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Introduction: Bone marrow-derived mesenchymal stem cells (BMSCs) are recruited into the gastric cancer (GC) microenvironment
and promote progression, though the underlying mechanisms remain unclear. This study investigated how RYK-silenced BMSCs
induce GC cell apoptosis, with a focus on the novel role of dihydrocapsaicin (DHC).

Methods: BMSCs were transfected with RYK siRNA or negative controls and co-cultured with NCI-N87 cells to investigate their
interactions. Cancer cell cycle and apoptosis were assessed by flow cytometry, while protein levels of Caspase3, Bax, and Bcl-2 in
NCI-N87 cells were determined via Western blot. Metabolomics analyzed differential metabolites in BMSCs. Additionally, NCI-N87
cells were treated with DHC, and their proliferation, apoptosis, and apoptosis-related protein expression were evaluated after different
DHC treatments.

Results: Compared to NCI-N87 cells cultured alone, co-culture with si-NC-modified BMSCs reduced apoptosis in NCI-N87 cells.
However, co-culture with si-RYK-BMSCs significantly increased apoptosis. Additionally, DHC, a metabolic product secreted by
BMSCs after RYK interference, suppresses NCI-N87 cell growth, promotes cell death, and increases the expression of apoptosis-
related proteins.

Conclusion: RYK-silenced BMSCs induce NCI-N87 apoptosis, likely through increased DHC secretion, highlighting DHC as a novel
mediator in GC progression.
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Introduction
Gastric cancer (GC) ranks as one of the most prevalent malignancies globally, being the fifth leading cause of cancer-
related mortality worldwide.' It is also the most common cancer in East Asia, with approximately 990,000 new cases
diagnosed annually.> GC is a multifactorial disease influenced by both environmental and genetic factors. Key risk
factors include age, sex, smoking, and Helicobacter pylori infection.” > Despite advancements in surgical resection and
adjuvant chemotherapy that have improved patient survival, the overall prognosis for gastric cancer remains suboptimal.®
Therefore, it is urgent to elucidate the development mechanism of gastric cancer and find effective treatment strategies.
Mesenchymal stem cells (MSCs) are intricately associated with the initiation and progression of tumors.”* Research
has demonstrated that circulating MSCs can migrate and localize to tumor sites under the chemotactic influence of
growth factors and chemokines secreted by tumor cells and other inflammatory cells, thereby contributing to the
formation of the tumor microenvironment.’ The biological properties of MSCs are modulated by the tumor microenvir-
onment, which may enhance their angiogenic capacity, immunosuppressive functions, and anti-apoptotic activities.'’
Moreover, MSCs can facilitate the epithelial-mesenchymal transition in tumor cells and protect the survival of cancer
stem cells, thereby contributing significantly to tumor initiation and progression. Earlier research has indicated that bone
marrow-derived mesenchymal stem cells (BMSCs) can accelerate the development of gastric cancer.'' Acting as a Wnt5a
receptor in the non-canonical Wnt signaling pathway, RYK participates in the regulation of the onset and progression of

various cancers.'>"'* Our prior investigation also demonstrated that knocking down RYK in gastric cancer cells could
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suppress the malignant behavior of gastric cancer.'” Nevertheless, no studies have explored the impact of RYK depletion
in BMSCs on the apoptosis of gastric cancer cells. Metabolomics was employed to identify key metabolites secreted by
RYK-silenced BMSCs, as these small molecules often serve as critical mediators of cell-cell communication and can
reveal novel pathways linking stromal modulation to cancer cell fate.

Dihydrocapsaicin (DHC), a major active capsaicinoid found in chili peppers, has garnered increasing attention for its

pharmacological properties, particularly its anti-tumor potential.'®

Emerging evidence suggests that DHC and related
capsaicinoids can inhibit cell proliferation and induce apoptosis in various malignancies, including cervical cancer and
prostate cancer.'”'® However, the specific mechanism by which DHC affects gastric cancer cells, especially in the
context of the tumor microenvironment modulated by mesenchymal stem cells, remains to be fully elucidated.
Consequently, this study was designed to examine how RYK-depleted BMSCs influence the apoptosis of gastric cancer

cells and to elucidate the associated molecular mechanisms.

