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c-Myc axis
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Background: Oral squamous cell carcinoma (OSCC) is a highly invasive head and
neck malignancy with poor prognosis and limited treatment efficacy. This study
aimed to investigate the anti-tumor potential of p-hydroxycinnamaldehyde
(CMSP), a bioactive compound derived from the traditional Chinese and
Mongolian medicinal herb Momordica cochinchinensis.

Methods: The effects of CMSP on OSCC were evaluated in vitro using CAL27 and
SCC15 cell lines and in vivo in a CAL27 xenograft nude mouse model. Cell
proliferation, migration, and invasion were assessed by CCK-8 and transwell
assays. Flow cytometry was used to analyze cell cycle and apoptosis.
Transcriptomic sequencing followed by KEGG and GO enrichment analyses
was performed to identify key regulatory pathways, and Western blotting was
used to validate protein expression. Bioinformatics and molecular docking
analyses were further conducted to explore CMSP—target interactions.

Results: CMSP inhibited proliferation, migration, and invasion of OSCC cells in a
dose-dependent manner, induced S-phase arrest, and promoted apoptosis.
Transcriptomic and enrichment analyses identified the JAK2/STAT3 signaling
pathway as a major target. Western blotting confirmed that CMSP significantly
suppressed phosphorylation of JAK2 and STAT3 and downregulated
downstream c-Myc expression. In vivo, CMSP markedly reduced tumor growth
in nude mice. Bioinformatics and molecular docking suggested that MYC-related
signaling contributes to the anti-tumor activity of CMSP in OSCC.

Conclusion: CMSP exerts anti-OSCC effects, at least in part, through modulation
of the JAK2/STAT3/c-Myc signaling axis, and may serve as a promising adjunctive
therapeutic candidate for OSCC management.
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1 Introduction

Oral squamous cell carcinoma (OSCC) is the most common
malignancy of the head and neck, with approximately 350,000 new
cases worldwide each year and a 5-year survival rate of around 50%
(1, 2). Although surgical resection, radiotherapy, and chemotherapy
have improved, most patients still face poor outcomes due to the
aggressive nature, metastatic potential, and therapeutic resistance of
OSCC (3, 4). This highlights the need for new treatment strategies.
In recent years, extracts from traditional Chinese medicine (TCM)
have gained attention in anti-tumor drug development. Many such
extracts demonstrate multi-target anti-cancer effects. Notably, Tu
Youyou was awarded the Nobel Prize for the discovery of
artemisinin from Artemisia annua. Currently, more than 200
TCM extracts are used in cancer therapy, either alone or in
combination with conventional treatments, and have shown
benefits such as enhanced efficacy, reduced toxicity, and fewer
side effects (5, 6).

Momordicae Semen (Momordica seed) refers to the dried mature
seeds of Momordica cochinchinensis Spreng, a plant in the
Cucurbitaceae family. It has been widely used in TCM for its
properties of resolving swelling and masses, dispelling toxins, and
treating abscesses (7-9). Studies have demonstrated that various
extracts of Momordicae Semen possess anti-cancer, anti-inflammatory,
anti-ulcer, and immunomodulatory activities, and are often used in
combination with other agents for cancer therapy (10-12). For instance,
Shen et al. (13) reported that extracts from Momordicae Semen induced
apoptosis in non-small cell lung cancer cells in a dose-dependent
manner and inhibited metastasis by suppressing the PI3K/AKT
pathway, regulating PARP protein expression, or activating the p53
pathway. In addition, Momordica saponins were found to increase the
proportion of breast cancer cells in the G2 phase and the rate of
apoptosis, thereby inhibiting cell proliferation (14).

Furthermore, p-hydroxycinnamaldehyde, a bioactive constituent
isolated from the ethanol extract of Momordicae Semen, has been
reported to exert potent anti-tumor effects. For clarity, we refer to this
compound as CMSP (Cochinchina Momordica Seed Phytochemical)
throughout this study.Zhao et al. found that CMSP inhibited
malignant behaviors in esophageal squamous cell carcinoma and
melanoma cells (7, 10, 15). Wang et al. showed that CMSP modulated
the immune microenvironment and induced cell polarization by
altering the proteome, thereby suppressing tumor growth (16).
However, the effects of CMSP on OSCC cells remain unclear.

It is well established that the JAK2/STAT3 signaling pathway is
closely associated with the development and progression of OSCC.
This pathway can promote EMT, immune evasion, and therapeutic
resistance in OSCC through mediators such as chemerin and
interleukin-6 (IL-6) (3, 17, 18). Additional evidence indicates that
the JAK2/STAT3/c-Myc signaling axis plays a critical role in the
pathogenesis and progression of OSCC (19, 20).

In this study, we systematically evaluated the anti-tumor
activity of CMSP against OSCC. Various in vitro cellular assays
were performed to investigate the effects of CMSP on cell functions.
Transcriptomic sequencing and bioinformatics analyses were
conducted to assess the regulatory impact of CMSP on the
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JAK2/STAT3/c-Myc pathway. In addition, an in vivo mouse
xenograft model was employed to confirm the anti-tumor efficacy
of CMSP. Collectively, this study elucidates the mechanism by
which CMSP suppresses OSCC progression and provides a
theoretical basis for the potential application of CMSP as a novel
TCM-derived candidate for precision therapy of OSCC.

2 Materials and methods
2.1 Acquisition and storage of CMSP

CMSP(purity >98%) was purchased from Wuxi Flugu
Pharmaceutical Technology Co., Ltd. (Jiangsu Province, China).
CMSP was initially dissolved in dimethyl sulfoxide (DMSO) to
prepare a stock solution at a concentration of 100 mg/ml. The stock
solution was stored at -20°C until further use. For subsequent
experiments, the stock solution was diluted with serum-free
medium to the desired working concentrations.

