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Prolyl 4-hydroxylase β-subunit (P4HB) is a class of molecular chaperones that inhibits the misfolding 
of endoplasmic reticulum proteins, and its role in microinvasive adenocarcinoma (MIA) progresses 
to invasive adenocarcinoma (IAC) is currently unclear. We mined the single-cell dataset GSE189357 
to analyze the role of P4HB in LUAD progression. Subsequently, P4HB was overexpressed in H1299 
and A549 cell lines, and Galactose lectin-3 binding protein (LGALS3BP) expression was increased and 
NF-kB pathway was inhibited by PCR and WB. Meanwhile, we also knock down of P4HB in H1299 and 
A549 cell lines, and the LGALS3BP was decreased and NF-kB pathway was activated. Afterward, the 
interaction between P4HB and LGALS3BP were verified by Co-IP assays. Meanwhile, the ferroptosis 
level and the cell proliferation, invasion and metastasis ability were detected under different P4HB 
expression. Finally, overexpression and knockdown P4HB stable transplants were constructed and 
verified in vivo. Overexpression of P4HB promoted LUAD cell proliferation (approximately two-fold) 
and consequently metastasis (approximately two-fold), while inhibiting ferroptosis development, as 
evidenced by halved ROS production. Clinically, increased P4HB is accompanied by a poor prognosis. 
Mechanistically, P4HB promotes LGALS3BP expression, suppressing NF-kB pathway activation and 
thereby driving LUAD progression. P4HB inhibited the activation of the NF-kB pathway by promoting 
the expression of LGALS3BP, thus promoting the progression of MIA to IAC. This provides a new target 
for the clinical diagnosis and treatment of LUAD.
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With the popularity of chest CT, many patients with early lung adenocarcinomas (LUADs) are being diagnosed. 
Of them, microinvasive adenocarcinoma (MIA) and invasive adenocarcinoma (IAC) are characterized as invasive 
types1,2. The 5-year postoperative survival rate of MIA at 5 years after surgery is about 90–95%3, however, Patients 
undergoing surgical resection for stage I to IIA IAC exhibit 77–92% 5-year survival probabilities4. Therefore, an 
in-depth exploration of the initiating mechanism of MIA to IAC progression is important to guide the clinical 
management and improve the prognosis.

Ferroptosis is a novel form of programmed cell death that is distinct from apoptosis, cellular necrosis, and 
cellular autophagy5. Its remarkable feature is the iron-dependent accumulation of reactive oxygen species (ROS) 
and lipid peroxidation6. There are several biological processes that ferroptosis is involved in, including iron 
metabolism, lipid metabolism and oxidative stress response7. An important characteristic of tumor cells is their 
resistance to ferroptosis, so as to enhance cancer development. The progression from MIA to IAC is a continuous 
process, which is malignant progression of LUAD. This change may involve increased ferroptosis resistance 
which is currently unclear.

Our previous research has confirmed that circP4HB inhibits ferroptosis and promotes malignant progression 
by regulating SLC7A11 in LUAD8. The elevated expression of circP4HB significantly correlates with heightened 
P4HB protein activity in tumor tissues, suggesting its potential to drive malignant phenotypes through 
stabilization of the parental gene-derived product. P4HB is a member of the protein disulfide isomerase family, 
which acts as an endoplasmic reticulum chaperone and inhibits the aggregation of misfolded proteins9. It has 
been reported to be upregulated in patients with gastric cancer and correlated with poor prognosis10 and its 
overexpression has been shown to promote hepatocellular carcinoma cell growth11. Previous studies have shown 
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that the expression of P4HB is increased in lung cancer tissues compared to adjacent tissues12. However, the role 
and regulatory mechanism of P4HB mediated ferroptosis during MIA-IAC has not been reported.

In this study, we demonstrated that P4HB was highly expressed in LUAD, and functioned as an oncogene 
to promote LUAD progression. Furthermore, this study identified a novel signaling cascade in the P4HB/
LGALS3BP/NF-kB axis that regulates tumor growth, invasion, and suppression of ferroptosis.

Methods
Clinical samples
MIA and IAC were derived from 50 patients with LUAD at The First Affiliated Hospital with Nanjing Medical 
University. The tissue fragments were immediately frozen in liquid nitrogen for next use. The present study 
was approved by the Institutional Ethics Committee of the First Affiliated Hospital with Nanjing Medical 
University (No. 2019SFRA-082), and written informed consent was obtained from each participant. The study 
was conducted in accordance with the Declaration of Helsinki (as revised in 2013).

Single-cell sequencing data analysis
Our analytical strategy leveraged the complementary strengths of single-cell RNA sequencing (scRNA-seq) and 
bulk RNA sequencing to address distinct aspects of LUAD progression. While bulk sequencing provides robust 
statistical power for population-level correlations, it is susceptible to technical and biological biases such as 
stromal contamination, sample purity variations, and batch effects that may obscure cell-type-specific signals13. 
In contrast, scRNA-seq enables resolution of tumor heterogeneity and identification of rare cell populations 
driving the MIA-to-IAC transition—critical advantages for delineating early malignant progression. To capitalize 
on these complementary approaches, we integrated both data types in our analytical pipeline.

