Bzl SPANDIDOS
7] ,§, PUBLICATIONS

INTERNATIONAL JOURNAL OF ONCOLOGY 66: 27, 2025

Abnormal expression of CDC25C in NSCLC is influenced
by transcriptional and RNA Né6-methyladenosine-
mediated post-transcriptional regulation
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Abstract. Non-small cell lung cancer (NSCLC) exhibits a
high incidence and mortality rate worldwide. Elevated cyto-
kinesis cyclin 25 homologous protein C (CDC25C) expression
is correlated with a poor prognosis in patients with NSCLC.
Transcriptional regulation and post-transcriptional modifica-
tion are critical mechanisms governing gene expression,
with aberrations in these processes increasingly recognized
as pivotal contributors to cancer pathogenesis. The present
study elucidated that the transcriptional activator, signal
transducer and activator of transcription 3, directly interacts
with the CDC25C promoter, thereby modulating its expres-
sion. Moreover, multi-omics analysis was employed to identify
the genes involved in the N6-methyladenosine (m°A) methyl-
ation-mediated post-transcriptional regulation of CDC25C.
The findings indicated that downregulation of alkB homolog 5
RNA demethylase in NSCLC leads to a marked increase in the
mPA modification of CDC25C mRNA. It was also shown that
YTH N6-methyladenosine RNA binding protein (YTHDF) 3
and YTHDF2 compete to bind to CDC25C mRNA, thereby
promoting or inhibiting its expression. Thus, the present study
revealed that dysregulated expression of the CDC25C gene
in NSCLC is influenced by multifaceted regulatory layers
encompassing both transcriptional and post-transcriptional
mechanisms.
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Introduction

Non-small cell lung cancer (NSCLC) has high morbidity and
mortality rates globally. NSCLC is distinguished by its rapid
progression and asymptomatic nature, often leading to a diagnosis
at the advanced stages of disease, thereby impeding the efficacy
of treatment and prognosis for patients (1,2). Consequently, there
is a critical need to identify biomarkers for early detection and
screening, to investigate the fundamental processes of lung
cancer pathogenesis, and to identify novel therapeutic targets.

One of the key features of cancer cells is an abnormal
cell cycle that leads to uncontrolled cell proliferation (3-5).
Furthermore, irregular expression of cycle-related proteins
enables cancer cells to invade, migrate and evade apoptosis (6).
Cytokinesis cyclin 25 homologous protein C (CDC25C) is a
novel tumor-associated antigen that was identified by bioin-
formatics. In the study of lung (7-9), liver (10) and colon (11)
cancers, the expression of CDC25C was found to be markedly
elevated in tumor tissues compared with normal tissues, indi-
cating that CDC25C is involved in tumor progression. Notably,
CDC25C is significantly involved in the transition from the G2
to M phase of the cell cycle (12).

The multilevel regulatory mechanisms of gene expres-
sion in eukaryotic organisms occur during transcription,
post-transcription and translation as well as via subsequent
regulation. These mechanisms form the molecular basis for
cell differentiation, morphogenesis and individual develop-
ment. In particular, the regulation of gene transcription at the
molecular level is of great importance for understanding the
molecular mechanisms of related diseases and their preven-
tion, diagnosis and treatment. Signal transducer and activator
of transcription 3 (STAT?3) is a pivotal transcription factor
involved in a myriad of biological processes. STAT3 mediates
the transmission of extracellular signals to the nucleus, thereby
initiating the expression of specific target genes. In various
human cancer types, abnormal activation of STAT3 can
induce tumor occurrence and promote tumor development, is
essential for enhancing the proliferation and survival of cancer
cells, making it an attractive anticancer target.
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N6-methyladenosine (m®A) is the most prevalent form of
RNA methylation modification, encompassing ~2/3 of all RNA
modifications. Dysregulation of m°A methylation influences
tumorigenicity and tumor progression, and its involvement in
liver, breast and lung cancer has been proven (3,4). m°A regu-
latory proteins influence the biological behavior of NSCLC by
regulating the mRNA abundance of target genes and serve akey
role in the occurrence and prognosis of cancer (13). The regu-
lation of m®A involves various types of regulators, including
‘writer’, ‘eraser’ and ‘reader’ proteins. alkB homolog 5 RNA
demethylase (ALKBHS), identified as an m°A demethylase,
demonstrates prognostic significance in pancreatic (14) and
colon (15) cancers. The YTH N6-methyladenosine RNA
binding protein (YTHDF) family, comprising YTHDFI,
YTHDF2 and YTHDF3 are m°A ‘reader’ proteins. YTHDF1
and YTHDF3 have been demonstrated to enhance mRNA
stability and translation through their interaction with target
mRNAs (16). YTHDF?2, the initial m®A binding protein to be
identified and thoroughly researched, has a role in controlling
mRNA stability through the identification and attachment to
mC®A modification sites on mRNAs. YTHDF?2 is significantly
involved in the development of different types of cancer such
as lung (17,18), liver (19,20) and gastric (21) cancer, where it
regulates the biological processes of tumor cell proliferation
and apoptosis, influencing tumor progression and prognosis.

Despite notable progress in both fundamental and
clinical research pertaining to lung cancer treatment, as
well as continuous innovations in therapeutic strategies, the
5-year survival rate of patients remains alarmingly low. This
elevated mortality is primarily attributed to the ambiguous
mechanisms underlying lung cancer, which present a signifi-
cant challenge for effective clinical management. A thorough
understanding of the transcriptional and post-transcriptional
regulatory mechanisms of oncogenes will assist the develop-
ment of targeted drugs. In the present study, the expression
mechanism of CDC25C in NSCLC was investigated at the
transcriptional and post-transcriptional regulatory level.
Multi-omics analysis was used to compare the differences
between the low-expression and high-expression CDC25C
groups. The results of the present study revealed the tran-
scriptional and post-transcriptional regulation involved in
controlling CDC25C expression in NSCLC and suggested that
CDC25C may serve as an important prognostic marker for
tumor progression and metastasis in NSCLC.

Materials and methods

Cell culture and transfection. The human NSCLC cell
lines, H838, A549 and H1299, were cultured in RPMI-1640
(cat. no. C11875500BT; Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (cat. no. FSP500; Shanghai
ExCell Biology, Inc.). All transfections were undertaken using
Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.). To prevent the off-target effects of small interfering
(si)RNA, an siRNA-pool was constructed by mixing three
types of siRNA for each gene. The final concentration for
siRNA transfection was set at 75 nM. The cells were infected
for 12 h at 37°C. After transfection for 48 h, the cells were
collected for subsequent experiments. The siRNA oligonucle-
otides were synthesized by Beijing Tsingke Biotech Co., Ltd.,

