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Abstract
Objective  SCEL serves as a precursor protein for the cornified envelope (CE), and its abnormal expression has been 
identified in various malignancies. Despite this, the functional role and detailed mechanisms of SCEL in oral squamous 
cell carcinoma (OSCC) remain to be clarified.
Methods  mRNA and protein expression of SCEL in OSCC cell lines and patient tissues were examined by qRT-PCR and 
IHC. In vitro and in vivo experiments assessed SCEL’s influence on proliferation, apoptosis, cell cycle, ROS production, 
migration, and invasion. Western blotting was used to analyze SCEL’s effect on various signaling pathways, and a dual-
luciferase reporter assay identified the miRNA that targets SCEL.
Results  SCEL is downregulated in OSCC, which correlates with reduced tumor cell differentiation and lymph node metas-
tasis. SCEL inhibits OSCC proliferation, induces cell cycle arrest, apoptosis, and ROS production. SCEL suppresses the 
TGF-β/Smad pathway, inhibiting migration and invasion. SCEL also triggers MET and downregulates VEGFC, reducing 
lymph node metastasis probability. miR-5696 inhibitor effectively inhibits OSCC proliferation and invasion by targeting 
SCEL.
Conclusion  SCEL acts as a tumor suppressor in OSCC, influencing its progression and potential metastasis. Loss of SCEL 
facilitates OSCC progression by activating TGF-β/Smad signaling. Upregulating SCEL and silencing miR-5696 hold thera-
peutic promise for OSCC.
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CRC​	� Colorectal cancer
CDDP	� Cisplatin
EMT	� Epithelial-mesenchymal transition
FBS	� Fetal bovine serum
HNSCC	� Head and neck squamous cell carcinoma
IHC	� Immunohistochemical
LIM	� LIN-11, Isl1, and MEC-3
LYVE1	� Lymphatic Vessel Endothelial Hyaluronan Receptor 1
MFI	� Mean fluorescence intensity
OSCC	� Oral squamous cell carcinoma
PVDF	� Polyvinylidene fluoride
ROC curve	� The receiver operating characteristic curve
SCEL	� Sciellin
HRP	� Standard deviationhorseradish peroxidase
TCGA​	� The Cancer Genome Atlas
TGF-β1	� Transforming growth factor β 1
VEGFC	� Vascular endothelial growth factorvascular endothelial growth factor C
WB	� Western blotting

1  Introduction

Oral cancer originates from the oral epithelium and is the most common malignant tumor in the maxillofacial region [1]. 
In 2020, there were 377,713 new cases diagnosed, and 177,757 deaths [2]. Among the different types of oral cancer, oral 
squamous cell carcinoma (OSCC) is the most common, accounting for 90% of oral cancer cases [3]. OSCC is characterized 
by invasiveness and early lymph node metastasis. More importantly, these metastases often lack distinct clinical and 
radiological findings. The combination of these factors leads to frequent local recurrence [4]. Despite a combination of 
therapies including surgery, chemotherapy, radiotherapy, and targeted therapy [5], OSCC remains a fatal disease with a 
five-year survival rate of only 50%, in addition to causing severe deformities and reducing the patient’s quality of life [6]. 
Therefore, it is urgent to develop novel approaches for early diagnosis and prognosis.

SCEL is localized on human chromosome 13q22 and encodes a distinctive 75.3 kDa protein, characterized by internal 
repeats rich in Lys and Gln residues, along with a LIM (LIN-11, Isl1, and MEC-3) domain [7]. SCEL serves as a precursor 
protein for the cornified envelope (CE) and plays a crucial role in epithelial barrier formation cell differentiation and 
intercellular adhesion [8]. SCEL protein is strongly expressed in the squamous epithelium of the oral cavity, esophagus, 
and vagina [7]. In colorectal cancer and gallbladder carcinoma, SCEL expression is transcriptionally repressed [9, 10], and 
studies have shown that SCEL can inhibit the migration of colorectal cancer cells and counteract the activity of transform-
ing growth factor β 1(TGF-β1) [9]. TGF-β1 is a pleiotropic cytokine that exerts its effects by activating the TGF-β/Smad 
signaling pathway. In cancer, the TGF-β/Smad signaling pathway not only promotes tumor cell proliferation and survival 
but also plays a critical role in the epithelial-mesenchymal transition (EMT), a process that is essential for cancer cells to 
acquire invasive and migratory capabilities [11].