Single-cell sequencing data were obtained from the bulk dataset GSE189357 of the Gene Expression Omnibus 
database. Raw data processing and quality control were performed by converting the raw unique molecular 
identifier count matrix into a Seurat object using the R package Seurat (version 4.0.3). The filtering threshold 
range was set with the following command: nFeature_RNA > 500&nFeature_RNA < 9000.mt < quantile(percent.
mt,0.99)&nCount_RNA < quantile(nCount_RNA,0.99) & nCount RNA > 500. Cells outside the threshold were 
removed, leaving 74,283 single cells for downstream analyses.

To reduce the dimensionality of the scRNA-Seq dataset, principal component analysis was performed on an 
integrated data matrix. Using the Elbowplot function of Seurat, the top 30 principal components were used to 
perform the downstream analysis. The main cell clusters were identified with the FindClusters function of Seurat 
with default resolution settings (res = 0.1) and visualized with 2D tSNE or UMAP plots. Conventional markers 
described in a previous study were used to categorize every cell into a known biological cell type14–19. Conventional 
markers are detailed in the supplementary table (Supplementary Table S1). The Seurat Findallmarker function 
identified preferentially expressed genes in clusters or differentially expressed genes between IAC- and MIA-
derived cells. Differentially expressed genes of cell subgroups were recognized by the findmarker function of 
Seurat. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was 
performed on the differentially expressed genes using clusterProfiler (version 3.18.1).

Cell lines
All cell lines were obtained from the Chinese Academy of Sciences (Shanghai, China). Cell lines used in this 
study included the LUAD cell lines H1299 and A549 and the human bronchial epithelial cell line 16HBE. All the 
cell lines used in this study, including A549 and H1299, underwent mycoplasma contamination testing, and it 
was confirmed that the cells were free of mycoplasma contamination. All the results were negative, ensuring the 
reliability of the experimental data. Cells were cultured with DMEM medium (Corning, NY, USA) containing 
10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C in humidified air containing 5% CO2.

Transfections
H1299 and A549 cell lines were transfected with lentiviral vectors (Genomeditech, Shanghai, China). P4HB and 
LGALS3B overexpression plasmids and small interfering ribonucleic acids (siRNAs) for suppressing P4HB and 
LGALS3BP were purchased from Genomeditech. H1299 or A549 cells were transfected with the P4HB plasmid, 
LGALS3BP plasmid, control plasmid, P4HB siRNA, LGALS3BP siRNA, and control siRNA in combination or 
alone using Lipofectamine 3000 (Invitrogen, CA, USA), according to the manufacturer’s instructions, for 24 h 
before use in in vitro experiments.

RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was isolated from cells using TRIzol Reagent (Invitrogen) and reverse transcribed into cDNA using a 
PrimeScript RT Reagent Kit (Takara, Beijing, China) according to the manufacturer’s protocol. The primers for 
P4HB, LGALS3BP, and β-actin were purchased from RiboBio Company (Guangzhou, China). Primers were as 
follows: P4HB forward 5’-​C​A​C​T​G​C​A​A​A​C​A​G​T​T​G​G​C​T​C​C-3’; reverse 5’-​C​C​G​T​T​G​T​A​A​T​C​A​A​T​G​A​C​C​G​T-3’; 
LGALS3BP forward 5’-​A​T​C​G​C​A​C​C​A​T​T​G​C​C​T​A​C​G​A​A-3’; reverse 5’-​C​C​A​C​A​C​C​T​G​A​G​G​A​G​T​T​G​G​T​C-3’; β-
actin forward 5’-​C​C​A​G​C​T​C​A​C​C​A​T​G​G​A​T​G​A​T​G-3’; reverse 5’-​A​T​G​C​C​G​G​A​G​C​C​G​T​T​G​T​C-3’.

Western blot analysis
Total protein was extracted from cells using radio-immunoprecipitation assay lysis buffer (Thermo, Massachusetts, 
USA) with 1% Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo). Western blots were performed 
using the standard method with the following primary antibodies: mouse anti-P4HB (ab2792, 1:1000), rabbit 
anti-LGALS3BP (ab217572, 1:1000) and rabbit anti-xCT (ab175168, 1:10000) purchased from Abcam (UK); 
mouse anti-NF-kB p65 (#6956, 1:1000) and rabbit anti-Phospho-NF-kB p65 (#3033, 1:1000) purchased from 
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Cell Signaling Technology (USA); and β-actin (#21338, 1:10000) purchased from Signalway Antibody (USA). 
The HRP-conjugated goat anti-rabbit (#L3012, 1:10000) and goat anti-mouse (#L3032, 1:10000) IgG secondary 
antibodies were purchased from Signalway Antibody (USA).

Co-immunoprecipitation
Cells were lysed by adding pre-cooled 1× IP lysis/wash buffer (enhanced) according to the Smart Classic IP/
Co-IP Kit (Smart-Lifesciences, Changzhou, China) instructions, followed by pretreatment with Smart Control 
agarose resin. The samples were then rinsed with media using rProtein A/G Beads 4FF. Immunoprecipitation was 
performed by incubating the samples with the P4HB antibody overnight at 4 °C and then eluted by adding the 
IP elution buffer. Immunoprecipitated proteins were separated using SDS-PAGE, and co-precipitated proteins 
were detected using a western blot.

