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Cisplatin remains a cornerstone of chemotherapy for gastric cancer, but acquired resistance
frequently limits its therapeutic efficacy. Vitamin D3/cholecalciferol (VD3) is widely used as a
nutritional supplement; however, its influence on cisplatin responsiveness in gastric cancer cells
remains unclear. In this study, gastric cancer cell lines were treated with cisplatin in the presence or
absence of VD3, and cell viability, apoptosis, reactive oxygen species (ROS) accumulation, DNA
damage-associated signaling, and transcriptomic changes were evaluated. VD3 significantly
attenuated cisplatin-induced cytotoxicity in AGS, HGC-27, and MKN-45 cells. Co-treatment with
VD3 reduced cisplatin-induced apoptosis, ROS accumulation, PARP cleavage, and yH2AX
activation. Transcriptomic analysis showed that VD3 markedly reduced the number of
cisplatin-responsive differentially expressed genes and altered gene programs associated with
extracellular matrix organization, steroid metabolism, DNA damage response, and ABC
transporter-related pathways. These findings suggest that VD3 exposure can attenuate
cisplatin-induced cellular responses in gastric cancer cells and modulate transcriptional programs
associated with cisplatin treatment. Given that the study was performed under in vitro conditions,
further investigations are required to determine the underlying mechanisms and the potential
clnical relevance of these observations.

Key words: gastric cancer; cholecalciferol; cisplatin resistance; transcriptome sequencing;
apoptosis

Gastric cancer is the fifth most common cancer worldwide and the third leading cause of
cancer-related death [1, 2]. Because early-stage gastric cancer often lacks specific symptoms and
reliable diagnostic biomarkers, many patients are diagnosed only after the disease has progressed to

an advanced stage, contributing to its high mortality rate [3]. In 2018, gastric cancer accounted for
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approximately 784,000 deaths globally [1]. Surgical resection, combined with chemotherapy and
radiotherapy, remains the cornerstone of treatment. Cisplatin (DDP) is a first-line chemotherapeutic
agent for gastric cancer, particularly in advanced disease; however, acquired resistance frequently
develops and is associated with poor clinical outcomes [4].

DDP exerts its antitumor effects primarily by forming DNA cross-links that trigger DNA damage
and apoptosis. However, prolonged exposure can activate DNA repair mechanisms and other
adaptive responses in cancer cells, thereby reducing treatment efficacy. The mechanisms underlying
DDP resistance in gastric cancer are complex and multifactorial. In addition to enhanced DNA
repair, reduced intracellular drug accumulation, altered drug targets, and dysregulation of cell
survival and death pathways have all been implicated in resistance development [5]. Several
signaling pathways, including PI3K/AKT, NF-kB, MAPK, and STAT3, also contribute to the
regulation of DDP responsiveness [6-9]. In gastric cancer, resistance is further influenced by
marked molecular and phenotypic heterogeneity. Gastric cancer cells may acquire resistance
through increased drug efflux, glutathione-dependent detoxification, impaired apoptosis, epithelial—
mesenchymal transition, cancer stemness, autophagy, metabolic reprogramming, and tumor
microenvironment-derived survival signals [10]. Hypoxia/HIF-1a signaling has also been closely
linked to chemoresistance by promoting stemness, epithelial-mesenchymal transition, metabolic
adaptation, anti-apoptotic signaling, and the expression of drug efflux transporters [11]. Together,
these mechanisms contribute to heterogeneous responses to DDP and highlight the need to identify
additional factors that modulate DDP sensitivity. A better understanding of these regulatory
mechanisms may facilitate the development of more effective therapeutic strategies for overcoming
DDP resistance in gastric cancer.

Vitamin Ds/cholecalciferol (VDs) is a secosteroid obtained from dietary sources or synthesized
endogenously in the skin. Cutaneous vitamin D3 synthesis is not a direct conversion of cholesterol
into vitamin Dj. Rather, 7-dehydrocholesterol, an intermediate of the postsqualene cholesterol
biosynthetic pathway, serves as the immediate precursor. Upon exposure to ultraviolet B radiation,
7-dehydrocholesterol is photochemically converted into pre-vitamin Ds, which subsequently
undergoes temperature-dependent thermal isomerization to form vitamin D3 [12]. This
photochemical process also generates other cholesterol-derived secosteroidal photoproducts,

