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Abstract
Background  Lung cancer is a leading cause of morbidity and mortality globally. Despite advances in targeted and 
immunotherapies, overall survival (OS) rates remain suboptimal. Cyclin-A2 (CCNA2), known for its upregulation in 
various tumors and role in tumorigenesis, has an undefined function in non-small cell lung cancer (NSCLC).

Methods  We analyzed three microarray datasets from the Gene Expression Omnibus (GEO) repository to identify 
differentially expressed genes. Using STRING, we constructed a protein-protein interaction (PPI) network to pinpoint 
hub genes. The expression and prognostic relevance of CCNA2 were validated using GEPIA and the Kaplan-Meier 
plotter. Clinicopathological correlations were assessed via the Human Protein Atlas (HPA) and UALCAN databases. qRT-
PCR and immunohistochemistry (IHC) were performed to validate CCNA2 mRNA and protein levels. Loss-of-function 
assays in lung cancer cell lines evaluated the biological role of CCNA2. Immune infiltration and single-cell sequencing 
were also explored.

Results  Analysis of GSE18842, GSE101929, and GSE116959 datasets identified 321 upregulated and 623 
downregulated genes in NSCLC. CCNA2 was confirmed to be highly expressed in NSCLC through qRT-PCR and IHC, 
with overexpression correlating with advanced pathological stages and lymph node metastasis. The area under the 
curve (AUC) of CCNA2 indicating high diagnostic accuracy. Immune infiltration and single-cell sequencing revealed 
that CCNA2 expression was significantly associated with immune cell infiltration, particularly in Tprolif cells.

Conclusion  CCNA2 is upregulated in NSCLC and shows significant correlation with clinicopathological 
characteristics. Our findings suggest that CCNA2 may serve as a promising biomarker for both the prognosis and 
diagnosis of NSCLC.

Keywords  Cyclin-A2 (CCNA2), Non-small cell lung cancer (NSCLC), Prognosis, Diagnosis, Immune infiltration, 
Bioinformatics analysis
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Introduction
According to the recent global cancer statistics 2022, lung 
cancer accounted for nearly 2.5 million of the new cancer 
cases diagnosed, marking it as the most common type of 
cancer. Additionally, it was the foremost cause of cancer-
related mortality, with approximately 1.8 million deaths, 
which equates to 18.7% of all cancer fatalities [1]. Lung 
cancer, categorized into various histopathological types, 
is predominantly segmented into non-small cell lung car-
cinoma (NSCLC) and small cell lung carcinoma (SCLC), 
with NSCLC being the predominant form. Presently, the 
therapeutic arsenal for lung cancer encompasses surgery, 
chemotherapy, targeted therapy, and immunotherapy, 
all of which have collectively contributed to a notable 
enhancement in patient survival rates [2]. Nonetheless, 
the majority of patients diagnosed at an advanced stage 
still face a disappointingly low overall survival (OS) rate. 
Consequently, there is an imperative need to delve into 
the etiology and pathogenesis of lung cancer to uncover 
novel and potential biomarkers that could serve as indi-
cators for prognosis and diagnosis.

Cyclin-A2 (CCNA2), a member of the evolutionarily 
conserved Cyclin family, is predominantly nuclear-local-
ized and serves as a pivotal regulator of cell cycle pro-
gression, playing a crucial role in DNA replication and 
cell mitosis [3]. CCNA2 has been shown to stimulate the 
proliferation of specific cell types, including cardiomyo-
cytes and cochlear progenitor cells [4, 5]. Furthermore, 
it is implicated in the regulation of the epithelial-mes-
enchymal transition (EMT) through its interaction with 
the b-catenin and phospholipase C pathways [6]. The 
long non-coding RNA AFAP1-AS1 has been recognized 
to suppress cell proliferation in oral squamous cell car-
cinoma by targeting CCNA2 [7]. In the context of triple-
negative breast cancer, CCNA2 is notably overexpressed, 
and its elevated levels are associated with enhanced 
cancer cell proliferation, invasion, and metastasis [8]. 
Nucleolar and spindle-associated protein 1 (NUSAP1), 
a critical mitotic regulator, is also influenced by CCNA2, 
where its inhibition can attenuate NUSAP1-induced pro-
liferation and cell cycle progression in osteosarcoma cells 
[9]. Recent research findings indicate that CCNA2 serves 
as a molecular target for predicting the prognosis of 
adenoid cystic carcinoma [10]. In addition, miR-219-5p 
inhibits cell proliferation and cell cycle progression 
in esophageal squamous cell carcinoma by targeting 
CCNA2 [11].

In the present study, the GEO datasets were utilized 
to screen the differentially expressed genes (DEGs) 
and the hub genes were identified alongside. While a 
wealth of evidence implicates CCNA2 in the pathogen-
esis of diverse cancer types, there exists a notable scar-
city of research specifically addressing its role within 
NSCLC. Thus, we selected CCNA2 after undertaking 

an exhaustive analysis and leveraging data from mul-
tiple databases to delineate CCNA2 expression profiles 
and to ascertain its prognostic significance in NSCLC. 
This research aims to delineate the expression patterns 
of CCNA2 in NSCLC and to evaluate its clinical signifi-
cance, thereby exploring the potential of CCNA2 as a 
novel diagnostic and prognostic biomarker for NSCLC.

