
Article J. Biol. Regul. Homeost. Agents. 2024; 38(6): 5205–5215
https://doi.org/10.23812/j.biol.regul.homeost.agents.20243806.416

Copyright: © 2024 The Author(s). Published by Biolife Sas. This is an open access article under the CC BY 4.0 license.
Note: J. Biol. Regul. Homeost. Agents. stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

CDC25A Promotes Early Metastasis of Lung
Adenocarcinoma through Cell Cycle Regulation
Bin Li1,*, Xuesong Zhao1, Haifeng Hu2, Tianyu Zhang2, Yi Qi3, Bo Liu4, Bing Lan5

1Department of Laboratory Medicine, The Second Affiliated Hospital of Qiqihar Medical College, 161006 Qiqihar, Heilongjiang, China
2Department of Imaging, The Second Affiliated Hospital of Qiqihar Medical College, 161006 Qiqihar, Heilongjiang, China
3Department of General Medicine, The First Affiliated Hospital of Qiqihar Medical College, 161042 Qiqihar, Heilongjiang, China
4Department of Government Office, The Second Affiliated Hospital of Qiqihar Medical College, 161006 Qiqihar, Heilongjiang, China
5Department of Respiratory Medicine, The Second Affiliated Hospital of Qiqihar Medical College, 161006 Qiqihar, Heilongjiang, China
*Correspondence: LIBIN666@qmu.edu.cn (Bin Li)
Submitted: 29 February 2024 Revised: 1 April 2024 Accepted: 12 April 2024 Published: 1 June 2024

Background: Lung adenocarcinoma (LUAD), a malignant tumor, poses a significant threat to human life, with easy metastasis
being the primary reason for its low survival rate. Therefore, this study aimed to identify specific biomarkers and molecular
mechanisms underlying early metastasis, providing a solid foundation for developing novel LUAD therapies.
Methods: The potential modules associated with LUAD metastasis were analyzed through weighted gene co-expression network
analysis, and genes in the key modules were used for functional enrichment. Differentially expressed genes between metastatic
and non-metastatic LUAD patients were analyzed using the “limma” package. Blood samples were collected to analyze and
validate the expression of target genes. Functional assays were performed to investigate the impacts of cell division cycle 25 A
(CDC25A) knockdown on cancer cell proliferation, migration, and cell cycle progression.
Results: CDC25A was upregulated in LUAD metastasis, and its overexpression was associated with poorer survival. CDC25A
was significantly overexpressed in patients with LUAD metastasis (p < 0.0001). Furthermore, CDC25A knockdown inhibited
LUAD cell proliferation (p < 0.01), migration (p < 0.0001), and invasion (p < 0.0001), as well as induced G1 cell cycle arrest.
Additionally, suppressing CDC25A expression significantly reduced the expression of cyclin D1 (p < 0.001), cyclin-dependent
kinase 4 (CDK4) (p < 0.001), and cyclin-dependent kinase 6 (CDK6) (p < 0.0001).
Conclusion: Our findings demonstrate that CDC25A enhances early LUAD metastasis by promoting cell cycle progression.
Therefore, targeting CDC25A could be a potential therapeutic approach to suppress metastasis in LUAD patients.
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Introduction

Lung cancer has a high mortality rate globally.
Histologically, lung cancer is classified into two main
types: small cell carcinoma and non-small cell carci-
noma (NSCLC), with NSCLC accounting for approxi-
mately 85% of the cases [1]. Lung adenocarcinoma
(LUAD), the most prevalent subtype among NSCLC, is
primarily treated through immunotherapy, radiation ther-
apy, and non-invasive surgery [2]. Despite considerable ad-
vancements in treatment strategies, the prognosis of LUAD
remains poor, with a 5-year survival rate of only 18% [3].
Research has suggested that the consequences of LUAD are
closely associated with cancer stages at the time of diagno-
sis. Early-stage LUAD can be effectively treated through
surgical resection, improving the 5-year survival rate rang-
ing from 70 to 90% [4]. However, most patients are usually
diagnosed at advanced stages, often with metastases, lead-
ing to a 1-year survival of only 15–19% [5]. Therefore,
elucidating the molecular mechanisms underlying LUAD

metastasis is crucial for early-stage diagnosis and develop-
ing advanced therapeutic strategies.

