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Abstract  
The environmental pollutant benzo(a)pyrene (B(a)P), a representative polycyclic aromatic hydrocarbon (PAH), is a 
recognized carcinogen, and chronic pulmonary inflammation is closely associated with lung carcinogenesis. Al
though alveolar type 2 (AT2) cells are the origin of lung adenocarcinoma, the genetic and functional changes in AT2 
cells and the mechanisms involved in inflammation-related lung tumorigenesis have not been elucidated. Here, 
C57BL/6J mice are exposed to B(a)P and the inflammatory irritant lipopolysaccharide (LPS) to establish a model of 
inflammation-related lung tumorigenesis. Single-cell RNA sequencing is performed on lung tissues. DNA muta
tions in AT2 cells are analyzed via whole-exome sequencing. The protein expression of AT2 cells in lung cancer 
tissue is determined by immunofluorescence staining. The results reveal that LPS promotes B(a)P-induced lung 
tumorigenesis; in the whole lungs of B(a)P/LPS, a decreased proportion, altered differentiation trajectory, and 
increased gene mutation number in AT2 cells are observed. Additionally, in B(a)P/LPS-treated lung cancer tissue, 
the levels of γ-H2AX DNA damage and the proliferation marker Ki67 in AT2 cells are increased, whereas the levels of 
differentiation markers are decreased. Single-cell RNA transcriptomics reveals that the autophagy-related genes 
Foxo3 and Ppp2r5, which are enriched in the PI3K-Akt pathway, and the autophagy-related genes in AT2 cells in 
lung cancer are decreased in the B(a)P/LPS group. Thus, chronic inflammation promotes DNA damage, gene 
mutation and dysfunction in AT2 cells, and decreased autophagy in AT2 cells may be an important mechanism for 
inflammation-related lung tumorigenesis. 
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Introduction 
Benzo(a)pyrene [B(a)P], a typical high-molecular-weight polycyclic 
aromatic hydrocarbon (PAH), is a highly toxic and carcinogenic 
pollutant of significant environmental concern [1]. It is ubiquitously 
present in the environment, particularly in combustion fumes, 
tobacco smoke, and air pollutants, and primarily enters the human 
body through the respiratory tract [2,3]. Epidemiological studies 

indicate that occupational exposure to B(a)P (coke oven workers) is 
associated with a 3–7 times higher incidence of lung cancer than is 
the general population [4,5]. Bacterial lipopolysaccharide (LPS), a 
major component of the outer membrane of gram-negative bacteria, 
is also widely found in tobacco smoke and in polluted air, such as 
particulate matter 2.5 (PM2.5), where it acts as a carrier [6]. 
Inhalation of LPS could significantly increase the risk of respiratory 
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diseases in populations [7,8]. Moreover, LPS-induced inflammation 
can trigger a robust immune response, leading to prolonged 
pulmonary inflammation and heightened susceptibility to lung 
cancer [9]. However, the mechanisms of chronic inflammation- 
related lung carcinogenesis are poorly defined. 

Lung cancer is the first malignant cancer with the highest 
mortality and mobility [10]. Lung adenocarcinoma (LUAD), 
accounting for approximately 60% of newly diagnosed lung cancer 
cases, is the most common lung cancer subtype and is characterized 
by rapid growth and poor patient outcomes [11]. LUAD is closely 
related to environmental pollutants, such as tobacco smoke [12], 
coke oven emissions [13] or smog [14], which induce injury or/and 
mutation of the cells in the lung, especially epithelial cells [15]. 
Furthermore, chronic inflammation is widely believed to play a 
significant role in the occurrence of LUAD [16]. Our research group 
reported that LPS-induced chronic inflammation could promote B 
(a)P-induced lung carcinogenesis, and 87.5% of these cases 
involved lung adenocarcinoma [17]. 

LUAD mainly arises from alveolar type 2 (AT2) cells [18,19], 
which function as alveolar stem cells by self-renewing, self- 
repairing and replacing AT1 cells [20]. Studies have reported that 
exogenous chemicals can affect AT2 cells and induce the occurrence 
of LUAD. For example, smoking can promote the differentiation of 
AT2 cells into AT2-like cells and ultimately drive lung adenocarci
noma tumorigenesis [12]. Long-term tobacco smoke exposure leads 
to an imbalance in the proliferation and differentiation of AT2 cells 
through epigenetic dysregulation of the IGF2-Wnt signaling path
way and induces the occurrence of LUAD [21]. However, how 
environmental pollutants such as B(a)P, in combination with 
chronic inflammatory stimuli such as LPS, impact the function, 
genomic stability, and transformation potential of AT2 cells remains 
poorly understood. 

Autophagy plays a critical role in tumorigenesis and is a crucial 
biological process in which cells degrade damaged or redundant 
components through the lysosomal system [22]. This core 
mechanism is essential for the recycling of cellular components 
and the maintenance of cellular homeostasis [23]. Autophagy 
dysregulation is closely associated with lung tumorigenesis [24]. In 
addition, autophagy and inflammation are dynamically and 
bidirectionally regulated. On the one hand, autophagy alleviates 
chronic inflammation by clearing inflammatory mediators and 
dampening excessive inflammatory reactions [25]. On the other 
hand, inflammatory cytokines such as TNF-α and IL-1β regulate 
autophagy [26,27]. In chronic pulmonary inflammatory environ
ments, persistent inefficient autophagy is associated with lung 
injury, leading to pulmonary diseases [28]. Autophagy deficiency in 
AT2 cells disrupts cellular function, ultimately driving pulmonary 
fibrosis [29]. However, whether impaired autophagy in AT2 cells 
represents a mechanistic link between pollutant exposure, inflam
mation, and tumorigenesis has not been previously investigated. 

