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BMP2 expression in oral squamous
cell carcinoma and its effects on
SCCI cell biological behavior
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This study examined bone morphogenetic protein 2 (BMP2) expression in oral squamous cell carcinoma
(OSCQ) and its effects on the biological behavior of OSCC cells, along with potential underlying
mechanisms. BMP2 expression in OSCC was analyzed using mRNA data from The Cancer Genome

Atlas and Genomics Expression Omnibus Database (GEO). SCC9 cells were transfected in vitro

with small interfering RNA targeting BMP2 (si-BMP2), a negative control sequence (si-NC), BMP2
plasmid, or empty plasmid (vector). After transfection, Cell Counting Kit-8 assays, colony formation,
scratch wound healing, Transwell, flow cytometry, quantitative reverse transcription polymerase

chain reaction, and Western blot analyses were conducted to assess changes in SCC9 cell behavior in
response to altered BMP2 expression and to explore relevant signaling pathways.BMP2 upregulation
promoted SCC9 cell proliferation, migration, and invasion; inhibited apoptosis; and activated

the Smad1/5 and p38 signaling pathways. Conversely, BMP2 downregulation inhibited SCC9 cell
proliferation, migration, and invasion; promoted apoptosis; and suppressed the Smad1/5 and p38
pathways. BMP2 is highly expressed in OSCC and may drive its progression through the BMP/Smad and
p38 mitogen-activated protein kinase signaling pathways, indicating potential prognostic value and
promise as a therapeutic target for small-molecule OSCC treatments.

Keywords BMP2, OSCC, Smad, MAPK, Biological behavior

Oral squamous cell carcinoma (OSCC) is a prevalent subtype of squamous cell carcinoma in the head and neck,
characterized by high morbidity, mortality, and poor prognosis!. Despite advancements in OSCC diagnosis and
treatment, the 5-year survival rate remains low due to metastasis and recurrence®. Recurrence and metastasis
are the primary causes of treatment failure in OSCC patients®. Improvements to treatment outcomes for OSCC
remain challenging, emphasizing the urgent need for novel therapeutic strategies, especially targeted therapies.
The identification of biomarkers and therapeutic targets for accurate diagnosis and prognostic assessment is
essential to improve patient outcomes.

Bone morphogenetic protein 2 (BMP2) is a member of the transforming growth factor -p (TGF -B) cytokine
family. A growing body of evidence indicates that BMP2 is associated with the progression of multiple cancers.
It can influence the proliferation, invasion, and lymph node metastasis of cancer cells, and directly affect the
prognosis of patients*-®. However, due to the complexity and diversity of the BMP2 signaling pathways, the
impacts of these BMP2 signaling pathways on tumor development vary significantly. For instance, in esophageal
cancer, BMP2 has been demonstrated to inhibit the proliferation of cancer cells. Conversely, another group
of studies has found that BMP2 can promote the proliferation of hepatocellular carcinoma cells”®. Although
BMP?2 has been extensively studied in other cancers, there is a scarcity of research on its expression in OSCC.
Conducting research on BMP2 in OSCC may enable the development of precision-targeted therapeutic regimens
targeting BMP2, which can effectively suppress the proliferation, invasion, and metastasis of cancer cells, thereby
enhancing the therapeutic efficacy and improving the survival status of patients.

BMP2 mainly exerts its functions by binding to receptors, activating the classical Smad-dependent and
non-classical non-Smad-dependent pathways (like p38MAPK) to modulate cancer progression®!’. Previously,
research on the mechanisms of OSCC predominantly centered on tumor-cell behaviors such as proliferation and
angiogenesis mediated by the PI3K/Akt or EGFR signaling pathways. These studies mainly delved into single-
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pathway cascade reactions'!"13. In contrast, BMP2 has a unique dual-pathway mechanism that can influence
multiple cancer-related behaviors. Studies show that BMP/SMAD and MAPK pathways play key roles in cancer
angiogenesis, proliferation, metastasis, and drug resistance!"!°. Understanding these pathways is crucial
for revealing the links between BMP2 and OSCC-related behaviors. Moreover, these pathways may serve as
biomarkers for prognosis and treatment response, paving the way for personalized medicine.