2



72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

including lumisterol and tachysterol, indicating that cutaneous vitamin D biology extends beyond
vitamin D3 formation alone [12]. After synthesis in the skin or dietary intake, vitamin D; is
metabolized to 25-hydroxyvitamin Ds; and subsequently to 1,25-dihydroxyvitamin Ds, the
hormonally active vitamin D metabolite. Although the kidney is the principal endocrine source of
circulating 1,25-dihydroxyvitamin Ds;, vitamin D activation is not confined to renal tissue.
CYP27B1 is expressed in a variety of extra-renal tissues, enabling local production of active
vitamin D metabolites and supporting intracrine, autocrine, and paracrine vitamin D signaling [13].
This local vitamin D metabolic and signaling axis is particularly relevant to cancer biology because
both normal and malignant tissues may express CYP27B1, CYP24Al, and the vitamin D receptor
(VDR), thereby influencing tissue-specific responses to vitamin D [14]. In addition to the classical
CYP2R1/CYP27B1/CYP24Al pathway, vitamin D3 can undergo CYP11ATl-initiated hydroxylation
to generate non-classical vitamin D3 hydroxyderivatives. Lumisterol can likewise be converted into
biologically active metabolites [15]. These CYP11A1-derived vitamin D and lumisterol metabolites
have been associated with the regulation of oxidative stress, DNA damage responses, inflammation,
and cellular proliferation [15]. In cancer models, both classical and CYP11Al-derived vitamin D;
hydroxyderivatives have demonstrated antitumor activity, partly through inhibition of GLI1 and
B-catenin signaling pathways [16]. Furthermore, vitamin D signaling may interact with circadian
regulatory networks through nuclear receptors such as RORs, REV-ERBs, and AhR, highlighting
the complexity of vitamin D biology beyond its traditional endocrine functions [17].

Over the past several decades, the diverse physiological and pathological functions of vitamin D3
and its metabolites have become increasingly recognized. Vitamin D signaling has been implicated
in a wide range of conditions, including metabolic syndrome, viral infection, cardiovascular disease,
and cancer [18-22]. Accumulating preclinical and clinical evidence suggests that vitamin D
supplementation may reduce the risk of several malignancies and influence cancer incidence,
progression, and mortality [23-26]. For example, epidemiological studies have reported that higher
dietary intake of vitamin D3 and calcium is associated with a reduced risk of certain cancers [27-29].
In addition, long-term administration of selected vitamin D analogs following conventional
chemotherapy has been reported to decrease colorectal cancer recurrence [30]. Antitumor effects of
vitamin D3 have also been observed in colorectal, breast, pancreatic, and head and neck cancers
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[31-35]. Despite these findings, the role of vitamin D3 in modulating responses to anticancer
chemotherapy, particularly DDP-based treatment, remains incompletely understood.

Therefore, the present study investigated whether vitamin Ds/cholecalciferol exposure modulates
DDP sensitivity in gastric cancer cells and explored the associated cellular and transcriptomic
alterations. By examining the effects of vitamin D3 on DDP-induced cytotoxicity, apoptosis,
oxidative stress, DNA damage-associated signaling, and gene expression profiles, we sought to
provide new insights into factors that may influence DDP responsiveness in gastric cancer. The
findings may contribute to a better understanding of the biological interactions between vitamin D;

and DDP and provide a basis for future studies evaluating their combined use in cancer therapy.

Materials and methods

Reagents and treatment. Vitamin Djs/cholecalciferol (VDs; #S4063) and DDP (#S1166) were
purchased from Selleck Chemicals (Houston, TX, USA). VD3 was dissolved in dimethyl sulfoxide
(DMSO) to prepare a stock solution and stored at -20 °C, protected from light. Cells treated with an
equivalent concentration of DMSO served as the vehicle control.

Cell culture. The human gastric cancer cell lines AGS (Homo sapiens, female, stomach; RRID:
CVCL 0139), HGC-27 (Homo sapiens, female, stomach; RRID: CVCL 1279), and MKN-45
(Homo sapiens, male, stomach; RRID: CVCL 0434) were obtained from Procell Life Science &
Technology Co., Ltd. (Wuhan, China). All cell lines were authenticated by short tandem repeat
(STR) profiling and confirmed to be free of mycoplasma contamination. AGS cells were cultured in
F-12K medium, whereas HGC-27 and MKN-45 cells were maintained in Roswell Park Memorial
Institute (RPMI)-1640 medium supplemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA). All cells were incubated at 37 °C in a humidified atmosphere
containing 5% COs.

Cytotoxicity assay. Gastric cancer cells in the logarithmic growth phase were seeded into 96-well
plates at a density of 1 x 10* cells/well and allowed to attach for 24 h at 37 °C in a humidified 5%
CO; incubator. The culture medium was then replaced with fresh medium containing the indicated
concentrations of the test compounds. Each treatment was performed in triplicate wells. After 24 h
of treatment, the medium was removed and Cell Counting Kit-8 (CCK-8) reagent was added
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according to the manufacturer's instructions. The plates were incubated for an additional 1 h, and
the optical density (OD) at 450 nm was measured using a Synergy H1/Synergy 2 microplate reader
(BioTek Instruments, Winooski, VT, USA). Cell viability was calculated relative to the
corresponding vehicle control and used to evaluate treatment-induced cytotoxicity.

Quantitative real-time PCR (qRT-PCR). Total RNA was extracted from HGC-27 cells using
TRIzol reagent according to the manufacturer's instructions. RNA concentration and purity were
determined spectrophotometrically. Complementary DNA (cDNA) was synthesized using a reverse
transcription kit. Quantitative real-time PCR (qQRT-PCR) was performed using SYBR Green PCR
Master Mix on a real-time PCR detection system. Relative mRN A expression levels were calculated
using the 2—AACt method, with GAPDH serving as the internal control. To validate the RNA-seq
results, the expression levels of CYP24A1, HMGCR, GDF15, CDKNIA, and SPIDR were
analyzed by qRT-PCR. The primer sequences used in this study are listed in Supplementary Table
S1.