In this study, we constructed a mouse model of inflammation- 
related lung tumorigenesis via B(a)P combined with LPS, which 
was created by our research group [30]. Using single-cell RNA 
sequencing and whole-exome DNA sequencing, we profiled the 
transcriptional changes, DNA mutations, and autophagy status of 
AT2 cells in this model. Our findings reveal that chronic 
inflammation aggravates B(a)P-induced lung cancer via increased 
DNA damage, gene mutations, impaired differentiation, and 
suppressed autophagy in AT2 cells, offering novel insights into 

how environmental pollutants and inflammation synergize to drive 
lung carcinogenesis. 

Materials and Methods 
Mice 
C57BL/6J mice (6–8 weeks and 19–23 g), with an equal distribu
tion of males and females totaling 120, were procured from 
Beijing Vital River Company (Beijing, China). They were housed 
in an SPF-level animal facility at the School of Public Health, 
Zhengzhou University, with a 12-h light-dark cycle, suitable 
temperature and humidity, and 4 mice per cage. The mice were 
provided with ample sterile feed and sterilized water, and their 
bedding was autoclaved regularly. Following a two-week 
acclimation period in the animal facility, the mice were randomly 
assigned to experimental groups, and subsequent experiments 
were conducted. The entire animal study was conducted in 
compliance with the guidelines and approved by the Experi
mental Animal Ethics Committee of Zhengzhou University 
(approval No. ZZUIRB2023-144). 

Model establishment 
C57BL/6J SPF experimental mice were randomly divided into four 
groups: (1) control group; (2) LPS group;  (3) B(a)P group, and (4) B 
(a)P/LPS group. Tracheal instillation was performed on the 
experimental mice, with each mouse receiving a 50-μL volume of 
instillation solution. B(a)P and LPS from Escherichia coli were 
purchased from (Sigma-Aldrich, St Louis, USA). The concentration 
of B(a)P was 20 mg/mL, and the concentration of LPS was 
0.05 mg/mL. The B(a)P group and B(a)P/LPS group received 
tracheal instillation of B(a)P once a week for 4 consecutive weeks. 
The control group received the same volume of solvent. The first 
exposure to B(a)P was designated week 0. The B(a)P/LPS group and 
LPS group began tracheal instillation of LPS at week 6, which was 
administered once every 3 weeks for a total of 5 times. After the 
exposure period, the mice were maintained under normal condi
tions until week 34, at which point they were sacrificed [30]. 

Lung organ coefficient 
After the lungs were isolated from the mice, the surface fat and fascia 
were removed to ensure consistent surface treatment of all the 
mouse lungs. Blotting paper was used to absorb the surface liquid of 
the lungs. The lungs were weighed via an electronic balance, and the 
organ coefficient was calculated. Lung weight and mouse body 
weight were measured in grams. Organ coefficient = (organ weight/ 
mouse body weight after anesthesia) × 100%. 

Hematoxylin-eosin staining 
Staining was performed via a hematoxylin-eosin (H&E) staining kit 
(Servicebio, Wuhan, China). The left lung, which was stored in 
formaldehyde (Servicebio), was paraffin-embedded, sectioned, and 
deparaffinized. Sections were then stained with hematoxylin-eosin, 
dehydrated, and mounted with neutral resin. Images were captured 
and analyzed via an advanced microscope (LX71; Olympus, Tokyo, 
Japan). 

Single-cell RNA-seq and data analysis 
Lung tissues were pooled for single-cell sequencing. Single-cell 
transcriptome sequencing was performed via the 10× Genomics 
platform, which is outsourced to Singleron (Nanjing, China). The 
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tissue samples were dissociated into single-cell suspensions using 
sCelLiVE™ tissue dissociation solution and injected into SCOPE- 
chip™ microfluidic chips. Beads with unique cell barcodes were 
added to the chip wells, ensuring that each well contained only one 
bead. Following cell lysis, beads with specific cell barcodes and 
unique molecular identifiers (UMIs) capture mRNA by binding to 
poly(A) tails. The beads were then collected from the chip, and the 
captured mRNA was reverse transcribed into cDNA and amplified. 
The cDNA was subsequently fragmented, ligated with adapters, and 
constructed into a library. After quality control, the cDNA library 
was sequenced on an Illumina sequencer, and the resulting data 
were analyzed. 

Single-cell RNA sequencing data were analyzed via RStudio 
(version 4.3.0) in R, which employs the Seurat package and related 
tools for comprehensive analysis and exploration. Cells whose 
mitochondrial gene content was less than 20% and whose gene 
counts were between 200 and 4000 per cell were selected for further 
analysis. The NormalizeData function was used to normalize the 
data, and the FindVariableFeatures function identified highly 
variable genes. Dimensionality reduction was performed via the t- 
SNE and UMAP methods. Cells were clustered via the FindClusters 
function. Functional analysis and pathway enrichment analysis 
were conducted via the clusterProfiler [31], DOSE [32], and 
ComplexHeatmap [33] packages to perform Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analyses. In analysis of cell-cell communication, we employed the 
CellChat packages to map the cell-cell communication network. 

