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Purpose: Metastatic non-small cell lung cancer (NSCLC) remains a global health threat, with patients facing inevitable disease 
progression despite standard-of-care therapy. Prior studies showed Platycodin D (PD)-induced cell cycle arrest and apoptosis in 
NSCLC via RNA regulatory network, yet elucidating PD’s mechanisms in NSCLC progression is challenging in the real world.
Methods: Biological effects of PD on NSCLC cell lines A549 and PC-9 were assessed through in vitro assays, encompassing 
apoptosis, proliferation, colony formation, migration and invasion. MicroRNAs (miRNAs) expression was profiled, and their roles 
were investigated using miRNA mimics or inhibitors. Predicted miRNA targets were validated via dual-luciferase reporter assays and 
Western blotting following bioinformatic prediction. PD’s metastatic inhibitory potential in NSCLC was evaluated in an in vivo lung 
cancer metastasis model. Furthermore, a homologous cell membrane-based PD delivery system was established to improve the 
biosafety and efficacy of PD in vivo.
Results: Hsa-miR-1246 was upregulated by PD treatment, and functional experiments demonstrated that the miR-1246-mimic 
enhanced PD’s suppressive effects on NSCLC cell proliferation, colony formation, migration, and invasion, while the miR-1246- 
inhibitor abrogated these effects. Notably, dual-luciferase assays confirmed that hsa-miR-1246 directly targeted the 3’ untranslated 
regions (3’ UTRs) of Fucosyltransferase 9 (FUT9), modulating its expression. Moreover, the hsa-miR-1246/FUT9 axis regulated the 
phosphorylation level and expression of GSK3β protein. In vivo, PD encapsulated in homologous cell membranes mitigated tumor 
growth and migration in metastatic NSCLC mice with minimal side effects.
Conclusion: The application of PD prompted an increase in the expression levels of hsa-miR-1246 and a concurrent decrease in 
FUT9. Importantly, the therapeutic efficacy of PD in vivo was markedly enhanced through homologous cell delivery system. 
Collectively, this study revealed the potential utility of PD in the treatment of NSCLC progression.
Keywords: non-small cell lung cancer, platycodin D, anti-cancer phytomedicine, hsa-miR-1246, FUT9, cancer cell membrane

Introduction
Lung cancer is among the deadliest cancers worldwide, with approximately 85% of cases being non-small cell lung 
cancers (NSCLCs).1,2 Extensive clinical data have shown that poor patient prognosis is closely linked to tumor metastasis 
and recurrence. The standard treatments for NSCLC include surgery, chemotherapy and radiotherapy.3–5 However, long- 
term chemotherapy use can lead to various adverse effects, such as hepatotoxicity, cardiotoxicity, and chemoresistance. 
Therefore, bioactive compounds from natural sources, specifically phytomedicines, are considered potential therapeutics 
to address these limitations and exhibit multi-targeted antitumor activities.6–10
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Platycodin D (PD), a major bioactive monomer derived from Platycodon grandiflorum (P. grandiflorum), is a traditional 
herbal medicine used for pulmonary diseases and respiratory disorders.11,12 PD has been previously reported as a potent 
antiproliferative, antitumorigenic, and immunoregulatory agent that inhibits tumor growth and metastasis in various human 
cancers, including NSCLC.13–17 Our previous network pharmacology study suggested that PD can inhibit cell growth and 
arrest the cell cycle in NSCLC cells by regulating the intracellular non-coding RNA network.18 However, further in-depth 
research on PD’s effectiveness and mechanism in NSCLC progression, both in vitro and in vivo, is scarce.

MicroRNAs (miRNAs) are small endogenous non-coding RNAs that negatively regulate target genes by binding to 
complementary sequences in target mRNAs, leading to mRNA degradation or translational suppression.19–21 Numerous 
miRNAs are implicated in disease progression. For instance, Edmonds and Zhu et al found that miR-31-5p influences the 
Warburg effect in lung cancer initiation and metastasis.22,23 In addition, miR-1-3p has been extensively studied for its 
role in tumor proliferation, autophagy, and migration. It targets genes such as CCL2, PRC1, and c-MET to influence 
tumor migration and participates in pulmonary vascular remodeling through the SPHK1 gene.24–26 Besides, GSK3β is 
a critical regulator of tumor growth and metastasis. It can suppress the Wnt/β-catenin signaling pathway, generally 
inhibiting tumor metastasis. Conversely, GSK3β is a target of PI3K/Akt-mediated phosphorylation, and Akt activation 
could promote cell growth and survival by inactivating GSK3β. However, the roles of miRNAs and GSK3β in NSCLC 
regulated by PD have not been well characterized.27,28

