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Abstract. PANoptosis is an emerging form of regulated 
cell death (RCD) that results from the interaction between 
necrosis, apoptosis and pyroptosis. The transferrin receptor 
(TFRC) is a suppressor in thyroid cancer (TC) and is involved 
in several RCD pathways, including ferroptosis, apoptosis, 
cuproptosis and necrosis. The present study aimed to assess 
how TFRC influences PANoptosis in TC and evaluate its 
underlying molecular mechanisms. Bioinformatics analyses 
were performed to identify coding genes associated with 
the expression of PANoptosis markers (Z‑DNA‑binding 
protein 1 and absent in melanoma 2) in The Cancer Genome 
Atlas‑Thyroid Cancer (TCGA‑THCA) dataset. Techniques 
such as PI/Calcein‑AM and YO‑PRO‑1/PI staining, and 
western blotting were used to assess how TFRC influences 
PANoptosis in TC cells. Additionally, mRNA sequencing 
(mRNA‑seq) was employed to identify differentially 
expressed (DE)‑mRNA associated with TFRC. A total of 
729 and 1,568 coding genes in the TCGA‑THCA dataset 
demonstrated a significant association with ZBP‑1 and AIM2 
expression, respectively, involving regulation of immunity, 
apoptosis and necroptosis. Among these, TFRC was identi‑
fied as a prognostic biomarker for TC and was downregulated 
in TC tissues and cells. Overexpression of TFRC increased 
TC cells undergoing pyroptosis, apoptosis and necroptosis, 
whilst it decreased the number of viable cells. Additionally, 
TFRC overexpression was associated with an elevation 
in the expression of cleaved‑caspase (CASP)1, CASP1, 
cleaved‑CASP3, CASP3, phospho‑mixed lineage kinase 
domain‑like and total‑receptor‑interacting serine/thre‑
onine‑protein kinase 3, whereas TFRC knockdown was 
associated with the opposite effects. mRNA‑seq identified 

828 DE‑mRNAs associated with TFRC. Enrichment analysis 
revealed that these DE‑miRNAs regulate cell cycle, apop‑
tosis, necrotic apoptosis, pyroptosis, oxidative stress and 
immunity. Furthermore, in the protein‑protein interaction 
network constructed from DE‑mRNAs, genes such as CD34, 
lactate dehydrogenase A (LDHA) and low‑density lipopro‑
tein receptor (LDLR) were identified as TFRC‑interacting 
partners, and their expression demonstrated a positive 
association with TFRC. Furthermore, TFRC knockdown 
effectively reduced the levels of these genes. In conclusion, 
TFRC facilitates PANoptosis in TC, potentially through 
interactions with genes such as CD34, LDHA and LDLR.

Introduction

Thyroid cancer (TC) is a common endocrine malignancy 
comprising anaplastic thyroid carcinomas (ATC), medul‑
lary thyroid carcinoma and differentiated thyroid carcinoma 
(DTC) (1). Globally, there are ~586,202 new cases of TC and 
43,646 deaths associated with it, ranking ninth in incidence 
among all cancers. Furthermore, it is expected to overtake 
colorectal cancer as the fourth most prevalent cancer in the 
USA by 2030 (2,3). Among the subtypes of TC, DTC accounts 
for ~95% of cases and generally has a favorable prognosis, 
whereas ATC is rare but aggressive, with a median survival 
of <6 months (4).

Radioactive iodine ablation continues to be the primary 
treatment for TC (5); however, it is ineffective in all ATC 
cases and in ~10% of DTC cases (5). This is due to resistance 
caused by changes in the MAPK and PI3K pathways, as well 
as mutations or rearrangements in B‑Raf proto‑oncogene, 
serine/threonine kinase, neurotrophic receptor tyrosine 
kinase, telomerase reverse transcriptase, RAS proto‑oncogene, 
GTPase, anaplastic lymphoma kinase and ret proto‑oncogene 
in ATC and DTC, which serve as important diagnostic and 
prognostic markers for TC (4,6). Targeted inhibitors against 
these biomarkers, such as sorafenib, lenvatinib and vemu‑
rafenib, have thus become promising strategies for treating 
ATC and DTC; however, targeted therapies face challenges, 
including limited effectiveness, drug resistance and serious 
side effects (4,6). Therefore, further research into TC molecular 
mechanisms is necessary to develop more effective targeted 
treatment strategies.
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Inducing tumor cell death is a fundamental aspect of 
developing cancer treatments. For decades, apoptosis, 
pyroptosis and necroptosis were regarded as separate 
cell death pathways. More recently, PANoptosis has been 
described as an integrated inflammatory cell death process 
involving crosstalk among pyroptosis, apoptosis and 
necroptosis, coordinated by multiprotein complexes called 
PANoptosomes (7‑11). PANoptosis begins when pathogen‑ 
and damage‑associated molecular patterns activate the 
pattern recognition receptors Z‑DNA‑binding protein 1 
(ZBP1) and absent in melanoma 2 (AIM2). Once activated, 
ZBP1 and AIM2 recruit adaptor proteins with protein‑inter‑
action domains to form PANoptosomes, which contain key 
effectors of apoptosis, pyroptosis and necroptosis, including 
caspase (CASP)1/3/8/9, dasdermin D, receptor interacting 
serine/threonine kinase 3 (RIPK3) and mixed lineage kinase 
domain like pseudokinase (MLKL). Within these structures, 
the coordinated action of these effectors causes rupture of 
the plasma membrane and organelle membranes, initiating 
cascades of inflammatory and immune responses. Notably, 
PANoptosis has been associated with several malignancies, 
including esophageal cancer (12), melanoma (13), adrenocor‑
tical carcinoma (14) and diffuse large B‑cell lymphoma (15). 
Specifically, sulconazole has been reported to increase 
the radiosensitivity of esophageal cancer by inducing 
PANoptosis (12). Adenosine deaminase RNA specific 1 and 
CDK1 also facilitate tumor burden in colorectal cancer, 
melanoma and adrenocortical carcinoma by suppressing 
ZBP1‑mediated PANoptosis (13,14). Furthermore, suppres‑
sion of SAM and HD domain containing deoxynucleoside 
triphosphate triphosphohydrolase 1 has been reported to 
stimulate PANoptosis by activating stimulator of interferon 
response CGAMP interactor, which effectively alleviates 
diffuse large B‑cell lymphoma (15). Its role in influencing 
the tumor immune microenvironment emphasizes its poten‑
tial for therapy. Nonetheless, the regulatory mechanisms 
and critical molecular factors governing PANoptosis in 
TC are still unknown, marking a substantial gap in current 
knowledge.

