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GINST facilitates the development of lung 2
adenocarcinoma via Wnt/[3-catenin activation

Luyuan Ma', Rongyang Li', Pengyong Li%, Wenhao Yu', Zhanpeng Tang', Libo Si'"” and Hui Tian'"

Abstract

Background Lung adenocarcinoma(LUAD) is the primary reason for cancer-related deaths globally. GINST has a
significant regulatory function in DNA replication. It is overexpressed in various malignant tumors, but the specific
molecular mechanisms of GINST in LUAD pathogenesis are not fully elucidated. This is the first report that GINST
enhances LUAD by activating Wnt/B-catenin signaling pathway, and may serve as a potential target for therapy.

Methods Bioinformatic analysis including analysis of difference, survival analysis and pathway enrichment,
immunohistochemistry(IHC), western blotting(WB), and quantitative real time polymerase chain reaction(gRT-PCR)
were used to detect GINST expression in LUAD cell lines and tissues. A range of in vivo and in vitro experiments,

such as cck-8, EdU, cloning experiment, wound healing experiment and transwell experiment, confirmed that GINS1
facilitated the proliferation and migration of LUAD. Additionally, the potential mechanism of GINS1 was hypothesized
through WB and transcriptome sequencing. The rescue experiment was used to verify our conclusion.

Results In this study, we discovered that GINS1 is significantly overexpressed in LUAD cell lines and tissues. Analysis
of Kaplan —Meier survival data indicated that high levels of GINST expression are often linked to unfavorable survival
outcomes. Additionally, a series of experiments showed that silencing GINST led to less proliferation and migration of
LUAD cell lines, while its overexpression enhanced tumor progression. Furthermore, subcutaneous tumor experiments
in nude mice supported the role of GINST in promoting tumor development in vivo. Lastly, transcriptome sequencing
revealed that tumor progression is related to cell cycle (G1 to S phase transition associated with cyclinD) and
[-catenin signaling pathway, which we subsequently validated using WB. A series of rescue experiment further
confirmed that GINS1 facilitates the advancement of LUAD via the 3-catenin signaling pathway.

Conclusions Our findings suggest that GINS1 plays a critical role in the progression of LUAD by modulating key
molecular pathways, particularly the B-catenin signaling pathway., and it might serve as a potential new target of
[-catenin signaling pathway for treatment of LUAD.
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Introduction

Lung cancer ranks among the most prevalent cancers
globally and is the leading cause of cancer-related deaths
[1, 2]. Non-small cell lung cancer (NSCLC) is the most
prevalent subtype, among them, lung adenocarcinoma
(LUAD) is the most common, accounting for about 40%
of all lung cancer patients [3, 4]. Due to the absence of
clear symptoms in the initial stages of lung adenocarci-
noma, most cases are identified at a more advanced stage.
Consequently, the 5-year survival rate for patients is
quite low, approximately 15% [5]. The current treatment
methods of lung cancer primarily consisting of surgery,
radiation therapy, chemotherapy, and molecular targeted
therapies [6, 7]. Recently, the use of molecular targeted
therapy and immunotherapy has expanded in lung cancer
treatment, leading to notable improvements in patients’
outcomes [8, 9]. Therefore, it is of great clinical impor-
tance for us to find new molecular targets for the treat-
ment of lung cancer.

GINS]1, also referred to as PSF1, forms a hetero-
tetrameric GINS complex alongside GINS2, GINS3,
and SLD5. These four subunits share similar protein
sequences and spatial structures, creating a hollow, oval
formation arranged in a clockwise manner [10, 11]. The
GINS complex is crucial for growth and development,
as it interacts with MCM through various subunits and
CDC45. This collaboration results in the formation of
the CDC45-MCM-GINS (CMG) complex, which sta-
bilizes and enhances helicase activity, aids in the initia-
tion of DNA replication, facilitates DNA bifurcation, and
extends chromosome replication [12, 13]. Additionally,
the GINS complex is significantly linked to the stability of
biological genomes [14].

