decrease in mesenchymal marker protein Vimentin and an elevated level of the epithelial marker protein E-cadherin. Moreover, the levels of Ki67 and PCNA were significantly diminished following NEU1 knockdown (Figure 2B; Supplementary Figure S4C). Furthermore, CCK-8 assay showed that knockdown of NEU1 significantly inhibited the proliferation of the liver cancer cells (Supplementary Figure S4D). Transwell assay results demonstrated that the invasion capability was markedly diminished in all 3 cell lines after NEU1 knockdown (Figure 2C). In addition, results of scratch assay demonstrated a significant inhibition in migration ability of liver cancer cells following NEU1 knockdown (Figure 2D). Collectively, these results suggest that low NEU1 expression is crucial for inhibiting liver cancer proliferation and invasion.
[image: Figure 2]FIGURE 2 | NEU1 promotes the proliferation, migration and invasion of liver cancer cell lines. (A) Validation of the knockdown efficiency of NEU1 in liver cancer cell lines transfected with Cas9-NC or Cas9-NEU1 using qRT-PCR. (B) The expression of EMT markers in liver cancer cells. (C) The invasion ability of liver cancer cell lines detected with transwell assays and (D) the migration of liver cancer cells lines examined with scratch assays in Cas9-NC or Cas9-NEU1 group. Transwell scale bar = 10 μm. Scratch assay scale bar = 200 μm *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n. s. not significant.
3.3 NEU1 regulates lipophagy by interacting with PLIN2, thereby influencing liver cancer progression
To explore the downstream regulatory mechanisms of NEU1, we employed RNA sequencing to identify differentially expressed genes between the Cas9-NC group and Cas9-NEU1 group. GO enrichment analysis of differentially expressed genes revealed key biological processes, cell components, and molecular functions associated with NEU1 alteration, including lipid-related genes (Supplementary Figure S5A). Given the crucial role of lipophagy in maintaining liver lipid metabolism homeostasis, we performed a correlation analysis using the GEPIA platform, which revealed a positive correlation between NEU1 expression and lipid synthesis-related genes, such as sterol regulatory element-binding protein 1 and fatty acid synthase (Supplementary Figure S5B). In addition, the notable decrease in lipid droplets in the 3 cell lines following NEU1 knockdown suggests involvement of the lysosomal pathway (Figure 3A). To verify that this reduction of lipid droplets is associated with lysosomal-related lipophagy, we performed immunofluorescence analysis on HepG2 and MHCC97H cells before and after NEU1 knockdown. The results showed that NEU1 knockdown inhibited the accumulation of BODIPY-labeled lipid droplets and increased the colocalization of lipid droplets and lysosomes in both cell lines (Figure 3B). The Western blot analysis revealed a decrease in the lipid droplet protein PLIN2 levels and an increase in the autophagy-related protein LC3B-II (Figure 3C), indicating potential induction of lipophagy. Additionally, transmission electron microscopy allowed us to directly observe lipophagy, showing lipid droplets encapsulated within autophagic lysosome in NEU1-knockdown liver cancer cells (Figure 3D; Supplementary Figure S5C). Furthermore, immunofluorescence analysis demonstrated that decreased NEU1 expression resulted in diminished lipid droplets and enhanced autophagy (Figure 3E). All these findings support that reduced NEU1 expression promotes lipohagy and restrains the progression of liver cancer.
[image: Figure 3]FIGURE 3 | The expression of NEU1 is negatively correlated with the level of lipophagy. (A) Effect of NEU1 on lipid droplets in liver cancer cell lines. (B) Immunofluorescence analysis of lipid droplets (green) and lysosome markers (red) in HepG2 and MHCC97H cells with NEU1 knockdown. Scale bar = 50 μm. (C) The effect of NEU1 on the expression of autophagy marker protein LC3B-II and lipid droplet marker protein PLIN2 detected with Western blot. (D) Representative transmission electron micrograph. The red arrow represents a lipid drop swallowed by the autolysosome. Scale bar = 10 μm. (E) Immunofluorescence analysis of lipid droplets (green) and autophagy markers (red) in HepG2 and MHCC97H cells with NEU1 knockdown. Scale bar = 20 μm *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
Considering that PLIN2 is a lipid metabolism-associated protein that plays an important role in lipid accumulation. We concentrated on the molecular domains to investigate the interaction between NEU1 and PLIN2. The result of ZDOCK showed a potential binding energy of −18.8 kcal/mol between NEU1 and PLIN2, suggesting a strong direct interaction between the two proteins (Figure 4A). Moreover, a positive correlation between the mRNA expression of NEU1 and PLIN2 was observed (Figure 4B). Subsequent co-immunoprecipitation assay verified the direct binding of NEU1 and PLIN2, with a decrease reduced in PLIN2 expression following Cas9-NEU1 treatment (Figure 4C). Immunohistochemistry analysis of the four pairs of clinical liver cancer samples revealed a significantly higher expression of PLIN2 in the cancer tissues compared to adjacent tissues (Figure 4D). Similarly, immunofluorescence analysis confirmed the direct binding of NEU1 and PLIN2, showing a significant reduction in labeled PLIN2 fluorescence intensity upon NEU1 knockdown (Supplementary Figure S6). To assess the role of PLIN2 in NEU1-mediated lipophagy, we overexpressed PLIN2 in HepG2 and MHCC97H cell lines, which led to an inhibition of lipophagy. This inhibition was reversed after Cas9-NEU1 treatment (Figure 4E). Moreover, immunofluorescence analysis revealed that Cas9-NEU1 mitigated lipid autophagy injury induced by PLIN2 overexpression (Figure 4F). These results indicate that PLIN2 is a critical mediator of NEU1-induced lipophagy.