2.2 Cell culture

The human OSCC cell lines CAL27 and SCC15 were obtained
from Wuhan Procell Life Science & Technology Co., Ltd. (Wuhan,
China) and Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd.
(Shanghai, China), respectively. Both cell lines were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco, USA)
and 1% penicillin-streptomycin. Cells were maintained at 37°C in a
humidified incubator with 5% CO,. Cells in the logarithmic growth
phase were used for subsequent experiments.

2.3 Cell viability assay

The effect of CMSP on the viability of OSCC cells was evaluated
using the MTS assay. OSCC cells in the logarithmic growth phase
were seeded into 96-well plates at a density of 5 x 10* cells per well
in 200 pul of DMEM. After cell attachment, the medium was
replaced with DMEM containing 0.01% DMSO (vehicle control)
or varying concentrations of CMSP (0, 2, 4, 8, 10, or 20 pug/mL).
Cells were incubated at 37 °C with 5% CO, for 24, 48, or 72 hours.
Following incubation, the medium was removed, and wells were
gently washed with PBS. Subsequently, MTS reagent (Promega,
USA) was added to each well and incubated in the dark according to
the manufacturer’s instructions. Absorbance was measured at 490
nm using a microplate reader. Cell viability was calculated relative
to the control group based on the standard curve.

2.4 Colony formation assay

The colony formation assay was performed to further evaluate
the effect of CMSP on OSCC cell proliferation. CAL27 and SCC15
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cells in the logarithmic growth phase were seeded into 6-well plates at
a density of 8 x 10® cells per well. After cell attachment, the medium
was replaced with DMEM containing 0.01% DMSO (vehicle control)
or CMSP at concentrations of 6, 8, or 10 ug/mL.Cells were incubated
at 37°C with 5% CO, for 7-10 days, with medium changes every 2-3
days as necessary. At the end of the incubation, the medium was
removed, and colonies were washed twice with PBS, fixed with 4%
paraformaldehyde for 15 minutes, and stained with 1% crystal violet
for 20 minutes. After washing off excess dye, the number of colonies
containing more than 50 cells was counted using Image] software.

2.5 Scratch (wound healing) and transwell
invasion assays

2.5.1 Wound healing assay

CAL27 and SCC15 cells in the logarithmic growth phase were
seeded into 6-well plates at a density of 8 x 10° cells per well. Upon
reaching approximately 90% confluence, a linear scratch was made
across the cell monolayer using a sterile 200 pl pipette tip. Detached
cells were removed by washing twice with PBS. After aspirating
residual liquid, 2 ml of serum-free DMEM containing 0.01% DMSO
(vehicle control) or CMSP (2 or 4 pug/mL) was added to each well.
Images of the wounded area were captured at 0 and 24 hours using
an inverted microscope at the same location. The wound closure
area was measured and quantified using Image]J software.

2.5.2 Transwell invasion assay

Cell invasion was evaluated using 24-well Transwell chambers
(Corning, USA) pre-coated with Matrigel (BD Biosciences, USA)
and allowed to solidify at room temperature. Cell suspensions (1 x
10 cells in 100 ul serum-free DMEM) were seeded into the upper
chamber. The lower chamber was filled with 500 pl of DMEM
containing 10% fetal bovine serum as a chemoattractant, along with
0.01% DMSO or CMSP (2 or 4 pg/mL). After 24 hours of
incubation at 37°C, non-invading cells on the upper surface of
the membrane were removed with a cotton swab, and cells on the
lower surface were fixed with 4% paraformaldehyde for 15 minutes,
then stained with 1% crystal violet for 20 minutes. The number of
invaded cells was counted in five randomly selected fields under a
microscope and analyzed using Image] software.

2.6 Cell apoptosis and cell cycle analysis

CAL27 and SCC15 cells in the logarithmic growth phase were
seeded into 6-well plates at a density of 3 x 10 cells/well. After 6 h
of attachment, cells were treated with CMSP (6, 8, or 10 pg/mL) or
0.01% DMSO (vehicle control) in complete DMEM for 48 h.

For apoptosis analysis, both adherent and floating cells were
collected, washed twice with cold PBS, and resuspended in 100 puL of
binding buffer. Cells were stained with 5 pL Annexin V-PE and 5 uL
7-AAD (BD Biosciences, USA) in the dark at room temperature for
15 min. Apoptotic cell populations were quantified as the percentage

Frontiers in Oncology

10.3389/fonc.2025.1671797

of Annexin V-positive cells, including both early (Annexin V*/7-
AAD) and late (Annexin V*/7-AAD") apoptotic cells.Subsequently,
400 pL of binding buffer was added to each tube, and samples were
analyzed using a FC500 flow cytometer (Beckman Coulter, USA).
Data were analyzed using EXPO32 ADC 1.2 software.

For cell cycle analysis, similarly treated cells were fixed in 75%
ethanol at 4 °C overnight. After washing twice with PBS, cells were
stained with 500 puL of PI/RNase staining solution (BD Biosciences,
USA) for 15 min in the dark. DNA content was measured using the
same flow cytometer, and the distribution of cells in G0/G1, S, and
G2/M phases was determined using EXPO32 ADC software
(version 1.2, Beckman Coulter).

2.7 Transcriptome analysis

Total RNA was extracted from OSCC cells treated with 0.01%
DMSO (control) or 8 pug/mL CMSP using Trizol reagent
(Invitrogen, USA) according to the manufacturer’s protocol. RNA
was further purified using the RNeasy Mini Kit (Qiagen, Germany).
RNA concentration and purity were assessed using a Qubit® 3.0
Fluorometer (Thermo Fisher Scientific, USA) and a NanoDrop One
spectrophotometer (Thermo Fisher Scientific, USA). RNA integrity
was evaluated by the Agilent 2100 Bioanalyzer (Agilent
Technologies, USA), and only samples with an RNA integrity
number (RIN) > 7.0 were used for subsequent library construction.

