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Background

Thyroid cancer, the most prevalent endocrine malignancy, poses significant therapeutic challenges due to its heterogeneous biological behavior. Growth differentiation factor 15 (GDF15), a stress-responsive cytokine, is implicated in tumor progression and senescence regulation in various cancers. However, its role in thyroid cancer, particularly its interaction with the p53 signaling pathway, remains poorly understood. This study aimed to investigate the functional contribution of GDF15 to thyroid cancer progression and its regulatory mechanism in cancer cell senescence.





Methods

Public datasets and clinical specimens were analyzed to evaluate GDF15 expression patterns and their clinical significance. In vitro models were established using human thyroid cancer cell lines. GDF15 expression was modulated through siRNA-mediated silencing. RT-qPCR and Western blotting were employed to evaluate the expression levels of target molecules. Functional assays were conducted to assess proliferation (CCK-8, colony formation) and migration/invasion (transwell, cell scratch assay). Cellular senescence was evaluated by measuring β-galactosidase activity, γ-H2AX expression, and senescence-associated secretory phenotype factors. The dependency on p53 was elucidated through siRNA-mediated knockdown of p53. Mechanistic investigations were performed using RNA sequencing and Western blotting.





Results

Compared with adjacent normal tissues, GDF15 was significantly upregulated in thyroid cancer tissues and correlated with lymph node metastasis status. Knockdown of GDF15 suppressed proliferation, migration, and invasion while inducing cellular senescence. RNA sequencing revealed that GDF15 silencing activated the p53 signaling pathway and upregulated p53 expression. Rescue experiments utilizing p53 siRNA partially reversed GDF15-mediated senescence.





Conclusions

GDF15 is implicated in the progression of thyroid cancer and potentially modulates cellular senescence through a p53-dependent mechanism, underscoring its dual functionality as both a pro-tumorigenic driver and a senescence regulator. These findings establish the potential of GDF15 as a therapeutic target and prognostic biomarker in thyroid cancer, providing novel insights developing senescence-centered therapeutic strategies.
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1 Introduction

Thyroid carcinoma (TC) represents the most frequently diagnosed malignancy within the endocrine system (1). In recent years, the incidence of thyroid cancer has increased rapidly due to advancements in detection and diagnostic technologies, as well as environmental and lifestyle changes (2). Recent studies indicate that thyroid cancer currently ranks third among malignant tumors in Chinese women (3), posing an urgent public health concern. Although most patients with thyroid cancer exhibit favorable prognoses, some still develop extensive lymph node metastasis, extrathyroidal extension, or even distant organ metastasis (4, 5), factors that significantly impair patients’ quality of life and overall survival (6). Therefore, elucidating the molecular mechanisms underlying thyroid cancer progression is critical for identifying diagnostic and therapeutic molecular targets.

Growth differentiation factor 15 (GDF15), a secreted cytokine belonging to the trans-forming growth factor-beta (TGF-β) family, plays pivotal roles in diverse physiological and pathological processes (7, 8). Accumulating evidence highlights its involvement in tumor initiation, progression, and metastasis (9–12). Additionally, GDF15 is closely associated with cellular senescence (13). While genomic studies have suggested GDF15’s potential role in thyroid carcinogenesis and progression, its functional mechanisms have not been fully characterized mechanistically (14, 15).

p53, renowned as the “guardian of the genome,” is a critical tumor suppressor gene in humans. It monitors cellular stress signals—including DNA damage, oncogene activation, and oxidative stress (16, 17)—to regulate downstream target genes, thereby inducing cell cycle arrest, DNA repair, and senescence (18).

Cellular senescence refers to an irreversible cell cycle arrest accompanied by morpho-logical alterations, functional impairments, and secretory profile changes. This state can be induced by diverse intrinsic and extrinsic factors, including telomere shortening, DNA damage, epigenetic dysregulation, and mitochondrial dysfunction. Closely linked to carcinogenesis, senescence acts as a barrier to tumorigenesis but may also facilitate tumor progression under specific contexts (19). Senescent cells exhibit universal hall-marks, including morphological alterations, cell cycle arrest, elevated senescence-associated β-galactosidase (SA-β-Gal) activity, and a senescence-associated secretory phenotype (SASP) (20).

Currently, surgical resection, radioactive iodine (RAI) therapy, and targeted therapy serve as primary strategies for thyroid cancer management. However, their therapeutic efficacy is often limited in advanced cases due to metastasis or drug resistance (4, 6). Recent studies have revealed that cellular senescence reactivation may overcome these therapeutic limitations (21). Previous studies have confirmed that GDF15 promotes thyroid cancer progression through mitochondrial stress and the STAT3 pathway (22). However, whether GDF15 coordinates thyroid carcinogenesis via additional signaling pathways (e.g., p53-dependent mechanisms), particularly its interplay with cellular senescence, remains unexplored. In this study, we observed upregulated GDF15 expression in thyroid cancer tissues compared to normal counterparts. GDF15 levels correlated with cancer cell proliferation, migration, and invasion. Knockdown of GDF15 promoted p53 expression by activating the p53 signaling pathway, thereby triggering cellular senescence. The critical role of the GDF15-p53 axis in senescence regulation identified in this study suggests that targeted inhibition of GDF15 could potentially restore p53-mediated senescence in tumor cells, thereby suppressing tumor progression and improving responsiveness to conventional therapies. Our findings highlight GDF15 as a pivotal contributor to thyroid cancer advancement, positioning it as both a promising diagnostic biomarker and a potential therapeutic target to address the unmet clinical needs in refractory thyroid cancer management.




2 Materials and methods



2.1 Patients and tumor specimens

A total of 33 thyroid carcinoma tissues and paired adjacent non-cancerous tissues were collected from patients undergoing thyroidectomy at Qilu Hospital of Shandong University between March 2024 and August 2024(Supplementary Table S1). Patients with histologically confirmed thyroid carcinoma were included, whereas those presenting a history of concurrent or secondary malignancies were excluded. Written informed consent was obtained from all participants prior to surgical intervention. This study was approved by the Ethics Committee of Qilu Hospital, Shandong University (Approval No. KYLL-202401-041) in accordance with the Declaration of Helsinki principles.





2.2 Cell lines and cell culture

Thyroid cancer cell lines TPC-1 was gained from Qilu Hospital. KHM-5M cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences. The cell lines were authenticated via short tandem repeat (STR) profiling. Mycoplasma testing was conducted monthly. Cells were cryopreserved within 5 passages after subculturing and used within 20 post-thaw passages. Cells were maintained in DMEM (Gibco, Grand Island, NY,USA) supplemented with 10% FBS Gib-co, Grand Island, NY,USA) and 1% penicillin-streptomycin (Gibco, Grand Island, NY,USA), under standard culture conditions at 37 °C with 5% CO2 humidified atmosphere.




2.3 Bioinformatics analysis of GDF15 expression

The Gene Expression Profiling Interactive Analysis (GEPIA) platform (http://gepia.cancer-pku.cn/) was utilized to examine gene expression patterns, synthesizing RNA sequencing datasets from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) initiatives (23). To evaluate differential expression of GDF15 in thyroid cancer, we selected the TCGA-THCA cohort (tumor tissues, n=502) and GTEx thyroid normal tissues (n=337) for comparative analysis. Box plots were generated to visualize expression distribution between tumor and normal groups.

The Tumor Immune Estimation Resource (TIMER) web tool (https://cistrome.shinyapps.io/timer/) was employed to assess immune infiltration levels across cancers (24). In this study, its “Diff Exp” module specifically determined pan-cancer expression patterns of GDF15.