and were as follows: Control siRNA forward, 5'-UUCUCC
GAACGUGUCACGUTT-3' and reverse, 5'-ACGUGACAC
GUUCGGAGAATT-3"; CDC25C siRNA-1 forward, 5'-GAG
UUGCUGAGGUGUCGAATT-3' and reverse. 5'-UUCGAC
ACCUCAGCAACUCTT-3"; CDC25C siRNA-2 forward,
5'-GAUGCAAUGUGUAGUUCAUTT-3' and reverse, 5-AUG
AACUACACAUUGCAUCTT-3'; CDC25C siRNA-3 forward,
5'-GGUGAUUCUGCAAACCUAATT-3' and reverse. 5'-UUA
GGUUUGCAGAAUCACCTT-3'; YTHDF2 siRNA-1
forward, 5'-CUGGAUAUAGUAGCAAUUATT-3' and reverse,
5'-UAAUUGCUACUAUAUCCAGTT-3"; YTHDF2 siRNA-2
forward, 5'-CCAUUACUAGUAACAUCGUTT-3' and reverse,
5'-ACGAUGUUACUAGUAAUGGTT-3'; YTHDF2 siRNA-3
forward, 5'-GAUAUUCACCGUUCCAUUATT-3" and reverse,
5-UAAUGGAACGGUGAAUAUCTT-3"; YTHDF3 siRNA-1
forward, 5'-CACCAAUGUCAGAUCCAUA-3' and reverse,
5'-UAUGGAUCUGACAUUGGUG-3"; YTHDF3 siRNA-2
forward, 5'-GGCCCACUCUAUUUACUCUTT-3" and reverse,
5'-AGAGUAAAUAGAGUGGGCCTT-3"; YTHDF3 siRNA-3
forward, 5'-GCCUCAGCCAUUAAUUCAATT-3' and reverse,
5-UUGAAUUAAUGGCUGAGGCTT-3"; ALKBHS siRNA-1
forward, 5'-GACUGUGCUCAGUGGAUAUTT-3' and reverse,
5'-AUAUCCACUGAGCACAGUCTT-3"; ALKBHS siRNA-2
forward, 5'-GAUAUGCUGCUGAUGAAAU-3' and reverse,
5'-AUUUCAUCAGCAGCAUAUC-3"; and ALKBHS siRNA-3
forward, 5'-GCUUCAGCUCUGAGAACUA-3' and reverse,
5-UAGUUCUCAGAGCUGAAGC-3".

The pMT170 vector (Sangon Biotech Co., Ltd.) was
used to construct the CDC25C-overexpressing lentivirus
(Lv-CDC25C). The generation system used was the second.
Subsequently, pMT170 plasmid (100 pg) and virus packaging
plasmids (pCMV-dR8.91, 65 pug; pCMV-VSV-G6363, 35 ug)
were cotransfected into 293T cells (Sangon Biotech Co., Ltd.)
using Lipofectamine™ 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C for 6 h. Medium was replaced with
fresh DMEM (Thermo Fisher Scientific, Inc.) containing
10% FBS and incubated at 37°C for 48 h. The cell super-
natant was collected, then filtered through a 0.45-ym filter
(Pall Life Sciences). MOI for lentivirus transfection was 10.
H1299 cells in the exponential growth phase were plated in
6-well plates and cultured for 24 h. Following 24 h incuba-
tion, the cell medium was replaced with complete medium
(RPMI-1640 medium comprising 10% FBS; Gibco; Thermo
Fisher Scientific, Inc.). The cells were stably and continuously
expressed after screening with puromycin (2 yg/ml). The time
interval between transduction and follow-up experiment was
14 days. The puromycin concentration for maintenance was
1 pg/ml. The pcDNA 3.1 vector (Sangon Biotech Co., Ltd.)
was employed to construct the YTHDF2, YTHDF3, CDC25C
and STAT3-overexpressing vectors. shY THDF2 containing
YTHDF2-targeting shRNA was constructed by pMAGic7.1
lentiviral vector. The target sequence of YTHDF2 was 5'-CCA
TTACTAGTAACATCGT-3". Empty vector was used as a
negative control.

Cell proliferation assay. Cell viability was assessed
by employing the Cell Counting Kit-8 (CCK-8;
cat. no. BMU106-CN; Abbkine Scientific Co., Ltd.). Cells were
plated in 96-well plates at a density of 2,000 cells per well. For
each well, 10 pl of reagent was added, followed by incubation
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at 37°C for 2 h. The optical density (OD) was measured at
450 nm. After cells adhered, their viability was evaluated at
0,24, 48,72 and 96 h following the manufacturer's protocol.

Colony formation assay. Colony formation assays were
performed to assess the extended-term proliferation of NSCLC
cells. After 7-14 days, the cells were fixed with methyl alcohol
at room temperature for 15 min, and subsequently subjected
to staining using crystal violet (0.5% wt/vol) for an additional
15 min at room temperature. The number of cells in a single
clone exceeding 50 was considered to form a colony. Colonies
were manually counted.

Transwell (migration) and Matrigel (invasion) assays. The
migratory and invasive capabilities of cells were assessed
using the Transwell assay. Cells were suspended in serum-free
media, and then seeded at a density of 2.5x10* cells per well
into the upper compartments of chambers coated without
(cat. no. 353097; Corning, Inc.) (for migration) or with
(cat. no. 354480; Corning, Inc.) (for invasion) Matrigel, and
complete medium with 20% FBS was added to the lower
chambers. Following 48 h of incubation at 37°C, the cells
that moved and penetrated to the other side of the membranes
were fixed, stained with crystal violet (0.5% wt/vol). Cells
were fixed with 4% paraformaldehyde at room temperature
for 15 min, followed by staining with crystal violet for an
additional 15 min at room temperature. Cells were observed
under a light microscope at x40 magnification, and images
were captured from 3 randomly selected fields of view. In the
wound-healing assay, a single layer of cells was then directly
scratched using a toothpick. The migration distance of cells
was assessed at both 0 and 24 or 48 h.

Chromatin immunoprecipitation (ChIP)-PCR and
ChIP-gPCR. A total of 1x10® H1299 cells were harvested
and crosslinked by formaldehyde at a final concentration of
1%. After stopping cross-link with glycine, chromatin was
sheared to 100-300 bp with sonication. The STAT3 antibody
(cat. no. 9139s; Cell Signaling Technology, Inc.) and 100 pl
protein G magnetic beads were applied to pull down the target
protein. Then the protein was digested with proteinase K.
DNA immunoprecipitated by the target protein was harvested
and purified, and detected by PCR or qPCR. The sequences
of the CDC25C primers are: forward, 5-TAACTCTGCTGC
CCTCAA-3" and reverse, 5'-CATTCCCTGCTCCTCATA-3'.
The GAPDH primers used for ChIP are the same as those used
in qPCR.

RNA extraction and reverse-transcription quantitative PCR
(RT-gPCR). TRIzol reagent from Invitrogen (Thermo Fisher
Scientific, Inc.) was used to extract total RNA from samples,
and isopropanol was used to separate RNA from the reac-
tion system. The RNA was washed twice with 75% ethanol.
RT-qPCR was used to evaluate mRNA levels. The primers
were synthesized by Sangon Biotech Co., Ltd. The One-Step
RT-PCR Kit (Analytik Jena Gmb) was used with the Analytik
Jena qTOWER 2.2 thermal cycler. The One-Step RT-PCR
Kit was used according to the manufacturer's protocol.
Actin was used as the internal reference. The fluorescence
intensity of SYBR Green (Takara Biotechnology Co.,
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Ltd.) was captured in real time. The cycle threshold (CT)
value (2°24€4 method) was used to calculate relative mRNA
expression level (22). Thermocycling conditions were as
follows: Initial denaturation at 95°C for 10 min, followed by
40 cycles of 95°C for 15 sec and 60°C for 30 sec. The primer
sequences were as follows: CDC25C forward, 5'-GAACCC
CAAAACGTTGCCTC-3' and reverse, 5-TCTATGGCCAC
GGTCCAAAC-3'; and GAPDH forward, 5-CTCCTCCTG
TTCGACAGTCAGC-3' and reverse, 5'-CCCAATACGACC
AAATCCGTT-3'.

Western blotting. The cells were disrupted using RIPA lysis
buffer (KGP702-100; Nanjing KeyGen Biotech Co., Ltd.)
and then suspended in loading buffer (LT101; Epizyme, Inc.).
Protein concentration was determined using a BCA Protein
Assay Kit (Beyotime Institute of Biotechnology). A total of
10 pug/lane protein was separated by 10% SDS-PAGE, proteins
were placed in rapid QuickBlock Blocking Buffer for WB
(Beyotime Institute of Biotechnology; cat. no. P0252) and
blocked for 15 min at room temperature, then transferred to
PVDF membrane (cat. no. 3010040001; Roche Diagnostics)
incubated with appropriate primary antibodies at 4°C over-
night and secondary antibodies at room temperature for 1 h
(Table SI). The PVDF membrane was rinsed with TBST
(containing 0.1% Tween-20).