Flow cytometry sorting 
After mice were injected with sodium pentobarbital, they were 
incubated, and their lungs were excised. The lungs were perfused 
with 4 U/mL elastase (Worthington Biochemical Corporation, 
Lakewood, USA). After digestion, the lung tissue was placed in a 
culture dish and minced into a slurry with a blade. DNAse (Sigma- 
Aldrich) was added to each dish and incubated at 37°C for 15 min. 
10 mL of HBSS+ medium was added to the dish to terminate the 
reaction, and the mixture was triturated, the HBSS+ solution was 
prepared by adding 10 mL of FBS (Lonsera, Jersey City, USA), 5 mL 
of HEPES (Sigma-Aldrich), and 5 mL of PS (Gibco, Carlsbad, USA) 
to 500 mL of HBSS (Solarbio, Beijing, China) solution. The cell 
suspension was then filtered through a 70-μm mesh (Falcon; BD 
Biosciences, San Jose, USA) and collected in a new 50-mL 
centrifuge tube. The mesh was ground and washed with 10 mL of 
HBSS+ medium. RBC lysing buffer (Thermo Fisher Scientific, 
Wilmington, USA) was added to resuspend the cells and incubated 
for 90 seconds. Then, 20 mL of HBSS+ was added to terminate the 
reaction. Primary antibodies against CD24, CD326, SCA-1, CD31, 
CD34, CD45, and CD24 were added to the sample tubes and 
incubated at 4°C in the dark for 45 min. Secondary antibodies were 
then added and incubated at 4°C in the dark for 30 min. All 
antibodies were purchased from Invitrogen (Carlsbad, USA). The 
cells were sorted using a BD-FACSAriaIII flow cytometer (BD 
Biosciences). 

Immunofluorescence double staining 
The paraffin-embedded lung tissue sections (4 μm) were placed in 
antigen retrieval solution and subjected to high-pressure retrieval 
for 2 min, followed by blocking with BSA (10% donkey serum, 
goat-derived primary antibody). The sections were then stained 

with the following diluted primary antibodies: rabbit anti-SPC 
(1:200; Proteintech, Wuhan, China), rabbit anti-γ-H2AX (1:200; 
BIOSS, Beijing, China), rabbit anti-p-Akt (1:200; Proteintech), 
rabbit anti-Foxo3 (1:500; Proteintech), rabbit anti-Ki67 (1:200; 
Invitrogen), and rabbit anti-Pdpn (1:200; Invitrogen). The sections 
were incubated with Alexa Fluor 488/594-conjugated secondary 
antibodies (1:200; Servicebio) at room temperature in the dark for 
50 min, followed by incubation with diluted DAPI staining solution 
at room temperature for 10 min. The sections were then mounted 
with anti-fade mounting medium and scanned via an advanced 
fluorescence microscope (ECLIPSE C1; Nikon, Tokyo, Japan) at 
different excitation wavelengths. 

DNA whole-exome sequencing 
Samples were transferred to centrifuge tubes, and cell lysis was 
performed. Protease digestion was performed to remove proteins 
from the samples. The clean gDNA solution was transferred to new 
centrifuge tubes, and a NanoDrop 2000 spectrophotometer (Thermo 
Fisher Scientific) was used to measure the quality and concentration 
of the extracted gDNA. The fragmented DNA was subjected to end 
repair, tailing, adapter ligation, and amplification to construct the 
gDNA library. The prepared gDNA library was hybridized with 
specific probes to capture targeted regions, followed by PCR 
amplification and indexing to obtain the exome library. Quality 
checks were performed on the constructed library, which was then 
loaded onto a sequencer. The sequencer performed PE150 mode 
sequencing (NovaSeq 6000; Illumina, SanDiego, USA) on the DNA 
fragments in the library (NovaSeq 6000s; Illumina). The quality- 
controlled sequencing data were aligned with the reference genome 
or other relevant sequences, and the genomic features of the 
samples were interpreted on the basis of the analysis results. 

Quantitative RT-qPCR 
Total RNA was extracted from the sorted cells via TRIzol (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. 
cDNA was synthesized via reverse transcription via SuperMix II 
(Vazyme Biotech, Nanjing, China), and RT-qPCR was performed on 
a Fast Real-time PCR System (Applied Biosystems, Foster City, 
USA). The following primers were used: β-actin (forward primer 5′- 
GGCCAACCGTGAAAAGATGA-3′ and reverse primer 5′-CAGCCTG 
GATGGCTACGTACA-3′), Ppp2r5a (forward primer 5′-GCCAAT 
TATGTTTGCCAGTTTG-3′ and reverse primer 5′-CGAAAAGCTTGC 
CATTCATTTC-3′), Foxo3 (forward primer 5′-CGCTGTGT 
GCCCTACTTC-3′ and reverse primer 5′-CGCTGTGTGCCCTAC 
TTC-3′), Lc3b (forward primer 5′-AAGCCTTCTTCCTCCTGGTGAA 
TG-3′ and reverse primer 5′-ATTGCTGTCCCGAATGTCTCCT 
G-3′), Atg5 (forward primer 5′-TGAAAGAGAAGCAGAACCA 
TACT-3′ and reverse primer 5′-GGGTGTGCCTTCATATTCAAAC- 
3′), Ki67 (forward primer 5′-AACTTGCCTCCTAATACACCACTG-3′ 
and reverse primer 5′-GCCGTTCCTTGATGATTGTCTTG-3′), Pdpn 
(forward primer 5′-ATCTACTGGCAAGGCACCTCTG-3′ and reverse 
primer 5′-GTGGTTGTACTCTCGTGTTCTCTG-3′). All the primers 
used in the experiments were designed and synthesized by Sangon 
Biotech (Shanghai, China). 