The transferrin receptor (TFRC) is a transmembrane 
glycoprotein dimer widely expressed on the cell membrane 
and mainly involved in cellular iron uptake  (16). Due to 
its role in iron homeostasis, TFRC has been reported to 
promote ferroptosis in several cancers, including TC (17‑19), 
endometrial carcinoma  (20), colorectal carcinoma  (21), 
hepatocellular carcinoma (22) and gastric carcinoma (23). 
For example, high TFRC expression has been reported to 
predict a worse prognosis in patients with TC, compared 
with low TFRC expression  (17,18), and it interacts with 
longevity assurance homolog 2 to promote ferroptosis in 
TC (19). In addition to ferroptosis, TFRC has been associ‑
ated with numerous cell death types such as apoptosis, 
pyroptosis, cuproptosis, autophagy and necrosis  (24‑26). 
Specifically, TFRC promotes PTEN induced kinase 1 
(PINK1)‑parkin RBR E3 ubiquitin protein ligase‑dependent 
mitochondrial autophagy and apoptosis in anaplastic large 
cell lymphoma  (24). Notably, TFRC‑mediated cell death 
displays features similar to PANoptosis. Overall, the 
aforementioned studies imply that TFRC could serve as a 
molecular regulator of PANoptosis.

The present study aimed to identify biomarkers associated 
with ZBP1 and AIM2 expression in the TCGA‑THCA cohort 
and determine their prognostic value in TC. Furthermore, the 
present study intended to investigate the utility of the prog‑
nostic biomarker as a target in TC and of the expression of 
ZBP1 and AIM2 on PANoptosis using in vitro experiments 
and to characterize the molecular mechanisms that may be 
involved with this target using mRNA‑seq. It aims to provide 
a new perspective and a solid experimental basis for the devel‑
opment of therapeutic strategies related to PANoptosis in TC.

Materials and methods

PANoptosis‑related bioinformatics analysis. The TCGA‑THCA 
dataset was obtained from TCGA (https://portal.gdc.cancer.
gov), which includes 571 samples with clinical data from the 
study by Liu et al (27). The dataset features RNA‑sequencing 
(RNA‑seq) expression profiles (transcripts per million format) 
of 59 paracancerous samples and 507 tumor samples. Pearson 
correlation analysis identified coding genes associated with 
ZBP1 and AIM2 expression across 571 RNA‑seq datasets. 
Coding genes with an adjusted P‑value (P.adj) <0.05 were 
determined to be significantly associated with ZBP1 and AIM2 
expression. The clusterProfiler package (v4.4.4) (28) in R was 
used to perform Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis of these 
co‑associated coding genes to assess their roles in molecular 
composition, biological processes, molecular functions and 
signaling pathways. The STRING database (29) and Cytoscape 
software (v3.7.2)  (30) were used to construct and visualize 
the protein‑protein interaction (PPI) networks of ZBP1‑ and 
AIM2‑associated coding genes, and the resulting PPIs were 
analyzed using the Network Analysis and MCODE (31) apps 
within Cytoscape software. Finally, the survival package 
(v3.3.1) (32) in R software was used to performed log‑rank 
tests and univariate and multivariate Cox regression analyses 
to assess the associations between ZBP1‑ and AIM2‑associated 
coding genes and patient prognosis in TC.

Culture and transfection of TC cells. Normal human thyroid 
cells (Nthy) and TC cell lines (K1, TPC‑1 and BCPAP) were 
purchased from Procell Life Science & Technology Co., Ltd. 
and Wuhan SAIOS Biotechnology Co., Ltd. All cell lines 
underwent DNA amplification using the 21‑short tandem 
repeat (STR) profiling protocol, followed by detection of 
STR loci and the sex‑determining gene Amelogenin on a 
SeqStudio™ Genetic Analyzer (Thermo Fisher Scientific, 
Inc.). DNA profiles of Nthy, K1, TPC‑1 and BCPAP cells 
matched reference profiles of cell lines in the ExPASy 
database (https://www.expasy.org/), with accession numbers 
CVCL‑2659, CVCL‑2537, CVCL‑6298 and CVCL‑0153, 
respectively.

Nthy, TPC‑1 and BCPAP cells were cultured in RPMI 
1640 medium (cat.  no.  61870‑127; Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 1% double antibodies 
(cat. no. PB180120; Procell Life Science & Technology Co., 
Ltd.) and 10% FBS (cat. no. 12003C; Merck KGaA) at 5% CO2 
and 37˚C, whereas K1 cells were maintained in Ham's F‑12K 
medium (cat. no. 21127‑022; Gibco; Thermo Fisher Scientific, 
Inc.) at 5% CO2 and 37˚C.
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For genetic manipulation, Genomeditech (Shanghai) 
Co., Ltd. synthesized short hairpin (sh)RNA constructs 
targeting TFRC  for knockdown and provided the 
PGMLV‑CMV‑MCS‑EF1‑ZsGreen1‑T2A‑Puro plasmid for 
overexpression of TFRC. The shRNA sequences targeting 
TFRC used were as follows: 5'‑CGT​GAA​TTT​AAA​CTC​
AGC​AAA‑3' (shRNA sense #1); 5'‑TTT​GCT​GAG​TTT​AAA​
TTC​ACG‑3' (shRNA antisense #1); 5'‑GCC​AGC​TTT​ACT​
GGA​GAA​CTT‑3' (shRNA sense #2); 5'‑AAG​TTC​TCC​AGT​
AAA​GCT​GGC‑3' (shRNA antisense #2); 5'‑GCT​GGT​CAG​
TTC​GTG​ATT​AAA‑3' (shRNA sense #3); 5'‑TTT​AAT​CAC​
GAA​CTG​ACC​AGC‑3' (shRNA antisense #3); 5'‑TTC​TCC​
GAA​CGT​GTC​ACG​T‑3' [negative control (NC) sense]; and 
5'‑ACG​TGA​CACG​TTC​GGA​GAA‑3' (NC antisense). BCPAP 
cells were randomized into overexpression control (OV‑NC) 
and overexpression of TFRC (OV‑TFRC) groups, whilst K1 
cells were randomized into knockdown control (KD‑NC) 
and knockdown of TFRC (KD‑TFRC) groups. Transfections 
were performed using Lipo8000™ transfection reagent (cat. 
no. C0533‑7.5 ml; Beyotime Institute of Biotechnology), with 
BCPAP cells transfected with TFRC overexpression plasmid or 
its NC (blank PGMLV‑CMV‑MCS‑EF1‑ZsGreen1‑T2A‑Puro 
plasmid) and K1 cells transfected with TFRC shRNA or its 
NC (oligo control).