Materials and methods
Data download
Gene Expression Omnibus (GEO) is a gene expression 
database created and maintained by the National Cen-
ter for Biotechnology Information (NCBI). We down-
loaded 3 datasets from GEO: GSE18842, GSE101929 and 
GSE116959 (Selection criteria: NSCLC tissue, Sample 
size > 50) [12]. The 3 datasets consist of 46, 31, 57 tumor 
samples and 45, 34, 11 adjacent normal lung tissues, 
respectively. A total of 224 samples including 134 tumor 
samples and 90 adjacent normal lung tissues were ana-
lyzed in this study.

Identification of differentially expressed genes (DEGs)
GEO2R analysis was used in GEO database to divide the 
samples into normal samples and tumor samples. The 
gene expression information was obtained, and the genes 
were screened to get the differentially expressed genes 
with Adjusted P-values (Adj.p) < 0.05 and log2-fold-
change |FC| > 1 were used as thresholds.

GO and KEGG enrichment analysis
The DAVID website (https://david.ncifcrf.gov/) is a health 
information database with systematic biological function 
annotation information for a large number of genes and 
proteins [13, 14]. The up-regulated and down-regulated 
DEGs were analyzed by gene ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) using the 
DAVID database to explore the possible biological pro-
cess (BP), cellular component (CC), molecular function 
(MF), and pathways involved. The Bioinformatics ​(​​​h​t​​t​p​:​​/​
/​w​w​​w​.​​b​i​o​i​n​f​o​r​m​a​t​i​c​s​.​c​o​m​.​c​n​/​​​​​​)​ was used to visualize the 
enrichment analyses.

Construction of PPI and hub gene screening
The STRING database (https://cn.string-db.org/) is a 
database for searching known and predicted protein-
protein interaction (PPI) [15]. The PPI network of DEGs 
were constructed and hub genes screened from the 
STRING (Version 11.5) database, with results visual-
ized by Cytoscape (V 3.9.1) via CytoHubba and MCODE 
plugins to identify the most important modules in the 
PPI network [16].

https://david.ncifcrf.gov/
http://www.bioinformatics.com.cn/
http://www.bioinformatics.com.cn/
https://cn.string-db.org/
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Hub gene expression and survival analysis
Gene Expression Profiling Interactive Analysis (GEPIA) 
(http://gepia.cancer-pku.cn/) is a public database with 
RNA-seq expression data of 9736 tumor samples and 
8587 normal samples from TCGA and GTEx projects 
[17]. GEPIA database was used to analyze the expression 
of the above genes in lung adenocarcinoma (LUAD) and 
lung squamous cell carcinoma (LUSC).

The Kaplan-Meier plotter ​(​​​h​t​t​p​:​/​/​k​m​p​l​o​t​.​c​o​m​/​a​n​a​l​y​
s​i​s​/​​​​​​)​ integrates microarray data from GEO and TCGA 
to provide prognostic information for various cancers 
including lung cancer [18]. We used this database to per-
form survival analysis of the selected hub genes.

Expression of CCNA2 in pan-cancer and NSCLC
We downloaded the RNAseq data in FPKM format from 
the ALL (pan-cancer), LUAD and LUSC project in TCGA 
(https:/​/portal​.gdc.ca​ncer​.gov/) and used log2-transform 
the data. The R package ggplot2 was applied to analyze 
and visualize the expression of CCNA2 in different can-
cer types.

CCNA2 expression in lung cancer of human protein atlas
The human protein atlas (HPA) (www.proteinatlas.org) 
is an open database, with transcriptomic and proteomic 
techniques to study protein expression from mRNA 
and protein levels in different human tissues and organs 
[19]. By searching the HPA database, the expression of 
CCNA2 and its antibody CAB000114 in lung cancer and 
normal tissues were analyzed.

Association of CCNA2 expression with clinicopathological 
features
The University of ALabama at Birmingham CANcer data 
analysis Portal (UALCAN) database ​(​​​h​t​​t​p​s​​:​/​/​u​​a​l​​c​a​n​.​p​a​t​h​
.​u​a​b​.​e​d​u​/​i​n​d​e​x​.​h​t​m​l​​​​​) is a comprehensive, user-friendly, 
and interactive web resource for analyzing cancer 
OMICS data, enabling users to identify biomarkers and 
assess gene expression with various clinicopathological 
features [20, 21]. Utilizing UALCAN website, we aimed 
to assess the correlation between CCNA2 expression and 
its relationship with staging, lymph node metastasis, and 
TP53 mutation in patients with NSCLC.

ROC curve and prognosis analysis
To draw the receiver operating characteristic (ROC) 
curve, we used the R package pROC to analyze the RNA-
seq data in FPKM format from the LUAD and LUSC 
projects in TCGA database. The ggplot2 package was 
used for visualization. Then Kaplan-Meier plotter was 
used to perform survival analyses of CCNA2 in LUAD 
and LUSC patients, respectively. Univariate and multi-
variate Cox regression analyses were conducted to iden-
tify independent prognostic risk factors, followed by the 

construction of a nomogram and the development of a 
calibration curve.