Statistical analysis 
Statistical analysis was performed using SPSS 25.0, and data were 
visualized with GraphPad Prism 9. Results are presented as the 
mean ± SD. One-way ANOVA was applied for multiple group 
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comparisons, with Bonferroni’s test used for subsequent pairwise 
analyses. The significance level was set at α = 0.05. 

Results 
B(a) P/LPS exacerbates the occurrence of lung tumors 
There were no lung tumors observed in the control or LPS groups, 
while lung tumors were visible in the B(a)P and B(a)P/LPS groups 
(Figure 1A). The lung coefficient of the mice in the B(a)P/LPS group 
differed significantly from that in the LPS group (P < 0.05) (Figure 
1B). Pathological results revealed no tumor formation in the control 
and LPS groups, with thickening observed in the airway and 
alveolar regions of the LPS group. Pathological tumors were 
observed in both the B(a)P/LPS and B(a)P groups, with more 
pronounced pathological changes in the B(a)P/LPS group than in 
the B(a)P group (Figure 1C). Similarly, compared with the 
tumorigenesis rate of 33.33% in the B(a)P group, the tumorigenesis 
rate in the B(a)P/LPS group was 62.5% (Table 1). In conclusion, B 
(a)P and B(a)P/LPS induced lung tumorigenesis in mice, and B(a)P/ 
LPS exacerbated lung tumorigenesis. 

Single-cell RNA-seq reveals the response of AT2 cells to 
inflammation-related lung tumorigenesis 
To explore the molecular mechanisms underlying B(a)P/LPS- 
induced inflammation-related lung tumorigenesis, we performed 
single-cell RNA-seq on lung tissues collected from control, B(a)P 
and B(a)P/LPS mice (Figure 2A). On the basis of the expression of 

marker genes in different cell clusters, the clusters were annotated 
according to known marker genes in lung tissue, resulting in 13 
identified cell clusters after classification by specific genes (Figure 
2E). Further analysis of the total cell populations in the three lung 
tissue groups revealed significant changes in the proportions of B- 
cell clusters, endothelial cells and lung epithelial cell clusters. 
Compared with that in the control group, the proportion of B-cell 
clusters in the B(a)P group was 46.78%, which decreased to 16.03% 
in the B(a)P/LPS group. Conversely, the percentage of endothelial 
cells increased from 21.77% in the B(a)P group to 41.26% in the B 
(a)P/LPS group, and the percentage of lung epithelial cell clusters 
increased from 26.24% in the B(a)P group to 47.91% in the B(a)P/ 
LPS group (Figure 2B). 

On the basis of these results, lung epithelial cells are the primary 
source cells of lung tumors. Further subpopulation analysis was 
conducted on the lung epithelial cell clusters. The subpopulations 

Figure 1. B(a)P/LPS exacerbates the occurrence of lung tumor (A) Lung tumors were observed in both the B(a)P/LPS group and the B(a)P group. 
(B) Changes in lung coefficient during the occurrence of inflammation-related lung tumorigenesis in mice. (C) Histopathological examination of 
mice lung tissues with HE staining (scale bar: 50 μm). *P < 0.05 vs LPS.  

Table 1. Tumorigenesis rate in the lungs of mice 

Group NTotal  NTumor Weight (g) Tumorigenesis rate 

Control 16 
0 
0 
6 
15 

23.75±3.09 0 

LPS 19 25.24±3.41 0 

B(a)P 18 25.74±2.92 33.33%* 

B(a)P/LPS 24 26.64±3.43 62.5%*# 

NTotal: number of mice; NTumor: number of mice with tumor occurrence. *P < 0.05 
vs control; #P < 0.05 vs B(a)P.  
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were annotated according to the expression levels of the markers in 
each subcluster, resulting in the identification of five distinct cell 
types: club cells, AT2 cells, ciliated cells, AT1 cells, and goblet cells. 
Visualization of the subpopulations through t-SNE nonlinear 
dimensionality reduction revealed consistent cell distributions 
across groups, with noticeable differences in cell counts (Figure 
2C,F). Among the subpopulations of lung epithelial cells, AT2 cells 
accounted for 31.8% of the total cell count in the B(a)P group and 
21.4% in the B(a)P/LPS group, both of which were lower than those 
in the control group (Figure 2D). Furthermore, cell-cell commu
nication analysis revealed a significant decrease in signaling 
interactions between AT2 cells and alveolar neutrophils in the B 
(a)P/LPS group compared with the B(a)P group (Figure 2G,H). 
Together, compared with that in the B(a)P group, the proportion of 
AT2 cells in B(a)P/LPS-induced inflammation-related lung tumor
igenesis in mice was lower. 

