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Background: Radiotherapy resistance has become one of the major causes of radiotherapy failure among 
patients with non-small cell lung cancer (NSCLC), but its underlying mechanism remains unclear. In recent 
years, the influence of mitochondrial autophagy on the radiotherapy resistance in treated tumor cells and 
its regulatory mechanism has become a hotspot in research, which is also the subject of our group research 
effort. The primary objective of our study is to investigate the mitophagy-associated pathway and the 
regulatory mechanisms underlying radiotherapy resistance in NSCLC.
Methods: We developed biologically stable radiotherapy-resistant NSCLC cell models A549/X and H520/
X and verified the radioresistance of these cells. Subsequently, through high-throughput transcriptomic 
sequencing analysis and experimental verification, we found that the Forkhead box O 3a (FOXO3a) gene 
and the PINK1/Parkin mitochondrial autophagy pathway in NSCLC radiotherapy-resistant cell lines were 
consistent and upregulated more reactively than those of parent cells. The effect of gene expression status 
of the FOXO3a-PINK1/Parkin pathway on the survival outcomes of NSCLC was analyzed in The Cancer 
Genome Atlas (TCGA) database. Next, we inoculated nude mouse xenografts with small interfering RNA to 
interfere with the FOXO3a gene and short hairpin RNA to construct radiotherapy-resistant stable strains of 
NSCLC with stable knockdown of FOXO3a gene. Subsequently, the association and regulation of FOXO3a 
gene expression levels with radioresistance and mitochondrial autophagy PINK1/Parkin pathway at the 
cellular and animal levels were determined.
Results: The expression level of FOXO3a gene in NSCLC radioresistant cells was significantly positively 
correlated with the level of mitophagy and the expression level of PINK1/Parkin pathway. Higher expression 
levels of genes in the FOXO3a-PINK1/Parkin pathway had a negative effect on survival outcomes in NSCLC 
and were positively correlated with the radioresistance of cells. 
Conclusions: FOXO3a regulates NSCLC radioresistance by modulating the mitochondrial autophagy 
PINK1/Parkin pathway, which may serve as a new molecular intervention target and therapeutic entry point 
for intervening and improving the radioresistance of patients with NSCLC in clinical practice.
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Introduction

Lung cancer exhibits the highest morbidity and mortality 
rates among all malignancies, both in China and globally, 
with non-small cell lung cancer (NSCLC) constituting 
approximately 80% of cases. Lung adenocarcinoma and 
lung squamous cell carcinoma (LUSC) are the most 
common histological types of NSCLC (1,2). More than 
50% of NSCLC cases are initially diagnosed as locally 
or distantly metastatic and incurable diseases. Radiation 
therapy is an important and effective approach for the 

treatment of locally advanced and metastatic NSCLC as 
sometimes more definitive and commonly, and it is also an 
essential component of combined treatment modalities. 
However, distinct mechanisms induced by radiation can 
lead to variable degrees of radioresistance in malignant 
tumors, resulting in treatment failure, tumor recurrence 
and metastasis, and poor prognosis (3-5). Investigations into 
the underlying causes and regulatory mechanisms of tumor 
radioresistance remain an active area of research, garnering 
increasing scientific interest. 

Autophagy plays a pivotal role in the elimination, 
degradation,  and recycl ing of  radiat ion-damaged 
intracellular organelles and macromolecules. Specifically, 
ionizing radiation can specifically trigger the selective 
autophagy process in tumor cells, in which dysfunctional 
and damaged mitochondria can be effectively degraded, 
eliminated, and reused through autophagy mechanisms. As a 
spontaneous mechanism for clearing damaged mitochondria 
after radiotherapy, mitophagy helps tumor cells adapt to and 
cope with their environment (6,7). However, the specific 
role of mitophagy in tumorigenesis and tumor progression 
remains poorly understood (8). Emerging evidence suggests 
that the failure of mitophagy may exacerbate oncogenic 
stress and promote malignant transformation (9-11). The 
molecular mechanisms regulating mitophagy are complex 
and diverse often involving crosstalk between pathways. 
Among these, the PINK1/Parkin pathway is the most 
well-characterized pathway for mitophagy (12). Many 
studies have found that Parkin promotes oncogenesis 
and in comparison with normal tissues, lung cancer (13) 
and esophageal cancer (14) tissues show upregulation of 
PINK1, which can promote tumor cell proliferation and 
chemotherapy resistance. Silencing of PINK1 can not only 
inhibit the proliferation and migration of lung cancer cells 
but also induce apoptosis (13). Tumor cells can impact the 
efficacy of radiotherapy through mitophagy under radiation 
stress (15); therefore, elucidating the interplay between 
mitophagy and radiotherapy resistance may represent a 
significant step forward in developing novel anticancer 
treatment strategies. Forkhead box O 3a (FOXO3a), the 
most active member of the FOXO family, has garnered 
significant research attention in recent years. Accumulating 
evidences suggest that FOXO3a, as an essential transcription 
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•	 We first demonstrated that PINK1/Parkin-mediated mitochondrial 

autophagy positively correlated with the radioresistance in a non-
small cell cancer (NSCLC) cell line and confirmed that FOXO3a 
played a significant role in regulating NSCLC cell radioresistance 
through this pathway.  

What is known and what is new? 
•	 Previous studies have identified a limited role for FOXO3a in 

modulating tumor cell sensitivity and resistance to radiotherapy 
or chemotherapy. The PINK1/Parkin pathway, a well-established 
mitochondrial autophagy pathway, has been studied in relation to 
tumor cell radiosensitivity and resistance; yet, the comprehensive 
role of the FOXO3a–PINK1/Parkin pathway in NSCLC remains 
unexplored.

•	 This is the first study to investigate FOXO3a’s regulatory role in 
NSCLC radiotherapy resistance using a NSCLC radiotherapy 
resistance model. Our findings revealed, for the first time, that 
FOXO3a significantly influenced NSCLC radioresistance via 
PINK1/Parkin-mediated mitochondrial autophagy.

What is the implication, and what should change now? 
•	 Using the radiotherapy resistance model, we confirmed the 

role of the FOXO3a–PINK1/Parkin pathway in promoting 
NSCLC radioresistance. This finding provides a theoretical and 
experimental foundation for identifying new molecular targets to 
overcome NSCLC radioresistance and suggests novel approaches 
for clinical intervention and treatment.