Materials and Methods

Materials

Human BMSCs and the gastric cancer cell line NCI-N87 were obtained from Wuhan Pricella Biotechnology Co., Ltd.
(Shanghai, China). The Cell Counting Kit-8 and the Annexin V-FITC Apoptosis Detection Kit were acquired from
Solaibao Technology Co., Ltd. (Beijing, China). Antibodies targeting Caspase-3, Bax, Bcl-2, RYK, B-Actin, and
Caspase-9 were sourced from Abcam (Cambridge, United Kingdom). Anthraquinone, DHC, and Cerulenin were
purchased from MCE (New Jersey, USA). The siRNAs, including Si-RYK-1, Si-RYK-2, Si-RYK-3, and the negative
control siRNA (si-NC), were provided by GenePharma (Shanghai, China).

Cell Culture and Transfection
Human BMSCs and NCI-N87 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin at 37 °C in an atmosphere containing 5% CO,.

The transfection procedure was initiated when the confluence of BMSCs reached 70%. Initially, the culture medium
was replaced with 1 mL of serum-free medium. Two sterilized EP tubes were prepared, and each tube received 125 pL of
Opti-MEM diluent. To one EP tube, 5 pL of Lipofectamine 3000 reagent was added, while to the other, 12.5 pL of
siRNA was introduced (the siRNA powder should be pre-dissolved in DEPC water at a concentration of 1 OD/125 pL).
After thorough mixing, both EP tubes were incubated at room temperature for 5 minutes. The contents of the two EP
tubes were then combined and mixed evenly, followed by an additional incubation at room temperature for 15 minutes.
Drops of this combined solution were subsequently added to the appropriate wells of a six-well plate, after which the
cells were returned to the incubator for further growth. Four to six hours post-transfection, 1 mL of complete medium
containing 20% serum was added to the six-well plate. After 48 hours, the conditioned medium required for the
experiment was harvested. This experiment included three control groups: the first group, labeled as si-NC-BMSCs
+N87, involved treating NCI-N87 cells with the conditioned medium from the si-NC group of BMSCs for 24 hours;
the second group, designated as si-RYK-BMSCS + N87, entailed treating NCI-N87 cells with the conditioned medium
from the si-RYK group of BMSCs for 24 hours; the third group, simply referred to as the N87 group, consisted of
untreated normal NCI-N87 cells cultured for 24 hours as a baseline comparison.

Quantitative Real-Time PCR (qRT-PCR)

Samples were collected and the total RNA was isolated using a Total RNA Miniprep Kit. Subsequently, cDNA synthesis
was carried out following the instructions provided by the manufacturer. The qRT-PCR analysis was performed under
these conditions: an initial denaturation step at 95 °C for 5 minutes, then denaturation at 95 °C for 10 seconds, annealing
at 60 °C for 30 seconds, and a final extension phase from 65 to 95 °C, increasing the temperature by 0.5 °C every
5 seconds. After completion of the reaction, average cycle threshold (Ct) values were determined for each gene as well as
for the reference gene. The relative expression levels of genes were evaluated using the widely accepted method known
as 2~ **T The sequences of the primers were showed in Table 1.
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Table | Primer Sequence

Gene Symbol Forward Primer Reverse Primer
RYK GCAACTCCTATCACCAGTTATCCT | TAAAATCCCATGGAAAATACGCCC
B-actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA

Cell Apoptosis Assay

The harvested cells (1x10%) were first centrifuged at 1500 rpm for 3 minutes using PBS, followed by two rinsing steps.
Next, the cell pellet was re-suspended in 300 pL of pre-chilled 1x Annexin V-FITC binding buffer. Afterwards, 5 uL of
Annexin V-FITC and 10 pL of propidium iodide (PI) were added to each sample well. The mixture was gently vortexed
and then incubated in the dark at room temperature for 10 minutes. Finally, the samples were subjected to analysis via
NovoCyte flow cytometry.

Western Blotting
According to the method proposed by Wu et al,'” the detection of apoptosis-related proteins was conducted across
different cell groups.

Non-Targeted Metabolomics Assay
Differential metabolites in various cell types were detected using liquid chromatography-mass spectrometry (LC-MS) as
previously described.””