Flow cytometry. Cells were collected and washed twice with pre-cooled phosphate-buffered saline
(PBS) to remove residual drug. After centrifugation at 1,500 x g for 5 min, the supernatant was
discarded and the cell pellet was resuspended in 195 pul of Annexin V-FITC binding buffer from the
Annexin V-FITC/PI Apoptosis Detection Kit (Beyotime Biotechnology, Shanghai China).
Subsequently, 5 pl of Annexin V-FITC and 10 pl of propidium iodide (PI) staining solution were
added. The samples were gently mixed and incubated for 15 min at room temperature in the dark.
Apoptosis was then analyzed using a CyFlow flow cytometer (Sysmex Partec GmbH, Gorlitz,
Germany).

Western blotting. Cells were harvested and washed two to three times with 1x PBS, followed by
centrifugationat 1,000 x g for 5 min. After removal of the supernatant, the cell pellets were lysed in
an appropriate volume of lysis buffer and incubated on ice for 10-15 min. The lysates were then
centrifuged at 13,000 x g for 10 min at 4 °C, and the supernatants containing total cellular proteins
were collected for analysis.

Protein concentrations were determined using a bicinchoninic acid (BCA) protein assay kit
according to the manufacturer's instructions. Equal amounts of protein were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
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polyvinylidene fluoride (PVDF) membranes (FFP36; Beyotime Biotechnology, Shanghai, China).
The membranes were blocked with 5% non-fat milk in TBST (Tris-buffered saline containing
Tween 20) for 1 h at room temperature and then incubated overnight at 4 °C with the appropriate
primary antibodies, including anti-cleaved PARP antibody (Cell Signaling Technology, Danvers,
MA, USA), anti-H2AX antibody (Cell Signaling Technology), and anti-o-tubulin antibody
(Beyotime Biotechnology). After three washes with TBST (10 min each), the membranes were
incubated with the corresponding secondary antibodies for 2 h at room temperature. Protein bands
were visualized using an enhanced chemiluminescence (ECL) detection reagent (Fude Biological
Technology Co., Ltd., Hangzhou, China) and imaged with a ChemiDoc™ XRS+ imaging system
(Bio-Rad Laboratories, Hercules, CA, USA).

Reactive oxygen species assay. Sterile coverslips were prepared by soaking in 75% ethanol for 24
h and were subsequently washed three times with sterile PBS before being placed into 6-well plates.
Gastric cancer cells in the logarithmic growth phase were seeded onto the coverslips at a density of
5 x 10° cells/well and incubated for 24 h at 37 °C in a humidified atmosphere containing 5% CO,.
The culture medium was then replaced with fresh medium containing the indicated concentrations
of the test compounds, and the cells were incubated for an additional 24 h. Intracellular reactive
oxygen species (ROS) levels = were assessed wusing the  fluorescent probe
2", 7'-dichlorodihydrofluorescein diacetate (DCFH-DA). The DCFH-DA working solution was
prepared by diluting the stock solution 1:1,000 in serum-free medium to a final concentration of 10
uM. After treatment, the culture medium was removed and the DCFH-DA solution was added to
each well. Cells were incubated for 20 min at 37 °C in a 5% CO; incubator and then washed three
to five times with serum-free medium to remove excess probe. Intracellular ROS generation was
visualized using a fluorescence microscope with excitation and emission wavelengths of 488 and
525 nm, respectively. Fluorescence itensity was used as an indicator of intracellular ROS levels.
Transcriptome sequencing data analysis. Total RNA samples were submitted to Jingguang Gene
Technology Co., Ltd. (China) for Illumina high-throughput sequencing. Gene expression levels
were quantified using the transcripts per million (TPM) method. Differential expression analysis
was performed in R using the limma package after data normalization. Genes with p < 0.05 and
|logFC| > 1 were considered differentially expressed genes (DEGs) and were selected for
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subsequent analyses. Functional enrichment analyses of DEGs were conducted using the
clusterProfiler package to identify significantly enriched Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways. The results were visualized using the
ggplot2, pheatmap, and GOplot packages. Gene Set Enrichment Analysis (GSEA) was performed
using GSEA software version 4.1.0 to evaluate the enrichment of predefined gene sets.
Protein-protein interaction (PPI) networks were constructed using the STRING database
(https://string-db.org/). The interaction data were subsequently imported into Cytoscape
(https://www.cytoscape.org/) for network visualization and analysis, with upregulated and
downregulated genes displayed in different colors. Subnetwork analysis was performed using the
MCODE plugin with the following parameters: degree cutoff> 2, node score cutoff > 0.2, k-core >
2, and maximum depth=100. Subnetworks with MCODE scores > 6 were selected for further
nvestigation.

Genes identified within the selected subnetworks were subjected to GO and KEGG annotation
analyses using the Clue GO plugin to characterize their associated biological functions and signaling
pathways. Finally, hub genes within the PPI network were identified using the cytoHubba plugin
based on topological network algorithms, enabling the prediction of key regulatory genes
potentially involved in the observed transcriptomic changes.