UALCAN database (http://ualcan.path.uab.edu/), a comprehensive portal for cancer transcriptome and clinical data analysis, was utilized to examine GDF15 expression in the “Thyroid carcinoma” dataset through its “Expression Analysis” module (25). Clinicopathological correlations of GDF15 expression were further analyzed based on cancer stage, patient gender, lymph node metastasis status and age subgroups.




2.4 Quantitative real-time PCR assay

Total RNA was extracted using the RNAfast 200 Kit (Fastagen, Shanghai, China), followed by cDNA synthesis with HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China). Quantitative PCR was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) on a LightCycler 480 Instrument II (Roche, Switzerland). The thermal cycling protocol consisted of an pre-incubation at 95 °C for 30 sec, followed by amplification in 40 cycles of 10 sec at 95 °C and 30 sec at 60 °C. GAPDH served as the endogenous control for normalization. Relative mRNA expression levels were calculated using the 2-ΔΔCt method. Each sample was run in triplicate. The specific primer sequences are provided in Table 1.


Table 1 | Primers sequences.
	Genes
	Forward
	Reverse



	GDF15
	CAACCAGAGCTGGGAAGATTCG
	CCCGAGAGATACGCAGGTGCA


	GADPH
	GGAGCGAGATCCCTCCAAAAT
	GGCTGTTGTCATACTTCTCATGG


	TP53
	CCTCAGCATCTTATCCGAGTGG
	TGGATGGTGGTACAGTCAGAGC


	IL6
	AGACAGCCACTCACCTCTTCAG
	TTCTGCCAGTGCCTCTTTGCTG


	IGFBP3
	CGCTACAAAGTTGACTACGAGTC
	GTCTTCCATTTCTCTACGGCAGG


	CXCL1
	AGCTTGCCTCAATCCTGCATCC
	TCCTTCAGGAACAGCCACCAGT


	CXCL2
	GGCAGAAAGCTTGTCTCAACCC
	CTCCTTCAGGAACAGCCACCAA


	CXCL3
	TTCACCTCAAGAACATCCAAAGTG
	TTCTTCCCATTCTTGAGTGTGGC










2.5 Western blot

The cells or tissues were lysed on ice using RIPA buffer (Beyotime, Shanghai, China) supplemented with the ProteLytic Protease and Phosphatase Inhibitor Cocktail (NCM Biotech, Suzhou, China). Following lysis, cellular debris was removed by centrifugation at 13,000 × g (5 min, 4 °C). The clarified supernatants were mixed with SDS-PAGE loading buffer (20% final concentration) and denatured by boiling at 95 °C for 5 min. Proteins were resolved on 10% Bis-Tris gels (Epizyme, Shanghai, China) using constant voltage (80V) for 2 h through discontinuous electrophoresis. Electrophoretic transfer onto PVDF membranes (0.2 μm pore size; Millipore, USA) was performed using standard wet conditions. After blocking with 5% non-fat milk, membranes underwent sequential incubation with: (1) primary antibodies (overnight at 4 °C) and (2) HRP-conjugated secondary antibodies (1 h at room temperature). Signal detection was achieved using enhanced chemiluminescence ECL reagent(Millipore, Billerica, MA, USA) following manufacturer’s protocols. Primary antibodies included GDF-15 polyclonal antibody (1:20000, cat.no. 27455-1-AP), p53 polyclonal antibody (1:20000, cat.no.10442-1-AP), Lamin B1 Polyclonal antibody (1:50000, cat.no.12987-1-AP) and β-tubulin polyclonal antibody (1:10000, cat.no.10094-1-AP) were purchased from Proteintech (Wuhan, China).




2.6 Immunohistochemical (IHC) analysis

Paraffin-embedded tissue sections underwent sequential dewaxing using xylene followed by rehydration through an ethanol gradient. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide. Heat-mediated antigen retrieval was conducted in 10 mM sodium citrate buffer (pH 6.0) for epitope exposure. After blocking non-specific binding sites for 60 min at ambient temperature, primary antibodies were applied and maintained at 4 °C for 16–18 h. Following PBS washes (3 × 5 min), horseradish peroxidase-conjugated secondary antibodies were incubated for 30 min at 25 °C. Chromogenic development was achieved using a commercial DAB detection kit (Servicebio, Wuhan, China), with microscopic evaluation of staining intensity. Quantitative analysis of immunohistochemical results was performed using the Aipathwell digital pathology platform (Servicebio, Wuhan, China).




2.7 Cell viability assay

Cell proliferation rates were quantified using the CCK-8 assay (SuperKine™ Maximum Sensitivity Cell Counting Kit-8, Abbkin, China). Cells were initially plated in 96-well culture plates at 2×10³ cells/well and allowed to attach. Following the manufacturer’s guidelines, 10 μL CCK-8 reagent was added per well, and plates were incubated under standard culture conditions (37 °C, 5% CO2) for 2h. Cellular metabolic activity was determined by measuring optical density (OD) at 450 nm using a microplate reader.





2.8 Cell colony formation assay

Cells in exponential growth phase were plated at 3×10³ cells/well in 6-well culture plates. Cultures were incubated under physiological conditions (37 °C, 5% CO2) for 14–20 days until macroscopic colony formation was evident. Colonies were then immobilized with 4% paraformaldehyde (PFA) and visualized through 1% crystal violet staining. The number of cell colonies was counted using Image J software version 8.0.




2.9 Small interfering RNA (siRNA) transfection

Cells were seeded in 6-well plates at 2×105 cells per well and cultured overnight. The following day, the medium was replaced with serum-free medium containing siRNA-Lipofectamine 2000 complexes (Thermo Fisher Scientific, Waltham, MA, USA), followed by incubation under standard conditions. The knockdown efficiency of siRNAs was tested by RT-qPCR and western blot analysis. The target siRNA was synthesized by Gemma Genetics (Suzhou, China), with specific sequences provided in Table 2.


Table 2 | The siRNA sequences.
	Name
	Sense
	Antisense



	Negative control
	UUCUCCGAACGUGUCACGUTT
	ACGUGACACGUUCGGAGAATT


	siGDF15
	AUCCCAUGGUGCUCAUUCATT
	UGAAUGAGCACCAUGGGAUTT


	sip53
	CCACCAUCCACUACAACUATT
	UAGUUGUAGUGGAUGGUGGTT










2.10 Transwell migration and invasion

Transwell chambers (Corning, NY, USA) were utilized for migration and invasion assays. The upper chamber was filled with serum-free medium, while the lower chamber contained medium supplemented with 10% fetal bovine serum (FBS). For migration assays, 3×104 cells were seeded in the upper chamber. For invasion assays, 1×105 cells were suspended in Ceturegel® Matrix LDEV-Free (Yeasen, Shanghai, China)-coated upper chambers. After 24 h incubation under standard culture conditions, migrated/invaded cells on the membrane underside were fixed with 4% paraformaldehyde, stained with 1% crystal violet for 15 min, and quantified by ImageJ software version 8.0.




2.11 Cell scratch assay

Cells were seeded in 6-well plates at 1×105 cells per well and allowed to form a confluent monolayer within 12h. A straight scratch wound was generated across the monolayer using a sterile 200-μL pipette tip. Following this, cells were washed twice with PBS to remove detached cells, and fresh serum-free medium was added. Images of the wound area were captured at predefined time points under an inverted microscope, and migration efficiencies are compared.




