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Abstract: Cell division cycle 5-like (CDC5L) protein is implicated in the development of various cancers. However, its
role in the progression of lung adenocarcinoma (LUAD) remains uncertain. Our findings revealed frequent upregu-
lation of CDC5L in LUAD, which correlated with poorer overall survival rates and advanced clinical stages. In vitro
experiments demonstrated that CDC5L overexpression stimulated the proliferation, migration, and invasion of LUAD
cells, whereas CDC5L knockdown exerted suppressive effects on these cellular processes. Furthermore, silencing
CDC5L significantly inhibited tumor growth and metastasis in a xenograft mouse model. Mechanistically, CDC5L ac-
tivates the Wnt/B-catenin signaling pathway by transcriptionally regulating WNT7B, thereby promoting LUAD progres-
sion. Besides, METTL14-mediated m°A modification contributed to CDC5L upregulation in an IGF2BP2-dependent
manner. Collectively, our study uncovers a novel molecular mechanism by which the mfA-induced CDC5L functions
as an oncogene in LUAD by activating the Wnt/[-catenin pathway through transcriptional regulation of WNT7B, sug-

gesting that CDC5L may serve as a promising prognostic marker and therapeutic target for LUAD.
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Introduction

Over the past decades, lung adenocarcinoma
(LUAD) has emerged as the predominant
histologic subtype of lung cancer, contributing
to rising morbidity and mortality rates [1-3].
Extensive research has unveiled numerous
genomic alterations associated with LUAD pro-
gression, leading to notable advancements in
molecularly targeted therapies [4]. Despite
these developments, drug resistance and side
effects have compromised therapeutic effica-
cy, resulting in a discouraging overall 5-year
survival rate of less than 20% for LUAD patients
[B]. Therefore, it is urgent to enhance our under-
standing of the cellular mechanisms underlying
LUAD progression.

The Cell division cycle 5-like (CDC5L) protein
shares significant similarity with the Schizo-

saccharomyces pombe CDC5 gene product,
known as a crucial cell cycle regulator essential
for the G2/M transition [6, 7]. CDC5L interacts
with the cell cycle checkpoint protein ATR, acti-
vating downstream effectors including Chk1l
and Rad17 [8]. Inhibition of CDC5L disrupts the
S phase cell cycle checkpoint, leading to
increased drug sensitivity [9]. Besides its role in
cell cycle regulation, CDC5L is a component of
the spliceosome complex and contributes to
pre-mRNA splicing, indicating its multifunction-
al nature [7, 10, 11]. Notably, CDC5L has been
implicated in various human somatic tumors. In
colorectal cancer, CDC5L acts as an oncogene,
promoting the transcriptional activation of the
hTERT promoter [12-14]. Moreover, CDC5L has
demonstrated potential oncogenic activity in
osteosarcoma and cervical tumors [15-17].
Due to its close association with the mitotic
stage of the cell cycle, CDC5L is considered a
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promising target for tumor therapy [6, 7]. How-
ever, despite the growing knowledge about
CDC5Ls involvement in different cancers, its
role in lung adenocarcinoma (LUAD) and the
underlying mechanisms remain unexplored.
Therefore, further investigation is required to
understand the significance of CDC5L in LUAD
and its potential as a therapeutic target.

Recent research has underscored the impor-
tance of RNA modifications, specifically N6-me-
thyladenosine (m°®A) alterations, in regulating
gene expression and in the realm of cancer
biology [18, 19]. The m°®A modification impacts
various biological processes, including tissue
development, stem cell maintenance and dif-
ferentiation, and DNA damage response. Cur-
rently, distinct groups of proteins have been
identified and validated as writers, readers,
and erasers responsible for adding, recogniz-
ing, and removing the methyl group from RNA
molecules, respectively [20, 21]. Disruption of
any of these processes can lead to aberrant
expression of target genes, initiating and pro-
moting diseases such as lung cancer, pancre-
atic cancer, glioblastoma, and breast cancer.
Therefore, m°A modification holds promise as
potentially valuable diagnostic biomarkers and
therapeutic targets for tumorigenesis, inva-
sion, metastasis, and drug resistance [22-26].
Our aim is to explore the impact of m®A modifi-
cation on the enhancement of CDC5L expres-
sion in LUAD cells. Delving into the epigenetic
control of CDC5L through m®A modification
could offer fresh perspectives on LUAD patho-
genesis and unveil promising targets for thera-
peutic interventions.

Highly conserved pathways, Wnt signaling path-
ways are recognized for their pivotal role in both
embryonic tissue development and adult tissue
maintenance. Dysregulated Wnt signaling has
been linked to the pathogenesis of numerous
cancers. Activation of the Wnt pathway stabi-
lizes B-catenin, prompting its translocation to
the nucleus and subsequent transcriptional
activation of target genes crucial for cell pro-
liferation, survival, and invasion [27-29]. The
Wnt/B-catenin signaling pathway significantly
influences the development and advancement
of diverse cancers. Numerous investigations
have substantiated its involvement in lung can-
cers, such as LUAD. Within LUAD, abnormal
Wnt pathway activation has been detected, cor-
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relating with tumor proliferation, metastasis,
and unfavorable prognosis [30-33]. A constitu-
tively activating mutation of [B-catenin was
discovered in lung cancer clinical samples, initi-
ating a signaling cascade centered around
B-catenin as the pivotal component, conse-
quently fostering tumorigenesis. Despite some
noncanonical Wnt proteins being implicated in
tumorigenesis signaling dysfunction, the role
of noncanonical Wnt signaling in lung cancer
remains contentious. The potential of CDC5L to
stimulate the Wnt/B-catenin signaling pathway
and thereby facilitate LUAD progression has yet
to be investigated. However, there are multiple
limitations in our current study. Firstly, the inter-
action between CDC5L and the Wnt/[-catenin
pathway is primarily supported by in vitro exper-
iments and lacks in vivo validation. Secondly,
while our findings are promising, they are based
on a single preclinical model. Further validation
in additional preclinical models is essential to
confirm the robustness and generalizability of
our results. Additionally, extrapolating our find-
ings to clinical cohorts requires caution, as the
complexities of human biology may differ from
the animal models utilized. By addressing these
limitations, we can provide a more balanced
perspective on the implications of our research.