Cellular PANoptosis‑related staining assays. The 
PI/Calcein‑AM Double Staining Kit (cat. no. CA1630; Beijing 
Solarbio Science & Technology Co., Ltd.) and Apoptosis 
and Necrosis Detection Kit with YO‑PRO‑1 and PI Kit 
(cat. no. C1075S; Beyotime Institute of Biotechnology) were 
used to assess PANoptosis in BCPAP and K1 cells. For 
PI/Calcein‑AM staining, BCPAP and K1 cells were adjusted 
to a concentration of 1x105 cells/ml using 1X assay buffer and 
incubated with Calcein‑AM for 25 min at 37˚C, followed by 
PI for 5 min at 37˚C. For YO‑PRO‑1/PI staining, PBS‑washed 
BCPAP and K1 cells (5x104  cells/ml) were inoculated in 
24‑well plates, and 100 µl YO‑PRO‑1 and PI staining was 
added to each well for 20 min at 37˚C. Representative images 
of PI/Calcein‑AM and YO‑PRO‑1/PI staining were captured 
using a BX53 fluorescence microscope (Olympus Corp.). 
Excitation filters were set at 535 nm for PI (red), 495 nm 
for Calcein‑AM (green) and 491 nm for YO‑PRO‑1 (green), 
enabling the detection of apoptosis/necroptosis, viable cells 
and necroptosis/pyroptosis, respectively.

Western blot assay for PANoptosis markers. Total proteins 
were extracted from BCPAP and K1 cells using RIPA lysis 
buffer (cat. no. C500005; Sangon Biotech Co., Ltd.). Protein 
concentrations were determined using a BCA Protein 
Colorimetric Assay Kit (cat. no. E‑BC‑K318‑M; Elabscience®; 
Elabscience Bionovation Inc.), separated using a 5 and 10% 
SDS‑PAGE gel kit (cat. no. P1200; Beijing Solarbio Science & 
Technology Co., Ltd.) and transferred onto PVDF membranes 
(cat. no. 88520; Thermo Fisher Scientific, Inc.). The mass of 
protein loaded per lane was 20 µg. Membranes were blocked 
with 5% skimmed milk at room temperature for 1  h and 
incubated with the following primary antibodies overnight 
at 4˚C: Vinculin mouse mAb (1:50,000; cat. no. 66305‑1‑Ig; 
Proteintech Group, Inc.), CASP3 mouse mAb (1:2,000; 
cat. no. bsm‑33284M; BIOSS), cleaved‑CASP3 mouse mAb 

(1:2,000; cat. no. bsm‑33199M; BIOSS), CASP1 rabbit pAb 
(1:2,000; cat.  no.  22915‑1‑AP; Proteintech Group, Inc.), 
cleaved‑CASP1 rabbit pAb (1:3,000; cat.  no.  PA5‑77886; 
Thermo Fisher Scientific, Inc.), phospho‑(p)MLKL rabbit pAb 
(1:2,000; cat. no. PA5‑105677; Thermo Fisher Scientific, Inc.), 
total‑(t)MLKL mouse mAb (1:50,000; cat. no. 66675‑1‑Ig; 
Proteintech Group, Inc.) and tRIPK3 rabbit pAb (1:10,000; 
cat. no. 29080‑1‑AP; Proteintech Group, Inc.). Membranes 
were incubated with the following secondary antibodies at 
room temperature for 2 h: Goat anti‑mouse IgG HRP (1:4,000; 
cat. no. M21001L; Abmart, Inc.) and goat anti‑rabbit IgG HRP 
(1:4,000; cat. no. M21002L; Abmart, Inc.). After visualization 
with an ECL detection kit (cat. no. 34580; Thermo Fisher 
Scientific, Inc.), images of membranes were captured using 
the GelDoc Go Gel Imaging System (Bio‑Rad Laboratories, 
Inc.), and band intensities were semi‑quantified using ImageJ 
1.0 software (National Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR) assay for 
TFRC and hub genes. Total RNA was extracted from BCPAP 
and K1 cells using TRIzol™ lysis buffer (cat. no. 15596018CN; 
Invitrogen™; Thermo Fisher Scientific, Inc.) and chloro‑
form, followed by RNA concentration measurement using a 
NanoDrop™ 8000 Spectrophotometer (cat. no. ND‑8000‑GL; 
Thermo Fisher Scientific, Inc.). Reverse transcription of RNA 
and amplification of the target gene were performed using the 
FastKing RT Kit (cat. no. KR116; Tiangen Biotech Co., Ltd.) 
and Taq Pro Universal SYBR qPCR Master Kit (cat. no. Q712; 
Vazyme Biotech Co., Ltd.) on a 7500 PCR System (Thermo 
Fisher Scientific, Inc.). The conditions for reverse transcrip‑
tion were as follows: Incubation at 42˚C for 15 min, followed 
by heating at 95˚C for 3 min. The thermal cycling conditions 
for qPCR were as follows: Denaturation at 95˚C for 10 min, 
followed by annealing and extension at 95˚C for 15 sec and 
at 60˚C for 30 sec, with 45 cycles. The relative expression 
level of the target gene relative to GAPDH is calculated using 
the 2‑ΔΔCq method (33). The following primer sequences were 
used: 5'‑TTG​CCC​TCA​ACG​ACC​ACT​TT‑3' [GAPDH‑forward 
(F)]; 5'‑TGG​TCC​AGG​GGT​CTT​ACT​CC‑3' [GAPDH‑reverse 
(R)]; 5'‑ATC​TTG​CGTT​GTA​TGT​TG‑3' (TFRC‑F); 5'‑AGT​
CTA​CCG​TTC​TTA​TCA​A‑3' (TFRC‑R); 5'‑TCT​ACC​TCT​
GTG​ATA​ACC​T‑3' (CD34‑F); 5'‑TGA​ACA​CTG​TGC​TGA​
TTA‑3' (CD34‑R); 5'‑GAT​GAT​GTC​TTC​CTT​AGT​GTT‑3' 
[lactate dehydrogenase A (LDHA)‑F]; 5'‑AGT​CAG​AGT​CAC​
CTT​CAC‑3' (LDHA‑R); 5'‑GAA​GAA​CTG​GCG​GCT​TAA‑3' 
[low‑density lipoprotein receptor (LDLR)‑F]; 5'‑CCT​CAT​
CCT​CTG​TGG​TCT‑3' (LDLR‑R); 5'‑TAA​GAC​AAT​AGA​GGT​
ATT​CTG‑3' [adaptor related protein complex 1 subunit µ 2 
(AP1M2‑F]; 5'‑GTA​GAC​GAT​GAC​AAA​GTT‑3' (AP1M2‑R); 
5'‑CAG​AAT​GAT​GAT​ATT​GGA​AGT​AGA‑3' [diaphanous 
related formin 3 (DIAPH3)‑F]; 5'‑CAG​GTT​CAC​ATA​AGT​
TGC​TAT‑3' (DIAPH3‑R); 5'‑AGA​TGC​TGC​CAA​TAA​CTA​
TG‑3' [tubulin α 1b (TUBA1B)‑F]; 5'‑AAT​TCG​GTC​CAA​CAC​
AAG‑3' (TUBA1B‑R); 5'‑AAC​AAC​ATT​CGT​AAC​TCT​C‑3' 
[citron ρ‑interacting serine/threonine kinase (CIT)‑F]; 5'‑TTC​
TTC​TCT​GGT​TCA​TCA‑3' (CIT‑R); 5'‑CAA​CCT​CGT​AGA​
CTC​CTA‑3' [dynamin 3 (DNM3)‑F]; 5'‑TCC​TCT​GAA​GAA​
TAC​AAC​TG‑3' (DNM3‑R); 5'‑CGA​AGA​GGA​ATT​GAG​AAC​
TAC​TAT‑3' [tetraspanin 15 (TSPAN15)‑F]; 5'‑GCC​ACA​GCA​
CTT​GAA​CTT‑3' (TSPAN15‑R); 5'‑GAT​TAC​TAT​GGT​CAC​
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TTG‑3' [DEP domain containing 1B (DEPDC1B)‑F]; 5'‑CAT​
CAT​CCT​CAT​CAA​TAG‑3' (DEPDC1B‑R); 5'‑GAC​CAC​TAC​
CTA​ACT​CAG‑3' [IQ motif containing GTPase activating 
protein 3 (IQGAP3)‑F]; 5'‑GCA​TCA​TCA​ACA​ACT​TCT​
A‑3' (IQGAP3‑R); 5'‑AAC​AAC​AAC​TGG​AAC​TTC​AA‑3' 
(CD24‑F); 5'‑CTT​GGT​GGT​GGC​ATT​AGT‑3' (CD24‑R); 
5'‑ATT​AAC​CAC​TAT​CAC​CAT‑3' [phosphoinositide‑3‑kinase 
regulatory subunit 3 (PIK3R3)‑F]; and 5'‑TAT​TCT​TCA​TAC​
AGC​CTA​T‑3' (PIK3R3‑R).