In this study, we aimed to investigate the therapeutic potential of PD on NSCLC progression both in vitro and in vivo, 
and to elucidate molecular and cellular mechanisms by which miRNAs control metastasis. We conducted in vitro 
experiments to assess drug toxicity, cell apoptosis, proliferation, colony formation, migration, and invasion in lung 
cancer cells treated with PD. We also analyzed miRNA expression profiles and used miRNA mimics or inhibitors to 
study their functions in lung cancer cells. The downstream pathways were explored using luciferase reporter assays and 
Western blotting based on bioinformatic predictions of miRNA target genes. Finally, we evaluated the efficacy of PD 
against NSCLC metastasis using an in vivo lung cancer metastasis model. To test its biosafety and efficacy in vivo, we 
established a homologous cell membrane PD carrier system. These findings shed light on the anticancer phytomedicine 
PD’s role in controlling NSCLC metastasis.

Materials and Methods
Materials
PD was purchased from Yuanye Co. Ltd. (Shanghai, China), dissolved in sterilized water to 10 mM, aliquoted, and stored 
at −20 °C until use. The primary antibodies used for Western blotting, immunofluorescence (IF), and immunohistochem-
istry (IHC) are described in Supplementary Table S1.

Animals
BALB/c nude mice (male, 4–5 weeks old) were purchased from GemPharmatech Laboratory Animal Technology (Nanjing, 
China) and maintained in a pathogen-free (SPF) environment. All animal studies were conducted in accordance with the 
approved guidelines of the Animal Care and Use Committee of the Nanjing University of Chinese Medicine (012071001744).

Cell Culture
The human lung cancer cell lines A549 and PC-9 were purchased from the cell bank of the Chinese Academy of Sciences 
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin–streptomycin at 37 °C in a humid atmosphere with 5% CO2.

Bioinformatic Sequencing and Analysis
Sample treatment, RNA extraction, library construction, and RNA sequencing were performed as described previously. 
Differentially expressed miRNAs and mRNAs were identified in the control and treatment groups using R package 
(edgeR 3.14.0). Log2 fold change >1 and adjusted P-value <0.05 were set as the filter criteria for significant differential 
expression.29,30
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Evaluation and Validation of miRNAs
To validate the expression of these miRNAs and mRNAs, real-time qPCR was performed using ChamQ Universal SYBR 
Green Master Mix (Vazyme, Nanjing, China) in a QuantStudio Real-Time PCR System (ThermoFisher, USA). The 
primer sequences are listed in Supplementary Table S2. Data were quantified using the 2−ΔΔ CT method and normalized to 
the internal reference gene, U6.

Plasmid Construction and Luciferase Reporter Assays
To perform the luciferase reporter assay, 3’ untranslated regions (3’ UTRs) containing the hsa-miR-1246 binding sites of 
Fucosyltransferase 9 (FUT9) were amplified and inserted into the pGL3-control vector (Promega, Madison, WI, USA). 
Site-directed mutagenesis of the hsa-miR-1246 seed sequence in the FUT9 3’-UTR (Mut) was performed using 
a QuikChange Site-Directed Mutagenesis Kit (Stratagene, San Diego, CA, USA). Subsequently, HUVEC were trans-
fected with wild-type or mutant reporter plasmids, and luciferase activity was evaluated 48 h later using the Dual- 
Luciferase Reporter Assay System (Promega). Full-length FUT9 cDNA lacking the 3’-UTR was purchased from 
GeneCopoeia (Rockville, MD, USA) and subcloned into eukaryotic expression vector pcDNA.3 (Thermo Fisher 
Scientific).

Proliferation, Cell Migration and Invasion Assays
Cell proliferation was measured using the CCK-8 assay. The number of live cells was determined according to the 
manufacturer’s protocol. Briefly, after hsa-miR-1246 mimics or NC were transiently transfected into A549 or PC-9 cells, 
the cells were cultured in 96-well plates at a density of 2×104 cells/well under the culture conditions described above for 
48 or 72 h. each well were added with 10µL CCK-8 solution incubating for another 1 hour. The optical density (OD) of 
the cells in each well was measured at 450 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (Bio- 
Rad, CA, USA).

The invasion and migration potential of A549 and PC-9 cells was evaluated using Transwell cell matrigel migration and 
invasion assays. The invasion assay was performed using Transwell chambers (8 μm pore; Corning, NY, USA) coated with 
Matrigel (BD Biosciences, Bedford, MA, USA). Cells were starved overnight in DMEM containing 0.1% FBS and added to 
the upper chambers of a 24-well plate at a concentration of 2x104/chamber. The lower chambers were filled with 500µL 
DMEM medium supplemented with 10% FBS. After 48 h of incubation, the filters in the Transwell chambers were washed 
with phosphate buffered saline (PBS), fixed with methanol for 1 min, and stained with 0.5% crystal violet. The cells on the 
underside of the filters were counted under a light microscope (Olympus, Japan) at 100x magnification with an average 
count of five visual fields. The cell migration assay procedure was similar to the method described above, except that the 
Transwell chambers were not coated with Matrigel and the starved cells were incubated for 24 h.