In summary, our study comprehensively investi-
gated the expression and clinical significance
of CDC5L as a potential biomarker in LUAD.
We validated CDC5L’s oncogenic roles through
experiments and confirmed its potential as a
prognostic biomarker. It is crucial to explore
the clinical implications of targeting CDC5L and
the Wnt/B-catenin pathway in LUAD treatment.
By targeting these components, there is poten-
tial to disrupt crucial oncogenic signaling path-
ways, offering promising avenues for thera-
peutic intervention. However, several challeng-
es must be addressed. Firstly, understanding
the precise mechanisms by which CDC5L inter-
acts with the Wnt/B-catenin pathway in LUAD
progression is essential for developing target-
ed therapies. Additionally, developing effective
inhibitors or modulators that can selectively
target CDC5L or components of the Wnt/B-
catenin pathway with minimal off-target effects
remains challenging. Moreover, given the com-
plexity and heterogeneity of LUAD, personal-
ized therapeutic approaches accounting for
individual variations in pathway activation and
tumor characteristics may be necessary for
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optimal treatment outcomes. Future direc-
tions for therapeutic development may include
investigating combination therapies targeting
multiple nodes within the Wnt/B-catenin path-
way or integrating targeted therapies with im-
munotherapy to enhance efficacy. In conclu-
sion, while targeting CDC5L and the Wnt/B-
catenin pathway shows promise for LUAD treat-
ment, further research is essential to overcome
challenges and translate these findings into
clinical benefits for patients.

Materials and methods
Patient tissue samples

LUAD tumor samples and corresponding adja-
cent normal tissue were collected from the
Union Hospital affiliated to Fujian Medical Uni-
versity. Samples were snap frozen and stored
at -80°C until use. In addition, we conduct-
ed immunohistochemical staining of formalin-
fixed paraffin-embedded LUAD patient samples
and normal control samples. All patients were
diagnosed with LAD (stages |, II, Ill, and IV)
according to histopathological evaluation. The
Research Ethics Committee of the Union Hos-
pital affiliated to Fujian Medical University app-
roved this study, which was consistent with the
Declaration of Helsinki. All patients provided
written informed consent.

Cell lines and cell culture

LUAD cell lines (A549, SPCA1, PC9, H1299,
H1975, H23) and human bronchial epithelial
cell (HBE) were purchased from the Cell Bank
of Type Culture Collection of the Chinese Aca-
demy of Sciences, Shanghai Institute of Cell
Biology (Shanghai, China). H1975, H23, SPCA1
and HBE cells were cultured in DMEM medium
(Gibco), and PC9, A549 and H1299 cells were
cultured in RPMI 1640 medium (Gibco), supple-
mented with 10% fetal bovine serum. All cells
were cultured at 37°C in a humidified incubator
containing 5% CO,,.

RNA extraction, reverse transcription, and qRT-
PCR

Total RNA was extracted from cultured cells
using TRIzol reagent (Thermo) according to
the manufacturer’s instructions. The extracted
RNA was dissolved with RNAase-free water,
and 1 ug RNA from each sample was used for
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cDNA synthesis using a Reverse Transcription
Kit (Takara). SYBR Select Master Mix (Applied
Biosystems) was used for qRT-PCR. The gRT-
PCR primers for CDC5L, WNT7B, CCND1, cMyc,
Axin2 and GAPDH were designed using Primer
Express version 5.0 software (Applied Biosy-
stems). The comparative CT method (AACT)
was used to measure the relative gene expres-
sion. CDC5L Forward Primer: 5-GACCTGGCT-
GTGCTATGG-3"; CDC5L Reverse Primer: 5-TG-
CTGCTGCTGAACCTTC-3’; WNT7B Forward Pri-
mer: 5-AGGCAGTGAGGACATCGAAA-3’; WNT7B
Reverse Primer: 5-GCCTTCTGGTCCTTTCCTCA-
3’; CCND1 forward primer: 5-AGTTGTTGGGGC-
TC CTCAG-3’; CCND1 reverse primer: 5-AGA-
CCTTCGTTGCCCTCTGT-3’; cMyc Forward Pri-
mer: 5-GCAAACACAAACCTGTCTCC-3’; cMyc
Reverse Primer: 5-AGGTAGTGGATGATGATGT-
TCTG-3’; Axin2 Forward Primer: 5-TCTTTGCG-
AGATGCTTCTGC-3’; Axin2 Reverse Primer:
5-TTCCATCTCTGCGTTGCTTC-3; GAPDH For-
ward Primer: 5-TGCACCACCAACTGCTTA-GC-3’;
GAPDH Reverse Primer: 5-GGCATGGACTGTG-
GTCATGAG-3..

Immunohistochemistry (IHC)

Paraffin-embedded sections were deparaf-
finized and incubated in retrieval buffer solu-
tion for antigen retrieval. The sections were
incubated with corresponding antibodies: anti-
CDC5L (Abcam, ab129114, 1:100).