Paired-end mRNA sequencing libraries were prepared using the
Ilumina mRNA-Seq Library Prep Kit (Illumina, USA) following
the manufacturer’s instructions. Sequencing was performed on an
Mumina platform. Raw sequencing reads (fastq files) were aligned
to the reference genome using HISAT2 (version 2.0.5). The
resulting SAM (Sequence Alignment/Map) files were converted to
sorted BAM (Binary Alignment/Map) files using SAMtools (version
1.3.1). Gene expression levels were quantified as fragments per
kilobase of exon per million mapped reads (FPKM) using StringTie,
and normalization was performed using the trimmed mean of M-
values (TMM) algorithm.

Differential expression analysis was conducted using the edgeR
package (version 3.4.3) in R. Genes with [log, fold change| > 1 and
p-value < 0.05 were considered significantly differentially expressed.
Functional enrichment analyses, including Gene Ontology (GO;
biological process, cellular component, molecular function) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses, were performed using the clusterProfiler package in R.

2.8 Quantitative real-time PCR analysis

RT-qPCR was performed to validate the transcriptome
sequencing results. Total RNA was extracted from cells under the
same experimental conditions described above. After measuring
RNA concentration and purity, cDNA was synthesized using the
RevertAid' " First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, USA) according to the manufacturer’s protocol.
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qPCR was conducted using GoTaq® qPCR Master Mix
(Thermo Fisher Scientific, USA) on an ABI Prism 7500 system
(Applied Biosystems, USA). Gene-specific primers for SOCS2,
MYC, DHFR, ARPC1B, ARL2BP, PCDHGC3, HMGB?2, and the
internal reference gene GAPDH were designed using Primer5
software. The primer sequences are as follows GAPDH (forward:
5-TGTGGGCATCAATGGATTTGG-3’; reverse: 5-
ACACCATGTATTCCGGGTCAAT-3),

SOCS2 (forward: 5-CAGATGTGCAAGGATAAGCGG-3’;
reverse: 5-GCGGTTTGGTCAGATAAAGGTG-3),

MYC (forward: 5-GGCTCCTGGCAAAAGGTCA-3’; reverse:
5-CTGCGTAGTTGTGCTGATGT-3’),

DHEFR (forward: 5-AGGCTAAGGCAGGCAGATCAC-3’;
reverse: 5-GCAGTGGCACAATCACGACTC-3’),

ARPCI1B (forward: 5-CAAGGACCGCACCCAGATT-3’;
reverse: 5-TGCCGCAGGTCACAATACG-3),

ARL2BP (forward: 5-TATCATGGATGACGAGTTCCAGT-3’;
reverse: 5-GGTGCTGTAATGTTGTGGTGAA-3),

HMGB2 (forward: 5-CCGGACTCTTCCGTCAATTTC-3’;
reverse: 5-GTCATAGCGAGCTTTGTCACT-3’).

Each reaction was performed in triplicate. GAPDH served as the
endogenous control. The relative expression levels of target genes
were calculated using the 2A-AACt method, where ACt = Ct(target
gene) — Ct(GAPDH), and AACt = ACt(experimental group) — ACt
(control group).

2.9 Construction of protein—protein
interaction network

Down-regulated differentially expressed genes (DEGs)
identified by transcriptome sequencing were imported into the
STRING database (https://string-db.org/) to construct the (PPI).
The minimum required interaction score was set to >0.4 (medium
confidence), and the interaction results were exported in TSV
format. The resulting PPI network was further visualized and
analyzed using Cytoscape software (version 3.7.1), and key hub
genes were identified based on the degree of connectivity.

2.10 Immune infiltration and survival
analysis

The correlation between MYC expression and various immune-
infiltrating cells in head and neck cancer, including OSCC, was analyzed
using the TIMER database (https://cistrome.shinyapps.io/timer/).

Kaplan-Meier (K-M) survival analysis was performed to assess the
prognostic impact of MYC expression on overall survival in OSCC
patients. Clinical and gene expression data for OSCC were obtained
from the GEO (https://www.ncbinlm.nih.gov/geo/), EGA (https://
ega-archive.org/), and TCGA (https://portal.gdc.cancer.gov/)
databases. Specifically, for the TCGA analysis, only samples from
the HNSC cohort with primary tumor sites annotated as oral cavity
subsites (e.g., tongue, buccal mucosa, floor of mouth, hard palate,
alveolar ridge, and oral cavity NOS) were included. Cases originating
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from non-oral anatomical locations were excluded to ensure
analysis specificity.

Survival curves were generated based on MYC expression levels,
and statistical significance was assessed using the log-rank test, with
a p-value < 0.05 considered statistically significant.

2.11 Molecular docking

Molecular docking was performed using AutoDock Vina (version
1.2.0) to predict the binding affinity between CMSP and target proteins
relevant to OSCC. First, the three-dimensional structures of target
proteins were downloaded from the Protein Data Bank (PDB; https://
www.rcsb.org/). Non-protein molecules and water molecules were
removed from the protein structures using PyMOL software (version
2.5.0), and the processed structures were saved in PDBQT format for
docking. The 3D structure of CMSP was converted to PDB format
using OpenBabel (version 3.1.1), then subjected to hydrogenation
and energy minimization, and saved as PDBQT format.

2.12 Western blot analysis

After treatment, CAL27 and SCC15 cells were lysed using RIPA
lysis buffer (Solarbio, China) supplemented with protease and
phosphatase inhibitors. The total protein concentration was
determined by the BCA assay. Equal amounts of protein samples
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, USA) by electroblotting.