•	 We will investigate the complex mechanisms by which FOXO3a 
influences the PINK1/Parkin pathway, including phosphorylation, 
acetylation, ubiquitination, and intermediate target genes or 
cytokines. Additionally, designing and screening specific inhibitors 
that target the FOXO3a gene and translating these findings into 
clinical applications will be key focuses of our future research.
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factor for cell survival, not only regulates various cellular 
functions but also serves as a key regulatory factor in 
cancer progression, participating in multiple physiological 
and pathological processes such as tumor proliferation, 
differentiation, invasion, metastasis, and cell death (16-19). 
Research has found that FOXO3a has a certain influence 
on the radiotherapy and chemotherapy resistance of tumor 
cells (20-22), however there is no consensus on the role of 
FOXO3a in the radiotherapy resistance of NSCLC tumor 
cells. Additionally, while it has been reported that FOXO3a 
participates in receptor-mediated mitophagy, such as that 
of BNIP3 and FUNDC1 (23,24), the role of FOXO3a in 
PINK1/Parkin-mediated mitophagy remains unclear. In this 
study, we investigated the regulatory role of the FOXO3a 
gene in the radiotherapy resistance of NSCLC cells and 
the effect of FOXO3a on the mitophagy mediated by the 
PINK1/Parkin pathway in the radiotherapy resistance 
of NSCLC cells. Our findings provide new insights and 
novel therapeutic approaches for improving radiotherapy 
resistance in NSCLC and provide a theoretical and 
experimental foundation for developing targeted molecular 
therapies to overcome radioresistance in clinic. We present 
this article in accordance with the ARRIVE and MDAR 
reporting checklists (available at https://tlcr.amegroups.
com/article/view/10.21037/tlcr-2025-181/rc).

Methods

Cell culture and irradiation

Human NSCLC cell lines (human lung adenocarcinoma 
cell line A549 and human LUSC cell line H520) were 
purchased from the Shanghai Institute of Cell Biology 
(Shanghai, China). Cell lines were grown in Dulbecco’s 
Modified Eagle Medium (DMEM) with high-glucose 
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 
containing 10% fetal bovine serum (FBS) (Nanjing Vazyme 
Biotech Co., Nanjing, China) and 1% streptomycin, 
cultured in a 37 ℃ incubator with 5% CO2.

To generate radioresistant cell lines, A549 and H520 
cells were irradiated with fractionated doses of X-rays 
(Varian Medical Systems, Palo Alto, CA, USA) at 2 Gy 
per fraction (≥60 Gy in total). The radiation field was 
10 cm × 10 cm, and the source-to-target distance was 
100 cm. The cells were passaged two or three times after 
each irradiation so that they had sufficient vitality for the 
subsequent irradiation. After fractionated irradiation of  
≥60 Gy, surviving cells that became more radioresistant 

than the parent cells were labelled as A549/X and H520/X 
cells, respectively. 

Colony formation assay

Depending on the planned radiation dose, cells were 
planted in six-well plates at different densities and incubated 
for about 12 h. Following irradiation with different doses of 
X-rays and a culture of 10–14 days until colonies contained 
more than 50 cells, the plates were washed once with 
phosphate-buffered saline (PBS). Subsequently, the cell 
colonies were fixed with 4% paraformaldehyde for 20 min, 
stained with crystal violet for 30 min, and counted after a 
washing. The survival fraction and survival curve of cells 
were calculated and plotted using GraphPad Prism 8.0 
(GraphPad Software, Inc., La Jolla, CA, USA) as previously 
described (25).

Cell wound-healing assay

Wound-healing assays were used to evaluate the migration 
capacity of cells. Approximately 2×105 cells were plated 
in six-well plates, and wounds were created via scratching 
with 10-µL pipettes tip when the cell confluence reached 
about 90%. A culture medium containing 1% FBS was 
added to the six-well plates after media were aspirated and 
the separated cells were washed with PBS. The six-well 
plates were gently moved onto a microscope, and the cell 
scratch state at 0 h was recorded as a control. Cells were 
treated with or without radiotherapy, and the same field was 
photographed again every 24 h. At least three fields were 
observed in each independent experiment, and the scratch 
healing ability of cells in each group was compared.

Transwell invasion assay

Transwell invasion assays were used to evaluate the invasion 
capacity of cells. A polymerization membrane was formed 
over a Transwell chamber (Corning, 8 μm) with Matrigel 
(Corning, 354248, NY, USA). The cells were seeded into the 
upper chamber with serum-free medium {[3–4]×104 cells},  
and complete culture medium containing 10% FBS was 
used as the culture medium in the bottom of the chamber. 
After 6–8 h of cell adhesion and experimental treatment, the 
culture plates were incubated in an incubator for 18–36 h.  
The cells were then fixed and stained with crystal violet, 
and the invaded cells were counted under an inverted light 
microscope. The number of invaded cells was quantified 
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by counting the number of cells from 3–5 random fields at 
400×magnification.

Protein extraction and western blotting

Radioimmunoprecipitation (RIPA) lysis buffer (Beyotime 
Biotechnology, Nantong, China) was used to extract total 
protein from the samples at the indicated time points 
following the designated experimental treatments, and the 
protein concentration was determined using a bicinchoninic 
acid protein assay kit (Beyotime Biotechnology). The 
protein samples (20 µg/lane) were separated via sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Epizyme, Cambridge, MA, USA) and were then 
transferred to nitrocellulose membranes. After blocking 
in 5% nonfat milk was completed, the membranes were 
incubated with the primary antibodies at 4 ℃ for 12–14 h 
and then incubated with anti-rabbit secondary antibody at 
room temperature for 2 h. Enhanced chemiluminescence 
(ECL) was performed with an ECL Western blotting 
detection kit (Thermo Fisher Scientific, Waltham, MA, 
USA), and protein bands were analyzed using Bio-Rad 
ChemiDoc (Bio-Rad, Hercules, CA, USA). GAPDH was 
used as the internal reference. The antibodies are listed in 
Table S1.

RNA isolation and real-time quantitative polymerase 
chain reaction (RT-qPCR)

Total RNA was extracted using SteadyPure rapid 
RNA extraction kit (Accurate Biology, China), and the 
concentration was quantified. Following this, 500 ng of 
total RNA was reversely transcribed into complement DNA 
(cDNA) using EvoM-MLV reverse transcription reagent 
premix solution (Accurate). Subsequently, the SYBR Green 
Pro Taq HS Premix qPCR Kit (Accurate) was used to 
conduct RT-qPCR. Each RNA sample was run in three 
independent experiments. The forward and reverse primer 
sequences are listed in Table S2.

High-throughput transcriptomics

We examined the mitophagy-related differential genes 
associated with radiotherapy resistance by performing 
high-throughput transcriptome sequencing of the NSCLC 
parental cell lines A549 and H520 and the corresponding 
radioresistant cells A549/X and H520/X. The parental and 
radioresistant cells were laid in two parts (with subsequent 

radiation treatment/without radiation treatment) with three 
biological replicates each and cultured to the logarithmic 
growth phase. One of the cell lines received a 4-Gy dose of 
X-ray radiotherapy, and the other cell line was not treated 
with radiotherapy. Total RNA was extracted from cells 
within 1–2 h after radiation for testing in high-throughput 
transcriptome sequencing analysis. The high-throughput 
transcriptome sequencing of this study was assisted by 
Tiangen Biochemical Technology (Beijing, China).