Targeted Differential Metabolites Were Detected by LC-MS

Take 100 pL of the cell supernatant sample and add 300 uL of methanol. Vortex for 60 seconds, then centrifuge at 17,000
x g for 15 minutes. Collect the supernatant for subsequent analysis. Standard solutions of varying concentrations were
prepared using 75% methanol, and mixed with the internal standard in a 1:1 ratio to generate the calibration standards.
The sample loading was performed under the following conditions: the column temperature was maintained at 40°C, with
an injection volume of 3 pL and utilizing the positive ion mode. The mobile phase was composed of two components:
A (water containing 0.1% formic acid) and B (acetonitrile). Gradient elution was carried out as follows: 4% B (from 0 to
3 min), increasing from 4% to 70% B (from 3 to 10 min), further increasing from 70% to 100% B (from 10 to 36 min),
decreasing from 100% to 4% B (from 36 to 37 min), and maintaining 4% B (from 37 to 40 min). The flow rate was kept
constant at 400 pL/min. For mass spectrometry, data were collected using an AB 6600 mass spectrometer in positive ion
mode. The ESI ion source settings were adjusted as follows: gas temperature set to 500°C, curtain gas pressure at 25 Psi,
collision gas pressure at 10 Psi, ion spray voltage at 5500 V, and atomization temperature at 500°C.

CCK-8 Assay

Cell viability was measured using a cell counting kit-8. Briefly, cells (2x10%well) were seeded in 96-well plate and
cultured for 48 h. Then, each well was supplement with 10 ul. CCK8 solution and incubated for 1 h. Afterwards, the
absorbance was measured using a microplate reader at the wavelength of 450 nm.

Statistical Analyses

All experiments were performed independently at least three times. The statistical analysis was conducted using SPSS
26.0, with experimental data presented as the mean =+ standard deviation (x =+ s). Inter group comparisons were analyzed
through One-Way ANOVA, while two-group comparisons were performed using a z-test. The sample size was deter-
mined based on preliminary experiments and standard practices in the field to ensure sufficient statistical power to detect
significant differences. A p-value of less than 0.05 was regarded as indicating a statistically significant difference.
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Results

Construction of RYK-Silenced BMSCs

Si-NC and three different si-RYK was transfected into BMSCs, and the silencing effect of RYK was verified by qPCR
(Figure 1A) and WB (Figure 1B and C). The unprocessed original full blot/gel images of Figure 1B were shown in
Figure S1. Compared with the si-NC group, the mRNA and protein expression of RYK in si-RYK-1, si-RYK-2, and si-
RYK-3 group were significantly decreased in BMSCs (P<0.05). According to the results of silencing RKY, we used si-
RYK-3 for follow-up experiments.

Effect of RYK-Silenced BMSCs on Apoptosis of NCI-N87 Cells

As illustrated in Figure 2A, flow cytometry was employed to assess the apoptosis of various NCI-N87 cells. In
comparison with the N87 group, a significant reduction in apoptosis was observed in the si-NC-BMSCs+N87 group
(P<0.05). These findings indicate that BMSCs possess the ability to suppress apoptosis in NCI-N87 cells. Furthermore,
when compared to the si-NC-BMSCs+N87 group, there was a marked increase in apoptosis in the si-RYK-BMSCs+NCI-
N87 group (P<0.05) (Figure 2B). Additionally, we further analyzed the expression levels of proteins associated with
apoptosis (Caspase3, Bax, and Bcl-2) by Western blotting (Figure 2C). The unprocessed original full blot/gel images of
Figure 2C were shown in Figure S2. The quantitative protein analysis results are displayed in Figure 2D. Relative to the
N87 group, the expression levels of Caspase3 and Bax proteins in NCI-N87 cells were notably reduced in the si-NC-
BMSCs+N87 group (P<0.05), whereas Bcl-2 protein expression was significantly elevated (P<0.05). Conversely, in
comparison with the si-NC-BMSCs+N87 group, the si-RYK-BMSCs+N87 group exhibited a significant increase in
Caspase3 and Bax protein expression (P<0.05), while Bcl-2 protein expression was substantially decreased (P<0.05).