Immunofluorescence double staining
Cells were inoculated into 6-well plates. After adhesion, cells were washed, fixed with 4% paraformaldehyde 
for 30 min, permeabilized with 0.5% Triton X-100 for 20 min, and blocked with 2% BSA for 1 h. Cells were 
incubated with mouse anti-P4HB and rabbit anti-LGALS3BP antibodies overnight at 4  °C, followed by the 
fluorescent secondary antibody (20000668 and 20000631, 1:3000; Proteintech, Wuhan, China) for 1  h at 
25 °C, protected from light. Finally, cells were stained with DAPI, and images were obtained using a Thunder 
microscope (LEICA, Weztlar, Germany).

Malondialdehyde quantification
A total of 1 × 106 A549 and H1299 cells transfected with lentiviral vectors were harvested and ultrasonicated. 
Malondialdehyde (MDA) levels were measured in the lysates using the Lipid Peroxidation Assay Kit (KGT003-
KGT004; KeyGEN BioTECH, Nanjing, China) following the manufacturer’s protocol. Absorbance was measured 
at 532 nm.

JC-1 staining
A JC-1 fluorescence probe kit (Beyotime, Shanghai, China) was used to detect the mitochondrial membrane 
potential of the cells. Cells were added to the JC-1 solution in the culture medium, incubated for 20 min, and 
washed with the JC-1 buffer solution. Photographs were taken using a Thunder microscope. The red/green 
fluorescence intensity ratio, which indicated the degree of mitochondrial damage, was measured using a Thunder 
microscope (LEICA, Weztlar, Germany).

Glutathione detection
According to the glutathione (GSH) assay kit (Boyan Biotech, Nanjing, China), the cells were collected, 
centrifuged, and the supernatant was discarded. A total of 5 million bacteria or cells were added to 1 mL of 
extraction. The cells were broken up using ultrasonication with 300 w power for 3 s (intervals of 7 s) for 3 min. 
Samples were then centrifuged at 12,000 rpm for 15 min at 4  °C, and the supernatant was stored on ice for 
measurement. The reaction between reduced GSH and 5,5’-Dithiobis-(2-nitrobenzoic acid) (DTNB) formed a 
complex with a characteristic absorption peak at 412 nm; the absorbance was proportional to the GSH content.

Reactive oxygen species detection
According to the manufacturer’s protocols, ROS was detected in cells using a Reactive Oxygen Species (ROS) 
assay kit (Boyan Biotech). Briefly, the DCFH-DA probe was added to a serum-free medium at a ratio of 1:1000 
(final concentration of 10 µM). After removing the culture medium, an appropriate volume of diluted DCFH-DA 
was added to adequately cover the cells; 1 mL of diluted DCFH-DA was sufficient for one well of a 6-well plate. 
Cells were incubated at 37 °C for 20 min, culture medium aspirated, and washed twice with serum-free DMEM. 
The fluorescence was measured using a Thunder microscope, and values were proportional to the ROS content. 
Replicates: 5 biological replicates, each with 3 technical replicates. Statistics: Unpaired t-test (NC + erastin vs. 
P4HB-OE + erastin).

CCK-8 assay
The cell viability was measured using the CCK-8 assay (KeyGEN BioTECH). A549 and H1299 cells (1 × 104 cells/
well) were cultured in 96-well plates and cultured for 24, 48, and 72 h. Subsequently, cells were incubated with 10 
µL of CCK-8 reagent for 4 h at 37 °C. The cell optical density was then detected by a microplate reader (Bio-Rad, 
California, USA) with absorbance at 450 nm. CCK-8 assays were performed with three independent biological 
replicates, each containing six technical replicates per condition. Data are presented as mean ± SD.

Transwell assay
Cell migration was assessed using a transwell chamber with an 8 μm membrane (BD Biosciences, New Jersey, 
USA). Briefly, 1 × 105 cells were suspended in 500 µL serum-free DMEM and loaded into the upper chamber. 
The lower chamber was filled with 1 mL growth medium. After incubation for 24 h, the non-migrating cells 
on the upper surface of the membrane were removed by scraping. The cells that had migrated to the lower 
surface of the membrane were fixed with 70% methanol, stained with 0.1% crystal violet, and counted using an 
Olympus IX71 microscope (Olympus, Tokyo, Japan). To assess cell invasion, cells were serum-starved overnight 
and loaded into the upper chamber pre-coated with Matrigel (Corning, New York, USA) (1 × 105 cells/chamber). 
After incubation for 24 h, the cells that had migrated to the lower surface of the membrane were fixed, stained, 
and counted as above. Cells in five randomly selected fields of view for each membrane were counted. Each 
experiment was conducted in triplicate.
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Colony formation assays
Cells in the logarithmic growth phase were digested with trypsin, resuspended in a complete medium (basal 
medium + 10% fetal bovine serum), and counted. After the cloning, the cells were photographed using an 
Olympus IX71 microscope (Olympus, Tokyo, Japan), washed once with PBS, and incubated in 1 mL of 4% 
paraformaldehyde per well for 30–60 min. After fixation, 1 mL of crystal violet staining solution was added 
to each well, and the cells were stained for 10–20 min. The cells were washed several times with PBS before 
drying and photographing. Colony formation assays were conducted in three independent biological replicates. 
Colonies (> 50 cells) were counted manually, and data are expressed as mean ± SD.