To study directional cell migration, we performed a wound-healing study. A549 or PC-9 cell lines were seeded at 
confluence in 6-well plates. After 12 h, necessary for adhesion, a scratch was performed in the middle of each well. After 
washing the cells, new medium was added, and pictures of each well were taken every 24 h. The effect on cell migration 
was quantified by ImageJ software. Experiments were performed three times in triplicate.

Experimental Lung Metastasis Mouse Models
Five-to-six-week-old male BALB/c nude mice were purchased from Jicui Laboratory Animal Technology (Nanjing, 
China) and adaptively fed for at least one week before the experiments. Experimental lung metastasis mouse models 
were established by the intravenous (iv) injection of A549 cells. Briefly, each mouse was inoculated with A549-luc cells 
(5 × 106) suspended in 100 μL saline via tail vein injection. Tumor growth was monitored by bioluminescence imaging 
after the injection of D-luciferin potassium salt solution (150 mg/kg, intraperitoneally) 5 min post-anesthesia using an 
IVIS® Spectrum In Vivo Imaging System, and normalized to the same exposure time.
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PD Administration
Mice showing similar lung bioluminescence signal intensities were divided randomly into different treatment groups, and 
were subjected to 7.5 mg/kg PD, 15 mg/kg PD, 7.5 mg/kg PD@A549-m, 15 mg/kg PD@A549-m or control treatments 
(intraperitoneal injection, 3 times per week for 3 weeks). At the end of the study, all mice were euthanized and the lungs, 
livers, and brains were dissected. Half of each sample was fixed with 10% formalin and subjected to hematoxylin and 
eosin (H&E) staining and immunohistochemistry (IHC), and the remaining sample was quickly frozen for protein or 
RNA extraction.

Immunohistochemistry Staining
The mouse samples were fixed in formalin and embedded in paraffin. Histological sections were prepared from the 
paraffin blocks, deparaffinized with xylene, and treated with high-temperature antigen retrieval in citrate buffer (0.01 
M sodium citrate (pH 6.0)). Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in methanol for 30 min, 
and sections were blocked with 10% BSA. The primary antibody was then incubated at 4 °C overnight and the secondary 
antibody was incubated at RT for 30 min. After washing, the sections were stained using a DAB peroxidase substrate kit 
(SK-4100; Vector Laboratories) until the desired intensity was achieved. The H Score was determined using the 
following formula: percentage of weak staining + 2 × percentage of moderate staining + 3 × percentage of strong 
staining, giving a range of 0–300.

Homogeneous Cell Membrane Coating and Analysis
Ultrasonic and extrusion approaches have been used to prepare membranes of lung cancer cells. First, A549 or PC-9 cells 
were cultured in 150 mm cell culture dishes, and 2×108 cells were counted. After the cells were completely digested with 
a cell scraper, they were centrifuged at 400 × g for 5 min (BiofugeStratos, Thermo), washed with PBS, and centrifuged at 
400 × g for 5 min. Add 4 × volume of hypotonic buffer containing protease inhibitors, and shake every 15 min on ice to 
disrupt the cells. After 1 h, the cells were disrupted by sonication for 6 min (3s-on / 3s-off, 30% power, 1000 W). The 
suspension was then centrifuged machine at 15000 g at 4 °C for 30 min using a high-speed centrifuge, and the 
supernatant was collected and extruded through a 200 nm pore-sized polycarbonate membrane several times to obtain 
cell membrane fragments with a relatively uniform particle size. Finally, the fragments were aliquoted and stored at −80 
°C. The particle size was measured using a DLS analyzer (Zetasizer, Malvern, UK). The morphologies were character-
ized by transmission electron microscope (TEM) (JEOL JEM-1230, Tokyo, Japan).