Human lung cancer specimen collection
We collected lung cancer and corresponding para-
cancerous tissue samples from 27 lung cancer patients 
who underwent surgery at our institution. None of the 
patients had received preoperative treatment. Informed 
consent was obtained from all participants prior to the 
study. The Ethics Committee of the Affiliated Hospital 
of Jining Medical University evaluated and approved this 
work (Approval number 2021-11-C009).

RNA extraction and qRT-PCR analysis
Samples from 27 cases of lung cancer and para-cancerous 
tissues were obtained from our hospital. TRIzol reagent 
was used to extract total cellular RNA (Invitrogen, USA). 
A commercial cDNA synthesis Kit (SuperScript First-
Strand Synthesis System, Thermo Fisher Scientific) was 
utilized to generate cDNAs through reverse transcrip-
tion. The SYBR Green Assay Kit was used to detect the 
presence of mRNA (TAKARA, Japan). Using the Biosys-
tems ViiA7 Sequence Detection System, the qRT-PCR 
procedure was carried out at least 3 times. Relevant 
primer synthesis are as follows:

CCNA2 forward primer: 5’-​C​G​C​T​G​G​C​G​G​T​A​C​T​G​A​A​
G​T​C-3’,

CCNA2 reverse primer:5’-​G​A​G​G​A​A​C​G​G​T​G​A​C​A​T​G​
C​T​C​A​T-3’;

GAPDH forward primer:5’-​C​C​A​G​C​A​A​G​A​G​C​A​C​A​A​G​
A​G​G​A​A-3’.

GAPDH reverse primer:5’-​A​T​G​G​T​A​C​A​T​G​A​C​A​A​G​G​T​
G​C​G​G-3’.

Cell culture and siRNA transfection
The human lung cancer cell line A549 [A-549] (CL-0016) 
was kindly provided by Wuhan Pricella Biotechnology 
Co., Ltd, authenticated using short tandem repeat (STR) 
profiling and free of mycoplasma contamination as con-
firmed by PCR. The cells were cultured in a 37oC CO2 
incubator with RPMI-1640 medium supplemented with 
10% fetal bovine serum. The cells were seeded in a six-
well plate, and siRNA complexed with Lipofectamine 
3000 was added for transfection. The CCNA2 siRNA 
sequences are as follows:

Hsa-CCNA2-Si-1: sense: 5’-​C​C​T​C​T​T​G​A​T​T​A​T​C​C​A​A​T​
G​G​A​T-3’;

antisense: 5’- ​A​T​C​C​A​T​T​G​G​A​T​A​A​T​C​A​A​G​A​G​G-3’.
Hsa-CCNA2-Si-2: sense: 5’-​T​C​C​T​A​A​G​C​A​A​C​T​G​G​A​T​

C​A​A​T​T-3’;
antisense: 5’-​A​A​T​T​G​A​T​C​C​A​G​T​T​G​C​T​T​A​G​G​A-3’.

http://gepia.cancer-pku.cn/
http://kmplot.com/analysis/
http://kmplot.com/analysis/
https://portal.gdc.cancer.gov/
http://www.proteinatlas.org
https://ualcan.path.uab.edu/index.html
https://ualcan.path.uab.edu/index.html
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Cell proliferation assay by cell counting kit-8 (CCK-8)
1 × 103 cells were seeded into a 96-well plate, and 10 µL 
of CCK-8 solution was added at 0, 24, 48, and 72 h, fol-
lowed by a 2-hour incubation at 37  °C. The absorbance 
at 450 nm was analyzed with standard microplate readers 
(BioTek, Winsky, Vermont, USA).

Scratch wound healing assay
5 × 105 cells were seeded into a six-well plate. The cells 
were then scratched using a 10 µL pipette tip, followed by 
washing with PBS. Subsequently, serum-free RPMI-1640 
medium was added to continue the culture. Images were 
captured under a microscope at 0 and 24 h, with analysis 
performed using ImageJ software.

Transwell assay
Seed 3 × 105 cells and culture them in a six-well plate. 
Add 600 µL medium to the lower chamber and 100 µL 
serum-free RPMI 1640 medium to the upper chamber. 
Incubate at 37 °C for 24, 36, and 48 h. Invert the chamber 
on absorbent paper to remove the medium, followed by 
rinsing with PBS. Fix the chamber with 4% paraformal-
dehyde for 20 min and stain with crystal violet (0.1%) for 
15 min. Use a cotton swab to remove non-migrated cells 
from the chamber. Finally, images were captured under a 
microscope, and processed by ImageJ software.

Detection of apoptosis by flow cytometry
3 × 105 cells were cultured in a six-well plate. The CCNA2 
siRNAs were utilized for cell transfection. Annexin V+ 
apoptotic cells were detected 48  h afterwards with flow 
cytometry.

Relationship between CCNA2 expression and immune 
infiltration in NSCLC
The MCP-counter and ssGSEA algorithm in the R pack-
age GSVA were used to analyze the infiltration enrich-
ment of 24 immune cells, including aDC (activated DC); 
B cells; CD8 T cells; Cytotoxic cells; DC; Eosinophils; iDC 
(immature DC); Macrophages; Mast cells; Neutrophils; 
NK CD56 bright cells; NK CD56 dim cells; NK cells; pDC 
(plasmacytoid DC); T cells; T helper cells; Tcm (T cen-
tral memory); Tem (T effector memory); Tfh (T follicular 
helper); Tgd (T gamma delta); Th1 cells; Th17 cells; Th2 
cells and Treg. The association between CCNA2 expres-
sion and immune cell infiltration was assessed by Spear-
man analysis.