2.12 RNA-seq analysis

Total RNA was isolated from siGDF15 and negative control cells using TRIzol reagent (Invitrogen, USA). Three biological replicates per group were sent to LC-Bio Technology CO., Ltd (Hangzhou, China) for sequencing library preparation. RNA concentration and purity were assessed using NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA) and Bioanalyzer 2100 (Agilent, CA, USA). High-quality RNA samples with RNA integrity number (RIN) >7.0 were selected for library construction. Transcriptome sequencing was performed on the Illumina NovaSeq™ 6000 platform (LC-Bio) with paired-end 150 bp (PE150) sequencing mode. The average RNA-seq depth was 42 million reads per sample. Gene assembly and transcript quantification were conducted using StringTie software (https://ccb.jhu.edu/software/hisat2) with fragments per kilobase of transcript per million mapped reads (FPKM) values. Differentially expressed genes (DEGs) were identified using thresholds of |log2(fold change)| ≥1 with statistical significance (p-value <0.05;corrected for multiple testing). Functional annotation of DEGs was performed through Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, and Gene Set Enrichment Analysis (GSEA). The RNA-seq data was uploaded to the GEO section of the NCBI web server. The GEO accession number was GSE307253.




2.13 LinkedOmics analysis

LinkedOmics platform (http://www.linkedomics.org) is a multi-omics resource integrating 32 TCGA-derived cancer datasets (26). The GSEA module within LinkedOmics was employed to identify significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with GDF15 expression in the TCGA-THCA cohort. This approach evaluates coordinated upregulation or downregulation of predefined gene sets, thereby overcoming the limitations of single-gene analyses. KEGG pathway annotations were utilized to map biological interactions and metabolic networks, with pathway visualization highlighting hierarchical relationships. The grade standards were as follows: false discovery rate<0.05; number of simulations: 500.




2.14 Protein–protein interaction network and molecular docking

The STRING database(http://string-db.org) was used to construct the protein-protein interaction (PPI) network of GDF15 (27). PPI pairs with an interaction score >0.40 were chosen to be visualized. In the molecular docking section, the corresponding amino acid sequences were retrieved from the RCSB PDB database (http://www.rcsb.org/).




2.15 β-Galactosidase staining

Cells were quantified, harvested, and seeded into 6-well plates at a density of 1 × 105 cells per well, followed by incubation under standard culture conditions for 12 hours. After two washes with PBS, adherent cells were fixed with 4% paraformaldehyde at room temperature for 15 min, washed three times with PBS, and stained for SA-β-Gal activity using a commercial kit (C0602, Beyotime) according to the manufacturer’s protocol (28). SA-β-Gal-labeled cells were incubated at 37 °C with the working solution of β galactosidase plus X-Gal for 12 h. After final PBS washes to remove residual stain, senescence-positive cells were visualized and documented using an Axio Scope A1 micro scope (Zeiss, Germany) at a magnification of 20×, with their counts normalized to the total cell number. All experiments were conducted in triplicate.




2.16 γ-H2AX immunofluorescence

Cells were seeded into 6-well plates. DNA damage was evaluated using a commercial γ-H2AX immunofluorescence assay kit (C2035S, Beyotime) according to the manufacturer’s protocol (29). Briefly, after fixation with 4% paraformaldehyde, cells were blocked with immunostaining blocking solution at room temperature for 10 min and incubated with anti-γ-H2AX rabbit monoclonal antibody (C2035S-4, Beyotime) overnight at 4 °C. Nuclei were counterstained with DAPI (C2035S-6, Beyotime). A fluorescence microscope (Axio Scope A1 micro scope, Zeiss, Germany) was employed for observation and data recording. All experiments were performed with three replicates.




2.17 Statistical analysis

Quantitative data were analyzed using GraphPad Prism v9.0 (GraphPad Software, CA, USA) and expressed as mean ± SD. Group comparisons were assessed by unpaired two-tailed Student’s t-test. For multi-group comparisons, statistical differences were evaluated using one-way ANOVA with Tukey’s post-hoc tests. Statistical significance was defined as p < 0.05.





3 Results



3.1 GDF15 is highly expressed in thyroid cancer and associated with lymph node metastasis

To identify key genes involved in thyroid carcinogenesis and progression, we first performed transcriptome analysis on five pairs of thyroid cancer and adjacent normal tissues. The results revealed significant upregulation of GDF15 in tumor tissues com-pared with normal counterparts (Supplementary Figure S1A). Analysis using the GEPIA database confirmed higher GDF15 mRNA expression in thyroid cancer (Figure 1A). Further investigation through the TIMER database demonstrated elevated GDF15 expression across multiple cancers, with particularly high levels in thyroid cancer (Figure 1C). UALCAN analysis showed no significant correlation between GDF15 expression and patient gender, age, or tumor stage, but identified a strong association with lymph node metastasis status (Figure 1B; Supplementary Figure S1B).
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Figure 1 | Expression of GDF15 in thyroid cancer and precancerous tissues, and its relationship with clinicopathologic parameters. (A) Expression of GDF15 in tumor tissue (red) and adjacent normal tissue (gray), analyzed by GEPIA; (B) Expression of GDF15 in TC based on lymph node metastatic status analyzed by UALCAN (C) Human GDF15 expression levels in different tumor types from TCGA database were determined by TIMER (D) mRNA expression of GDF15 in human thyroid cancer and precancerous tissues (n=12,*p<0.05, **p<0.01, ***p<0.001); (E) Determination and quantification of GDF15 protein levels in PTC tissues and paired nontumor tissues by western blotting (T refers to tumor, and N refers to nontumor); (F). Representative immunohistochemistry staining of GDF15 in TC tissues (scale bar, 50 µm, 100 µm) and quantitative analysis of immunohistochemical results (n=6,*p<0.05, **p<0.01, ***p<0.001).

Consistent with bioinformatics findings, qRT-PCR analysis confirmed markedly higher GDF15 mRNA levels in clinical thyroid cancer specimens than in adjacent normal tis-sues (Figure 1D). Western blot and immunohistochemistry (IHC) further validated elevated GDF15 protein expression in tumor tissues (Figures 1E, F). Collectively, these results demonstrate that GDF15 is overexpressed in thyroid cancer compared to non-cancerous controls, suggesting its potential involvement in thyroid tumorigenesis and progression.





3.2 Knockdown of GDF15 suppresses proliferation, migration, and invasion in TC cells

To further investigate the functional role of GDF15 in thyroid cancer progression, siRNA-mediated knockdown of GDF15 was performed in thyroid cancer cell lines TPC-1 and KHM-5M. qRT-PCR and Western blot analyses confirmed a significant re-duction in GDF15 expression at both mRNA and protein levels post-knockdown (Figure 2A). Colony formation assays revealed that GDF15 silencing markedly suppressed the colony-forming capacity of thyroid cancer cells (Figure 2B). CCK-8 cell proliferation assays demonstrated attenuated proliferation in GDF15-deficient cells. To evaluate the impact of GDF15 knockdown on migratory and invasive abilities, wound healing and Transwell assays were conducted. The results demonstrated that GDF15 depletion significantly inhibited the migration and invasion capabilities of thyroid cancer cells (Figures 2C, D). These findings collectively demonstrate the critical involvement of GDF15 in regulating proliferation, migration, and invasion in thyroid cancer cells.
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Figure 2 | GDF15 knockdown suppresses TC cell proliferation, migration and invasion. (A) Western blot analysis of S1PR1 expression in negative control and GDF15 knockdown cells; (B) The proliferation capacity of TC cells treated with since or siGDF15 was detected by colony formation assays; (C) CCK8 assay was used to detect the proliferation ability of negative control and GDF15 knockdown cells. Counting was performed on days 1, 2, and 3 after inoculation; (D) Scratch test analysis of the migration ability of GDF15 knockdown cells; (E) Invasion and migration assays were conducted to evaluate the effect of GDF15 knockdown on the metastatic ability of TC cells (magnification 200×). For all studies n=3. Data are presented as means ± SD. Bar chart data were compared by Student’s t-test or ANOVA (ns = not significant, * p < 0.05, ** p < 0.01, and *** p < 0.001, **** p < 0.0001).




