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Purpose: To investigate the prognostic value of cell cyclin A2 (CCNA2) in lung adenocarcinoma (LUAD) and to explore its
mechanisms in promoting cancer progression.

Patients and Methods: In this study, we employed an integrated strategy combining bioinformatics, clinical analysis and molecular
biology to elucidate the role of CCNA2 in LUAD. First, comprehensive bioinformatics analyses were performed using public datasets.
This included detecting the differential expression of CCNA2 in LUAD versus normal tissues, analyzing its correlation with patient
survival and clinical characteristics, and employing Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathway
(KEGG) analysis to predict the functions of CCNA2-associated genes. The relationship between CCNA2 expression and immune
infiltration was further examined via the tumor immune estimation resource (TIMER) platform. The expression level of CCNA2 was
also confirmed through reverse transcription-quantitative PCR and Western blotting. Additionally, the biological function of CCNA2
was evaluated by constructing an in vitro transfection model.

Results: The results of the present study indicated that CCNA2 was upregulated in LUAD tissues. Cox regression analysis revealed
that CCNA2 upregulation is a independent prognostic biomarker for LUAD. Additionally, CCNA2 was markedly associated with
immune cell infiltration and immune checkpoint molecules. The results of in vitro experiments confirmed that knockdown of CCNA2
significantly inhibited the proliferation, invasion and migration of H1975 and H1299 cells. Furthermore, CCNA2 was found to
promote the invasion and migration of lung cancer cells through the PI3K/AKT signaling pathway.

Conclusion: The present research identified the prognostic signature and biological function of CCNA2 in LUAD, which suggested
that CCNA2 may be a potential prognostic biomarker and a pivotal oncogenic driver for this disease.
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Introduction

Lung cancer (LC) has a high morbidity and cancer-related mortality rate globally.' The incidence of LUAD has increased
in recent years and accounts for 50% of deaths attributed to LC.* In long-term clinical practice, LUAD is liable to
metastasize at the early stage of disease, and some patients with LUAD may have already reached the advanced stage
when diagnosed.® Despite the advancements in immunotherapy and targeted therapy, the 5-year survival rate of patients
with LUAD is only 22%.*° Hence, there is an urgent need to further explore the molecular mechanism of LUAD to
enhance the survival and prognosis of patients.

The occurrence of LUAD is the outcome of the combined action of multiple factors. The study of the potential
abnormal expression of genes can provide an important basis for the diagnosis, clinical prognosis and treatment choice of
LUAD.®® CCNA2 is an essential cell cycle regulator that is involved in the regulation of mitosis.” CCNA2 is also the
core regulator of the hematopoietic process and the development of embryonic cells.'® Previous studies have shown that
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CCNA2 participates in tumor metastasis. For instance, Gopinathan et al'' revealed that the function of CDK2 and
CCNA2? in maintaining cell cycle accuracy and regulating tumorigenesis. CCNA2 exhibits abnormal expression patterns
in various tumor tissues, including breast, gastric and ovarian cancer tissues.'”'* CCNA2, regulated by microRNA-508-
3p, is also involved in the proliferation and invasion of ovarian tumor cells.'> Furthermore, from the perspective of
etiology, the high expression of CCNA2 in LUAD is specifically associated with smoking, which is the main environ-
mental risk factor for this disease.'® A study found that CCNE] can drive the occurrence of hepatocellular carcinoma by
activating the PI3K/AKT pathway.'” This further supports the view that cyclins may cross-regulate classical signaling
pathways. Another study revealed that CCNAZ2 is one of the core targets of curcumin’s anti-tumor effect, and the PI3K-
AKT signaling pathway is a key pathway that is significantly enriched in this context.'® This indicates that there is a
functional connection between CCNA2 and the PI3K/AKT pathway. The prognostic value of CCNA2 in LUAD as well
as its potential molecular mechanisms in this context remain unknown. Our hypothesis that CCNA2 promotes LUAD
progression via the PI3K/AKT pathway is further supported by the external analytical evidence, providing a broader
rationale for investigating this specific mechanistic link in our study.