In this study, we analyzed mRNA data from OSCC patients and conducted in vitro cellular experiments
using The Cancer Genome Atlas (TCGA) database. Our findings showed that BMP2 expression was elevated
in OSCC tissues compared with normal tissues, indicating an important role for BMP2 in OSCC. Additionally,
we demonstrated that BMP2 promotes proliferation, migration, invasion, and apoptosis in OSCC cells through
the SMAD and p38 pathways, suggesting new prognostic markers and potential therapeutic targets for OSCC.

Methods

Database and bioinformatics analysis

Firstly, the TCGA-HNSC (Head and Neck Squamous Cell Carcinoma) data was downloaded and organized
from the TCGA database. Simultaneously, the OSCC datasets GSE3524 and GSE31056 were downloaded from
the GEO database. During the data extraction phase, data without corresponding clinical information was
discarded. By screening the anatomical sites in the database, samples from non-oral cancer sites (Hypopharynx,
Larynx, Lip, Oropharynx, Tonsil) were excluded, and only samples from oral cancer sites (Alveolar Ridge, Base
of tongue, Buccal Mucosa, Floor of mouth, Hard Palate) were retained. After data curation, there were 330 OSCC
samples and 32 adjacent non-tumor samples in the TCGA database. The GSE3524 dataset contained 16 tumor
samples and 4 adjacent non-tumor tissues, while the GSE31056 dataset had 23 tumor samples and 73 adjacent
non-tumor tissues. The RNA-Seq data of all samples were statistically analyzed using the R packages ggplot2
[3.3.6], stats [4.2.1], and car [3.1-0] in R software (version 4.2.1) to investigate the differential expression of
BMP2 mRNA in OSCC samples and normal samples. During the processing, appropriate statistical methods
were selected based on the characteristics of the data format (using the stats and car packages). If the statistical
requirements were not met, statistical analysis was not performed. Finally, the ggplot2 package was used for data
visualization.

Chemicals and reagents

Experiments in this study were conducted with the following components: fetal bovine serum (Life-ilab,
China); Cell Counting Kit-8 (CCK8) kit (ZomanBio, China); Transwell chambers (Corning, USA); Radio
Immunoprecipitation Assay Lysis buffer, anti-mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
monoclonal antibody, and anti-rabbit Smad1/5 polyclonal antibody (Boster Bio, China); anti-rabbit p-Smad1/5
(Bioss, China); anti-rabbit BMP2 polyclonal antibody, anti-rabbit p38 polyclonal antibody, and anti-rabbit
p-p38 polyclonal antibody (Wanlei Biology, Liaoning); BMP2 small interfering RNA (si-BMP2), control
small interfering RNA (si-NC), BMP2-OE plasmid, control plasmid, and Transfect-Mate transfection reagent
(GenePharma, China); and Quantitative Rea-ltime-PCR (qPCR) primers (Thermo Fisher, USA).

Cell culture and cell transfection

The OSCC cell line SCC9 was cultured in Dulbecco’s modified Eagle medium mixed 1:1 with F12K medium,
supplemented with 10% fetal bovine serum, and maintained in a constant temperature incubator at 37 °C with
5% CO.,. Cells were passaged upon reaching 90% confluence. When cell density in six-well plates reached 60%-
80%, SCC9 cells were transfected with si-BMP2, si-NC, BMP2-OE plasmid, or control plasmid using Transfect-
Mate transfection reagent following the reagent’s instruction manual. The experimental groups were as follows:
(1) si-BMP2 and si-NC: transfected with siRNA targeting BMP2 and control siRNA, respectively; (2) OE and
vector: transfected with BMP2-OE plasmid and control plasmid, respectively.