Altered differentiation trajectory and differential gene 
expression of AT2 cells in inflammation-related lung 
tumorigenesis 
Subsequently, pseudotime analysis was conducted on the epithelial 
cell populations in both groups, revealing altered differentiation 
trajectories in the lung epithelial cells. Lung epithelial cells 
exhibited five differentiation states in the B(a)P group but six 
differentiation states in the B(a)P/LPS group. Compared with that 
in the B(a)P group, a reduction in AT2 cells during the early stage 
was observed, while many AT2 cells were present in the 
intermediate stage in the B(a)P/LPS group (Figure 3A). These 
findings suggest that the differentiation trajectory of AT2 cells is 
altered during inflammation-related lung tumorigenesis induced by 
B(a)P/LPS. 

GO and KEGG enrichment analyses were conducted on the 
differentially expressed genes (DEGs) in AT2 cells between the B(a) 

Figure 2. Single-cell RNA-seq reveals responses of AT2 cells in inflammation-related lung tumorigenesis (A) The t-SNE visualization plot 
annotated with marker genes. (B) The proportion of each cell cluster annotated in mice lung tissue after clustering. (C) The t-SNE plot of lung 
epithelial cell subpopulations after clustering annotation. (D) The proportion of subpopulations of lung epithelial cells within their respective 
clusters. (E) The Dot Plot displaying the gene expression signatures of the marker genes corresponding to each cell type within lung tissues. (F) The 
Dot Plot displaying the gene expression signatures of the marker genes corresponding to each cell type within lung epithelial cell clusters. (G,H) 
Cell-cell communication between cells between the B(a)P and B(a)P/LPS groups.  
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P/LPS group and the B(a)P group. The FindMarkers function was 
used to identify DEGs, revealing 348 DEGs between the two groups, 
with 263 genes downregulated and 85 genes upregulated. GO 
analysis indicated that the DEGs were involved primarily in 

biological processes such as autophagy and processes utilizing 
autophagic mechanisms. The cellular components were associated 
mainly with the ribosome and proteasome complex, while the 
molecular functions included ubiquitin protein ligase binding and 

Figure 3. Altered differentiation trajectory and differential gene expression analysis of AT2 cells in inflammation-related lung tumor
igenesis (A) Pseudotime analysis of epithelial cell clusters in the B(a)P/LPS group and the B(a)P group revealed alterations in the differentiation 
trajectories of lung epithelial cell clusters in both groups. (B) GO analysis of differential genes in AT2 cells between the B(a)P/LPS group and the B 
(a)P group. (C) KEGG pathway enrichment analysis of differential genes in AT2 cells between the B(a)P/LPS group and the B(a)P group.  
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transcription coregulator activity (Figure 3B). KEGG pathway 
enrichment analysis of enriched genes revealed that the DEGs were 
enriched in pathways such as FcγR-mediated phagocytosis, the 
PI3K-Akt signaling pathway, the AMPK signaling pathway, and 
mitophagy (Figure 3C). Further analysis of these signaling pathways 
revealed that the Ppp2r5a and Foxo3 genes were significantly 
downregulated in the PI3K/Akt signaling pathway. 

DNA damage and genetic mutations in AT2 cells in 
inflammation-related lung tumorigenesis 
To assess functional and genetic changes in AT2 cells during 
inflammation-related lung tumorigenesis, flow cytometry was used to 
sort AT2 cells from fresh lung tissue. CD326+ cells (lung epithelial cells) 
and AT2 cells (CD31–CD34–CD45–CD326+CD24–Sca-1–) were identified 
(Supplementary Figure S1). AT2 cells were selected on the basis of 
these marker antibodies. To investigate DNA damage in AT2 cells 
during inflammation-related lung tumorigenesis, immunofluorescence 
colocalization of the AT2 cell marker SPC and the DNA damage marker 
γ-H2AX was performed on mouse lung cancer tissue. The number of 
colocalized cells was greater in the B(a)P/LPS group than in the B(a)P 
group (Figure 4A–C). Compared with those in the B(a)P group, the 
levels of the DNA damage marker γ-H2AX were significantly elevated in 
the B(a)P/LPS group. The elevation of γ-H2AX levels in AT2 cells during 
inflammation-related lung tumorigenesis suggested that inflammation 
may exacerbate DNA damage in AT2 cells. 

DNA whole-exome sequencing was subsequently performed on 
AT2 cells from the control, B(a)P, and B(a)P/LPS groups, with the 
sequencing results corrected for background values from the control 
group. The DNA mutations in both the B(a)P and B(a)P/LPS groups 
were classified into five types, with missense mutations being the 
most prevalent. Single-nucleotide variant analysis revealed that 
thymine (T) and cytosine (C) were relatively unstable and prone to 
mutations (Figure 4D). Furthermore, the number of DNA mutations 
differed between the B(a)P and B(a)P/LPS groups. Analysis of these 
mutated genes revealed that 12 mutated DNA sequences (Table 2) 
in the B(a)P group were associated with tumorigenesis. In the B(a) 
P/LPS group, 16 mutated DNA sequences were linked to tumor 
occurrence (e.g., Rasal3, Tnfsf14 and Map3k4) (Table 3). Notably, 
compared with that in the B(a)P group, the number of mutated 
genes increased significantly in the B(a)P/LPS group. 