EdU staining

5 x 10° cells were seeded in a 6-well plate and
cultured overnight. Then, 20 yM EdU working
solution (Beyotime) was added to each well in a
1:1 volume, resulting in a final concentration of
10 pM. After a 2-hour incubation at 37°C, the
culture was terminated and fixed with room
temperature methanol for 15 minutes. Next,
methanol was removed, and 500 yL of 0.2%
Triton X-100 was added to each well for cell per-
meabilization. Cells were gently shaken at room
temperature for 10 minutes. The dyeing reac-
tion solution was prepared according to the
manufacturer’s instructions, and 100 L of the
reaction solution was added to each well. The
plates were incubated in the dark at room
temperature for 30 minutes with gentle shak-
ing to trigger the click reaction. Nuclei stain-
ing was performed using Hoechst-33342 dye
(Thermos). Finally, images were captured using
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an FV3000 Fluorescence Confocal Microscopy
(Olympus).

Western blotting

Western blotting was performed according to
standard protocols as previously described
[34]. Briefly, tissues or cultured cells were lysed
with lysis buffer (RIPA, KeyGEN) containing pro-
tease inhibitors (PMSF, KeyGEN) on ice, and
protein concentration was determined using
a BCA Kit (KeyGEN). Western blotting was
obtained utilizing 30 pg of lysate protein. The
antibodies used were as follows: anti-CDC5L
(Abcam), anti-Axin2 (Thermo), anti-CyclinD1
(Cell Signaling Technology), anti-cMyc (Ther-
moFisher), anti-GAPDH (Cell Signaling Tech-
nology).

Cell transfection and stable cell line construc-
tion

Lentiviruses expressing CDC5L and hairpin-
derived small RNAs (shRNAs) targeting CDC5L
or WNT7B were obtained from General Bio-
systems (Anhui, China). After 72 hours of lenti-
virus infection, cells were treated with 2.5 pg/
ml puromycin to select for stable infection.
Small interfering RNAs (siRNAs) targeting
METTL14, IGF2BP1, IGF2BP2, and IGF2BP3
(General Biosystems, Anhui, China) were trans-
fected into LUAD cells using Lipofectamine
RNAIMAX following the manufacturer’s pro-
tocol (Invitrogen; Thermo Fisher Scientific).
Detailed sequences of shRNAs and siRNAs can
be found in Table S1.

Cell proliferation assay

In the Cell Counting Kit-8 (CCK-8) assay, cells
were seeded in 96-well plates at a density of
4000 cells/100 pL. The absorbance at 450 nm
was measured using an ELx-800 Universal
Microplate Reader.

Migration and invasion assay

For the Transwell assay, 8 um PET inserts (24-
well Millicell) or Matrigel-coated membranes
(BD Biosciences) were placed in the upper
chamber. The upper chamber was then filled
with 200 pL of serum-free medium, while the
lower chamber was filled with 800 uL of serum-
containing medium. A total of 5 x 1074 cells
were added to the upper chamber. After 24
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hours (for migration) or 48 hours (for invasion),
the cells in the lower chamber were fixed and
stained.

Wound healing assay

Wound healing assay was performed as previ-
ously reported [34-37], with 10 pg/mL mitomy-
cin (Sigma) treated for 2 h, the 100% confluent
monolayers of LUAD cells were scratched and
washed three times with PBS. The marked
areas were captured before and after scratch
for 24 h.

RNA-seq analysis

Total RNA was extracted from control and
CDC5L-knockdown H1299 cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), follow-
ing the manufacturer’s protocol. The RNA was
subjected to reverse transcription using the
SMARTer Ultra Low RNA Kit (Clontech). Sub-
sequently, cDNA amplification was perform-
ed using the Advantage 2 PCR Kit (Clontech)
according to the manufacturer’s instructions.
To create cDNA libraries, the KAPA Stranded
MmRNA Seq Kit (KAPA) was employed, follow-
ing the manufacturer’s guidelines. Sequencing
was conducted on the Illlumina HiSeq2500
platform, generating paired-end reads with a
read length of 150 bp.

Luciferase reporter assay

The promoter region of WNT7B was amplified
and inserted into the luciferase reporter plas-
mid (pGL3-basic). These luciferase reporter
plasmids were co-transfected with CMV-CDC5L
expression plasmids, while CMV-empty vector
was used as negative controls. CMV-Renilla
plasmid served as an internal control, and the
Firefly/Renilla value was utilized to measure
luciferase activity. After 48 hours of transfec-
tion, cells were harvested and assessed for
luciferase activity using the Dual Luciferase
Reporter Assay System (Promega).

Animal studies

Male athymic BALB/c mice (5-weeks-old) were
purchased from SPF (Beijing) Biotechnology
Co., Ltd. 1 x 107 LUAD tumor cells in 100 uL
sterile PBS were injected subcutaneously to
each mouse and tumors were harvested at 30
days after injection. Tumor volumes were mea-
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sured with an external caliper, and calculated
using the equation (L x W2)/2. Tumors were
measured every 5 days and harvested at 30
days after injection. All animal studies were
conducted in accordance with NIH animal use
guidelines and protocols were approved by
animal care committee of Union Hospital affili-
ated to Fujian Medical University.