Statistical Analysis
Data are expressed as the mean ± standard deviation (SD) of triplicate experiments. Each experiment was repeated at 
least 3 times. Student’s t-test or analysis of variance (ANOVA) was used to evaluate differences using the GraphPad 
Prism software (GraphPad Prism 9, USA). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Results and Discussion
PD Inhibits NSCLC Cell Growth, Migration, and Invasion
A series of in vitro experiments were conducted to assess the effects of PD on NSCLC cells. The MTT assay 
(Supplementary Figure S1) showed that a 48-hour PD treatment significantly reduced the viability of NSCLC cell 
lines in a dose-dependent manner. Notably, the half-maximal inhibitory concentration (IC50) was higher in PC-9 cells 
(29±7μmol/L) than in A549 cells (11±0.95 μmol/L). Microscopic examination revealed an increase in cytoplasmic 
vacuoles in both A549 and PC-9 cell lines following PD treatment, suggesting the induction of autophagy (Figure 1A). 
Additionally, PD treatment increased apoptosis in A549 and PC-9 cells compared to the control group, as determined by 
Annexin V/PI staining (Figure 1B). Both plate colony formation and CCK-8 assays indicated that PD reduced NSCLC 
cell colony formation and inhibited cell growth by more than 50% relative to the control group (Figure 1C and D). We 
further investigated PD’s impact on NSCLC migration and invasion. GSK3β, a key regulator in tumor growth and 
metastasis. Our experiments showed that PD could inhibit NSCLC cell growth, migration and invasion by upregulating 
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Figure 1 PD inhibits NSCLC cell growth, migration, and invasion. (A) Morphological changes in A549 and PC-9 cells under PD treatment with 10 μmol/L for 24h. White arrows indicate 
the presence of multiple vacuoles in the cytoplasm. Scale bar, 50 μm. (B) Annexin V/PI double staining of A549 and PC-9 cells after treatment with PD or control for 24h. Scale bar, 
100 μm. (C) The effect of PD on cell proliferation was detected using CCK-8 assay in both A549 and PC-9 cells. N=5 for each group. (D) The effect of PD on colony formation in both 
A549 and PC-9 cells. N=5 for each group. (E) The effects of PD on GSK3β, phosphorylated GSK3β, Akt, and β-catenin protein expression were detected using Western blotting. (F) 
Effect of different concentrations of PD on the wound-healing function of A549 and PC-9 cells. PD at concentrations of 4μM and 8μM for A549 cells and 7.5μM and 15μM for PC-9 cells 
was applied to the cells for 48h. N=3 for each group. Scale bar, 200 μm. (G) The effect of different concentrations of PD on the migration and invasion of A549 and PC-9 cells. N=3 for 
each group. Scale bar, 100 μm. Data are shown as mean±SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS, not significant.

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S479675                                                                                                                                                                                                                                                                                                                                                                                                   1665

Zheng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



GSK3β expression and phosphorylation, thereby inhibiting the Wnt/β-catenin and PI3K/AKT pathways compared to the 
control (Figure 1E). Transwell assay results indicated that PD treatment significantly impaired the migration and invasion 
of NSCLC cells in a dose-dependent manner (Figure 1G), a finding corroborated by the scratch wound healing assay 
(Figure 1F).

Identification of PD-Regulated miRNAs and Their Clinical Significance
Lung cancer metastases are characterized by their insidious onset, rapid progression, poor prognosis, and short natural 
survival, underscoring the urgent need for effective therapeutic interventions. Among pharmacological studies, the role of 
miRNAs in cancer progression has garnered significant interest. To elucidate the mechanisms by which PD inhibits 
NSCLC progression, we integrated in silico analysis results, including whole-transcriptome sequencing of PD-treated 
cells, and clinical databases (GSE 137140, GSE 38698, TCGA LUAD cohort, Figure 2F). A panel of miRNAs (hsa-miR 
-31-5p, hsa-miR-219-5p, hsa-miR-1-3p, hsa-miR-130a-5p, hsa-miR-452-3p, hsa-miR-598-3p, hsa-miR-1246, hsa-miR 
-196a-5p and hsa-miR-210-3p) were identified as common candidates regulated by PD, with the potential to distinguish 
metastatic NSCLC samples from primary ones (Figure 2A–C and G). To refine the list of core genes, we conducted gene 
ontology and KEGG pathway analyses based on the PD transcriptome data. These analyses revealed pathways crucial to 
the biological effects of PD on NSCLC, including cell migration, epithelial-mesenchymal transition (EMT), adherens 
junction, and transcriptional misregulation (Figure 2D). Notably, hsa-miR-1246 emerged as a central player and was 
significantly downregulated in metastatic NSCLC samples compared to controls (P<0.001). Furthermore, low expression 
of hsa-miR-1246 correlated with a poor prognosis in lung cancer patients (P<0.0001, Figure 2E).