SCEL has been identified as significantly downregulated in tongue squamous cell carcinoma tissues through genome-
wide studies [12]. However, its specific biological functions and molecular mechanisms in OSCC remain unclear. This 
study investigates the expression pattern of SCEL in OSCC and its relationship with clinicopathological characteristics. 
Additionally, we examined the role of SCEL in regulating the biological behavior of OSCC cells and its potential molecular 
mechanisms, aiming to evaluate its potential as a diagnostic and therapeutic target.

2 � Materials and methods

2.1 � Bioinformatic analysis based on The cancer genome atlas (TCGA) database

TCGA datasets of head and neck squamous cell carcinoma (HNSCC) were retrieved and downloaded from the Xena 
resource (http://​xena.​ucsc.​edu/), including mRNA information and corresponding clinical parameters. Specimens from all 

http://xena.ucsc.edu/
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oral-related areas, including the alveolar ridge, buccal mucosa, mouth floor, tongue, lip, and hard palate, were screened 
out [13]. Incomplete data on mRNA expression and clinical parameters were eliminated.

2.2 � Cell lines and human tissues samples

HOEC, a normal oral epithelial cell line immortalized by HPV16 E6/E7, and the tongue OSCC cell lines CAL27 and SAS, 
were maintained by the Key Laboratory of High-Incidence-Tumor Prevention & Treatment (Guangxi Medical University). 
All cell lines were authenticated using STR profiling and confirmed mycoplasma-negative. All cell lines were cultured in 
DMEM medium with 10% fetal bovine serum (FBS) (Sigma, USA) and 1% penicillin–streptomycin (Sigma, USA) [14]. The 
cells were incubated at 37 °C with 5% CO2 and in a humidified atmosphere.

Forty freshly excised OSCC tissue samples and 40 adjacent non-cancerous tissues were collected from the Depart-
ment of Pathology, Affiliated Stomatological Hospital of Guangxi Medical University. Additionally, a total of 76 paraffin-
embedded cancer tissues and 76 adjacent non-cancerous tissues were also collected from the same department between 
2019 and 2022. The non-cancerous tissues were obtained from areas located at least 5 cm away from the tumor margin.

2.3 � RT‑qPCR assay

Total RNA from cells and fresh tissues was extracted using Trizol reagent (Invitrogen, USA). Subsequently, cDNA was 
synthesized using a one-step RNA-to-DNA kit (TransGen Biotech, China). RT-qPCR was conducted on the StepOnePlusQ5 
system (Thermo Fisher Scientific Company, USA). GAPDH was chosen as the internal reference. The relative gene expres-
sion level was calculated using the 2−ΔΔCT method. All experiments were conducted in triplicate. The primer sequences 
used in this study were as follows: for SCEL, the upstream primer was 5′-CGA​GCA​GAA​GAA​GTG​AAG​ACCT-3′, and the 
downstream primer was 5′-ATT​ATC​AAG​GCT​CTG​GCC​CC-3′. For VEGFC, the upstream primer was 5′-GGG​GAA​GGA​GTT​
TGG​AGT​CG-3′, and the downstream primer was 5′- GCT​GGC​AGG​GAA​CGT​CTA​AT-3′. For GAPDH, the upstream primer was 
5′-GCT​CAG​ACA​CCA​TGG​GGA​AG-3′, and the downstream primer was 5′- TGT​AGT​TGA​GGT​CAA​TGA​AGGGG-3′. All primers 
were designed by Primer-BLAST and synthesized by Sangon Biotech (Shanghai, China).