Dual-luciferase reporter assay. The 3' untranslated region
(UTR) sequence of CDC25C was inserted into a pmiR-GLO
dual luciferase expression vector (Beijing Tsingke Biotech Co.,
Ltd.) containing firefly and Renilla luciferase, resulting in the
construction of a wild-type CDC25C reporter plasmid. The
CDC25C 3' UTR mutant reporter plasmid was constructed
by substituting adenosine bases with cytosine within the m°A
consensus sites. The firefly and Renilla luciferase activity
ratios were evaluated 48 h after transfection with the Dualucif
Firefly Renilla Assay Kit (cat. no. F6075M; Suzhou UE Landy
Biotechnology Co., Ltd.). Lipofectamine 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.) was used in the transfection
process.

The dual-luciferase reporter assay was performed to
explore the interaction between STAT3 and the CDC25C
promoter. Segments from the CDC25C promoter (P1, P2, P3,
P4 and P5) were incorporated into the pGL3-basic vector,
whereas STAT3 was integrated into the pcDNA3.1 vector.
The CDC25C (P1, P2, P3, P4, P5 or Basic) firefly luciferase
plasmids were co-transfected with STAT3 vectors and the
pRL-TK Renilla luciferase vector into cells. The firefly and
Renilla luciferase activity ratios were evaluated 48 h after
transfection with the Dualucif Firefly Renilla Assay Kit. The
dual-luciferase reporter assay was also performed to explore
the interaction between STAT3 and the YTHDF1 promoter or
ALKBHS5 promoter.

Total m°A measurement. The m°A levels in the Total RNA
were assessed with m®A methylation quantification kit
(cat. no. P-9005-48; EpiGentek Inc.). After isolating and
purifying the Total RNA, it was bound to the assay wells
and cultured with the capture antibody. The m°A level was
determined based on fluorescence after incubation with the
fluoro-developer solution.
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RNA immunoprecipitation assay (RIP). RIP was performed
with the RNA-Binding Protein Immunoprecipitation Kit
(cat. no. Bes5101; Guangzhou Bersinbio Co., Ltd.). Briefly,
the cells were collected at 4°C and 10,000 x g for 10 min,
followed by lysis in a full RIPA buffer with a mix of protease
inhibitors and RNase inhibitor. Following this, the cellular
lysates were subjected to incubation with RIP buffer that
included 100 gl magnetic beads linked to the designated
antibody (cat. nos. 17479-1-AP, 24744-1-AP and 25537-1-AP;
Proteintech Group, Inc.) or IgG. The samples were subjected
to proteinase K cleavage in order to extract the immunopre-
cipitated RNA. gPCR analysis was employed to illustrate the
existence of binding targets.

Subcutaneous and orthotopic implantation in a NSCLC
model. A total of 12 female nude mice (age, 4-6 weeks;
weight, 10-14 g) were allocated into negative control
(6 mice) and lentiviral transfection groups (6 mice) and
reared under standard environmental conditions (26-28°C;
relative humidity, 40-60%; 12/12-h light/dark cycle, with
commercial rat food and water provided ad libitum). Control
and Lv-CDC25C cells were resuspended in PBS (1x10° per
mouse) and subcutaneously inoculated into the right flank
of mice to establish NSCLC cell xenograft models. The
tumors sizes were observed on a weekly basis starting from
the second week. After 4 weeks, the tumors were collected
from the mice, dissected into 1-mm? pieces and subsequently
transplanted into the right lungs of mice. Lung tissue was
collected from the mice 4 weeks later.

All animal care and experiments were approved (approval
no. SUSTech-JY2020016-1) by the Animal Care and Use
Committee of Southern University of Science and Technology
(Shenzhen, China), and the study complied with all relevant
ethical provisions on animal research. In the orthotopic tumor
implantation procedure, sodium pentobarbital (1%, 40 mg/kg,
intraperitoneal injection) was administered to anesthetize the
nude mice. At our laboratory Animal Centre, animal care-
takers conduct daily monitoring of the animals and promptly
inform laboratory personnel of any abnormalities. Euthanasia
was performed when tumor volumes exceeded 1,000 mm?
or when nude mice exhibited significant appetite loss or
abdominal distension. All animals used in the experiments
were sacrificed using pentobarbital (80 mg/kg, intraperitoneal)
followed by decapitation. The breathing and heart rate of the
mice were observed after decapitation to determine whether
they succumbed. No nude mice experienced unexpected
mortality during the experiment. All mice were euthanized at
the planned end of the experiment.

Human specimens. All human lung specimens were obtained
from Southern University of Science and Technology Hospital
(Shenzhen, China) with written informed consent from the
patients, between August 2020 and December 2021. The age
of the patients ranged from 40-80 years (4 men and 2 women).
The inclusion criteria were as follows: i) Patients with
NSCLG; ii) no other disease. All experiments were approved
(approval no. 008 of 2020) by the Southern University of
Science and Technology Hospital, and the study complied
with all relevant ethical provisions on human lung specimen
research.

Immunohistochemistry (IHC). All tissues were fixed with 4%
paraformaldehyde at room temperature for 24 h, embedded
in paraffin, and sectioned into 6-¢m slices. Following depa-
raffinization with xylene (45 min) and rehydration through
a graded ethanol series (75, 85, 95 and 100% ethanol, 5 min
each), sections were subjected to antigen retrieval by treat-
ment with 0.01 mol/l citrate buffer for 15 min at 100°C.
Sections were then incubated in 3% hydrogen peroxide
solution for 30 min at 37°C to block endogenous peroxidase
activity. Next, the sections were blocked with 10% goat
serum (cat. no. G1208-5ML; Wuhan Servicebio Technology
Co., Ltd.) for 10 min at room temperature. The sections were
subsequently incubated at4°C for 16 h with primary antibodies
against CDC25C (1:500; cat. no. 16485-1-AP; Proteintech
Group, Inc.) or STAT3 (1:500; cat. no. 10253-2-AP;
Proteintech Group, Inc.). Then, the sections were washed
in PBST (containing 0.1% Tween-20). After washing, the
tissue sections were treated with streptavidin-horseradish
peroxidase-conjugated secondary antibody from the
Immunohistochemistry kit (1:200; cat. no G1215-200T;
Wuhan Servicebio Technology Co., Ltd.) for 2 h at room
temperature. Diaminobenzidine substrate was used for colo-
rimetric development after washing with PBST. These results
were observed under light microscope.

Hematoxylin and eosin (H&E) staining. The tissues were
deparaffinized with xylene and immersed in an EDTA antigen
retrieval buffer. Then, the tissues were stained with H&E. The
sections were stained with hematoxylin dye for 2 min at room
temperature, treated with 1% hydrochloric acid alcohol for
45 sec at room temperature, stained with eosin dye for 2 min at
room temperature, dehydrated with ethanol (75, 85, 95, 100%),
washed with xylene, and finally sealed with neutral resin. The
results were observed under light microscope.