Cancer, characterized by uncontrolled cell prolifera-
tion, originates from disruption in the cell cycle [6]. Cyclin-
dependent kinases (CDKs), a crucial regulatory component
of this signaling network, regulate the progression through
the cell cycle [7]. CDKs promote cell cycle advancement
by phosphorylating and inhibiting the retinoblastoma pro-
teins, inhibiting their activity during cell cycle progression
[8]. On the other hand, the phosphatases known as cell divi-
sion cycle 25 (CDC25) activate CDKs by dephosphorylat-
ing them, facilitating cell cycle progression [9]. Among the
three CDC25 variants, cell division cycle 25 A (CDC25A)
is known for its oncogenic properties across multiple can-
cer types [10]. Accumulating evidence indicates CDC25A
as an oncogene. CDC25A is overexpressed in 50% of
breast cancers, correlating with unfavorable outcome [11].
Another study has suggested that the downregulation of
CDC25A reduces the survival rate and promotes apoptosis
in cervical cancer [12]. Additionally, silencing CDC25A
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in nasopharyngeal carcinoma results in cell cycle arrest at
the G1 phase and inhibits proliferation [13]. Furthermore,
overexpression of CDC25A has been associated with poor
prognosis in NSCLC [14]. However, its potential role in
LUAD metastasis remains unexplored.

Therefore, this study aims to explore the link between
the CDC25A expression profile and LUADmetastasis. Ad-
ditionally, it intends to investigate the role of CDC25A in
LUADcell invasion and proliferation in vitro. Furthermore,
this study will provide a solid foundation for considering
CDC25A as a potential biomarker, offering insights into
prognosis and identifying significant therapeutic targets in
LUAD.

Materials and Methods

Data and Sample Sources
The mRNA expression matrix for LUAD was ob-

tained from The Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/), while the list of secreted
proteins was retrieved from The Human Protein Atlas
(HPA) (https://www.proteinatlas.org/). Blood samples
were collected from 50 early-stage LUAD patients and 50
healthy controls at the Second Affiliated Hospital of Qiqi-
har Medical College, China. The blood samples were cen-
trifuged at 1500 r/min at 4 ℃ for 10 minutes. The serum
fraction was isolated and stored at –80℃ for further analy-
ses. The study was approved by the Ethical Research Asso-
ciation of the SecondAffiliatedHospital of QiqiharMedical
University, China, with the ethical number [2021]1215-1.
All the study participants provided informed consent, and
the study design adhered to the guidelines outlined in the
Declaration of Helsinki.

Weighted Gene Co-Expression Network Analysis
(WGCNA)

The “WGCNA” package (version: 1.72-5,
https://cran.r-project.org/web/packages/WGCNA/index.ht
ml) within the R software environment was utilized to
identify the modules of co-expressed genes associated
with tumor node metastasis (TNM) stage and metastasis
in early-stage LUAD. To establish a weighted adjacency
matrix, Pearson correlation coefficients were calculated
for all gene pairs using the formula as follows: aij = 0.5×
(1 + cor (i, j))^β. Modules related to LUAD metastasis
were identified by average hierarchical clustering and
thresholding based on connectivity patterns.

Functional Enrichment Analysis
The genes within the modules of interest un-

derwent additional analysis utilizing Gene Ontol-
ogy (GO, http://geneontology.org/) and the Ky-
oto Encyclopedia of Genes and Genomes (KEGG,
https://www.genome.jp/kegg/) for pathway enrichment.

GO analysis aimed to identify enriched biological pro-
cesses, while KEGG analysis determined overrepresented
signaling pathways and cellular functions.

Key Gene Analysis
Differential gene expression analysis between

patients with metastatic and non-metastatic LUAD
was performed using the “limma” package (ver-
sion: 3.56.2, https://bioinf.wehi.edu.au/limma/) in
R software. Heatmaps were generated utilizing the
“pheatmap” package (version: 1.0.12, https://cran.r-
project.org/web/packages/pheatmap/index.html). Venn
diagrams were drawn to detect and visualize over-
laps among various datasets obtained from differ-
entially expressed genes, secreted proteins, and key
module genes. Additionally, gene expression box-
plots were generated using “ggplot2” (version: 3.4.4,
https://ggplot2.tidyverse.org), comparing data obtained
from metastatic and non-metastatic groups. All the sam-
ples were divided into high expression and low expression
groups based on median key gene levels. Survival curves
were plotted using the “survival” package (version 3.5-5,
https://github.com/therneau/survival) in R software, incor-
porating both overall and disease-free survival data from
TCGA.