Transmission electron microscopy (TEM)

T h e  u l t r a s t r u c t u r a l  a n a l y s i s  o f  m i t o c h o n d r i a l 
autophagosomes was carried out via TEM. Cells were 
collected and fixed in electron mirror fixative and fixed 
in 1% osmium tetroxide solution. After dehydration was 
completed with absolute ethanol gradient, the samples were 
permeabilized with acetone and embedding agent. Samples 
were then embedded, polymerized, cut into 60- to 80-nM 
ultrathin sections, and double stained with uranium and 
lead. Finally, the mitochondrial autophagosomes in the cells 
were observed by TEM.

Transfection with transient small interfering RNA 

The small interfering RNAs (siRNAs) of FOXO3a were 
designed and provided by OBiO (Shanghai, China). 
According to the different sequences, siRNAs were labeled 
as siRNA#1, siRNA#2, siRNA#3, siNC-negative, and siNC-
positive. The siRNA constructs are listed in Table S3. Stock 
solutions of siRNAs and oligonucleotides were made at  
20 μM in RNase-free water and stored at –20 ℃. Cells were 
transfected using Lipofectamine 2000 reagent (Thermo 
Fisher Scientific) according to the instructions, and the 
effect of transfection was evaluated by Western blotting.

Confocal microscopy observation of COX8-EGFP-mCherry 
fluorescence

To examine the fusion of mitochondria and lysosomes, we 
transfected COX8-EGFP-mCherry fluorescent reporter 
plasmids (OBiO, Shanghai, China) into parental cell 
lines A549 and H520, as well as into their corresponding 
radioresistant cell lines A549/X and H520/X. After 
transfection with this plasmid, mitochondria typically 
display both red and green fluorescence, which overlap 
to produce an orange-yellow fluorescence. However, 
when mitochondria are engulfed by autophagosomes to 
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form mitophagolysosomes, the mitochondria carrying 
fluorescent plasmids are located within acidic lysosomes. 
The green fluorescence is sensitive to low pH environments 
and quenches, resulting in the fluorescent plasmids only 
exhibiting red fluorescence. Therefore, the number of red 
dots within cells can be used for quantitative measurement 
of the strength of mitophagy occurrence. Cells with a stable 
expression of the COX8-EGFP-mCherry plasmid were 
constructed by using the optimal multiplicity of infection 
(MOI) as indicated by pre-experiments, and the amount 
of virus was determined. After experimental treatment, 
the cells were fixed, permeated, and sealed under a laser 
confocal microscope for observation and photography. The 
number of red points in the cells was used for quantitative 
measurement of the intensity of mitochondrial autophagy.

Vectors, transfection, and retroviral infection

The FOXO3a short hairpin (FOXO3a-sh) plasmids of 
three sequences from the DNA library of Shanghai Jiao 
Tong University School of Medicine were selected for this 
study. The plasmids were extracted and transfected into 
HEK293T cells to obtain the viral solution. Subsequently, 
NSCLC radiation-resistant cells A549/X and H520/X 
were infected with viral solution and then screened with 
puromycin-containing media for several generations to 
obtain stably transfected cells. The knockdown efficiency of 
the FOXO3a gene was evaluated by Western blotting assays. 
The sequences of the short hairpin RNA (shRNA) against 
FOXO3a are provided in Table S4.

Nude mouse xenograft models and irradiation 

Three-to-four-week-old BALB/c nude mice (BALB/c nude 
is an immunodeficient strain derived from the standard 
BALB/c mice, characterized by a Foxn1 gene mutation that 
prevents thymus and T cell development, n=40) (Shanghai 
SLAC Laboratory Animal Co., Ltd., Shanghai, China) 
were randomly divided into four groups. Four transfected 
NSCLC radiotherapy-resistant cell lines (A549/X-NC, 
A549/X-sh3, H520/X-NC, and H520/X-sh3) were injected 
subcutaneously into the right back of the nude mice. When 
the tumors increased to 100 mm3, the tumor-bearing mice 
were administered 2 Gy of the fractionated radiotherapy 
per day for 3 consecutive days, while the control group did 
not receive any X-ray radiotherapy. The experiment was 
ended 14 days after radiotherapy. The longest dimension (L) 
and shortest dimension (W) of tumor were measured every 

two days with a digital caliper, and the volume of tumor was 
calculated according to the following formula: tumor volume 
(mm3) = L×W2/2.

Analysis of human gene/data from The Cancer Genome 
Atlas (TCGA) database

We evaluated the prognostic significance of elevated 
FOXO3a-PINK1/Parkin pathway expression in NSCLC 
patients using data from TCGA. Survival analyses included 
overall survival (OS), disease-specific survival (DSS), and 
progression-free interval (PFI). 

Ethical statement

This study was conducted in accordance with the 
Declaration of Helsinki and its subsequent amendments. 
Animal experiments were performed under a project license 
(No. K24-206Y) approved by Institutional Animal Care 
and Use Committee of Shanghai Pulmonary Hospital, 
in compliance with the Shanghai Pulmonary Hospital 
guidelines for the care and use of animals. A protocol was 
prepared before the study without registration.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
version 8.0, and all experiments were repeated three times. 
Quantitative values were presented as the mean ± standard 
deviation (SD). A Student t-test was used for comparisons 
between two groups. For all analyses, a P value less than 0.05 
was considered statistically significant. 