The single cell sequencing analysis of CCNA2 in NSCLC
CancerSEA (http://​biocc.h​rbmu.ed​u.cn​/CancerSEA/) 
was utilized to investigate the association between 
CCNA2 and 14 distinct functional states within a com-
prehensive dataset of 41,900 single cancer cells, repre-
senting 25 different types of cancer [22].

Tumor Immune Single-cell Hub 2 (TISCH2) ​(​​​h​t​​t​p​:​​/​/​t​i​​s​c​​
h​.​c​o​m​p​-​g​e​n​o​m​i​c​s​.​o​r​g​​​​​) is a scRNA-seq database focusing 
on tumor microenvironment (TME) [23]. TISCH2 offers 
comprehensive, single-cell level annotations, facilitating 
the in-depth exploration of the TME across a spectrum 
of cancer types. It encompasses an extensive dataset of 
6,297,320 cells derived from 190 distinct studies. Utiliz-
ing TISCH2, a detailed single-cell resolution analysis of 
CCNA2 in NSCLC was conducted.

Statistical analysis
All the statistical data were analyzed by SPSS (Version 
22.0) software. The data are expressed as mean ± standard 
deviation (SD). Subgroup differences between paired 
tissues were compared using a two-tailed paired t-test. 
One-way ANOVA was utilized to compare the means 
across three groups of cell experiment data. *P < 0.05 is 
considered to be statistically significant.

Results
Identification and analysis of hub genes from the DEGs 
across 3 GEO datasets
A total of 4508 DEGs in GSE18842, GSE101929 and 
GSE116959 were obtained after screening (Fig.  1A-C). 
321 up-regulated DEGs and 623 down-regulated ones 
were identified following the intersection of 3 GEO data-
sets (Fig.  1D-E). GO analysis showed that these DEGs 
were mainly located in the spindle, mitotic spindle, sar-
colemma, with biological functions in nuclear division, 
mitotic nuclear division, and chromosome segregation 
(Supplementary Fig.  S1A-B). The molecular functions 
involved actin binding, glycosaminoglycan binding, and 
sulfur compound binding (Supplementary Fig.  S1C). 
KEGG enrichment analysis showed cell cycle, oocyte 
meiosis, p53 signaling pathway, Tyrosine metabolism and 
phenylalanine metabolism (Supplementary Fig.  S1D). 
The PPI network was constructed and the top 10 hub 
genes were identified that represent the most significant 
modules within the network: TTK, BUB1B, CCNA2, 
UBE2C, AURKB, MELK, CCNB2, KIF2C, CDCA8, and 
NUSAP1 (Fig. 1F).

The mRNA expression of the 10 hub genes in LUAD and 
LUSC
GEPIA database was explored to validate the differential 
expression levels of the 10 hub genes between lung can-
cer tissues and their normal counterparts. Compared to 
the normal tissues, all the 10 hub genes were expressed 
significantly high in LUAD and LUSC (Supplementary 
Fig. 2).

http://biocc.hrbmu.edu.cn/CancerSEA/
http://tisch.comp-genomics.org
http://tisch.comp-genomics.org


Page 5 of 16Zhang et al. BMC Pulmonary Medicine           (2025) 25:14 

The prognostic significance of the 10 hub genes in lung 
cancer patients
Kaplan-Meier plotter was used to evaluate the prog-
nostic value of the above 10 hub genes. The survival 
curves showed that the 10 hub genes including TTK 
(P = 1.0e − 16, HR = 1.77), BUB1B (P = 2.1e − 16, HR = 1.7), 
CCNA2 (P = 1.0e − 16, HR = 1.76), UBE2C (P = 1.0e − 16, 
HR = 1.76), AURKB (P = 1.0e − 16, HR = 1.84), MELK 
(P = 4.4e − 13, HR = 1.6), CCNB2 (P = 4.4e − 13, HR = 1.99), 
KIF2C (P = 1.0e − 16, HR = 1.78), CDCA8 (P = 9.0e − 16, 
HR = 1.68), and NUSAP1 (P = 2.0e − 16, HR = 1.7) were all 
significantly negatively correlated with the prognosis of 
lung cancer patients (Supplementary Fig. 3). The median 
survival time for the group with lower expression lev-
els was markedly extended compared to the group with 
higher expression levels. Thus, an elevated expression of 
these hub genes was associated with a worse prognosis.

The expression of CCNA2 in pan-cancer and NSCLC tissues
To explore the relationship between CCNA2 and can-
cers, we first analyzed the expression of paired tumor 
and non-tumor tissues in pan-cancer of TCGA. Com-
pared to normal tissues, CCNA2 was significantly highly 
expressed in bladder urothelial carcinoma (BLCA), 
breast invasive carcinoma (BRCA), cholangiocarcinoma 
(CHOL), colon adenocarcinoma (COAD), esophageal 
carcinoma (ESCA), head and neck squamous cell car-
cinoma (HNSC), kidney chromophobe (KICH), kidney 
renal clear cell carcinoma (KIRC), kidney renal papillary 
cell carcinoma (KIRP), liver hepatocellular carcinoma 
(LIHC), prostate adenocarcinoma (PRAD), stomach ade-
nocarcinoma (STAD), and uterine corpus endometrial 
carcinoma (UCEC) (Fig.  2A). Of note, CCNA2 mRNA 
was substantially expressed in LUAD and LUSC tissues 
(Fig. 2B-C). Consistently, the protein level of CCNA2 was 
at moderate to high levels in 5 NSCLC tissues, includ-
ing 1 LUAD with strong staining (Fig. 2D), 1 LUAD with 
moderate staining (Fig. 2E), 1 LUSC with strong staining 