Enzyme-Linked Immunosorbent Assay (ELISA)
Out of the total collected serum samples, 30 patients

with early-stage LUAD and 30 healthy controls were ran-
domly selected for further analyses. The protein expression
levels of target genes were determined using enzyme-linked
immunosorbent assay (ELISA) (JL52470, Jianglai Biolog-
ical, Shanghai, China). However, to compare target gene
levels, 15 metastatic and 15 non-metastatic early stage pa-
tients were analyzed through ELISA. The optical density
(OD) value was assessed at 450 nm using an enzymemaker,
VARIOKSKAN LUX (VLBLATGD2, Thermo Fisher Sci-
entific, Waltham, MA, USA).

Cell Culture
The LUAD cell lines such as SPC-A1, XY-XB-1057,

and GLC-82, XY-XB-1754, were obtained from the Ameri-
can Type Culture Collection (Shanghai Xuanya Biotechnol-
ogy, Shanghai, China). The cells were authenticated using
short tandem repeat (STR) analysis and were found to be
free of cross-contamination using mycoplasma testing. The
cells were then maintained in RPMI-1640 medium (R5158,
Sigma-Aldrich, Shanghai, China) supplemented with 10%
fetal bovine serum (FBS) (12103C, Sigma-Aldrich, Shang-
hai, China) and antibiotics followed by incubation at 37 °C
and 5% CO2.

Cell Transfection
SPC-A1 and GLC-82 cells were inoculated into a cell

culture plate at a density of 1 × 105 cells/well and were al-
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lowed to grow until reaching 80% confluence. Transfection
was performed employing the Lipofectamine 2000 reagent
(11668, Invitrogen, Carlsbad, CA, USA) following the in-
structions provided with the reagent. The cells were then
incubated at room temperature for 5 minutes. The short
hairpin RNA targeting CDC25A (sh-CDC25A), the nega-
tive control shRNA, and liposome complexes were added to
the cells and were allowed to incubate at 37 °C and 5%CO2

for 48 hours. The sequence of sh-CDC25A used for trans-
fectionwas 5′-AAGGAAAATGAAGCCTTTGAG-3′. The
sh-CDC25A and negative control shRNA were procured
from Beyotime Company (L18040 and R7016m, Beyotime
Biotechnology, Shanghai, China).

Western Blot Analysis
Total cellular protein was extracted byRadio Immuno-

precipitation Assay (RIPA) lysis buffer and was quantified
utilizing a BCA assay kit (P00125, Beyotime Biotechnol-
ogy, Shanghai, China). The quantified proteins were sepa-
rated through 12% SDS-PAGE and then transferred to the
PVDFmembrane. The blots were incubated overnight with
primary antibodies such as rabbit anti-CDC25A (1:2000,
ab989, Abcam, Shanghai, China) and anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (1:2500, ab9485,
Abcam, Shanghai, China) at 4 °C. The blots were incubated
with the secondary goat anti-rabbit antibody (1:10000,
ab175781, Abcam, Shanghai, China) at room temperature
for 1 hour. Finally, the blots were prepared and visualized
using a chemiluminescence ECL reagent (WBKLS0500,
Millipore, Boston, MA, USA). The images of the protein
bands were captured using a ChemiDoc XRS+ (1708265,
Bio-Rad Laboratories, Hercules, CA, USA) imaging sys-
tem. Relative concentrations of target proteins were deter-
mined using Image-Pro Plus software (5.0.2, Media Cyber-
netics, Rockville Pike, MD, USA).

CCK-8 Assay
SPC-A1 and GLC-82 cells, transfected with sh-

CDC25A or negative control sh-RNA, were seeded at
a density of 1 × 105 cells/well and were treated with
Cell Counting Kit-8 (CCK-8) reagent (KGA9305, Keygen
Biotechnology, Nanjing, China) for 2 hours. The OD was
measured at 450 nm using a spectrophotometer (V-5000,
Shanghai Metash Instruments, Shanghai, China).