Fluorescence in situ hybridization (FISH) and immu-
nofluorescence (IF) analysis. Cells were fixed in 4%
paraformaldehyde for 20 min at room temperature, followed
by permeabilization with 0.1% Triton X-100 for 20 min. The
cells were then immersed in pre-hybridization buffer enriched
with 10% formamide. Hybridization was conducted using a
comparable buffer, supplemented with competitor RNA and
BSA (Invitrogen; Thermo Fisher Scientific, Inc.) to minimize
background interference. The CDC25C FISH probe was as
follows (all 5'-3'): CTGGGCTACATTTCATTAGGTGCT
GGT; CCAAACCATTCGGAGTGCTACAAAGA; CTACAC
ATTGCATCTCTCTTTCTATGGC; CACCAAGTTTCCATT
GTCATTTTCTTTATT and ACTTTATCTGGTATTGTG
TTGTCCTTGAAT.

The CDC25C probe, mixed in 200 gl hybridization buffer,
was applied to a surface within a humid and dark chamber.
Subsequently, a glass coverslip was inverted and placed onto
the droplet, followed by incubation at 37°C for 16 h. Following
incubation with the CDC25C probe, the cells were subjected
to primary antibody treatment at 37°C for 2 h, then incubated
with an anti-mouse fluorescent-labeled secondary antibody for
2 h at room temperature. Next, several cycles of washing were
conducted, which involved a DAPI (1 ug/ml) staining process.
Afterward, the coverslip was affixed to a microscope slide
using an anti-fade mounting solution.
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Methylated RNA immunoprecipitation. The m°A modifica-
tions on CDC25C were detected through the utilization of the
MeRIP mP°A Kit (cat. no. Bes5203-2; Guangzhou Bersinbio
Co., Ltd.). In short, 300 nt RNA fragments generated by
ultrasonication were subjected to overnight incubation at 4°C
with mSA antibody or IgG-conjugated beads. RNA-antibody
complex was incubated with 100 ul protein A/G magnetic
beads at a temperature of 4°C for a duration of 3 h, followed by
elution using an elution buffer (cat. no. Bes5203-2; Guangzhou
Bersinbio Co., Ltd.). PCR analysis was employed to illustrate
the existence of binding targets.

RNA sequencing. VAHTS Stranded mRNA-seq Library Prep
Kit for I[llumina V2 (NR612-02; Co., Ltd.) was used for library
preparation according to the instructions. Reads were aligned
to the human Ensemble genome GRCh38 using Hisat2 aligner
(v2.1.0) under parameters: ‘--rna-strandness RF’. The reads
mapped the genome were calculated using featureCounts
(v1.6.3). Differential gene expression analysis was performed
using the DESeq2 R-package (Guangzhou Epibiotek Co., Ltd.).

MeRIP-seq library preparation. Total RNA was extracted
using TRIzol™ Reagent (cat. no. 15596018; Invitrogen;
Thermo Fisher Scientific, Inc.). The concentration of total RNA
was measured by Qubit RNA HS assay kit (cat. no. Q32852;
Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA (100 pg)
was fragmented into 100-200 nt RNA fragments using 10X
RNA Fragmentation Buffer (100 mM Tris-HCI, 100 mM ZnCI2
in nuclease-free H,0). The reaction was stopped by adding
10X EDTA (0.5 M EDTA). Methylated RNA immunoprecipi-
tation was performed using EpiTM m°A immunoprecipitation
kit (cat. no. R1804; Guangzhou Epibiotek Co., Ltd.). The
mC®A-enriched RNA was purified using TRIzol™ Reagent
(cat. no. 15596018; Invitrogen; Thermo Fisher Scientific, Inc.).
The library was prepared by smart-seq method. Both the input
samples without TP and the mSA IP samples were subjected to
150-bp, paired-end sequencing on an Illumina NovaSeq 6000
sequencer (Guangzhou Epibiotek Co., Ltd.).

The RNA-seq data and relevant clinical data across
tumor types and normal tissues were downloaded from
The Cancer Genome Atlas (TCGA) database (https:/www.
cancer.gov/ccg/research/genome-sequencing/tcga) and the
Genotype-Tissue Expression (GTEx) database by UCSC
XENAT1 (https://xenabrowser.net/). R software v3.6.3
(https://cran.r-project.org/) was used for statistical analysis,
and the ggplot2 package was used for visualization. The
Wilcoxon rank sum test detected two sets of data, and P<0.05
was considered statistically significant.

BP-1-102 treatment. H1299 cells were treated with 5 pg/ml
BP-1-102 (cat. no. HY-100493; MedChemExpress) at 37°C for
0, 24, 36, 48, 72 and 96 h. Then, the cells were collected for
subsequent experiments.

Actinomycin D treatment. H1299 cells were treated with
5 pug/ml actinomycin D (cat. no. 15021S, Cell Signaling
Technology, Inc.) at 37°C for 0, 2 and 4 h. Then, total cell RNA
was extracted, followed by RT-qPCR to measure the stability
of mRNAs. The gene expression at 0 h was considered the
baseline.
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Bioinformatic analysis. CDC25C mRNA m°A modification
was predicted by SRAMP (http://www.cuilab.cn/sramp).
The default database settings were used. The binding sites of
STAT?3 on the CDC25C promoter were predicted in the human
transcription factor database (HumanTFDB; http://bioinfo.life.
hust.edu.cn/HumanTFDB/). Gene Ontology (https://geneon-
tology.org/) and Kyoto Encyclopedia of Genes and Genomes
analyses (https://www.kegg.jp/kegg/) were used for the
analysis of sequencing data.

Statistical analysis. The data were analyzed using GraphPad
Prism 8.0 (Dotmatics). The data are presented as the
mean + standard deviation from a minimum of three indepen-
dent biological replicates. One-way ANOVA was performed to
evaluate the differences. Paired Student's t test was performed
to evaluate the differences between two groups. The survival
probability was determined using the Kaplan-Meier plotter
(https://kmplot.com/analysis/) followed by the log-rank test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Overexpression of CDC25C regulates the proliferation, inva-
sion and migration of NSCLC cells. To examine the impact
of CDC25C on NSCLC advancement, the expression levels
of CDC25C in different types of cancer were analyzed using
TCGA datasets (Fig. 1A and Table SII). The results indicated
a significant increase in the expression of CDC25C in lung
adenocarcinoma samples (Fig. 1B). The RNA-seq data of
539 tumors and 59 normal tissues from patients with NSCLC
from TCGA datasets were also reanalyzed. Kaplan-Meier
curves indicated a significant association between CDC25C
expression and the survival of patients with NSCLC.
Compared with the CDC25C low expression group, the high
expression group exhibited a significantly poorer prognosis
(Fig. 1C). Next, the CDC25C levels in 30 paraffin-embedded
specimens from patients with NSCLC were measured using
IHC (Fig. 1D).

To interrogate the role of CDC25C in NSCLC cells,
siRNAs (CDC25C siRNAI1-3) were employed to knockdown
CDC25C expression, or CDC25C was overexpressed by
transfecting H1299 cells with a plasmid encoding CDC25C
(Fig. S1A). As demonstrated by CCK-8 and colony formation
assays, the downregulation of CDC25C was found to impair
the proliferative capacity of H838 cells (Fig. 1E and F), whereas
the upregulation of CDC25C exhibited an opposite effect.
Subsequently, a wound healing assay also revealed that knock-
down of CDC25C tended to attenuate the migratory ability
of H838 cells (Fig. 1G). Additionally, Transwell assays were
performed and it was found that the knockdown of CDC25C
expression inhibited cell migration and invasion (Fig. 1H). The
overexpression of CDC25C resulted in the opposite outcome.
These findings suggested that ectopic expression of CDC25C
modulates the proliferation, invasion and migration of NSCLC
cells.