[image: Figure 4]FIGURE 4 | NEU1 binds with PLIN2 to regulate lipophagy. (A) The Protein-protein interacting structures of the NEU1 and PLIN2 complex were predicted using ZDOCK. (B) The correlation between NEU1 and PLIN2 mRNA in TCGA liver cancer tissues. (C) Co-IP experiment was used to verify the binding ability of NEU1 to PLIN2. (D) The expression of PLIN2 in 4 paired tumor tissues and adjacent normal tissues was analyzed by IHC analyses. Scale bar = 50 μm. (E) Levels of NEU1 and PLIN2 in the MHCC97H were examined by Western blot across the four treatment groups. (F) Representative images showing the colocalization of lipid droplets (green) and LC3B-II (red) in groups (Left). Manders’ overlap coefficients for co-localization of lipid droplets or LC3B-II were calculated using IPP 6.0, while the quantification is shown in a bar graph (Right). Scale bar = 20 μm *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n. s. not significant.
In two liver cancer cell lines (HepG2 and MHCC97H), we verified that NEU1 affected the malignant phenotype of liver cancer via PLIN2. The scratch assay demonstrated that the wound healing rate and cell migration ability were significantly lower in the NEU1 knockdown group compared to the control group. Conversely, PLIN2 overexpression led to an increase in these parameters (Figure 5A). Intriguingly, PLIN2 overexpression reversed the alteration in cell migratory ability after NEU1 knockdown under co-transfection conditions (Figure 5A). Besides, the transwell assay showed that the invasive ability decreased upon NEU1 knockdown, while PLIN2 overexpression significantly increased invasiveness compared to the interference control group (Figure 5B). Oil red O staining indicated that PLIN2 overexpression rescued the reduced intracellular lipid accumulation induced by NEU1 knockdown (Figure 5C). In summary, NEU1 knockdown inhibits liver cancer progression by reducing PLIN2 expression.
[image: Figure 5]FIGURE 5 | NEU1 regulates liver cancer progression through PLIN2. (A) Scratch assay was performed to detect the changes in migration ability. Scale bar = 200 μm. (B) Transwell assay was performed to evaluate the changes in invasion ability, and (C) Oil red O staining was performed to detect the changes in lipid accumulation. Transwell assay scale bar = 20 μm; Oil red O staining scale bar = 10 μm *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n. s. not significant.
3.4 Oseltamivir phosphate inhibits the proliferation, invasion and migration of liver cancer
OP functions act as a specific inhibitor of neuraminidase, targeting NEU1, and has shown promising potential in cancer treatment. We further explored whether OP has cytotoxic effects on liver cancer. By varying the concentrations of the OP and other two clinical drugs with high drug resistance (5-FU and GEM), MHCC97H cells showed greater sensitivity to OP treatment. Additionally, OP exhibited less toxicity to normal liver cell (LO2) at a concentration of 0.5 mM. This concentration was selected for subsequent experiments (Figure 6A). In the drug resistance test, HepG2, Huh7 and MHCC97H cells demonstrated greater sensitivity to OP compared to 5-FU and GEM (Figure 6B). Besides, the results of clone formation assay, transwell assay, and scratch assay indicated that OP reduced cell proliferation, invasion, and migration in a dose-dependent manner in both liver cancer cell lines (Figures 6C–E).
[image: Figure 6]FIGURE 6 | Oseltamivir phosphate inhibits the proliferation, invasion and migration of liver cancer cells. (A) The impact of varying concentrations of OP, 5-FU, and GEM on the viability of liver cancer cells and human normal liver cell. (B) The effect of OP, 5-FU and GEM on the viability of liver cancer cells. (C) The effect of different concentrations of OP on the proliferation of liver cancer cells as examined with plate clone formation assays. (D) The effect of different concentrations by OP on the invasion of liver cancer cells as detected with transwell assays. Scale bar = 10 μm. (E) The effect of different concentrations of OP on the migration of liver cancer cells as examined with scratch assays. Scale bar = 200 μm *P < 0.05; ***P < 0.001; ****P < 0.0001; n. s. not significant.
3.5 Oseltamivir phosphate induces lipophagy in liver cancer through NEU1-PLIN2 axis in vitro and in vivo
Buliding upon previous findings that NEU1 knockdown promotes lipophagy and inhibits liver cancer by reducing PLIN2, we then investigated the effect of OP on lipophagy in liver cancer. Consistent with the Cas9-NEU1 results, OP inhibited the accumulation of BODIPY-labeled lipid droplets and increased the colocalization of lipid droplets with lysosomes in HepG2 and MHCC97H cells (Supplementary Figure S7A). Electron microscopy confirmed increased lipophagy in liver cancer cells following OP treatment (Supplementary Figure S7B). Western blot and immunofluorescence analyses showed that OP treatment significantly reduced NEU1 expression (Figures 7A, B). In addition, the number of lipid droplets was markedly reduced in a dose-dependent manner after OP treatment (Figure 7C). Western blot and immunofluorescence analyses revealed that OP inhibited PLIN2 protein expression and fluorescence intensity while significantly increasing the autophagy marker LC3B-II (Figures 7A, D). Altogether OP could effectively treat liver cancer by inducing NEU1-mediated lipophagy.