Quantitative real-time-PCR

mRNA expression levels for BMP2, Smadl, Smad4, Smad5, and p38 were assessed using gPCR. Total RNA was
extracted from SCC9 cells using the TRIzol kit. The RNA samples were then reverse-transcribed into cDNA
following the reverse transcription kit instructions (Reverse Transcriptase Kit [M-MLV]). The qPCR reaction
system was established using the 2xHQ SYBR QPCR Mix (without ROX) Light Quantification Kit and analyzed
using the Jena qTower3 Fluorescence Quantitative PCR Instrument. The thermocycler conditions were as
follows: pre-denaturation at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 10 s and annealing/
extension at 60 °C for 30 s. GAPDH served as an internal reference, and relative RNA expression levels were
calculated using the 224 method. Primers for qPCR were designed using Primer-BLAST (NCBI), and their
sequences are listed in Supplementary Table 1.

Western blot assay (WB)

The total cellular proteins are extracted from the transfected cells. Protein concentrations were measured using
a bicinchoninic acid assay. Samples were combined with protein loading buffer and heated at 100 °C for 10 min.
Proteins were separated by 10% sodium dodecyl sulfate—polyacrylamide gel electrophoresis, then transferred
onto polyvinylidene fluoride membranes. Membranes were blocked with 5% skim milk on a shaker at room
temperature for 2 h. Primary antibodies against BMP2, GAPDH, Smad1/5, p-Smad1/5, p38, and p-p38 were
added; membranes were then incubated overnight at 4 °C. Next, secondary antibodies were applied, and the
membranes were incubated for 1 h at room temperature. Protein bands were visualized using chemiluminescent
solution and digitally imaged; GAPDH served as the internal reference. Protein quantification was performed
using Image]J software (National Institutes of Health, USA).
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CCKS8 assay

The cells at 24 h post-transfection were digested with 0.25% trypsin, then made into a cell suspension for
counting. Subsequently, they were seeded into 96-well plates at a density of 10,000 cells per well. Each group was
plated in triplicate wells and incubated at 37 °C. Optical density (OD) values at 450 nm were measured at five
time points: 4, 24, 48, 72, and 96 h. For each measurement, the old culture medium was removed; fresh medium
containing 10 pl of CCK8 reagent per 100 pl was added to each well, and the cells were incubated at 37 °C for 2 h.
OD values were then recorded using a microplate reader.

Wound healing assay

Transfected cells with optimal growth were inoculated in a six-well plate at a density of 4 x 10 cells per well,
using three replicate wells. When cells reached over 90% confluence, a uniform vertical scratch was created
using a 200 pl pipette tip. An initial image of the scratch was captured under a microscope, and the scratch width
was recorded as the 0-h measurement. After imaging, the medium was replaced with 1% serum medium, and
the cells were incubated for 24 h. After 24 h, another image of the scratch was taken, and the scratch width was
measured again. The cell migration rate was calculated as follows:

(Oh scratch width — 24 h scratch width)

1
0 h scratch width x 100%

Cell migration rate (%) =

Colony formation assay

Transfected cells were seeded in six-well plates at a density of approximately 5000 cells per well and placed in
a 37 °C incubator. The medium was replaced with fresh medium every 2-3 days. When the colonies reached
approximately 50 cells, as observed under a microscope, the supernatant was aspirated; cells were fixed with 4%
paraformaldehyde for 30 min. The wells were then washed three times with PBS and stained with 0.1% crystal
violet for 30 min, followed by three additional PBS washes. Images of the stained colonies were captured, and
colony numbers were counted using Image]J software.