Functional abnormalities of AT2 cells in mice with 
inflammation-related lung tumorigenesis 
Compared with the B(a)P group, the B(a)P/LPS group presented 
increased expression of the proliferation marker gene Ki67 in AT2 
cells (Figure 5A). Immunofluorescence double staining was used to 
detect the expression of the proliferation marker protein Ki67 in AT2 
cells in the lung tissues of different groups. The number of cells with 
red cytoplasm and blue nuclei after merging was observed. 
Additionally, Ki67 expression was greater in the B(a)P/LPS group 
than in the B(a)P group (Figure 5B–D). 

To validate the changes in AT2 cell differentiation during 
inflammation-related lung tumorigenesis, we measured the relative 
expression of the AT2 cell differentiation marker gene Pdpn, which 
is a protein marker of AT1 cells. Compared with that in the B(a)P 
group, the relative expression of Pdpn was lower in the AT2 cells of 
the B(a)P/LPS group (Figure 5E). To further verify the changes in 
the differentiation capacity of AT2 cells in inflammation-related 
lung tumorigenesis, immunofluorescence double staining was 

performed to detect the expression of the differentiation marker 
protein Pdpn in AT2 cells. The results indicated that, compared with 
that in the B(a)P group, the protein expression of Pdpn was 
relatively lower in the B(a)P/LPS group (Figure 5F–G). 

Autophagy in AT2 cells is reduced in mice with 
inflammation-related lung tumorigenesis 
Single-cell RNA sequencing analysis revealed DEGs, including the 
autophagy-related genes Foxo3 and Ppp2r5a, in AT2 cells in the B(a) 
P/LPS group compared with those in the B(a)P group, and the Foxo3 
and Ppp2r5a genes were enriched in the PI3K-Akt pathway. The 
decreased expression of the autophagy-related genes Foxo3, 
Ppp2r5a, Lc3b, and Atg5 was verified in AT2 cells in the B(a)P/LPS 
group by qRT-PCR (Figure 6C–F). Additionally, the protein level of p- 
Akt was increased (Figure 6A), whereas the protein level of Foxo3 
was decreased (Figure 6B) in AT2 cells in the lung cancer tissues of 
mice exposed to B(a)P/LPS, as shown by immunofluorescence 
double staining. 

Discussion 
In this study, we successfully established a mouse model of 
inflammation-related lung tumorigenesis by B(a)P/LPS and found 
that: (1) LPS promoted B(a)P-induced lung tumorigenesis; in the 
whole lungs of the mice in the B(a)P/LPS group, the proportion of 
AT2 cells decreased, the differentiation trajectory of AT2 cells was 
altered, and the number of gene mutations in AT2 cells increased. 
(2) The levels of DNA damage and proliferation markers in AT2 
cells were increased, and the levels of differentiation markers were 
decreased in AT2 cells in the lung cancer tissues of mice exposed to 
B(a)P/LPS. (3) The expression of autophagy-related markers in AT2 
cells in mouse lung cancer was decreased in the B(a)P/LPS group. 

Lung epithelial stem cells play a complex and crucial role in the 
occurrence of lung cancer [34]. AT2 cells are a type of lung epithelial 
stem cell and are reported as the origin cells of LUAD [[29]. In this 
study, single-cell RNA sequencing of mouse lung tissue revealed 
that the proportion of AT2 cells was lower in the B(a)P and B(a)P/ 
LPS groups than in the vehicle control group. We speculated that in 
the whole lung, there were normal and abnormal (perhaps 
malignant transformation) AT2 cells and that normal AT2 cells 
were damaged too severely to proliferate for repair. In the whole 
lung, the proportion of AT2 cells was lower in the B(a)P/LPS group 
than in the B(a)P group. The reason may be that the chronic 
inflammation induced by LPS promotes a decrease in the proportion 
of normal AT2 cells during B(a)P-induced lung tumorigenesis. A 
study demonstrated that persistent inflammation following hepati
tis virus infection led to the death of normal hepatocytes or 
replacement by cancerous cells, resulting in a decrease in the 
proportion of hepatocytes [35]. The expression of the proliferation 
marker Ki67 in AT2 cells was increased in lung cancer tissue from 
mice in the B(a)P and B(a)P/LPS groups compared with that in the 
vehicle control group. It is speculated that most AT2 cells in lung 
cancer tissue undergo malignant transformation and proliferate 
quickly and become neoplastic. Additionally, the expression of the 
proliferation marker Ki67 in AT2 cells was upregulated in lung 
cancer tissue in the B(a)P/LPS group compared with that in the B(a) 
P group, which may be related to persistent inflammation 
promoting the proliferation of cancer cells [36]. Although the 
expression of the proliferation marker Ki67 in AT2 cells in lung 
cancer tissue was increased and the proportion of AT2 cells in the 
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whole lung was decreased in the B(a)P/LPS group, we inferred that 
most AT2 cells cannot proliferate or be repaired by B(a)P/LPS. 