Data analysis. Statistical analyses were performed using IBM SPSS Statistics (IBM Corp., Armonk,
NY, USA) and GraphPad Prism (GraphPad Software, San Diego, CA, USA). Data are presented as
the mean = standard deviation (SD) from at least three independent experiments unless otherwise
specified. Differences among multiple groups were evaluated using one-way analysis of variance

(ANOVA). A two-sided p-value < 0.05 was considered statistically significant.

Results

VD3 decreased the sensitivity of gastric cancer cells to DDP and inhibited DDP-induced
apoptosis. Before evaluating the effect of VD3 on DDP response, we first examined the effects of
different VD3 concentrations on gastric cancer cell viability. Based on these preliminary results,
VDs concentrations that did not show obvious cytotoxicity, namely 40 and 60 uM, were selected for
combination treatment with DDP (Supplementary Figure S1). We then used the CCK-8 assay to
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assess the cytotoxic effects of DDP in AGS, HGC-27, and MKN-45 cells. As shown in Figure 1A,
increasing DDP concentrations progressively reduced cell viability in the absence of VD3. However,
VD; co-treatment significantly increased cell viability compared with DDP treatment alone.
Moreover, the protective effect became more evident with increasing VD3 concentrations. These
results indicate that DDP sensitivity differs among gastric cancer cell lines and that VD3 reduces
DDP sensitivity in these cells.

We next evaluated apoptosis after 24 h of treatment by flow cytometry. DDP significantly induced
apoptosis in gastric cancer cells, whereas VD3 alone had no obvious effect on the apoptotic rate.
Compared with DDP treatment alone, co-treatment with VD3 significantly reduced apoptosis
(Figure 1B). Because apoptotic cells typically show chromatin condensation and nuclear
fragmentation, Hoechst staining was also performed to assess nuclear morphological changes. As
shown in Supplementary Figure S2, approximately one-third of AGS cells treated with DDP alone
exhibited condensed or fragmented nuclei, whereas these apoptotic features were markedly reduced
after VD3 co-treatment. These findings further support that VD3 attenuates DDP-induced apoptosis
in gastric cancer cells.

VD3 inhibits DDP-induced apoptosis by reducing PARP1 cleavage and YH2AX accumulation.
To further investigate the role of VD3 in modulating DDP-induced apoptosis, we examined PARP1
cleavage, a well-established marker of apoptotic cell death, by western blotting. As shown in Figure
2, cleaved PARP1 was undetectable in both the control and VDs-treated groups. In contrast, DDP
treatment markedly increased PARP1 cleavage in all three gastric cancer cell lines. Co-treatment
with VD3 substantially reduced the abundance of cleaved PARP1, particularly in HGC-27 and AGS
cells. These findings are consistent with the flow cytometric and Hoechst staining results, further
supporting the inhibitory effect of VD3 on DDP-induced apoptosis.

Because DDP exerts its cytotoxic effects primarily through DNA damage, we next assessed YH2AX,
a widely used marker of DNA damage response activation. DDP treatment markedly increased
YH2AX levels in gastric cancer cells, whereas co-treatment with VD3 attenuated DDP-induced
YH2AX accumulation (Figure 2). These results indicate that VD3 reduces the activation of DNA
damage-associated signaling induced by DDP. However, it should be noted that reduced YH2AX
accumulation alone does not directly demonstrate enhanced DNA repair capacity.
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VD3 reduces DDP-induced oxidative stress. Previous studies have shown that DDP can promote
intracellular ROS accumulation, leading to mitochondrial dysfunction, DNA damage, and apoptosis.
Given the reported antioxidant properties of VD3, we investigated whether VD3 modulates the
oxidative stress response induced by DDP. As shown in Figure 3, DDP treatment for 24 h
significantly increased intracellular ROS levels in gastric cancer cells. In contrast, co-treatment with
VD3 markedly reduced DDP-induced ROS accumulation. These findings suggest that VDs
attenuates oxidative stress induced by DDP, which may contribute to the reduced apoptosis and
YH2AX activation observed in gastric cancer cells.

The combination of VD3 reduced the number of DDP-induced differentially expressed genes.
To explore the mechanisms by which VD3 modulates DDP sensitivity, transcriptomic analyses were
performed in HGC-27 cells treated with vehicle control, DDP, VD3, or DDP plus VDs;. Compared
with the control group, DDP treatment resulted in 499 significantly upregulated genes and 514
significantly downregulated genes (Figure 4A). In contrast, VD3 treatment alone induced relatively
limited transcriptional changes, with 14 genes significantly upregulated and 36 genes significantly
downregulated (Figure 4B). Cells treated with DDP plus VD3 exhibited 274 upregulated and 198
downregulated genes relative to the control group (Figure 4C). Furthermore, comparison of the
DDP plus VD3 group with the DDP-alone group identified 35 significantly upregulated genes and
24 significantly downregulated genes (Figure 4D).

