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Background and Objective: Glypican-5 (GPC5) has been well-characterized as a tumor suppressor in lung adenocarcinoma (LUAD); however, the functional implications of its germline mutations in cancer pathogenesis remain largely unexplored. In this study, we identified and characterized a pathogenic GPC5 variant (c.776C>T, p.Pro259Leu) within a Chinese LUAD pedigree, systematically investigating its oncogenic mechanisms through comprehensive molecular and cellular analyses.Methods: Our investigation employed a multifaceted approach beginning with the recruitment of a LUAD-affected family cohort (n=4 patients, 1 healthy control), followed by exome sequencing of matched blood and FFPE tumor samples. Through rigorous rare variant analysis, we prioritized the GPC5 c.776C>T variant, subsequently validating its pathogenicity via integrated computational modeling and immunohistochemical profiling. Mechanistic studies in A549 and H2009 LUAD cell lines encompassed: (1) comprehensive proliferation and apoptosis assessment using CCK-8, colony formation, EdU incorporation, and flow cytometry; (2) migration and invasion evaluation through Transwell and wound healing assays; (3) EMT/Wnt pathway interrogation via Western blot analysis of E-cadherin, N-cadherin, Vimentin, and β-catenin expression patterns; and (4) definitive functional validation through GPC5 overexpression and knockdown experiments.Results: Genetic analysis revealed the GPC5 c.776C>T variant exhibited complete cosegregation with LUAD phenotype in the pedigree while being absent in control populations (gnomAD frequency: 0.000003989), accompanied by significantly reduced GPC5 expression in tumor tissues. Functional characterization demonstrated that compared to wild-type, the mutant variant conferred aggressive oncogenic properties: significantly enhanced proliferative capacity, impaired apoptosis induction, and markedly increased migratory potential. Molecular analyses revealed the mutant promoted EMT activation through nuclear β-catenin accumulation and subsequent upregulation of mesenchymal markers. Crucially, siRNA-mediated GPC5 knockdown phenocopied these oncogenic effects, providing definitive evidence of its tumor-suppressive function.Discussion: Our findings establish that the GPC5 c.776C>T mutation drives LUAD progression through a novel molecular mechanism involving impaired β-catenin degradation, subsequent nuclear translocation, and consequent EMT activation. These results position GPC5 as a critical nodal regulator of Wnt/β-catenin signaling in LUAD pathogenesis and suggest its germline mutations may serve as valuable biomarkers for hereditary LUAD risk assessment. Therapeutically, these findings highlight the potential utility of Wnt pathway inhibitors in managing GPC5-mutant LUAD cases, while also providing a molecular framework for future investigations into glypican family members in cancer biology.Keywords: lung adenocarcinoma (LUAD), familial lung cancer, glypican-5 (GPC5), germline mutation, epithelial-mesenchymal transition (EMT)
INTRODUCTION
Lung adenocarcinoma (LUAD) emerges as the predominant subtype of primary lung cancer, accounting for roughly 50% of all lung cancer cases (Luo et al., 2025; Sung et al., 2021). The principal risk factors for LUAD encompass exposure to smoke, a history of chronic obstructive pulmonary disease (COPD), occupational hazards, a family history of lung cancer, and genetic predispositions. A significant genetic component is evident in LUAD, with approximately 8% of patients having family histories of the disease, referred to as familial lung cancer (FLC). FLC is more complex compared to other hereditary cancers, potentially owing to shared environmental influences or genetic factors among relatives (Hemminki et al., 2025). The contribution of genetic factors to the development of lung cancer remains unclear, as environmental factors such as smoking, air pollution, and coal burning exert a more pronounced influence (He et al., 2025). The genetic predisposition to LUAD is categorized into two main types: individual mutations in critical genes and single nucleotide polymorphisms (SNPs). Pathogenic variants in EGFR (V843I, T790M, R776H), ATR (T2556S), and NBN (Q494Tfs*10) have been linked to dominantly inherited forms of LUAD (Alsaddah et al., 2023; Eiamart et al., 2025; Gabriel et al., 2024; Bao et al., 2022; Xu et al., 2022). Moreover, a novel germline mutation in the transmembrane domain of Human Epidermal Growth Factor Receptor 2 (HER2) in LUAD has been identified recently (Tan et al., 2022).
Beyond rare Mendelian variants, single nucleotide polymorphisms significantly augment the genetic risk of LUAD. A genome-wide analysis revealed that rs2352028 at 13q31.3 increases the lung cancer risk by 1.46-fold in nonsmokers (Zhang et al., 2021). Notably, rs2352028 is associated with lower expression of glypican-5 (GPC5), a known lung cancer tumor suppressor (Landi et al., 2010). The GPC5 gene, situated on chromosome 13q31.3, comprises 8 exons and encodes a protein of 572 amino acids, spanning a genomic region of 1.47 megabases. GPC5 rs2352028 C>T may exert a protective effect on lung cancer patients, and GPC5 rs2352028 may represent a potential genetic marker for the prognosis of lung cancer. The functional relevance of Glypican-5 (the gene product of GPC5) in the regulation of differentiation and lineage specification has been substantiated in vitro in endometrial carcinoma cell lines. In summary, this research identified GPC5 amplification as the molecular event mediating the epithelial-mesenchymal transition (EMT) in a subset of endometrial carcinosarcomas (Wang et al., 2016; Veugelers et al., 1997). GPC5 plays an essential role in fundamental cellular processes, including normal cell division, growth, proliferation, and development (Yang and Wang, 2023; Mukherjee et al., 2023).