[image: Figure 7]FIGURE 7 | Oseltamivir phosphate induces lipophagy in liver cancer cells through NEU1-PLIN2 axis. (A) Western blot was used to detect the changes of lipophagy-related proteins in HepG2 and MHCC97H cells treated with different concentrations of OP. (B) Immunofluorescence assay was used to detect the changes of NEU1 in HepG2 and MHCC97H cells treated with different concentrations of OP. Scale bar = 50 μm. (C) Lipid accumulation levels in HepG2 and MHCC97H cells treated with different concentrations of OP were detected by oil red O staining. Scale bar = 10 μm. (D) The changes of lipophagy in HepG2 and MHCC97H cells treated with different concentrations of OP were detected by immunofluorescence. Scale bar = 20 μm *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
To further assess the inhibitory effect of OP on liver cancer, we established mouse xenograft tumor models by subcutaneously injecting MHCC97H cells into athymic nude mice. The results showed that OP significantly impeded tumor growth, with a more pronounced effect observed when used in combination with 5-FU (Figures 8A–C). Metastasis of malignant tumors often indicates treatment failure and represents a principal cause of mortality among cancer patients. Our investigation showed that the incidence of liver metastases was notably reduced with OP, either alone or in combination therapy, compared to treatment with 5-FU alone (Figure 8D). This supports the effectiveness of OP and combination therapy in mitigating xenograft tumors growth and metastasis. Consistent with cellular level findings, OP inhibited NEU1 expression and promoted lipophagy in tumor-bearing mice (Figure 8E). In summary, NEU1-induced elevation of PLIN2 leads to lipid accumulation, which promote tumorigenesis and metastasis of liver cancer. OP targets NEU1, promoting degradation of lipid droplet and enhancing autophagy, thereby counteracting these processes (Figure 8F).
[image: Figure 8]FIGURE 8 | Oseltamivir phosphate inhibits the growth and metastasis of subcutaneous tumors in nude mice. (A, B) The effects of OP and 5-FU alone or in combination on the volume and weight of subcutaneous tumors in nude mice. (C) Subcutaneous tumor growth in nude mice was monitored by in vivo imaging of small animals. (D) The livers of tumor-bearing mice were monitored using in vivo imaging of small animals. (E) Detection of the changes of NEU1 and lipophagy-related proteins levels in subcutaneous tumor tissues of nude mice after drug treatment by Western blot. (F) OP, as a NEU1 inhibitor, promote lipophagy through regulating the NEU1-PLIN2 signaling axis, thereby exerting anti-liver cancer effects. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. n. s. not significant.
4 DISCUSSION
In the present study, we evaluated NEU1 expression characteristics in liver cancer based on public databases and independent cohorts, demonstrating a significant upregulation of NEU1 in liver cancer cells and tissues. Besides, higher NEU1 expression was linked to disease progression and survival outcomes in liver cancer patients. In addition, our findings revealed that NEU1 knockdown reduced proliferation, invasion, and migration of liver cancer cells. Furthermore, functional studies revealed that NEU1 regulated lipophagy by interacting with PLIN2, thereby involving in the progression of liver cancer. Cell and animal experiments showed that OP, as a NEU1 inhibitor, promote lipophagy through regulating the NEU1-PLIN2 signaling axis, thereby exerting anti-liver cancer effects.
Accumulating evidence demonstrates that NEU1 regulates sialylation of key proteins to control several biological processes including cell proliferation, differentiation, and apoptosis (Haxho et al., 2016; Glanz et al., 2019). Elevated NEU1 expression has been associated with several types of cancers. For example, the expression of NEU1 in melanoma tissues was found to be markedly elevated in comparison to that observed in adjacent tissues (Peng et al., 2022). Inhibition of NEU1 expression can suppress ovarian cancer proliferation, apoptosis and invasion (Ren et al., 2016). In non-small cell lung cancer, NEU1 expression is elevated and correlates to a poor clinical prognosis (Lv et al., 2020). Conversely, NEU1 has been reported to suppress metastasis in colon cancer both in vitro and in vivo (Bansal et al., 2014). In bladder cancer, the inhibition of cancer cell proliferation, induction of apoptosis and suppression of tumor formation have all been shown to be facilitated by the action of NEU1 (Zhou et al., 2020). Currently, the function of NEU1 in various tumors remains controversial.
Our results indicated that NEU1 is remarkably upregulated in liver cancer patients and showed negative relationship with clinical stage and survival prognosis. These findings suggest NEU1 may be used as a prognostic marker for liver cancer. Although, significant links were observed between NEU1 expression and liver cancer progression in our study and previous bioinformatic study (Wu et al., 2021). However, the biological function and associated mechanisms of NEU1 in liver cancer remain poorly elucidated. The diversity of NEU1 substrates allows it to influence various signal transduction pathways. NEU1 is recognized as a modulator of cell receptors and is involved in endocytosis and autophagy through lysosomal pathways (Pshezhetsky and Hinek, 2011; Allendorf and Brown, 2022; Chen et al., 2020). For example, desialylation of sialyl a-2,3-linked β-galactosyl residues of Toll-like receptor 4 by NEU1 was essential for receptor activation and cellular signaling via NF-kB activation in dendritic and macrophage cells (Debnath, 2011; Seyrantepe et al., 2010). Decreased expression or function of NEU1 reduced atherosclerosis in mice through its significant effects of non-high-density lipoprotein cholesterol on lipid metabolism and inflammatory processes (White et al., 2018). In addition, it has been shown that elevated NEU1 activity has been observed in hepatic epididymal fat of obese mice (Natori et al., 2013), and sialidase inhibitors have been shown to mitigate high fat diet-induced adipose tissue mass, liver inflammation and steatosis in mice (Pilling et al., 2021).