3.3 Knockdown of GDF15 upregulates p53 expression in TC cells

To further explore the downstream molecular mechanisms by which GDF15 contributes to thyroid cancer progression, we performed transcriptome sequencing analysis of gene expression changes in GDF15-knockdown cell lines. Heatmap visualization revealed substantial alterations in downstream gene expression profiles upon GDF15 silencing compared with controls (Figure 3A). Differential expression analysis identified 427 upregulated and 757 downregulated genes in the siGDF15 group versus controls (Figure 3B). KEGG pathway analysis of these differentially expressed genes demonstrated significant enrichment in cell cycle regulation, DNA replication, p53 signaling pathway, and cellular senescence-related genes (Figure 3C). Consistently, GSEA analysis confirmed upregulation of p53 signaling pathway-associated genes in siGDF15-treated cells (Figure 3D). External validation using the LinkedOmics tool for KEGG and GSEA pathway analysis indicated that GDF15 downregulation positively correlated with activation of the p53 signaling pathway (Supplementary Figure S1C).

[image: Panel of scientific data visualizations. (A) Heatmap showing gene expression levels with hierarchical clustering. (B) Volcano plot illustrating gene expression fold changes and significance. (C) KEGG enrichment scatter plot highlighting pathways with gene count and significance. (D) Enrichment plot for the p53 signaling pathway showing enrichment scores. (E) Western blot images displaying protein levels of GDF15, p53, and β-tubulin in KHM-5M and TPC-1 cells. (F) Scatter plot demonstrating the negative correlation between H-Score of p53 and GDF15. (G) Network diagram of protein interactions involving GDF15 and TP53. (H) Molecular structure representation of GDF15 and TP53 interaction.]
Figure 3 | GDF15 knockdown affects the p53 signaling pathway.(A) Heatmap analysis of expression differential genes regulated by GDF15 in TPC-1 cells; (B) Volcano plot showing 427 upregulated (red) and 757 downregulated (blue) genes; (C) KEGG pathway analysis of the DEGs, the top 20 enriched pathways, and KEGG main class; (D) GSEA analysis was performed using cells with GDF15 knockdown and vector control cells; (E) Western blot demonstrating increased p53 protein levels upon GDF15 knockdown; (F) Immunohistochemical analysis of the relationship between GDF15 and p53 expression in thyroid cancer tissues(n=12);(G) Protein-protein interaction network of GDF15 predicted by STRING database;(H) Mold-predicted TP53-GDF15 heterodimer interface stabilized by key residue pairs.

Previous studies have demonstrated that GDF15 is a transcriptional target of p53. Two p53 recognition motifs (RE1 and RE2) are located in its promoter region, with RE2 specifically mediating p53-dependent transcriptional activation (12, 30–32). Multiple re-ports establish that p53 regulates GDF15 expression to influence malignant tumor progression (12, 33, 34). However, whether GDF15 reciprocally modulates p53 remains unexplored. Measurement of p53 mRNA and protein levels in GDF15-knockdown cells revealed increased p53 protein expression without corresponding changes in mRNA abundance (Figure 3E; Supplementary Figure S1D). Immunohistochemical scoring of clinical thyroid cancer specimens further supported an inverse correlation between GDF15 and p53 expression (Figure 3F).

Protein-protein interaction (PPI) network analysis via the STRING database suggested potential physical interactions between GDF15 and p53 (Figure 3G). Leveraging known protein structures of GDF15 and p53, DMFold (35) was employed to predict their binding interfaces. In the simulated TP53-GDF15 heterodimer complex, potential docking regions—including PRO8-ARG57, GLU11-PRO1239, LEU22-LEU67, and ASN235-ARG139—were predicted to stabilize the structural integrity of the TP53-GDF15 heterodimer (Figure 3H).

Collectively, these findings indicate that GDF15 suppresses p53 protein stability through negative feedback regulation. Its knockdown activates the p53 signaling pathway, triggering cell cycle arrest and senescence. Clinical data and structural modeling further suggest protein-level interactions between GDF15 and p53.




3.4 Knockdown of GDF15 induces cellular senescence in TC cells

Based on transcriptome sequencing data, we observed significant enrichment of cellular senescence-related pathways in GDF15-knockdown thyroid cancer cells (Figures 3C, 4A). Heatmap analysis demonstrated substantial alterations in senescence-associated gene expression profiles following GDF15 silencing (Figure 4B). GDF15 has been recognized as a biomarker of cellular senescence, particularly as a component of the SASP (36, 37). Senescent cells secrete diverse factors—including pro-inflammatory cytokines/chemokines, growth regulators, and angiogenic mediators—to communicate with their microenvironment and influence neighboring cells, a phenomenon collectively termed SASP (38).To investigate whether GDF15 knockdown modulates SASP, we analyzed SASP-related factors and observed increased expression of IL6, IGFBP3, and CXCL1/2/3 in siGDF15-treated cells (Figure 4C). Furthermore, β-galactosidase staining assays confirmed elevated activity of senescence-associated β-galactosidase in GDF15-deficient cell lines (Figure 4D). These results collectively demonstrate that GDF15 silencing activates the SASP program and upregulates senescence markers (e.g., β-galactosidase activity), thereby inducing significant cellular senescence in thyroid cancer cells.

[image: Panel A shows a cellular senescence enrichment plot with significant enrichment score. Panel B presents a heatmap of gene expression for IL6, IGFBP3, and others. Panel C illustrates bar graphs comparing mRNA expression levels in TPC-1 and KHM-5M cells between SiNC and SiGDF15 groups, with significant increases in SiGDF15. Panel D displays microscopic images and bar graphs depicting a higher percentage of β-galactosidase positive cells in the SiGDF15 group compared to SiNC for both KHM-5M and TPC-1 cells.]
Figure 4 | GDF15 is involved in cellular senescence in TC cells. (A) GSEA analysis illustrates enrichment of cellular senescence pathways; (B) Heatmap analysis of gene expression changes associated with cellular senescence; (C) The expression changes of SASP were examined using RT-qPCR; (D) β-galactosidase staining was used to qualitatively (left) and quantitatively (right) analyze senescence changes. For all studies n=3. Data are presented as means ± SD. Bar chart data were compared by Student’s t-test or ANOVA (ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).




3.5 GDF15 promotes cellular senescence in a p53-dependent manner

Given the pivotal role of the p53 signaling pathway in cell cycle arrest and senescence (39), we hypothesized that GDF15 knockdown-induced senescence is p53-dependent. To test this hypothesis, we co-knockdown p53 using siRNA in GDF15-deficient cells. Western blot analysis showed that GDF15 silencing reduced the expression of the senescence marker Lamin B1, whereas concurrent p53 knockdown restored Lamin B1 levels (Figure 5A). Consistently, β-galactosidase staining assays revealed that p53 depletion rescued GDF15 knockdown-triggered cellular senescence (Figure 5B). Since DNA damage accumulation may drive senescence (40), we further assessed γ-H2AX expression via immunofluorescence. GDF15 knockdown significantly increased γ-H2AX foci formation, which was reversed upon combined p53 silencing (Figure 5C). Collectively, these findings demonstrate that GDF15 depletion induces senescence through p53-dependent mechanisms, as evidenced by the reversal of senescence markers (Lamin B1 downregulation, β-galactosidase activity) and DNA damage response (γ-H2AX accumulation) upon p53 co-knockdown. Our results establish a mechanistic link between GDF15-p53 interaction and senescence progression in thyroid cancer cells.