Results

Development of radioresistant NSCLC cell lines

We employed a medical linear accelerator to simulate 
clinical radiotherapy conditions and deliver conventional 
fractionation of X-ray irradiation on cells through 
multifractionated daily low-dose exposures. Through 
continuous cell culture, digestion, and passage, we gradually 
eliminated cells that had undergone lethal damage or that 
had failed to repair potentially lethal damage through a 
series of induction and screening processes. Ultimately, 
NSCLC cells with stable conditions and radiation-resistant 
properties (A549/X and H520/X) were successfully obtained 
(Figure 1A). We found that the radiation tolerance and cell 
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Figure 1 Establishment of the radioresistant NSCLC cell line models. (A) Diagram of the method for establishing radioresistant cell 
lines A549/X and H520/X derived from NSCLC cell lines through fractionated irradiation. (B-E) Multiexperiment validation of the 
radioresistance of the established cell lines (A549 vs. A549/X; H520 vs. H520/X). (B) Colony formation assay for detecting cellular 
radioresistance and proliferative capacity. (C) Wound-healing assay for assessing differences in cell migration ability. (D) Transwell invasion 
assay for verifying differences in cell invasion capability. (E) Western blot analysis of the expression levels of the DNA damage marker 
γH2AX protein in assessing the ability to resist X-ray-induced DNA damage. (B,D) Crystal violet was used for staining. (C,D) The stained 
cells were observed under the 100× and 400× microscope. Each experiment was performed in triplicate, and the values are presented as the 
mean ± standard deviation. *, P<0.05; **, P<0.01. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NSCLC, non-small cell lung cancer.
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proliferation ability of A549/X and H520/X radiotherapy-
resistant cells were significantly enhanced compared 
to those of the parent cells through clone formation 
experiments (Figure 1B). The wound-healing assay revealed 
that the migration ability of the radioresistant cells was 
significantly enhanced compared to that of the parent cells 
(Figure 1C). The Transwell invasion assays demonstrated 
that regardless of the presence or absence of irradiation, 
A549/X and H520/X radioresistant cells migrated from 
the upper chamber to the lower chamber of the Transwell 
with significantly higher numbers than the parent cells 
did, indicating an enhanced cell invasion ability of the 
radioresistant cells (Figure 1D). γH2AX, a well-established 
biomarker of DNA double-strand breaks, was employed 
to evaluate the sensitivity or resistance of tumor cells 
to radiotherapy stress. In this experiment, comparative 
analysis of γH2AX expression levels in both radioresistant 
and parental NSCLC cell lines demonstrated significantly 
attenuated DNA damage response in resistant populations 
following X-ray exposure, indicating that the ability of 
resistant cells to defend against X-ray-induced DNA 
damage was significantly stronger than that of the parental 
cell lines (Figure 1E). 

High-throughput transcriptomic analysis of mitochondrial 
autophagy-related genes with enriched expression in 
radioresistant cell lines

We employed A549/X and H520/X radiotherapy-resistant 
cells to identify the optimal detection timepoint and 
radiation dose for autophagy response following irradiation. 
Western blotting assays were conducted to detect the 
expression levels of the autophagy-related proteins (LC3, 
Atg5, and p62) in these two cell lines. The results indicated 
that autophagy activation was rapidly induced within 0.5 
hours post-irradiation and sustained at elevated levels 
throughout the 0.5–2.0 hours observation window. Notably, 
the impact of increasing or decreasing radiation doses 
on autophagy was not significant, and even a low dose of 
radiation could significantly enhance the autophagy level 
in NSCLC cells. Based on these comprehensive findings, 
we established 4 Gy as the standard radiation dose for 
subsequent autophagy studies, with a 1–2-hour post-
irradiation window identified as the optimal temporal 
frame for autophagy assessment (Figure 2A). To elucidate 
the molecular mechanisms underlying radioresistance in 
NSCLC, we performed high-throughput RNA sequencing 
on both parental (A549 and H520) and their corresponding 

radioresistant (A549/X and H520/X) cell lines under both 
irradiated (4 Gy X-ray) and non-irradiated conditions. This 
comprehensive transcriptomic analysis aimed to identify 
differentially expressed genes (DEGs) associated with 
acquired radioresistance. Gene set enrichment analysis 
(GSEA) revealed enrichment of mitophagy-related pathways 
in radioresistant cell lines following 4 Gy irradiation 
compared to their parental counterparts. Notably, A549/
X cells demonstrated particularly pronounced differential 
enrichment of mitophagy-associated genes (Figure 2B). 
This suggests that the characteristic radioresistance in the 
NSCLC radioresistant cell lines may be associated with the 
enhanced response of mitochondrial autophagy. Subsequent 
targeted analysis of DEGs within the mitophagy-related 
pathways revealed consistent upregulation of FOXO3a 
transcript levels in both radioresistant cell lines (A549/
X and H520/X) compared to their parental counterparts 
(Figure 2C). Moreover, focused comparative analysis 
of differentially expressed mitophagy-associated genes 
demonstrated significant upregulation of FOXO3a 
expression in both radioresistant cell variants (A549/X and 
H520/X) relative to their parental counterparts (Figure 2D).  
Experiments and analytical results indicated that the 
radioresistance characteristics of NSCLC radioresistant 
cell lines were associated with the upregulated response of 
the FOXO3a gene. In addition, we found that the patients 
with lung adenocarcinoma and higher expression levels of 
FOXO3a gene had a shorter OS and DSS. Furthermore, the 
PFI was worse with a log-rank statistic of P=0.03 [hazard 
ratio (HR) =1.36, 95% confidence interval (CI): 1.03–1.80] 
(Figure S1A). Thus, the high expression of FOXO3a gene 
may be one of the adverse factors restricting the survival 
and prognosis of patients with lung adenocarcinoma. The 
radioresistance characteristics of radiotherapy-resistant 
NSCLC cells are likely related to the enhancement of the 
upregulation of FOXO3a gene reactivity and the enrichment 
of mitochondrial autophagy-related genes in resistant cells 
after radiotherapy, and we speculate that FOXO3a may be a 
key gene in the regulation of radioresistance in NSCLC.

Upregulation of the mitochondrial autophagy PINK1/
Parkin pathway and the FOXO3a gene after radiotherapy

We measured the expression levels of autophagy-related 
proteins using Western blot assays in both parent cell lines 
and radioresistant cell lines with or without radiotherapy. 
The results showed that, compared with those of parent 
cell lines, the baseline expression levels of mitochondrial 

https://cdn.amegroups.cn/static/public/TLCR-2025-181-Supplementary.pdf
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Figure 2 Differential mitophagy-related genes in NSCLC radioresistant cells and parent cells before and after radiation treatment. 
(A) Identification of autophagy response parameters (time course and radiation dose) in A549/X and H520/X radioresistant cell lines 
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autophagy-related proteins in radioresistant cell lines were 
significantly higher. After radiation exposure, the expression 
levels of mitochondrial autophagy-related proteins in 
radioresistant cell lines were significantly increased  
(Figure  3A ) .  When observ ing the  mitochondria l 
autophagosomes in cells under TEM, we found that 
compared with parent cells, the radioresistant cells exhibited 
increase in the number of mitochondrial autophagic vacuoles. 
After radiation exposure, the increase in the number 
of mitochondrial autophagic vacuoles in radioresistant 
cel ls  became even more pronounced (Figure 3B ) .  
We conducted a preliminary experiment using A549/X 
cells infected with the COX8-EGFP-mCherry plasmid 
to determine the optimal MOI for achieving the desired 
transfection efficiency and found that the best infection 
effect was achieved when MOI =80 (Figure 3C). Confocal 
microscopy was performed after transfecting the cells 
with the plasmids and treating the cells with or without 
irradiation. The results showed that, compared with that in 
parent cells, the number of red dots exhibited mitophagy 
in radioresistant cells increased. Furthermore, after 
radiation exposure, the increase of the number of red dots 
indicating mitophagy in radioresistant cells was even more 
pronounced (Figure 3D). We also discovered a positive 
correlation between the FOXO3a gene expression level 
and the radioresistance of NSCLC. Compared with those 
in the parental cell lines, the basal levels of FOXO3a gene 
mRNA (message RNA) and protein were higher in NSCLC 
radioresistant cell lines. After irradiation, the reactive 
increase in FOXO3a gene mRNA and protein expression 
was more prominently in radioresistant cells (Figure 3E,3F).