This study investigates the prognostic significance and molecular mechanisms of CCNA2 in LUAD, aiming to
establish it as a reliable biomarker for predicting patient clinical outcomes.
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Materials and Methods
Expression of CCNA2 in LUAD

The differential expression of CCNA2 between tumor and adjacent normal tissues was verified by analyzing RNA
sequencing data from The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/). To independently validate the

mRNA expression findings, two publicly available microarray datasets from the Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/) database were utilized: GSE10072 and GSE19804.

Prognostic Analysis

Prognostic analysis was performed to evaluate the association between CCNA2 expression and patient survival. Overall
survival (OS) data, along with corresponding clinical annotations (including sex, pathological stage, tumor size, and
nodal metastasis status), were extracted from the TCGA-LUAD cohort. The cohort was then divided into CCNA2-high
and CCNA2-low expression groups based on the median expression value of CCNA2. Kaplan-Meier (KM) survival
curves were generated and compared using the “survival” and “survminer” packages in R software version 4.3.2. To
investigate the association between CCNA2 expression and prognosis with key clinical characteristics, a stratified
analysis was performed. Patients were stratified by sex, pathological stage (including T, N and M stages), and CCNA2
expression levels were compared across each subgroup. To validate the prognostic significance of CCNA2 identified in
the TCGA cohort, an independent validation dataset (GSE68465) was obtained from the GEO database. The same
analytical method was applied to this external cohort to verify the robustness of our findings.

Gene Function and Pathway Enrichment Analysis

Using the GSE68465 dataset, we screened for CCNA2-associated genes and performed functional enrichment analysis.
Firstly, to identify genes whose expression patterns were closely related to CCNA2, samples were divided into a
CCNAZ2-high expression group and a CCNA2-low expression group according to the median expression value of
CCNAZ2. Subsequently, differential expression analysis between the two groups was conducted using the limma package
in R software (version 4.3.2). This yielded a set of differentially expressed genes associated with CCNA2 co-expression.
To further explore the biological functions and pathways associated with this gene set, we performed a systematic
functional enrichment analysis. GO enrichment analysis annotated gene function from three aspects: Biological Process,
Cellular Component, and Molecular Function. KEGG pathway enrichment analysis was used to identify significantly
enriched signaling pathways. Enrichment analysis plots were generated through the online data analysis platform
available at http://www.bioinformatics.com.cn/.

The Correlation Between CCNA?2 and Immune Characteristics
The relationship between CCNA2 expression and tumor immune microenvironment was investigated using TIMER
platform (https://cistrome.shinyapps.io/timer/), a comprehensive web platform for systematic analysis of immune infil-

trates across diverse cancer types. Within the TCGA-LUAD cohort, we applied the deconvolution algorithm embedded in
TIMER to estimate the abundance of six immune cell populations: B cells, CD4+ T cells, CD8+ T cells, neutrophils and
macrophages. Subsequently, Spearman’s rank correlation analysis was performed to evaluate the association between
CCNA2 mRNA expression and the estimated infiltration levels of each immune cell type. Correlation strength and
statistical significance (p-value) were reported, with a threshold of p<0.05 considered significant.

Cell Culture and Gene Transfection

The cell lines (H1975, H1299, A549 and 16HBE) used in the present study were obtained from Procell Life Science &
Technology Co., Ltd. All cell lines were cultured in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine
serum (FBS; SinSage) and 1% penicillin-streptomycin (Solarbio), under standard culture conditions (37°C, 5% CO; in a
humidified incubator). Cells were seeded in antibiotic-free growth medium at six well plate and allowed to adhere for 24h
prior to transfection. When the cells had covered approximately 60-80% of the culture plate area, they were ready for
transfection. Cells were harvested 48 h post-transfection for downstream analyses. CCNA2 small interfering RNA was
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purchased from Shanghai GenePharma Co., Ltd. Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) was
utilized to transfect the cells. The sequence of siRNA was as follows: CCAN2 (Sense: 5-GUAGCAGAGUUU
GUGUACATT-3’; Antisense: 5'- UGUACACAAACUCUGCUACTT-3"); Control (Sense: 5-UUCUCCGAACGUG
UCACGUTT-3"; Antisense: 5-ACGUGACACGUUCGGAGAATT-3"). CCNA2 overexpression plasmid [Homo-
CCNA2 (NM_001237.5) in PCDNA3.1] were obtained from BioSune Co., Ltd. For transfection with CCNA2 plasmid,
the cells were treated with Lipofectamine 3000.