TFRC‑related mRNA‑seq and bioinformatics analysis. 
Shanghai OE Biotech Co., Ltd performed sequencing of K1 cells 
from the KD‑NC and KD‑TFRC groups, including total RNA 
extraction, quality control, library construction, mRNA‑seq on a 
sequencing platform (NovaSeq 6000; Illumina, Inc.) and subse‑
quent bioinformatics analysis. Total RNA was extracted using 
the TRIzol reagent (15596026CN; Thermo Fisher Scientific, 
Inc.). RNA purity and quantification were evaluated using a 
spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific, 
Inc.). RNA integrity was assessed using a Bioanalyzer (Agilent 
2100; Agilent, Inc.). The libraries were then constructed using 
the VAHTS Universal V6 RNA‑seq Library Prep Kit (NR616; 
Vazyme Biotech Co., Ltd.). The libraries were sequenced on a 
Novaseq 6000 sequencing platform and 150 bp paired‑end reads 
were generated. For quality control, RseQC (v4.0.0) (34), fastp 
(v0.20.1) (35), hisat2 (v2.1.0) (36) and htseq‑count (v0.11.2) (37) 
were applied to perform RNA integrity assessment, raw read 
quality filtering, base‑level quality control, genome align‑
ment and gene quantification, respectively. A total of 41.70 G 
clean data was generated from six K1 cell samples, with Q30 
base range from 93.99‑94.24%. Clean reads were mapped to 
the GRCh38.p13 reference genome with alignment rates of 
97.81‑98.13%. For downstream analysis, DESeq2 (v1.22.2) (38) 
was used to identify TFRC‑associated differentially expressed 
(DE)‑mRNAs; clusterProfiler (v4.4.4) (28) for GO, KEGG and 
gene set enrichment analysis (GSEA) enrichment analyses; 
ggplot (v3.3.6) (39) for data visualization; and the Network 
Analysis and MCODE (31) apps within Cytoscape software 
(v3.7.2) for PPI network construction and analysis. The shared 
genes between the ZBP1‑related and the AIM2‑related coding 
genes were obtained using the jvenn Web (https://jvenn.toulouse.
inra.fr/app/example.html). 

Statistical analyses. All data were replicated at least three 
times, and GraphPad Prism 9.0.0 software (Dotmatics) 
was used for statistical analyses, including Student's t‑test 
or Mann‑Whitney test and one‑way ANOVA followed by 
Tukey's highly‑significant differences post‑hoc test or the 
Kruskal‑Wallis test followed by Dunn's post‑hoc test, as well 
as data visualization. Data were expressed as mean ± standard 
deviation. Pearson correlation analysis was used to identify 
coding genes associated with ZBP1 and AIM2 expression in 
the TCGA‑THCA dataset. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Identification and enrichment analysis of ZBP1‑ and 
AIM2‑related coding genes. ZBP1 and AIM2 are 
well-established sensors of PANoptosis  (7‑11). To identify 

potential regulators of this process in TC, the present study 
analyzed protein‑coding genes correlated with ZBP‑1 and 
AIM2 expression in the TCGA‑THCA cohort. A total of 729 
and 1,568 genes were demonstrated to be significantly corre‑
lated with ZBP1 and AIM2 expression, respectively (P.adj 
<0.05; Fig. 1A). Venn diagram analysis revealed that there 
were 315 shared genes, including leucine aminopeptidase 3, 
CASP10, integrin subunit α L, 5'‑nucleotidase cytosolic IIIA 
(NT5C3A) and TFRC (Fig. 1B). Functional enrichment analysis 
indicated that these genes were enriched in membrane‑ and 
vesicle‑associated proteins, and were associated with ‘leuko‑
cyte mediated immunity’, ‘response to tumor necrosis factor’, 
‘extrinsic apoptotic signaling pathway’, ‘immune receptor 
activity’ and ‘tumor necrosis factor’ (Fig. 1C). They were 
also enriched in pathways associated with ‘natural killer cell 
mediated cytotoxicity’, ‘cytokine‑cytokine receptor interac‑
tion’, ‘cell adhesion molecules’, ‘autoimmune thyroid disease’, 
‘apoptosis’ and ‘necroptosis’ (Fig. 1D). Collectively, these 
findings suggest that, in TC, coding genes associated with 
ZBP1 and AIM2 expression are primarily involved in immu‑
nity processes, apoptosis, necroptosis and cytokine‑cytokine 
receptor interaction.