CDC25C promotes NSCLC growth and metastasis. To assess
the impact of CDC25C on NSCLC, H1299 cells (control and
Lv-CDC25C groups) were implanted subcutaneously into
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nude mice (Figs. 2A and S1A). The NSCLC xenograft model
derived from the Lv-CDC25C group showed a significant
increase in tumor mass compared with the control group. A
significant rise in tumor volume was also noted within the
Lv-CDC25C group (Fig. 2B-D). The MMP-2 and MMP-9
expression levels in the tumors were assessed to indicate the
invasive and metastatic capabilities of the tumor cells. Ki67 is
a marker found in cells undergoing proliferation, and its role
is intricately connected to mitosis, playing a crucial role in
cell multiplication. The control group showed markedly lower
expression levels of MMP-2, MMP-9 and Ki67 compared
with the Lv-CDC25C group (Fig. 2E). The IF analysis results
indicated that the tumor tissues of the Lv-CDC25C group
exhibited higher expression of CDC25C protein compared
with the control group (Fig. 2F).

Next, it was determined whether CDC25C overexpres-
sion promoted metastasis of lung cancer cells. For this
purpose, tumor fragments from the H1299 cell (control and
Lv-CDC25C groups) subcutaneous model were cut into 1-mm?
pieces and embedded in the lungs of nude mice (Fig. 2G).
Compared with the control group, different sites of lung
cancer tissue metastasis occurred in the Lv-CDC25C group.
The H&E staining results revealed that the tumor tissues in
the Lv-CDC25C group exhibited higher levels of invasiveness.
To further investigate the difference in CDC25C expression
in lung cancer and normal lung tissues, FISH technology was
employed to assess the CDC25C mRNA expression levels. In
both the control and Lv-CDC25C groups, it was observed that
the CDC25C mRNA expression level was higher in the tumor
tissue than in the normal lung tissue. Furthermore, multiple
high-expression CDC25C mRNA metastatic tumors were
observed in the Lv-CDC25C group.

Characterization of CDC25C in NSCLC. NSCLC is a multi-
faceted disease characterized by alterations in gene expression
within tumor cells throughout its initiation and progression.
Advances in sequencing technology have enabled the compre-
hensive analysis of intricate genetic modifications associated
with cancer. To elucidate the role of CDC25C in NSCLC, three
tissues samples (N5/T5, N36/T36 and N43/T43) exhibiting low
CDC25C gene expression levels and three tissues samples
(N13/T13,N23/T23 and N25/T25) demonstrating high expres-
sion were selected from a cohort of 30 patients with lung
cancer for RNA-seq. For each patient, both para-tumor and
tumor tissues were collected for comparative analysis. In the
CDC25C low expression group, 1,863 genes were found to
be upregulated and 1,391 genes downregulated in the tumor
tissues compared with the adjacent normal tissues (Fig. S2A
and C). In the CDC25C high expression group, 2,020 genes
were upregulated while 2,593 genes were downregulated in the
tumor tissues relative to the adjacent normal tissues (Fig. S2B
and C). Both Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes analyses (KEGG) revealed that the pathways
enriched in the differentially expressed genes (DEGs) differed
significantly between the CDC25C low expression (Figs. 3A
and S2D) and high expression (Figs. 3B and S2E) groups. The
DEGs in the tumor and para-tumor tissues from the CDC25C
low expression (Fig. 3C) and high expression (Fig. 3D) groups
were separately analyzed. To identify specific molecules
that interact with CDC25C, 11 genes that were significantly
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upregulated in the tumor tissues with high CDC25C expres-
sion levels and significantly downregulated in tumor tissues
with low CDC25C expression levels (Fig. 3E) were screened.
Additionally, 2 genes that were significantly downregulated in
the tumor tissues with high CDC25C expression and signifi-
cantly upregulated in the tumor tissues with low CDC25C
expression were also identified (Fig. 3F).

BP-1-102 deactivates the transcriptional function of STAT3
and inhibits the transcription of CDC25C. To elucidate the
fundamental mechanisms responsible for the heightened
expression of CDC25C in tumor tissues, research on both tran-
scriptional and post-transcriptional regulation was conducted.
The HumanTFDB was utilized to predict the presence of a
STAT?3 binding site in the CDC25C promoter. By IHC, elevated
STATS3 levels were detected in tumor tissues compared with
the para-tumor tissues (Fig. 4A). Subsequently, five step-dele-
tion distal sequences of the CDC25C promoter were inserted
into the pGL3-Basic vector (Fig. 4B). Compared with the
pGL3-Basic + pcDNA3.1 group, the luciferase activity of the
pGL3-Basic + pcDNA3.1-STAT3 group was not significantly
different. Compared with the pGL3-Basic + pcDNA3.1-STAT3
group, the luciferase activity of the pGL3-P1 (Full) +
pcDNA3.1-STAT3, pGL3-P2 + pcDNA3.1-STAT3 and
pGL3-P3 + pcDNA3.1-STAT3 groups were significantly
elevated (Figs. 4B and S1B). For further confirmation,
ChIP-PCR and ChIP-qPCR were performed to detect the
enrichment of STAT3 on the CDC25C promoter. The results
demonstrated that STAT3 was enriched at the promoter region
of CDC25C (Fig. 4C). These results suggested that STAT3
could bind to the CDC25C promoter and regulate CDC25C
transcription.

The ability of BP-1-102 to inhibit STAT3 phosphorylation
in H1299 cells was examined and it was found that CDC25C
mRNA expression decreased following BP-1-102 treatment
(Fig. 4D). It was also observed that treatment with BP-1-102
(5 uM) decreased the ability of H1299 cancer cells to form
pellets (Fig. 4E). Furthermore, as demonstrated by CCK-8
and colony formation assays, treatment with BP-1-102 (5 yM)
weakened the proliferation capability of H1299 cells (Fig. 4F
and G). Comparable impacts on the migration and invasion
of H1299 cells were observed, as demonstrated by Transwell
and scratch assays (Fig. 4H and I). These findings indicate that
STAT?3 has the capacity to directly interact with the CDC25C
promoter and contribute to the transcriptional regulation of
CDC25C. It was also found that BP-1-102 deactivated the tran-
scriptional function of STAT3 and inhibited the transcription
of CDC25C.

ALKBHS regulates the expression of CDC25C by changing
the m°A modification status. m°A modification precisely
modulates gene expression at the post-transcriptional level by
influencing RNA stability, translation efficiency and interac-
tions with other proteins, thereby impacting various cellular
biological processes. To investigate the regulatory mechanism
of m°A modification on CDC25C expression in NSCLC, the
expression of m®A-related genes in the high and low CDC25C
expression groups were compared following RNA-seq
(Fig. 5A). Subsequently, MeRIP sequencing of the tumor and
para-tumor tissues from both groups (low and high CDC25C
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Figure 2. CDC25C promotes the growth of xenograft tumors in nude mice. (A and B) Overexpression of CDC25C effectively promoted xenograft tumor growth
in nude mice (n=6 per group). (C) The tumor size was monitored every week. (D) Quantification of the tumor weight. (E) The expression levels of MMP-2,
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determined the expression of CDC25C RNA in the NSCLC model. “P<0.01. CDC25C, cytokinesis cyclin 25 homologous protein C; NSCLC, non-small cell
lung cancer; IF, immunofluorescence.
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expression groups) were conducted. The analyses revealed that  significantly lower than that observed in the high CDC25C
the number of genes exhibiting hypermethylation in the low  expression group (Fig. 5C; and Fig. S3C and D). To explore
CDC25C expression group (Fig. 5B; and Fig. S3A and B) was ~ whether the expression of CDC25C is subject to the crosstalk
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Figure 5. ALKBHS5 controls CDC25C mRNA expression by regulating the m°A level in NSCLC. (A) Heatmap showing RNA differential expression of
m°A-related genes between the CDC25C high expression and low expression groups. (B and C) Four-quadrant plots showing the distribution of peaks with

significant changes in terms of both the m®A modification and RNA levels
the negative control group in H1299 cells. (E) Methylated RNA immunopre:
modification of CDC25C mRNA. (F) The expression of CDC25C mRNA wa