Furthermore, GPC5 is pivotal in orchestrating the initiation, proliferation, migration, and invasion of cancer cells by activating signaling pathways such as Wingless/Integrated (Wnt), aryl hydrocarbon receptor (AHR) and Hedgehog (Hong et al., 2019; Yang et al., 2021; Li et al., 2011). Disturbances in both the genomic locus and expression levels of GPC5 have been reported across a spectrum of human cancers, such as breast cancer (Kiely et al., 2021), lymphoma (Yu et al., 2003), rhabdomyosarcoma (Chui et al., 2018), glioma (Müller et al., 2023), prostate cancer (de Moraes et al., 2021) and pancreatic cancer (Liu et al., 2020).
Thus, investigating GPC5 mutations that may be connected to the development of lung adenocarcinoma is vital, offering novel insights into its role in the disease’s pathogenesis. In this study, we identified a rare germline mutation in GPC5 (c.776C>T) in a LUAD pedigree and examined its effect on the tumor-suppressing functions of GPC5.
MATERIALS AND METHODS
Patient recruitment and exome sequencing
The Ethical Committee of Peking Union Medical College Hospital approved this study, the data from this study have been uploaded to the SRA database (BioProject ID: PRJNA1240214) and will be made publicly available, solely for scientific research within the applicable scope. All participants provided written informed consent, ensuring that the utilization of biological materials and study procedures adhered to Helsinki Declaration guidelines and regulations. DNA from germline was extracted using Biomed DNA Blood Mini Kit (Biomed, Japan) from patients’ peripheral blood with. DNA extraction from formalin-fixed, paraffin-embedded (FFPE) tissues was performed using Qiagen GeneRead kits (Qiagen, United States). Whole-exome sequencing (WES) libraries were prepared with SureSelect Human All Exon V7 kit (Agilent Technologies, United States). Sequencing was conducted on the NovaSeq 6,000 platform (Illumina, United States) using paired-end mode (2 × 150 bp), achieving a final on-target coverage of 100×. WES data processing was performed following previously established methods (Zhao et al., 2021; Wang et al., 2022; Chen et al., 2021). For mutation nomenclature, we referred to the RefSeq accession number NM_004466.6 for the GPC5 transcript and corresponding protein isoform.
Construction and transfection of plasmid
The cDNA of the human GPC5 gene (NM_004466.6) was subcloned into the pEGFP-N1 vector (Clontech, United States) to create the recombinant vector pEGFP-N1-GPC5. This vector was used as the template for site-directed mutagenesis using KOD-NEO-PLUS Kit (Takara, Japan), according to the manufacturer’s instructions. The primers used for site-directed mutagenesis are detailed in Supplementary Table 1. Both strands of the mutant plasmids were sequenced to confirm the nucleotide mutation.
Cell lines and cell culture
A549 and H2009 cells were kindly provided by Institute of Basic Medical Sciences at the Chinese Academy of the Medical Sciences (Catalog Number: 1101HUM-PUMC000002, 1101HUM-PUMC000002). Prior to experiment, mycoplasma detection was conducted, yielding negative results. A549 cells were cultured in McCoy’s 5A medium (Gibco, United States) with 10% fetal bovine serum (FBS) (HyClone, United States), 100 μg/mL streptomycin, and 100 U/mL penicillin in 5% CO2 atmosphere at 37°C.H2009 cells are cultured in DMEM/F12 medium supplemented with 5% fetal bovine serum, 1% GlutaMAX-1, 1% penicillin-streptomycin, 1% ITS (insulin-transferrin-selenium), 10 nM hydrocortisone, and 10 nM β-estradiol, and maintained in an environment of 95% air and 5% carbon dioxide. When A549 and H2009 cells reached 65% confluency, they were transfected with 2 µg of pEGFP-N1-GPC5-WT or mutant plasmid using Lipofectamine 3,000 (Life Technologies, United States).
Western blot analysis
48 h after transfection, A549 and H2009 cells transfected with WT or mutant GPC5 plasmid were rinsed with cold phosphate-buffered saline (PBS) and lysed with 100 µL RIPA buffer (Sigma, United States) supplemented with protease inhibitor cocktail (Sigma, United States). 24 h prior, the secreted protein was substituted with serum-free medium. The cell supernatant was collected by centrifugation at 3,000 × g for 15 min, then concentrated using centrifugal filter (NMWL: 3K) (MERK, Germany) by centrifuging at 4000g for 30 min. The concentration process was repeated until the total volume reached approximately 400 µL. 30 μg total proteins were separated via SDS-PAGE, and transferred to PVDF membrane (Millipore, United States). Membranes were blocked with 10% skim milk at 24°C for 3 h, followed by an incubation with primary antibodies for 12 h at 4°C. Details of the primary antibodies and antibody working concentration used can be found in Supplementary Table 2. Following three washes with TBST (Tris-buffered saline with Tween 20), membranes were incubated with secondary antibodies (Cell Signaling Technology, United States) at 24°C for 1 h. Proteins were visualized using ChemiDoc MP Imaging System (Bio-Rad, United States).