Transwell migration and invasion assays
Migration assay: Migration Assay: A total of 15,000 cells from each of the four successfully transfected cell
groups were seeded into the upper chambers of a 24-well Transwell plate equipped with an 8-um pore-sized
membrane. Subsequently, at least 600 pl of complete medium supplemented with 20% fetal bovine serum was
added to the lower chambers. After 24-h incubation, the cells were fixed using 4% paraformaldehyde and then
stained with 0.1% crystal violet solution for 30 min. The chambers were gently rinsed under running water, and
non-migrated cells on the upper surface of the membrane were carefully removed with a cotton swab to prevent
interference with microscopic observation. The cells on the lower surface of the membrane were photographed
under a microscope at a 10x magnification. Five random fields of view were selected per well, and the average
cell count was calculated.

Invasion assay: The matrix gel (Matrigel) was diluted at 1:18, and 100 pl were spread evenly on the upper layer
of each chamber. The plates were placed in a 37 °C incubator with 5% CO, for 2 h to allow the gel to hydrate. The
remaining procedure followed the steps utilized for the Transwell migration assay.

Flow cytometry

For each group, 50,000-100,000 successfully transfected cells were taken and 195 pl of Annexin V-fluorescein
isothiocyanate (FITC) binding buffer was added to gently resuspend the cells. Next, 5 pl of Annexin V-FITC
was added and gently mixed; subsequently, 10 ul of propidium iodide (PI) staining solution was also added and
gently mixed. The cells were incubated at room temperature (20-25 °C) in the dark for 10-20 min, and then
placed in an ice-bath wrapped with aluminum foil to protect from light. Immediately afterward, the cells were
subjected to detection and analysis using a flow cytometer.

Statistical analysis

Statistical analysis was conducted using SPSS version 29.0. Experimental data are presented as mean + standard
deviation. Comparisons between two groups were performed using t-tests, whereas comparisons among multiple
groups were conducted using F-tests. p values <0.05 were considered statistically significant.

Results

BMP2 expression is elevated in OSCC tissues compared with normal tissues

From TCGA-HNSCC, we curated 320 OSCC specimens against 32 histologically normal controls after rigorous
quality filtering (exclusion criteria: non-oral primaries, incomplete clinical metadata). Complementary analysis
incorporated GEO datasets GSE3524 (n=4 OSCC vs 16 noramls) and GSE31056 (n=23 OSCC vs 73 normals),
employing both paired (tumor-adjacent) and unpaired analytical frameworks.

Bioinformatics analysis of multiple datasets revealed a consistent upregulation of BMP2 expression in OSCC.
Initial TCGA analysis demonstrated marked upregulation of BMP2 expression in tumor tissues versus normal
controls (p<0.001) (Fig. 1A, B). Cross-platform validation using GEO datasets (GSE3524: p <0.05; GSE31056:
p<0.01) confirmed this differential overexpression pattern (Fig. 1C, D). Integrated analysis of TCGA and GEO
cohorts further substantiated BMP2’s tumor-specific elevation (p <0.001) (Fig. 1E).
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Fig. 1. The expression of BMP2 in OSCC tissues is higher than that in normal tissues. (A) Paired t-test was
performed on the OSCC data from the TCGA database. (B) Unpaired t-test was performed on the OSCC data
from the TCGA database. (C) Unpaired t-test was performed on the OSCC data from the GSE3524 dataset.
(D) Unpaired t-test was performed on the OSCC data from the GSE31056 dataset. (E) Unpaired t-test was
performed after merging the data from the TCGA and GEO databases. *p <0.05, **p <0.01, ***p <0.001.