Wound healing
Approximately 5 × 105 cells were added to a 6-well plate. The cell layer was scratched with a 20 µL tip the next 
day, washed three times with sterile PBS, and incubated in fresh serum-free medium at 37 °C with 5% CO2. The 
cells were then removed after 0, 6, 12, and 24 h, and the width of the scratch was measured and photographed 
(the exact timing depended on the need of the experiment).

Immunohistochemical assay
Tissue samples from mice were fixed in formalin, paraffin-embedded, and cut into tissue sections. Subsequently, 
the tissues were treated with anti-P4HB (11245-1-AP, 1:200; Proteintech, Wuhan, China), anti-LGALS3BP 
(60066-1-lg, 1:200; Proteintech, Wuhan, China), anti-GPX4 (DF-6701, 1: 160; Affbiotech, Liyang, China), and 
anti-PTGS2 antibodies (AF7003, 1:150; Affinity, New Jersey, USA). Tissue sections were independently evaluated 
by three pathologists blinded to the experimental groups. Prior to scoring, all observers were trained using 
standardized reference images to align interpretation criteria for staining intensity (0: no staining; 1+: weak; 
2+: moderate; 3+: strong) and positive cell percentage. Inter-observer variability was assessed by calculating 
the Intraclass Correlation Coefficient (ICC) using a two-way random-effects model. The mean ICC value for 
all markers was 0.85 (95% CI: 0.78–0.91), indicating excellent agreement. Final scores were derived from the 
average of the three independent ratings.

Animal studies
Six-week-old male thymic BALB/c nude mice (15–20  g) were purchased from the Model Animal Research 
Center of Nanjing University (Nanjing, China) and placed in a temperature-controlled room with a 12  h 
light/dark cycle. Food and water were available ad libitum. In the subcutaneous tumorigenesis model, mice 
were divided into four groups (LV, LV-NC, SH, and SH-NC), with 10 animals per group. Mice were randomly 
assigned to groups using a computer-generated random number sequence to ensure equivalent distribution 
of baseline characteristics (e.g., weight and age). P4HB LV, LV-NC, SH, and SH-NC stable transgenic LUAD 
cell lines were prepared as cell suspensions under aseptic conditions, and 0.1 mL (approximately 5 × 106 cells) 
was administered under the axillary skin of the mice. The diameter of the transplanted tumor, measured with 
vernier calipers, and body weight were recorded every four days for a maximum of 28 days. In addition, the 
mortality rate was recorded continuously. All the mice were anesthetized using isoflurane. All tumor diameter 
measurements and endpoint assessments (e.g., IHC scoring) were performed by investigators blinded to the 
group assignments to prevent observational bias. The mice were euthanized in the laboratory by intraperitoneal 
injection of high-dose pentobarbital (200 mg/kg), and the tissues were isolated for further experiments. GSH 
and ROS levels in mice were determined using the Reduced GSH Content Assay Kit (Biosharp, Hefei, China) 
and ROS Assay Kit (Bestbio, Shanghai, China), according to the manufacturer’s instructions. Animal care and 
euthanasia were approved by the Nanjing Medical University (Nanjing, China) Institutional Animal Care and 
Use Committee and performed in accordance with national or institutional animal care and use guidelines (No. 
IACUC:2009054).

Statistical analysis
The data are representative of the mean ± Standard Deviation. Student’s unpaired t-test and ANOVA were used 
for analysis, and a P value < 0.05 was considered statistically significant. Statistical analysis was conducted using 
IBM SPSS Statistics 28.0.0.0 software.