Fig. 1  Identification and analysis of hub genes from the DEGs across 3 GEO datasets. The volcano diagrams illustrating all up-regulated and down-
regulated DEGs of GSE18842 (A), GSE101929 (B), and GSE116959 (C). Red represented upregulated genes, blue represented downregulated genes, and 
grey represented no change. Venn diagram comparing all up-regulated (D) and down-regulated (E) DEGs of 3 GEO datasets. (F) The ten hub genes were 
identified from PPI network
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Fig. 2  The expression of CCNA2 in pan-cancer and NSCLC tissues. (A) The mRNA expression of CCNA2 in paired pan-cancer tissues in TCGA. The mRNA 
expression of CCNA2 in paired LUAD (B) and LUSC (C) tissues and normal tissues of TCGA. (D)-(I): The protein level of CCNA2 in NSCLC from HPA database. 
(D) 73 years old, male, LUAD, strong staining. (E) 57 years old, female, LUAD, moderate staining. (F) 82 years old, male, LUSC, strong staining. (G) 69 years 
old, male, LUSC, medium staining. (H) 64 years old, male, LUSC, medium staining. (I) 43 years old, female, normal. ns, not significant; * P < 0.05; ** P < 0.01; 
*** P < 0.001
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and 2 with moderate staining (Fig. 2F-H), while no obvi-
ous staining in normal lung tissue (Fig. 2I) based on HPA. 
Hence, the obviously elevated mRNA and protein expres-
sion of CCNA2 was found in NSCLC.

CCNA2 correlated with clinicopathological features in 
NSCLC
UALCAN was utilized to explore the relationship 
between CCNA2 and different clinicopathological 
characteristics in NSCLC patients, which were fur-
ther divided into LUAD and LUSC patients. No matter 
whether in LUAD and LUSC, the CCNA2 expression 
level was substantially linked with advanced clinical 
stage, lymph node metastasis and TP53-mutant (Fig. 3A-
F). Thus, it is anticipated that CCNA2 might be involved 
in the progression and metastasis of NSCLC.

The diagnostic and prognostic values of CCNA2 in NSCLC 
patients
Receiver Operating Characteristic (ROC) curves were 
generated to assess the diagnostic efficacy of CCNA2 in 
NSCLC. And the area under the curve (AUC) of CCNA2 
in LUAD and LUSC was 0.970 (95% CI: 0.954–0.986) and 
0.996 (95% CI: 0.993-1.000), respectively, which demon-
strated considerably high accuracy of CCNA2 in NSCLC 
(Fig. 4A-B).

Kaplan-Meier plotter analysis was carried out to 
explore the value of CCNA2 in the prognosis of NSCLC. 
In patients with LUAD, the expression levels of CCNA2 
were significantly inversely correlated with patient prog-
nosis. Specifically, the median survival time for patients 
in the low-expression group of CCNA2 was substantially 
longer compared to those in the high-expression group 
(Fig.  4C). Conversely, in LUSC patients, elevated levels 
of CCNA2 were associated with a prolonged survival 
time (Fig.  4D). In LUAD, the univariant Cox regression 
analysis showed that CCNA2 expression, smoking and 
TNM stage were significantly correlated with OS. The 
multivariate Cox analysis confirmed that CCNA2 expres-
sion and TNM stage were independent indicators of 
unfavorable OS (Fig.  4E). Afterwards, a nomogram was 
created to predict the 1-year, 3-year, and 5-year survival 
of LUAD patients, with the calibration curve to validate 
the accuracy of the nomogram (Fig.  4F-G). Calibration 
curves compare the predicted survival probabilities with 
the actual observed survival rates at specific time points, 
such as 3 and 5 years. The closer the calibration curve 
aligns with the ideal line (where the predicted probabili-
ties equal the actual probabilities), the better the model’s 
predictive accuracy. In LUSC, the univariant and multi-
variate Cox regression analysis indicated Pathological 
T/M stage and age were independent prognostic risk 
factor (Supplementary Table 1). Thus, CCNA2 could be 
served as an independent prognostic risk factor in LUAD.

The oncogenic function of CCNA2 in LUAD cells
To validate the expression of CCNA2 in lung cancer cells, 
qRT-PCR was conducted in 27 cases of paired lung can-
cer and para-cancerous tissues. The results showed that 
CCNA2 was significantly highly expressed in NSCLC 
tissues (Fig.  5A). Afterwards, cell function assays were 
performed to explore the fundamental biological roles 
of CCNA2 in lung cancer cells. SiRNA was transfected 
in A549 cells to knockdown the expression of CCNA2, 
and qRT-PCR was employed to confirm the knockdown 
efficiency (Fig.  5B). Cell proliferation assay by CCK-8 
indicated that CCNA2 knockdown could inhibit A549 
cell proliferation (Fig.  5C). The scratch wound healing 
experiment demonstrated that cell migration ability was 
decreased upon CCNA2 silencing in A549 cells (Fig. 5D). 
Transwell assay revealed that knockdown of CCNA2 
expression could suppress the invasive capability of A549 
cells (Fig.  5E). In addition, the flow cytometry analy-
sis showed obviously increased Annexin V+ cells after 
CCNA2 silencing in A549 cells (Fig.  5F). Thus, knock-
down of CCNA2 expression could impair cell prolifera-
tion, migration, and invasion, but increase apoptosis in 
lung cancer cells.