RNA extraction and real-time PCR
Total RNA from A549 and H2009 cells transfected with WT or mutant GPC5 plasmid was extracted using TRIzol reagent (Takara, Japan). Reverse transcription was performed using the QuantiNova Reverse Transcription Kit (Baocheng, China). Quantitative PCR was conducted on a CFX Opus96 system (Biorad, United States) using SYBR Green I Mix (HANCHBIO, China). The relative mRNA relative expression levels were calculated using the cycle threshold (Ct) method, normalized to the level of GAPDH, and analyzed using the 2−ΔΔCT formula. Primer sequences were provided in Supplementary Table 3.
Cell viability assay and colony formation assay
The Cell counting kit-8 (CCK-8) assay was performed as previously described (Niu et al., 2018). A549 and H2009 cells transfected with WT or mutant GPC5 plasmids were seeded in 96-well plates at a density of 3,000 cells per well and cultured for 5 days. Each day, 10 μL of CCK-8 reagent (KeyGEN, China) was added to each well and incubated for 2 h. Cell viability was evaluated by measuring the optical density at 450 nm. Then, for the colony formation assay, transfected A549 cells were cultured in 6-well plates at a density of 2000 cells per well for 14 days. After fixation with methanol and staining with 0.25% crystal violet, colonies were counted were counted. All experiments were performed in triplicate, and the data are expressed as mean ± SEM.
EdU assay
Cell proliferation was assessed using the EdU Cell Proliferation Kit. A549 cells transfected with GPC5-WT, GPC5-Mutant or GPC5-siRNA plasmids were plated at a density of 20,000 cells per well in 24-well plates containing pre-embedded cell slides and cultured for 3 days. Cells were treated using BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 594 (Beyotime Biotechnology, China). Proliferation was quantified using Laser Scanning Confocal Microscopy (Nikon A1, Japan). All experiments were conducted in triplicate, and the data are expressed as mean ± SEM.
TUNEL assay
One-step TUNEL apoptosis assay kit was applied to detect the cell proportion of cell apoptosis. For cell apoptosis assay, A549 cells transfected with GPC5-WT, GPC5-Mutant or GPC5-siRNA plasmids were plated at a density of 20,000 cells per well in 24-well plates pre-embed cells into a cell slide and cultured for 3 days. Cells were treated with the BeyoClick™ One Step TUNEL Apoptosis Assay Kit containing Alexa Fluor 594 (Beyotime Biotechnology, China). Apoptotic activity was evaluated using Laser Scanning Confocal Microscopy (Nikon A1, Japan). Experiments were repeated three times, and the data are reported as the mean ± SEM.
Wound healing assay
A549 and H2009 cells transfected with either wild-type or mutant GPC5 plasmid were plated in a 6-well plate at 2 × 106 cells per well and grown to confluence. The cells were then treated with 0.2 mg/mL Mitomycin C (MERK, Germany) for 10 min. A linear scratch was made with a pipette tip to mimic a wound. The culture medium was replaced by McCoy’s 5A medium, and Wound closure was monitored at 0 and 12 h post-scratch using a ×10 magnification.
Cell migration and invasion assay
7 × 104 A549 and H2009 cells transfected with WT or mutant GPC5 plasmid were cultured in the upper chamber in 400 μL McCoy’s 5A medium, and 600 μL of McCoy’s 5A medium with 10% FBS was added to the lower chamber. After 24–48 h, a wet cotton swab was used to remove the cells that remained in the upper chamber. The chambers were then fixed with methanol and stained with 0.2% crystal violet. Invading cell number was counted in five randomly chosen microscopic fields. Approximately 2 × 105 A549 cells were utilized for the cellular invasion assay. Cell invasions were assessed by Transwell chambers coated with Matrigel (Corning, United States), following a previously published method.
Flow cytometry
A549 cells were seeded in 6-well plates (2 × 106 cells per well) and transfected with WT or mutant GPC5 plasmid. Prior to flow cytometry analysis, cells were incubated in serum-free medium for 24 h h. For apoptosis analysis, A549 cells were stained with propidium iodide (PI) and Annexin V using an apoptosis detection kit (4A Biotech, China). Cells were fixed in cold 70% ethanol at 4°C for 4 h followed by PI staining (Sigma, United States) for cell cycle analysis.
Immunohistochemical staining
Formalin-fixed, paraffin-embedd (FFPE) tissues and H&E-stained sections were provided by the pathology department and reviewed by a consultant histopathologist. For immunohistochemical (IHC) staining, FFPE tissue sections underwent deparaffinization through a graded ethanol series, followed by rehydration. The sections were then treated with methanol containing 0.3% hydrogen peroxide for 10 min at room temperature to block endogenous peroxidase activity. Antigen retrieval was performed by heating the slides in a pH 6.0 retrieval buffer for 30 min. Slides were incubated overnight at 4°C with either an anti-GPC5 antibody or control immunoglobulin G (IgG; 1 mg/mL). After washing with PBS, detection was carried out using Prolink-2 Plus HRP rabbit polymer detection kit (Merck, Germany). Images were scanned with Leica Aperio AT2 scanner (Leica, Germany).