We further examined the major regulatory mechanism 
of mitophagy, the PINK1/Parkin pathway. It was found that 
the basal levels of mitochondrial autophagy-related genes 
and the PINK1/Parkin pathway were higher in NSCLC 

radioresistant cell lines than in the parental cell lines. 
After radiotherapy, the expression levels of mitochondrial 
autophagy-related genes and PINK1/Parkin pathway 
proteins were significantly higher in radioresistant cell 
lines (Figure 3G), indicating a close correlation between 
mitophagy and radioresistance in NSCLC. 

Furthermore, we found that high expression of the 
PINK1 gene in patients with lung adenocarcinoma or 
LUSC in TCGA database was associated with shorter OS, 
DSS, and PFI, with differences being statistically significant  
(Figure S1B). In addition, LUSC patients with high PRKN 
gene expression also demonstrated a shorter OS (Figure S1C).  
The high expression of the FOXO3a-PINK1/Parkin pathway 
may be one of the adverse factors restricting the survival 
and prognosis of patients with NSCLC, and based on the 
data (Figures 2,3), we speculate that the FOXO3a-PINK1/
Parkin pathway may play an important role in regulating 
radiotherapy resistance in NSCLC.

Association of FOXO3a gene expression and the 
radioresistance of NSCLC cells

We knocked down the FOXO3a gene in the A549/X and 
H520/X radioresistant cell lines using siRNA and then 
employed various experimental methods to detect changes 
in the radioresistance of these cells, with the aim of 
investigating the relationship between the expression level 
of the FOXO3a gene and the radioresistance of NSCLC 
radioresistant cell lines. We examined the transfection 
concentration and efficiency of three siRNA sequences 
(sequence#1, sequence#2, and sequence#3) targeting the 
FOXO3a gene in A549/X cells (Figure 4A). We found 
that all three siRNAs exhibited efficacy of knocking down 
FOXO3a expression, and the transfection efficiency was 
highest at 100 nM of siRNA concentration. We further 

following X-ray exposure. (B) Transcriptomic profiling by RNA sequencing and subsequent GSEA demonstrated significant enrichment 
of mitophagy-related pathways in irradiated A549/X and H520/X cells compared to parental controls. (C) Volcano plot analysis confirmed 
similar enrichment of specific mitophagy-associated genes in irradiated A549/X and H520/X cells relative to parental A549 and H520 cells 
after radiation treatment. Grey dots refers to all the genes detected that are not significantly different; blue dots refer to the gene that is 
downregulated; red dots refers to the gene that is upregulated; yellow dots refers to the genes that were upregulated in both A549/X and 
A549, H520/X and H520 after radiotherapy; purple dots refer to the FOXO3 gene. (D) Focused evaluation of radiation-induced differential 
expression in mitophagy-related genes between radioresistant sublines (A549/X, H520/X) and their respective parental cell lines. Red part 
represents the mitochondrial autophagy related genes that are upregulated in A549/X compared with A549 and H520/X compared with 
H520 after radiotherapy; blue part represents the downregulated genes, and the red boxes represent our emphasis on the FOXO3 gene. Each 
experiment was performed in triplicate, and the values are presented as the mean ± standard deviation. GSEA, gene set enrichment analysis; 
FC, fold change; NSCLC, non-small cell lung cancer.
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validated the transfection efficiency of these three FOXO3a 
siRNAs for knocking down the FOXO3a gene in both 
A549/X and H520/X cells (Figure 4B). The results showed 
that siRNA#1 and siRNA#3 had the best interference effects 
on both cell lines and thus, could be used for subsequent 
experiments.

We used various experimental methods to detect changes 
in the radioresistance of A549/X and H520/X radioresistant 
cells. After knockdown of the FOXO3a gene via siRNA, 
the clone formation experiment showed that the clone 
formation ability of the radioresistant cells was significantly 
reduced, and their radiation tolerance and cell proliferation 
ability were weakened (Figure 4C); the wound-healing 
assay indicated a decreased migratory capacity of the cells  
(Figure 4D), and the Transwell assay revealed a poor invasive 
ability of the radioresistant cells (Figure 4E). Additionally, 
the ability of the radioresistant cells to resist X-ray-induced 
DNA damage was also significantly reduced (Figure 4F).

The expression level of the FOXO3a gene correlates to 
PINK1/Parkin pathway and the mitochondrial autophagy 
in vitro

We further used siRNA to knockdown the FOXO3a gene in 
A549/X and H520/X radioresistant cells and then employed 
various experimental methods to examine the changes 
in the expression levels of mitochondrial autophagy and 
the PINK1/Parkin pathway, with the aim to ascertain the 
relationship between the expression level of the FOXO3a 
gene and the mitochondrial autophagy PINK1/Parkin 
pathway in NSCLC radioresistant cell lines. Using Western 
blot analysis (Figure 5A), TEM (Figure 5B), combining with 

transfecting cells with COX8-EGFP-mCherry fluorescent 
plasmids (Figure 5C), we investigated the changes in 
mitochondrial autophagy reactions in cells before and 
after irradiation. We found that after the downregulation 
of the FOXO3a gene in NSCLC radioresistant cells, the 
basal level of mitochondrial autophagy within the cells 
was lower when compared to its original state, and the 
ability of mitochondrial autophagy to be activated by X-ray 
radiation was diminished compared to that in the original 
resistant cells. Additionally, when the FOXO3a gene in 
NSCLC radioresistant cell lines was knocked down by 
siRNA, the basal level of the PINK1/Parkin pathway in 
mitochondrial autophagy was lower than the original state, 
and the reactive upregulation of this pathway in response 
to radiotherapy was also attenuated compared to that of the 
original resistant cells (Figure 5D).