PD Increases Hsa-miR-1246 Expression to Mediate Cell Growth, Migration, and 
Invasion
As demonstrated above, a panel of miRNAs, including hsa-miR-1246, may be strongly associated with NSCLC 
progression. However, it remains unclear whether they can regulate functional effects in tumor cells. Initially, we tested 
miRNA expression in A549 and PC-9 cells treated with different doses of PD. A consistent increase in hsa-miR-1246 
expression was observed in both the cell lines following PD treatment (Figure 3A). To further investigate this, an miR- 
1246-mimic or inhibitor was introduced to modulate the expression of hsa-miR-1246 (Figure 3B). The results indicated 
that the miR-1246-mimic significantly increased hsa-miR-1246 expression compared to the negative control (NC). 
Consequently, reduced cell proliferation and colony formation were accompanied by inhibition of cell migration and 
invasion in vitro. Conversely, silencing of hsa-miR-1246 with the miR-1246-inhibitor yielded opposing results 
(Figure 3C–G). Furthermore, Western blotting revealed that the miR-1246-mimic enhanced the upregulation of 
GSK3β expression under PD treatment, while the miR-1246-inhibitor partially reversed this effect (Figure 3E). These 
findings support the notion that hsa-miR-1246 inhibits proliferation, migration, and invasion of NSCLC cells under PD 
regulation.

Hsa-miR-1246 was initially identified through high-throughput sequencing of human embryonic stem cells, and 
subsequent studies have elucidated its role in various cancer cell lines, where it has been shown to regulate cell cycle 
progression, proliferation, stemness, and drug resistance in cancer cells.31,32 Its role in lung cancer has been a subject of 
debate, with conflicting reports on whether it promotes or suppresses tumorigenesis. Yang et al reported that an miR- 
1246-mimic enhanced the EMT characteristics in A549 cells, decreased E-cadherin expression, and increased the 
expression levels of Vimentin and TGF-β.33 Additionally, Yuan et al demonstrated that after radiation therapy, the 
expression of miR-1246 in the exosomes from radiotherapy-resistant A549 cells was upregulated, and miR-1246 could 
be transferred from donor cells to recipient cells through non-exosomal pathways, thereby enhancing the proliferation 
and migration of recipient cells.34 Conversely, Zhang et al demonstrated that miR-1246, under the regulation of p53, 
inhibited tumor growth in human hepatocellular carcinoma cells.35 These seemingly contradictory findings actually 
reflect the multifaceted actions of miR-1246. As miRNAs can target a range of genes or proteins, their biological roles 
may differ across various tissues or cells.36 Therefore, further exploration of the role of hsa-miR-1246 in lung cancer 
metastasis is essential to improve the reliability of the results.
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Figure 2 Identification of PD regulated microRNAs and its clinical significance. (A) Principal component analysis (PCA) is used to divide the primary lesions of lung cancer 
and metastases in the database. Blue dots represent the primary lesions of lung cancer and red dots represent metastatic lesions. (B) Volcano plot of differentially expressed 
miRNAs comparing the primary and metastatic sites. The data source is TCGA LUAD miRNA-seq data, and the red color is the upregulated miRNA in lung cancer 
metastasis sites compared to primary sites; blue is the downregulated miRNA in lung cancer metastasis sites compared to primary sites. (C) miRNA differential ranking 
plots. As shown in the figure, 1292 miRNAs were differentially expressed between the two groups. The parameters were set as |log2(FC)| > 2 and p.adj < 0.05, for which 27 
miRNAs were highly expressed and 33 miRNAs were decreased compared to the primary sites of metastasis. (D) KEGG pathway analysis of the differentially expressed 
miRNAs. (E) Kaplan–Meier survival analysis of the effect of hsa-miR-1246 on the prognosis of lung cancer patients (HR = 0.71, P < 0.0001). (F) Differentially expressed 
miRNAs (DE-miRNAs) were comprehensively analyzed using the GEO database (GSE 137140, GSE 38698 dataset), TCGA LUAD database, whole-transcriptome analysis of 
PD, and clinical validation. (G) The Chord diagram illustrates the pairwise correlation of the 10 miRNAs selected from bioinformatics analysis.
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Figure 3 PD increases hsa-miR-1246 expression to mediate cell growth, migration, and invasion. (A) Qualitative PCR analysis of miRNA expression after PD treatment for 48h in 
different doses in A549 and PC-9 cells. N=3 for each group. (B) The influence of the expression of hsa-miR-1246 after transfection with the miR-1246-mimic and miR-1246-inhibitor for 
48h. N=3 for each group. The effects of PD treatment combined with miR-1246-mimic and miR-1246-inhibitor transfection on (C) tumor growth and (D) colony formation. N=5 for 
each group. (E) The effects of PD treatment combined with miR-1246-mimic and miR-1246-inhibitor transfection on GSK3β expression. (F) Effect of different concentrations of PD 
combined with miR-1246-mimic and miR-1246-inhibitor transfection on the wound-healing function of A549 and PC-9 cells. N=3 for each group. Scale bar, 200 μm. (G) The effect of 
different concentrations of PD combined with miR-1246-mimic and miR-1246-inhibitor transfection on the migration and invasion of A549 and PC-9 cells. N=3 for each group. Scale bar, 
100 μm. Data are shown as mean±SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Hsa-miR-1246 Inhibits Cell Growth, Migration, and Invasion by Reducing FUT9
Employing target-prediction algorithms, we identified FUT9 as a potential direct target of the PD-regulated hsa-miR 
-1246. To validate this, we constructed luciferase reporter vectors containing the 3’-untranslated region (UTR) of FUT9 
downstream of the luciferase genes, in both wild-type (WT) and mutant (MUT) configurations. The results indicated that 
Luciferase activity was significantly diminished by the WT vectors 01.03 and 05 (Figure 4A and B). This finding 
suggests that hsa-miR-1246 regulates FUT9 by directly binding to the FUT9 3’-UTR. Subsequent functional experiments 
confirmed that silencing FUT9 expression (shFUT9) attenuated tumor cell growth, migration, and invasion 
(Figure 4C–H).