GINS1 is essential for early embryonic development,
and a lack of GINSI can result in developmental defects
in embryos [15]. Additionally, research indicates that
GINS1 can influence the cell cycle and cell prolifera-
tion by interacting with various receptors, growth fac-
tors, and other functional proteins [16]. Recent studies
have highlighted GINS1’s significant involvement in the
advancement of malignant tumors [17]. Elevated GINS1
expression is frequently linked to unfavorable outcomes
in several cancers, such as bladder cancer [18], colon
cancer [19], liver cancer [20, 21], and glioblastoma [22,
23]. In diffuse large B-cell lymphoma (DLBCL), GINS1
can enhance tumor cell proliferation through the pro-
cess of ubiquitination [24]. Furthermore, GINS1 may
contribute to drug resistance in cancer cells [25, 26].
Nonetheless, the connection between GINS1 and lung
adenocarcinoma has not been explored, and whether
GINS1 enhances the progression of LUAD is exactly the
question we wanted to investigate.

The Wnt signaling pathway is a very important signal-
ing transduction pathway during the development of the
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organism, especially playing a crucial role in the pro-
cesses of embryonic development and cell differentiation
[27]. The Wnt signaling pathway includes the classical
Wnt/B-catenin signaling pathway, the non-classical pla-
nar cell polarity pathway (PCP pathway), and the Wnt/
Ca* pathway [28]. The classical Wnt signaling pathway
mainly functions by regulating the stability of the core
factor B-catenin. When the signaling pathway is acti-
vated, Wnt ligands bind to the cell membrane receptors
Frizzled and LRP5/6, inhibiting B-catenin binding to the
degradation complex, gradually increasing the concen-
tration of B-catenin in the cytoplasm and entering the
nucleus to bind with the transcription factor TCF/LEF,
activating the expression of downstream target genes,
thereby affecting cell growth [29, 30]. It has been found
that the abnormal activation of the Wnt/[p-catenin signal-
ing pathway is closely related to the progression of vari-
ous malignant tumors [31, 32].

In our study, we investigated the expression of GINS1
in LUAD, its biological function, and its possible mech-
anisms of action. Our findings revealed that GINSI is
significantly expressed in LUAD and facilitates tumor
growth by influencing the B-catenin pathway. Conse-
quently, GINS1 may serve as a novel molecular target for
targeted therapy in LUAD.

Methods

Bioinformatic analysis and clinical samples

We used the GEPIA platform (http://gepia2.cancer-pku
.cn/) to examine the expression of GINS1 across differ-
ent malignant tumors and created a prognostic survival
curve for GINS1 based on GEPIA and Kaplan-Meier
survival analysis (https://kmplot.com/analysis/), all da
tasets used for analysis were obtained from The Cancer
Genome Atlas (TCGA). The expression variations in lung
adenocarcinoma data from TCGA were assessed using
the Xiantao academic online database (https://www.xian
taozi.com/).

The LUAD tissue microarray (HLugA180Su08) was
sourced from Shanghai Xinchao Biotechnology Com-
pany (SHYJS-CP-1904014), all patients provided written
informed consent and remained anonymous. It com-
prises 98 LUAD tissue samples and 82 adjacent non-
cancerous tissues, along with details on gender, age,
clinical stage, and survival data for each patient. The
study received approval from the Ethics Committee of
Shanghai Xinchao Biotechnology Company.

Independent validation datasets were provided by the
bioinformatics analysis platform used in the study. All
analyses are performed with 95% confidence intervals,
and the significance of p values is as follows: *, P<0.05; **,
P<0.01; ***, P<0.001; ****, P<0.0001.


http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
https://kmplot.com/analysis/
https://www.xiantaozi.com/
https://www.xiantaozi.com/