TFRC is associated with the prognosis of TC. To further iden‑
tify hub genes associated with ZBP‑1 and AIM2 expression 
in TC, a PPI network of 315 coding genes was constructed. 
This network contained 178 genes (nodes) and 608 relation‑
ship pairs (edges), using a minimum required interaction 
score of 0.9 in the STRING database (Fig. 2A). Network 
analysis revealed that the top five genes ranked by edge count 
were CD8A, interferon γ (IFNG), interferon induced protein 
44, signal transducer and activator of transcription 1 (STAT1) 
and interferon‑induced 15 KDa protein (ISG15), whereas the 
top five ranked by indegree were STAT1, radical S‑adenosyl 
methionine domain containing 2, ubiquitin specific pepti‑
dase 18, ISG15 and IFNG. To identify the key sub‑networks, 
MCODE analysis was performed, and 10 clusters (clustering 
score ≥3) were detected (Fig. 2B). The sub‑network with 
the highest clustering score (14.267) contained 16 genes 
(nodes) and 107 relationship pairs (edges), and was enriched 
in biological processes such as inflammatory response, 
apoptosis, oxidative stress and immune response, as well as 
pathways such as Toll‑like receptor, retinoic acid‑inducible 
gene‑I‑like receptor and cytosolic DNA‑sensing. Moreover, 
the present study screened the genes associated with TC 
prognosis in this PPI network (178 genes/nodes). Univariate 
Cox analysis suggested that 15 coding genes were signifi‑
cantly associated with the prognosis of patients with TC. 
Furthermore, multivariate Cox analysis identified two inde‑
pendent risk factors, including TFRC and NT5C3A (Table I). 
Log‑rank analysis demonstrated that low TFRC expression 
and high NT5C3A expression predicted reduced overall 
survival in patients with TC within 5,000 days (Fig. 2C). 
Consistently, TCGA‑THCA expression data revealed that 
TFRC was downregulated and NT5C3A upregulated in TC 
tissues, compared with in normal tissues (Fig. 2D). Notably, 
the expression of TFRC and NT5C3A correlated positively 
with ZBP‑1 and AIM2 (Fig. 1A). Although NT5C3A also 
demonstrated significant association with patient survival, 
the present study subsequently focused on TFRC due to its 
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established evidence across multiple cell death pathways, 
indicating greater potential for mechanism exploration. For 
experimental validation, TFRC expression was reduced 
in TC cell lines (TPC‑1, K1 and BCPAP), with the lowest 
expression observed in BCPAP cells (Fig. 2E), consistent 
with TCGA‑THCA profiles. Collectively, these findings 
suggest that TFRC functions as a prognostic factor and a 
potential regulator of PANoptosis in TC.

TFRC facilitates PANoptosis for TC. To further investigate the 
role of TFRC in regulating PANoptosis in TC cells in vitro, 
the present study performed in vitro functional experiments. 
TFRC was overexpressed in BCPAP cells, which exhibit 
relatively low endogenous TFRC expression, and silenced in 
K1 cells, which express higher TFRC levels. RT‑qPCR demon‑
strated that PGMLV‑CMV‑MCS‑EF1‑ZsGreen1‑T2A‑Puro 
and shRNA effectively regulated the level of TFRC mRNA 
in BCPAP and K1 cells (Fig.  3A  and  B). Calcein‑AM/PI 
staining revealed a marked increase in PI+ BCPAP cells in the 
OV‑TFRC group, whereas a notable decrease in PI+ K1 cells 
was observed in the KD‑TFRC group, compared with their 
respective controls (Fig. 3C). These results indicate that TFRC 
facilitates TC cell death.

To further distinguish the mode of cell death, YO‑PRO‑1/PI 
staining was performed. Overexpression of TFRC notably 
increased the proportion of YO‑PRO‑1‑positive cells (apop‑
tosis/necroptosis) and PI‑positive cells (necroptosis/pyroptosis) 
in BCPAP cells, whereas the opposite trend was observed 
following TFRC knockdown (Fig. 3D). These findings suggest 
that TFRC promotes multiple forms of regulated cell death, 
including pyroptosis, apoptosis and necroptosis, in TC cells. 
Consistent with these observations, western blot analysis 
revealed that, compared with in the OV‑NC or KD‑NC 
groups, the expression levels of cleaved‑CASP1, CASP1, 
cleaved‑CASP3, CASP3, pMLKL and tRIPK3 proteins were 
significantly augmented in BCPAP cells overexpressing TFRC, 
but reduced in K1 cells with TFRC knockdown (Fig. 3E). 
Collectively, these results indicate that overexpression of 
TFRC drives PANoptosis in TC cells.

Identification and enrichment analysis of TFRC‑associated 
DE‑mRNAs. To explore the potential mechanism underlying 
TFRC‑associated PANoptosis in TC cells, mRNA‑seq was 
performed on K1 cells from the KD‑NC and KD‑TFRC 
groups. The results demonstrated that mRNA expression 
profiles clustered tightly within groups, but were clearly 

Figure 1. Identification and enrichment analysis of ZBP1‑ and AIM2‑related coding genes. (A) Coding genes associated with ZBP1 and AIM2 expression in 
The Cancer Genome Atlas‑Thyroid Cancer cohort were identified using Person correlation analysis. The volcano plots exhibit the results, with blue and red dots 
representing genes negatively and positively correlated with ZBP1 or AIM2, respectively. (B) Overlap and union of ZBP1‑ and AIM2‑related coding genes, 
visualized using the jvenn Web (https://jvenn.toulouse.inra.fr/app/example.html). (C) Gene Ontology enrichment analysis of ZBP1‑ and AIM2‑associated 
coding genes. The bubble plot presents the top five terms for BP, CC and MF. (D) KEGG pathway enrichment analysis of ZBP1‑ and AIM2‑related coding 
genes. The bar chart depicts the top 15 pathways ranked by‑log10(P.adj). ZBP1, Z‑DNA‑binding protein 1; AIM2, absent in melanoma 2; BP, biological process; 
CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes.

https://www.spandidos-publications.com/10.3892/ol.2025.15394


MA et al:  TFRC FACILITATES TC PANOPTOSIS6

separated between groups, indicating distinct gene expression 
patterns (Fig. 4A). Compared with the KD‑NC group, the 
KD‑TFRC group exhibited 360 significantly downregulated 
DE‑mRNAs and 468 significantly upregulated DE‑mRNAs 
(Fig. 4B). Radar plots highlighted the top 30 DE‑mRNAs 
ranked by |log2FoldChange (FC)|, with inhibitor of DNA 
binding 1, NADPH oxidase 5, regulator of G protein signaling 
4, collagen type VIII α1 chain and secreted phosphoprotein 
1 among the most upregulated, and deleted in azoospermia 
like, early growth response 1, leucine rich repeat containing 
15, hephaestin like 1 and dishevelled binding antagonist 
of β catenin 1 among the most downregulated (Fig.  4C). 
GO enrichment analysis indicated that TFRC‑associated 
DE‑mRNAs were predominantly localized to the extracellular 
matrix and enriched in processes such as ‘pyroptosis’, ‘nega‑
tive regulation of apoptotic process’, ‘immune response’ and 
‘cellular response to tumor necrosis factor’ (Fig. 4D). KEGG 
enrichment analysis further demonstrated enrichment in ‘cell 
cycle’, ‘TNF signaling pathway’, ‘ECM‑receptor interaction’, 
‘cytokine‑cytokine receptor interaction’ and ‘IL‑17 signaling 
pathway’ (Fig. 4E). Consistently, GSEA analysis revealed that 
knockdown of TFRC was associated with cell proliferation, 

unsaturated fatty acid biosynthesis and pyrimidine metabo‑
lism, whilst suppressing immune‑related processes (Fig. 5). 
Collectively, these findings suggest that TFRC‑associated 
DE‑mRNAs are mainly involved in regulating the cell cycle, 
apoptosis, necrotic apoptosis, pyroptosis, angiogenesis, oxida‑
tive stress and immunity, thereby reflecting the molecular 
mechanisms of TFRC‑mediated PANoptosis in TC cells.