Scratch Assay
SPC-A1 and GLC-82 cells were seeded at a density of

1 × 105 cells/well and were transfected with sh-CDC25A
or negative control sh-RNA. Upon reaching 90–100% con-
fluence, scratches were created in each well using a 10
µL sterile pipette tip, marking it as a 0-hour timepoint.
After washing with buffer, the cells were cultured in a
serum-free medium (RPMI-1640) (R5158, Sigma-Aldrich,
Shanghai, China) for 48 hours. Finally, the healing of
scratches was visualized using microscopy (CX33, Olym-

pus Corporation, Tokyo, Japan). Migration distance ana-
lyzed through Image-Pro Plus software (5.0.2, Media Cy-
bernetics, Rockville Pike, MD, USA).

Transwell Test
SPC-A1 and GLC-82 cells were transfected with sh-

CDC25A or negative control sh-RNA and cultured at a den-
sity of 1× 105 (200 µL) in a serum-freemedium. The upper
chamber of the Transwell inserts was coated with Matrigel
matrix (356230, BeiJing Biocreative Technology, Beijing,
China) and subsequently filled with the cells along with
200 µL of RPMI-1640 medium without FBS. In contrast,
the lower chamber was filled with 500 µL of RPMI-1640
(R5158, Sigma-Aldrich, Shanghai, China) supplemented
with 10% FBS (12103C, Sigma-Aldrich, Shanghai, China).
After 24 hours of incubation, the migrated cells were fixed
and stained with 0.1% crystal violet solution for 20 min-
utes. Finally, the images were captured, and the num-
ber of invaded cells was calculated using a light micro-
scope (magnification,×200; CX33, Olympus Corporation,
Tokyo, Japan).

Flow Cytometry
SPC-A1 cells (1 × 105 cells/well) were seeded in a

6-well plate and transfected with sh-CDC25A or negative
control sh-RNA. The cells were harvested after 24 hours of
transfection and underwent cell cycle analysis using a cell
cycle assay kit (559619, BD Biosciences, New York, NJ,
USA) following the manufacturer’s instructions. The har-
vested cells were centrifuged at 1000 ×g for 5 minutes and
washed with phosphate balanced solution (PBS). The cells
were fixed by adding 500 µL of 70% ethanol and incubat-
ing at 4 °C for 1 hour. After washing the cells with PBS, 1
mL of staining solution was added, followed by incubation
at room temperature for 30 minutes. Finally, the cells were
analyzed using FACSCalibur flow cytometry (342973, BD
Biosciences, New York, NJ, USA), and the results were in-
terpreted using ModFit software (version 3.2, Verity Soft-
ware House, Mountain View, CA, USA).

Real-Time Quantitative PCR (qPCR)
Total RNA was isolated from the cells using TRIzol

reagent (15589226, Sigma-Aldrich, Shanghai, China) and
converted into cDNA utilizing the microRNA first strand
synthesis kit (638313, Takara, Dalian, China). The Cel-
lAmp Direct RNA Prep kit (3732, Takara, Dalian, China)
was used, adhering to the manufacturer’s instructions, to
extract and quantify the RNA from the cell for real-time
quantitative PCR (qPCR) to determine the expression of
CDC25A. The relative expression levels were assessed us-
ing the 2−∆∆Ct method. All the primers used in the qPCR
were synthesized by Takara (Table 1). Each experiment was
replicated three times to ensure accuracy.
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Fig. 1. Identification of key co-expression modules associated with early metastasis in lung adenocarcinoma (LUAD) by weighted
gene co-expression network analysis. (A) Scale-free topology model fit analysis of soft-thresholding powers. (B) Mean connectivity
analysis of various soft-thresholding powers. (C) Dendrogram of gene hierarchical clustering indicating distinct co-expression modules
labeled by color. (D) Heatmap depicting the connection between module eigengenes and clinical features of LUAD. (E) Scatterplot of
module membership versus gene significance for the yellow module.
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Table 1. A list of primers used in qPCR.
Gene Forward (5′-3′) Reverse (5′-3′)

CDC25A GTGAAGGCTATTGGCG GGTCATAGTGGACGGTCAGGT
GAPDH ACCACAGTCCATGCCATCAC ACCACAGTCCATGCCATCAC-3
Cyclin D1 TCAAGTGTGACCCGGACTG GCTTCTTCCTCCACTTCCCC
CDK4 GATGCGCCAGTTTCTAAGCG GGCCAGCTTAACTGTCCCAT
CDK6 CGTGGAAGTTCAGACGTGGA AAAGCCTGTCTGGGAAGAGC
CDC25A, cell division cycle 25 A; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; CDK, cyclin-dependent kinase.