Results
P4HB promoted the progression of lung adenocarcinoma
Gene expression analysis from mining the single-cell sequencing data of the Gene Expression Omnibus database 
GSE189357 showed that P4HB is one of the cluster-specific expression genes for MIA and IAC (Fig.  1A, 
Supplementary table S2), meanwhile, as compared with MIA, P4HB expression was increased in IAC (Fig. 1B). 
Since it has been reported that P4HB expression is upregulated in a variety of tumors and correlates with cancer 
progression20–22. qRT-PCR assays revealed that P4HB mRNA levels in IAC tissues (n = 30) were 2.8-fold higher 
than in MIA tissues (n = 20) (P < 0.01, Fig. 1C). Analysis using the Kaplan-Meier plotter database ​(​​​h​t​t​p​s​:​/​/​k​m​p​l​o​
t​.​c​o​m​/​a​n​a​l​y​s​i​s​/​​​​​) showed that high expression of P4HB was accompanied by poor clinical prognosis (Fig. S1A). 
Here, to investigate the role of P4HB on LUAD development, we performed CCK-8 and cell cloning assays. 
CCK-8 assays revealed that P4HB overexpression increased proliferation by 2.1-fold in H1299 and 1.9-fold in 
A549 cells (P < 0.01, n = 3 biological replicates). Similarly, colony formation increased by 2.3-fold (H1299) and 
2.0-fold (A549) (P < 0.01, n = 3) (Fig. 1D,E). In addition, the transwell assay and cell scratching suggested that 
high P4HB expression promoted cell invasion and migration (Fig. 1F,G). Collectively, P4HB might act as an 
oncogene, which might play an important role in LUAD progression.
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Overexpression of P4HB could inhibit cell ferroptosis
The single-cell sequencing results suggested that IAC had significantly reduced ferroptosis compared to MIA 
(Fig.  2A). Our previous study had identified that circP4HB was implicated in regulating ferroptosis8. Thus, 
we speculated that abnormal expression of P4HB participated in LUAD ferroptosis. Firstly, ROS detection 
showed that erastin treatment increased ROS by 220% in control cells (NC group). In P4HB-overexpressing 
cells, this induction was significantly attenuated, with only a 70% increase in ROS(P < 0.01), representing a 68% 
reduction compared to erastin-treated controls (Fig. 2B). Subsequently, three ferroptosis factors (JC-1, MDA, 
and GSH) were detected. JC-1 red/green fluorescence ratio increased from 1.0 ± 0.1 (NC) to 2.3 ± 0.2 (P4HB-OE) 
(P < 0.01). MDA levels decreased by 48% (from 5200 ± 400 µmol/mg to 2700 ± 300 µmol/mg) (P < 0.01). GSH 
content increased by 1.8-fold (from 12.3 ± 1.2 µmol/ml to 22.1 ± 2.1 µmol/ ml) (P < 0.01) (Fig. 2C–E). All the data 
revealed that upregulation of P4HB could inhibit ferroptosis.

P4HB could upregulate LGALS3BP expression
We performed correlation analysis by mining the Gene Expression Omnibus (GSE189357) and GEPIA 
databases (http://gepia2.cancer-pku.cn/#index) and observed that LGALS3BP expression and P4HB content in 
LUAD showed a positive correlation trend. Correlation analysis using the GSE189357 single-cell dataset (GEO) 
revealed a significant positive correlation between P4HB and LGALS3BP expression (Pearson correlation 
coefficient r = 0.23, P < 2.2e-16). Validation in bulk RNA-seq data from TCGA-LUAD (via GEPIA2) confirmed 
this association (r = 0.34, P < 2.2e-16) (Fig. 3A). This correlation was verified in H1299 and A549 LUAD cell 

Fig. 1.  P4HB promoted lung adenocarcinoma (LUAD) progression. (A, B) Analysis of the GSE189357 dataset 
identifying that P4HB is differentially expressed between microinvasive adenocarcinoma (MIA) and invasive 
adenocarcinoma (IAC). (C) P4HB expression levels in IAC and MIA samples were detected by RT-qPCR 
assays. (D) CCK-8, (E) transwell, (F) wound healing, and (G) clone formation assays were used to detect the 
proliferation, invasion, and migration ability of P4HB on LUAD. Data are mean ± SD of three independent 
biological replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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lines using qPCR; overexpression of P4HB in LUAD cells increased the mRNA expression level of LGALS3BP 
(Fig. 3B), and similarly, the expression of LGALS3BP decreased after knocking down P4HB (Fig. 3C). Based on 
their relevance to tumorigenesis, we investigated co-immunoprecipitation and co-localization analyses. Protein 
immunoprecipitation revealed an interaction between LGALS3BP and P4HB (Fig. 3D), and immunofluorescence 
staining showed co-localization (Fig.  3E). Western blot revealed that increased P4HB protein expression in 
LUAD cells resulted in increased LGALS3BP, and decreased P4HB protein levels similarly down-regulated 
LGALS3BP expression (Fig. 3F,G).

LGALS3BP inhibited activation of the NF-kB pathway to promote the progression
To investigate the role of LGALS3BP in the progression of LUAD, we overexpressed and knocked down 
LGALS3BP in H1299 and A549 cell line. The results revealed that ROS levels were reduced when LGALS3BP 
expression increased after treatment with the ferroptosis inducer erastin (Figs. 4A, S1B). Similarly, we found 
that JC-1 and GSH levels increased and MDA levels decreased in LGALS3BP overexpressing group (Figs. 4B–D, 
S1C–E). These results suggested that LGALS3BP has a ferroptosis-resistance effect. Furthermore, we performed 
cell scratch and transwell assays, suggesting that Overexpression of LGALS3BP increased migration by 2.6-fold 
in H1299 (P < 0.001) and 2.7-fold in A549 (P < 0.001, Figs. 4E, S1F). Similarly, transwell assays showed invasion 
acceleration by 60% (H1299) and 50% (A549) compared to controls (P < 0.01, Figs. 4F, S1G). In addition, CCK-8 

Fig. 2.  P4HB inhibited ferroptosis in LUAD cells. (A) Analysis of the GSE189357 dataset to find differences in 
ferroptosis levels in MIA and IAC. Detection of the effect of P4HB on (B) ROS and (C) JC-1 levels in LUAD 
cells after treatment with the ferroptosis inducer erastin. (D, E) Detection of ferroptosis markers MDA and 
GSH in cell lines transfected with P4HB plasmid and empty plasmid. P4HB, transfected with P4HB plasmid; 
NC, transfected with empty plasmid. All data represent mean ± SD of four independent experiments. *, 
P < 0.05; **, P < 0.01; ***, P < 0.001.
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and clonal formation assay suggested that LGALS3BP could promote tumor proliferation (Figs. 4G,H, S1H–I). 
These results reveal that the LGALS3BP plays a key role in promoting LUAD progression.