To further evaluate the impact of VD3 on DDP-induced transcriptional responses, overlap analysis
was performed between the differentially expressed genes identified in the DDP group and those
identified in the DDP plus VD3 group. Among the 1,013 genes differentially expressed following
DDP treatment, 629 were no longer significantly altered after co-treatment with VD3, whereas 88
additional genes became differentially expressed in the presence of VD3 (Figure 4E). These findings
suggest that VD3 substantially modifies the transcriptional response to DDP and reduces the overall
number of DDP-responsive differentially expressed genes.

VD3 modulates DDP-responsive transcriptional programs associated with lipid metabolis m.
To gain further insight into the biological significance of the transcriptomic changes, we examined
the 30 most differentially expressed genes across the treatment groups. As shown in Supplementary
Figure S3A, DDP treatment markedly altered the expression of genes involved in cell growth,
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cell-cycle regulation, and DN A damage responses, including growth differentiation factor 15
(GDF15), cyclin-dependent kinase inhibitor 1A (CDKN1A), and scaffold protein involved in DNA
repair (SPIDR). In contrast, VD3 treatment primarily affected genes associated with lipid
metabolism and vitamin D catabolism, such as 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR) and cytochrome P450 family 24 subfamily A member 1 (CYP24Al) (Supplementary
Figure S3B). Following co-treatment with DDP and VD3, GDFI5 and CDKNIA remained
significantly altered relative to the control group, whereas SPIDR was no longer differentially
expressed. In addition, genes such as ASNS and CTSL showed notable expression changes in the
co-treatment group (Supplementary Figure S3C), suggesting that these genes may be involved in
the cellular response to combined DDP and VD3 treatment. Comparisonof the DDP plus VD3 group
with the DDP-alone group further revealed differential expression of genes related to lipid
metabolism and vitamin D catabolism, including OLR1 and CYP24Al (Supplementary Figure
S3D).

To validate the RNA-seq findings, selected genes were analyzed by qRT-PCR in HGC-27 cells
treated with vehicle control, VD3, DDP, or DDP plus VD;. The validated genes included CYP24A1,
HMGCR, GDF15, CDKN1A, and SPIDR, which are associated with vitamin D metabolism, steroid
metabolism, DDP-induced stress responses, and DN A damage-associated signaling. The qRT-PCR
results showed expression patterns that were generally consistent with those obtained from
RNA-seq analysis, supporting the reliability of the transcriptomic data (Supplementary Figure S4).
GO-BP and KEGG enrichment analyses of differentially expressed genes. To further investigate
the biological processes associated with the modulation of DDP responses by VD3, GO biological
process (GO-BP) enrichment analyses were performed on the identified differentially expressed
genes. As shown in Figure 5A, DDP ftreatment significantly suppressed genes involved in
extracellular matrix (ECM) organization while enriching genes associated with the negative
regulation of protein phosphorylation. Comparison of the VDj3-treated and control groups revealed
significant enrichment of processes related to steroid metabolism, lipid catabolism, and acetyl-CoA
metabolism following VD; treatment (Figure 5B). In cells treated with DDP plus VD3, the
downregulation of ECM-associated genes induced by DDP was partially attenuated, resulting in a
modest increase in the expression of ECM-related genes compared with DDP treatment alone
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(Figure 5C). Furthermore, comparison of the DDP plus VD3 group with the DDP-alone group
showed enrichment of vitamin metabolic processes and suppression of steroid biosynthetic
processes in the co-treatment group (Figure 5D).

To further characterize the affected signaling pathways, KEGG enrichment analyses were
conducted for the differentially expressed genes identified in each comparison. As shown in Figure
6A, DDP treatment significantly affected several pathways, including the NF-«B signaling pathway,
ECM-receptor interaction, and TNF signaling pathway. In contrast, VD3 treatment primarily
influenced the steroid biosynthesis pathway (Figure 6B). In the DDP plus VDj3 group, steroid
biosynthesis remained one of the most prominently altered pathways, whereas ECM-receptor
interaction was no longer significantly enriched (Figure 6C). When the DDP plus VD3 group was
directly compared with the DDP-alone group, relatively few pathway-level differences were
observed, with steroid biosynthesis representing the principal altered pathway (Figure 6D).

GSEA analysis of signaling pathway alterations associated with VD3 treatment. Because
signaling pathway activity can be influenced by coordinated changes in multiple genes, analyses
based solely on differentially expressed genes may not fully capture pathway-level alterations.
Therefore, GSEA was performed using the complete transcriptomic dataset to provide a more
comprehensive assessment of pathway enrichment. As relatively few differentially expressed genes
were identified between the DDP plus VD3 group and the DDP-alone group, KEGG enrichment
analysis detected only a limited number of significantly enriched pathways. In contrast, GSEA
revealed broader transcriptomic changes associated with VD3 treatment. Compared with DDP
treatment alone, co-treatment with VD3 was associated with enrichment of gene sets related to ABC
transporters and ECM-receptor interaction, whereas gene sets involved in steroid biosynthesis were
negatively enriched (Figures 7A-7C). These findings suggest that VD; modulates transcriptional
programs associated with transporter activity, extracellular matrix signaling, and steroid metabolism
in DDP-treated gastric cancer cells.