In contrast, the overexpression of FUT9 (OE-FUT9) promoted tumor cell growth, migration, and invasion, as 
evidenced by wound healing and Transwell assays (Figure 5C–G). Additionally, OE-FUT9 exhibited increased expres-
sion in the Golgi apparatus, as revealed by confocal immunofluorescence co-localization with a Golgi-tracer, compared 
to the NC group (Figure 5A and B). In vivo, a higher number of metastatic sites were detected in the lungs, liver, and 
brain of mice in the OE-FUT9 group relative to the control group (Figure 5I). Futhermore, upregulation of FUT9 
expression and downregulation of GSK3β expression in the lung tissue of the OE-FUT9 mice group were observed 
compared to the control (Figure 5H–J).

FUT9, a trans-Golgi and trans-Golgi network glycosyltransferase, is implicated in central nervous system maturation 
and acts as a metabolic driver in colorectal cancer progression.37–39 Within neurons, FUT9 facilitates the transfer of 
fucose in an a3 linkage to terminal type II (Galb4GlcNAc) acceptors, which is the final step in the biosynthesis of the 
Lewis x (Lex) epitope.40 In the colorectal cancer progression, FUT9 catalyzes the biosynthesis of Ley glycolipids, 
thereby promoting the proliferation of tumor-initiating cells.41,42 Our study identified FUT9 as a contributor to NSCLC 
progression both in vitro and in vivo; however, its clinical relevance requires further investigation.

FUT9 Acts as an Oncogene During NSCLC Progression Through Single-Cell 
Sequencing Data Analysis
To investigate the clinical relevance of FUT9 in NSCLC, we acquired single-cell data from primary and metastatic 
NSCLC samples through NCBI’s GEO database. We initiated our analysis with principal component analysis (PCA) on 
hypervariable genes in the dataset, which led to the identification of 25 subpopulations using ElbowPlot (Figure 6A). 
Utilizing SingleR, we annotated these subpopulations at the cell level based on tumor stage or cell type (Figure 6B and 
C). For gene level analysis, we employed the FindAllMarkers function to spotlight marker genes (GSK3β, β-catenin, and 
FUT9) among these subpopulations, with a significance threshold of a multiple difference of 0.5 and FDR < 0.05 
(Figure 6D). Expression correlation analyses underscored the pivotal regulatory role of FUT9 in NSCLC metastasis 
(Figure 6E and F). Additionally, survival analysis indicated that a poor prognosis in NSCLC patients correlated with 
elevated FUT9 expression levels (Figure 6G). Collectively, these findings demonstrated that FUT9 is an important 
oncogene in NSCLC progression.

Homogenous Tumor Cell Membrane-Coated PD Delivery System could Attenuate the 
Hemolysis and Enhance the Therapeutic Effect in vivo
Bellflower saponins, including PD, possess hemolytic properties that can rupture red blood cells, making direct 
intravenous injection toxic.43–45 Saponins interact with cholesterol on erythrocyte membranes, leading to membrane 
dissolution and reduced stability.46,47 For oral administration, consume high levels of saponins, patients may experience 
uncomfortable gastrointestinal side effects such as abdominal pain, abdominal distension, diarrhea, bloating, nausea and 
vomiting.48 To address this, we utilized homogeneous tumor cell membrane-functionalized drugs to improve pharma-
cokinetic profiles with a superior safety profile for PD and facilitate targeted delivery.49–52