Fig. 2. Functional enrichment analysis of the gene cluster in the yellow module. (A) Gene Ontology (GO) enrichment analysis. (B)
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. ATP, adenosine triphosphate.

Statistical Analysis
Survival analysis for comparing survival curves was

performed using log-rank tests. The experimental data were
statistically analyzed using IBM SPSS Statistics 20 soft-
ware (IBM Corp., Armonk, NY, USA). The comparisons
between experimental groups were examined using stu-

dent’s t-test or ANOVA, followed by the LSD or Tukey test.
A p-value < 0.05 was considered statistically significant
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 3. Identification and analysis of the key candidate gene CDC25A. (A) Heatmap showing differentially expressed genes. (B)
Venn diagram indicating consensus genes. (C) Box plot representing CDC25A expression levels. (D) Overall survival analysis. (E)
Disease-free survival analysis.

Results

Identification and Analysis of Key Co-Expression
Module.

The mRNA expression profile of 526 patients with
LUAD and 59 healthy controls was retrieved from the
TCGA database. Patients were divided based on the pri-
mary tumor staging (T) according to the TNM classification
system. A subset of 320 patients having early-stage tumors
(T1 and T2) was identified, where 118 patients exhibited
metastasis while 202 patients did not. WGCNA package
within R software was applied to this early-stage cohort.
By selecting a soft thresholding power of 2 (R2 = 0.9), a
scale-free network topology was established as shown in
Fig. 1A,B. The average hierarchical clustering analysis re-
sulted in seven distinct co-expression modules (Fig. 1C).
Module-trait correlation analysis revealed that the yellow
module exhibited the highest positive correlation with M
grade (R = 0.11, p = 0.05), N grade (R = 0.13, p = 0.02),
T grade (R = 0.18, p = 0.002) and metastasis status (R =
0.18, p = 0.001), as shown in Fig. 1D. Scatterplot analysis
identified a high correlation (cor = 0.55, p = 4 × 10−120)
between gene significance (GS) and module membership
(MM) (Fig. 1E). By interpreting these initial results, the yel-
low co-expression module was considered a significant key
module associated with early metastasis in LUAD and was
selected for further analyses.

Functional Enrichment Analysis of Key
Co-Expression Module

GO and KEGG enrichment analyses were performed
on key genes in the yellow co-expression module. GO anal-
ysis revealed enrichment in several categories, such as chro-
mosomal region (cellular component), nuclear division (bi-
ological processes), and DNA catalytic activity (molecular
function), as shown in Fig. 2A. KEGG pathway analysis
indicated enrichment for the cell cycle pathway (Fig. 2B).

Identification of Key Candidate Genes
Differential gene expression analysis was performed

by comparing gene expression profiles of 118 metastatic
with 202 non-metastatic early-stage LUAD patients. A
heatmap was drawn to visualize the genes with signifi-
cantly different expressions (Fig. 3A). Overlapping anal-
ysis was conducted between 3970 secreted proteins from
the HPA, yellow module genes from WGCNA, and genes
upregulated in metastatic patients. This analysis identi-
fied four candidate genes, including CDC25A, cyclin A2
(CCNA2), RAD54-like (RAD54L), and centromere protein
M (CENPM) (Fig. 3B). Additionally, the literature review
revealed several studies investigating the roles of CCNA2,
RAD54L, and CENPM in LUAD [15–17]. However, no
study was found regarding the association of CDC25Awith
LUAD. Therefore, the CDC25A protein was selected for
further analysis. The results from the box plot analysis in-
dicated that CDC25A was significantly overexpressed in
metastatic patients (Fig. 3C). Furthermore, the early-stage
LUAD patients were divided into high and low CDC25A
expression groups, and overall and disease-free survival