BMP2 expression in SCCI cells was reduced with si-BMP2 and enhanced with BMP2-OE
plasmid

To investigate the impact of BMP2 on the biological function of SCC9 cells, we transfected SCC9 cells with si-
BMP2, si-NC, BMP2 plasmid (OE group), or control plasmid (vector group). qQPCR and Western blot analyses
were performed to measure BMP2 expression. The Western blot results confirmed that, compared with the si-
NC group, the expression of BMP2 protein in SCC9 cells of the si-BMP2 group decreased by 56% (p=0.0482).
Conversely, compared with the vector group, the expression of BMP2 protein in the OE group was upregulated
by 123% (p=0.0135) (Fig. 2A).The qPCR results showed that, compared with the si-NC group, the expression of
BMP2 mRNA in SCC9 cells of the si-BMP2 group decreased by 81% (p <0.0001). In contrast, compared with the

vector group, the expression of BMP2 mRNA in the OE group increased significantly by 804-fold (p <0.0001)
(Fig. 2B).

BMP2 knockdown inhibits SCC9 cell proliferation, whereas BMP2 OE promotes proliferation
To examine the effect of BMP2 on SCC9 cell proliferation, we assessed proliferation rates in SCC9 cells with
altered BMP2 expression using the CCK8 assay. The results showed that, compared with the si-NC group, the
proliferation rate of SCC9 cells in the si-BMP2 group decreased by 14% (p=0.0031). Conversely, compared with
the vector group, the proliferation rate of SCC9 cells in the OE group increased by 11% (p=0.0013) (Fig. 3A).
We also evaluated the proliferative capacity of SCC9 cells by examining the colony-forming ability of cells with
altered BMP2 expression. The number of colonies formed in the si-BMP2 group was 42% of that in the si-NC
group (p=0.0370). In contrast, the number of colonies formed in the OE group was 160% of that in the vector
group (p=0.0473) (Fig. 3B). These findings indicate that knockdown of BMP2 inhibits the proliferation of SCC9
cells, while overexpression of BMP2 promotes cell proliferation.
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Fig. 2. The transfection efficiency of si-BMP2, si-NC, BMP2 plasmid, and control plasmid was detected by
qPCR and WB. (A) The BMP2 protein expression in four groups was detected by WB analysis. (B) The BMP2
mRNA expression in four groups was detected by qPCR experiment. *p <0.05, **p <0.01, ****p <0.0001.

BMP2 knockdown inhibits SCC9 cell migration and invasion, whereas BMP2 OE promotes
these abilities

To evaluate the effect of BMP2 on SCC9 cell migration and invasion, we assessed migration in SCC9 cells with
altered BMP2 expression using a scratch assay. The results showed that, at 24 h, the migration rate of SCC9 cells
in the BMP2 small interfering si-BMP2 group was 38% of that in the negative control small interfering si-NC
group (p=0.0037). Conversely, compared with the vector group, the migration rate of cells in the OE group
increased by 192% (p=0.0241) (Fig. 4A).

Furthermore, we conducted Transwell assays to explore the migration and invasion abilities of cells with
altered BMP2 expression. In the migration assay, the number of migrating SCC9 cells in the si-BMP2 group
within 24 h was 50% of that in the si-NC group (p=0.0023). In contrast, the number of migrating SCC9 cells in
the OE group was 175% of that in the vector group (p <0.0001) (Fig. 4B). In the invasion assay, the number of
invading SCC9 cells in the si-BMP2 group within 24 h was 24% of that in the si-NC group (p <0.0001), while the
number of invading cells in the OE group was 180% of that in the vector group (p=0.0042) (Fig. 4C).

These results indicate that BMP2 knockdown inhibits SCC9 cell migration and invasion, whereas BMP2 OE
promotes these abilities.

BMP2 knockdown induces apoptosis in SCC9 cells, whereas BMP2 OE inhibits apoptosis

Flow cytometric quantification of apoptosis in BMP2-modulated SCC9 cells revealed bidirectional regulatory
effects. BMP2 knockdown elevated apoptotic cell proportion by 2.17% versus si-NC controls (p=0.021), while
BMP?2 overexpression reduced apoptosis by 1.3% compared to vector controls (p =0.048) (Fig. 5). These findings
indicate that BMP2 knockdown induces apoptosis in SCC9 cells, whereas BMP2 OE inhibits apoptosis.