Genetic damage and gene mutations are the fundamental causes 
of tumorigenesis. The expression of the DNA damage protein γ- 

Figure 4. DNA damage and genetic mutations of AT2 cells in inflammation-related lung tumorigenesis (A–C) Immunofluorescence double 
staining, immunofluorescence co-localization, and cell counting analysis of the AT2 cell marker SPC and DNA damage marker γ-H2AX. SPC is a 
cytoplasmic protein labeled with red fluorescence, γ-H2AX is a nuclear protein labeled with green fluorescence, and DAPI is a nuclear stain labeled 
with blue fluorescence (scale bar: 50 μm). (D) The types of DNA mutations in AT2 cells and the number of single nucleotide variations within each 
mutation category.  
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H2AX (a marker of DNA double-strand breaks) in AT2 cells was 
increased in lung cancer tissue in both the B(a)P and B(a)P/LPS 
groups, and the γ-H2AX level in AT2 cells from mice exposed to B(a) 
P/LPS was greater than that in AT2 cells from the B(a)P group. It is 
inferred that chronic inflammation can induce the activation of free 
radicals to aggravate them [37,38]. Furthermore, persistent and 
unrepaired DNA damage significantly increases the risk of gene 
mutations [39]; when gene damage results in the mutation of 
oncogenes or tumor suppressor genes, tumors develop [40,41]. In 
this study, DNA whole-exome sequencing of AT2 cells sorted from 
whole-lung tissue revealed 16 cancer-related gene mutations in the 
B(a)P/LPS group (including mutations in oncogenes Vcan and 
Sema4d and tumor suppressor genes Rasal3 and Map3k4), which 
was greater than the 12 cancer-related gene mutations in the B(a)P 
group with no mutations in these genes. We inferred that the LPS- 
induced chronic inflammatory microenvironment may generate 
excessive free radicals, impair DNA repair mechanisms, and cause 
DNA damage, which triggers genetic mutations in AT2 cells, 

ultimately driving inflammation-related lung tumorigenesis. 
Autophagy is closely related to carcinogenesis. In this study, we 

performed single-cell RNA transcriptomics and screened out the 
autophagy-related genes Foxo3 and Ppp2r5a, which are enriched in 
the PI3K-Akt signaling pathway, and verified the downregulation of 
the autophagy-related genes Foxo3, Ppp2r5a, Lc3b and Atg5 in AT2 
cells in the B(a)P/LPS group compared with those in the B(a)P 
group. Ppp2r5a is a key negative regulator of the Akt signaling 
pathway. When Ppp2r5a is downregulated, the Akt signaling 
pathway is activated, and the upregulation of phosphorylated Akt 
inhibits the translocation of Foxo3 from the cytoplasm to the 
nucleus. Inactivation of Foxo3 can suppress the formation and 
maturation of autophagosomes [42,43]. Finally, the expression of 
autophagy-related genes decreases, and autophagy is inhibited. 
Studies have shown that LPS activates the TLR4 pathway in 
pulmonary epithelial cells, leading to mTOR activation and a 
subsequent reduction in the expression of autophagy markers in 
LPS-induced acute lung injury [44]. Similarly, the PI3K-Akt-mTOR 