Membranes were blocked in TBST (Tris-buffered saline with
0.1% Tween-20) at room temperature for 30 minutes, with the
buffer replaced every 10 minutes. The membranes were then
incubated overnight at 4 °C with primary antibodies against
Vimentin(Proteintech Cat# 10366-1-AP, RRID: AB_2273020), E-
cadherin(Proteintech Cat# 20874-1-AP, RRID: AB_10697811),
caspase-3(Abmart Cat# T40044, RRID: AB_2936280), cleaved-
caspase-3(WanLeiBio Cat# WL02117, RRID: AB_2910623), Bax
(Proteintech Cat# 50599-2-Ig, RRID: AB_2061561),Bcl-2
(Proteintech Cat# 127891AP,RRID: AB_2227948),CyclinA
(WanLeiBioCat#WL01841,RRID: AB_3669086),CDK2(WanLeiBio
Cat# WL01543, RRID: AB_3698084), c-Myc(Proteintech Cat#
10828-1AP,RRID: AB_2148585), JAK2(WanLeiBio Cat# WL02188,
RRID: AB_3675337), phospho-JAK2(WanLeiBio Cat# WL02997,
RRID: AB_3697825), STAT3(Affinity Biosciences Cat# AF6294,
RRID: AB_2835144), phospho-STAT3(Affinity Biosciences Cat#
AF3293, RRID: AB_2810278), and B-actin(ServiceBio Cat#
GBI15003, RRID: AB_3083699), at appropriate dilutions according
to the manufacturer’s instructions.

After washing, membranes were incubated with the appropriate
secondary antibodies in the dark for 1 hour at room temperature.
Protein bands were visualized using the Odyssey infrared imaging
system (LI-COR, USA). The band intensity was quantified using
Image] software, and the relative expression levels of target proteins
were normalized to B-actin.
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2.13 In vivo tumor xenograft assay

BALB/c nude mice (female, 4-6 weeks old, n = 10) were
maintained under specific pathogen-free (SPF) conditions for one
week prior to experimentation. To establish a tumor xenograft
model, CAL27 cells (5 x 10° cells/mouse) were suspended in PBS
and subcutaneously injected into the right axilla of each mouse.
Tumor formation was monitored daily, and five days after injection,
mice with successfully established OSCC xenografts were randomly
divided into two groups (n = 5 per group).

The treatment group received intraperitoneal injections of CMSP
(20 mg/kg) every two days, starting on day 7 post-inoculation, while
the control group received injections of 0.9% NaCl (normal saline)
according to the same schedule. Tumor volumes were measured every
two days using calipers and calculated as (length x width?)/2. After 19
days of treatment, all mice were sacrificed by cervical dislocation.
Tumors were excised, washed with PBS, and weighed.

All animal procedures were performed in accordance with the
principles of Replacement, Reduction, and Refinement (the 3Rs), and
complied with relevant national regulations on animal welfare and
ethics. The study protocol was approved by the Experimental Animal
Ethics and Welfare Committee of the Fourth Hospital of Hebei Medical
University (Approval No: IACUC-4th Hos Hebmu-20240601).

10.3389/fonc.2025.1671797

2.14 Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 8.3.0 (GraphPad Software, USA) and SPSS version 21.0
(IBM, USA). Data are presented as mean + standard deviation (SD)
from at least three independent experiments. Comparisons between
two groups were conducted using the independent samples t-test.
For comparisons among multiple groups, one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was used. A
p-value < 0.05 was considered statistically significant.

3 Result

3.1 CMSP inhibits proliferation of OSCC
cells

To evaluate the effect of CMSP on the proliferation of human
OSCC cells, MTS assays were conducted using CAL27 and SCCI15 cell
lines. As shown in Figure 1A, CMSP treatment significantly suppressed
cell viability in a time- and dose-dependent manner compared with the
blank and solvent control groups at 24, 48, and 72 hours. The half-
maximal inhibitory concentration (ICs,) values of CMSP at 48 hours
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FIGURE 1

CMSP inhibits the proliferation of OSCC cells. (A) The absorbance of CAL27 and SCC15 cells was detected by MTS after 24, 48 and 72h treatment by
CMSP. (B) Effects of different concentrations of CMSP (6, 8,10 pug/mL)on the cloning ability of CAL27 and SCC15 cells. n=3, compared with the

control group, *P< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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were calculated as 8.52 pg/mL for CAL27 cells and 13.84 ug/mL for
SCC15 cells, indicating moderate cytotoxic activity.

In CAL27 cells, CMSP showed clear dose-dependent inhibition
across the selected concentration range, which included both
subcytotoxic and near-ICs levels. In contrast, in SCC15 cells the
applied doses were largely subcytotoxic; although 10 pg/mL induced
significant inhibition, it may not fully reflect the cytotoxic potential of
CMSP in this line.

To further validate the anti-proliferative effects of CMSP,
colony formation assays were performed. Following treatment
with CMSP at concentrations of 6, 8, and 10 ug/mL, both CAL27
and SCCI5 cells exhibited a marked reduction in colony-forming
ability in a dose-dependent manner, as illustrated in Figure 1B.
These results corroborated the MTS data, collectively
demonstrating that CMSP effectively inhibits the proliferative
capacity of OSCC cells in vitro.

3.2 CMSP inhibits epithelial-mesenchymal
transition in OSCC cells

To minimize the potential confounding effects of cytotoxicity on
migration and invasion assessments, CAL27 and SCC15 cells were
treated with relatively low concentrations of CMSP (2 and 4 pug/mL) for

10.3389/fonc.2025.1671797

24 hours. Cell migration ability was first evaluated using a wound
healing assay. Compared with the solvent control group, CMSP
significantly reduced the wound closure rate in both CAL27 and
SCC15 cells, with a more pronounced effect observed at 4 pg/mL
(Figure 2A). These findings indicate that CMSP effectively suppresses
OSCC cell migration in a dose-dependent manner.