https://www.biolifesas.org/
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Fig. 4. Analysis of CDC25A expression and functional effects of CDC25A knockdown. (A,B) Enzyme-linked immunosorbent assay
(ELISA) and receiver operating characteristic curve (ROC) curve analysis of CDC25A expression levels in early-stage LUAD patients
compared to healthy controls (n = 30). (C,D) ELISA and ROC curve analysis of CDC25A expression levels in metastatic versus non-
metastatic early-stage LUAD patients (n = 15). (E) Western blot (WB) confirmation of CDC25A knockdown in lung cancer cells after
shRNA transfection (n = 3). (F) Cell Counting Kit-8 (CCK-8) assay of cell proliferation following CDC25A knockdown (n = 3). (G)
Wound healing assay of cell migration following CDC25A knockdown (n = 3). (H) Transwell invasion assay after CDC25A knockdown
(n = 3). sh-CDC25A, short hairpin RNA targeting CDC25A; sh-NC, negative control sh-RNA; OD, optical density. (**p< 0.01, ****p
< 0.0001).

rates were analyzed. Survival analysis demonstrated im-
proved overall and disease-free survival rate in patients with
reduced CDC25A expression (Fig. 3D,E).

Elevated CDC25A Expression in Early-Stage LUAD
Patients

To validate the overexpression of CDC25A, serum
samples from 30 early-stage LUAD patients and 30 healthy
controls were analyzed using ELISA. We observed that the

expression levels of CDC25A protein were significantly
elevated in LUAD patients compared to healthy controls
(p < 0.0001, Fig. 4A,B). To investigate the association
with metastasis, serum samples from 15 individuals with
metastatic early stage LUAD and 15 individuals without
metastasis were analyzed. The results from ELISA anal-
ysis revealed considerably elevated levels of CDC25A ex-
pression in metastatic patients (p < 0.0001) compared to
non-metastatic patients (Fig. 4C,D). These findings collec-
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Fig. 5. Pathway analysis for CDC25A and its validation in early-stage LUAD metastasis. (A) KEGG pathway analysis of CDC25A
in early-stage LUAD metastasis. (B) Cell cycle analysis using flow cytometry (n = 3). (C) Quantification of results obtained from flow
cytometry (n = 3). (D) qPCR for the expression of Cyclin D1, CDK4 and CDK6 (n = 3). (**p < 0.01, ***p < 0.001, ****p < 0.0001).

tively confirm that increased CDC25A expression is linked
to early-stage metastasis in LUAD, thus providing clinical
validation.

CDC25A Knockdown Inhibits LUAD Cell
Proliferation, Migration, and Invasion

SPC-A1 and GLC-82 LUAD cells were transfected
with sh-CDC25A or negative control sh-RNA. The knock-
down of CDC25A was confirmed using western blot (WB)
(p< 0.01, Fig. 4E). CCK-8 assay indicated significantly de-
creased proliferation in cells transfected with sh-CDC25A
compared to those transfected with negative control sh-

RNA (p < 0.01, Fig. 4F). After CDC25A knockdown,
Wound healing and transwell invasion assay demonstrated
a substantial reduction in migration and invasion capabil-
ities, respectively (p < 0.0001, Fig. 4G,H). These find-
ings indicate that reducing the expression of CDC25A in-
hibits LUAD cell proliferation, migration, and invasion.
These findings, combined with those obtained from compu-
tational and clinical analyses, illustrate that overexpression
of CDC25A is associated with early-stage LUAD metasta-
sis. Therefore, we further hypothesized that expression of
the CDC25A might be linked with enhanced metastasis in
early-stage LUAD.

https://www.biolifesas.org/
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CDC25A Promotes Cell Cycle Progression in
Early-Stage LUAD