Table 3. Tumor-associated genes with mutations occurring in the B(a)P/LPS group 

Gene  Variant classification Variant type Reference allele Tumor Seq allele 

Rasal3 Frame shift Del NA GTTTCATGTATTCATCAAT – 

Tnfsf14 Missense mutation SNP G A 

Map3k4 Missense mutation SNP A C 

Habp2 Missense mutation SNP C G 

Scarf2 Missense mutation SNP A G 

Dnajc22 Nonsense mutation SNP G A 

Vcan Missense mutation SNP C A 

Sema4d Nonsense mutation SNP C A 

Unc79 Missense mutation SNP C A 

Col6a6 Missense mutation SNP C T 

Fgl1 Missense mutation SNP A C 

Ptdss2 Missense mutation SNP C T 

Padi6 Missense mutation SNP T C 

Usp1 Missense mutation SNP G A 

Lgsf1 Missense mutation SNP C T 

Sema6c Missense mutation SNP C A 

Table 2. Tumor-associated genes with mutations occurring in the B(a)P group 

Gene Variant classification Variant type Reference allele Tumor Seq allele 

Api5 Missense mutation SNP A T 

Atg2a Nonsense mutation SNP G T 

Stard13 Missense mutation SNP A G 

Col3al Missense mutation SNP G A 

Itga10 Missense mutation SNP C G 

Yrdc Missense mutation SNP G A 

Zbtb8b Frame shift Del NA AAGTTGGGCCG  – 

Siglecf Missense mutation SNP G C 

Sun2 Missense mutation SNP C A 

Abca3 Missense mutation SNP T G 

Cul7 Missense mutation SNP G T 

Nxf1 Missense mutation SNP C G 
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Figure 5. Functional abnormalities of AT2 cells in mice with inflammation-related lung tumorigenesis (A) The relative expression level of the 
proliferation marker gene Ki67 in AT2 cells. (B–D) Cell counting analysis, immunofluorescence double staining and immunofluorescence co- 
localization of the AT2 cell marker SPC and the proliferation marker protein Ki67. SPC is a cytoplasmic protein labeled with red fluorescence, Ki67 is 
a nuclear protein labeled with green fluorescence, and DAPI is a nuclear stain labeled with blue fluorescence (scale bar: 50 μm). (E) The relative 
expression level of the differentiation marker gene Pdpn in AT2 cells. (F,G) Immunofluorescence double staining and immunofluorescence co- 
localization of the AT2 cell marker SPC and the differentiation marker protein Pdpn. SPC is a cytoplasmic protein labeled with red fluorescence, 
Pdpn is the protein marker of AT1 cell labeled with green fluorescence, and DAPI is a nuclear stain labeled with blue fluorescence (scale bar: 
50 μm). *P < 0.05 vs Control; #P < 0.05 vs B(a)P.  
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pathway can be activated by LPS to inhibit autophagy [45]. In 
addition to these mechanisms, the inflammatory microenvironment 
induced by LPS may reduce autophagy in AT2 cells. A possible 
explanation for this finding may be the presence of inflammatory 
cytokines [46,47]. A previous study by our research group revealed 
that in the lung cancer tissue of mice exposed to B(a)P and LPS, the 
NLRP3 inflammasome was activated, and the inflammatory 
cytokines IL-18 and IL-1β were significantly increased compared 
with those in mice exposed to B(a)P alone [48]. Studies have 
revealed that IL-18 [49] and IL-1β [47] can suppress autophagy. 

Dysregulation of autophagy can contribute to genomic instability 
and the accumulation of DNA damage through multiple mechan
isms. Studies have shown that the loss of key autophagy genes, such 
as Atg5 or Atg7, leads to the accumulation of damaged mitochon
dria, which are major sources of reactive oxygen species (ROS). 
Excessive ROS production can directly attack DNA, resulting in 
strand breaks and subsequent accumulation of DNA damage. 
Similarly, impaired autophagy causes the accumulation of the 

autophagy adaptor protein p62, which aberrantly activates NRF2 
and indirectly promotes the survival and proliferation of damaged 
cells, thereby exacerbating genomic instability and tumorigenesis 
[50,51]. Therefore, autophagy dysregulation represents a key 
mechanism underlying the accumulation of DNA damage during 
lung carcinogenesis. In addition, autophagy can regulate cell 
proliferation and differentiation. In this study, decreased autophagy 
might be related to accelerated proliferation and impaired differ
entiation of AT2 cells in lung cancer tissue. Many examples support 
this viewpoint: the inhibition of autophagy promotes the prolifera
tion of hepatocellular carcinoma [52] and mammary epithelial cells 
[53]. Furthermore, silencing the autophagy-related gene Atg5 
reduces the differentiation of ovarian granulosa cells [54], and the 
inhibition of autophagy significantly impairs osteoclast differentia
tion [55]. Therefore, in this study, LPS-mediated chronic inflamma
tion reduced autophagy in AT2 cells, and the decreased autophagy of 
malignantly transformed AT2 cells in lung cancer tissue may be an 
important reason for the increased incidence of lung cancer in the B 

Figure 6. Autophagy of AT2 cells is reduced in mice with inflammation-related lung tumorigenesis (A) Immunofluorescence double staining of 
p-Akt in AT2 cells. SPC is a cytoplasmic protein labeled with red fluorescence, p-Akt is labeled with green fluorescence, and DAPI is a nuclear stain 
labeled with blue fluorescence (scale bar: 100 μm). (B) Immunofluorescence double staining of Foxo3 in AT2 cells. SPC is a cytoplasmic protein 
labeled with red fluorescence, Foxo3 is labeled with green fluorescence, and DAPI is a nuclear stain labeled with blue fluorescence (scale bar: 
100 μm). (C,D) The relative expression levels of the gene Ppp2r5a and Foxo3 in AT2 cells. *P < 0.05 vs Control; #P < 0.05 vs B(a)P. (E,F) The relative 
expression levels of the autophagy marker genes Lc3b and Atg5 in AT2 cells. Atg5 is a marker gene for the early stage of autophagosome 
formation. Lc3b is a marker gene for autophagosome maturation. *P < 0.05 vs Control; #P < 0.05 vs B(a)P.  
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(a)P/LPS group, possibly through increased proliferation of abnor
mal AT2 cells and inhibited differentiation of AT2 cells for repair. 

We acknowledge that these are limitations to the present study. 
Owing to sample size, single-cell RNA sequencing and DNA whole- 
exome sequencing were unable to perform sequencing specifically 
on tumor sites, and whole-lung tissue sequencing was conducted 
instead. While enabling the detection of alterations across various 
cell types throughout the lung (including AT2 cells), these methods 
highlight the need for future optimization to achieve site-specific 
tumor profiling. 

In conclusion, in inflammation-related lung tumorigenesis, LPS- 
induced chronic inflammation increases the number of gene 
mutations in AT2 cells, increases the levels of DNA damage and 
proliferation markers, decreases the levels of differentiation 
markers in AT2 cells, and decreases the level of autophagy in AT2 
cells in lung cancer tissue, which may be an important mechanism 
for increased inflammation-related lung tumorigenesis. To our 
knowledge, these are the first studies to explore the genetic 
mutation and dysfunction of AT2 stem cells, the origin cells of 
LUAD, and elucidate the mechanism of autophagy in inflammation- 
related lung tumorigenesis. These findings further reveal the 
inflammatory microenvironment and lung carcinogenesis, and 
increasing autophagy in malignantly transformed AT2 cells via 
chemical activators may be a novel therapeutic approach to prevent 
carcinogen-induced lung cancer, especially inflammation-related 
lung tumorigenesis. 
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