Ma et al. World Journal of Surgical Oncology (2025) 23:122

Cell culture and treatment

The BEAS-2B, H1299, A549, H1975 and PC9 LUAD cell
lines were supplied by the Shanghai Cell Bank Research
Center, which is part of the Chinese Academy of Sci-
ences. After receiving the cells, we determined the cell
lines through short tandem repeat analysis and exam-
ined every three months. The cell lines were respec-
tively grown in TPMI-1640 Medium (Gibco)(H1299,
H1975) and Dulbecco’s Modified Eagle Medium (Gibco)
(BEAS-2B, A549, PC9) in a humid 5% CO2 incubator at
37°C. All mediums were supplemented with 10% fetal
bovine serum (FBS; Gibco). During our experiment, we
conducted an analysis of short tandem repeats for each
cell line every 3 to 6 months, and we tested the cells for
mycoplasma contamination using the MycoAlert Myco-
plasma assay kit (Lonza) every 3 months. Small-interfer-
ing RNA (Suzhou Gemma Gene Co., LTD) and plasmid
(Shandong Scientific Research Cloud Biotechnology Co.
LTD) were transiently transfected in A549, PC9, and
H1299 cell lines, respectively. The transfection was per-
formed in accordance with the manufacturer’s instruc-
tions using jetPRIME transfection reagent (Polyplus).
The transfection system for each well consisted of 200 ul
buffer, 4 ul transfection reagent and 5 ul Si-RNA or 2 pg
plasmid. The cells were subsequently utilized for further
experiments at approximately 48—72 h after transfection.
The Sh-GINS1 lentiviruses were transfected into A549
cells (MOI:20), whereas the GINS1 overexpression lenti-
viruses were transfected in H1299 cells (MOI:10). Con-
trol transfection was performed for each lentivirus. The
transfected cells were screened with purinomycin. All
lentiviruses were purchased from Jikai Company. The
small-interfering RNA and lentiviruses sequences are
provided in Supplementary Table S1.

Western blotting

RIPA assay buffer (Beyotime) with 1% protease and phos-
phatase inhibitors was added into the cells and incubated
on ice for 30 min to ensure complete lysis. The mixture
was then centrifuged at 12,000 RPM at 4 °C for 15 min
to collect the supernatant, which contained the pro-
tein sample. The protein concentration was determined
using the BCA assay kit (Beyotime), with 15 pg of pro-
tein loaded per well. The proteins were separated using
a 10% or 12% SDS-PAGE gel, followed by transfer to a
polyvinylidene difluoride membrane. The membrane was
treated with 5% skim milk at room temperature for 1 h,
followed by an overnight incubation with primary anti-
bodies on a shaking platform at 4 °C. The secondary anti-
body was then placed on a shaker and incubated for 1 h
at room temperature prior to measuring luminescence.
The target protein was identified using an enhanced che-
miluminescence (ECL) after incubation of the second
antibody. Proteins were normalized using GAPDH as
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an internal control. The primary antibodies we use are
shown in Supplementary Table S2.

Cell counting kit-8 cell proliferation assay

After transfection, cells for the treatment group and
the control group were cultured in 96-well plates at a
density of 2000 cells per well and allowed to incubate
for 24, 48, 72, 96, and 120 h. The Cell Counting Kit-8
(CCKS8;APEXBIO, #K1018) was added into the cells, after
a two-hour incubation in the dark, the absorbance at
450 nm was recorded using an enzyme label. The experi-
ment was conducted independently three times.

EdU assay

After transfection, cells for the treatment group and the
control group were cultured in 96-well plates at a density
0f 20,000 cells per well and allowed to incubate overnight.
EdU staining was conducted on the cells using an EdU In
Vitro Kit (Beyotime), following the provided guidelines.
Ultimately, images of the cells were captured using a
fluorescent inverted microscope. The images were sub-
sequently counted for statistics using Image]. The experi-
ment was conducted independently three times.

Colony formation assay

After transfection, cells for the treatment group and the
control group were cultured in 6-well plates at a density
of 1000 cells per well and the culture was terminated
when most of the cell colonies in the well plates had pro-
liferated to more than 50 cells. The cells were then fixed
using 4% paraformaldehyde for 25 min and subsequently
stained with 0.5% crystal violet for another 25 min. Rinse
with phosphate buffered saline (PBS) up to three times,
let it dry and take pictures with the camera. The images
were subsequently counted for statistics using Image].
The experiment was conducted independently three
times.