RNA Extraction and Reverse Transcription-Quantitative PCR (RT-qPCR)

Total RNA was extracted from the 16HBE, H1975, H1299 and A549 cell lines using TRIzol reagent. qPCR was
conducted with SYBR Green Premix Pro Tag HS qPCR Kit [Accurate Biotechnology (Hunan) Co., Ltd.]. Thermal
cycling was conducted on the Bio-Rad CFX Connect Real-Time System. GAPDH was used as the endogenous control
and calculated by the 27**“' method."® The primers were purchased from BioSune Co., Ltd., the sequences of which
were as follows: CCNA2 forward, 5-TAAACAGCCTGCGTTCACCA-3' and reverse, 5-CAGGGCATCTTC
ACGCTCTA-3'; GAPDH forward, 5'-AAATCAAGTGGGGCGATGCT-3' and reverse, 5'-CAAATGAGCCCCAGCC

TTCT-3".

Western Blotting

The protein content from cells was extracted with RIPA lysis buffer (Beyotime Institute of Biotechnology) and
normalized after measuring the concentration using a BCA assay kit according to the provided instructions. SDS-
PAGE (10%) was utilized to separate the total proteins, which were subsequently transferred onto nitrocellulose
membranes. These membranes were then blocked with 5% skimmed milk for 60 min at room temperature before
incubation with the CCNA2 (cat. no. ab181591; 1:2000 dilution, Abcam) and GAPDH (cat. no. 5174; 1:1000
dilution; Cell Signaling Technology, Inc.) primary antibodies overnight at 4°C. The membrane was then incubated
with a rabbit secondary antibody (ZB-2301; 1:2000 dilution; Beijing Zhongshan Golden Bridge Biotechnology Co.
Ltd.) for 1h at room temperature. Images of the results were collected using the ChemiDoc MP Imaging System
(Bio-Rad Laboratories, Inc).

Cell Proliferation Assay

The EDU (5-ethynyl-2'-deoxyuridine) incorporation assay was performed to assess cellular proliferation. The cells were
seeded into 96-well plates and incubated at 37°C with 5% CO, for 24 h. Cultured cells were first incubated with EDU
(50puM, RiboBio) diluted in complete growth medium for 2 hours at 37°C under 5% CO,. Following EDU exposure, cells
were fixed with 4% paraformaldehyde for 15 minutes at room temperature, permeabilized with 0.5% Triton X-100 in
PBS for 20 minutes, and incubated with a 1% Apollo reaction solution for 30 min in the dark. Cells were subsequently
counterstained with 1x Hoechst 33342 (RiboBio) for DNA staining. Fluorescent images were acquired using a confocal
microscope (ZEISS, axio observer7).

Cell Wound Healing Assay

H1975 and H1299 cell lines were seeded into 6-well dishes and cultured for a specific timeframe to achieve ~90%
confluency. The confluent cells were then scratched using 200 pL pipette tips and washed with PBS three times. These
cells were subsequently cultured in RPMI-1640 medium (Gibco) without FBS for 48 h. Microscopic image (Olympus
CKX53) of the dishes were captured at 0 h and the closure of the gap was assessed at 48 h.

Transwell Migration and Invasion Assays

For invasion assays, 8-um pore transwell inserts (Corning) were coated with 50 pL growth factor-reduced
Matrigel (Solarbio, 1:8 dilution in serum-free medium) and polymerized at 37°C for 1 h. Migration assays used
uncoated inserts. A total of 3x10[] cells in 200 pL serum-free medium were seeded into upper chambers. Lower
chambers contained 600 pL complete medium with 20% FBS as chemoattractant. Assembled plates were
incubated at 37°C with 5% CO, for 24 h. Cells were fixed in 4% paraformaldehyde (30 min) and then stained
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Figure | The expression levels of CCNA2 in LUAD. (a) The CCNA2 mRNA expression between paired LUAD tumor tissues and adjacent normal tissues from the TCGA-
LUAD dataset. Box plot comparing CCNA2 expression in normal and tumor tissues based on (b) GSEI0072 dataset and (c) GSEI19804 dataset. ROC curve of CCNA2 in
LUAD based on TCGA-LUAD dataset (d), GSEI0072 dataset (e), GSE19804 dataset (f). X-axis indicates false-positive rates, and Y-axis indicates true-positive rates. ***p<
0.001. Statistical significance was determined by paired Student’s t-test (Figure 2a) and unpaired Student’s t-test (Figure 2b and 2c).