Statistical analysis
Western blot images were analyzed using ImageJ (NIH, United States) was used to analyze Western blotting images for quantifying the relative optical density of proteins in this study, reflecting expression levels. Overall expression levels of WT and mutant GPC5 were normalized to GAPDH levels. Each experiment was repeated three times. For the imaging results, a representative image from representative images from one experiment are shown. The statistical analysis was conducted with GraphPad Prism 9.0 software (GraphPad Software, United States). The Mann-Whitney U test was applied to evaluate the differences between two groups, while ANOVA with post hoc tests was employed to compare differences among multiple groups through post hoc tests. Significance thresholds: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
RESULTS
Elucidating GPC5 mutations in the LUAD pedigree
We recruited a Chinese family with four members affected by LUAD (Figure 1A). The proband (II-6) was diagnosed with LUAD at 53 years of age with a 0.5 cm in situ adenocarcinoma in the left lung. Two older brothers (II-1 and II-5) and one sister (II-2) of the proband were diagnosed with LUAD at ages 58, 60, and 66, respectively. All affected members were nonsmokers. Exome sequencing (ES) was performed on peripheral blood DNA from 3 affected members (II-1, II-2, and II-6) and one healthy member (II-3, age 46) in the pedigree. First, we analyzed rare (minor allele frequency <1%) variants carried by all three affected members. To that end, we manually curated variants in disease databases, such as The Catalogue of Somatic Mutations in Cancer (COSMIC) and Human Gene Mutation Database (HGMD), and determined whether the mutated genes had biological relevance to oncogenesis. As a result, we prioritized GPC5 c.776C>T (p.Pro259Leu) in GPC5, a known tumor suppressor gene for lung cancer. The resulting protein change alters an evolutionarily conserved sequence (Figures 1B,C), and was predicted as pathogenic by Polyphen-2 (Hum Div score = 1). This missense variant was not carried by the healthy family member (II-3) and is extremely rare in the Genome Aggregation Database (1/250,688, max population frequency = 0.000003989). In the FFPE tumor sample of patient II-6, immunohistochemistry revealed GPC5 expression showed a slightly reduced expression level of GPC5 in the tumor sample versus normal lung (Figure 1D), consistent with previous studies. In addition, we performed ES on the FFPE tumor and identified no “second-hit” GPC5 variants. Despite a dominant C>T mutational pattern, we did not identify a significant somatic mutational signature in the tumor tissue (Figure 1E).
[image: Figure 1]FIGURE 1 | A newly identified lung adenocarcinoma-related GPC5 germline mutation. (A) Pedigree of a family with multiple cases of lung adenocarcinoma. (B) Spatial distribution of the variant in a 3D model using AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/). (C) Position of the variant relative to an evolutionarily conserved region using ClustalW sequence alignment (https://www.genome.jp/tools-bin/clustalw). (D) Immunohistochemical staining of GPC5 protein expression in proband LUAD tissues (T) and adjacent normal tissues (N) from II 6; Scale bar = 100 μm. (E) Patterns of mutation signature observed in proband genomes using the Wellcome Trust Sanger Institute mutational signatures framework.
In vitro evaluation of the cellular biological consequences of GPC5 mutation
In order to choose a non-small cell lung cancer cell line for subsequent experiments, we employed various non-small cell lung cancer cell lines to measure the protein expression level of GPC5 via Western blot assays. The outcomes indicated that the A549 and H2009 cell lines exhibited the lowest GPC5 expression levels (Supplementary Figure 1). To ascertain the impact of variants on the tumor-suppressive functions of GPC5, to assess the variant’s impact by transfecting LUAD A549 cell lines with vectors expressing GPC5 wild-type (WT) or the c.776C>T mutant (MUT). As demonstrated by qPCR and Western blot analyses, qPCR and Western blot confirmed elevated in GPC5 mRNA and protein levels within MUT GPC5 and WT GPC5 groups compared to the NC group; however, mRNA (Figure 2A) and protein expression levels (Figure 2B) were comparable between MUT GPC5 and WT GPC5 groups. To investigate the influence of wild-type (WT) GPC5 or the c.776C>T mutant (MUT) on the proliferation capacity of A549 cells, a colony formation assay was conducted. The results indicated a notably reduced number of colonies in GPC5 WT group compared to NC group, whereas GPC5 MUT group exhibited a significantly increased number of colonies, but MUT significantly increased relative to GPC5 WT group (Figures 2C,D). Additionally, CCK-8 assays revealed reduced proliferation in GPC5 WT group, while the GPC5 MUT group demonstrated a significant rise in proliferative capacity compared to GPC5 WT group (Figure 2E),suggesting the mutation attenuates c.776C>T mutation in GPC5 substantially attenuates its inhibitory effect on the proliferation of A549 cells.