Wound-healing assay

After transfection, cells for the treatment group and the
control group were cultured in a six-well plate until the
cells were almost completely confluent. A 200 ul pipette
tip was used to create a vertical line on the plate, ensur-
ing that the line was straight and of consistent width.
After rinsing the area three times with PBS, the cells were
incubated in serum-free medium rather than medium
containing serum. The width of the scratches was cap-
tured using a microscope at 0 h and 24 h respectively. The
experiment was conducted independently three times.

Transwell assay

Cells for the treatment group and the control group were
added in the transwell upper chamber containing serum-
free medium, while 700 pl of medium with 20% FBS was
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added to the transwell lower chamber. After incubating at
37 °C for 24 h, the cells in the upper chamber were lightly
scrubed using a cotton swab. The cells were then fixed
with 4% paraformaldehyde for 25 min, stained with 0.5%
crystal violet for another 25 min, and finally observed
under a microscope for photography. The experiment
was conducted independently three times.

Flow cytometry

The cells were grown in six-well plates, and after 48 h, cell
cycle assays were conducted using flow cytometry. The
Cell Cycle Kit (Multi Sciences) was utilized to analyze the
cell cycle following the manufacturer’s guidelines. The
cell cycle of the samples was detected by flow cytometry.
Flowjo was used to analyze the test results.

In vivo experiments

Knockdown and overexpression lentiviruses were trans-
fected in cell lines A549 and H1299, respectively. Four-
week-old nude mice were provided by Huafukang
company. The nude mice were assigned numbers based
on their weight, ranging from 1 to 20, and categorized
into five groups. Each of these groups was then randomly
split into four subgroups using a random number table.
The living environment of the mice was identical. The
mice in the four cages were injected separately in the
armpits with A549 Sh-NC, A549 Sh-GINS1, H1299 Vec-
tor, and H1299 oe-GINS] to create subcutaneous tumor
models, and tumor sizes were recorded every week by
the vernier caliper, tumor volume was calculated as (long
diameter x short meridian®)/2. After 35 days, ensure
that the nude mice are growing well and no cachexia has
occurred, the mice were euthanized by CO, asphyxia,
and the tumors were collected and weighed. Photographs
of the mice and tumors were taken. We performed
immunohistochemical staining of tumor tissues from
nude mice for H&E and Ki67 (GB121141-100, 1:300).
Sevier Corporation supplied the tumor immunochemical
staining for the nude mice. The experiment was approved
and monitored by the Medical Ethics Committee of Qilu
Hospital of Shandong University. (DWLL-2024-029)

Data processing and transcriptome sequencing

Data on GINSI expression was sourced from The Cancer
Genome Atlas (TCGA) (https://tcga-data.nci.nih.gov/tcg
a/) databases. Transcriptome sequencing was conducted
by LC Biotechnology Company. The mRNA transcripts
were identified through transcriptome sequencing,
revealing differences in expression between GINSI1
knockdown A549 cells and control A549 cells. FastQC
(v0.12.1) was used for quality control of raw sequencing
data, and STAR aligner (v2.7.10a) was used for genome
alignment. Gene quantification was performed with fea-
tureCounts (v2.0.3), differential expression analysis was
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done with DESeq2 (v1.34.0), and correction for multiple
testing was performed with the Benjamini-Hochberg
method. Data were analyzed using the 2742* method,
and statistical significance was assessed by paired t-test
(P<0.05). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was performed on
transcriptome sequencing data to screen out the signal-
ing pathways and molecular proteins related to GINS1
promoting the progression of lung adenocarcinoma. The
KEGG pathway enrichment diagram was created using
the cloud platform offered by the company. (https://ww
w.omicstudio.cn).