To assess PD in vivo effectiveness, we developed a modified PD delivery system to minimize hemolytic toxicity. 
PD was encapsulated within A549 or PC-9 cell membranes to form PD@A549-m or PD@PC-9-m nanocomposites 
(Figure 7A). Transmission electron microscope (TEM) and dynamic light scattering (DLS) revealed uniform particle 
sizes with average diameters of 101 nm for A549-m, 123 nm for PC-9-m and 143 nm for PD@A549-m. TEM also 
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Figure 4 Hsa-miR-1246 inhibits cell growth, migration, and invasion by reducing FUT9. (A) The specific binding sites of hsa-miR-1246 and FUT9 were analyzed using the 
TargetScan database, and three corresponding mutation sites were designed. (B) The luciferase signal of FUT9 in 293T cells was detected using a dual-luciferase reporter 
gene assay. N=3 for each group. (C and D) The effects of PD treatment combined with miR-1246-mimic and miR-1246-inhibitor transfection on FUT9 expression. N=3 for 
each group. (E and F) Silencing sites of FUT9 were designed and validated using qRT-PCR and Western blot analysis. N=3 for each group. (G) Synergistic inhibitory effects of 
PD and shFUT9 on cell growth. N=5 for each group. (H) Synergistic inhibitory effects of PD and shFUT9 on cell migration and invasion. N=3 for each group. Scale bar, 
100 μm. Data are shown as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5 Overexpression of FUT9 could promote the NSCLC progression both in vitro and in vivo. (A) Validation of overexpression (OE)-FUT9 vector. N=3 for each 
group. (B) Representative confocal fluorescence imaging of a Golgi tracer (in green) and FUT9 (in red) showing the characteristic location of FUT9 in the Golgi in OE-FUT9 
A549 cells. Scale bar, 50 μm. (C and D) The wound-healing assay demonstrated that OE-FUT9 could rescue the inhibitory effect of PD on cell migration. N=3 for each 
group. Scale bar, 200 μm. (E and F) Transwell assays demonstrated that OE-FUT9 rescued the inhibitory effect of PD on cell migration and invasion. N=3 for each group. 
Scale bar, 100 μm. (G) The CCK-8 assay demonstrated that OE-FUT9 rescued the inhibition of PD on cell growth. N=5 for each group. (H) In vivo expression changes in 
FUT9 and GSK3β in mice injected with OE-FUT9 cells compared to mice injected with NC cells. N=3 for each group. (I) Hematoxylin and eosin (H&E) staining of FUT9 in 
the lung, liver, and brain tissues of mice injected with OE-FUT9 cells compared with mice injected with NC cells. Scale bar, 100 μm. (J) Representative images of 
immunohistochemistry (IHC) staining of FUT9 in lung tissues of mice injected with OE-FUT9 cells compared to mice injected with NC cells. Scale bar, 100 μm. Data are 
shown as mean±SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6 FUT9 acts as an oncogene during NSCLC progression through single-cell sequencing data analysis. (A) Principal component analysis (PCA) using hypervariable 
genes from the GEO dataset. (B and C) Subgroups were annotated according to tumor stage or cell leveraging SingleR. (D) Gene-level analysis using the FindAllMarkers 
function with a multiple difference of 0.5, FDR < 0.05. (E and F) Correlation analysis of FUT9, GSK3β, β-catenin, and other genes. (G) Kaplan–Meier survival analysis of 
FUT9 on the prognosis of patients with lung cancer.
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Figure 7 Homogenous tumor cell membrane-coated PD delivery system could attenuate the hemolysis and enhance the therapeutic effect in vivo. (A) Schematic diagram of 
homogenous tumor cell membrane-coated PD delivery system. A549 or PC-9 cells were cultured in 150 mm cell culture dishes, and 2×108 cells were counted. After the 
cells were completely digested with a cell scraper, they were centrifuged at 400 × g for 5 min, washed with PBS, and centrifuged at 400 × g for 5 min. Then 4 × volume of 
hypotonic buffer containing protease inhibitors was added, followed by shaking every 15 min on ice to disrupt the cells. After 1 h, the cells were disrupted by sonication for 
6 min (3s-on / 3s-off, 30% power, 1000 W. The suspension was then centrifuged machine at 15000 g at 4 °C for 30 min using a high-speed centrifuge, and the supernatant 
was collected and extruded through a 200 nm pore-sized polycarbonate membrane several times to obtain cell membrane fragments with a relatively uniform particle size. 
(B) Representative images of NSCLC cells co-cultivated with PD@A549-m or PD@PC-9-m for 48 h. Scale bar, 50 μm. (C) SDS-PAGE and Coomassie Brilliant Blue staining 
of A549 (A549-m), PC-9 (PC-9-m), and PD@A549-m cell membranes. (D) The size and morphology of the synthesized particles were characterized using DLS and TEM. 
Scale bar, 100 nm. (E) The effect of PD@A549-m on A549 cell growth. N=5 for each group. (F) The effect of PD@A549-m on hsa-miR-1246 expression. N=3 for each 
group. (G) Hemolytic effect of PD and PD@A549-m on red blood cells. (H) Effect of PD and PD@A549-m administration on lung tumor growth in mice. Scale bar, 50 μm. 
Data are shown as mean±SD, *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Figure 8 PD inhibits the NSCLC metastasis through hsa-miR-1246/FUT9/ GSK3β pathway in vivo. (A) Effect of PD and FUT9-OE on protein expression in mouse lung 
tissue. N=3 for each group. (B) In vivo bioluminescence imaging of the animals. (C) Body weight changes in mice in the different treatment groups. N=3 for each group. (D) 
The effect of PD and FUT9-OE on hsa-miR-1246 expression in the lung, liver, and brain tissues of mice. N=3 for each group. (E) Representative tissue sections were stained 
with hematoxylin and eosin (H&E). Scale bar, 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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confirmed the “shell-core” structure formed by membrane wrapping, indicating successful coating of PD with the 
homogenous tumor cell membrane (Figure 7D). SDS-PAGE showed the retention of cell surface proteins 
(Figure 7C). Uptake studies showed that NSCLC cells efficiently internalized the coated PD, with 87% efficiency 
for PD@A549-m and 92% for PD@PC-9-m after 48 h of co-culture (Figure 7B and Supplementary Figure S2). 
Moreover, PD and PD@A549-m exhibited similar inhibitory effects on tumor cell growth and regulation of hsa-miR 
-1246, demonstrating the preservation of biological functions in the tumor cell membrane-coated PD delivery 
system (Figure 7E and F). Hemolysis assays showed no hemolysis induced by PD@A549-m even at 