Lung metastasis model of LUAD

To investigate the metastasis of LUAD cell in
vivo, intravenous injection of 1 x 1076 H1299
and H1975 cells into the lateral tail vein of
5-week-old BALB/c nude mice. Tumor colonies
were examined in the lungs on day 30. Mice
were sacrificed and the lung tissues were
collected, dissected, and stained with H&E.
The tumor colonies histomorphology was pho-
tographed, and the percentage occupancy of
metastases was calculated. All animal studies
were conducted in accordance with NIH animal
use guidelines and protocols were approved by
animal care committee of Union Hospital affili-
ated to Fujian Medical University.

MRNA stability

To assess RNA stability in LUAD cells, we
treated the cells with 5 pg/ml actinomycin D
(Act-D, Sigma). Following the specified incuba-
tion times, cells were harvested and RNA was
isolated for qRT-PCR analysis. The mRNA half-
life (tl/z) of CDC5L was determined using the
formula In2/slope, with GAPDH serving as the
normalization reference.

RNA immunoprecipitation

RNA immunoprecipitation (RIP) experiments
were conducted using the Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Milli-
pore, Bedford, MA, USA). Antibodies for RIP
assays targeting IgG, IGF2BP2, and m°®A were
diluted at a ratio of 1:1000. Following RIP, RNA
concentrations were quantified utilizing the
Qubit® RNA High-sensitivity (HS) Assay Kit
and Qubit 2.0. The co-precipitated RNAs were
identified through reverse transcription (RT)-
PCR analysis, with RNA expression levels nor-
malized to the total RNA input for reverse
transcription.

Statistical analysis

Data are presented as mean + SEM. Statistical
analyses were performed with Graphpad Prism
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software (version 9.1.4). Statistical significance
was compared via unpaired Student’s t test
or one-way analysis of variance (ANOVA) fol-
lowed with Bonferroni’s multiple as appropri-
ate. Differences were considered statistically
significant at the level of P < 0.05.

Results

CDC5L was overexpressed in LUAD and corre-
lated with worse prognosis

Gene expression profiling interactive analysis
(GEPIA) showed that the expression of CDC5L
in LUAD significantly increased in tumor com-
pared with normal lung tissue (Figure 1A). Next,
we determined whether CDC5L expression in
LUAD tissues was associated with clinicopatho-
logical features of patients in TCGA dataset. As
shown in Figure 1B, high CDC5L expression
was significantly associated with TNM stage (P
< 0.05). To further validate the results found
in TCGA, we investigated the expression of
CDC5L in patient samples. Compared with nor-
mal lung tissues, the protein level of CDC5L is
highly expressed in LUAD tissue (Figure 1C,
1D). Then, we measured the expression of
CDC5L in LUAD cell lines (A549, SPCA1, PC9,
H1299, H1975, H23) and human bronchial epi-
thelial cell (HBE) cells. CDC5L was upregulated
in LUAD cell lines, especially in H1299 and
H1975 (Figure 1E, 1F). Those data suggested
that CDC5L was a potential oncogene in LUAD.

CDC5L promotes proliferation and migration of
LUAD in vitro

To investigate the role of CDC5L in LUAD pro-
gression, we utilized lentivirus carrying short-
hairpin RNA (shRNA) targeting CDC5L (shCD-
C5L) to infect H1299 and H1975 cells. Western
blot confirmed the expression of CDC5L was
robustly knocked down in both H1299 and
H1975 (Figure S1A). Cell viability was assessed
using the CCK-8 assay at different time points
(0, 1, 2, and 3 days) post-infection. Our results
demonstrated that H1299 and H1975 cells
infected with shCDC5L exhibited significantly
decreased cell viability compared to the vector
control (Figure 2A). We further conducted
transwell and wound healing assays to evalu-
ate the impact of CDC5L knockdown on cell
migration and invasion in LUAD cells. The find-
ings revealed that down-regulation of CDC5L
suppressed cell migration and invasion in LUAD
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Figure 1. CDC5L was highly expressed in lung adenocarcinoma and correlated with clinicopathological character-
istics. A. GEPIA database was used to analyze the expression of CDC5L in LUAD. B. Correlation between CDC5L
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expression and clinical pathological characteristics. C. RT-gPCR analysis of CDC5L expression in in lung adenocarci-
noma tissue (Tumor) and adjacent normal lung tissue (Normal). D. Immunohistochemical (IHC) staining for CDC5L
expression is shown in lung tumor and normal tissue. E, F. Relative expression of CDC5L protein and mRNA in LUAD
cell lines and normal human bronchial epithelial cell. Data are shown as the mean + SEM. *P < 0.05, **P < 0.01,
***pP < 0.001.
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Figure 2. Knockdown of CDC5L impairs proliferation and migration of LUAD cells. A. The effect of CDC5L knockdown
on H1299 and H1975 cells proliferation was detected by CCK-8 assay at the indicated time. B. Migration ability and
invasion ability were determined after knockdown of CDC5L in H1299 and H1975 cells using a migration assay and
a transwell assay. C. EdU-staining revealed that shCDC5L suppressed the proliferation ability of LUAD cells. D. The
migration potential of H1299 and H1975 cells treated with shNC and shCDC5L were evaluated by the wound heal-
ing assay. Data are shown as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

cells (Figure 2B). Additionally, EdU staining
indicated that CDC5L down-regulation inhibited
the proliferation capacity of LUAD cells (Figure
2C). Moreover, when proliferation was inhibited
by 10 pyg/mL mitomycin, LUAD cell migration
was also reduced in the shCDC5L groups
(Figure 2D).