The regulatory role of FOXO3a gene in NSCLC 
radioresistance through the mitochondrial autophagy 
PINK1/Parkin pathway in vivo 

The preliminary data of our study confirmed that the 
regulation of FOXO3a on the radioresistance of NSCLC 
may be achieved through modulating the mitochondrial 
autophagy PINK1/Parkin pathway at the cellular level. 
We aimed to confirm this by using nude mouse xenograft 
tumor models. Consequently, three different sequences 
of FOXO3a-sh plasmids were selected, extracted, and 
transfected into HEK293T cells to obtain virus solutions, 
which were then used to infect A549/X and H520/X cells 
to construct stable NSCLC radioresistant cell lines with 
knocked-down FOXO3a. Significant and stable fluorescence 

Western blot experiments verified that the upregulation of autophagy-related gene proteins in radioresistant cells after radiation was more 
significant than that of the parent cells. (B) Transmission electron microscopy confirmed that the basal level of mitophagy in radioresistant 
cells was higher than in that in parent cells and that the enhancement of mitophagy after radiation was more pronounced. The red arrows 
indicate mitophagolysosomes. (C) A pre-experiment using A549/X cells infected with the COX8-EGFP-mCherry virus was conducted 
to determine the optimal MOI. (D) COX8-EGFP-mCherry fluorescent reporter plasmids confirmed that the basal level of mitophagy in 
radioresistant cells was higher than that in parent cells and that the enhancement of mitophagy after radiation was more pronounced. RT-
qPCR (E) and Western blot (F) experiments confirmed that the basal levels of the mRNA and protein of the FOXO3a gene were higher 
in radioresistant cells and that the reactive upregulation after radiation was more significant. (G) Western blot experiments revealed that 
the basal levels of FOXO3a protein and PINK1/Parkin pathway proteins involved in mitophagy, as well as their changes in expression 
after radiation intervention, were consistent between parent and radioresistant cells. (B-D) The results were observed under the 6,000× 
electron microscopy, 100× and 1,000× microscope. (D) The images in the right-upper corner were 20× zoom of the small screenshots. Each 
experiment was performed in triplicate, and the values were presented as the mean ± standard deviation. *, P<0.05; **, P<0.01; ***, P<0.001. 
EGFP, enhanced green fluorescent protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MOI, multiplicity of infection; RT-
qPCR, real-time quantitative polymerase chain reaction.
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Figure 4 FOXO3a gene expression level was closely related to radioresistance in NSCLC. (A) Western blot analysis was performed to 
determine the knockdown transfection concentration and efficiency of three siRNA sequences (sequence #1, sequence #2, and sequence 
#3), with the FOXO3a gene in A549/X cells being targeted. (B) The knockdown effect of the three FOXO3a siRNA sequences on the 
FOXO3a gene in both the A549/X and H520/X cell lines was assessed. (C-F) Multiple experiments were conducted to verify the changes 
in radioresistance after FOXO3a gene knockdown in radioresistant cells [A549/X vs. A549/X (siRNA#3); H520/X vs. H520/X (siRNA#3)]. 
(C) Clonogenic survival assays indicated that the radiation tolerance and cell proliferation capacity of radioresistant cells were reduced after 
FOXO3a gene knockdown. (D) Wound-healing assays showed that the migration ability of radioresistant cells was weakened after FOXO3a 
gene knockdown. (E) Transwell assays demonstrated that the invasive ability of radioresistant cells was diminished after FOXO3a gene 
knockdown. (F) Western blot analysis revealed that the ability of radioresistant cells to resist X-ray-induced DNA damage was significantly 
reduced after FOXO3a gene knockdown. (C,E) Crystal violet was used for staining. (D,E) The stained cells were observed under the 100× 
and 400× microscope. Each experiment was performed in triplicate, and the values are presented as the mean ± standard deviation. *, P<0.05; 
**, P<0.01; ***, P<0.001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NSCLC, non-small cell lung cancer.
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Figure 5 The expression level of FOXO3a gene was closely related to the mitochondrial autophagy PINK1/Parkin pathway. (A-C) Changes 
in mitochondrial autophagy levels in NSCLC radioresistant cells after FOXO3a gene knockdown [A549/X vs. A549/X (siRNA#3); H520/X 
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was observed in the radiotherapy-resistant cell lines A549/
X and H520/X that were infected with sh-NC (control 
shRNA) plasmids and the three plasmids of FOXO3a-
sh1/2/3 (Figure 6A). Western blot analysis showed that 
FOXO3a-sh3 exhibited the highest knockdown efficiency 
for the FOXO3a gene, and the expression of mitochondrial 
autophagy PINK1/Parkin pathway proteins was significantly 
reduced after FOXO3a gene knockdown (Figure 6B).

We established nude mouse xenograft tumor models 
using the A549/X-NC, A549/X-sh-FOXO3a, H520/
X-NC, and H520/X-sh-FOXO3a cell lines. After random 
grouping, the nude mice in the treatment group received 
local X-ray radiotherapy at 2 Gy/day for 3 consecutive days 
on the subcutaneous tumors, while the control group did 
not receive X-ray radiotherapy (Figure 6C). The growth 
or regression of the tumors was recorded during the 
process, and the experiment was terminated 14 days after 
radiotherapy, with the tumors being excised, photographed 
(Figure 6D), and weighed. In the control group, the volume 
and weight of A549/X-sh3 xenograft tumors were lower 
when compared to those of the A549/X-NC xenograft 
tumors, and the same was observed in the H520/X-sh3 
and H520/X-NC xenograft tumors. Furthermore, in 
the radiotherapy group, the reduction in tumor volume 
and weight was more significant in the FOXO3a-sh3 
cell xenograft tumors after radiotherapy (Figure 6E,6F). 
These results suggest that knocking down the FOXO3a 
gene and PINK1/Parkin pathway significantly weakens 
the tumorigenic ability of radioresistant NSCLC cells and 
significantly reduces their resistance to radiation. We also 
confirmed the positive regulatory effect of the FOXO3-
PINK1/Parkin pathway on radioresistance to NSCLC in 
xenograft tumors through immunohistochemistry and 
Western blot assays (Figure 6G,6H).

Discussion

Radiotherapy is the cornerstone in the management of 
various pathological subtypes and stages of lung cancer 
and one of the most effective local treatment modalities in 
NSCLC. Nevertheless, the emergence of radioresistance—
a phenomenon observed irrespective of radiotherapy 
techniques or dose fractionation regimens—poses a 
substantial clinical challenge that frequently compromises 
definitive tumor control. The molecular basis of NSCLC 
radioresistance involves intricate interplay among multiple 
genetic factors and complex regulatory mechanisms (26).  
Mitophagy, a selective form of autophagy, plays a critical 
role in mitochondrial quality control by selectively 
eliminating damaged mitochondria while maintaining 
proper mitochondrial homeostasis (27). Emerging 
evidence suggests that tumor cells exploit mitophagy to 
enhance cellular adaptation to various stress conditions, 
including nutrient deprivation, hypoxia, and radiation 
exposure. This adaptive response confers cytoprotective 
effects that promote cancer cell survival and ultimately 
contribute to tumor progression (28). Elucidating the 
precise mechanistic contributions of mitophagy in the 
development of radioresistance may provide crucial insights 
for the development of novel targeted therapeutic strategies 
against NSCLC. Such understanding could facilitate the 
identification of innovative molecular targets to overcome 
treatment resistance in clinical oncology.