In our study, RNA-sequencing results revealed a close association between NEU1 and lipid metabolism in liver cancer. Moreover, knockdown of NEU1 led to increased colocalization of lipid droplets with lysosomes and enhanced levels of the autophagy marker protein LC3B-II. This observation suggests that NEU1 may be involved in endocytosis and autophagy via lysosomal pathway. Sing et al. found that starvation-induced autophagy contributes to lipid droplet degradation in RALA255-10G rat hepatocytes and proposed the term “lipophagy” (Singh et al., 2009). Lipophagy occurs within lysosome and involves autophagy isolation of lipid droplets in the autophagosome, which then fuse with lysosome. The lipid droplets are ultimately degraded by lysosomal lipase, with both lipolysis and lipophagy being activated simultaneously. However, the molecular mechanism by which NEU1, a lysosomal enzyme, regulates lipophagy remains unclear.
Recent studies have highlighted the importance of PLIN2 degradation in reducing hepatic lipid accumulation through activated lipophagy. Irungbam et al. found that the reduced PLIN2 expression promotes the colocalization of LC3B-II and lysosomal-associated membrane protein 1on the lipid droplet surface, thereby triggering lipophagy and mitigating hepatic steatosis (Irungbam et al., 2020). Similarly, Martinez-Lope et al. found that cold exposure to 4°C, compared with room temperature, enhanced LC3B-II localization on the lipid droplet in the liver of C57BL/6 mice, which alleviated lipid accumulation by activating lipophagy (Martinez-Lopez et al., 2016). As previously mentioned, we found a significant reduction in lipid droplets and an increase in autophagy in the NEU1 knockdown liver cancer cells, suggesting the occurrence of lipophagy. To investigate the underlying molecular mechanism, we examined how NEU1-mediated lipophagy influences lipid droplet degradation. Our results revealed that NEU1 directly binds to PLIN2. Decreased NEU1 levels were associated with reduced PLIN2 protein expression and elevated levels of autophagy and lipophagy. In addition, NEU1 knockdown significantly inhibited the liver cancer cells proliferation, invasion and migration by promoting lipophagy through the suppression of PLIN2.
Chemotherapy drugs resistance remians a major factor contributing to adverse clinical outcome in liver cancer patients (Bao and Wong, 2021; Pranzini et al., 2022). 5-FU and GEM are first-line chemotherapy drugs often used for liver cancer. However, the emergence of 5-FU resistance greatly limits its anticancer effectiveness (Zhang et al., 2018; Liu et al., 2022). Similarly, despite GEM is widely used, research shows that up to 70% of cholangiocarcinoma patients exhibit poor responses to GEM treatment (Macias, 2014; Okamoto et al., 2013; Lu et al., 2018). In recent decades, alternative approaches using non-oncological drugs to treat cancer have attracted considerable attention (Armando et al., 2020; Nunes et al., 2020). OP is an antiviral drug, has recently been investigated as a potential alternative therapeutic agent for drug-resistant tumors (Sambi et al., 2020; O'Shea et al., 2014; Itakura and Mizushima, 2011; Yang et al., 2024; Qorri et al., 2022). The current findings have shown that OP may inhibit tumor progression, chemotherapy resistance and metastasis by interfering with the EMT program and cancer stem cell enrichment, and then enhance the efficacy of chemotherapy drugs (Haxho et al., 2014; Qorri et al., 2022; Chuang et al., 2024). A recent study reported that OP can induce apoptosis in Huh-7 cells and both apoptosis and autophagy in HepG2 cells (Huang et al., 2021). However, the exact mechanism of by which OP targets NEU1 to inhibit liver cancer remains unclear. This study revealed that OP exerts a pronounced inhibitory effect on the liver cancer proliferation, invasion and metastasis in vivo and in vitro. In addition, our findings suggest that OP enhances the sensitivity of liver cancer cells to 5-FU and GEM. The synergistic effect of OP with 5-FU on liver cancer was particularly pronounced. We elucidated that OP targets NEU1, inhibiting PLIN2 and thereby promoting lipophagy, which exerts an antitumor effect. Our study provides new evidence supporting the use of OP to target NEU1 in the treatment of liver cancer, highlighting the critical role of NEU1-PLIN2 mediated lipophagy in liver cancer. It is noteworthy that a previous study demonstrated that OP inhibits the release of inflammatory factors and inflammatory responses by inhibiting NEU1 activity and reducing the hydrolysis of sialic acid on the ends of cell surface glycoproteins (Haxho et al., 2016). Research on the use of anti-inflammatory drugs in liver cancer treatment has garnered increasing attention (Tong et al., 2025; Yeo et al., 2024; Nigam et al., 2023). These findings suggest that the anti-inflammatory properties of OP could offer a promising approach to enhance the therapeutic efficacy in liver cancer treatment.