To further investigate the role of CDC5L in
LUAD, we transfected H1299 and H1975 cell
lines with lentivirus carrying CDC5L or vector
control. Western blot confirmed overexpression
efficiency in both H1299 and H1975 (Eigure
S1B). Cells infected with CDC5L exhibited
enhanced cell viability compared to the vector
control (Figure 3A). Subsequently, we conduct-
ed colony formation assays on H1299 and
H1975 cells infected with lentivirus carrying
CDC5L or vector control. Our findings demon-
strated that CDC5L overexpression promoted
the migration of LUAD cells (Figure 3B). EdU
staining further revealed that up-regulation of
CDC5L stimulated the proliferation capacity of
LUAD cells (Figure 3C). Furthermore, when
proliferation was inhibited by 10 pyg/mL mito-
mycin, LUAD cell migration was increased in the
CDC5L up-regulation groups (Figure 3D). These
results underscore the involvement of CDC5L
in the processes of cell proliferation, migration,
and invasion in LUAD cells.

CDC5L promotes LUAD growth and metastasis
in vivo

To explore the oncogenic role of CDC5L in vivo,
we utilized xenograft tumor models by trans-
planting LUAD cells into mice. After 30 days,
the tumors were harvested and their volume
and weight were measured. The results de-
monstrated that knockdown of CDC5L signifi-
cantly suppressed tumor growth (Figure 4A,
4B). This finding suggests that silencing CDC5L
expression inhibits the growth of LUAD cell-
derived tumors in a mouse xenograft model.
Furthermore, we investigated the influence of
CDC5L knockdown on the metastasis of LUAD
cells in vivo. H1299 and H1975 cells infected
with lentivirus carrying shCDC5L were injected

3572

into the tail vein of BABL/c nude mice. He-
matoxylin and eosin (HE) staining was per-
formed to evaluate the growth of LUAD xeno-
grafts in the lungs. HE staining revealed that
knockdown of CDC5L inhibited the coloniza-
tion of LUAD cells in the lungs (Figure 4C, 4D).
Overall, our findings indicate that knockdown
of CDC5L effectively inhibits the metastasis
and growth of LUAD cells in the lungs of nude
mice compared to the control group.

CDC5L displayed its biological function via ac-
tivating Wnt/3-catenin signaling pathway

To understand the underlying mechanism by
which CDC5L promotes carcinogenesis in lung
cancer, we conducted RNA-sequencing to iden-
tify potential downstream genes regulated by
CDC5L. Our data demonstrated that knock-
down of CDC5L led to a systemic decrease in
the expression of genes related to the Wnt/[3-
catenin pathway (Figure 5A). Gene Set Enrich-
ment Analysis (GSEA) further revealed a posi-
tive correlation between CDC5L expression and
Wnt-activated gene signatures, suggesting that
CDC5L may activate the Wnt/B-catenin signal-
ing pathway (Figure 5B). To further validate the
relationship between CDC5L and the Wnt/[3-
catenin pathway, we performed immunofluo-
rescence (IF) staining to detect B-catenin ex-
pression in LUAD cells overexpressing or
knocked down for CDC5L. The IF data demon-
strated that CDC5L knockdown decreased
B-catenin levels, while CDC5L overexpression
increased B-catenin levels in LUAD cells (Figure
5C). To assess the activity of the Wnt/[-catenin
pathway, we employed the TOP/FOPflash lucif-
erase assay. Knockdown of CDC5L resulted in
suppressed reporter expression, indicating
reduced Wnt/B-catenin pathway activity. Con-
versely, upregulation of CDC5L promoted re-
porter expression, suggesting enhanced Wnt/
B-catenin pathway activity (Figures 5D, S3A).
We further conducted Western blot and gRT-
PCR experiments to examine the impact of
CDC5L on downstream genes of the Wnt/j-
catenin pathway. The results showed that
knockdown of CDC5L significantly downregula-
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Figure 3. CDC5L overexpression promotes proliferation and migration of LUAD cells. A. The cell viability of H1299
and H1975 cells were evaluated by CCK8. B. The cell invasive ability of H1299 and H1975 cells were measured by
transwell assay. C. EdU-staining revealed that CDC5L upregulation promoted the proliferation ability of LUAD cells.
D. The migration potential of H1299 and H1975 cells were evaluated by the wound healing assay. Data are shown
as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

ted the expression of Axin2, c-Myc, and Cyclin LUAD cells through the Wnt/B-catenin pathway,
D1 at both the protein and mRNA levels (Figures we subjected cells overexpressing CDC5L to
5E, S3B). To delve deeper into the potential of treatment with the specific inhibitor of Wnt/3-
CDC5L in fostering malignant characteristics in catenin signaling, XAV939. The application of
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Figure 4. CDC5L knockdown inhibits growth and metastasis of LUAD cells in vivo. A, B. Quantitative analysis of the
tumor volume at the indicated time (Left) and quantitative analysis of the tumor weight (Right). C, D. HE staining
and quantification for lung occupancy by tumors. Data are shown as the mean + SEM. *P < 0.05, **P < 0.01, ***P

< 0.001.