Abbreviations: LUAD, lung adenocarcinoma; LC, lung cancer; GSEI10072, GSE19804, dataset from GEO.

with 0.1% crystal violet (30min) at room temperature. Non-migratory/invasive cells were removed from upper
chambers using cotton swabs. The chambers were placed on a slide and the migration of cells was observed under
an inverted microscope.

Statistical Analysis

R software (version 4.3.2) was utilized for data processing and analysis. p<0.05 was considered to indicate a statistically
significant difference. Student’s ¢ tests were applied to continuous variables with normal distribution and equal variance,
whereas Mann—Whitney U-test addressed non-normal data. When comparing the expression levels of CCNA2 between
tumor and normal tissues, we employed independent samples -tests for statistical analysis. For cases where both tumor
and adjacent normal tissues were obtained from the same patient, paired-sample #-tests were used. Data involving
comparisons across the three or more groups were analyzed using one-way ANOVA or the Kruskal-Wallis test. One-way
ANOVA followed by Tukey’s post-hoc test was applied to normally distributed data with equal variances. For data that
violated the assumption of normality or homogeneity of variances, the non-parametric Kruskal-Wallis test was
performed, followed by Dunn’s post-hoc test for pairwise comparisons. Survival analysis was conducted using the
KM method, and the survival curve was evaluated using the Log rank test. In cases where survival curves intersect, the

Renyi test was applied for statistical comparison.”°
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Table | Patient Demographic and Clinical Characteristics of
GSE[9804 and GSE10072

GSE19804 (n=60) | GSEI10072 (n=74)

Age
<65 38 (63.3%) 28 (37.8%)
265 22 (36.7%) 46 (62.2%)
Sex
Female 60 (100%) 27 (36.5%)
Male 0 (0.0%) 47 (63.5%)
Clinical stage
| 35 (58.3%) 30 (40.5%)
1l 12 (20.0%) 26 (35.1%)
1 12 (20.0%) 15 (20.3%)
v I (1.7%) 3 (4.1%)
Smoking history
Never Smoker 60 (100%) 20 (27.0%)
Former Smoker 0 (0.0%) 26 (35.1%)
Current Smoker 0 (0.0%) 28 (37.9%)

Notes: GSE19804, This dataset is derived from a cohort of non-smoking female
patients, comprising paired tumor and adjacent normal tissue samples from 60
individuals. GSEI10072, This dataset comprises 58 tumor tissues and 49 non-
tumor tissues, which were derived from a total of 74 patients.

Results

CCNA2 Expression in LUAD

To determine the differences in CCNA2 expression in LUAD, the CCNA2 mRNA levels were analyzed using data from
TCGA database. The data from 52 matched pairs of LUAD and adjacent normal tissues were chosen for this analysis.
The results indicated that CCNA2 was highly expressed in LUAD tissues (Figure 1a). Furthermore, similar results were
observed in GSE10072 and GSE19804 datasets (Figure 1b and c). The GSE10072 dataset includes the expression
profiling of 58 LUAD tissues and 49 normal lung tissues. The GSE19804 dataset originates from a transcriptional
profiling of female lung cancer patients without smoking, encompassing 60 lung cancer tissue samples and 60 normal
adjacent tissue samples (Table 1). The diagnostic ability of CCNA2 to distinguish tumor and normal samples was
assessed using receiver operating characteristic curves. Notably, the area under the curve values were 0.970 (TCGA),
0.905 (GSE10072) and 0.833 (GSE19804) (Figure 1d-f).