It is important to note that the present study has some limitations. First, while we provide preliminary evidence that NEU1 interacts with PLIN2, the exact mechanisms through which NEU1 knockdown leads to PLIN2 downregulation require further investigation. Second, additional research is necessary to clarify the molecular mechanism underlying the inhibition of liver cancer through the upregulation of lipophagy. Third, although the significant effects of the NEU1 inhibitor against liver cancer has been observed in both in vivo and vitro studies, extensive clinical evidence is needed to confirm the efficacy of OP as a treatment for drug-resistant liver cancer. Moreover, recent advancements in nanotechnology have greatly improved drug delivery for liver diseases, enhancing drug stability, bioavailability, and cellular uptake efficiency (Singh et al., 2023; Liu et al., 2024). Future studies should explore the potential of nanocoated OP in liver cancer treatment, which could offer more targeted and effective therapeutic solutions for liver diseases.
In conclusion, our findings suggest that NEU1 plays an oncogenic role in liver cancer by interacting with PLIN2 to regulate lipophagy. Inhibition of NEU1 using OP presents a promising strategy to enhance the efficacy of treatments for drug-resistant liver cancer. Our study not only identifies NEU1 as a potential biomarker and therapeutic target for liver cancer but also provides evidence supporting the use of OP as a treatment option for cancer. Future studies are needed to further validate the anti-liver cancer efficacy of OP and explore its potential in combination with other anti-tumor agents.
DATA AVAILABILITY STATEMENT
The original RNA-sequencing data presented in this study have been deposited in the NCBI repository under accession number PRJNA1232068. The GSE datasets used in this study are available in the GEO online repositories, and details can be found in Section 2.1 of the article.
ETHICS STATEMENT
The studies involving humans were approved by the Jiangnan University Medical Ethics Committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by The Animal Care Committee of Jiangnan University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
YC: Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing–original draft. PH: Formal Analysis, Methodology, Visualization, Writing–original draft, Supervision, Validation. HZ: Validation, Writing–original draft, Data curation, Resources. WZ: Writing–original draft, Investigation. XM: Investigation, Writing–original draft. YH: Investigation, Writing–original draft, Data curation. HC: Data curation, Investigation, Writing–original draft. WH: Writing–original draft, Resources, Supervision. YW: Supervision, Writing–review and editing. YG: Writing–review and editing, Conceptualization, Funding acquisition.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Fundamental Research Funds for the Central Universities (JUSRP11951); Postgraduate Research and Practice Innovation Program of Jiangsu Province (KYCX_2649).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1556661/full#supplementary-material
ABBREVIATIONS
NEU1, neuraminidase-1; OP, oseltamivir phosphate; IHC, immunohistochemistry; Co-IP, co-immunoprecipitation; PLIN2, perilipin 2; GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas; 5-FU, 5-fluorouracil; IPP 6.0, Image-Pro Plus 6.0; GEPIA, Gene Expression Profiling Interactive Analysis; FBS, fetal bovine serum; qRT-PCR, quantitative real-time PCR; EMT, epithelial-mesenchymal transition; GEM, gemcitabine.
REFERENCES
 Allendorf, D. H., and Brown, G. C. (2022). Neu1 is released from activated microglia, stimulating microglial phagocytosis and sensitizing neurons to glutamate. Front. Cell Neurosci. 16, 917884. doi:10.3389/fncel.2022.917884
 Armando, R. G., Mengual Gómez, D. L., and Gomez, D. E. (2020). New drugs are not enough-drug repositioning in oncology: an update. Int. J. Oncol. 56 (3), 651–684. doi:10.3892/ijo.2020.4966
 Bansal, S., Berk, M., Alkhouri, N., Partrick, D. A., Fung, J. J., and Feldstein, A. (2014). Stearoyl-CoA desaturase plays an important role in proliferation and chemoresistance in human hepatocellular carcinoma. J. Surg. Res. 186 (1), 29–38. doi:10.1016/j.jss.2013.07.001
 Bao, M. H., and Wong, C. C. (2021). Hypoxia, metabolic reprogramming, and drug resistance in liver cancer. Cells 10 (7), 1715. doi:10.3390/cells10071715
 Berkman, S. J., Roscoe, E. M., and Bourret, J. C. (2019). Comparing self-directed methods for training staff to create graphs using Graphpad Prism. J. Appl. Behav. Anal. 52 (1), 188–204. doi:10.1002/jaba.522
 Blaise, S., Romier, B., Kawecki, C., Ghirardi, M., Rabenoelina, F., Baud, S., et al. (2013). Elastin-derived peptides are new regulators of insulin resistance development in mice. Diabetes 62 (11), 3807–3816. doi:10.2337/db13-0508
 Chen, S., Li, M., Jiang, W., Zheng, H., Qi, L. W., and Jiang, S. (2020). The role of Neu1 in the protective effect of dipsacoside B on acetaminophen-induced liver injury. Ann. Transl. Med. 8 (13), 823. doi:10.21037/atm-19-3850
 Chuang, P. H., Tzang, B. S., Tzang, C. C., Chiu, C. C., Lin, C. Y., and Hsu, T. C. (2024). Impact of oseltamivir on the risk of cancer. Front. Oncol. 14, 1329986. doi:10.3389/fonc.2024.1329986
 Debnath, J. (2011). The multifaceted roles of autophagy in tumors-implications for breast cancer. J. Mammary Gland. Biol. Neoplasia 16 (3), 173–187. doi:10.1007/s10911-011-9223-3
 de Bruijn, I., Kundra, R., Mastrogiacomo, B., Tran, T. N., Sikina, L., Mazor, T., et al. (2023). Analysis and visualization of longitudinal genomic and clinical data from the AACR project GENIE biopharma collaborative in cBioPortal. Cancer Res. 83 (23), 3861–3867. doi:10.1158/0008-5472.can-23-0816
 Forner, A., Reig, M., and Bruix, J. (2018). Hepatocellular carcinoma. Lancet London, Engl. 391 (10127), 1301–1314. doi:10.1016/S0140-6736(18)30010-2
 Glanz, V. Y., Myasoedova, V. A., Grechko, A. V., and Orekhov, A. N. (2019). Sialidase activity in human pathologies. Eur. J. Pharmacol. 842, 345–350. doi:10.1016/j.ejphar.2018.11.014