Identification of hub genes for TFRC‑associated DE‑mRNAs. 
The present study further constructed a PPI network comprising 
828 TFRC expression‑associated DE‑mRNAs. This PPI 
network consisted of 122 genes and 535 interrelationship pairs, 
with the top five hub genes ranked by degree centrality being 
CDC20, kinesin family member 11, polo like kinase 1, budding 
uninhibited by benzimidazoles 1 (yeast homolog) and CDK1 
(Fig. 6A). MCODE analysis further identified six sub‑networks 
(clustering scores ≥3) (Fig. 6B). The most notable sub‑network, 
with a clustering score of 15.789, contained 20 genes and 150 
interaction pairs, including assembly factor for spindle micro‑
tubule, aurora kinase B, cell division cycle‑associated protein 
1 and centromere protein f and kinesin family member 2C, 
which are primarily involved in regulating the cell cycle and 

Figure 2. PPI network construction of ZBP1‑ and AIM2‑related coding genes and prognostic analysis of hub genes in TC. (A) PPI networks of ZBP1 and AIM2 
co‑associated genes, constructed using the STRING database and visualized using Cytoscape software. Node color and size indicate edge counts and indegree, 
respectively. (B) Sub‑networks within the PPI network were identified using the MCODE app in Cytoscape software. Black numbers denote the clustering 
scores of each sub‑network. (C) Prognostic significance of TFRC and NT5C3A expression in patients with TC, evaluated using log‑rank analysis in the 
TCGA‑THCA cohort. (D) Differential expression of TFRC and NT5C3A in the TCGA‑THCA cohort. (E) Relative TFRC mRNA expression in Nthy and TC 
cells (TPC‑1, K1 and BCPAP), assessed using reverse transcription‑quantitative PCR assay. ***P<0.001. PPI, protein‑protein interaction; ZBP1, Z‑DNA‑binding 
protein 1; AIM2, absent in melanoma 2; TC, thyroid cancer; TFRC, transferrin receptor; NT5C3A, 5'‑nucleotidase cytosolic IIIA; TCGA‑THCA, The Cancer 
Genome Atlas‑Thryoid Cancer; Nthy, normal human thyroid epithelial; TPM, transcripts per million.
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immunity (40‑44). Notably, the STRING database predicted 
potential interactions between TFRC and 13 genes, namely 
CD34, LDHA, LDLR, AP1M2, DIAPH3, TUBA1B, CIT, 
DNM3, TSPAN15, DEPDC1B, IQGAP3, CD24 and PIK3R3 
(Fig. 6C). Consistently, mRNA expression profile of K1 cells 
revealed a strong positive correlation between TFRC expres‑
sion and the mRNAs levels of these genes (Fig. 6D). RT‑qPCR 
revealed that TFRC knockdown led to significant reductions 
in the mRNA levels of PIK3R3, LDLR, LDHA, IQGAP3, CIT, 
CD34, DNM3, AP1M2 and CD24 in K1 cells, compared with 
controls (Fig. 6E), which was consistent with the results of 
the correlation analysis (Fig. 6D). Collectively, these findings 
suggest that the pro‑PANoptotic role of TFRC in TC may be 
mediated, at least in part, through its association with these 
13 genes.

Discussion

The present study identified 315 coding genes associated 
with ZBP‑1 and AIM2 expression, among which TFRC 
and NT5C3A emerged as significantly associated with the 
prognosis of patients with TC. Although NT5C3A also 
demonstrated a significant association with patient survival 
and represents a promising candidate for future studies, the 
present study subsequently focused on TFRC due to its estab‑
lished evidence across multiple cell death pathways, indicating 
greater potential for mechanism exploration in the context of 
PANoptosis. Notably, TFRC mRNA was expressed at low 

levels in TC cells (TPC‑1, K1 and BCPAP) yet facilitated 
PANoptosis process. Notably, in TFRC‑related experiments, 
inducers were not employed to trigger PANoptosis in TC 
cells. Since Malireddi et al (45) first proposed PANoptosis, 
PANoptosis‑related studies have not utilized induction agents, 
to the best of our knowledge (46‑53). This may be due to the 
lack of specific PANoptosis inducers. Therefore, in subsequent 
experiments in the present study, an inducer for treatment was 
not used.

TFRC has previously been implicated in the regulation 
of cell death. Earlier studies reported that TFRC primarily 
promotes ferroptosis, as reported in endometrial cancer (54), 
sepsis‑associated encephalopathy  (55) and colorectal 
cancer (21). In addition, TFRC has been reported to regulate 
apoptosis in nasopharyngeal carcinoma cells (56), pyroptosis 
in sheep hepatocytes and hepatocytes (57), and necroptosis 
in placenta (58). However, its role in TC has remained unex‑
plored, despite bioinformatics analyses suggesting TFRC as a 
ferroptosis‑related feature predictive of TC prognosis (17,18). 
Therefore, the present study refined the understanding of 
TFRC‑mediated cell death and demonstrated, for the first time 
to the best of our knowledge, its involvement in PANoptosis 
process in TC.

Furthermore, to elucidate the molecular mechanism 
underlying TFRC regulation of PANoptosis, the present study 
performed mRNA‑seq and identified 828 TFRC‑associated 
DE‑mRNAs enriched in biological processes and pathways 
including cell cycle, apoptosis, necrotic apoptosis, pyroptosis, 

Table I. Cox regression analysis of Z‑DNA‑binding protein 1 and absent in melanoma 2 expression‑related coding genes in 
thyroid cancer.