Association of CCNA2 Expression and Clinical Parameters

The demographic and clinical characteristics of patients from the TCGA-LUAD and GSE68465 cohorts are presented in
Table 2. Analysis of data from TCGA database showed a significant association between the CCNA2 expression level
and sex, clinical stage, tumor (T) classification and node (N) classification. However, there was no association between
CCNA2 expression and the metastasis stage of patients with LUAD (Figure 2a). Additionally, the analysis of data from
the GSE68465 cohort indicated a link between higher CCNA2 expression and male sex, T classification and N
classification. Higher CCNA2 levels were also observed in those patients with LUAD who were smokers (Figure 2b).
We analyzed the relationship between the mutations of common driver genes in LUAD and the expression of CCNA2
based on TCGA data. We observed that patients with ALK mutations exhibited higher expression levels of CCNA2.
However, no significant differences were observed between the wild-type and mutant forms of EGFR and KRAS.
Furthermore, for the key cell cycle gene CDKN2A, there was no difference in the expression of CCNA2 between the
mutant and wild-type forms (Figure 2c¢).
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Figure 2 Association of CCNA2 expression with clinicopathologic parameters. (a) The relationship between CCNA2 expression and clinicopathologic parameters in
TCGA-LUAD dataset. (b) The relationship between CCNA?2 expression and clinicopathologic parameters in GSE68465 dataset. (c¢) CCNA2 expression according to the

mutation of EGFR, KRAS, ALK and CDKN2A. *p < 0.05. #p< 0.01. ***p < 0.001. Statistical significance was determined by student’s t test and one-way ANOVA.
Abbreviations: ns, no significance; T, Tumor; N, Node; M, Metastasis.

Prognostic Performance of CCNA2 in LUAD

The patient survival status and gene expression of CCNA2 in LUAD is shown in Figure 3a and b. The results indicated
that patients with higher CCNA2 expression had poorer outcomes. Survival analysis was further performed using LUAD
data from TCGA database. As is shown in Figure 3c, The KM survival curve showed that patients with low CCNA2
expression had a significantly better overall survival. Furthermore, LUAD data acquired from the GSE68465 dataset in
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Table 2 Patient Demographic and Clinical Characteristics of
TCGA-LUAD and GSE68465 Cohort

TCGA-LUAD (n=445) GSE68465 (n=439)

Age

<65 199 (44.7%) 212 (48.3%)

265 246 (55.3%) 227 (51.7%)
Sex

Female 244 (54.8%) 218 (49.7%)

Male 201 (45.2%) 221 (50.3%)
T stage

TI 152 (34.2%) 149 (33.9%)

T2 235 (52.8%) 250 (56.9%)

T3 37 (8.3%) 28 (6.4%)

T4 18 (4.0%) 12 (2.7%)

Unknown 3 (0.7%) 0 (0.0%)
N stage

NO 286 (64.3%) 298 (67.9%)

NI 83 (18.7%) 88 (20.0%)

N2 63 (14.2%) 53 (12.1%)

N3 2 (0.4%) 0 (0.0%)

Unknown Il (2.4%) 0 (0.0%)

Notes: T stage, Tumor (T) stage. N stage, Node (N) stage.

the GEO database were applied to verify the survival analysis results (Figure 3d). Univariable and multivariable Cox
proportional hazards regression analyses indicted that CCNA2 was an independent risk factor for patients with LUAD
(Figure 3e and f).

Functional Enrichment Analysis of CCNA2

As shown in the volcano plot, 454 downregulated and 468 upregulated genes were screened (|log Fold Change|>0.5,
adjust p<0.05; Figure 4a). The heatmap in Figure 4b shows the top 50 genes. This result illustrated that multiple
differentially expressed genes were associated with the CCNA2. By applying the Betweenness algorithms, the principal
genes were identified through evaluating the connection degree of each node within the protein-protein interaction
network (Figure 4c). Analysis of the GO functions revealed that CCNA2 may play a significant role in cellular processes,
specifically in cell division activities such as “DNA replication”, “Mitotic nuclear division” and “DNA-dependent
ATPase activity” (Figure 4d). KEGG pathway analysis demonstrated that the genes co-expressed with CCNA2 are
mainly linked to the “Cell cycle”, “DNA replication processes” and “the IL-17 signaling pathway” (Figure 4e).