Since LGALS3BP negatively regulates NF-kB signaling in inflammatory fields23 to explore the relationship 
between the two factors in the LUAD, we analyzed this pathway using western blotting in A549 and H1299 cells 
after LGALS3BP overexpression and knockdown. The phosphorylation of NF-kB p65 at Ser536 has significantly 

Fig. 3.  P4HB promoted LGALS3BP expression in LUAD cell lines. (A) Correlation analysis: Left: GSE189357 
scRNA-seq (Pearson correlation coefficient r = 0.23, P < 2.2e-16). Right: TCGA-LUAD bulk RNA-seq (r = 0.34, 
P < 2.2e-16). (B, C) H1299 and A549 cells were transfected with a P4HB vector, Control vector, P4HB siRNA, 
and Control siRNA alone for 24 h before qPCR analysis of P4HB and LGALS3BP mRNA expression levels. 
(D) Co-immunoprecipitation assay was used to identify interaction between P4HB and LGALS3BP. (E) 
Immunofluorescence staining was used to investigate co-localization of P4HB and LGALS3BP. Western 
blotting was used to detect protein levels of P4HB and LGALS3BP in (F) H1299 and (G) A549 cells (original 
blots/gels are presented in Supplementary Fig. 4). **, P < 0.01; ***, P < 0.001.
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decreased in LGALS3BP overexpressing tumor cells compared to LGALS3BP knockdown cells (Fig. 4I,J). In 
summary, LGALS3BP inhibited activation of the NF-kB pathway to promote the progression.

P4HB suppressed the NF-kB pathway by regulating LGALS3BP expression to promote LUAD 
progression
Based on the above results, we observed that overexpression of LGALS3BP inhibited the activation of the NF-kB 
pathway, and the sequencing results revealed that the decrease of P4HB had an important role in the activation 
of the NF-kB pathway24,25 (Fig. S2A). Therefore, we speculated whether P4HB could affect tumor progression by 
regulating the NF-kB pathway through LGALS3BP expression. In cell lines overexpressing P4HB, knockdown of 
LGALS3BP expression resulted in activation of the NF-kB pathway compared to that in the control group, despite 
the high expression of P4HB (Fig.  5A,B). Similarly, overexpression of LGALS3BP in the P4HB knockdown 
cell line significantly inhibited the NF-kB pathway (Fig.  5C,D). Functional assays revealed that LGALS3BP 
knockdown in cells overexpressing P4HB reduced proliferation, invasion, and metastasis of tumors, decreased 
GSH production, and increased ROS levels, mitochondrial damage, and peroxylated lipid degradation products. 
In contrast, LGALS3BP overexpression in P4HB knockdown cell lines resulted in increased tumor proliferation, 
invasion, and migration, increased GSH production, and decreased ROS levels, mitochondrial damage, and 

Fig. 4.  LGALS3BP inhibited activation of the NF-kB pathway to promote the LUAD progression. (A) 
Detection of the effect of LGALS3BP on ROS levels in LUAD cells. (B) Immunostaining was used to detect 
the effect of LGALS3BP on the level of JC-1 in LUAD cells. Detection of ferroptosis markers (C) GSH and (D) 
MDA. (E) wound healing, (F) transwell, (G) CCK-8 and (H) clone formation were used to detect the effect of 
LGALS3BP on the proliferation, invasion, and migration ability of LUAD cells. Western blotting was used to 
detect the effect of LGALS3BP on the NF-kB pathway in (I) H1299 and (J) A549 cells (original blots/gels are 
presented in Supplementary Fig. 5). *, P < 0.05; **, P < 0.01.
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production of peroxylated lipid degradation products (Fig.  5E–L, S2B–C, S3A–H, S4). In conclusion, P4HB 
promoted LUAD progression by promoting LGALS3BP expression to inhibit the NF-kB pathway.

P4HB upregulated LGALS3BP to promote tumor proliferation and inhibit ferroptosis in vivo
To characterize the role of P4HB in cancer progression, P4HB overexpression and knockdown cells were 
administered subcutaneously to mice. Mice administered with P4HB-overexpressing cell lines had a larger mean 
tumor volume and weight (Fig. 6A–C). In addition, immunohistochemical staining showed that LGALS3BP 
content and P4HB expression were positively correlated in mice, and GPX4 and PTGS2 content decreased with 
high P4HB expression, suggesting that ferroptosis was inhibited (Fig. 6D). ROS and GSH assays on mouse tumor 
tissues showed that ROS levels were significantly lower and GSH levels were higher in P4HB-overexpressed 
tumor tissues compared to P4HB- knockdown tumor tissues (Fig. 6E,F).