BMP2 knockdown reduces phosphorylation of Smad1/5 and p38 in SCC9 cells, whereas BMP2
OE enhances phosphorylation

To elucidate BMP2’s regulatory mechanism in oral squamous cell carcinoma (OSCC) pathogenesis, we
performed immunoblot analysis of Smad1/5 and p38 signaling dynamics in SCC9 cells with modulated BMP2
expression. Quantitative assessment revealed comparable non-phosphorylated Smad1/5 and p38 levels across all
experimental groups (si-NC vs si-BMP2: p>0.05; vector vs OE: p>0.05). Strikingly, BMP2 knockdown reduced
phosphorylated Smad1/5 (p-Smad1/5) and p-p38 levels by 76% (p=0.009) and 34% (p=0.045) respectively
compared to si-NC controls. Conversely, BMP2 overexpression elevated p-Smadl/5 and p-p38 levels by 52%
(p=0.017) and 33% (p=0.020) versus vector controls. These data demonstrate BMP2 regulation of Smad1/5 and
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Fig. 3. Knocking down the expression of BMP2 can inhibit the proliferation ability of SCC9 cells, while
overexpressing BMP2 can enhance the proliferation ability of SCC9 cells. (A) The proliferation ability of SCC9
cells was detected by CCK-8 assay after successful transfection. (B) The proliferation ability of each group of
cells was detected by colony formation assay after successful transfection, *p <0.05.

p38 pathway activation in SCC9 cells (Fig. 6), establishing a functional correlation between BMP2 expression
dynamics and downstream signaling modulation that provides mechanistic insights into OSCC progression.

BMP2 knockdown elevates mRNA expression levels of Smadl, Smad4, Smad5, and p38,
whereas BMP2 OE reduces these levels in SCC9 cells
To further explore the underlying mechanisms of BMP2 in OSCC, we also used qPCR to detect the changes in
the mRNA levels of Smadl, Smad4, Smad5, and p38 in SCC9 cells after alterations in BMP2 levels.The results
showed that, compared with the si-NC group, knockdown of BMP2 in the si-BMP2 group led to a 110% increase
in Smadl mRNA expression (p=0.0005), a 61% increase in Smad4 mRNA expression (p=0.0007), a 36%
increase in Smad5 mRNA expression (p=0.0131), and a 38% increase in p38 mRNA expression (p=0.005) in
SCC9 cells (Fig. 7A). Conversely, in the OE group, compared with the vector group, increased BMP2 expression
resulted in a 25% decrease in Smad1 expression (p=0.012), a 29% decrease in Smad4 expression (p=0.0004),
a 16% decrease in Smad5 expression (p=0.0109), and a 22% decrease in p38 expression (p=0.028) (Fig. 7B).

In summary, the results demonstrate a significant correlation between BMP2 expression levels and the
mRNA expression of Smadl, Smad4, Smad5, and p38 in SCC9 cells.

Discussion

Despite advances in treatment, therapeutic outcomes for OSCC patients remain unsatisfactory, and metastasis is
the primary cause of mortality!”. The identification of genes associated with OSCC progression and metastasis—
as well as comprehension of mechanisms driving these processes—is crucial for efforts to improve OSCC
prognosis, therapeutic effectiveness, and patient survival. In this study, we found that BMP2 may reduce OSCC
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Fig. 4. BMP2 knockdown suppresses SCC9 cell migration and invasion, whereas its overexpression enhances
these oncogenic properties. (A) Post-transfection wound healing assay assessing OSCC cell migration
capacity. (B) Quantitative assessment of migratory potential through Transwell migration assays following
transfection. (C) Matrigel-coated Transwell invasion assays with quantitative analysis of invasive capability
post-transfection. *p <0.05, **p <0.01, ****p <0.0001.

cell apoptosis by activating the Smadl/5 and p38 signaling pathways, leading to enhanced cell proliferation,
migration, and invasion; these changes ultimately promote OSCC progression.