Scheme 1 Schematic illustrating potential mechanism that PD inhibit NSCLC progression via regulating hsa-miR-1246/FUT9/GSK3β pathway.
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a concentration of 15 mg/μL, exceeding the hemolysis threshold for PD (Figure 7G). Therefore, the homogenous 
tumor cell membrane-coated delivery system neutralized the hemolytic toxicity of PD by 75%, enhancing its safety 
for in vivo use (Supplementary Figure S3). In a lung tumor metastasis mouse model, the tumor nodules of mice in 
the PD@A549-m administration group were 29% less than those in the PD administration group and 51% less than 
those in the control group, indicating effective inhibition of tumor metastasis by PD@A549-m in vivo. Furthermore, 
a decrease in Ki-67 expression and an increase in GSK3β expression were observed in the PD@A549-m group 
relative to the PD and control groups (Figure 7H).

PD Inhibits the NSCLC Metastasis Through Hsa-miR-1246/FUT9/GSK3β Pathway 
in vivo
Based on the aforementioned findings, we have further elucidated the mechanism by which PD suppresses tumor growth 
and metastasis by regulating the hsa-miR-1246/FUT9/ GSK3β pathway in vivo. Mice in the FUT9-OE group exhibited 
highly progressive characteristics such as increased levels of N-cadherin, vimentin, Akt, phosphorylated-Akt, and β- 
catenin, and decreased levels of E-cadherin, GSK3β, and phosphorylated-GSK3β, compared to the control group. This 
phenotype was reserved by the administration of PD or PD@A549-m (Figure 8A). Through in vivo bioluminescent 
imaging, a reduction in lung tumor growth was observed in the PD@A549-m treatment group relative to the saline 
control group, as assessed in a lung cancer metastasis model (Figure 8B). Moreover, body weight changes corroborated 
the therapeutic efficacy of PD in vivo (Figure 8C). Consistent with cellular observations, the expression levels of hsa- 
miR-1246 in brain, lung, and liver tissues post-sacrifice mirrored the trend seen in cellular studies (Figure 8D). 
Histological examination of metastatic lesions within the lung, brain, and liver tissues confirmed significant suppression 
of metastases in the lung and brain tissues under treatment (Figure 8E).

Conclusions
The present study demonstrated the inhibitory effects of PD on tumor growth, migration, and invasion, both in vitro and 
in vivo. Treatment with PD led to the upregulation of hsa-miR-1246 and the downregulation of FUT9 expression. 
Furthermore, the efficacy and safety of PD therapy in vivo were significantly improved by employing a homogenous 
tumor cell membrane-coated delivery system. These results suggest a promising role for PD in controlling the progres-
sion of NSCLC (Scheme 1).
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