[image: A series of experiments analyzing protein expression and cell behavior with silencing conditions. Panel A shows a Western blot of proteins GDF15, p53, and control proteins in KHM-5M and TPC-1 cell lines under different conditions (SiNC, SiGDF15, Sip53). Panel B includes microscope images of cell lines KHM-5M and TPC-1 treated under similar conditions, highlighting senescence-associated β-galactosidase staining. Panel C presents immunofluorescent images of cells stained with DAPI and γH2AX, showing DNA damage foci under each treatment condition, with accompanying bar graphs quantifying β-galactosidase positive cells. Statistical significance is indicated with asterisks.]
Figure 5 | GDF15 regulates TC cell senescence through the p53 pathway. (A) The expression levels of GDF15, p53, and LaminB1 were analyzed by Western blot in cells transfected with siGDF15 and sip53; (B) Cellular senescence status was evaluated by β-galactosidase staining in cells transfected with siGDF15 and sip53; (C) Expression of γ-H2AX was detected using IF staining assay. Representative images of γ-H2AX are shown. Green, γ-H2AX; blue, DAPI. For all studies n=3. Data are presented as means ± SD. Bar chart data were compared by Student’s t-test or ANOVA (ns = not significant, * p < 0.05 and *** p < 0.001).





4 Discussion

Over the past decade, global thyroid cancer incidence has risen markedly, with Surveillance, Epidemiology, and End Results (SEER) Program data indicating an annual 3% increase in age-standardized incidence rates (41). Although standard therapies—including surgical resection, postoperative TSH suppression therapy, and radioactive iodine ablation—achieve favorable prognoses, refractory local recurrence or distant metastasis persists in subsets of patients with poor outcomes (42).

Prior studies implicate GDF15 in modulating tumor cell behaviors such as proliferation, cell cycle progression, apoptosis, invasion, and metastasis (43–45). Our findings further confirm the critical oncogenic role of GDF15 in the pathogenesis and progression of thyroid cancer (22) and provide expanded mechanistic insight: connecting GDF15 to p53-mediated cellular senescence, offering novel insights into therapeutic strategies targeting this cytokine. The association between elevated GDF15 expression and lymph node metastasis aligns with its established roles in promoting epithelial-mesenchymal transition (EMT) and extracellular matrix remodeling in other malignancies (22, 46, 47). Emerging evidence indicates that GDF exhibits tumor-suppressive properties (12, 45), while its contradictory roles across malignancies underscore its context-dependent functions within distinct tumor microenvironments, thus emphasizing the necessity for developing GDF15-targeted therapeutic strategies in precision oncology. Notably, GDF15 knockout significantly suppressed thyroid cancer cell proliferation, migration, and invasion, indicating its functional involvement in maintaining malignant phenotypes.

This study extends these observations by revealing a unique regulatory axis between GDF15 and tumor suppressor p53 in thyroid cancer. The discovery that GDF15 depletion upregulates p53 expression while inducing senescence unveils a paradoxical relationship between an oncogenic cytokine and a classical tumor suppressor. Mounting evidence suggests p53 reactivation triggers senescence bypass in cancer cells via transcriptional activation of p21 and other senescence-associated secretory phenotype (SASP) factors (39). Our data showing increased SA-β-galactosidase activity and senescence marker alterations in GDF15-knockdown cells support this paradigm. Crucially, the dependency of GDF15-mediated senescence on p53 accumulation highlights a previously unrecognized regulatory mechanism. We hypothesize that GDF15 may suppress p53 through post-translational modifications or transcriptional repression, potentially via MDM2-mediated ubiquitination pathways (48). This hypothesis warrants validation through proteasome inhibition assays and ubiquitination profiling.

Therapeutically, GDF15 inhibition-induced senescence presents dual clinical implications. While senescence may restrict tumor progression by establishing stable growth arrest, emerging evidence cautions that senescent cells paradoxically promote tumor recurrence through SASP-mediated microenvironment remodeling (49). Combining GDF15-targeted therapies with agents neutralizing SASP effects could optimize outcomes—a strategy under investigation in solid tumors (50). Investigating the co-expression patterns and interaction mechanisms between GDF15 and other tumor-regulatory genes holds substantial scientific value in the context of thyroid cancer gene expression characteristics (14, 15). Critically, given the central role of BRAF V600E mutations and RET variants in thyroid cancer molecular diagnostics and targeted therapy (51), mechanistic studies exploring functional interactions between GDF15 and these drivers (52, 53) may yield novel biomarkers, prognostic tools, and combination therapeutic targets.

Several limitations warrant acknowledgment. First, our in vitro models incompletely replicate the tumor microenvironment influencing GDF15 signaling; more sophisticated in vivo systems are required. Second, the clinical correlation between GDF15 expression and patient survival needs validation in larger multicenter cohorts. Third, the precise molecular mechanism linking GDF15 to p53 regulation—whether through direct protein interaction, epigenetic modulation, or intermediate signaling—remains unresolved. Future studies employing chromatin immunoprecipitation (ChIP) and co-immunoprecipitation (Co-IP) assays could clarify these relationships.

In summary, this study elucidates GDF15’s critical role in thyroid cancer progression. Experimental evidence demonstrates significant GDF15 overexpression in thyroid tumors, positively correlating with lymph node metastasis and other clinicopathological features. Functional assays confirm that GDF15 knockdown suppresses proliferation, migration, and invasion while inducing senescence. Mechanistically, GDF15’s oncogenic activity tightly associates with p53 signaling—its depletion upregulates p53 protein levels, and sustained p53 accumulation is prerequisite for senescence induction. Future studies should focus on developing GDF15-specific inhibitors and validating the in vivo efficacy, while exploring their synergistic anti-tumor effects with existing therapeutic regimens such as tyrosine kinase inhibitors (TKIs). This may provide novel avenues for advanced thyroid cancer treatment. Furthermore, the broad implications of GDF15-mediated senescence suppression in cancer progression and treatment resistance require further investigation. Exploring these directions may accelerate the clinical translation of senescence-targeted strategies.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

The studies involving humans were approved by Qilu Hospital, Shandong University Ethics Review 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.





Author contributions

JM: Formal Analysis, Investigation, Validation, Visualization, Writing – original draft, Writing – review & editing. ZL: Formal Analysis, Visualization, Writing – original draft. RH: Investigation, Writing – original draft. CD: Project administration, Resources, Writing – original draft. ZY: Project administration, Resources, Writing – original draft. WL: Conceptualization, Funding acquisition, Project administration, Writing – review & editing. BL: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This study was supported by the National Natural Science Foundation of China (Grant no. 62305190), the Fundamental Research Funds for the Central Universities (Grant no. 2022JC024) and the Shandong Provincial Natural Science Foundation of China (Grant no. ZR2022MH156).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1675245/full#supplementary-material




References

	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer J Clin. (2021) 71:7–33. doi: 10.3322/caac.21654, PMID: 33433946


	 Kitahara CM, Sosa JA. The changing incidence of thyroid cancer. Nat Rev Endocrinol. (2016) 12:646–53. doi: 10.1038/nrendo.2016.110, PMID: 27418023


	 Han B, Zheng R, Zeng H, Wang S, Sun K, Chen R, et al. Cancer incidence and mortality in China, 2022. J Natl Cancer Cent. (2024) 4:47–53. doi: 10.1016/j.jncc.2024.01.006, PMID: 39036382