|dentification of Metabolites in RYK-Silenced BMSCs

To further analyze the metabolic components of si-RYK-BMSCs in inhibiting the apoptosis of NCI-N87 cells, we used
metabolomics to analyze the differential metabolites between si-RYK-BMSCs and si-NC-BMSCs. The volcano plot in
Figure 3A showed that there were 104 up-regulated metabolites and 306 down-regulated metabolites in the RYK group
(si-RYK-BMSCs) compared with the NC group (si-NC-BMSCs). As shown in Figure 3B, We employed principal
component analysis (PCA) to visualize the clustering between the NC and RYK groups and observed a significant
separation in the PCA score plots between the two groups. Subsequently, we normalized the metabolites exhibiting the
most significant differences, identified the top 10 metabolites with the most substantial up-regulation and the top 12
metabolites with the most pronounced down-regulation, and generated a cluster heatmap to visualize the results
(Figure 3C).
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Figure | Construction of RYK-silenced BMSCs. (A) Transfection efficiency of si-RYKs in BMSCs was verified by qRT-PCR, (B) Transfection efficiency of si-RYKs in BMSCs
was verified by WB, (C) Quantitative analysis of RYK protein expression. Data are presented as the mean*SD (n=3). *P <0.05 vs. si-NC.
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Figure 2 Effect of RYK-silenced BMSCs on apoptosis of NCI-N87 cells. (A and B) The apoptosis of NCI-N87 cells was detected by flow cytometry, (C and D) The
apoptosis-related protein expressions of Caspase3, Bax, and Bcl-2 in NCI-N87 cells were detected by WB. Data are presented as the mean+SD (n=3). *P <0.05 vs. N87;
#P <0.05 vs. si-NC-BMSCs+N87.

Effect of DHC on Proliferation of NCI-N87 Cells

To further validate the elevated levels of differential metabolites in the BMSCs-si-RYK group, we employed liquid
chromatography-mass spectrometry (LC-MS) to quantify the concentrations of three specific metabolites
(Anthraquinone, DHC, and Cerulenin) in different cells (Figure 4A—C). The results showed that compared with the
BMSCs-si-NC group, the level of DHC in the BMSCs-si-RYK group was significantly increased (P<0.05), whereas the
levels of the other two metabolites showed no significant differences (P>0.05). Additionally, we used a CCK-8 assay to
investigate the effect of DHC on the proliferation of NCI-N87 cells at 12, 24, 48h (Figure 4D). Compared with the N87
group, the proliferation of NCI-N87 cells were significantly decreased in the 60 pM DHC and 80 uM DHC group at 12,
24, 48h (P<0.05). The results showed that DHC can inhibit the proliferation of NCI-N87 cells.

Effect of DHC on Apoptosis of NCI-N87 Cells

Subsequently, flow cytometry (Figure 5A) and WB were used to detect the apoptosis of different treated cells. The
analysis results of flow cytometry were shown in Figure 5B. Compared with the N87 group, the apoptosis of NCI-
N87 cells were significantly increased in the 60 pM DHC and 80 uM DHC group (P<0.05). The apoptosis level of
NCI-N87 cells also increased with the increase in DHC dose. Moreover, as shown in Figure 5C and D, the Bax,
Caspase3, and Caspase9 protein expression in the 60 pM DHC and 80 uM DHC group were significantly increased
(P<0.05) compared with the N87 group. The unprocessed original full blot/gel images of Figure 5C were shown in

Figure S3.
Taken together, we concluded that si-RYK intervention in BMSCs promotes the apoptosis in gastric cancer cells by

enhancing the release of DHC from BMSCs (Figure 6).
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Figure 3 Identification of Metabolites in RYK-Silenced BMSCs. (A) Volcano plot showing the differentially expressed metabolites between the BMSCs-si-NC and BMSCs-si-
RYK groups (n=6), (B) Score plots of principal component analysis from the discovery set, (C) Heatmap analysis of cell metabolites in the BMSCs-si-NC and BMSCs-si-RYK
groups (n=6). The red box in the picture encloses DHC.