The relationship between CCNA2 expression and immune 
infiltration in NSCLC
MCP-counter was used to explore the immune cell infil-
tration of NSCLC. Based on CCNA2 mRNA median 
expression, TCGA samples were split into two groups 
with high and low CCNA2 expression. MCP-counter 
findings revealed that neutrophil, endothelial cell, T cell 
CD8+, NK cell, B cell, myeloid dendritic cell, monocyte 
and macrophage/monocyte are the substantially dis-
tinct immune cell types invaded between CCNA2 high 
and low expression groups in LUAD (Fig. 6A). Addition-
ally, endothelial cell, myeloid dendritic cell, T cell, and B 
cell are the obviously different immune cells infiltrated 
between CCNA2 high and low expression groups in 
LUSC (Fig. 6B).

The ssGSEA algorithm and Spearman analysis was per-
formed to study the association between CCNA2 and 24 
types of immune cell infiltration. The results showed that 
Th2 cells, T gamma delta, and NK CD56 dim cells were 
all positively correlated with the expression of CCNA2, 
whereas mast cells, Th17 cells, eosinophils, TFH and iDC 
were negatively correlated in LUAD (Fig. 6C). In LUSC, 
Th2 cells, T gamma delta, T helper cells were all posi-
tively associated with CCNA2 expression, while pDC, 
DC, mast cells and NK CD56 bright cells were negatively 
correlated with CCNA2 expression (Fig. 6D).

The correlation of CCNA2 and the major eight 
immune checkpoint genes (ICGs) were also investigated. 
In LUAD, the expression of CCNA2 showed significantly 
positive relation to CD274 (R = 0.291, P < 0.001), HAVCR2 
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(R = 0.188, P < 0.001), LAG3 (R = 0.240, P < 0.001), PDCD1 
(R = 0.176, P < 0.001), PDCD1LG2 (R = 0.290, P = 0.007) 
and SIGLEC15 (R = 0.178, P < 0.001) (Fig.  6E). In LUSC, 
the expression of CCNA2 indicated positive relation to 
CD274 (R = 0.155, P < 0.001) and PDCD1LG2 (R = 0.120, 

P = 0.007) (Fig.  6F). Thus, in the tumor environment of 
NSCLC, CCNA2 is postulated to exert significant influ-
ence on the behavior and function of immune cells, 
which needs further investigation.

Fig. 3  CCNA2 correlated with clinicopathological features in NSCLC. Relationship between CCNA2 expression and clinical stage of LUAD (A) and LUSC 
(B). Relationship between CCNA2 expression and lymph node metastasis of LUAD (C) and LUSC (D). Relationship between expression of CCNA2 and TP53 
mutant of LUAD (E) and LUSC (F). * P < 0.05; ** P < 0.01; *** P < 0.001
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Fig. 4  The diagnostic and prognostic value of CCNA2 in NSCLC patients. The ROC curves of CCNA2 for the diagnosis of LUAD (A) and LUSC (B). The OS 
curves of CCNA2 in prognosis of LUAD (C) and LUSC (D). (E) The univariate and multivariate Cox regression analysis of CCNA2 in LUAD. (F) Nomogram of 
CCNA2, smoker, TNM, and age in LUAD to predict the 1-year, 3-year, and 5-year survival. (G) Calibration curve to validate the accuracy of the nomogram
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CCNA2 expression at single-cell level in NSCLC
Single-cell sequencing is a technology for sequencing 
and studying the genome, transcriptome, and epigenome 
at the single cell level. We compared and analyzed the 

single-cell sequencing of CCNA2 in NSCLC by Can-
cerSEA (Fig.  7A). In LUAD, CCNA2 expression was 
positively correlated with proliferation, cell cycle, DNA 
damage, invasion, EMT, DNA repair and metastasis 

Fig. 5  The oncogenic function of CCNA2 in LUAD cells. (A) 27 paired NSCLC and normal tissue was detected by qRT-PCR. (B) CCNA2 was knocked down 
in A549 cells via siRNA transfection. (C) CCNA2 knockdown inhibited A549 cell proliferation by CCK-8 assay. (D) CCNA2 silencing decreased A549 cell 
migration ability. (E) CCNA2 knockdown impaired A549 cell invasion. (F) CCNA2 silencing increased A549 cell apoptosis demonstrated by flow cytometry 
analysis. * P < 0.05; ** P < 0.01; *** P < 0.001
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Fig. 6  The relationship between CCNA2 expression and immune infiltration in NSCLC. MCP-counter revealing the association between CCNA2 expres-
sion and immune cells infiltration in LUAD (A) and LUSC (B). Lollipop diagram displaying the correlation between CCNA2 expression and 24 immune cells 
infiltration in LUAD (C) and LUSC (D). Box plot comparing the eight ICGs expression between CCNA2high and CCNA2low groups in LUAD (E) and LUSC (F). 
ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001
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Fig. 7  CCNA2 expression at single-cell level in NSCLC. (A) The relationship between CCNA2 expression and different functional states in tumors was 
explored by CancerSEA. (B) Correlation analysis between functional status and CCNA2 expression in LUAD. (C) CCNA2 expression profiles at single-cell 
resolution of NSCLC from TISCH2. (D) The representative single-cell sequencing diagram illustrating CCNA2 predominantly expressed in Tprolif cells in 
NSCLC_GSE99254 dataset. *P < 0.05, **P < 0.01, and ***P < 0.001