B-catenin inhibitors

Obtain specific p-catenin inhibitor MSAB (YEASEN),
dissolve with dimethyl sulfoxide (DMSO) and store in a
-80°C refrigerator. H1299 cells were categorized into four
groups: oe-NC + DMSO, oe-GINS1 + DMSO, MSAB, and
oe-GINS1 + MSAB. After transfecting with the overex-
pression plasmid for 24 h, inhibitors and an equal volume
of DMSO were introduced, and subsequent experiments
were performed after an additional 24 h of incubation.

Statistical analysis

All experimental data were analyzed with GraphPad
Prism Software, and the findings were presented as the
mean + standard deviation. (SD). Data were assessed for
normality using the Shapiro-Wilk test prior to analysis of
parameters. Our experiments were all adjusted for multi-
ple testing. The difference between the two data sets was
assessed using a two-tailed T-test. A one-way analysis of
variance (ANOVA) was performed to evaluate the differ-
ences among several groups. Multiple testing correction
was performed using the Bonferroni method to ensure
that the probability of making an error was within 5%.
Additionally, the Kaplan-Meier survival analysis, Pearson
Chi-squared test, and Fisher exact test were utilized as
appropriate. A P-value below 0.05 was considered statis-
tically significant.

Results

GINS1 is significantly expressed in LUAD and is linked to a
negative prognosis

To investigate the role of GINS1 in LUAD, firstly, we
found that GINS1 expression was significantly elevated
in LUAD in relation to normal tissues by analyzing
data from GEPIA platform (http://gepia2.cancer-pku.
cn/) and the TCGA databases (Fig. 1A and B). We then
assessed the correlation between GINS1 expression
and patient prognosis in LUAD using the GEPIA plat-
form and Kaplan-Meier survival analysis (https://kmplo
t.com/analysis/), which indicated that patients with high
GINSI levels had a worse prognosis (Fig. 1C). All analy-
ses are performed with 95% confidence intervals, and the
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Fig. 1 GINST is highly expressed in lung adenocarcinoma tissues and is linked to poor prognosis of patients. (A) Relationship between GINS1 expression
in various cancers and normal tissues. (B) The expression of GINS1 in LUAD and adjacent normal tissues according to TCGA database. (C) GEPIA website
and K-M online website were used for overall survival analysis of GINS1 high expression and low expression and the prognosis of the disease. (D) IHC im-
ages of representative tissue microarrays showing the difference in GINS1 expression between lung adenocarcinoma and adjacent normal tissues. Scale
bar, 500 pm (upper), 200 um (down). (E) IHC score for GINST in the tissue microarray. (F) The K-M survival analysis of lung adenocarcinoma patients was
performed according to tissue microarray. (G, H) Expression of GINST at mRNA and protein levels in five lung adenocarcinoma cell lines. *, P<0.05; **,
P<0.01; ***, P<0.001; **** P<0.0001. LUAD: lung adenocarcinoma; IHC: immunohistochemistry; TCGA: The Cancer Genome Atlas

significance of p values is as follows: *, P<0.05; **, P<0.01;
## P<0.001; ****, P<0.0001. Subsequently, we conducted
immunohistochemical analysis on tissue microarrays
from 98 LUAD samples, it was independently evaluated
by two senior pathologists who were blinded to clinico-
pathological parameters and patient prognostic infor-
mation. The H-score system was used for scoring. and
immunohistochemical scores showed that GINS1 expres-
sion in LUAD tissues was significantly higher than that in
corresponding adjacent normal lung tissues. The Kaplan-
Meier survival analysis of these 98 samples further con-
firmed that elevated GINS1 expression was associated
with poor prognosis (Fig. 1D, E and F). Finally, we used
WB and qRT-PCR to detect the expression of GINS1 in
four LUAD cell lines (H1299, A549, H1975, PC9) and
BEAS-2B in normal lung epithelial cells, and the findings
indicated that the level of GINS1 expression in LUAD cell
lines was greater compared to that in normal lung epithe-
lial cells (Fig. 1G and H).