Discussion
MIA and IAC are considered as invasive lung adenocarcinoma, while IAC is a medium-grade or advanced 
cancer26. In this study, we identified a novel class of molecular mechanisms by which P4HB regulates the 
behavior of LUAD. P4HB promotes LUAD progression by promoting LGALS3BP expression to inhibit the NF-

Fig. 5.  P4HB regulated the NF-kB pathway through inhibition of LGALS3BP to promote LUAD progression. 
Overexpression and knockdown of P4HB in LUAD cell lines, followed by (A, B) knockdown and (C, D) 
overexpression of LGALS3BP to detect changes in the NF-kB pathway (original blots/gels are presented in 
Supplementary Fig. 6). Detection of (E) ROS and (F) JC-1 levels in H1299 cells. Detection of ferroptosis 
markers (G) GSH and (H) MDA levels. (I) wound healing, (J) transwell, (K) CCK-8 and (L) clone formation 
assays were used to detect the proliferation, invasion, and migration ability of H1299 cells. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001.
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kB pathway (Fig. 7). Our results suggest that the high expression of P4HB not only promotes the proliferation, 
invasion and metastasis of tumor cells, but also enhances the resistance of tumor cells to ferroptosis.

P4HB is a class of molecular chaperones that is closely related to endoplasmic reticulum stress and the redox 
status of cells27. High concentrations of P4HB in tumor cells can help proteins fold correctly and reduce cellular 
damage from oxidative stress, increasing the viability of tumor cells28. The expression of P4HB was increased 
in LUAD tissues compared to adjacent tissues, and unexpectedly, its expression in IAC, likewise, was higher 
than in MIA, indicated that abnormal P4HB contributes into MIA-IAC malignant process. Meanwhile, the 
experimental evidence that P4HB promoted tumor invasion, growth and metastasis and inhibited ferroptosis. 
Furthermore, We found that LGALS3BP is a new target of P4HB, which is closely related to tumor invasion 
and metastasis. When P4HB expression was increased, LGALS3BP was also increased. Similarly, when P4HB 
was knocked down in LUAD cell lines, the expression of LGALS3BP was decreased. Finally, Mice injected with 
P4HB-overexpressing cells had larger tumors in weights and volumes. The immunohistochemistry (IHC) assays 
showed that the LGALS3BP levels were higher in the experimental overexpressing P4HB groups than the relative 
negative control groups.

Galactose lectin-3 binding protein (LGALS3BP) is a multifunctional secreted glycoprotein involved in 
immunity, inflammation, and cancer29. Since its discovery, the list of prominent cancer types associated with 
LGALS3BP expression has grown, including breast, prostate, pancreatic, melanoma30 and non-Hodgkin’s 
lymphoma31. We found that when the expression of LGALS3BP was increased, the growth, invasion and 
metastasis ability of LUAD cells were also increased, while the level of ferroptosis was significantly decreased. 
LGALS3BP is a secreted glycoprotein, and we postulate a testable hypothesis: Secreted LGALS3BP may suppress 
NF-kB in tumor-associated immune cells (e.g., macrophages), creating an immunosuppressive niche. This model 

Fig. 6.  P4HB promoted LUAD growth and inhibited ferroptosis in vivo. Measurement of (A) tumor size, (B) 
volume, and (C) weight in mice. (D) Immunohistochemical staining was used for detecting P4HB, LGALS3BP, 
GPX4, and PTGS2 expression levels. Detection of (E) ROS and (F) GSH in tissues. **, P < 0.01; ***, P < 0.001.
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remains speculative, future studies must:1. Detect LGALS3BP in tumor interstitial fluid; 2. Validate receptor 
binding via surface plasmon resonance;3. Assess immune cell reprogramming in co-cultures. LGALS3BP 
inhibits the nuclear factor-kB(NF-kB) inflammatory signaling pathway in macrophages and mouse embryonic 
fibroblasts32. NF-kB is a key regulator of inflammation33 cancer, and immunity and plays an important role 
in various cancers34. Although inhibition of NF-kB pathway by LGALS3BP has been reported in the field of 
inflammation, its role in LUAD remains unclear. We observed that when LGALS3BP is overexpressed, the NF-
kB signaling pathway is inhibited, and the proliferation, invasion and migration of LUAD cells are enhanced. In 
contrast, when LGALS3BP expression is decreased, NF-kB is activated and inhibits the progression of LUAD. 
Our results suggest that LGALS3BP could promote the progression of LUAD by inhibiting NF-kB activation.