To further investigate its impact on invasive capacity, a
Matrigel-coated transwell assay was performed. After 24 hours of
treatment, the number of cells penetrating the matrix-coated
membrane was significantly reduced in both cell lines exposed to
CMSP, particularly at 4 pg/mL (Figure 2B). These results suggest
that CMSP markedly impairs the invasive potential of OSCC cells.

Given that EMT is a fundamental mechanism underpinning
tumor cell migration and invasion, we next examined the
expression of EMT-related markers. Western blot analysis
demonstrated a dose-dependent decrease in vimentin levels and a
concomitant increase in E-cadherin expression following CMSP
treatment in both cell lines (Figure 2C). These molecular alterations
are consistent with the suppression of EMT.

Taken together, the data indicate that CMSP inhibits the
migratory and invasive behavior of OSCC cells, at least in part, by
interfering with the EMT process. This highlights a potential
mechanism by which CMSP may exert its anti-metastatic effects
in OSCC.
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3.3 CMSP induces apoptosis in OSCC cells

Apoptosis plays a pivotal role in inhibiting tumor cell proliferation
and is a key target of many anti-cancer agents. To evaluate whether
CMSP induces apoptosis in oral squamous cell carcinoma (OSCC)
cells, CAL27 and SCCI15 cells were treated with CMSP at
concentrations of 6, 8, and 10 pg/mL for 48 hours. Flow cytometry
using Annexin V-PE/7-AAD double staining demonstrated a
significant, dose-dependent increase in apoptotic cell populations
(Early apoptotic cells Annexin V*/7-AAD’, and Late apoptotic cells
Annexin V*/7-AAD"). At 10 pg/mL CMSP, the apoptotic rate reached
52.26% in CAL27 and 73.16% in SCC15 cells, markedly higher than the
DMSO control group (Figure 3A, P < 0.0001).

To further elucidate the mechanism underlying CMSP-induced
apoptosis, Western blot analysis was performed to assess the expression
of key apoptotic regulatory proteins. As shown in Figure 3B, CMSP
treatment (8 and 10 pg/mL, 48 h) significantly increased the levels of
cleaved caspase-3 and the pro-apoptotic protein Bax, while reducing
the expression of the anti-apoptotic protein BCL-2. The expression of
total caspase-3 remained largely unchanged. These findings suggest
that CMSP promotes apoptosis primarily through the activation of the
intrinsic mitochondrial pathway.

Taken together, these results indicate that CMSP exerts its anti-
proliferative effects in OSCC cells by triggering mitochondrial-

10.3389/fonc.2025.1671797

mediated apoptosis via modulation of BCL-2 family proteins and
activation of caspase signaling.

3.4 CMSP induces s phase cell cycle arrest
in OSCC cells

Cell proliferation is tightly controlled by the cell cycle, and
disruption of this process is a common mechanism by which anti-
cancer agents exert their effects. To explore whether CMSP affects
cell cycle progression in OSCC cells, flow cytometry was performed
following treatment of CAL27 and SCCI15 cells with CMSP at
concentrations of 6, 8, and 10 pg/mL for 48 hours. The results
demonstrated a significant, dose-dependent increase in the
proportion of cells in the S phase, accompanied by a concomitant
decrease in the GO/G1 phase population compared to the solvent
control group (Figure 4A). These findings indicate that CMSP
induces cell cycle arrest at the S phase.

To further elucidate the molecular mechanism underlying this
arrest, Western blot analysis was conducted to assess the expression
of S phase regulatory proteins CDK2 and Cyclin A. After 48-hour
treatment with CMSP (8 and 10 ug/mL), both CAL27 and SCCI15
cells exhibited a marked downregulation of CDK2 and Cyclin A
protein levels in a dose-dependent manner (Figure 4B).
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FIGURE 3

CMSP modulates apoptosis in OSCC cells. (A) Effects of different concentrations of CMSP (6, 8, 10ug/mL) on apoptosis rate of CAL27 and
SCC15cells.The four quadrants represent: Q1 (Annexin V/7-AAD™, necrotic cells), Q2 (Annexin V*/7-AAD™, late apoptotic cells), Q3 (Annexin V'/7-
AAD", viable cells), and Q4 (Annexin V*/7-AAD", early apoptotic cells). The quantitative results show that CMSP treatment significantly increased the
percentage of apoptotic cells in a dose dependent manner, with the highest apoptosis rate observed at 10 pg/mL in both cell lines. Data are
presented as mean + SD (n = 3). ****P < 0.0001 vs DMSO group. (B) Effects of different concentrations of CMSP (6, 8, and 10 pg/mL) on the
expression of apoptosis-related proteins in CAL27 and SCC15 cells after 48 h of treatment.Protein expression levels of BCL-2, Bax, caspase-3, and
cleaved caspase-3 were analyzed by Western blot. B-Actin was used as a loading control. Quantitative analysis of band intensity was performed
using densitometry and is shown in the bar graphs.Data are presented as mean + SD (n = 3). Compared with the control group: *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001.
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Together, these results suggest that CMSP interferes with OSCC
cell cycle progression by suppressing key S phase-related proteins,
thereby contributing to its anti-proliferative activity.

3.5 CMSP inhibits OSCC cell proliferation
via suppression of the JAK2/STAT3/c-Myc
signaling pathway

To elucidate the molecular mechanisms underlying the anti-
proliferative effects of CMSP, we conducted transcriptomic
sequencing of CAL27 cells, which exhibited the highest sensitivity to
CMSP treatment. Analysis revealed 590 significantly differentially
expressed mRNAs, including 258 upregulated and 332 downregulated
genes following exposure to 8 ug/mL CMSP (Figure 5A). KEGG and
GO enrichment analyses performed using R software demonstrated that
many of these differentially expressed genes were significantly enriched
in the JAK-STAT signaling pathway (Figures 5B, C).