. (D) The total m°A levels were higher in the ALKBHS5 knockdown group than
cipitation result shows that knocking down ALKBHS5 increases the level of m°A
s found to be elevated in the ALKBHS5 knockdown group. (G-J) Colony formation

and Cell Counting Kit-8 assays confirmed that ALKBHS knockdown enhanced cell proliferation. (K-N) Wound healing and Transwell assays were utilized to
assess the migration and invasion capabilities of NSCLC cell lines after knocking down ALKBHS. The results are presented as the mean + standard deviation

of three independent experiments. “P<0.05 and ""P<0.01. ALKBHS, alkB h

omolog 5 RNA demethylase; m°A, N6-methyladenosine; CDC25C, cytokinesis

cyclin 25 homologous protein C; NSCLC, non-small cell lung cancer; siRNA, small interfering RNA.

between transcriptional and post-transcriptional regulation,
MeRIP-seq and mRNA-seq of the cancer tissues with differen-
tial expression levels were conducted to select the differentially
expressed m®A-related proteins, YTHDF1 and ALKBHS5; and
the HumanTFDB was utilized to predict the binding sites of
STAT3. The binding of STAT3 to YTHDF1 or ALKBHS5
was verified through dual-luciferase assays. Nevertheless, it
was discovered that the fluorescence expression levels of the
wild-type plasmid and the site-mutated plasmid were not
significantly different in H1299 cells (Fig. S4A and B). Hence,

it was hypothesized that other m®A-related proteins might be
transcriptionally regulated by STAT3. The RNA-seq results
identified that ALKBHS was significantly downregulated in
the high CDC25C expression group compared with the low
CDC25C expression group and was therefore selected as the
focus of subsequent research.

siRNAs were used to knock down the expression of
ALKBHS5 (ALKBHS siRNAI1-3; Fig. SIC). The ALKBHS
knockdown group showed a higher overall m°A level compared
with the control group (Fig. 5D). Furthermore, ALKBHS
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knockdown increased the levels of m°A modification of
CDC25C mRNA (Fig. 5E) and the expression of CDC25C
mRNA (Fig. 5F). Downregulation of ALKBHS in H1299 and
A549 cells led to a significant increase in the cell proliferation
rate compared with the control groups (Fig. 5G-J). The result
of wound healing and Transwell assays demonstrated that
decreased ALKBHS expression led to the enhanced migra-
tion and invasion of NSCLC cells (Fig. 5K-N). Therefore,
these findings suggested that aberrant expression of ALKBHS
may be associated with the development and advancement of
NSCLC. These results also suggested that ALKBHS activity
may decrease the m°A level of CDC25C mRNA in NSCLC,
potentially resulting in a decrease in the expression level of
CDC25C mRNA.

YTHDF?2 and YTHDF3 compete for binding with CDC25C in
an m®A-dependent manner to regulate CDC25C expression.
Recognition of m°A by different YTHDF proteins promotes
mRNA decay or translation. YTHDF1 and YTHDF3 promote
the stability and translation of target mRNA, while YTHDF2
facilitates mRNA decay. Initially, endogenous Co-IP experi-
ments were conducted and a reciprocal interaction between
YTHDF1, YTHDF2 and YTHDF3 was observed (Fig. 6A).
Additionally, it was noted that YTHDF1, YTHDF2 and
YTHDF3 exhibited binding to CDC25C mRNA within
H1299 cells (Fig. 6B). Furthermore, Y THDF3 exhibited a high
binding ability to CDC25C. Notably, the overexpression of
YTHDEF3 in H1299 cells promoted the expression of CDC25C
(Fig. 6C). In addition, reducing the expression of YTHDF3
led to a significant increase in the association between
YTHDF2 and CDC25C mRNA, suggesting that YTHDF2
and YTHDF3 may compete for binding with CDC25C mRNA
in NSCLC cells (Figs. 6D and S1D). The m°®A profile showed
that mSA peaks were highly enriched around 3-UTR and the
stop codon. Furthermore, SRAMP database prediction was
conducted, revealing multiple highly reliable m°A modifica-
tion sites in CDC25C mRNA (Table SIIT). Subsequently, a
cytosine substitution for adenosine in the CDC25C 3' UTR
sequence was implemented to generate a mutant form of
CDC25C that is resistant to m°A modification (Fig. 6E). The
subsequent dual-luciferase reporter assay provided confir-
mation that CDC25C mRNA is a direct target of YTHDF2
(Figs. 6F and S1D). Furthermore, in H1299 cells treated with
actinomycin D and transfected with YTHDF2 siRNA, the
degradation of CDC25C mRNA was observed to be reduced
compared with the control (Fig. 6G). It was therefore hypoth-
esized that CDC25C mRNA carrying the m®A modification,
was competitively bound by YTHDF2 or YTHDF3. However,
in NSCLC, YTHDF3 exhibited a preference for binding
to CDC25C mRNA and facilitating CDC25C translation.
Conversely, when YTHDF3 was downregulated, YTHDF2
interacted with CDC25C and accelerated CDC25C mRNA
decay.

The colocalization of CDC25C mRNA and YTHDF2
protein in H1299 cells was confirmed using RNA FISH
technology combined with IF analysis. The colocalization of
YTHDEF2 and CDC25C mRNA was found to be significantly
increased upon the knockdown of YTHDF3 expression.
In addition, colocalization with mutant CDC25C mRNA
was weakened (Fig. 7A). Next, it was explored whether the

expression of CDC25C was dependent on the competitive
relationship between YTHDF2 and YTHDF3. It was found
that the CDC25C mRNA level was decreased in H1299
cells co-transfected with the YTHDF3 siRNA-pool and
pcDNA3.1-YTHDF2 (Figs. 7B and SI1E). As indicated by
colony formation assays, co-transfection of YTHDF3 siRNA
and pcDNA3.1-YTHDF2 weakened the proliferation capa-
bility of NSCLC cells (Fig. 7C). Additionally, wound healing
and Transwell assays also indicated that co-transfected with
YTHDEF3 siRNA and pcDNA3.1-Y THDF?2 tended to attenuate
the migration and invasion of NSCLC cells (Fig. 7D and E). In
summary, the results suggested that YTHDF2 and YTHDF3
competitively bind to CDC25C mRNA in an m°A-dependent
manner to regulate CDC25C expression.

Validating the regulation of CDC25C by YTHDF2 and
YTHDEF3 in vivo to achieve inhibition of tumor growth would
be useful to understand these interactions. However, overex-
pression of YTHDF2 and knockdown of YTHDF3 inhibited the
proliferation of cells. Since the previous experimental results
demonstrated that knockdown of YTHDF3 alone promoted
the mRNA expression of CDC25C and thereby promoted cell
proliferation, to further determine whether it is the overexpres-
sion of YTHDEF?2 that inhibits cell proliferation and leads to
the inability to obtain a stable Lv-YTHDF2 cell line, a stable
shYTHDEF2 cell line was constructed for mRNA sequencing
(Figs. S1F and S5A). Through KEGG enrichment analysis, it
was found that genes related to the TGF-f signaling pathway
were upregulated compared with the control group (Fig. S5B).
In the KEGG enrichment analysis results, it was also observed
that genes related to the NOD-like receptor signaling pathway
were downregulated (Fig. S5C). Hence, it was hypothesized
that overexpression of YTHDF2 might suppress cell prolifera-
tion via the TGF-f3 and NOD-like receptor pathways.