 



Page 13 of 16Zhang et al. BMC Pulmonary Medicine           (2025) 25:14 

(Fig.  7B). More precise single-cell sequencing results 
indicated that CCNA2 was mainly expressed highly 
in Tprolif cells in NSCLC_GSE139555, GSE148071, 
GSE151537, GSE153935, GSE162498, GSE176021_aPD1 
and GSE99254 from TISCH 2 (Fig.  7C). Of note, in 
NSCLC_GSE99254, high expression level of CCNA2 
was found predominantly occur in Tprolif cells, suggest-
ing a potential role for CCNA2 in the TME in NSCLC 
(Fig. 7D-E).

Discussion
Lung cancer is among the most detrimental malignant 
neoplasms to human health and longevity, with NSCLC 
comprising the majority of its pathological subtypes. 
Despite considerable progress in the diagnostic and ther-
apeutic approaches for NSCLC, the five-year survival 
rate continues to be dishearteningly low. Therefore, it is 
imperative to delve into the pathophysiology of NSCLC 
and to pinpoint novel therapeutic targets. Our study’s 
findings indicate that CCNA2 may serve as a promising 
biomarker for the diagnosis, prognosis, and possibly the 
immunological treatment of NSCLC.

Through screening of the GEO database, we iden-
tified 10 hub genes (TTK, BUB1B, CCNA2, UBE2C, 
AURKB, MELK, CCNB2, KIF2C, CDCA8, NUSAP1) 
are potentially pivotal to the prognosis of NSCLC. Cur-
rent research indicates that these core genes could serve 
as either oncogenes or promising biomarkers for tumori-
genesis. According to research by Yang et al., TTK can 
be employed as a prognostic biomarker of endometrial 
cancer [24]. Prostate cancer progression and cell prolif-
eration can be impeded by TTK down-regulation [25]. It 
has been reported that BUB1B is a type of spindle assem-
bly checkpoint gene essential for the occurrence and 
growth of breast cancer cells [26]. BUB1B can acceler-
ate the development of extrahepatic cholangiocarcinoma 
and hepatocellular carcinoma by activating the mTORC1 
signaling pathway [27]. Liu et al. discovered that UBE2C 
was substantially expressed in endometrial cancer tis-
sues. Up-regulation of UBE2C was linked to an advanced 
FIGO (International federation of gynecology and obstet-
rics) stage, recurrence, and worse OS. Endometrial can-
cer cell proliferation, migration, invasion, and EMT were 
all reduced by UBE2C knockdown [28]. A promising bio-
marker for the prognosis of patients with clear cell renal 
cell carcinoma (ccRCC) can be used since high expres-
sion of AURKB indicates an adverse prognosis in ccRCC 
patients [29]. MELK, a kinase implicated in oncogenesis, 
is associated with tumor mitosis and has been shown 
to accelerate the progression of endometrial cancer by 
activating the mTOR signaling pathway [30]. Tian et al. 
reported that BUB1B can control the transcription of 
MELK and accelerate the evolution of prostate cancer 
[31]. CCNB2 is a biomarker for an adverse prognosis in 

NSCLC patients. The proliferation, invasion and metas-
tasis of NSCLC can be impacted through the regulation 
of CCNB2 by miR-335-5p [32]. Shi et al. reported that 
KIF2C is overexpressed in hepatocellular carcinoma, 
whose up-regulation is associated with unfavorable prog-
nosis. KIF2C can mediate Wnt/b-catenin and mTORC1 
signaling to accelerate disease progression [33]. In blad-
der cancer, CDCA8 is substantially expressed and associ-
ated with unfavorable clinicopathological characteristics 
of bladder cancer patients. Bladder cancer cells can be 
made more susceptible to apoptosis by CDCA8 knock-
down [34, 35]. NUSAP1, often referred to as nucleolar 
and spindle-associated protein 1, controls the growth, 
metastasis and treatment resistance of tumor cells. 
Research shows that myocyte enhancer 2D (MEF2D) 
directly targets the NUSAP1 promoter and speeds up the 
development of NSCLC by triggering Wnt/b-catenin sig-
nal transduction [36]. Therefore, the current scientific lit-
erature suggests that these pivotal genes may function as 
oncogenes and also hold potential as biomarkers for the 
genesis and prognosis of tumors.