BMP2 is highly expressed in a variety of cancers. In this study, based on the bioinformatics analysis of OSCC
data from the TCGA and GEO databases, we discovered that the expression of BMP2 in OSCC tissues was
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Fig. 5. Flow cytometric quantification of Annexin V-FITC/PI dual staining demonstrated augmented
apoptotic cell fractions in BMP2-knockdown populations (si-BMP2 vs si-NC controls), with conversely
attenuated apoptosis observed in BMP2-overexpressing cohorts (OE vs vector controls). Representative density
plots illustrate distinct quadrant distributions corresponding to viable (Annexin V~/PI"), early apoptotic
(Annexin V*/PI7), and late apoptotic (Annexin V*/PI*) cellular states. *p <0.05.

higher than that in normal tissues. This result indicates that the expression of BMP2 is associated with the
development of oral squamous cell carcinoma.

The roles of BMP2 vary across different cancers. Some research findings indicate that high expression of BMP2
in cancers can promote cancer development, enhance cell invasion and migration capabilities®'®1°. However,
other studies have found that increased BMP2 expression in cancers can inhibit cancer cell proliferation®*?!. The
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Fig. 6. Protein expression profiles were analyzed through immunoblotting across experimental groups.
Notably, GAPDH, Smad1/5, and p38 protein levels remained unaltered regardless of BMP2 expression status
in SCC9 cells. BMP2 overexpression induced significant phosphorylation enhancement of Smad1/5 (52%
increase, p=0.017) and p38 (33% increase, p =0.020). Conversely, BMP2 knockdown substantially attenuated
Smad1/5 phosphorylation (76% reduction, p=0.009) and p38 phosphorylation (34% reduction, p =0.045), with
asterisks denoting statistical significance. *p <0.05, **p <0.01.

experimental results of this study suggest that BMP2 may be an oncogene. In our research, when the intracellular
BMP2 expression increases, the proliferation, migration, and invasion abilities of SCC9 cells are enhanced, while
the apoptosis rate decreases. Conversely, when the intracellular BMP2 expression decreases, the proliferation,
migration, and invasion abilities of SCC9 cells are weakened, and the apoptosis rate increases. These results
imply that BMP2 may have a powerful regulatory effect on the biological functions of OSCC and can modulate
the development of OSCC. The findings of this study were confined to investigations at the OSCC cell level.
In future research, patient-derived xenograft models or organoid models should be further exploited to delve
deeper into the role of BMP2 in OSCC.

The key pathways through which bone morphogenetic proteins (BMPs) exert their biological functions often
involve the Smad-dependent (Smadl/5) and Smad - independent(p38) signaling pathways associated with
BMP2. Multiple cancer studies have shown that BMP2 can modulate the Smad1/5 and p38 signaling pathways
in various types of tumors. Specifically, it has been confirmed that BMP2 regulates cancer development by
activating either the Smad1/5 or p38 signaling pathway in multiple cancers?>?*. Research has demonstrated that
the activation of the Smad1/5 and p38 pathways enhances the proliferation, migration, and invasion abilities of
cancer cells?*?°. Our research reveals that the overexpression of BMP2 upregulates the phosphorylation levels of
Smad1/5 and p38 in SCC9 cells. Conversely, when BMP2 expression is decreased, the phosphorylation levels of
Smad1/5 and p38 also decline accordingly. These results suggest that BMP2 regulates the behavior of SCC9 cells
by activating the Smad1/5 and p38 signaling pathways, thereby promoting the progression of OSCC. Although
both our findings and those of other studies support this conclusion, further research is necessary to determine
whether there is crosstalk between the Smad1/5 and p38 signaling pathways in OSCC. Notably, the activation of
these pathways exhibits a distinct tumor-promoting effect in vitro, yet additional investigations are required to
elucidate the underlying mechanisms.