	 Univariate analysis	 Multivariate analysis
Gene (low vs.	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
high expression)	 HR (95% CI)	 P‑value	 HR (95% CI)	 P‑value

ISG15	 0.305 (0.098‑0.949)	 0.040	 1.339 (0.249‑7.211)	 0.734
IL2RB	 0.208 (0.059‑0.732)	 0.014	 0.521 (0.077‑3.542)	 0.505
PARP9	 0.318 (0.102‑0.988)	 0.048	 0.723 (0.136‑3.839)	 0.704
IFIT2	 0.320 (0.103‑0.992)	 0.048	 1.480 (0.305‑7.176)	 0.626
CXCL10	 0.304 (0.098‑0.942)	 0.039	 1.062 (0.195‑5.765)	 0.945
CD8B	 0.318 (0.103‑0.987)	 0.047	 0.798 (0.193‑3.300)	 0.755
HLA‑G	 0.215 (0.061‑0.755)	 0.016	 0.289 (0.055‑1.525)	 0.143
PSME2	 0.246 (0.070‑0.866)	 0.029	 2.505 (0.350‑17.920)	 0.360
PSME1	 0.073 (0.010‑0.554)	 0.011	 0.119 (0.010‑1.416)	 0.092
RTP4	 0.144 (0.033‑0.636)	 0.011	 0.434 (0.063‑3.006)	 0.398
GBP2	 0.279 (0.089‑0.869)	 0.028	 0.701 (0.147‑3.350)	 0.656
HERC6	 0.280 (0.090‑0.872)	 0.028	 1.246 (0.255‑6.082)	 0.786
TFRC	 1.270 (1.077‑1.949)	 0.041	 1.146 (1.035‑1.618)	 0.019
NT5C3A	 4.773 (1.359‑16.759)	 0.015	 7.464 (1.387‑40.175)	 0.009
PARP14	 0.206 (0.059‑0.724)	 0.014	 0.466 (0.078‑2.781)	 0.402

HR, hazard ratio; CI, confidence interval; ISG15, interferon‑induced 15 KDa protein; IL2RB, interleukin 2 receptor subunit β; PARP, 
poly(ADP‑Ribose) polymerase; IFIT2, interferon induced protein with tetratricopeptide repeats 2; CXCL10, C‑X‑C motif chemokine ligand 
10; NCR1, natural cytotoxicity triggering receptor 1; HLA‑G, major histocompatibility complex, class I, G; PSME, proteasome activator; 
RTP4, receptor transporter protein 4; GBP2, guanylate binding protein 2; HERC6, HECT and RLD domain containing E3 ubiquitin protein 
ligase family member 6; TFRC, transferrin receptor; NT5C3A, 5'‑nucleotidase cytosolic IIIA.
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angiogenesis, oxidative stress and immunity. Among these, 
13 DE‑mRNAs (CD34, LDHA, LDLR, AP1M2, DIAPH3, 
TUBA1B, CIT, DNM3, TSPAN15, DEPDC1B, IQGAP3, 

CD24 and PIK3R3) were predicted to interact with TFRC 
and displayed a positive correlation with its expression in TC. 
Notably, these DE‑mRNAs are implicated in the progression 

Figure 3. TFRC contributes to PANoptosis in TC cells. Effects of (A) PGMLV‑CMV‑MCS‑EF1‑ZsGreen1‑T2A‑Puro and (B) shRNA transfection on the 
expression of TFRC mRNA in BCPAP and K1 cells, assessed using reverse transcription‑quantitative PCR assay. (C) PI/Calcein‑AM staining was performed 
to assess the effect of TFRC on cell death in BCPAP (OV‑NC and OV‑TFRC groups) and K1 (KD‑NC and KD‑TFRC groups) cells. PI (red) and Calcein‑AM 
(green) label dead and viable cells, respectively. (D) YO‑PRO‑1/PI staining was performed to evaluate pyroptosis, apoptosis and necroptosis in BCPAP and K1 
cells following exogenous modulation of TFRC expression. YO‑PRO‑1 (green) indicates apoptotic or necroptotic cells, whereas PI (red) labels necroptotic or 
pyroptotic cells. (E) Western blot analysis of markers associated with pyroptosis (cleaved‑CASP1/CASP1), apoptosis (cleaved‑CASP3/CASP3) and necroptosis 
(pMLKL/tMLKL and tRIPK3), with corresponding quantitative analyses. TFRC, transferrin receptor; sh, short hairpin; OV, overexpression; NC, negative 
control; KD, knockdown; CASP; caspase; MLKL, mixed lineage kinase domain like pseudokinase; pMLKL, phospho‑MLKL; tMLKL, total‑MLKL; tRIPK3, 
total receptor interacting serine/threonine kinase 3.



ONCOLOGY LETTERS  31:  41,  2026 9

Figure 4. Identification and enrichment analysis of TFRC‑associated DE‑mRNAs in thyroid cancer. (A) Principal component analysis of mRNA expression 
profiles in K1 cells (KD‑NC and KD‑TFRC groups). Blue and red dots represent cell samples of KD‑NC and KD‑TFRC groups, respectively. (B) Differential 
expression analysis of mRNA expression profiles between the KD‑NC and KD‑TFRC groups. The volcano plot illustrates the distribution and regulation of 
TFRC‑associated DE‑mRNAs. (C) Radar plot displaying the top 30 DE‑mRNAs ranked by |log2FC| in K1 cells. Functional annotation of TFRC‑associated 
DE‑mRNAs: (D) Gene Ontology and (E) and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses, with bubble plots highlighting the 
most significantly enriched terms. TFRC, transferrin receptor; DE‑mRNAs, differentially expressed mRNAs; KD, knockdown; NC, negative control; FC, fold 
change.

Figure 5. GSEA of TFRC‑associated differentially expressed mRNAs in thyroid cancer. (A) GO and (B) Kyoto Encyclopedia of Genes and Genomes terms 
associated with GSEA results. GSEA, gene set enrichment analysis; TFRC, transferrin receptor; GO, Gene Ontology; KD, knockdown; NES, normalized 
enrichment score; FDR, false discovery rate; NC, negative control.

https://www.spandidos-publications.com/10.3892/ol.2025.15394
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of TC process and functionally associated with apoptosis, 
necroptosis and pyroptosis. CD34, LDHA, and LDLR are 
well‑established markers of angiogenesis, glycolysis and 
cholesterol metabolism, respectively, in malignant tumors, 
and have also been associated with apoptotic and pyroptotic 
pathways (59‑61). Moreover, DNM3 has been reported to be 
markedly downregulated in TCs, where it facilitates tumor cell 
death (62). DIAPH3, DEPDC1B, CD24 and PIK3R3 have each 
been implicated in the regulation of tumor cell death (63,64). 
Notably, the present study demonstrated that TFRC expression 

was positively correlated with these DE‑mRNAs, and its knock‑
down effectively reduced the levels of PIK3R3, LDLR, LDHA, 
IQGAP3, CIT, CD34, DNM3, AP1M2h and CD24. However, 
although the present study identified 13 TFRC‑interacting 
DE‑mRNAs, none have been directly established as core regu‑
lators of PANoptosis in existing literature. Instead, these genes 
are primarily associated with distinct biological processes 
such as angiogenesis (CD34), cholesterol metabolism (LDLR) 
and cytoskeletal organization (DIAPH3). Several, including 
DIAPH3, DEPDC1B, CD24 and PIK3R3, have been associated 