From the set of downregulated genes, we selected six candidates—
SOCS2, MYC, DHFR, ARPC1B, ARL2BP, PCDHGC3, and HMGB2—
based on their biological relevance and previous literature reports, with
SOCS2 and MYC being directly associated with JAK-STAT signaling
regulation (21-28). RT-qPCR validation confirmed that the mRNA

10.3389/fonc.2025.1671797

expression levels of these genes were consistent with the transcriptomic
findings (Figure 5D).

Given the enrichment of CMSP-affected genes in the JAK-STAT
pathway, we investigated whether CMSP modulates this pathway to
exert its anti-proliferative effects. c-Myc, a key transcriptional target
of the JAK/STAT axis, plays a crucial role in promoting cell
proliferation. Western blot analysis revealed that CMSP treatment
resulted in a dose-dependent downregulation of c-Myc protein levels
in both CAL27 and SCC15 cells. Additionally, phosphorylation levels
of JAK2 and STAT3—essential activators in this pathway—were
significantly suppressed by CMSP, while total JAK2 and STAT3
protein levels remained unchanged (Figures 5E, F).

These findings suggest that CMSP suppresses OSCC cell
proliferation by inhibiting the JAK2/STAT3/c-Myc signaling axis,
highlighting this pathway as a critical target in its anti-tumor activity.

3.6 Relationship between MYC expression
and OSCC pathogenesis and CMSP
response

To further explore the potential downstream targets through
which CMSP modulates OSCC progression, we analyzed the
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FIGURE 4

CMSP induces cell cycle arrest in OSCC cells. (A) CAL27 and SCC15 cells were treated with different concentrations of CMSP (6, 8, and 10 ug/mL) or
0.01% DMSO (control) for 48 hours. Cell cycle distribution was analyzed by flow cytometry following Pl staining. Representative histograms and
quantification of the percentage of cells in GO/G1, S, and G2/M phases are shown. (B) Western blot analysis of S-phase regulatory proteins CDK2
and Cyclin A in CAL27 and SCC15 cells after treatment with CMSP for 48 hours. B-Actin was used as the loading control. Bar graphs show relative
protein expression levels normalized to B-Actin. Data represent mean + SD from three independent experiments (n = 3). Statistical significance was
assessed relative to the control group: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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downregulated genes identified via transcriptome sequencing using
the STRING online database to construct a PPI network. The
resulting network was imported into Cytoscape for topological

analysis and visualization (Figure 6A). In this network, each edge

represents a functional interaction between proteins, with denser
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connections indicating stronger correlations. Core gene analysis
identified CALML3, CD8A, MYC, and EGFR as key nodes with
high connectivity.

Given our prior findings implicating CMSP in the regulation of the

JAK2/STAT3/c-Myc axis, we further focused on MYC as a potential
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visualization by PYMOL.

effector mediating the anti-tumor effects of CMSP. To explore the
clinical and immunological relevance of MYC expression in OSCC, we
utilized the TIMER2.0 database to assess its correlation with tumor-
infiltrating immune cells. The results indicated a statistically significant
positive correlation between MYC expression and CD4+ T cell
infiltration (P = 5.64 x 10'"), while associations with CD8+ T cells,
B cells, macrophages, dendritic cells, and neutrophils were not
significant (Figure 6B). These findings suggest a possible role of
MYC in modulating the tumor immune microenvironment,
particularly T helper cell responses.

To assess the prognostic value of MYC expression in OSCC, we
conducted Kaplan-Meier survival analysis based on publicly
available clinical datasets. Patients were stratified into high and
low MYC expression groups. Elevated MYC expression was
associated with worse overall survival (HR = 1.31, 95% CI: 1.00-
1.72, p = 0.047), particularly in advanced stages (stage III-IV)
(Figures 6C-E). These data support MYC as a negative prognostic
biomarker in OSCC.

Frontiers in Oncology

Finally, to explore the potential interaction between CMSP and
MYC, molecular docking simulations were performed using
AutoDock Vina. The binding energy between CMSP and the MYC
protein was calculated to be —4.2 kcal/mol, indicating a feasible
binding affinity under physiological conditions (Figure 6F). While
these results provide preliminary structural insight into how CMSP
might interact with MYC, further biochemical and biophysical
validation is required to confirm direct binding.

3.7 CMSP inhibits tumor growth in OSCC
xenograft models

To validate the in vivo anti-tumor efficacy of CMSP, a nude mouse
xenograft model was established using CAL27 cells. Mice were treated
with either normal saline (control group) or CMSP at a dose of 20 mg/
kg every other day. Tumor volumes were measured regularly, and
tumor weights were assessed at the end of the 19-day treatment period.
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The results demonstrated that CMSP treatment led to a significant
reduction in both tumor growth rate and final tumor volume compared
to the control group (Figures 7A-C). Specifically, tumor growth curves
showed a clear and consistent suppression in the CMSP-treated group
throughout the experimental timeline (Figure 7B). Additionally, the
average tumor weight in CMSP-treated mice was markedly decreased
relative to controls (Figure 7C). These findings confirm that CMSP
exerts substantial in vivo anti-tumor activity against OSCC.