At the mRNA level, we observed a more intricate phenomenon. Although the phosphorylation of Smad1/5
and p38 proteins responded significantly to BMP2 changes, their mRNA levels did not align with the alterations
in non-phosphorylated proteins. Specifically, overexpression of BMP2 led to decreased mRNA levels of
Smad1/5 and p38, and vice versa. This discrepancy between mRNA and protein levels implies the existence
of sophisticated multi-level regulatory mechanisms at both transcriptional and post-transcriptional stages. In
studies of the TGF-p signaling pathway, which is closely related to the BMP2 signaling pathway, it has been found
that TGF-p can induce the production of specific miRNAs. These miRNAs bind to specific regions of mRNA,
inhibiting translation and promoting mRNA degradation, thereby reducing mRNA levels?. Additionally, the
TGF-p signaling pathway features a negative feedback regulatory mechanism. BMP2 can induce the formation
of inhibitory Smads, which negatively regulate Smad1/5%". A similar negative feedback mechanism also exists in
the p38 pathway?®. While these findings are of research significance, they currently represent only an observed
phenomenon, suggesting a complex regulatory mechanism between mRNA and protein levels in the BMP2,
Smad1/5, and p38 signaling pathways in OSCC. Future research should focus on uncovering these complex
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Fig. 7. The mRNA expression levels of Smad1/4/5 and p38 in SCC9 cells were quantitatively analyzed

using qPCR under different BMP2 modulation conditions. (A) Following BMP2 knockdown, significant
upregulation of Smadl, Smad4, Smad5, and p38 mRNA expression was observed, with respective increases of
110%, 61%, 36%, and 38% compared to control groups (p <0.05 for all comparisons). (B) Conversely, BMP2
overexpression resulted in marked downregulation of these targets, showing respective reductions of 25%, 29%,
16%, and 22% in mRNA expression levels (p <0.05 for all measurements). All experimental data demonstrated
statistically significant differences between treatment groups and corresponding controls. *p <0.05, **p <0.01,
) < 0,001

mechanisms to provide a more robust theoretical basis for understanding the role of BMP2 in oral squamous
cell carcinoma and related diseases.

Based on the results of this study, BMP2 holds promise as a novel target and biomarker for the treatment
of OSCC. Developing inhibitors or antagonists targeting BMP2 and its signaling pathways may bring new
breakthroughs in OSCC treatment. For instance, the development of specific antibodies or small-molecule
compounds to block the binding of BMP2 to its receptor, thereby inhibiting the activation of downstream
signaling pathways, is expected to suppress the proliferation, invasion, and metastasis of OSCC cells and promote
their apoptosis. Moreover, the combination-therapy strategy represents an important direction for future
research. Whether BMP2 inhibitors can be combined with traditional chemotherapeutic drugs, radiotherapy,
or immunotherapy to generate synergistic effects and improve the treatment efficacy of OSCC remains to be
further investigated. However, given that BMP2 is closely associated with normal embryonic development and
the maintenance of tissue-organ homeostasis, in in-vivo studies, the potential oft-target effects of BMP2 may
cause unnecessary damage to tissues and organs. Currently, the existence of targeted plasmids allows for the
addition of a fragment to the plasmid, enabling it to bind specifically to tumor cells and thus avoid damage to
normal tissues caused by oft-target effects. Therefore, the off-target effects of BMP2 and targeted therapy are
among the key focuses of future research.

In summary, our study demonstrated that BMP2 promotes the proliferation, migration, and invasion of
OSCC cells while inhibiting apoptosis, thus contributing to OSCC progression. This molecular mechanism
may involve activation of the Smad1/5 and p38-MAPK signaling pathways. Targeted inhibition of BMP2 may
represent a promising therapeutic approach for OSCC.

Data availability
The datasets used and analyzed in this study are available from the corresponding author upon reasonable re-
quest.
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