In this work, we first induced and screened for stable 
A549 and H520 cells with radiation resistance and verified 
their radioresistance capabilities from multiple perspectives 
through various experiments, providing a basic experimental 
model foundation for subsequent exploration of the 
molecular mechanisms of radioresistance, which may help 

vs. H520/X (siRNA#3)]. (A) Changes in mitochondrial autophagy-related proteins in NSCLC radioresistant cells before and after radiation 
following FOXO3a gene knockdown. (B) Transmission electron microscopy indicated changes in mitochondrial autophagy response 
in NSCLC radioresistant cells before and after radiation following FOXO3a gene knockdown. The red arrows refer to mitochondrial 
autophagosomes. (C) COX8-EGFP-mCherry fluorescent plasmids indicated changes in mitochondrial autophagy response in NSCLC 
radioresistant cells before and after radiation following FOXO3a gene knockdown. (D) Western blot analysis revealed the changes in the 
expression levels of FOXO3a and mitochondrial autophagy PINK1/Parkin pathway proteins in NSCLC radioresistant cells before and 
after radiation following FOXO3a gene knockdown. (B,C) The results were observed under the 6,000× electron microscopy and 1,000× 
microscope. (C) The images in the right-upper corner were 20× zoom of the small screenshots. Each experiment was performed in triplicate, 
and the values are presented as the mean ± standard deviation. EGFP, enhanced green fluorescent protein; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; NSCLC, non-small cell lung cancer.
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obtain a deeper understanding of the biological mechanisms 
of radioresistance. In addition, the cell biological and 
molecular biological experimental validation methods used 
in this study to examine the properties of radioresistance in 
NSCLC cells will also be applied in future research. Then 
we performed high-throughput transcriptomic sequencing 
and comparative analysis of the NSCLC baseline cell lines 
with and without radiotherapy and of the radioresistant 
cell lines. We found that the genes related to mitophagy 
in the A549/X and H520/X radioresistant cell lines were 
significantly enriched compared to the baseline cell lines 
after radiation exposure; among the enriched genes, 
the FOXO3a gene demonstrated the most significant 
enhancement. This suggests that FOXO3a may be closely 
related to mitophagy and to the radioresistance of NSCLC 
radioresistant cell lines.

Among the complex molecular mechanisms regulating 
mitophagy, our results suggest that the PINK1/Parkin 
pathway may be considered the primary regulatory 
route. PINK1 triggers the binding of ubiquitin ligase to 
phosphorylated ubiquitin by phosphorylating Parkin and 
ubiquitin, thus promoting the recruitment and activation 
of Parkin, forming a feedback loop. Specific adaptor 
proteins (such as p62, OPTN, NDP52, and TAXBP1) 
interact with activated PINK1/Parkin on the outer 
mitochondrial membrane (OMM) and bind to ubiquitin 
and LC3 for autophagic degradation (29). Mitochondria 
increase ionizing radiation-induced DNA damage by 
downregulating or overexpressing the key mitochondrial 
phagocytic proteins Parkin and BNIP3. X-rays can enhance 
the basal level of mitochondrial necrosis; potentially induce 
cell cycle arrest in the G2/M phase; significantly increase 
the accumulation of γ-H2AX, 53BP1, and PARP1 lesions in 

the nucleus; increase DNA damage; and promote tumor cell 
death (30). A study has found that PINK1/Parkin promotes 
tumor growth and development as well as resistance to 
radiotherapy and chemotherapy. PINK1/Parkin-mediated 
overactivation of mitochondrial phagocytosis enhances 
DNA damage repair, thereby promoting tumor cell 
resistance to radiation (31). 

Moreover, we found that patients with NSCLC and a 
high expression of FOXO3a-PINK1/Parkin pathway gene 
showed shorter OS, DSS, and PFI. The high expression of 
FOXO3a-PINK1/Parkin pathway gene may be one of the 
unfavorable factors restricting the survival and prognosis of 
patients with NSCLC, and it is also an important regulator 
of radiotherapy resistance in NSCLC cells.

Cel lu lar  mutat ions  are  of ten  accompanied  by 
mitochondrial damage and activation of the mitophagy 
system, and the direct mutual activation of PINK1 and 
Parkin may promote tumorigenesis. Programmed necrosis 
of endothelial cells and tumor cells under the action of 
PINK1/Parkin can promote tumor cell metastasis (32). The 
high expression of E3 ubiquitin ligase ARIH1 in cancer 
cells can trigger mitophagy in a PINK1-dependent manner; 
this counteracts chemotherapy-induced cell death in breast 
cancer and lung adenocarcinoma, ultimately leading to 
tumor cell resistance (33). Through analysis and validation 
of high-throughput transcriptomic sequencing, we found 
that the basal levels of mitophagy-related genes and the 
PINK1/Parkin pathway in NSCLC radioresistant cells 
were higher than those in the baseline cells. Following 
the administration of radiotherapy, the expression levels 
of mitophagy-related genes and PINK1/Parkin pathway 
proteins in radioresistant cells were more significantly 
enhanced, indicating that the PINK1/Parkin pathway of 