	 Park H, Park J, Park SY, Kim TH, Kim SW, Chung JH. Clinical course from diagnosis to death in patients with well-differentiated thyroid cancer. Cancers. (2020) 12:2323. doi: 10.3390/cancers12082323, PMID: 32824662


	 Al Afif A, Williams BA, Rigby MH, Bullock MJ, Taylor SM, Trites J, et al. Multifocal papillary thyroid cancer increases the risk of central lymph node metastasis. Thyroid Off J Am Thyroid Assoc. (2015) 25:1008–12. doi: 10.1089/thy.2015.0130, PMID: 26161997


	 Filetti S, Durante C, Hartl D, Leboulleux S, Locati LD, Newbold K, et al. Electronic address: clinicalguidelines@esmo.org. Thyroid cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up†. Ann Oncol Off J Eur Soc Med Oncol. (2019) 30:1856–83. doi: 10.1093/annonc/mdz400, PMID: 31549998


	 Patel S, Alvarez-Guaita A, Melvin A, Rimmington D, Dattilo A, Miedzybrodzka EL, et al. GDF15 provides an endocrine signal of nutritional stress in mice and humans. Cell Metab. (2019) 29:707–718.e8. doi: 10.1016/j.cmet.2018.12.016, PMID: 30639358


	 Coll AP, Chen M, Taskar P, Rimmington D, Patel S, Tadross JA, et al. GDF15 mediates the effects of metformin on body weight and energy balance. Nature. (2020) 578:444–8. doi: 10.1038/s41586-019-1911-y, PMID: 31875646


	 Zhao C, Li Y, Qiu W, He F, Zhang W, Zhao D, et al. C5a induces A549 cell proliferation of non-small cell lung cancer via GDF15 gene activation mediated by GCN5-dependent KLF5 acetylation. Oncogene. (2018) 37:4821–37. doi: 10.1038/s41388-018-0298-9, PMID: 29773900


	 Ratnam NM, Peterson JM, Talbert EE, Ladner KJ, Rajasekera PV, Schmidt CR, et al. NF-κB regulates GDF-15 to suppress macrophage surveillance during early tumor development. J Clin Invest. (2017) 127:3796–809. doi: 10.1172/JCI91561, PMID: 28891811


	 Li J, Veltri RW, Yuan Z, Christudass CS, Mandecki W. Macrophage inhibitory cytokine 1 biomarker serum immunoassay in combination with PSA is a more specific diagnostic tool for detection of prostate cancer. PloS One. (2015) 10:e0122249. doi: 10.1371/journal.pone.0122249, PMID: 25853582


	 Tsui K-H, Hsu S-Y, Chung L-C, Lin Y-H, Feng T-H, Lee T-Y, et al. Growth differentiation factor-15: a p53- and demethylation-upregulating gene represses cell proliferation, invasion and tumorigenesis in bladder carcinoma cells. Sci Rep. (2015) 5:12870. doi: 10.1038/srep12870, PMID: 26249737


	 Conte M, Giuliani C, Chiariello A, Iannuzzi V, Franceschi C, Salvioli S. GDF15, an emerging key player in human aging. Ageing Res Rev. (2022) 75:101569. doi: 10.1016/j.arr.2022.101569, PMID: 35051643


	 Chen X, Wang R, Xu T, Zhang Y, Li H, Du C, et al. Identification of candidate genes associated with papillary thyroid carcinoma pathogenesis and progression by weighted gene co-expression network analysis. Transl Cancer Res. (2021) 10:694–713. doi: 10.21037/tcr-20-2866, PMID: 35116402


	 Reyes I, Reyes N, Suriano R, Iacob C, Suslina N, Policastro A, et al. Gene expression profiling identifies potential molecular markers of papillary thyroid carcinoma. Cancer biomark. (2019) 24:71–83. doi: 10.3233/CBM-181758, PMID: 30614796


	The Role of the Cyclin Dependent Kinase Inhibitor p21cip1/waf1 in Targeting Cancer: Molecular Mechanisms and Novel Therapeutics. Available online at: https://www.mdpi.com/2072-6694/11/10/1475 (Accessed March 12, 2025)., PMID: 31575057


	 Liu Z, Zheng Y. GSK-126 enhances all-trans-retinoic acid (ATRA) response in hepatocellular carcinoma (HCC) by upregulating RARG expression. Discov Med. (2024) 36:1041–53. doi: 10.24976/Discov.Med.202436184.97, PMID: 38798263


	 Chacko S, Samanta S. Hepatocellular carcinoma: A life-threatening disease. BioMed Pharmacother. (2016) 84:1679–88. doi: 10.1016/j.biopha.2016.10.078, PMID: 27823920


	 Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M, Alimonti A. Cellular senescence: aging, cancer, and injury. Physiol Rev. (2019) 99:1047–78. doi: 10.1152/physrev.00020.2018, PMID: 30648461


	 Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, Bishop C, et al. Cellular senescence: defining a path forward. Cell. (2019) 179:813–27. doi: 10.1016/j.cell.2019.10.005, PMID: 31675495


	 Liu B, Peng Z, Zhang H, Zhang N, Liu Z, Xia Z, et al. Regulation of cellular senescence in tumor progression and therapeutic targeting: mechanisms and pathways. Mol Cancer. (2025) 24:106. doi: 10.1186/s12943-025-02284-z, PMID: 40170077


	 Kang YE, Kim JM, Lim MA, Lee SE, Yi S, Kim JT, et al. Growth differentiation factor 15 is a cancer cell-induced mitokine that primes thyroid cancer cells for invasiveness. Thyroid. (2021) 31:772–86. doi: 10.1089/thy.2020.0034, PMID: 33256569


	 Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: an enhanced web server for large-scale expression profiling and interactive analysis. Nucleic Acids Res. (2019) 47:W556–60. doi: 10.1093/nar/gkz430, PMID: 31114875


	 Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res. (2020) 48:W509–14. doi: 10.1093/nar/gkaa407, PMID: 32442275


	 Chandrashekar DS, Karthikeyan SK, Korla PK, Patel H, Shovon AR, Athar M, et al. UALCAN: An update to the integrated cancer data analysis platform. Neoplasia N Y N. (2022) 25:18–27. doi: 10.1016/j.neo.2022.01.001, PMID: 35078134


	 Vasaikar SV, Straub P, Wang J, Zhang B. LinkedOmics: analyzing multi-omics data within and across 32 cancer types. Nucleic Acids Res. (2018) 46:D956–63. doi: 10.1093/nar/gkx1090, PMID: 29136207


	 Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: protein–protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. (2019) 47:D607–13. doi: 10.1093/nar/gky1131, PMID: 30476243


	 Yao S, Wei X, Deng W, Wang B, Cai J, Huang Y, et al. Nestin-dependent mitochondria-ER contacts define stem Leydig cell differentiation to attenuate male reproductive ageing. Nat Commun. (2022) 13:4020. doi: 10.1038/s41467-022-31755-w, PMID: 35821241


	 Zhang Q, Chen C, Zou X, Wu W, Di Y, Li N, et al. Iron promotes ovarian cancer Malignancy and advances platinum resistance by enhancing DNA repair via FTH1/FTL/POLQ/RAD51 axis. Cell Death Dis. (2024) 15:329. doi: 10.1038/s41419-024-06688-5, PMID: 38740757


	 Kannan K, Amariglio N, Rechavi G, Givol D. Profile of gene expression regulated by induced p53: connection to the TGF-beta family. FEBS Lett. (2000) 470:77–82. doi: 10.1016/s0014-5793(00)01291-6, PMID: 10722849