[image: Figure 2]FIGURE 2 | The GPC5 germline mutation. (c.776C>T) reverses its tumor-suppressing functions. (A,B) GPC5 mRNA and protein levels in A549-NC, A549-WT, A549-MUT groups were assessed by qPCR and Western blotting. GPC5 mRNA levels were normalized to GAPDH, while protein levels were normalized to β-actin. (C,D) Assessment of cell clonogenicity in A549-NC, A549-WT, A549-MUT groups were measured by colony formation assays (E) Evaluation of proliferative capacity in A549-NC, A549-WT, A549-MUT groups via CCK-8 assays. (F,G) Apoptosis analysis in A549-NC, A549-WT, and A549-MUT groups was performed using Annexin V and PI staining (H,I) Flow cytometric cell cycle analyses were conducted using A549-NC, A549-WT, and A549-MUT groups. NC: Negative control. Data are shown as the mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 by two-way ANOVA.
Flow cytometry for apoptosis of GPC5 wild-type (WT) or c.776C>T mutant (MUT) on apoptosis in A549 cells, flow cytometry assays were conducted. Compared to the NC group, both early and late apoptosis were markedly increased in GPC5 WT group, whereas in GPC5 MUT group, MUT reduced apoptosis compared to GPC5 WT group (Figures 2F,G), indicating that c.776C>T mutation in GPC5 significantly diminishes its pro-apoptotic effect on A549 cells.
To examine the effects of GPC5 wild-type (WT) or c.776C>T mutant (MUT) on the cell cycle in A549 cells, flow cytometry was employed. Relative to NC group, there was a significant increase in G1/S phase arrest in GPC5 WT group, while a marked reduction was observed in GPC5 MUT group compared to GPC5 WT group (Figures 2H,I), indicating that c.776C>T mutation in GPC5 drastically reduces its capacity to induce cell cycle arrest in A549 cells.
To further validate the influence of GPC5 wild-type (WT) or c.776C>T mutant (MUT) on proliferative abilities in A549 cells, an EdU cell proliferation assay was conducted. The results showed a significant decrease in EdU-positive cells in GPC5 WT group compared to NC group. However, GPC5 MUT group showed a marked increase compared to GPC5 WT group (Figures 3A,B). EdU To delve deeper into the role of GPC5 in A549 cells, GPC5-siRNAs (si-1, si-2) were synthesized and transfected into A549 cells. Western blot and RT-qPCR analyses validated the knockdown efficiency of GPC5-siRNAs, confirmed knockdown efficiency (Figures 3C,D, E).
[image: Figure 3]FIGURE 3 | GPC5 mutation enhances the proliferative capacity of A549 cells and verifies the efficacy of GPC5-si silencing. (A,B) Graphical representation and statistical analysis of cell proliferation ratios in A549 cells from NC, GPC5-WT, and GPC5-MUT groups were determined by EdU assay. NC: Negative control. (C,E) Graphical representation and statistical analysis of GPC5 protein expression levels in A549 cells from NC, GPC5-si-1, GPC5-si-2, and GPC5-si-3 groups were assessed by Western blot analysis. NC: Negative control. (D) Graphical representation and statistical analysis of GPC5 mRNA expression levels in A549 cells from NC, GPC5-si-1, GPC5-si-2, and GPC5-si-3 groups were determined by RT-PCR. NC: Negative control. Data are presented as the mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, as analyzed by one-way ANOVA.
CCK-8 assays was demonstrated that compared to si-NC group, increased viability in GPC5-si-1 and GPC5-si-2 groups was significantly increased (Figure 4A). Subsequent experiments using GPC5-si-1 and GPC5-si-2 showed that number of single-cell colonies increased significantly compared to si-NC group (Figures 4B,C). EdU assays also indicated an increase in EdU-positive cells compared to si-NC group (Figures 4D,E), demonstrating that GPC5 depletion augments the proliferative capability of A549 cells. TUNEL immunofluorescence assays revealed a reduction in apoptotic cells compared to si-NC group (Figures 4F,G), indicating that GPC5 knockdown reduces apoptosis levels in A549 cells.
[image: Figure 4]FIGURE 4 | The silencing of GPC5 promotes the proliferative capacity of A549 cells and impedes their apoptotic potential. (A) Assessment of cell proliferation capabilities in NC, GPC5-si-1, and GPC5-si-2 groups via CCK8 assay. (B,C) Graphical representation and statistical analysis of colony formation by A549 cells in NC, GPC5-si-1, and GPC5-si-2 groups, as evaluated by colony formation assay. (D,E) Graphical representation and statistical analysis of proliferation ratios in A549 cells from NC, GPC5-si-1, and GPC5-si-2 groups, as detected by EdU assay. (F,G) Graphical representation and statistical analysis of apoptosis ratios in A549 cells from the NC, GPC5-si-1, and GPC5-si-2 groups, as measured by TUNEL assay. Data are presented as the mean ± SEM of three independent experiments. NC: Negative control. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, as determined by two-way ANOVA.