Discussion

When a tumor develops within the body, non-cancerous tissue-derived mesenchymal stem cells (MSCs), such as BMSCs,
are recruited to the cancerous tissue and become an integral component of the tumor microenvironment.?' Subsequently,
under the influence of inflammatory cytokines and other stromal cells present at the local cancer site, BMSCs undergo
differentiation, acquiring novel characteristics, and transform into resident MSCs within the tumor tissue.** Mu et al
found that co-culture of BMSCs with SGC7901 gastric cancer cells could significantly promote the apoptosis of gastric
cancer cells.”® In this paper, we found that treating NCI-N87 cells with the conditioned medium from BMSCs could
inhibit their apoptosis, which is consistent with the results of Mu et al However, BMSCs modified by gene editing exhibit
the ability to suppress tumor progression. Liu et al found that treatment of breast cancer cells with Rictor knockout
BMSCs inhibited bone metastasis of breast cancer.”* Chang et al demonstrated that treating gastric cancer cells with
BMSC-derived exosomes overexpressing miR-1228 significantly suppressed the apoptosis of gastric cancer cells.> Thus,
inhibiting gastric cancer progression by utilizing genetically modified BMSCs holds significant potential for the
treatment of gastric cancer.

Cancer Management and Research 2026:18
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Figure 4 Effect of DHC on proliferation of NCI-N87 cells. (A—C) LC-MS was employed to quantify the differences in targeted metabolites across distinct cellular groups,
(A) Anthraquinone, (B) Dihydrocapsaicin, (C) Cerulenin, (D) The proliferation of NCI-N87 cells was detected by CCK-8 at 12, 24, and 48h. Data are presented as the mean
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RYK belongs to the family of receptor tyrosine kinases, a group of genes that encode proteins typically located on cell
membranes. These proteins are capable of detecting external signals and converting them into intracellular biochemical
reactions.”*?® A series of studies have demonstrated that the abnormal expression of RYK is significantly associated
with various types of cancer, including breast, colorectal, and gastric cancers.”*~° Our earlier research also demonstrated
that reducing RYK expression in gastric cancer cells can inhibit liver metastasis of gastric cancer.'”> However, there are
few studies that have reported the effect of si-RYK modified BMSCs on apoptosis of gastric cancer cells. In this paper,
we found that treating NCI-N87 cells with the conditioned medium from si-RYK modified BMSCs could promote the
apoptosis compared with the si-NC-BMSCs+N87 group.

Dihydrocapsaicin (DHC), as a spicy component of capsicum, has been found to have analgesic, anti-inflammatory,
antioxidant, anti-obesity and anti-cancer effects.>' * Shi et al found that treating melanoma cell lines with DHC could
significantly inhibit the proliferation, migration and metastasis of melanoma cells.** Xie et al demonstrated that treatment
of glioma cell lines with DHC significantly enhanced the apoptosis of glioma cells.>> However, no studies have reported
the effect of DHC on the development of gastric cancer. In this study, metabolomics analysis was employed to investigate
the metabolite profiles of Si-RyK-modified BMSCs, revealing a significant increase in DHC levels within these modified
cells. Subsequently, we treated gastric cancer cell line NCI-N87 with different concentrations of DHC, and found that
DHC could significantly promote the apoptosis of NCI-N87 cells and increase the expression of pro-apoptotic protein
(Bax, Caspase3, and Caspase9). Taken together, our results suggest that RYK silencing-modified BMSCs can induce the
apoptosis of NCI-N87 cells, potentially through increased secretion of DHC. However, this study also has some
limitations. This study did not investigate the potential signaling pathways involved in the effect of DHC on apoptosis
of gastric cancer cells. We will conduct an in-depth analysis of the signaling pathway by which DHC promotes apoptosis
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in gastric cancer cells and validate it through both in vivo and in vitro experiments in our subsequent study. In addition,

GC is a highly heterogeneous malignancy with diverse molecular subtypes and histological features. In the current study,
we primarily utilized the NCI-N87 cell line to elucidate these mechanism. While NCI-N87 is a well-established model,
results derived from a single cell line may not fully recapitulate the complex biological behavior of all GC subtypes.

Future studies involving a broader panel of GC cell lines, patient-derived xenografts (PDX), or clinical samples are

warranted to validate the generalizability of these findings. Although our metabolomics analysis identified DHC as the

key differentially expressed metabolite, cell-level studies demonstrated that dihydrocapsaicin could promote apoptosis in

NCI-N87 cells. However, future research is necessary to involve more GC cell lines and animal experiments to verify this
effect.

Conclusions

In

conclusion, our findings indicate that RYK-silenced BMSCs can trigger apoptosis in NCI-N87 cells, potentially

through the enhanced secretion of DHC. It should be noted that these results are based on in vitro experiments; therefore,

future validation in in vivo models and deeper mechanistic exploration are necessary to confirm the therapeutic potential.
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