XAV9O39 notably counteracted the proliferative
effects induced by CDC5L in LUAD cells (Eigure
S4A, S4B). Furthermore, XAV939 mitigated the
heightened migration and invasion triggered by
CDC5L overexpression (Figure SAC). These find-
ings indicate that the oncogenic role of CDC5L
in lung cancer is dependent on the activation of
the Wnt/B-catenin pathway.
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CDC5L regulated the transcription of WNT7B
in LUAD cells

It has been confirmed that CDC5L acts as a
transcription factor to regulate gene expres-
sion. As shown by Animal TF DataBase, the TF
binding site of CDC5L was presented (Figure
6A). WNT7B, one of the most important ligands
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Figure 5. CDC5L activates the Wnt/B-catenin signaling. A. Heat map showing Z-score values of Least Squares
Means for select genes associated with WNT signaling in control (CTRL) and CDC5L knockdown cells as determined
using RNA-seq analysis. B. GSEA showing the positive correlations between CDC5L levels and Wnt signaling. C.
Immunofluorescence staining of nuclear B-catenin expression in the indicated cells. D. Luciferase-reporter assays
of TOP/FOP transcriptional activity in the indicated cells. E. Western blotting of the protein level of Wnt/B-catenin
downstream genes. Data are shown as the mean + SEM. **P < 0.01.

in canonical Wnt/B-catenin signaling pathway,
has been well established in the progression of
LUAD [38-40]. Predicted by hTFtarget website,
CDC5L potentially targets the promoter region
(-41 - -57 bp) of WNT7B (Figure 6B). Then we
constructed luciferase reporter plasmids carry-
ing WNT7B promoter (wild type and mutant
type), and luciferase reporter assay revealed
that CDC5L increased wild type but not mutant
WNT7B promoter luciferase activity in both
H1299 and H1975 cells (Figure 6D). Moreover,
the results of ChIP assay suggested that
CDCB5L directly targeted the promoter region of
WNT7B (Figure 6C). In H1299 and H1975 cell
lines, knockdown of CDC5L suppressed the
expression of WNT7B (Figure 6E), but overex-
pression of CDC5L promoted WNT7B expres-
sion (Figure 6F). Importantly, clinical sample
data indicate that CDC5L had a positive corre-
lation with WNT7B (R?=0.8810, P < 0.0001)
(Figure S2A). qRT-PCR indicated that WNT7B
protein is highly expressed in LUAD cell lines
(Figure S2B). Furthermore, we analyzed the
expression of WNT7B using The Cancer
Genome Atlas (TCGA) database and observed a
significant increase in WNT7B expression in 59
LUAD specimens (Figure 6G). Kaplan-Meier
curves revealed that patients with high WNT7B
expression had a considerably worse prognosis
compared to those with low WNT7B expression
(Figure 6H). To further validate these findings
from the TCGA database, we examined the
expression of WNT7B in patient samples. Our
results demonstrated a significantly higher pro-
tein level of WNT7B in LUAD tissue compared to
normal lung tissues (Figure 6l). These findings
indicated that CDC5L controlled the activity of
Wnt/B-catenin signaling pathway via transcrip-
tional regulating WNT7B.

WNT7B is indispensable for the CDC5L-
mediated activation of Wnt/B-catenin signaling
and LUAD progression

Based on the correlation between CDC5L and
WNT7B, we investigated whether WNT7B ser-
ves as a key molecule in the CDC5L-mediated
regulation of LUAD development. The positive
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effects of CDC5L on LUAD cell viability was
almost completely abolished after the knock-
down of WNT7B expression (Figure 7A). EdU-
staining also revealed that WNT7B knock-
down significantly abolished the pro-prolifera-
tion ability of CDC5L on LUAD cells (Figure 7B).
Furthermore, we performed transwell and wo-
und healing assays to evaluate the impact of
WNT7B knockdown on cell migration and inva-
sion, and observed that the suppression of cell
migration and invasion caused by CDC5L down-
regulation was nearly completely abolished by
WNT7B knockdown (Figure 7C). Furthermore,
in the xenograft mice model, the overexpres-
sion of CDC5L significantly promoted tumor
growth, and this effect was partially reversed
by silencing WNT7B in LUAD cells (Figure 7D,
7E). Additionally, in the in vivo metastasis as-
say, the heightened metastatic activity result-
ing from CDC5L overexpression was partially
reversed by WNT7B knockdown (Figure 7F).
Collectively, these findings suggest that CDC5L
promotes LUAD cell proliferation and metasta-
sis by activating the Wnt/B-catenin pathway
through the regulation of WNT7B expression.

m°®A modification contributes to the upregula-
tion of CDC5L in LUAD

To investigate the impact of m°A alteration on
CDC5L elevation, we examined multiple m°®A
sites within the CDC5L transcript using the
SRAMP prediction server (Figure 8A). Subse-
quently, an m®A RIP assay demonstrated in-
creased mPA levels in H1299 and H1975 cells
compared to normal bronchial epithelial cells
(16HBE) (Figure 8B), suggesting a potential
role for mPA in upregulating CDC5L. Notably, a
positive correlation between METTL14 and
CDC5L levels was observed in LUAD tissues
from the TCGA dataset (Figure 8C), supporting
the regulatory role of METTL14 on CDC5L.
Given METTL14’s dysregulation in human can-
cers and its involvement in the N6-methy-
ltransferase complex, we examined its impact
on the mfA modification of CDC5L. Silencing
METTL14 using siRNA in LUAD cells resulted in
a significant reduction in CDC5L m°®A levels
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Figure 6. CDC5L regulated WNT7B transcription by directly binding to its promoter region. A. The TF binding site of
CDC5L was shown by Animal TF DataBase. B. Predicted by hTFtarget website, CDC5L directly binds to the promoter
region (41-57 bp) of WNT7B. C. In ChIP assay, CDC5L antibody recruited WNT7B promoter DNA fragment. The IgG
antibody and control primer were used as negative controls. D. Ectopic expression of CDC5L increased wild type
but not mutant WNT7B promoter luciferase activity. E. The expression of WNT7B was decreased by knockdown
of CDC5L. F. The expression of WNT7B was increased by upregulation of CDC5L. G. WNT7B mRNA expression in
The Cancer Genome Atlas (TCGA) cohort. H. Kaplan-Meier plotter database showed that high WNT7B levels were
significantly (P < 0.05) associated with poor overall survival in patients with LUAD. I. RT-gPCR analysis of WNT7B
expression in in lung adenocarcinoma tissue (Tumor) and adjacent normal lung tissue (Normal). Data are shown as
the mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 8. The upregulation of CDC5L in LUAD is attribute to m°A modification. A. Prediction of multiple m°®A sites in
the CDC5L transcript using the SRAMP prediction server. B. m®A RIP-gPCR analysis of CDC5L expression in 16HBE,
H1299, and H1975 cells. C. Correlation analysis showing the correlation between METTL14 and CDC5L in the TCGA
dataset. D. qPCR analysis of CDC5L expression with METTL14 knockdown. E. Examination of CDC5L mRNA half-
lives in METTL14 knockdown LUAD cells. F. Cells were knocked down of IGF2BP1/2/3 by siRNA. The expressions
of TRIB3 were analyzed by gPCR. G. RIP analysis indicating enrichment of CDC5L by IGF2BP2. H. LUAD cells were
transfected with or without specific siRNA for METTL14. RIP analyses were performed with an anti-IGF2BP2 anti-
body. I. Examination of CDC5L mRNA half-lives in the LUAD cells with IGF2BP2 knockdown. Data are shown as the

mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

(data not shown) and decreased CDC5L ex-
pression (Figure 8D). Further experiments were
conducted to explore the specific mechanism
underlying the mSA-induced upregulation of
CDC5L in LUAD cells. Evaluating the effect of
reducing METTL14 on CDC5L stability revealed
a noticeable decrease in CDC5L half-life in
LUAD cells treated with METTL14 siRNA (Figure
8E), indicating that METTL14 regulates CDC5L
expression by influencing its stability.

To explore the mechanisms governing CDC5L
stability, we investigated potential proteins that
could act as m®A readers to detect methylated
CDC5L. The regulation of CDC5L by m®A modifi-
cation depends on the recognition of methylat-
ed CDC5L. Previous studies have suggested
that IGF2BP family proteins serve as mCA
‘readers’ to enhance mRNA stability [41, 42].
To further understand the complete modifica-
tion mechanism of METTL14-CDC5L in LUAD,
we used siRNA transfection to knock down
IGF2BP1, 2, and 3 in tumor cells (Figure S5).
Our results revealed that specifically silencing
IGF2BP2, not IGF2BP1 or IGF2BP3, significant-
ly affected the expression levels of CDC5L
(Figure 8F). Subsequent analysis using RIP
showed a substantial enrichment of CDC5L by
the IGF2BP2 protein (Figure 8G), which was
diminished upon METTL14 depletion (Figure
8H), indicating that METTL14-induced mSA
modification influenced the recognition and
binding of methylated CDC5L by IGF2BP2.
Moreover, silencing IGF2BP2 in LUAD cells led
to a notable acceleration in the decay rate of
CDC5L (Figure 8I), consistent with the results
observed when inhibiting METTL14. These col-
lective findings suggest that IGF2BP2 acts as
an m®A reader for CDC5L. Overall, our data
strongly support the role of m®A alteration in
the upregulation of CDC5L in LUAD cells.

Discussion

CDC5L is a protein involved in regulating the
G2/M transition of the cell cycle, as well as par-
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ticipating in pre-mRNA splicing and DNA dam-
age repair. Recently, it has been identified as a
potential oncogene in osteosarcoma and cervi-
cal tumors [11, 15, 43]. However, the role of
CDC5L in the progression of lung adenocarci-
noma (LUAD) remains unclear. This study aimed
to explore the expression and clinical implica-
tions of CDC5L in LUAD. Our findings revealed
elevated CDC5L expression in LUAD tissues,
significantly correlating with TNM staging.
Notably, high CDC5L levels independently pre-
dicted poorer survival among LUAD patients.
Furthermore, silencing CDC5L suppressed pro-
liferation and induced apoptosis in LUAD cells.
Additionally, increased CDC5L expression cor-
related with worse overall survival and ad-
vanced clinical stage in LUAD patients. Mech-
anistically, CDC5L activated the Wnt/B-caten-
in pathway by transcriptionally upregulating
WNT7B, thereby promoting LUAD progression.
These results provide compelling evidence
supporting CDC5L as a promising therapeutic
targetin LUAD. Targeting CDC5L holds potential
to inhibit LUAD growth and enhance patient
outcomes.

The Wnt signaling pathway plays a significant
role in the development and progression of var-
ious cancers, including LUAD [44-47]. In LUAD,
aberrant activation of the Wnt pathway has
been observed and is associated with tumor
growth, metastasis, and poor prognosis [30-
33]. In our study, we found that CDC5L
activates the Wnt/B-catenin signaling path-
way in LUAD. This finding further highlights
the relevance of the Wnt pathway in LUAD pro-
gression. Activation of the Wnt pathway leads
to the stabilization and nuclear translocation of
B-catenin, resulting in the transcriptional acti-
vation of target genes involved in cell prolifera-
tion, survival, and invasion [27-29]. The dysreg-
ulation of the Wnt pathway in LUAD can occur
through various mechanisms. Mutations in key
components of the pathway, such as APC,
[-catenin, or Axin, can lead to constitutive acti-
vation of the pathway. Additionally, alterations
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in upstream regulators or downstream effec-
tors can also contribute to Wnt pathway activa-
tion [48-52]. Targeting the Wnt signaling path-
way in LUAD holds promise as a therapeutic
strategy. Various approaches have been ex-
plored, including inhibition of Wnt ligands, dis-
ruption of the interaction between Wnt ligands
and receptors, and inhibition of B-catenin tran-
scriptional activity. These approaches aim to
inhibit Wnt pathway activation and subsequent
tumor growth and metastasis. Understanding
the interaction between CDC5L and the Wnt
pathway offers insights into the mechanisms
driving LUAD progression. Targeting CDC5L
could potentially modulate the Wnt pathway,
thereby impeding LUAD development and en-
hancing patient outcomes. Further research is
essential to elucidate the precise molecular
mechanisms underlying Wnt pathway dysregu-
lation in LUAD and to explore innovative thera-
peutic strategies aimed at this pathway.