After uncovering the transcriptional regulation of
CDC25C by STAT3 and the targeted degradation of CDC25C
by YTHDF2, it was also hypothesized that STAT3 might
interact with m°A-modified proteins. If it had been possible
to disclose the crosstalk between STAT3 and m®A-related
proteins in regulating CDC25C, it would constitute a highlight
of the present study. Hence, MeRIP-seq and RNA-seq of
shY THDF2 cells were conducted. Regrettably, no significant
differences were observed in STAT3 m°A modification and
mRNA expression in the sequencing results. Nevertheless, our
sequencing outcomes indicated that knockdown of YTHDF2
influenced the mRNA expression of STAT1, a member of the
STAT family, and the MeRIP results demonstrated that STAT1
underwent hypermethylation after YTHDF2 expression was
knocked down (Table SIV).

Discussion

Significant progress has been made in basic and clinical
research regarding NSCLC treatment, and treatment methods
have been continuously innovated. However, the 5-year
mortality rate of patients remains high due to the unclear
pathogenesis of lung cancer, which has become a bottle-
neck in clinical treatment. Transcriptional regulation and
post-transcriptional modification are crucial mechanisms
governing gene expression. Certain studies have indicated a
connection between m®A modification and the progression
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Figure 6. YTHDF2 and YTHDF3 competitively bind to CDC25C mRNA via m°A modification. (A) Co-IP experiments were conducted using lysates
obtained from H1299 cells, with IP performed using antibodies targeting Y THDF1, YTHDF2 or YTHDF3. (B) RIP assay was used to evaluate the binding of
YTHDF1/2/3 to CDC25C mRNA in H1299 cells. (C) WB indicated that overexpression of YTHDF3 promoted the translation of CDC25C. (D) RIP experi-
ment showed that knocking down YTHDF3 promoted the binding of YTHDF2 to CDC25C mRNA in H1299 cells. (E) The distribution of m°A peaks in the
CDC25C high expression and low expression groups. The diagram illustrates the potential m®A modification site and its corresponding mutants in the 3'UTR of
CDC25C mRNA. (F) Luciferase assay. (G) The mRNA level of CDC25C in H1299 cells treated with 5 yg/ml ACTD and transfected with Y THDF2 siRNA was
analyzed by quantitative PCR; The results are presented as the mean + standard deviation of three independent experiments. "P<0.05 and “P<0.01. YTHDF,
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RIP, RNA IP; WB, western blot analysis; siRNA, small interfering RNA; UTR, untranslated region; ACTD, actinomycin D; Wt, wild-type; Mut, mutant.

of lung cancer (23,24). Aberrations in these processes have that the transcriptional activator, STAT3, directly interacts
been increasingly recognized as pivotal factors contributing to ~ with the CDC25C promoter, thereby regulating its expression.
cancer pathogenesis. The results of the present study indicated = Furthermore, through multi-omics analysis, the genes related
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to the post-transcriptional modification (m°A methylation)
of CDC25C were identified. The findings suggested that the
downregulation of ALKBHS in NSCLC results in a signifi-
cant increase in the m°A modification of CDC25C mRNA.
The results of the present study also indicated that YTHDF3
and YTHDF2 compete to bind to CDC25C mRNA, thereby
facilitating or inhibiting its expression. Thus, the present
study discloses that dysregulated expression of the CDC25C
gene in NSCLC is influenced by multiple regulatory layers
encompassing both transcriptional and post-transcriptional
mechanisms.

STAT3 functions as a transcription factor with a role in
numerous biological processes. STAT3 is capable of relaying
signals from outside the cell to the nucleus, subsequently
initiating the transcription of specific target genes (25).
Although STAT3 serves various roles in cancer, increasing
evidence indicates that its prolonged activation promotes the
proliferation of cancer cells and is associated with tumor
malignancy (26). Nan et al (26) consider that STAT3 has
the potential to influence the expression of interleukin-6 and
cyclooxygenase-2 in NSCLC with EGFR mutations. The
progression of NSCLC can be further inhibited by pharma-
cological and genetic approaches to inhibit the activity of
STAT3. In triple-negative breast cancer, it has been found
that STAT3 directly interacts with a regulatory region of the
TNFRSFI1A gene, and the expression levels of TNFRSF1A
rely on the activity of STAT3 both in models of constitutive
and cytokine-induced activation (27). In light of the crucial
role of STAT3 in tumorigenesis and development, targeting
STATS3 for drug development has emerged as one of the
primary drug research focuses over the past two decades.
Numerous compounds have been reported to possess inhibi-
tory activity on STAT3-related pathways and have entered
the clinical research phase, with indications encompassing
liver, colorectal and lung cancer. Owing to the complex
mechanisms of tumorigenesis, the simultaneous inhibition
of multiple targets through drug combination constitutes a
notable anticancer strategy. Histone deacetylases (HDACs)
represent a class of epigenetic enzymes closely associated
with tumorigenesis. A previous investigation demonstrated
that the inhibition of HDAC will result in the compensa-
tory activation of the related drug target, STAT3, in breast
cancer via a cascade of reactions (28). Hence, designing
STAT3-HDAC dual-target inhibitors can enhance the thera-
peutic efficacy against tumors. A STAT3-HDAC dual-target
inhibitor termed ‘Compound 14’ has exhibited high
anti-proliferative capacity and favorable antitumor activity
in both in vitro and in vivo experiments. Another study has
indicated that the selective STAT3 inhibitor, WB436B, can
significantly restrain the growth and metastasis of pancreatic
cancer and prolong the survival time of tumor-bearing mice,
furnishing a solid experimental foundation for STAT3 as a
drug target for the treatment of pancreatic cancer (29). It was
shown in the present study that STAT3, as a transcriptional
activator of CDC25C, affects CDC25C mRNA expression.
It was also demonstrated that BP-1-102 (a specific inhibitor
of STAT3 activity) effectively suppressed the proliferation,
invasion and migration of NSCLC cells. Therefore, the
results of the present study indicated that STAT3 promotes
NSCLC development by regulating CDC25C expression.

INTERNATIONAL JOURNAL OF ONCOLOGY 66: 27, 2025 15

In the present study, the transcriptional regulation of
CDC25C was first explored. Subsequently, the post-transcrip-
tional regulation of CDC25C expression by m°A modification
was further investigated. Studies have demonstrated that the
onset of lung cancer is attributed to multiple factors, among
which epigenetics is a significant component. In recent years,
the in-depth research on epigenetics in the occurrence and
development of cancer has offered novel perspectives for
clinical prevention, diagnosis, treatment, and the develop-
ment of new drugs. Regarding the early diagnosis, prognosis
evaluation and treatment monitoring of lung cancer, m°A
modification can be regarded as a potential and valuable
tumor diagnostic biomarker. Research has revealed that
multiple m®A regulatory proteins have crucial roles in lung
cancer. For instance, methyltransferases such as methyltrans-
ferase-like (METTL3) (30) and METTL14 (31), along with
methylation-reading proteins such as YTHDF2 and insulin
like growth factor 2 mRNA binding protein (32), all partici-
pate in processes such as the proliferation, migration, invasion
and drug resistance of lung cancer cells. By targeting these
mPA regulatory proteins, specific inhibitors or agonists can be
developed to regulate the m®*A modification levels to inhibit
the growth and metastasis of lung cancer cells, or to enhance
their sensitivity to chemotherapy and immunotherapy. With
the successful clinical application of epigenetic therapeutic
drugs such as methyltransferase inhibitors and HDAC inhibi-
tors, m°A therapy has demonstrated notable potential in the
treatment of lung cancer (33). Moreover, m°A therapy can be
combined with other lung cancer treatment approaches (such
as surgery, radiotherapy, chemotherapy and immunotherapy) to
enhance the therapeutic effect and the survival rate of patients.
For instance, incorporating METTL3-targeted inhibitors with
immunotherapy can render patients with NSCLC resistant to
anti-programmed cell death protein-1 immunotherapy sensi-
tive again and reduce the side effects and drug resistance (34).
Although m°A modification has exhibited immense potential in
the diagnosis and treatment of NSCLC, challenges still persist
in clinical applications. The heterogeneity of NSCLC results
in variations in m°A modification among individual patients,
augmenting the complexity of individualized treatment.
Furthermore, the majority of current studies are conducted at
the cellular and animal levels, and clinical trials require longer
follow-up periods and larger research cohorts for further vali-
dation. The transformation of basic research achievements into
clinical application also requires strict clinical trials to verify
the safety and efficacy of the treatment strategies.