 Gorelik, A., Illes, K., Mazhab-Jafari, M. T., and Nagar, B. (2023). Structure of the immunoregulatory sialidase NEU1. Sci. Adv. 9 (20), eadf8169. doi:10.1126/sciadv.adf8169
 Grefhorst, A., van de Peppel, I. P., Larsen, L. E., Jonker, J. W., and Holleboom, A. G. (2020). The role of lipophagy in the development and treatment of non-alcoholic fatty liver disease. Front. Endocrinol. (Lausanne) 11, 601627. doi:10.3389/fendo.2020.601627
 Haxho, F., Allison, S., Alghamdi, F., Brodhagen, L., Kuta, V. E., Abdulkhalek, S., et al. (2014). Oseltamivir phosphate monotherapy ablates tumor neovascularization, growth, and metastasis in mouse model of human triple-negative breast adenocarcinoma. Breast Cancer (Dove Med. Press) 6, 191–203. doi:10.2147/BCTT.S74663
 Haxho, F., Neufeld, R. J., and Szewczuk, M. R. (2016). Neuraminidase-1: a novel therapeutic target in multistage tumorigenesis. Oncotarget 7 (26), 40860–40881. doi:10.18632/oncotarget.8396
 Huang, P. J., Chiu, C. C., Hsiao, M. H., Yow, J. L., Tzang, B. S., and Hsu, T. C. (2021). Potential of antiviral drug oseltamivir for the treatment of liver cancer. Int. J. Oncol. 59 (6), 109. doi:10.3892/ijo.2021.5289
 Irungbam, K., Churin, Y., Matono, T., Weglage, J., Ocker, M., Glebe, D., et al. (2020). Cannabinoid receptor 1 knockout alleviates hepatic steatosis by downregulating perilipin 2. Lab. Invest 100 (3), 454–465. doi:10.1038/s41374-019-0327-5
 Itakura, E., and Mizushima, N. (2011). p62 Targeting to the autophagosome formation site requires self-oligomerization but not LC3 binding. J. Cell Biol. 192 (1), 17–27. doi:10.1083/jcb.201009067
 Junru, F., Lu, H., Ma, W., Tian, W., Lu, Z., Yang, H., et al. (2022). Genome-wide CRISPR screen identifies synthetic lethality between DOCK1 inhibition and metformin in liver cancer. Protein Cell 13 (11), 825–841. doi:10.1007/s13238-022-00906-6
 Kong, M., Zhao, Y., Chen, A., and Lin, A. (2019). The importance of physiologic ischemia training in preventing the development of atherosclerosis: the role of endothelial progenitor cells in atherosclerotic rabbits. Coron. Artery Dis. 30 (5), 377–383. doi:10.1097/MCA.0000000000000723
 Lin, C. W., Zhang, H., Li, M., Xiong, X., Chen, X., Chen, X., et al. (2013). Pharmacological promotion of autophagy alleviates steatosis and injury in alcoholic and non-alcoholic fatty liver conditions in mice. J. Hepatol. 58 (5), 993–999. doi:10.1016/j.jhep.2013.01.011
 Liu, J., Mu, W., Ma, Q., Zhai, X., Jin, B., Liu, Y., et al. (2024). Delivery strategy to enhance the therapeutic efficacy of liver fibrosis via nanoparticle drug delivery systems. ACS Nano 18 (32), 20861–20885. doi:10.1021/acsnano.4c02380
 Liu, T., Long, Q., Li, L., Gan, H., Hu, X., Long, H., et al. (2022). The NRF2-dependent transcriptional axis, XRCC5/hTERT drives tumor progression and 5-Fu insensitivity in hepatocellular carcinoma. Mol. Ther. Oncolytics 24, 249–261. doi:10.1016/j.omto.2021.12.012
 Lu, Y., Yan, B., Guo, H., Qiu, L., Sun, X., Wang, X., et al. (2018). Effect of midkine on gemcitabine resistance in biliary tract cancer. Int. J. Mol. Med. 41 (4), 2003–2011. doi:10.3892/ijmm.2018.3399
 Lv, T., Lv, H., Fei, J., Xie, Y., Lian, D., Hu, J., et al. (2020). p53-R273H promotes cancer cell migration via upregulation of neuraminidase-1. J. Cancer 11 (23), 6874–6882. doi:10.7150/jca.44718
 Macias, R. I. (2014). Cholangiocarcinoma: Biology, clinical management, and pharmacological perspectives. ISRN Hepatol. 2014, 828074. doi:10.1155/2014/828074
 Martinez-Lopez, N., Garcia-Macia, M., Sahu, S., Athonvarangkul, D., Liebling, E., Merlo, P., et al. (2016). Autophagy in the CNS and periphery coordinate lipophagy and lipolysis in the Brown adipose tissue and liver. Cell Metab. 23 (1), 113–127. doi:10.1016/j.cmet.2015.10.008
 Natori, Y., Ohkura, N., Nasui, M., Atsumi, G. i., and Kihara-Negishi, F. (2013). Acidic sialidase activity is aberrant in obese and diabetic mice. Biol. Pharm. Bull. 36 (6), 1027–1031. doi:10.1248/bpb.b12-00995
 Nigam, M., Mishra, A. P., Deb, V. K., Dimri, D. B., Tiwari, V., Bungau, S. G., et al. (2023). Evaluation of the association of chronic inflammation and cancer: insights and implications. Biomed. Pharmacother. 164, 115015. doi:10.1016/j.biopha.2023.115015
 Nunes, M., Henriques Abreu, M., Bartosch, C., and Ricardo, S. (2020). Recycling the purpose of old drugs to treat ovarian cancer. Int. J. Mol. Sci. 21 (20), 7768. doi:10.3390/ijms21207768
 Okamoto, K., Miyoshi, K., and Murawaki, Y. (2013). miR-29b, miR-205 and miR-221 enhance chemosensitivity to gemcitabine in HuH28 human cholangiocarcinoma cells. PLoS One 8 (10), e77623. doi:10.1371/journal.pone.0077623
 O'Shea, L. K., Abdulkhalek, S., Allison, S., Neufeld, R. J., and Szewczuk, M. R. (2014). Therapeutic targeting of Neu1 sialidase with oseltamivir phosphate (Tamiflu®) disables cancer cell survival in human pancreatic cancer with acquired chemoresistance. Onco Targets Ther. 7, 117–134. doi:10.2147/OTT.S55344
 Peng, Q., Gao, L., Cheng, H. B., Wang, J. S., and Wang, J. (2022). Sialidase NEU1 may serve as a potential biomarker of proliferation, migration and prognosis in melanoma. World J. Oncol. 13 (4), 222–234. doi:10.14740/wjon1509
 Pierce, B. G., Wiehe, K., Hwang, H., Kim, B. H., Vreven, T., and Weng, Z. (2014). ZDOCK server: interactive docking prediction of protein-protein complexes and symmetric multimers. Bioinformatics 30 (12), 1771–1773. doi:10.1093/bioinformatics/btu097
 Pilling, D., Karhadkar, T. R., and Gomer, R. H. (2021). High-fat diet-induced adipose tissue and liver inflammation and steatosis in mice are reduced by inhibiting sialidases. Am. J. Pathol. 191 (1), 131–143. doi:10.1016/j.ajpath.2020.09.011