	 Li PX, Wong J, Ayed A, Ngo D, Brade AM, Arrowsmith C, et al. Placental transforming growth factor-beta is a downstream mediator of the growth arrest and apoptotic response of tumor cells to DNA damage and p53 overexpression. J Biol Chem. (2000) 275:20127–35. doi: 10.1074/jbc.M909580199, PMID: 10777512


	 Osada M, Park HL, Park MJ, Liu J-W, Wu G, Trink B, et al. A p53-type response element in the GDF15 promoter confers high specificity for p53 activation. Biochem Biophys Res Commun. (2007) 354:913–8. doi: 10.1016/j.bbrc.2007.01.089, PMID: 17276395


	 Izaguirre DI, Ng C-W, Kwan S-Y, Kun EH, Tsang YTM, Gershenson DM, et al. The role of GDF15 in regulating the canonical pathways of the tumor microenvironment in wild-type p53 ovarian tumor and its response to chemotherapy. Cancers. (2020) 12:3043. doi: 10.3390/cancers12103043, PMID: 33086658


	 Xiong X, Yuan J, Zhang N, Zheng Y, Liu J, Yang M. Silencing of lncRNA PVT1 by miR-214 inhibits the oncogenic GDF15 signaling and suppresses hepatocarcinogenesis. Biochem Biophys Res Commun. (2020) 521:478–84. doi: 10.1016/j.bbrc.2019.10.137, PMID: 31677796


	 Zheng W, Wuyun Q, Li Y, Zhang C, Freddolino L, Zhang Y. Improving deep learning protein monomer and complex structure prediction using DeepMSA2 with huge metagenomics data. Nat Methods. (2024) 21:279–89. doi: 10.1038/s41592-023-02130-4, PMID: 38167654


	 Basisty N, Kale A, Jeon OH, Kuehnemann C, Payne T, Rao C, et al. A proteomic atlas of senescence-associated secretomes for aging biomarker development. PloS Biol. (2020) 18:e3000599. doi: 10.1371/journal.pbio.3000599, PMID: 31945054


	 Di Micco R, Krizhanovsky V, Baker D, d’Adda Di Fagagna F. Cellular senescence in ageing: from mechanisms to therapeutic opportunities. Nat Rev Mol Cell Biol. (2021) 22:75–95. doi: 10.1038/s41580-020-00314-w, PMID: 33328614


	 Coppé J-P, Desprez P-Y, Krtolica A, Campisi J. The senescence-associated secretory phenotype: the dark side of tumor suppression. Annu Rev. (2010) 5:99–118. doi: 10.1146/annurev-pathol-121808–102144, PMID: 20078217


	 Mijit M, Caracciolo V, Melillo A, Amicarelli F, Giordano A. Role of p53 in the regulation of cellular senescence. Biomolecules. (2020) 10:420. doi: 10.3390/biom10030420, PMID: 32182711


	 Schumacher B, Pothof J, Vijg J, Hoeijmakers JHJ. The central role of DNA damage in the ageing process. Nature. (2021) 592:695–703. doi: 10.1038/s41586-021-03307-7, PMID: 33911272


	Trends in Thyroid Cancer Incidence and Mortality in the United States, 1974-2013 . Available online at (Accessed April 5, 2025)., PMID: 28362912


	 Kim JY, Myung JK, Kim S, Tae K, Choi YY, Lee SJ. Prognosis of poorly differentiated thyroid carcinoma: A systematic review and meta-analysis. Endocrinol Metab Seoul Korea. (2024) 39:590–602. doi: 10.3803/EnM.2024.1927, PMID: 38925909


	Growth differentiation factor 15 mediates epithelial mesenchymal transition and invasion of breast cancers through IGF-1R-FoxM1 signaling . Available online at (Accessed April 5, 2025).


	 Li S, Ma Y-M, Zheng P-S, Zhang P. GDF15 promotes the proliferation of cervical cancer cells by phosphorylating AKT1 and Erk1/2 through the receptor ErbB2. J Exp Clin Cancer Res CR. (2018) 37:80. doi: 10.1186/s13046-018-0744-0, PMID: 29636108


	 Cekanova M, Lee S-H, Donnell RL, Sukhthankar M, Eling TE, Fischer SM, et al. Nonsteroidal anti-inflammatory drug-activated gene-1 expression inhibits urethane-induced pulmonary tumorigenesis in transgenic mice. Cancer Prev Res Phila Pa. (2009) 2:450–8. doi: 10.1158/1940-6207.CAPR-09-0057, PMID: 19401523


	 Li C, Wang J, Kong J, Tang J, Wu Y, Xu E, et al. GDF15 promotes EMT and metastasis in colorectal cancer. Oncotarget. (2016) 7:860–72. doi: 10.18632/oncotarget.6205, PMID: 26497212


	 Zhao X, Liu X, Hu S, Pan Y, Zhang J, Tai G, et al. GDF15 contributes to radioresistance by mediating the EMT and stemness of breast cancer cells. Int J Mol Sci. (2022) 23:10911. doi: 10.3390/ijms231810911, PMID: 36142823


	 Zhou J, Kryczek I, Li S, Li X, Aguilar A, Wei S, et al. The ubiquitin ligase MDM2 sustains STAT5 stability to control T cell-mediated antitumor immunity. Nat Immunol. (2021) 22:460–70. doi: 10.1038/s41590-021-00888-3, PMID: 33767425


	 D’Ambrosio M, Gil J. Reshaping of the tumor microenvironment by cellular senescence: An opportunity for senotherapies. Dev Cell. (2023) 58:1007–21. doi: 10.1016/j.devcel.2023.05.010, PMID: 37339603


	 Melero I, De Miguel Luken M, De Velasco G, Garralda E, Martín-Liberal J, Joerger M, et al. Neutralizing GDF-15 can overcome anti-PD-1 and anti-PD-L1 resistance in solid tumours. Nature. (2025) 637:1218–27. doi: 10.1038/s41586-024-08305-z, PMID: 39663448


	 Landa I, Cabanillas ME. Genomic alterations in thyroid cancer: biological and clinical insights. Nat Rev Endocrinol. (2024) 20:93–110. doi: 10.1038/s41574-023-00920-6, PMID: 38049644


	 Takahashi M. RET receptor signaling: Function in development, metabolic disease, and cancer. Proc Jpn Acad Ser B Phys Biol Sci. (2022) 98:112–25. doi: 10.2183/pjab.98.008, PMID: 35283407


	 Huh SJ, Chung C-Y, Sharma A, Robertson GP. Macrophage inhibitory cytokine-1 regulates melanoma vascular development. Am J Pathol. (2010) 176:2948–57. doi: 10.2353/ajpath.2010.090963, PMID: 20431030







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.


Copyright © 2025 Ma, Liu, Hua, Ding, Yang, Liang and Lv. 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.