ALKBHS is among the earliest discovered m°A demeth-
ylases and plays a pivotal role in a range of human diseases,
particularly cancer development, through its demethylation
function (35-37). ALKBHS5 has been shown to have a m°A
demethylase function, but its target and mechanism of action
vary among different tumor types. In bladder cancer, ALKBHS5
regulates the level of m°A modification of target mRNA and
thus affects the epithelial-mesenchymal transition of tumor
cells, interfering with tumor invasion and metastasis (38). In
glioblastoma and breast cancer, ALKBHS promotes the main-
tenance of tumor stem cells by removing m°A modifications
from FOXMI1 and NANOG (39,40). In the present study, to
further elucidate the effects of ALKBHS on the proliferation
and invasion activities of NSCLC cells, CCK-8, clonogenic
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and Transwell assays were conducted. The research find-
ings indicated that low expression of ALKBHS in NSCLC
cells promoted cell proliferation, invasion and migration.
Furthermore, the present study demonstrated that ALKBHS
regulates the m°A level of CDC25C.

As mP°A reader proteins, the YTHDF protein family, which
includes YTHDF1, YTHDF2 and YTHDEF3, fulfill distinct
functional roles. YTHDF1 and YTHDF3 are involved in
the regulation of translation, whereas YTHDF2 primarily
promotes the degradation of m®A-methylated transcripts (41).
Certain studies have indicated that the targeting of YTHDF3
to programmed death-ligand 1 facilitates immune evasion in
NSCLC (42). In triple-negative breast cancer, high expression of
YTHDEFS3 is associated with a poorer disease-free survival and
overall survival in patients (43). The findings of the present study
suggest that YTHDF3 increases the translation of CDC25C
mRNA in a manner dependent on m®A, further promoting
the progression of NSCLC. In pancreatic cancer cells, there
is a phenomenon of ‘migration-proliferation dichotomy’
of YTHDF2, meaning that it promotes the proliferation of
pancreatic cancer cells and inhibits migration and invasion (44).
In cervical cancer, knockdown of YTHDF2 can significantly
enhance the stability of GLI family zinc finger 2 mRNA, further
inducing the apoptosis of cervical cancer cells (45). In prostate
cancer, YTHDF?2 binds to the serine protease 8 mRNA and
promotes its degradation in a m®A-dependent manner, thereby
promoting prostate cancer cell proliferation (46). These findings
demonstrate that YTHDF?2 exhibits distinct roles across various
cancer tissues. The results of the present study indicated that the
downregulation of ALKBHS in NSCLC results in an increased
mC®A modification of CDC25C mRNA. Moreover, heightened
expression of YTHDF3 was more likely to recognize CDC25C
mRNA, thereby promoting its translation and consequently
facilitating the progression of NSCLC. Conversely, knocking
down YTHDF3 expression led to a higher likelihood of
YTHDF?2 binding to CDC25C, which may promote its degrada-
tion and inhibit the proliferation and migration of NSCLC cells.
In summary, while YTHDF2 may be capable of mediating the
degradation of CDC25C mRNA, it is more probable that the
mPA site on CDC25C mRNA is preferentially recognized by
YTHDEFS3, thereby facilitating its translation.

The present study uncovered the molecular process of mSA
alteration and the role of CDC25C, which may be governed by
ALKBHS and YTHDF proteins, in managing NSCLC tumor
progression. Validating the regulation of CDC25C by YTHDF2
and YTHDF3 in vivo to achieve inhibition of tumor growth
would be useful to understand these interactions. However,
overexpression of YTHDF2 and knockdown of YTHDF3
inhibited the proliferation of cells. As a result, it was arduous
to obtain a sufficient number of stably transfected cell lines
for subcutaneous xenograft tumor experiments. In the tumor
microenvironment, TGF-f is capable of regulating the growth
and metastasis of tumors through multiple pathways, such as
maintaining the homeostasis of tumor stem cells (47), inhibiting
immune responses (48) as well as inducing epithelial-mesen-
chymal transition and metastasis (49). Therefore, it was
hypothesized that overexpression of YTHDF?2 inhibits TGF-f,
thereby suppressing tumor growth and metastasis. Studies have
shown that the TGF-f3 signaling pathway plays different roles in
early-stage and late-stage tumors. In early-stage tumors, TGF-3

exerts an antitumor effect by facilitating cell cycle arrest and
apoptosis, whereas in advanced tumors, it promotes the survival
of tumor cells by creating an immunosuppressive milieu (50,51).
A stable shYTHDEF2 cell line was constructed for mRNA
sequencing. Through KEGG enrichment analysis, it was found
that genes related to the TGF-f3 signaling pathway were upregu-
lated compared with the control group. It was also noticed that
genes related to the NOD-like receptor signaling pathway were
downregulated. The relationship between NOD-like receptors,
as one of the representatives of inflammatory immune receptors,
and tumors merits exploration. Correia et al (52) verified that
NODI1 promotes the apoptosis of breast cancer cells via the TNF
signaling pathway. Couturier-Maillard ez al (53) demonstrated
that in mice, a deficiency in NOD2 causes intestinal ecological
imbalance, increasing the chances of transmissible colitis and
colitis-related carcinogenesis. Antibiotics or anti-IL-6 neutral-
izing antibodies can ameliorate the aforementioned conditions.
The transplantation of feces from NOD2 knockout mice to other
mice and subsequent treatment with DSS-AOM resulted in
higher body weight loss and histological scores compared with
mice in the other groups. Therefore, it is inferred that NOD2
exerts a protective effect. It was conjectured that overexpression
of YTHDF2 might suppress cell proliferation via the TGF-§
and NOD-like receptor pathways, but this requires further
experimental validation.

The present study clarified the regulatory mechanisms
of CDC25C high expression in NSCLC from both the
post-transcriptional modification and transcriptional regula-
tion perspectives. Our next study will focus on the interactions
between the STAT family and the YTHDF family to reveal
the potential role of transcriptional and post-transcriptional
regulation. ChIP-seq analysis for STAT3 binding would be
useful to provide direct molecular evidence. ChIP-seq can be
employed using samples from all species with known genomic
sequences to study the interaction between any DNA-related
protein and its target DNA and thus acquire precise sequence
information for each fragment. One of the most significant
advantages of ChIP-seq technology is its capacity to achieve
single-base pair resolution. Investigating whether transcrip-
tional regulation and post-transcriptional modification are
mutually influenced will be the authors' focus in the next stage
of research.

In conclusion, the results of the present study indicated that
BP-1-102 deactivated the transcriptional function of STAT3 to
downregulate CDC25C expression. ALKBHS inhibited inva-
sion and metastasis by regulating CDC25C in a m°A-dependent
manner during NSCLC progression. Promoting the degrada-
tion of CDC25C by YTHDF2 and inhibiting the transcription
of CDC25C by STAT3 may be potential treatment avenues for
NSCLC.
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