To investigate the mechanisms underlying the effect
of CDC25A in early-stage LUAD metastasis, 118 patients
with metastatic early-stage LUAD were divided into two
groups based on CDC25A expression levels (high and low
expression groups). KEGG pathway analysis revealed en-
richment of the cell cycle pathway in the high CDC25A ex-
pression group (Fig. 5A). Furthermore, SPC-A1 cells were
transfected with sh-CDC25A or negative control sh-RNA
and analyzed for cell cycle progression and regulation. The
number of cells in each phase was assessed using flow cy-
tometry, and the expression levels of Cyclin D1, cyclin-
dependent kinase 4 (CDK4), and cyclin-dependent kinase
6 (CDK6) were determined using qPCR. The results from
the flow cytometry revealed that knockdown of CDC25A
increased the number of cells in the G1 phase while de-
creasing the number of cells in the S phase compared to
negative control sh-RNA (p < 0.01, Fig. 5B,C). Addition-
ally, qPCR analysis revealed significantly decreased Cyclin
D1, CDK4, and CDK6 mRNA levels following CDC25A
knockdown (p < 0.001, Fig. 5D). These findings indicate
thatCDC25A promotes cell cycle progression in early-stage
LUAD by regulating the expressions of Cyclin D1, CDK4,
and CDK6, and inducing G1/S phase transition.

Discussion

Lung adenocarcinoma (LUAD), a major subtype of
non-small cell lung cancer (NSCLC), exhibits a high
metastatic potential, contributing to a worse prognosis.
Therefore, understanding the regulatory mechanisms un-
derlying LUAD proliferation, invasion, and metastasis is
crucial for improving its prognosis and developing poten-
tial therapeutics. In this study, we identified key gene
modules associated with early LUAD metastasis using
WGCNA analysis, revealing that genes within these key
modules are prominently associated with cell cycle path-
ways. Additionally, through differential expression anal-
ysis, we identified upregulated genes in the samples with
early-stage metastatic LUAD. By integrating these results
with secreted protein data fromHPA, we observed four pro-
teins, including CDC25A, CCNA2, RAD54L, and CENPM,
that were overexpressed in both early metastasis and cell
cycle-related modules. Previous studies demonstrate that
CCNA2, in combination with CDK2, regulates G1/S tran-
sition [18] and exhibits upregulation across several cancers
[19]. Overexpression of RAD54L is associated with poor
prognosis in NSCLC [20–22], whereas CENPM promotes
LUAD proliferation, invasion, and cell cycle progression
[23]. However, the role of CDC25A in LUAD remains
largely unexplored.

The current study demonstrated that CDC25A was
overexpressed in patients with metastatic LUAD and asso-
ciated with a poorer survival rate. Additionally, CDC25A

was identified to be upregulated in early-stage metastatic
LUAD patients. Numerous studies have suggested the role
of CDC25A in other cancers, including stem cell carcinoma
[24], colorectal cancer [25], and cervical cancer [26]. Con-
gruently, our in vitro experiments indicated that the knock-
down of CDC25A inhibits LUAD cell proliferation, migra-
tion, and invasion. Furthermore, KEGG pathway analysis
of early-stage LUAD patients revealed the correlation be-
tween the overexpression of CDC25A and cell cycle path-
way enrichment.

Cell cycle progression plays a critical role in prolif-
eration. The results from previous studies suggested that
CDK4, CDK6, and Cyclin D1 were activated during G1/S
transition [27,28]. Furthermore, while all three variants of
CDC25 phosphatases regulate mitosis, CDC25A, in partic-
ular, controls G1-S progression [29,30]. This study also
affirmed that CDC25A knockdown increases the number of
LUAD cells in the G1 phase while decreasing those in the
S phase, accompanied by a reduction in CDK4, CDK6, and
Cyclin D1. Overall, our results suggest that CDC25A pro-
motes LUAD cell cycle progression and proliferation, fa-
cilitating the development of LUAD by regulating the cell
cycle.

Conclusion

In this study, we identified that overexpression of
CDC25A in early metastatic LUAD is associated with poor
prognosis for patients. Our investigation validated that
CDC25A knockdown arrests the LUAD cells in the G1
phase, and inhibits their proliferation, migration, and inva-
sion. We identified CDC25A as a promoter of early LUAD
metastasis through cell cycle regulation. This reveals
that CDC25A could be a potential prognostic biomarker
and therapeutic target for managing early-stage metastatic
LUAD. Further research is recommended to investigate the
molecular mechanisms responsible for the overexpression
of CDC25A in metastatic LUAD and its downstream onco-
genic effects. Overall, this study provides new insights into
the pathogenesis of early LUAD metastasis and suggests
CDC25A as a significant candidate for the development of
targeted therapy.
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