4 Discussion

This study systematically evaluated the antitumor effects of
CMSP on OSCC and explored its underlying mechanisms. In vitro
experiments demonstrated that CMSP inhibited the proliferation of
OSCC cells (CAL27 and SCC15) in a dose- and time-dependent
manner (ICs(: 8.52-13.84 pug/mL; Figures 1A, B). CMSP suppressed
EMT by upregulating E-cadherin and downregulating Vimentin
(Figures 2A-C), induced S phase cell cycle arrest by downregulating
CDK2 and Cyclin A (Figures 4A, B), and promoted apoptosis by
increasing the expression of cleaved Caspase-3 and Bax (Figures 3A,
B). Transcriptome analysis identified 590 differentially expressed
genes, among which the JAK2/STAT3/c-Myc pathway was
significantly enriched and markedly downregulated following
CMSP treatment (Figures 5A-E). In vivo, administration of CMSP
(20 mg/kg) significantly reduced tumor volume and weight in a
CAL27 xenograft nude mouse model (Figures 7A-C). These
findings collectively indicate that CMSP exerts multi-targeted
antitumor effects in OSCC, prominently through inhibition of the
JAK2/STAT3/c—Myc axis.

CMSP, a natural organic compound, has been shown to exhibit
inhibitory effects on various tumors. Previous studies have shown that

10.3389/fonc.2025.1671797

CMSP exerts antitumor effects in various malignancies, including
esophageal squamous cell carcinoma and melanoma, possibly by
promoting the phosphorylation of p38 and JNK in the MAPK
signaling pathway, thereby inducing tumor cell differentiation and
apoptosis, or by modulating the tumor immune microenvironment
(for example, by promoting macrophage M1 polarization) (7, 10, 15, 16,
29, 30).Consistent with these findings, our study demonstrates that
CMSP not only inhibits the proliferation of OSCC cells, but also induces
apoptosis and S phase cell cycle arrest by regulating apoptosis-and cell
cycle-related proteins such as caspase-3, Bcl-2, Bax, CDK2, and Cyclin A.
Notably, CMSP treatment led to the downregulation of Cyclin A
and CDK2, which are essential for S-phase progression and DNA
synthesis. This suggests that CMSP may impair DNA replication
dynamics or activate intra-S-phase checkpoints, thereby inducing S-
phase arrest. At first glance, the concurrent S-phase arrest and
downregulation of Cyclin A observed in CMSP-treated OSCC cells
may appear contradictory. However, multiple plausible mechanisms
may account for this outcome. First, CMSP may induce replication
stress and activate intra-S-phase checkpoints, such as the ATR/Chkl
pathway, which has been reported to suppress Cyclin A expression via
proteasomal degradation or transcriptional repression (54, 55). Second,
as CMSP also robustly induces apoptosis (Figure 3), caspase-mediated
cleavage of Cyclin A may contribute to the observed reduction in
protein levels (56). Third, CMSP may inhibit upstream transcriptional
regulators such as c-Myc, resulting in suppressed Cyclin A
transcription. Lastly, the protein expression was assessed 48 hours
after treatment, a time point at which Cyclin A may already be depleted
due to prior stress or apoptotic signaling. These explanations suggest
that the S-phase arrest observed represents a dysfunctional or abortive
S phase, rather than classical Cyclin A-driven S-phase progression.
Taken together, these mechanisms suggest that CMSP causes a
dysfunctional S-phase arrest rather than a classical Cyclin A driven

A

Control

CMSP

FIGURE 7

Inhibition of CAL27 cell growth in vivo induced by treatment with CMSP. The tumour xenografts sizes were recorded daily in each treatment group.
Upon termination of the experiment, the wet tumour weight was measured. Significant inhibition of tumour xenograft growth and weight was
recorded in CMSP treated mice. (A) Representative images of tumours from different groups are shown. (B) tumour growth curves of xenograft
tumours. (C) Measurement of tumour weights. n=3, compared with the control group, *p< 0. 05.
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progression, which is consistent with the behavior of other
replication-inhibiting natural compounds (31, 32).

Furthermore, CMSP significantly inhibited the phosphorylation
of JAK2 and STAT3 and reduced the expression of c-Myc, a
transcription factor known to regulate genes such as CCNA2
(Cyclin A2) and CDK2. Given this regulatory relationship, the
suppression of c-Myc provides a plausible explanation for the
reduced expression of Cyclin A/CDK2 and the observed S-phase
arrest. The JAK2/STAT3/c-Myc axis is known to promote S-phase
entry by driving transcription of Cyclin A, E2F targets, and CDKs.
Thus, CMSP-induced inhibition of this pathway may disrupt
S-phase entry or checkpoint integrity, leading to cell cycle
stalling. Although a direct interaction between CMSP and cell
cycle regulators cannot be excluded, the current evidence suggests
that CMSP induces S-phase arrest primarily through upstream
suppression of the JAK2/STAT3/c-Myc pathway.

CMSP was observed to activate both intrinsic and extrinsic
apoptotic pathways, suggesting that it may serve as an effective
apoptosis inducer to inhibit OSCC progression.These findings are
generally consistent with previous studies regarding the
anticancer effects of natural organic compounds against oral
cancer.Plumbagin, a naphthoquinone compound, has been shown
to enhance its anticancer effects by arresting SCC25 cells at the G2/
M phase through downregulation of CDK2 and Cyclin Bl
expression (31). Similarly, isorhamnetin, a natural flavonoid, can
induce G2/M phase arrest in HSC-3 cells by inhibiting Cyclin Bl
and CDK2 (31). Research by Pouyfung et al. demonstrated that 8ct-
tigloyloxyhirsutinolide 13-O-acetate (800TGH) suppresses the
expression of cell cycle regulators CDK1/2 and Cyclin Bl,
resulting in G2/M arrest in HSC4 cells (32). In contrast, magnolol
induces cell cycle arrest at the GO/G1 phase in OC2 and OCSL cells,
thereby promoting apoptosis (33). Consistent with these findings,
our study shows that CMSP not only inhibits OSCC cell
proliferation, but also induces apoptosis and S phase cell cycle
arrest by regulating apoptosis- and cell cycle-related proteins such
as caspase-3, Bcl-2, Bax, CDK2, and Cyclin A.