 Pranzini, E., Pardella, E., Muccillo, L., Leo, A., Nesi, I., Santi, A., et al. (2022). SHMT2-mediated mitochondrial serine metabolism drives 5-FU resistance by fueling nucleotide biosynthesis. Cell Rep. 40 (7), 111233. doi:10.1016/j.celrep.2022.111233
 Pshezhetsky, A. V., and Hinek, A. (2011). Where catabolism meets signalling: neuraminidase 1 as a modulator of cell receptors. Glycoconj J. 28 (7), 441–452. doi:10.1007/s10719-011-9350-5
 Qin, Y., Lv, C., Zhang, X., Ruan, W., Xu, X., Chen, C., et al. (2021). Neuraminidase1 inhibitor protects against doxorubicin-induced cardiotoxicity via suppressing drp1-dependent mitophagy. Front. Cell Dev. Biol. 9, 802502. doi:10.3389/fcell.2021.802502
 Qorri, B., Mokhtari, R. B., Harless, W. W., and Szewczuk, M. R. (2022). Repositioning of old drugs for novel cancer therapies: continuous therapeutic perfusion of aspirin and oseltamivir phosphate with gemcitabine treatment disables tumor progression, chemoresistance, and metastases. Cancers (Basel) 14 (15), 3595. doi:10.3390/cancers14153595
 Ren, L. R., Zhang, L. p., Huang, S. y., Zhu, Y. f., Li, W. j., Fang, S. y., et al. (2016). Effects of sialidase NEU1 siRNA on proliferation, apoptosis, and invasion in human ovarian cancer. Mol. Cell Biochem. 411 (1-2), 213–219. doi:10.1007/s11010-015-2583-z
 Sambi, M., Samuel, V., Qorri, B., Haq, S., Burov, S. V., Markvicheva, E., et al. (2020). A triple combination of metformin, acetylsalicylic acid, and oseltamivir phosphate impacts tumour spheroid viability and upends chemoresistance in triple-negative breast cancer. Drug Des. Devel Ther. 14, 1995–2019. doi:10.2147/DDDT.S242514
 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9 (7), 671–675. doi:10.1038/nmeth.2089
 Seyrantepe, V., Iannello, A., Liang, F., Kanshin, E., Jayanth, P., Samarani, S., et al. (2010). Regulation of phagocytosis in macrophages by neuraminidase 1. J. Biol. Chem. 285 (1), 206–215. doi:10.1074/jbc.M109.055475
 Singh, R., Kaushik, S., Wang, Y., Xiang, Y., Novak, I., Komatsu, M., et al. (2009). Autophagy regulates lipid metabolism. Nature 458 (7242), 1131–1135. doi:10.1038/nature07976
 Singh, S., Sharma, N., Shukla, S., Behl, T., Gupta, S., Anwer, M. K., et al. (2023). Understanding the potential role of nanotechnology in liver fibrosis: a paradigm in therapeutics. Molecules 28 (6), 2811. doi:10.3390/molecules28062811
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Thulasiraman, P., Kerr, K., McAlister, K., Hardisty, S., Wistner, A., and McCullough, I. (2019). Neuraminidase 1 regulates proliferation, apoptosis and the expression of Cadherins in mammary carcinoma cells. Mol. Cell Biochem. 462 (1-2), 207–215. doi:10.1007/s11010-019-03623-7
 Tong, T., Li, J.F., Shi, L.Z., and Zhang, L.T. (2025). Statin for the prevention and treatment of hepatocellular carcinoma: use or wait?Zhonghua Gan Zang Bing Za Zhi 33, 1–7. doi:10.3760/cma.j.cn501113-20231207-00269
 Wang, Y., and Deng, B. (2023). Hepatocellular carcinoma: molecular mechanism, targeted therapy, and biomarkers. Cancer metastasis Rev. 42 (3), 629–652. doi:10.1007/s10555-023-10084-4
 Weiwei, T., Chen, Z., Zhang, W., Cheng, Y., Zhang, B., Wu, F., et al. (2020). The mechanisms of sorafenib resistance in hepatocellular carcinoma: theoretical basis and therapeutic aspects. Signal Transduct. Target Ther. 5 (1), 87. doi:10.1038/s41392-020-0187-x
 White, E. J., Gyulay, G., Lhoták, Š., Szewczyk, M. M., Chong, T., Fuller, M. T., et al. (2018). Sialidase down-regulation reduces non-HDL cholesterol, inhibits leukocyte transmigration, and attenuates atherosclerosis in ApoE knockout mice. J. Biol. Chem. 293 (38), 14689–14706. doi:10.1074/jbc.RA118.004589
 Wu, Z., He, L., Yang, L., Fang, X., and Peng, L. (2021). Potential role of NEU1 in hepatocellular carcinoma: a study based on comprehensive bioinformatical analysis. Front. Mol. Biosci. 8, 651525. doi:10.3389/fmolb.2021.651525
 Yang, X., Jiao, Y., Zhang, Y., Sun, M., Gao, Y., Zhou, Y., et al. (2024). Oseltamivir enhances 5-FU sensitivity in esophageal squamous carcinoma with high SPNS1. Biomed. Pharmacother. 173, 116367. doi:10.1016/j.biopha.2024.116367
 Ye, Q. H., Zhu, W. W., Zhang, J. B., Qin, Y., Lu, M., Lin, G.L., et al. (2016). GOLM1 modulates EGFR/RTK cell-surface recycling to drive hepatocellular carcinoma metastasis. Cancer Cell 30 (3), 444–458. doi:10.1016/j.ccell.2016.07.017
 Yeo, Y. H., Abdelmalek, M., Khan, S., Moylan, C. A., Rodriquez, L., Villanueva, A., et al. (2024). Current and emerging strategies for the prevention of hepatocellular carcinoma. Nat. Rev. Gastroenterol. Hepatol. 22, 173–190. doi:10.1038/s41575-024-01021-z
 Zechner, R., Madeo, F., and Kratky, D. (2017). Cytosolic lipolysis and lipophagy: two sides of the same coin. Nat. Rev. Mol. Cell Biol. 18 (11), 671–684. doi:10.1038/nrm.2017.76
 Zhang, S., Peng, X., Yang, S., Li, X., Huang, M., Wei, S., et al. (2022). The regulation, function, and role of lipophagy, a form of selective autophagy, in metabolic disorders. Cell Death Dis. 13 (2), 132. doi:10.1038/s41419-022-04593-3
 Zhang, Y., Jia, Q. A., Kadel, D., Zhang, X. F., and Zhang, Q. B. (2018). Targeting mTORC1/2 complexes inhibit tumorigenesis and enhance sensitivity to 5-flourouracil (5-FU) in hepatocellular carcinoma: a preclinical study of mTORC1/2-targeted therapy in hepatocellular carcinoma (HCC). Med. Sci. Monit. 24, 2735–2743. doi:10.12659/MSM.907514
 Zhou, X., Zhai, Y., Liu, C., Yang, G., Guo, J., Li, G., et al. (2020). Sialidase NEU1 suppresses progression of human bladder cancer cells by inhibiting fibronectin-integrin α5β1 interaction and Akt signaling pathway. Cell Commun. Signal 18 (1), 44. doi:10.1186/s12964-019-0500-x
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Chen, Han, Zhu, Zhang, Ma, He, Chen, He, Wu and Ge. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1556661-g005.gif