GINS1 promoted the proliferation and migration of LUAD
cells in vitro

Using WB and qRT-PCR, we observed that among the
four LUAD cell lines, GINS1 expression was highest in
A549 and PC9 cells, while it was lowest in H1299 cells.
Consequently, we chose two small-interfering RNA
sequences to reduce GINS1 expression in A549 and PC9
cells, and we used an overexpression plasmid to increase
GINS1 levels in H1299 cells. The effectiveness of the
knockdown and overexpression was confirmed through
WB and qRT-PCR (Supplementary Fig. 1A,1B,1 C), after
which we proceeded with further experiments. We used
CCK-8, EdU, and colony formation assays to assess the
proliferation capabilities of the treated cells. Compared
to the control group, we found a significant reduction in
the proliferation of tumor cells following GINS1 knock-
down, while GINS1 overexpression led to a notable
increase in tumor cell proliferation compared to the con-
trol group (Fig. 2A, B and C). To evaluate the migration
abilities of the treated cells, we conducted transwell and
wound-healing assays. Compared to the control group,
our analysis revealed that the number of migrating tumor
cells and the wound healing area decreased after GINS1
knockdown, whereas both metrics increased following
GINS1 overexpression (Fig. 2D). Based on these findings,
we determined that GINS1 plays a role in promoting the
proliferation and migration of LUAD cells.

GINS1 promotes the proliferation of LUAD cells in vivo

To further investigate the impact of GINS1 on tumor
growth, we conducted an in vivo experiment. We cre-
ated a lentivirus by choosing the small-interfering RNA
sequence that demonstrated the highest knockdown
efficiency, leading to the establishment of stable A549
knockdown cell lines and H1299 overexpressing cell
lines. The effectiveness of these modifications was con-
firmed through WB and qRT-PCR (Supplementary
Fig. 1D). Subsequently, we injected the modified cells
into the armpits of BALB/c-nude mice to create a sub-
cutaneous tumor model. The findings indicated that, in
comparison to the control group, the knockdown of the
GINS1 gene significantly decreased the tumor growth
rate, tumor volume, and tumor weight (Fig. 3A). Con-
versely, the GINS1 overexpression group exhibited the
opposite effect (Fig. 3B). Our findings were additionally
validated by immunohistochemical analyses (Fig. 3C and
D), the expression level of Ki-67 in Sh-GINS1 group was
significantly lower than that in the control group, while
the expression level of Ki67 in oe-GINS1 group was sig-
nificantly higher than that in the control group. These
results suggest that GINS1 enhances the proliferation of
LUAD cells in vivo.

GINS1 affects the progression of LUAD cells by activating
the B-catenin signaling pathway

While a series of functional tests have indicated that
GINSI can facilitate the progression of LUAD, the spe-
cific mechanism behind its action remains unclear. To
investigate the role of GINSI in the progression of LUAD,
we conducted transcriptome sequencing following the
knockdown of GINS1 in A549 cells. Notably, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis indicated that GINS1 expression
influences the Wnt signaling pathway (Fig. 4A), and pre-
vious studies have suggested that GINS1 can interact with
B-catenin to promote tumor growth (Fig. 4B). Conse-
quently, we used WB to assess the expression of proteins
linked to the P-catenin signaling pathways. The results
demonstrated a positive correlation between GINS1 and
the protein expression within this signaling pathway, then
we examined the downstream related proteins: EMT and
cell cycle (Fig. 4C, D and E). The impact of GINS1 on the
cell cycle was additionally validated using flow cytometry
(Fig. 4F, G and H). Based on this, we illustrated the role of
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Fig. 2 GINS1 promoted the proliferation and migration of LUAD cells in vitro. A-C, CCK-8 (A), EdU assay (B), and colony formation assay (C) were employed
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EdU assay, 100 pm. (D) The migration capability of A549, PC9, and H1299 cells following GINS1 knockdown and overexpression was assessed using wound
healing and transwell migration assays. Scale bar of wound healing, 200 um. Scale bar of transwell migration assays, 200 um. *, P<0.05; **, P<0.01
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P<0.001; ****, P<0.0001. LUAD: lung adenocarcinoma; CCK8: cell counting kit-8; EdU: 5-ethynyl-2-deoxyuridine

GINSI in this signaling pathway and explained the mech-
anism of GINSI in promoting cancer.