Previous investigations have established an association 
between CCNA2 and a spectrum of cancers, including 
its involvement in the pathogenesis of esophageal cancer, 
oral squamous cell carcinoma, and osteosarcoma. In the 
present study, it has been found that CCNA2 is overex-
pressed in NSCLC tissues and substantially associated 
with advanced tumor stage and lymph node metastasis. 
Our findings revealed that the expression of CCNA2 
mRNA was most pronounced in Stage II and N4 catego-
ries, suggesting that CCNA2 may hold greater accuracy 
and utility in the diagnosis of intermediate and advanced 
stages of NSCLC. Notably, among the top CCNA2-inter-
acted proteins from STRING (data not shown), CDC6 
has been identified as a prognostic marker for ccRCC and 
hepatocellular carcinoma [37, 38]. CDK2 is associated 
with the cell division cycle [39]. E2F1 has been associated 
with cancer cell invasion, metastasis, and poor prognosis 
[40]. Thus, it is evident that CCNA2 exerts its influence 
not only in the context of lung cancer but also across var-
ious cellular processes.

In recent years, a growing body of research has identi-
fied aberrant cell cycle progression as one of the funda-
mental processes underlying cancer development. The 
present enrichment analysis has indicated that CCNA2 
may contribute to the pathogenesis of NSCLC through 
its involvement in the cellular carcinogenesis and cell 
cycle. CCNA2 is mostly located in the nucleus as a criti-
cal cell cycle-regulating molecule. Chen et al. discovered 
that Yin Yang-1 (YY1) directly regulates Roundabout 1 
(Robo1) via the CCNA2/CDK2 axis, thereby prevent-
ing the occurrence and progression of pancreatic can-
cer (PC) [41]. Guo et al. discovered that miR-508-3p 
reduces CCNA2 proliferation by specifically targeting 
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the 3-untranslated region (UTR) of ovarian cancer [42]. 
Our study aligns with previous research indicating that 
CCNA2 is significantly overexpressed in LUAD and is 
associated with smoking. This overexpression is linked 
to the promotion of tumorigenesis by boosting AT2/
AT2-like cell differentiation, as suggested by single-cell 
sequencing analyses [43]. Literature has reported that 
Tanshinone IIA inhibits the progression of LUAD by 
regulating the CCNA2-CDK2 complex and the AURKA/
PLK1 pathway [44]. Studies have shown that CCNA2 
promotes EMT in NSCLC, which is a key process in 
cancer metastasis. This finding is significant as it links 
CCNA2 to the aggressive behavior of lung cancer cells 
[45]. CCNA2 has been identified as a hub gene in vari-
ous cancer types, including LUAD, LUSC, and others, 
indicating its essential role across multiple malignancies. 
This pan-cancer evidence for CCNA2 highlights its broad 
significance in oncology [46]. In addition, the elevated 
expression of CCNA2 is associated with a poor progno-
sis of NSCLC, which is consistent with our findings [47]. 
CCNA2 is highly expressed in tumor tissues and posi-
tively regulates tumor-killing immune cells within the 
tumor microenvironment, which helps to activate CD8+ 
T cells, enabling them to exert their cytotoxic effects 
on cancer cells, thereby extending the survival time of 
patients with colon cancer [48]. CCNA2 can modulate 
the function of macrophages, with higher expression 
levels of M2-type macrophages in tumors that highly 
express CCNA2 [49].

The TME is the environment in which the tumor, inva-
sive immune cells, and stromal cells thrive. Numerous 
studies have demonstrated the importance of immuno-
cyte infiltration in both the development of tumors and 
immunotherapy. Thus, it is crucial to conduct deeper 
investigation into the connection between CCNA2 and 
tumor-associated immune cell infiltration. In addition, 
the Tprolif cells are highly proliferative cells and play an 
important role in the immune system. They are a kind of 
lymphocytes with immunomodulatory function, which 
can release a variety of immune regulatory factors, reg-
ulate the immune response of the body and participate 
in the maintenance of immune balance. The results of 
single cell sequencing analysis showed that CCNA2 was 
mainly enriched in Tprolif cells in NSCLC. Additionally, 
there is a positive correlation between the expression 
of CCNA2 and common immunological checkpoints in 
most tumors, indicating that CCNA2 may be a potential 
target for tumor immunotherapy.

To sum up, our study supports CCNA2 as a poten-
tial new biomarker for the diagnosis and prognosis of 
NSCLC. Nevertheless, despite the aforementioned find-
ings, our research has certain limitations. Future studies 
should include more in vivo and in vitro experiments for 
a detailed analysis. The NSCLC sample size in this study 

is modest, and the collection period was relatively brief, 
which constrains the scope of our findings. To better 
evaluate the prognostic significance of CCNA2, a more 
extended timeframe is necessary. In subsequent research, 
we aim to expand our sample size and incorporate more 
comprehensive clinical data to bolster the persuasiveness 
of our experimental results. However, our findings have 
been corroborated by additional studies and verifica-
tion efforts, potentially providing a novel perspective for 
NSCLC research.

Conclusion
In summary, our research has demonstrated that CCNA2 
is significantly upregulated in NSCLC and exhibits a 
notable correlation with the clinicopathological charac-
teristics of NSCLC patients. This finding suggests that 
CCNA2 has the potential to serve as a reliable biomarker, 
with implications for both the diagnosis and the prog-
nosis of NSCLC. Additionally, our study has identified a 
close association between CCNA2 expression levels and 
the infiltration of immune cells within the tumor micro-
environment. Given these insights, targeting CCNA2 
may represent a promising therapeutic avenue for the 
clinical management of NSCLC in the future.
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