significant and stable fluorescence was observed in the radioresistant cell lines A549/X and H520/X after infection with sh-NC plasmid and 
three FOXO3a-sh plasmids. (B) Western blot analysis was performed to examine the knockdown efficiency of the FOXO3a gene and detect 
changes in the expression levels of mitochondrial autophagy PINK1/Parkin pathway proteins after FOXO3a gene knockdown. (C) Schematic 
diagram of subcutaneous tumor formation and experimental procedures in BALB/c nude mice. (D-F) In vivo verification of the effect of 
FOXO3a-PINK1/Parkin pathway knockdown on NSCLC radioresistance: Comparison of tumor photos, growth volume, and tumor weight 
between the radiotherapy group and control group in subcutaneous xenografts of A549/X-NC, A549/X-sh3, H520/X-NC, and H520/
X-sh3. (G) Immunohistochemistry was used to detect the expression of FOXO3a in the subcutaneous xenograft tumors of mice, and the 
representative immunohistochemistry results indicated that FOXO3a expression was lower in the A549/X-sh3 and H520/X-sh3 xenografts 
than in the A549/X-NC xenografts and H520/X-NC xenografts. (H) Western blotting was used to detect the expression of the FOXO3a-
PINK1/Parkin pathway protein in the A549/X-NC, A549/X-sh3, H520/X-NC, and H520/X-sh3 subcutaneous xenografts. (A,G) The results 
were observed under the 400× and 40× microscope. Each experiment was performed in triplicate, and the values were presented as the mean 
± standard deviation. *, P<0.05; **, P<0.01; ***, P<0.001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NSCLC, non-small cell 
lung cancer.
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mitophagy is closely related to NSCLC radioresistance. 
Dysregulation of mitophagy may lead to the accumulation 
of damaged mitochondria, which plays an important role in 
the development and progression of tumors. Therefore, the 
complex role and regulatory mechanism of mitochondrial 
phagocytosis in different tumor environments represent 
a promising target to explore in terms of antitumor  
therapy (34). In our study, we also observed a consistent 
correlated reactive upregulation of both PINK1/Parkin 
pathway regulating the mitochondrial autophagy and the 
FOXO3a gene: the basal levels of the FOXO3a protein and 
PINK1/Parkin pathway proteins in NSCLC radioresistant 
cells were higher than those in baseline cells; after 
radiotherapy intervention, the expression levels of both the 
FOXO3a protein and PINK1/Parkin pathway proteins were 
more significantly increased, showing a clear consistency 
in their reactive upregulation enhancement. The FOXO3a 
gene is widely distributed in human tissues and as the most 
prominent member of the mammalian FOXO family, it 
is closely related to the development of various diseases 
and participates in multiple physiological and pathological 
processes of tumor cells (16). There is no conclusive data 
regarding the regulatory role of the FOXO3a gene in the 
development of lung cancer (35). On the one hand, it has 
been reported that the FOXO3a gene may act as a tumor 
suppressor in lung cancer: FOXO3a gene inactivation often 
occurs in carcinogen-induced lung adenocarcinoma (36), 
the overexpression of FOXO3 can inhibit the promotion 
of cisplatin resistance in NSCLC mediated by lactate (37), 
and miR-155 inhibits FOXO3a and enhances the resistance 
of lung cancer cells to gefitinib, while overexpression 
of FOXO3a  in gefitinib-resistant lung cancer cells 
ameliorates this effect (38). On the other hand, FOXO3a 
also promotes the development of NSCLC and other 
tumors. Overexpression of FOXO3a is associated with some 
unfavorable clinicopathological features of multiple tumors 
(39-41), such as advanced tumor-node-metastasis (TNM) 
staging, histological grade, and vascular invasion, and serves 
as an important indicator for predicting clinical prognosis. 
In addition, the expression level of FOXO3a is positively 
correlated with the progression of glioblastoma (42). It has 
also been reported that FOXO3a can enhance the resistance 
of glioma cells to temozolomide by promoting the 
accumulation of β-catenin in the nucleus (20). FOXO3a may 
also play a role in tumor radiotherapy and is associated with 
tumor cell radiosensitivity and resistance. Overexpression 
of FOXO3a reduces the level of glycolysis and alleviates 
the radioresistance induced by enhancing miR-223-3p 

expression to a certain extent (43). Chen et al. found that 
nuclear accumulation of FOXO3a in esophageal cancer cells 
is associated with increased radiosensitivity, indicating its 
great potential as a biomarker for predicting the response of 
patients with esophageal cancer to radiation (44). However, 
the potential of FOXO3a as a biomarker for radiotherapy 
resistance in patients with cancer has not been extensively 
reported, and further experiments and clinical studies are 
needed to confirm its potential role in this scenario.

After knocking down the FOXO3a gene in A549/X and 
H520/X radioresistant cell lines using siRNA, we observed 
a significant reduction in the clonogenic potential, cell 
migration ability, cell invasion capacity, and resistance to 
radiation-induced DNA damage of the resistant cells. This 
indicates a close association between the expression level 
of the FOXO3a gene and the radioresistance of NSCLC 
radioresistant cells. Furthermore, following the knockdown 
of the FOXO3a gene in NSCLC radioresistant cells, the 
baseline level of mitophagy and the expression of the 
PINK1/Parkin pathway proteins were significantly lower 
compared to the original resistant cells. The ability of X-rays 
to activate the mitophagy PINK1/Parkin pathway was 
greatly reduced, and the reactive upregulation of related 
proteins in this pathway was also weaker than that in the 
original resistant cells. Therefore, it can be concluded that 
there is a close, positive correlation between the expression 
level of the FOXO3a gene in NSCLC radioresistant 
cells and the degree of mitophagy and expression level of 
the PINK1/Parkin pathway. The regulation of NSCLC 
radioresistance by FOXO3a may be achieved through 
modulating the mitophagy PINK1/Parkin pathway.

We further validated the above-mentioned conclusions 
through in vivo experiments using animal models. By 
constructing xenograft tumor models in nude mice and 
administrating radiotherapy treatment to control cells and 
NSCLC radioresistant cells with stable knockdown of the 
FOXO3a gene and reduced expression of PINK1/Parkin 
pathway proteins, we found that the expression level of the 
FOXO3a gene was positively correlated with the proliferation 
and tumorigenic ability of NSCLC radioresistant cells. 
Moreover, tumor regression following radiotherapy was more 
pronounced in the xenograft tumors derived from cells with 
the FOXO3a gene knockdown. Therefore, we confirmed 
both in vitro and in vivo that the FOXO3a gene regulates 
the radioresistance of NSCLC through the mitochondrial 
autophagy PINK1/Parkin pathway.

Our study provides preliminary evidence that activation 
of  the FOXO3a-PINK1/Parkin  pathway enhances 
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radioresistance in non-small cell lung cancer (NSCLC), a 
finding that may offer novel therapeutic opportunities in 
clinical radiotherapy practice, and the pathway demonstrates 
dual clinical potential. Firstly, it may serve as a predictive 
biomarker for radioresistance and quantitative assessment 
of pathway component expression levels could help predict 
radiotherapy response in NSCLC patients. Furthermore, 
the pathway represents a promising therapeutic target 
and development of safe and effective FOXO3a inhibitors 
could potentially radiosensitize NSCLC cells and improve 
treatment outcomes. The FOXO3a-PINK1/Parkin pathway 
represents a novel therapeutic paradigm for overcoming 
tumor radioresistance; however, its clinical translation 
necessitates resolution of critical challenges including 
target specificity and biomarker standardization. Further 
translational development will require extensive preclinical 
validation and rigorously controlled clinical trials.

Conclusions

To our knowledge, this is the first study to establish the 
crucial role of FOXO3a in regulating the radioresistance of 
NSCLC cells through mitochondrial autophagy mediated 
by the PINK1/Parkin pathway. The design and screening 
of specific inhibitors that precisely target the FOXO3a 
gene, as well as the translation of our experimental results 
into clinical applications, thereby developing novel drugs 
that may benefit patients with NSCLC who develop 
radioresistance after radiotherapy, represent important 
directions for our future research efforts.
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