In vitro evaluation of the influence of mutated GPC5 on migration and invasion capacities
Previous reports revealed that GPC5 might modulate EMT by preventing β-catenin nuclear localization, thereby preventing lung cancer cells migration and invasion (Wang et al., 2016). To investigate the effects of wild-type (WT) GPC5 or c.776C>T mutant (MUT) on the migratory and invasive capacities of A549 cells, we conducted Transwell assays with and without Matrigel. Compared to the NC group, the number of migrating and invading cells in the GPC5 WT group was significantly reduced. However, in comparison to the GPC5 WT group, the GPC5 MUT group exhibited a marked increase in cell migration (Figures 5A,D) and invasion (Figures 5B,E), suggesting that the c.776C>T mutation in GPC5 significantly enhances its ability to promote the migration and invasion of A549 cells. To further validate these findings, we performed a wound-healing assay, which showed a markedly shorter migration distance in GPC5 WT group compared to the NC group, but an increased migration distance in GPC5 MUT group relative to GPC5 WT group (Figures 5C,F). The same experiment was validated in another cell line, H2009 (Supplementary Figure 2).
[image: Figure 5]FIGURE 5 | The novel GPC5 germline mutation (c.776C>T) promoted tumor migration and invasion. (A,B,D,E) Cell migration and invasion were tested by Transwell and (C,F) wound-healing assays in A549-NC, A549-WT, A549-MUT groups. Scale bar = 100 μm. Data are shown as the mean ± SEM of three independent experiments. NC: Negative control. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 by two-way ANOVA.
To substantiate the migratory and invasive capacity of GPC5-knockdown A549 cells, Transwell experiments revealed that both GPC5-si-1 and GPC5-si-2 groups demonstrated a significant increase in migrating and invading cells compared to si-NC group (Figures 6A–D). The wound-healing assay also exhibited a noticeable increase in migration distance in GPC5-si-1 and GPC5-si-2 groups compared to si-NC group (Figures 6E,F).
[image: Figure 6]FIGURE 6 | Silencing of GPC5 augments the migratory and invasive capabilities of A549 cells. (A,B) Graphical representation and statistical analysis of the number of migratory A549 cells in NC, GPC5-si-1, GPC5-si-2 groups, as evaluated by Transwell assay. (C,D) Graphical representation and statistical analysis of the number of invasive A549 cells in NC, GPC5-si-1, GPC5-si-2 groups, as assessed by Transwell assay. (E,F) Graphical representation and statistical analysis of migration distances of A549 cells in NC, GPC5-si-1, GPC5-si-2 groups, as measured by scratch assay. Data are presented as the mean ± SEM of three independent experiments. NC: Negative control. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, as analyzed by two-way ANOVA.
In vitro assessment of mutant GPC5 effects on EMT and Wnt signaling pathway
Consistently, protein level alteration of EMT-related genes displayed a consistent trend, in an in vitro assessment of mutant GPC5’s impact on EMT and the Wnt signaling pathway in A549 cells, protein level alterations of EMT-related genes exhibited a consistent trend. By isolating cytosolic and nuclear proteins and performing Western blot analyses, it was found that in the extracted cytosolic proteins, GPC5 and E-cadherin protein levels were significantly elevated in GPC5 WT group compared to NC group, while N-cadherin and Vimentin protein levels were markedly reduced. In contrast, GPC5 MUT group showed a significant decrease in GPC5 and E-cadherin levels and an increase in N-cadherin and Vimentin levels compared to GPC5 WT group. Regarding nuclear-extracted proteins, the β-catenin level in the nucleus of GPC5 WT group was significantly lower compared to the NC group, yet more elevated in GPC5 MUT group compared to GPC5 WT group (Figures 7A,B), indicating that c.776C>T mutation in GPC5 facilitates nuclear translocation of β-catenin, thus initiating EMT process. To further explore the role of GPC5, after silencing it, cytosolic and nuclear proteins were separated and extracted for Western blot analysis, revealing a notable decrease in GPC5 and E-cadherin protein levels, with an increase in N-cadherin and Vimentin levels in GPC5-si-1 and GPC5-si-2 groups compared to si-NC group. In these groups, the cytosolic β-catenin protein was reduced, whereas the nuclear protein level was significantly elevated (Figures 7C, D), demonstrating that GPC5 influences the retention of β-catenin within the cytoplasm. The same experiment we validated in another cell line, H2009 (Supplementary Figure 3).
[image: Figure 7]FIGURE 7 | The novel GPC5 germline mutation (c.776C>T) and GPC5 silencing promoted epithelial-to-mesenchymal transition. (A,B) Western blot analysis of EMT markers (E-Cadherin, N-Cadherin, Vimentin) and β-catenin in A549-NC, A549-WT, A549-MUT groups. Protein levels were normalized to GAPDH, and nuclear β-catenin levels were normalized to lamina B. (C,D) Western blot analysis of GPC5, EMT markers, and β-catenin in A549 cells from NC, GPC5-si-1, and GPC5-si-2 groups. NC: Negative control. Data are presented as the mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, as determined by two-way ANOVA.