Immune Signatures of CCNAZ2 in LUAD

As depicted in Figure 5a, CCNA2 exhibited an inverse relationship with the levels of CD4" T cells and B cells but
exhibited a positive relationship with CD8" T cells, neutrophils and macrophages. Concurrently, CCNA2 expression was
positively correlated with key immune checkpoint molecules such as CTLA-4, PD-L1 (PDCD1), TIM-3 (Haver2), LAG3
and TIGIT (Figure 5b).

Relationship Between CCNA?2 and LUAD Cell Function

RT-qPCR and Western blotting verified that CCNA2 was upregulated in LUAD cells (Figure 6a and b). To investigate the effects
of CCNA2 expression on LUAD cell function, CCNA2 was knocked down in H1299 and H1975 cells (Figure 6¢ and d). The
results of the EAU proliferation assays indicated that reducing CCNA2 expression led to a decrease in the proliferation rate of
H1975 cells (Figure 6e). The results from the cell wound healing and transwell assays confirmed that the migration ability of
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Figure 3 Survival analysis of CCNA2. Distribution of the survival status and CCNA2 expression in (a) TCGA-LUAD dataset and (b) GSE68465 dataset. Correlation
between CCNAZ2 expression and OS of LUAD in (c) TCGA-LUAD dataset and (d) GSE68465 dataset. Univariate cox regression analysis (€) and multivariate cox regression
analysis (f) in the GSE68465 dataset. Statistical significance was determined by Log rank test (Figure 4c) and Renyi test (Figure 4d).

Abbreviation: OS, overall survival.

H1975 and H1299 cells was affected by CCNA2. Specifically, the migratory ability of cells with CCNA2 knockdown was
suppressed (Figure 6f).

CCNA2 Promote LUAD Cell Migration and Invasion by Activating the PI3K/AKT
Signaling Pathway

To investigate the potential molecular mechanisms underlying CCNA2-mediated LUAD development, we examined the
effect of CCNA2 on the PI3K/AKT signaling pathway using Western blotting. The results showed that overexpression of
CCNA2 significantly activated the PI3K/AKT signaling pathway in H1299 cells. In contrast, downregulation of CCNA2
expression reduced the levels of phosphorylated PI3K (p-PI3K) and phosphorylated AKT (p-AKT) (Figure 7a—c).
Furthermore, treatment with the PI3K/AKT signaling pathway inhibitor LY294002 markedly abolished CCNA2-
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mediated migration and invasion of H1299 cells (Figure 7d and e). This suggest that CCNA2 may facilitate the invasion
and migration of LUAD cells by modulating the PI3K/AKT signaling pathway.

Discussion
In this study, we found that the expression of CCNA2 in LUAD was significantly upregulated compared to normal
tissues. Studies found that the expression of CCNA2 increased in both colorectal cancer and liver cancer tissues, which is
consistent with our research results.”'** This indicates that CCNA2 may play a role in promoting cancer during the
tumor formation process. The increase in its expression might be a common molecular event in the development of
various malignant tumors. We analyzed the relationship between CCNA2 expression and the clinical and pathological
characteristics of LUAD patients. The results showed that the expression of CCNA2 was elevated in male patients and
those who were smokers. Smoking induces lung cancer by influencing epigenetics and the tumor microenvironment.*?
He et al discovered that smoking induces the expression of CCNAZ2, thereby promoting the differentiation of AT2 cells.
This may be the mechanism by which smoking causes lung cancer.'® Furthermore, The expression level of CCNA2 was
significantly higher in advanced lung adenocarcinoma. Further research revealed a significant correlation between
CCNA2 and lymph node metastasis (p < 0.001). This suggests that CCNA2 may directly participate in the invasion
and metastasis process of LUAD. This study also found that in patients with LUAD who have ALK gene mutations, the
expression of CCNA2 is elevated. ALK gene mutations can lead to abnormal activation of the downstream signaling
pathways of ALK, thereby promoting cell cycle regulation, proliferation and apoptosis.>* CCNA2 regulates the transition
of cells from G1 phase to S phase of the cell cycle and promotes DNA replication, thereby participating in the process of
tumor proliferation.”>?® This suggests that the high expression of CCNA2 observed in this study may be one of the
important molecular events driving the cell cycle disorder in LUAD cells driven by ALK mutations. This study further
suggests that CCNA2 may serve as an auxiliary marker for evaluating the prognosis of ALK-mutated LUAD patients,
and also provides new ideas for reversing drug resistance.