m®A modification is the predominant RNA
modification and exerts influence on various
stages of the RNA life cycle, such as process-
ing, translocation, degradation, and transla-
tion. Our results highlight the importance of
mPA modification in CDC5L upregulation in
LUAD cells, revealing a potential novel regula-
tory mechanism for CDC5L expression. Overall,
our comprehensive findings provide compelling
evidence for the crucial role of CDC5L in LUAD.
Its upregulation in tumor tissues, association
with aggressive clinicopathological features,
and independent prognostic value underscore
CDC5L as a promising therapeutic target in
LUAD. Targeting CDC5L in LUAD treatment
offers significant advantages due to its high
expression in LUAD tissues, positively correlat-
ing with clinicopathological features such as
pathology grade and proliferation potential.
Elevated CDC5L expression also acts as an
independent prognostic factor for poorer over-
all survival in LUAD patients. Inhibiting CDC5L
suppresses LUAD cell proliferation, hinders
tumor growth, and potentially disrupts the
critical Wnt/B-catenin pathway involved in can-
cer progression. This comprehensive approach
holds promise for improving patient outcomes
by addressing multiple facets of LUAD develop-
ment and progression.
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Table S1. shRNA and siRNA sequences

Gene name Sequence

sh-NC 5’-CCGGTTCTCCGAACGTGTCACGTTTTTCAAGAGAAAACGTGACACGTTCGGAGAATTTTTTGGTACC-3’
sh-CDC5L-1 5’-CCGGTAAATCAGATTCTTTTTTCCTTTCAAGAGAAGGAAAAAAGAATCTGATTTATTTTTTGGTACC-3’
sh-CDC5L-2 5’-CCGGTCTGTAAATCTGTTAAAGGCGTTCAAGAGACGCCTTTAACAGATTTACAGATTTTTTGGTACC-3’
sh-WNT7B-1 5’-CCGGAATCTTGTTGCAGATGATGTTTTCAAGAGAAACATCATCTGCAACAAGATTTTTTTTGGTACC-3’
sh-WNT7B-2 5’-CCGGTCAAAAGAAGGAAAGACGGCATTCAAGAGATGCCGTCTTTCCTTCTTTTGATTTTTTGGTACC-3’
si-NC 5’-UUCUCCGAACGUGUCACGUTT-3

si-METTL14-1 5’-UCCAUUUUGUCUUCAUCUGTT-3’
si-METTL14-2 5’-UGAUAAUUAAGUCAAUGUCTT-3’

si-IGF2BP1-1 5’-UGGAAUAGGUGACAUUCACTT-3’
si-IGF2BP1-2 5’-UCCGUAUUGUACCUAUUGGTT-3’
si-IGF2BP2-1 5’-AGUAGUUCUCAAACUGAUGTT-3’
si-IGF2BP2-2 5-AUUUUGCUUGGCUUUGAACTT-3’
si-IGF2BP3-1 5’-CGAGGCGCUUUCAGGUAAATT-3’
si-IGF2BP3-2 5’-UCCAGAACGCACUAUUACATT-3’
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Figure S1. A. Western blot confirmed the knockdown efficiency of CDC5L in H1299 and H1975 cells with 2 differ-
ent shRNA. shNC, negative control shRNA. B. Western blot confirmed overexpression efficiency in both H1299 and
H1975. Data are shown as the mean + SEM. **P < 0.01, ***P < 0.001.
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Figure S2. A. CDC5L had a positive correlation with WNT7B (R=0.8810, P < 0.0001). B. qRT-PCR indicated that
WNT7B protein is highly expressed in LUAD cell lines.
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Figure S3. A. Luciferase-reporter assays of TOP/FOP transcriptional activity in the indicated cells. B. qRT-PCR indi-
cated that downregulation of CDC5L decreased but upregulation increased the expression of Wnt/B-catenin down-
stream genes (CCND1, cMYC, Axin2) in LUAD cells. Data are shown as the mean + SEM. *P < 0.05, **P < 0.01,
***P < 0.001.
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Figure S4. CDC5L promotes proliferation and migration of LUAD through the Wnt/B-catenin pathway. A, B. The cell
viability of H1299 and H1975 cells were evaluated by CCK8 assay and EdU assay. C. The cell invasive ability of
H1299 and H1975 cells were measured by transwell assay. Data are shown as the mean + SEM. *P < 0.05, **P
<0.01, ***P < 0.001.
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Figure S5. (A) Western blot confirmed the knockdown efficiency of WNT7B (A), METTL14 (B), IGF2BP1 (C), IGF2BP2
(D), and IGF2BP3 (E) in H1299 and H1975 cells with 2 different siRNA or siRNAs. siNC or siNC, negative control
SsiRNA or siRNA.