The extrinsic (receptor-mediated) and intrinsic (mitochondria-
mediated) apoptotic pathways are not mutually independent;
rather, they often intersect under various circumstances, with the
execution of apoptosis ultimately dependent on the activation of the
caspase family of proteins. Previous studies have shown that 7-
epitaxol, a major derivative of paclitaxel, can induce depolarization
in SCC9 and SCC47 cells, significantly increase the expression of
pro-apoptotic Bcl-2 family proteins, key components of the Fas and
tumor necrosis factor (TNF) pathways, and enhance the activation
of caspase-3, -8, and -9 as well as the cleavage of PARP, thereby
promoting apoptosis (34). Similarly, our study found that CMSP
induces apoptosis in OSCC cells through the cross-activation of
both intrinsic and extrinsic apoptotic pathways. This finding is
consistent with previous results and further confirms the critical
role of pathway crosstalk in the regulation of apoptosis in
OSCC cells.

This study confirmed that CMSP can significantly inhibit the
migration and invasion of OSCC cells. The underlying mechanism
involves the regulation of proteins closely associated with EMT,
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such as E-cadherin and Vimentin, thereby blocking the invasive and
metastatic potential of OSCC cells. These findings are consistent
with previous studies showing that a variety of natural compounds
including lycorine, tetrandrine (TET), and baicalin can
synergistically inhibit OSCC cell migration and invasion by
modulating EMT-related proteins and multiple signaling
pathways (35-47). Li et al. reported that resveratrol can effectively
inhibit the proliferation and metastasis of OSCC through multi-
target mechanisms, including the induction of apoptosis and the
inhibition of EMT (48). Kumbhar et al. (2024) demonstrated that
andrographolide exerts its antiproliferative effects by inducing
apoptosis in tumor cells, which is highly consistent with the
findings of this study regarding the anticancer mechanisms of
natural products against oral cancer (49).

In recent years, numerous reports have indicated that JAK2 and
STATS3 are closely associated with various malignant behaviors in
tumor cells, including cell cycle regulation and apoptosis. In OSCC
cells, overexpression of miR-141-3p can inhibit cell proliferation,
migration, and invasion. The use of a miR-141-3p inhibitor
weakens the suppression of the JAK2/STAT3 signaling pathway,
suggesting that upregulation of miR-141-3p can inhibit the
malignant biological behaviors of OSCC cells through the JAK2/
STATS3 signaling pathway (50).

In the present study, CMSP was shown to inhibit JAK2 and
STAT3 phosphorylation and downregulate c-Myc expression,
which may explain its effects on cell cycle arrest, proliferation,
apoptosis, and invasion. Although transcriptomic analysis and
molecular docking suggest CMSP targets the JAK2/STAT3/c-Myc
axis, direct biochemical evidence of CMSP binding to MYC was not
obtained. Nonetheless, the multi-level suppression of this axis by
CMSP supports its relevance as a core mechanism contributing to
the antitumor activity.

Furthermore, from a pharmacological standpoint, the safety
and metabolic characteristics of CMSP support its potential
translational application.CMSP is presumed to undergo aldehyde
oxidation and Phase II conjugation similar to cinnamaldehyde,
which undergoes rapid first-pass metabolism and exhibits limited
oral bioavailability (51, 52). In vivo studies further showed that the
maximum tolerated dose in mice exceeded the effective dose by over
20fold, with only mild hepatic effects at extremely high doses (53).
Taken together, the low toxicity profile and reasonable
pharmacokinetic features of CMSP highlight its promising
potential as a novel anti-tumor candidate derived from traditional
Chinese medicine.

Compared to existing inhibitors of the JAK2/STAT3/c-Myc axis—
such as STAT3 antisense oligonucleotides or c-Myc inhibitors—CMSP
demonstrates a distinct advantage by simultaneously suppressing
multiple nodes within the pathway while maintaining a favorable
safety profile. This positions CMSP as a potential adjunct or
alternative therapeutic strategy for OSCC.

Although CMSP shows promising pharmacokinetic features
and low toxicity in preclinical models, comprehensive
toxicological studies are needed to evaluate systemic safety, off-
target effects, and long-term tolerability. Moreover, while CMSP has
demonstrated potential immune-modulatory effects such as Ml
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macrophage polarization, further investigation is required to
understand its role within the broader tumor immune
microenvironment, including interactions with T lymphocytes
and immune checkpoints. These insights will be crucial for
positioning CMSP within the existing OSCC therapeutic
landscape and for optimizing its clinical translation.

In conclusion, CMSP exerts antitumor effects in OSCC by
suppressing proliferation, inducing apoptosis, arresting the cell
cycle in S-phase, and inhibiting EMT. These effects are likely
mediated via coordinated inhibition of the JAK2/STAT3/c-Myc
pathway. The findings support the potential of CMSP as a
promising multi-targeted therapeutic candidate for OSCC.By
suppressing this pathway at multiple levels, it may restore
sensitivity and complement existing systemic agents. Its favorable
profile and potential for topical or nanocarrier delivery suggest
CMSP is best suited as an adjunct in resistant or biomarker
defined OSCC.

This study is not without certain limitations. First, only two
OSCC cell lines (CAL27 and SCC15) were employed in the in vitro
experiments, which may not fully represent the heterogeneity of
OSCC. Second, the relatively small sample size in the xenograft
mouse model reduced the statistical power of the in vivo analyses.
Future studies should therefore incorporate a broader panel of
OSCC cell lines and patient derived xenograft models, increase
animal numbers to enhance statistical reliability. In addition,
comprehensive pharmacokinetic and toxicological studies are
warranted to clarify the metabolism and safety profile of CMSP

in vivo.
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