Protein interaction network analysis identifies candidate pathways and hub genes associated
with VD3 treatment. To further characterize the molecular networks associated with VD3 treatment,
a PPI network was constructed using the differentially expressed genes identified between the DDP
plus VD3 group and the DDP-alone group. Analysis using the STRING database generated a
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network comprising 17 nodes and 13 edges, including 10 upregulated and 7 downregulated genes
(Figure 8A). The genes within this network were subsequently analyzed using the ClueGO plugin
for GO-BP and KEGG enrichment analyses. GO-BP analysis indicated enrichment of biological
processes related to the negative regulation of lipid storage and the regulation of steroid
biosynthetic processes (Figure 8B). Consistent with these findings, KEGG analysis identified
steroid biosynthesis as the principal enriched pathway associated with VD3 treatment (Figure 8C).
To identify key regulatory genes within the network, hub gene analysis was performed using the
CytoHubba plugin. TNF and HSPG2 were identified as the highest-ranking hub genes and may
represent important components of the transcriptional network associated with VD3 treatment in
DDP-exposed gastric cancer cells (Figure 8D).

Protein-protein interaction network analysis of genes no longer differentially expressed after
VD3 co-treatment. To further investigate the transcriptional changes attenuated by VDs, we
performed PPI network analysis on genes that were differentially expressed following DDP
treatment but were no longer significantly altered after co-treatment with VDs. The resulting PPI
network comprised 427 nodes and 875 edges (Supplementary Figure S5A). These genes were
subsequently analyzed using the MCODE plugin to identify highly interconnected subnetworks,
yielding two core subnetworks with MCODE scores greater than 6 (Supplementary Figures S5B,
S5C).

Functional annotation of genes within these subnetworks was performed using the ClueGO plugin.
GO-BP analysis revealed significant enrichment of biological processes related to
collagen-activated tyrosine kinase receptor signaling, whereas KEGG analysis identified ECM—
receptor interaction as a major enriched pathway (Supplementary Figures S5D, S5E). These results
suggest that genes whose DDP-induced expression changes were attenuated by VD3 are primarily
associated with tyrosine kinase receptor signaling and ECM-related pathways. These findings
indicate that VDs; may modulate transcriptional programs involved in these pathways in

DDP-treated gastric cancer cells.

Discussion
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DDP exerts its antitumor activity through multiple mechanisms, most notably by forming DNA
adducts through interactions with purine bases, thereby inducing DNA damage, activating
intracellular signaling pathways, and ultimately triggering apoptosis. However, treatment-related
toxicity and acquired drug resistance remain major obstacles that limit its clinical efficacy.
Therefore, elucidating the molecular mechanisms underlying DDP resistance is essential for
improving therapeutic outcomes. Reduced intracellular drug accumulation, detoxification by
glutathione and metallothioneins, and enhanced DNA damage repair have all been implicated in the
development of DDP resistance [36]. In the present study, VD; attenuated DDP-induced
cytotoxicity in gastric cancer cell lines under in vitro conditions, suggesting that VD3 exposure may
reduce DDP sensitivity in certain cellular contexts. Consistent with this observation, apoptosis
assays demonstrated that the reduced cytotoxic response was associated, at least in part, with
decreased DDP-induced apoptosis. DDP is known to induce DN A double-strand breaks (DSBs),
which initiate a cascade of signaling events that ultimately lead to apoptotic cell death [37, 38].
Previous studies have reported a strong positive correlation between DSB formation and yYH2AX
accumulation, supporting the use of YH2AX as a marker of DNA damage response activation [39].
In agreement with these findings, our western blot analyses showed that DDP treatment markedly
increased YH2AX levels in gastric cancer cells, indicating activation of DN A damage-associated
signaling pathways. Because DDP-induced DNA lesions activate the cellular DNA damage
response, YH2AX is widely used as an indicator of this process, particularly following DSB
formation. Nevertheless, YH2AX should be interpreted cautiously because it reflects activation of
DNA damage-associated signaling rather than DNA repair capacity itself [40]. In our study,
co-treatment with VD3 reduced DDP-induced YH2AX accumulation, suggesting attenuation of
DNA damage-associated signaling. However, this finding should not be interpreted as evidence of
enhanced DNA repair. yH2AX levels can be influenced by multiple factors, including the extent of
DNA damage, ROS-associated stress, apoptotic cell fraction, cell-cycle distribution, and upstream
DNA damage response signaling. Therefore, although our results indicate that VD3 attenuates
DDP-induced YH2AX activation, additional functional studies are required to determine whether
VDs directly affects DNA repair processes or influences other mechanisms involved in the cellular
response to DDP.
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ROS are continuously generated as byproducts of mitochondrial oxidative metabolism under
physiological conditions. Maintenance of ROS homeostasis is essential for normal cellular survival
and signal transduction [41]. However, excessive ROS accumulation can disrupt mitochondrial
function, activate mitochondrial apoptotic pathways, and induce oxidative damage to cellular
macromolecules, including DNA [42-45]. Previous studies have shown that DDP promotes
intracellular ROS generation, which may further exacerbate DNA damage and contribute to
apoptosis through both oxidative stress-dependent and mitochondrial pathways [46]. In the present
study, we evaluated the effects of DDP and VD; on oxidative stress in gastric cancer cells.
Consistent with previous reports, DDP treatment markedly increased intracellular ROS levels. In
contrast, co-treatment with VD3 significantly attenuated DDP-induced ROS accumulation. These
findings suggest that VD3 mitigates the oxidative stress response triggered by DDP. Given the
established links between ROS accumulation, DNA damage signaling, and apoptosis, the reduction
in ROS levels may partially contribute to the decreased yH2AX accumulation, reduced apoptosis,
and attenuated cytotoxicity observed following VDs co-treatment. However, the precise
mechanisms underlying these effects remain to be elucidated.