Our sequencing endeavors have unveiled the pivotal role of a single point mutation (c.776 C>T) within the GPC5 gene. The c.776C>T mutation at GPC5 locus inhibits the degradation of the protein complex responsible for β-catenin degradation, thereby resulting in an excess of β-catenin proteins translocating into the nucleus. Consequently, the nuclear translocation of β-catenin leads to an increase in nuclear β-catenin expression. Subsequently, nuclear β-catenin binds to transcription initiation sites, fostering the high expression of downstream proteins such as Vimentin and N-cadherin, which in turn promotes the proliferation, migration, and invasion of non-small cell lung cancer (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic of the mechanism in which GPC5 MUT promotes LUAD cell proliferation, migration, and invasion during tumor progression. GPC5 MUT overexpression promotes nuclear localization of β-catenin, thereby downregulating E-cadherin (E-Cad) and upregulating N-cadherin (N-Cad) and vimentin (VIM). This induction of EMT, which leads to a loss of cell-cell adhesion and apical-basal polarity, accelerates cell proliferation, migration, and invasion. TCF: Transcription factor.
DISCUSSION
In essence, we focused on a Chinese family with multiple members affected by lung adenocarcinoma (LUAD), which provided a valuable opportunity to explore the genetic basis of familial LUAD. The fact that all the affected members were non-smokers is particularly notable, as it suggests that genetic factors may play a crucial role in the development of LUAD in this family, rather than the well-known environmental risk factor of smoking. We were the first to identify a germline mutation in GPC5 (c.776C>T) among familial cases of LUAD, demonstrating that mutant GPC5 undermines the tumor-suppressive functions of GPC5. Mutational sites of GPC5 were identified through a bioinformatics database (Supplementary Figure 4). These findings suggest the potential genetic convergence of common and rare variations, underscoring GPC5 as a plausible risk gene for LUAD.
Carcinogenesis is an intricate, multi-phase phenomenon influenced by numerous factors, with genetic mutations playing an integral role in cancer initiation and progression. While the majority of cancer mutation research emphasizes somatic mutations, germline mutations—located in reproductive cells and affecting all cells of the succeeding generation—have received less attention in the context of LUAD. To date, germline mutations linked to LUAD chiefly involve well-known oncogenes such as BRCA2, EGFR, CHEK2, and ATR (Eiamart et al., 2025; Bao et al., 2022; Wang et al., 2016).
Alterations in these genes are considered critical elements of FLC. In this study, we focused on germline mutations in genes related to LUAD and discovered a rare germline mutation in GPC5 (c.776C>T) in three sibling LUAD patients. This GPC5 missense variant has not been documented in genome or exome evaluations across combined populations. Subsequent analysis of GPC5 expression in LUAD demonstrated a slight reduction in GPC5 levels compared to normal tissue. The study has certain limitations. The single-family design restricts the sample size. This makes it possible that there is population-specific rarity in the samples we observed. Mutations in GPC5 (c.776C>T) are not among the more common mutations in the clinical setting, making it difficult to collect additional samples. For this reason, it may be more appropriate for us to conduct follow-up in this family to determine whether the GPC5 mutation has persisted over time, whether there will be other mutations, whether it is always present, or whether other mutations will appear.
Although we preliminarily verified that this rare GPC5 germline mutation (c.776C>T) hastens LUAD progression, its physiological functions in tumor progression remain contentious. Prevailing studies have indicated that GPC5 functions as a tumor suppressor gene, inhibiting cell proliferation and migration in lung cancer cells (Wang et al., 2016; Yang et al., 2021; Li et al., 2011; Yang et al., 2013).
To elucidate the mechanisms by which c.776C>T induces LUAD progression, we conducted in vitro experiments assessing the tumorigenic potential of this mutant protein. Our findings revealed that mutant GPC5 did not compromise cell viability or anti-apoptotic capability as WT GPC5 did, and the mutation did not disrupt cell cycle regulation. Consequently, we demonstrated that mutant GPC5 attenuates the pro-apoptotic and cell cycle-arresting tumor suppressive effects of WT GPC5. Increasing evidence links EMT to cancer progression, metastasis, invasion, or drug resistance. Cancer cells undergoing EMT exhibit diminished expression of epithelial markers such as E-cadherin and elevated expression of mesenchymal markers like vimentin and N-cadherin. This transition enables the cells to reduce cell-cell adhesion and acquire enhanced invasive traits (Zhang et al., 2024).
Among the GPC family members, another highly homologous and extensively studied member, GPC3, has been proven to directly participate in modulating the Wnt signaling pathway (Capurro et al., 2005; Capurro et al., 2014) and Hedgehog signaling pathway (Capurro et al., 2008), making it a prime target in cell therapy (Saez-Ibañez et al., 2022). The Wnt/β-catenin signaling has been recognized as a critical player in the process of tumorigenesis (Zhi et al., 2025; Ge et al., 2025).