Rescue experiments

To further illustrate that GINS1 enhances the progres-
sion of LUAD by activating the -catenin signaling path-
ways, Co-immunoprecipitation (Co-IP) assays, both
endogenous and exogenous, were conducted to confirm
if GINSI and B-catenin interact with one another to carry

out their functions (Fig. 5A and B). Then we used a spe-
cific inhibitor MSAB to inhibit -catenin expression in
H1299 cells. The results of WB showed that MSAB could
specifically inhibit the expression of B-catenin and its
associated proteins, which could be reversed by overex-
pression of GINS1 (Fig. 5C). We then conducted a series
of functional assays to validate this observation. The
results revealed that MSAB decreased the proliferation
and migration of LUAD, and this effect was reversible
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with the overexpression of GINS1 (Fig. 5D, E, F and G).
This strongly confirmed that GINS1 facilitates the pro-
gression of LUAD by modulating the -catenin signaling
pathway.

Discussion

This research revealed that GINSI is highly expressed
in LUAD tissues, and elevated levels of GINSI are fre-
quently linked to unfavorable outcomes for patients.
Additionally, it was shown for the first time that GINS1
facilitate the advancement of LUAD by activating the
Wnt/B-catenin signaling pathway. Overall, the findings
indicate that GINS1 could serve as a promising molecu-
lar target for guiding clinical treatment of LUAD.

GINSI is a key part of the heterotetrimeric GINS com-
plex, which is essential for the CMG helicase involved in
starting DNA replication and advancing DNA replica-
tion forks. Research has shown that GINS1 contributes
to tumor growth in various cancers, including bladder,
stomach, liver, glioblastoma, and lymphoma, and is asso-
ciated with unfavorable outcomes for patients.

The Wnt/B-catenin signaling pathway is crucial in the
development of tumors [33-35]. Wnt/p-catenin is the
prototypical Wnt signaling pathway. Once secreted, it
can bind to particular receptors on the cell membrane,
influencing the accumulation or breakdown of p-catenin
through the phosphorylation and dephosphorylation
of various downstream proteins. When this pathway
is abnormally activated, it can disrupt various normal
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Fig. 5 GINST further regulates Wnt signaling by affecting 3-catenin. (A, B) Endogenous and exogenous Co-IP confirmed that GINS1 could interact with
B-catenin. (C) H1299 cells that overexpress GINS1 were treated for 24 h with the specific inhibitor MSAB or an equivalent volume of DMSO, and the associ-
ated signaling pathways were analyzed using WB. (D-G) CCK-8 (D), colony formation assay (E), wound healing (F) and transwell migration assays (F) were
conducted using H1299 cells that overexpress GINST, which were treated for 24 h with the specific inhibitor MSAB or an equal volume of DMSO. *, P < 0.05;
** P<0.01;***% P<0.001; **** P<0.0001. Co-IP: Co-immunoprecipitation; DMSO: dimethy! sulfoxide; WB: western blotting; CCK-8: cell counting kit-8