Our experimental findings demonstrated that VD5 attenuated the cytotoxic effects of DDP in gastric
cancer cells under in vitro conditions. To gain further insight into the molecular basis of this
phenomenon, we performed transcriptomic analyses of cells treated with DDP, VD3, DDP plus VDs,
or vehicle control. DDP treatment induced extensive transcriptional alterations, affecting genes
involved in several pathways, including NF-xB signaling, ECM-receptor interaction, and TNF
signaling. In contrast, VDs; treatment alone primarily affected genes associated with steroid
metabolism.  Given that VD3 is a steroid-derived molecule, modulation of steroid metabolic
pathways is consistent with its known biological activity. Notably, co-treatment with VD; markedly
reduced the number of DDP-responsive differentially expressed genes, suggesting that VD3
modifies the transcriptional response to DDP. Functional enrichment analyses indicated that many
of the genes whose DDP-induced expression changes were attenuated by VD3 were associated with
DNA damage response-related processes and ECM-receptor interaction pathways. These
observations suggest that VD3 may influence transcriptional programs affected by DDP, particularly
those related to DN A damage-associated signaling and extracellular matrix regulation; however,
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direct functional validation is required to establish causal relationships. To further support the
transcriptomic findings, representative genes identified by RNA-seq, including CYP24A1, HMGCR,
GDF15, CDKN1A, and SPIDR, were evaluated by qRT-PCR. The expression patterns obtained by
qRT-PCR were generally consistent with the RNA-seq results, supporting the reliability of the
transcriptomic  analysis.

Direct comparison between the DDP plus VD3 group and the DDP-alone group further revealed
transcriptomic changes associated with steroid metabolic processes, ECM-receptor interaction, and
ABC transporter-related pathways. GSEA additionally identified enrichment of gene sets related to
ABC transporters and ECM-receptor interaction, together with negative enrichment of steroid
biosynthesis-related genes following VD; co-treatment. Because ABC transporters are
well-recognized mediators of drug efflux and chemoresistance, these findings raise the possibility
that altered transporter-related transcriptional programs may contribute to the reduced DDP
sensitivity observed in VDs-treated cells. However, the current data are based primarily on
transcriptomic analyses and do not establish functional changes in transporter activity. Finally, PPI
network analysis identified TNF and HSPG2 as candidate hub genes within the VDs-associated
transcriptional network. Future studies are required to determine whether these genes, or other
candidate regulators identified in this study, functionally contribute to the modulation of DDP
responses by VDs.

Several limitations of this study should be acknowledged. First, the experiments were conducted
primarily in established gastric cancer cell lines and evaluated short-term drug responses under in
vitro conditions. Consequently, the findings require validation in animal models, patient-derived
systems, and clinical samples. Moreover, in Vvitro models cannot fully recapitulate the
pharmacokinetics of DDP, systemic vitamin D metabolism, the tumor microenvironment, immune
regulation, or patient-specific vitamin D status. Second, the compound examined in this study was
VDs/cholecalciferol, a precursor form of vitamin D, rather than the hormonally active metabolite
1,25-dihydroxyvitamin Ds. Intracellular conversion of cholecalciferol to 25-hydroxyvitamin Ds,
1,25-dihydroxyvitamin D3, or non-classical vitamin D-derived metabolites was not directly
evaluated. Previous studies have shown that CYP11Al-derived vitamin D and lumisterol
metabolites participate in the regulation of oxidative stress, DNA damage responses, inflammation,
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and cell proliferation, and that both classical and CYP11A1-derived vitamin D hydroxyderivatives
exhibit anticancer activity in basal and squamous cell carcinoma models [15, 16]. Therefore,
whether these metabolites contribute to the observed changes in ROS accumulation, YH2AX
activation, apoptosis, and DDP sensitivity remain to be determined. Third, DNA repair activity was
not directly assessed. Although YH2AX was used as a marker of DDP-induced DNA damage
response activation, reduced yH2AX accumulation cannot distinguish between decreased DNA
damage generation, altered repair kinetics, reduced apoptosis, changes in cell-cycle distribution, or
modulation of upstream DNA damage response signaling pathways. Accordingly, the present data
do not establish a direct effect of VD3 on DNA repair capacity. Finally, although selected RNA-seq
findings were validated by qRT-PCR, the transcriptomic analyses remain largely correlative.
Additional mechanistic studies are required to identify the direct molecular mediators responsible
for the VD;3-associated modulation of DDP responses. Therefore, the results of this study should be
interpreted with caution and should not be directly extrapolated to clinical recommendations
regarding vitamin D supplementation during DDP-based chemotherapy.