Exploration of the tumor immune microenvironment has become a research hotspot in tumor diagnosis and
treatment.?”*® Studying the LUAD tumor immune microenvironment is important for exploring pathogenesis, formulat-
ing a diagnosis and treatment plan as well as for evaluating the prognosis of patients. There are numerous types of cells
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involved in immune cell infiltration in NSCLC, including natural killer cells, T lymphocytes, macrophages, dendritic
cells and B lymphocytes.”” A number of scholars acknowledge that the prognostic model of LUAD is correlated with
immune cell infiltration.”®* The results of the present study showed that CCNA2 was negatively correlated with the
infiltration degree of B lymphocytes and CD4" T lymphocytes as well as positively correlated with the infiltration degree
of CD8" T lymphocytes, neutrophils and macrophages. In addition, the expression of CCNA2 in LUAD was associated
with the expression of immune checkpoints such as CTLA-4, PD1 (PDCD1), TIM3 (HAVCR2), LAG3 and TIGIT. These
results suggest that CCNA2 may be involved in the recruitment and activation of immune cells.

The basic characteristic of tumor cells is deregulated proliferation and metastasis.>*** Abnormal cell cycle progres-
sion is an important mechanism in tumorigenesis.*>*® Yao et al’” reported that Cyclin K promotes tumorigenesis and
radiation resistance through the B-catenin/Cyclin D1 axis. Another study has illustrated that CCNA1 could act as a
diagnostic marker for papillary thyroid cancer.®® Cyclin Y regulates the proliferation, invasion and metastasis of HCC
cells.® Additionally, knockdown of CCNA2 significantly inhibits proliferation and migration, while promoting the
apoptosis of HCC cells.?* Regarding the treatment of LC, Wang et al* discovered that metformin reduces the expression
of CCNA2 in LUAD cells and that the downregulation of CCNA2 promotes the antitumor activity of metformin. Another
study revealed that RSV suppresses LUAD progression and enhances sensitivity to chemotherapy by downregulating
CCNA2.*' In the present study, it was found that CCNA2 knockdown could inhibit the proliferation, invasion and
migration of LUAD cells, which may lay the foundation for further study on the malignant progression of LUAD.
Previous study identified that LINC00665-miR-let-7b-CCNA2 as the key ceRNA network associated with the progres-
sion of LUAD.** However, they did not fully elucidate the precise molecular mechanisms. In this research, we found that
CCNA2 contributes to the tumorigenesis and progression of LUAD by activating the PI3K/AKT signaling pathway,
suggesting its potential as a promising therapeutic target for LUAD, which enhanced the novelty of this study. However,
this study has several limitations. TCGA and GEO datasets may introduce inherent selection biases, and multicenter
cohorts would strengthen clinical generalizability. Secondly, further research is necessary to reveal the relationship
between CCNA2 expression and drug treatment.

Conclusion

CCNA2 is upregulated in LUAD and may have an important role in the prognosis of this disease. The results of in vitro
experiments confirmed that CCNA2 promoted the progression of LUAD cells. Notably, these findings highlight the
potential therapeutic significance of CCNA2. As a key molecule driving LUAD progression, CCNA2 may serve as a
promising therapeutic target, particularly for ALK-mutant LUAD patients who are prone to drug resistance. This not only
provides new perspectives for the development of individualized treatment in the future but also lays a foundation for
exploring targeted combination therapy strategies to improve therapeutic efficacy.

Abbreviations
LUAD, Lung adenocarcinoma; TCGA, The cancer genome atlas program; GEO, Gene expression omnibus; TIME,
Tumor immune to assess resource; GO, Gene ontology; KEGG, Kyoto encyclopedia of genes and genomes.
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