bodily functions, including cell growth and embryonic
development, leading to the formation and spread of
tumors [28, 33]. Research indicates that around 50% of
malignant tumors, including LUAD, exhibit abnormal
activation of the Wnt/p-catenin signaling pathway [36].
Targeting the Wnt/p-catenin pathway has been used to
treat a variety of cancers [37, 38]. EMT and CyclinD1
are typical regulatory pathways of the Wnt/p-catenin
signaling pathway [39-41]. EMT is closely related to
the invasion and migration ability of tumor cells. Our
experiments showed that high levels of GINS1 enhance
the migration of LUAD cells, leading us to associate
this effect with the abnormal activation of EMT. Con-
sequently, we examined the expression of EMT-related
proteins E-cadherin, N-cadherin, and Vimentin in LUAD
cells with both GINS1 knockdown and overexpres-
sion, and the findings aligned with our expectations. We
conclude that GINSI facilitates the migration of LUAD
via the Wnt/p-catenin/EMT pathway. CyclinD1 plays
a crucial role in the cell cycle. It is the first to change in
response to external growth factors or internal regulatory
signals, facilitating the transition from the G1 to S phase,
and is involved in DNA replication and repair. Addition-
ally, it triggers the phosphorylation of histone H1 kinase
and regulates cell proliferation, differentiation, and apop-
tosis [42—-45]. We detected the expression of Cyclin D1
and its downstream factors cdk4 and cdké in treated cells
[46], and found that they were positively correlated with
the expression of GINS1. To further validate our hypoth-
esis, we conducted cell cycle experiments, which con-
firmed that GINS1 enhances tumor proliferation via the
Wnt/B-catenin/CyclinD1 signaling pathway.

B-catenin plays an essential role in the Wnt/p-catenin
signaling pathway. B-catenin is synthesized in the cyto-
plasm, and when activated by upstream signals, it is
transported from the cytoplasm to the nucleus to inter-
act with downstream factors TCF/LEF [32, 47]. This
interaction leads to the activation of various target genes
(including c-Jun, Cyclin D1, and c-Myc), which then
carry out different biological functions [31]. Aberrant
accumulation of B-catenin is critical for tumor progres-
sion. In thyroid cancer, KDM1A reduces the levels of two
key Wnt inhibitors, APC2 and DKK1, by demethylating
h3k4mel/2 in the promoter region of APC2 and the non-
histone protein HIF-la. An increase in [B-catenin lev-
els accelerates the progression of thyroid cancer [38]. In
breast cancer, Bruceine D can prevent the formation of
the Trop2/B-catenin complex, enhance the degradation

of B-catenin, and hinder the progression of breast cancer.
Thus, specifically targeting the regulation of p-catenin
is highly important for cancer treatment [48]. f-catenin
tends to accumulate abnormally in tumor cells, which
may be related to the abnormal function of phosphory-
lation-dependent Axin complex. This complex is made
up of the scaffold protein Axin, the tumor-suppressing
product of the adenomatous polyposis coli (APC) gene,
casein kinase 1 (CK1), and glycogen synthase kinase 3
(GSK3). GSK3 serves a crucial regulatory function within
the complex by phosphorylating the amino terminal
region of f3-catenin [49-51]. This modification leads to
3-catenin being targeted by E3 ubiquitin ligase, result-
ing in its ubiquitination and subsequent degradation by
the proteasome. This insight is significant for our inves-
tigation into how GINS1 influences the Wnt/B-catenin
signaling pathway. Additionally, we found that GINS1
directly interact with P-catenin, enhancing its expres-
sion and facilitating its transport into the nucleus, some
articles also suggest a similar process [20]. However, the
precise way it works is still not understood.

In the end, it needs to be further examined whether
GINS1 directly interacts with [-catenin to induce
changes in phosphorylation or if it prevents the degra-
dation of B-catenin through ubiquitin phosphorylation.
How can these findings be effectively applied to animal
models or clinical studies? Is GISN1 a promising tar-
get for drug development in the treatment of LUAD?
Whether GISN1 affects LUAD progression through other
mechanisms? These are all questions that we will have to
seriously explore in the future.

Conclusion

In summary, GINS1 plays an important role in tumor
progression. Our study demonstrated that GINS1 pro-
motes the progression of LUAD and is closely associated
with poor prognosis. This study clarifies the tumor-pro-
moting role of GINS1, which accelerates the cell cycle
and EMT in tumor cells by activating the Wnt/[-catenin
signaling pathway, but the specific mechanism still needs
to be further explored. Our results suggest that GINS1
has important medical significance in the diagnosis and
treatment of LUAD, and GINS1 holds potential as a
therapeutic target, though further studies are required to
validate its clinical applicability. However, our article also
has certain limitations. More experiments are needed to
verify the specific mechanism of GISN1 and its potential
as a molecular target.
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