OPS/images/fphar-16-1556661-g006.gif
BRI 1_‘ f++-






OPS/images/fphar-16-1556661-g003.gif





OPS/images/fphar-16-1556661-g004.gif
5.-.

HEER
it





OPS/images/fphar-16-1556661-g007.gif





OPS/images/fphar-16-1556661-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		New use of an old drug: mechanism of oseltamivir phosphate inhibiting liver cancer through regulation of lipophagy via NEU1		Background

		Methods

		Results

		Conclusion

		1 Introduction

		2 Material and methods		2.1 Analysis of NEU1 expression in public databases

		2.2 Cell culture and transfection

		2.3 Western blot

		2.4 Quantitative real-time PCR

		2.5 Immunohistochemistry staining

		2.6 Immunofluorescence analysis

		2.7 Co-immunoprecipitation

		2.8 Cell proliferation and colony formation assays

		2.9 Cell invasion and migration

		2.10 Oil red O staining

		2.11 ZDOCK analysis

		2.12 Reagent treatment

		2.13 Animal experiments

		2.14 Statistical analysis





		3 Results		3.1 NEU1 is upregulated in liver cancer and linked to the prognosis of liver cancer patients

		3.2 NEU1 promotes the proliferation, migration and invasion of liver cancer cell

		3.3 NEU1 regulates lipophagy by interacting with PLIN2, thereby influencing liver cancer progression

		3.4 Oseltamivir phosphate inhibits the proliferation, invasion and migration of liver cancer

		3.5 Oseltamivir phosphate induces lipophagy in liver cancer through NEU1-PLIN2 axis in vitro and in vivo





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

New use of an old drug:
mechanism of oseltamivir
phosphate inhibiting liver
cancer through regulation of
lipophagy via NEU1





OPS/images/fphar-16-1556661-g001.gif





OPS/images/fphar-16-1556661-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