Ferroptosis is an iron-dependent and reactive oxygen species dependent cell death characterized primarily 
by cytological changes, including mitochondrial ridge reduction or loss, mitochondrial outer membrane 
rupture, and mitochondrial membrane concentration35. It plays a key role in inhibiting tumorigenesis by 
removing cells from the environment that lack key nutrients or are damaged by infection or ambient stress36. 
It is the first time that we have discovered that the process of MIA-IAC was accompanied by increased P4HB 
expression and decreased levels of ferroptosis. Overexpression of P4HB in LUAD cell lines significantly 
inhibited the occurrence of ferroptosis, suggesting that P4HB may contribute to the progression of LUAD by 
inhibiting ferroptosis. Notably, a recent pan-cancer genetic analysis of disulfidptosis-related genes revealed that 
dysregulation of disulfide metabolism is a conserved feature across malignancies, suggesting potential crosstalk 
between ferroptosis and disulfidptosis in tumor progression37. These parallel highlights the complexity of redox 
homeostasis in cancer and underscores the therapeutic potential of targeting P4HB-mediated disulfide bond 
regulation. Mining the database as well as experimental validation revealed a positive correlation between 
the expression of LGALS3BP and P4HB, and LGALS3BP was a regulator of NF-kB pathway. Previous studies 
have suggested that NF-kB is a signaling pathway that affects ferroptosis. In addition, we found that the NF-kB 
signaling pathway was inhibited and the level of ferroptosis was reduced after overexpression of LGALS3BP. 
Finally, rescue experiments demonstrated that P4HB could affect the activation of the NF-kB pathway and 
thus regulate the level of ferroptosis in LUAD by modulating LGALS3BP. While LGALS3BP-mediated NF-kB 
inhibition is well-documented in inflammation, its pro-tumorigenic role in LUAD appears paradoxical since 
NF-kB typically promotes cancer progression. We propose a context-dependent mechanistic hypothesis: (I)
Chronic suppression of NF-kB creates an immunosuppressive microenvironment: By inhibiting NF-kB-driven 
cytokine production (e.g., TNF-α, IL-6), LGALS3BP reduces anti-tumor immune surveillance, facilitating 
immune evasion. (II)NF-kB inhibition prevents ferroptosis induction: NF-kB activation can upregulate pro-
ferroptosis genes (e.g., ACSL4, NOX1). Sustained LGALS3BP/NF-kB suppression thus confers ferroptosis 
resistance. (III)Differential subunit regulation: LGALS3BP may selectively inhibit p65 phosphorylation while 
preserving pro-survival NF-kB subunits, balancing anti-inflammatory and pro-tumor effects. This paradigm 

Fig. 7.  Diagram illustrating the mechanism used by P4HB to promote ferroptosis, proliferation, invasion, and 
migration of LUAD cells by promoting LGALS3BP expression to inhibit NF-kB pathway activation.
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aligns with observed LGALS3BP-driven tumor growth and metastasis (Fig.  4E-H), providing a mechanistic 
bridge between inflammatory regulation and cancer progression.

This work attempts to reveal the role of P4HB in the progression of lung adenocarcinoma. Notably, we 
demonstrated the following: (I) P4HB inhibits ferroptosis and promotes the progression of LUAD; (II) The 
regulatory effect of P4HB on LGALS3BP was found for the first time; (III) The activation and inhibition of 
LGALS3BP on the NF-kB pathway was verified in LUAD; (IV) The molecular regulatory mechanism of 
P4HB/LGALS3BP/NF-kB in lung adenocarcinoma was revealed. In light of these findings, there are still some 
limitations to this study. First, the effect of P4HB on the prognosis of patients is not shown. Second, the deeper 
mechanism of the P4HB/LGALS3BP/NF-kB axis in regulating ferroptosis needs to be further investigated.

Our findings intersect with emerging immunotherapy paradigms. Tumor ferroptosis directly enhances 
anti-PD-1 response by releasing immunogenic DAMPs38 while NF-κB suppression in TAMs promotes 
immunosuppression39. Crucially, circulating biomarkers (e.g., LGALS3BP) may predict LUAD immunotherapy 
resistance, mirroring findings in melanoma40.

Given the pivotal role of the P4HB/LGALS3BP interaction in tumor progression, we propose this axis as a 
promising therapeutic target. To validate this potential, subsequent research will focus on developing targeted 
interventions. This will include utilizing organoid models to screen for P4HB/LGALS3BP inhibitors and 
evaluating their synergistic effects with immune checkpoint inhibitors, among other strategies. Concurrently, 
drawing inspiration from the identification of the voltage-gated sodium channel β3 subunit (SCN3B) as a 
glioma biomarker through multi-omics validation41 we propose that the P4HB/LGALS3BP axis warrants similar 
investigation in liquid biopsies. Such studies could establish circulating LGALS3BP as a non-invasive predictor 
for LUAD progression, mirroring the established clinical utility of SCN3B in neuro-oncology.

In conclusion, this study demonstrated that P4HB is a key molecule affecting the biological behavior of 
LUAD, and revealed a novel signaling cascade in the P4HB/LGALS3BP/NF-kB axis that regulates tumor 
growth, invasion, and suppression of ferroptosis, which provided new targets and research ideas for the 
prognosis, diagnosis, and treatment of LUAD. Future studies should integrate multi-omics approaches to 
validate the clinical relevance of this axis, akin to the identification of centromere protein A (CENPA) as a pan-
cancer biomarker through combined single-cell and bulk RNA sequencing42. Such strategies could uncover 
stage-specific expression patterns of P4HB/LGALS3BP across LUAD progression trajectories, refining patient 
stratification for targeted therapies.

Data availability
Data is provided within the manuscript or supplementary information files.
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