Figure 6. PPI network of TFRC‑associated DE‑mRNAs in thyroid cancer. (A) PPI network of TFRC‑associated DE‑mRNAs constructed and visualized 
in Cytoscape software. Node color and size represent degree and indegree, respectively. (B) Sub‑networks within the PPI network identified using the 
MCODE app in Cytoscape software. (C) Predicted TFRC‑interacting genes obtained from the STRING database (minimum required interaction score, 0.4). 
(D) Lollipop plot showing the correlation between TFRC and the expression of CD34, LDHA, LDLR, AP1M2, DIAPH3, TUBA1B, CIT, DNM3, TSPAN15, 
DEPDC1B, IQGAP3, CD24 and PIK3R3 in the mRNA expression profiles of K1 cells (KD‑NC and KD‑TFRC groups). (E) Effects of TFRC knockdown on the 
mRNA expressions of CD34, LDHA, LDLR, AP1M2, DIAPH3, TUBA1B, CIT, DNM3, TSPAN15, DEPDC1B, IQGAP3, CD24 and PIK3R3 in K1 cells, assessed 
using reverse transcription‑quantitative PCR. PPI, protein‑protein interaction; DE‑mRNAs, differentially expressed mRNAs; TFRC, transferrin receptor; 
KD, knockdown; NC, negative control; LDHA, lactate dehydrogenase A; LDLR, low‑density lipoprotein receptor; AP1M2, adaptor related protein complex 1 
subunit µ 2; DIAPH3, diaphanous related formin 3; TUBA1B, tubulin α 1b; CIT, citron ρ‑interacting serine/threonine kinase; DNM3, dynamin 3; TSPAN15, 
tetraspanin 15; DEPDC1B, DEP domain containing 1B; IQGAP3, IQ motif containing GTPase activating protein 3; PIK3R3, phosphoinositide‑3‑kinase 
regulatory subunit 3.
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with apoptosis or other forms of regulated cell death, but not 
to the integrated PANoptosis pathway (59‑64). This suggests 
that TFRC may orchestrate PANoptosis, not through direct 
engagement of these DE‑mRNAs as PANoptosis‑specific 
effectors, but by modulating broader networks involving 
immunity, metabolism and stress response.

Among these, the interaction between TFRC and LDHA 
may link glycolysis and lactylation modification to the 
PANoptosis process. LDHA is the key enzyme catalyzing 
the final step of glycolysis, converting pyruvate into lactate. 
This process provides efficient ATP for rapid tumor cell 
proliferation and supplies an abundant lactate pool for 
lactate modification (65,66). Previous study has reported 
that the PANoptosis process is mediated by glycolysis during 
radiotherapy for esophageal cancer  (12). Simultaneously, 
lactylation modification induced by lactic acid accumulation 
regulates the PANoptosis process through multiple signaling 
cascades, including the Arg1/Mic10/voltage dependent 
anion channel 1 axis, the cold inducible RNA binding/toll 
like receptor 4/ZBP1/tripartite motif containing 32/RIPK3 
axis and the proteasome 26S subunit, non‑ATPase 14/pyru‑
vate kinase M1/2/PINK1 axis  (67‑69). Notably, lactate 
efflux via monocarboxylate transporters acidifies the tumor 
microenvironment (TME), triggering damage‑associated 
molecular patterns (DAMPs) that induce stress signals 
leading to inflammatory cell death in adjacent immune 
cells and cancer cells (70). Furthermore, lactylation acti‑
vates downstream inflammatory cascades (TNF‑α, IL‑1β, 
IL‑6 and IL‑12) by regulating S100 and high mobility 
group box 1 in DAMPs (71,72). Notably, DAMP is one of 
the pathways that trigger PANoptosis (7‑11). The present 
study revealed that the expression of TFRC and LDHA 
was positively associated during the PANoptosis process 
in TC, and TFRC knockdown inhibited LDHA expression 
in K1 cells. Therefore, we hypothesize that the interaction 
between TFRC and LDHA may accelerate glycolysis and 
lactate production. Further, accumulated lactic acid serves 
as a substrate to induce lactylation of DAMP‑associated 
proteins, thereby regulating pro‑inflammatory gene expres‑
sion. Meanwhile, lactic acid triggers inflammatory death 
through stress signals in an acidic TME. These pathways 
together activate the PANoptosome complex, ultimately 
synergistically triggering PANoptosis. Therefore, the 
TFRC‑LDHA‑lactylation pathway may provide a novel 
mechanism linking tumor glycolysis to PANoptosis. 
Collectively, these findings suggest the occurrence of 
PANoptosis in TC may be an outcome of TFRC interactions 
with these DE‑mRNAs.

Although the present study proposes a potential mecha‑
nism by which TFRC regulates PANoptosis in TC, the precise 
mode of action remains unclear and requires further valida‑
tion. In particular, it is not yet known at which molecular 
level (protein, RNA or DNA) and through what mechanisms 
TFRC interacts with the identified DE‑mRNAs. These issues 
warrant investigation using approaches such as chromatin 
immunoprecipitation, pull down, co‑immunoprecipitation 
and RNA‑binding protein immunoprecipitation. Moreover, 
the potential interactions of TFRC with the PANoptosis 
sensors, ZBP1 and AIM2, also require verification. Finally, 
the absence of in vivo experiments in the present study limits 

direct evidence for TFRC‑mediated regulation of PANoptosis 
in TC. The findings suggest a potential association between 
TFRC and LDHA expression, which may indirectly implicate 
glycolytic and lactylation pathways in PANoptosis regula‑
tion. However, direct experimental validation of LDHA 
function and lactate metabolism remains to be investigated 
in future studies. Subsequently, experiments such as LDHA 
knockdown/overexpression, lactate measurement and histone 
lactylation detection need be performed to further verify 
whether this pathway is indeed involved in TFRC‑mediated 
PANoptosis.

In conclusion, the present study provides the first evidence, 
to the best of our knowledge, that TFRC contributes to 
PANoptosis process in TC and delineates a potential regulatory 
pathway using mRNA‑seq. The findings not only advance the 
understanding of PANoptosis in TC but also hold promise for 
informing future therapeutic strategies targeting this pathway. 
To exploit TFRC for TC treatment, several strategies could 
be considered to increase its expression or activity in tumor 
cells. Small molecule agonists or transcriptional activators that 
enhance TFRC expression could be developed. Additionally, 
nanoparticle‑based delivery systems could be designed to 
deliver TFRC‑expressing plasmids or mRNA directly into 
tumor cells, thereby restoring TFRC function and inducing 
PANoptosis. Future studies should focus on validating these 
strategies in preclinical models and ultimately in clinical trials 
to translate TFRC‑based PANoptosis induction into a viable 
therapeutic option for patients with TC.
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