OEBPS/Images/fendo-16-1675245-g005.jpg
A

SiNC + +

SiGDF15 + * + +
Sm53 + + + +

DAPI YH2AX Merge

SiNC

SiGDF15

o ---

SiGDF15

Sip53

SiGDF15+Sip53

INS-INHX

1-0dl

KHM-5M
SiNC
SiGDF15
Sip53
SiGDF15
+Sip53
% % %k
% % %k %k 3
15
9
@
8 10
o
2
-
2
o 5
©
D
(-3
0
R N P &
ée.é§ é§ g§
< N\
&
0
6\

B-gal positive cells(%)

20

15

10

TPC-1

bSO
8 i AT

* % %k %k

*k kkxk

%k %k k%






OEBPS/Images/fendo-16-1675245-g003.jpg
KEGG Enrichment ScatterPlot

hsa04110 | Cell cycle

hsa03030 | DNA replication

hsa04114 | Oocyte meiosis

hsa04914 | Progesterone-mediated oocyte maturation
hsa05034 | Alcoholism 4

hsa05203 | Viral carcinogenesis

hsa03430 | Mismatch repair

hsa03410 | Base excision repair

hsa03460 | Fanconi anemia pathway

hsa04218 | Cellular senescence

hsa03440 | Homologous recombination

hsa04068 | FoxO signaling pathway

hsa03420 | Nucleotide excision repair 1

hsa00290 | Valine, leucine and isoleucine biosynthesis
hsa04360 | Axon guidance

hsa00515 | Mannose type O-glycan biosynthesis
hsa04340 | Hedgehog signaling pathway

hsa00260 | Glycine, serine and threonine metabolism
hsa00240 | Pyrimidine metabolism {

Pathway

SiNC
SiGDF15

|
3

p5

5
p53

02

Rich Factor

SiNC

SiGDF15

0.4

TPC-1

TSPAN4

SiVSNC

up - no - down

200

_
(4]
o

-log10 of gval
g

u
o

Gene Number
@® 10
@
o=

Q.value

0.1
0.2

H-Score of p53

PRO8-ARG57

anning Enrichment Score

v
H
9
=
-
2
=
°
[
x
€
-
«

r=-0.5549

-10 10

0
log2 of Fold change

p53 signaling pathway

P Value = 0.0032; FDR Value = 0.026658906

0.0

011

021

03!

0.4
ES = -0.4967244

L LA

NC ‘

10000 20000 30000
Rank in Ordered Dataset

UL
-

251

0.5

10 20 30 40 50
H-Score of GDF15

LEU22-LEUB7

GLU11-PRO129

ASN235-ARG139





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2025.1675245_cover.jpg
& frontiers | Frontiers in Endocrinology

GDF15 is associated with thyroid cancer
progression and may modulate thyroid
cancer cell senescence in a p53-dependent
manner





OEBPS/Images/fendo-16-1675245-g001.jpg
Expression of GDF15 in THCA based on nodal metastasis status

*%

600 —

) g 2
S 3 <]
] I @

uoijiw sod 3dudsuer;

200 —

100

ol

@
w2
< 1
8
8
& g
2 £
2 E
29 8
B o
= 0
I
Ea
£t
~
@
el
&L
£
E
L 52
_MZ.
o
['e)
IS
E
E
-
£
T
0

&

Kk

Kk ok

R A

b1

)

Kk K

*kk
°

Kok k

Kk ok

Kk

L Jownp'WAN
kJown]'SON

F [BULION"D30N
rJownL 930N
Jown| ' WAH
[BULION'VOHL
JownL'vOHL
Jown] 1091
[ [BWION'QVLS
Flownl aQvLS

- SISEISBIBIN‘INOMS
k- Jown] 'WOMS

L Jown] "0YYS

F [BULON"QY3Y
rdownL'avad

[ [BWION'QVHd
own| avdd
FJownL'9d0d
rdownl'avvd

L Jown] 'AO
kJown]'OS3IN

r [EWON"OSNT
FlownLOSN1

r [ewoN'avnl
FJown]-avnl

I [BUWIONOHIT
FdownOHI

Fdown] TNV
- [BUWION'dHIM
FJown] ‘dHIM
I [EWION"OHIM
Faownp OHIM
I [EWIONHOIM
FJdown] "HOIM

R TTENE |- ounL 6oUAH-OSNH

- Jown] 'SOdAdH-OSNH

kJown] 'NgD

I [BWION'YOS3
iowny'vds3
rdownL'o@1a

I [BWION'YOD
Jown*avod

r [EWONTIOHD

k- Jown] TOHO
r4ownL0s30

L Jown] ‘feulwnT-yoHg
L Jown] ‘ZI8H-yYOHg
k- Jown] 'leseg-yoHg
- [BULION"YOHE

| lown| 'yoHg

r [BULON"YO1d
rdownL'volg

L Jown] "0V

(INd1 2b0)) [one uoissaidx3 G140

34 kDa
55 kDa

<
o
™
o
I\
o
~—
o
[ —
To) £
v =
=)
L o)
o =)
© 2
"-
*
*
*
(=] [=] o o
wn o wn
- -

61409 Jo uoissaidxa YNYW 8Alje|oy

[

=z

%k %k Xk

50

o o
™ N

21098-H






OEBPS/Images/fendo-16-1675245-g004.jpg
Heatmap

cellular senescence
P Value = 0; FDR Value = 0.019956205

IL6 1

IGFBP3

CDKN2B 05

o
o

HLA-E

o
o

LIN9

RASSF5 || 05
CDK1

CDK2

5
-

ES = -0.45465872

anning Enrichment Score

1 A

: CCNE2
Si
23 RBL1

0.0
E2F1

-2.5
NC

LIN52

Ranked List Metric

10000 20000 30000
Rank in Ordered Dataset

CCND1
CDC25A
MYBL2
E2F2
CCNA2
CCNBHt

TPC-1 KHM-5M

69 sk kkk  kkk * * kK = SiNC

sokk  kk kokkk  kdkokk Kok = SiNC

B3 SiGDF15 _ _ - - - E3 SiGDF15

Relative mRNA expression
Relative mRNA expression
E-N

IL6 CXCL1 CXCL2 CXCL3 IGFBP3 IL6 CXCL1 CXCL2 CXCL3 IGFBP3

D
%k %k %k %k
15
<
a
2 I
o (3]
2 5 =
3]
o
@
0
SiNC SiGDF15
- . 3 %k %k %k
SiNC SiGDF15 15
Ta et 9 10 o
] : ',5{ = e '":,H~ \ o 5 -
S Gl N B =
: R ey o
Ciooal L e e e

SiNC SiGDF15





OEBPS/Images/fendo-16-1675245-g002.jpg
g 15
5 *% *
= 2 T
3) = 2 1.0 g
2 8 = 2 5
o 2 [3)) = 9
GDF15 5 = ° =
s 0.5 2
3 s
B-tubulin : : I g =
2 0.0
SiNC SiGDF15
SINC SiGDF15
wn
i " 100 * %K
o SiNC SiGDF15
0 % » 80
Q i 2 : 2
@ <) 5 % e 3 60 %
4 g () 5 (o}
¢ — o
H A o S 40 N
< 3 =B £
& ' E
: 20
s
) 0
SiNC SiGDF15 SiNC SiGDF15
C
KHM-5M TPC-1
2.0 . 2.0
—— SiNC - SINC
-=- SiGDF15 -~ SiGDF15
1.5 1.5
3 3
E 1.0 E 1'0 Fekk
(o] Fekdek (e}
0.5 Fekedede 0.5 Fkkk
ek ns
0.0 0.0
0 1 2 3 4 0 1 2 3 4
Day Day
D E
* %k
Oh c é
S 0.4
5 =
2 3]
E =
302
24h
invasion
: ) SiNC SiGDF15
SiNC SiGDF15
K%k
Oh e —
21 o *k -
© (@] 400 * 300 300 200 P
o LTS
E 300 150
o 0. c < 200 c 200 -
J [3) 2 S 2 2
24h | £ 200 8 g 2 100
E = 100 E 400 =
T ' SiNC SiGDF15
SiNC SiGDF15

SiNC SiGDF15 SiNC SiGDF15 SiNC SiGDF15 SiNC SiGDF15