A previous study revealed that GPC5 inhibited EMT via its mediation of Wnt/β-catenin signaling, likely due to its localization on the cellular membrane. This finding closely aligns with our results, as mutations in GPC5 can bolster the nuclear translocation of β-catenin and elevate the expression of transcription factors integral to the EMT (Yang et al., 2021). Our sequencing efforts identified the pivotal role of a point mutation within the GPC5 gene. Drawing upon both past literature and extant experimental findings, the c.776C>T mutation at this locus of GPC5 is hypothesized to attenuate the intensity of its interaction with WNT3A, thereby enhancing the affinity of WNT3A for the LRP5/6 receptors. This augmented affinity promotes the strengthened binding of Dishevelled to GSK3β, PP2A, and APC, inhibiting the degradation of the protein complex responsible for β-catenin’s degradation. Consequently, β-catenin translocates into the nucleus, leading to an elevation in nuclear β-catenin expression. Nuclear β-catenin, in turn, binds to transcription initiation sites, enhancing the expression of downstream proteins such as Vimentin and N-cadherin. In summary, GPC5, a pivotal tumor suppressor gene across multiple malignancies, demonstrates a compromised anti-cancer efficacy post-mutation. Our examination confirmed c.776C>T reduced the GPC5-mediated prevention of β-catenin nuclear localization, which eventually induced changes in the expression of EMT markers and enhanced migration and invasion. We reorganized the alterations in β-catenin protein expression levels within both the nucleus and cytoplasm, thereby more prominently highlighting these changes in our result graphs. It has been observed that under different genetic contexts—such as GPC5 WT versus MUT groups—the distribution of β-catenin between the nucleus and cytoplasm undergoes notable shifts, prompting an analysis of how these variations correlate with the EMT process and the activation of the Wnt signaling pathway. The data suggest that the c.776C>T mutation in GPC5 expedites the translocation of β-catenin into the nucleus and initiates EMT, whereas the silencing of GPC5 results in the accumulation of β-catenin within the nucleus, reducing its cytoplasmic retention in the cytoplasm. These analyses collectively underscore the regulatory role of GPC5 in the localization of β-catenin and the morphological transformation of cells. We believe that it is highly necessary to conduct in vivo experiments. However, due to the limitations of the data obtained from in vitro experiments, the cellular mechanisms have not been fully explored. Therefore, we prefer to carry out in vivo experiments after conducting fairly comprehensive in vitro experiments. Considering that transgenic mice may have interference with GPC5 due to their genetic background, if we can obtain lung cancer tissues carrying patient mutations again in the future, we will employ the patient-derived xenografts (PDX) model to further study the specific role and mechanism of the mutation in in vivo experiments.
Given the role of GPC5 in regulating β-catenin signaling, patients carrying this germline mutation might benefit from combined therapies targeting both Wnt/β-catenin and immune checkpoints. For instance, inhibitors of β-catenin (PRI-724) or PD-1/PD-L1 antibodies (Zhou et al., 2023) could be explored in preclinical models of GPC5-mutant LUAD.
Given the pathogenic significance of GPC5 germline mutations in familial lung adenocarcinoma, we proposes a holistic management strategy for mutation carriers that integrates risk prevention, early detection, and precision therapy: genetic testing for GPC5 mutations should be prioritized in high-risk families, with genetic counseling to clarify risk stratification and establish long-term management plans for identified carriers, who are advised to undergo annual low-dose CT scans and sputum cytology tests starting at age 35 or 5–10 years before the earliest family-onset age, combined with dynamic monitoring of serum biomarkers like carcinoembryonic antigen, alongside primary prevention measures such as strict smoking cessation, occupational hazard protection, and lifestyle modifications to reduce cancer risk. This increased surveillance is essential given the potential role of the GPC5 mutation in the development of LUAD. For carriers diagnosed with lung adenocarcinoma, comprehensive molecular profiling of tumor tissues—including somatic mutations (e.g., EGFR, KRAS), PD-L1 expression, and β-catenin status—is essential to exclude treatment resistance and guide targeted therapy, with patient-derived organoids or PDX models potentially utilized for pathway-specific drug sensitivity testing (e.g., Wnt inhibitors) and chemotherapeutic response evaluation when feasible; leveraging advancements in AI-driven imaging and biomarker analysis, as well as accelerated protein structure resolution, future research may expedite the discovery of effective therapeutics for GPC5-mutant tumors—such as allosteric inhibitors, antibody-drug conjugates, or chimeric antibody cell therapies—through molecular modeling and biological validation, enabling personalized treatment strategies tailored to the individual tumor biology of mutation carriers.
To date, this is the inaugural study confirming the c.776C>T germline mutation in GPC5 as a genetic driver of familial LUAD. Importantly, our findings link GPC5 dysfunction to Wnt/β-catenin activation and EMT, processes known to modulate immune evasion in LUAD. Thus, germline GPC5 mutations may not only confer cancer risk but also predict immunotherapy resistance. Future studies should investigate whether GPC5-mutant LUAD patients exhibit altered tumor-infiltrating lymphocyte profiles and combine other in vivo and in vitro studies to explore the molecular mechanisms, thereby providing more in-depth therapeutic strategies. Additionally, combining β-catenin inhibitors with immune checkpoint blockade could be a rational strategy for this genetically defined subgroup, bridging genomic insights to immunotherapy optimization. Our discovery of a germline GPC5 mutation associated with LUAD susceptibility highlights the importance of integrating germline genomics into precision oncology. Familial LUAD cases with GPC5 mutations may require tailored surveillance strategies and early intervention with immunopreventive agents.
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