In summary, the present study demonstrates that VD; attenuates DDP-induced cytotoxicity,
apoptosis, ROS accumulation, and YH2AX activation in gastric cancer cells under in vitro
conditions. Transcriptomic analyses further suggest that VD3 modulates gene expression programs
associated with steroid metabolism, ECM-related pathways, ABC transporter-associated pathways,
and DNA damage response-related processes. Collectively, these findings provide preliminary
evidence that VD; exposure can influence cellular responses to DDP in gastric cancer cells.
However, the specific vitamin D-derived metabolites involved, the underlying molecular
mechanisms, and the clinical relevance of these observations remain to be elucidated through

further mechanistic, preclinical, and clinical studies.
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Figure Legends

Figure 1. VD; attenuates DDP-induced cytotoxicity and apoptosis in gastric cancer cells. A)
HGC-27, AGS, and MKN-45 cells were treated with the indicated concentrations of DDP in the
presence or absence of VD3 for 24 h, and cell viability was assessed using the CCK-8 assay. Cell
viability was normalized to the corresponding vehicle control group. B) Apoptosis in HGC-27, AGS,
and MKN-45 cells following treatment with vehicle control, VD3, DDP, or DDP plus VD3 for 24 h
was analyzed by Annexin V-FITC/PI flow cytometry. Quantitative data are presented as the
meantSD of three independent experiments. Statistical significance was determined by one-way

ANOVA. **p < 0.01 vs. the control group; “p<0.05 and **p<0.01 vs. the DDP-treated group

Figure 2. VD; reduces DDP-induced PARP1 cleavage and yH2AX accumulation. A-C) Western
blot analysis of PARP1, cleaved PARP1, and yYH2AX in HGC-27 (A), AGS (B), and MKN-45 (C)
cells following treatment with vehicle control, VD3, DDP, or DDP plus VD; for 24 h. a-Tubulin was
used as the loading control. Representative immunoblots and corresponding quantitative analyses
are shown. Data are presented as the meantSD of three independent experiments. Statistical
significance was determined by one-way ANOVA. ***p < 0.001 vs. the control group; **p < 0.001

vs. the DDP-treated group.

Figure 3. VDs attenuates DDP-induced oxidative stress in gastric cancer cells. A-C) Intracellular
ROS levels in HGC-27 (A), AGS (B), and MKN-45 (C) cells following treatment with vehicle
control, VD3, DDP, or DDP plus VD3 for 24 h were assessed using the DCFH-DA fluorescent probe.
Representative fluorescence images and corresponding quantitative analyses are shown.
Fluorescence intensity was normalized to the vehicle control group. Data are presented as the
meantSD of three independent experiments. Statistical significance was determined by one-way

ANOVA. **p < 0.01 vs. the control group; “p<0.05 and *p < 0.01 vs. the DDP-treated group

Figure 4. Transcriptomic changes among the control, DDP, VD3, and DDP plus VD3 groups in
HGC-27 cells. RN A-seq was performed in HGC-27 cells treated with vehicle control, VD3, DDP, or

21



652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679

680

DDP plus VDs for 24 h. Differentially expressed genes were identified using the criteria of |logo, FC| >
I and p < 0.05. A-D) Volcano plots showing differentially expressed genes in the Control vs. DDP
(A), Control vs. VD3 (B), Control vs. DDP plus VD3 (C), and DDP vs. DDP plus VDs; (D)
comparisons. Red dots represent upregulated genes, blue dots represent downregulated genes, and
gray dots represent genes that were not differentially expressed. E) Venn diagram showing the

overlap of differentially expressed genes among the indicated comparison groups.

Figure 5. GO enrichment analysis of differentially expressed genes. Gene Ontology (GO)
biological process enrichment analysis was performed using differentially expressed genes from the
indicated comparison groups: Control vs. DDP (A), Control vs. VD3 (B), Control vs. DDP plus VD3

(C), and DDP vs. DDP plus VD3 (D).

Figure 6. KEGG pathway enrichment analysis of differentially expressed genes. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed using
differentially expressed genes from the indicated comparison groups: Control vs. DDP (A), Control

vs. VD3 (B), Control vs. DDP plus VD3 (C), and DDP vs. DDP plus VD3 (D).

Figure 7. GSEA of pathway-level changes associated with VD3 treatment in DDP-treated HGC-27
cells. GSEA was performed using RNA-seq data from HGC-27 cells treated with DDP plus VD;
compared with cells treated with DDP alone. Representative enriched pathways include ABC

transporter-related pathways (A), ECM-receptor nteraction (B), and steroid biosynthesis (C).

Figure 8. Protein-protein interaction network analysis of candidate genes associated with
VDs-mediated modulation of DDP response. A) Protein-protein interaction (PPI) network
constructed using differentially expressed genes identified in the DDP plus VD3 versus DDP
comparison. B) GO functional annotation analysis of genes included in the PPI network. C) KEGG
pathway annotation analysis of genes included in the PPI network. D) Hub gene ranking based on
network topology analysis using the cytoHubba plugin in Cytoscape. Candidate hub genes were
identified according to their network scores.
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