2.4 � Immunohistochemical (IHC) staining

The tissue paraffin sections were dewaxed in xylene and hydrated. Antigen retrieval was performed using EDTA repair 
solution and cooled. Sections were treated with peroxidase blocking enzyme and incubated with primary antibody 
overnight, followed by HRP (horseradish peroxidase)-labeled secondary antibody. Sections were stained with DAB, coun-
terstained with hematoxylin, differentiated in hydrochloric acid, and neutralized in lithium carbonate. Finally, sections 
were dehydrated, cleared in xylene, and sealed with neutral resin. Positive and negative controls were included. Immu-
nohistochemical staining results were evaluated by two pathologists independently. The details of primary antibodies 
are provided in the Appendix 1.

Semi-quantitative analysis determined protein expression based on staining intensity and positive cell areas. OSCC 
cells and/or normal oral squamous cells were observed under low (100 ×) and high (400 ×) power magnification. Ten 
fields were randomly selected. Staining intensity was categorized as negative or trace (0), weak (1), moderate (2), and 
strong (3). The percentage of positive tumor cells indicated the proportion of cells showing positive staining for a specific 
marker, such as SCEL, ranging from 0 to 100%. The final protein expression score (0–300) was calculated by multiplying 
these two results and averaging them [15]. The cut-off value for the H-score, determined by ROC analysis, divided patients 
into high expression (H score ≥ 105) and low expression groups (H score < 105) [16].

2.5 � The receiver operating characteristic curve analysis

The receiver operating characteristic curve (ROC curve) was used to measure the sensitivity and specificity of SCEL in the 
diagnosis of OSCC. Additionally, the area under the curve (AUC) was utilized to determine the diagnostic value of SCEL 
expression. Moreover, the Youden index was used to determine the optimal critical value of SCEL expression.
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2.6 � Cell transfection

Transfection was performed with Lipofectamine 3000® Reagent (Thermo Fisher Scientific, USA) according to the 
manufacturer’s instructions. OSCC cell lines were transfected with plasmids while an empty vector was used as control 
(pCMV6). Transfection efficiency was confirmed by qRT-PCR and immunoblotting analysis 48 h after transfection.

2.7 � Western blot analysis

Proteins were extracted with RIPA buffer (Sigma, USA) and quantified using a bicinchoninic acid protein assay kit 
(Beyotime, China). Equal amounts of protein were separated by SDS-PAGE (Invitrogen, USA) and transferred to PVDF 
membranes (Millipore, USA). Membranes were blocked with 5% skimmed milk, incubated overnight with primary 
antibodies, then washed with TBST. After incubation with fluorescent secondary antibodies for 90 min, membranes 
were re-washed and visualized using the LI-COR Odyssey Infrared Imaging System. GAPDH served as a loading con-
trol. The details of primary antibodies are provided in the Appendix 1.

2.8 � Cell proliferation assay

Proliferation was determined using a CCK8 assay. The cells were seeded at a density of 1 × 10^3 cells per well in 
96-well plates and cultured in a cell incubator. On days 1, 2, 3, 4, and 5, 10 μl of CCK8 solution (Dongren Chemical 
Technology, China) was added to each well. After incubation for 2 h, the absorbance at 450 nm was measured using 
a microplate reader (BioTek, Vermont, USA).

2.9 � Colony formation assay

Colony formation assay was conducted using a 6-well plate. 500 cells were seeded to each well in 2 mL of medium. 
After continuous culture for 14 days, cells were washed three times with PBS, fixed with 4% paraformaldehyde for 30 
min, and stained with 0.1% crystal violet for 30 min. The number of colony-forming units (CFUs), consisting of more 
than 10 cells, were counted under a microscope.

2.10 � Tumorigenesis experiment in nude mice

The male nude mice were divided into two groups, each comprising 4 mice. One group was administered SAS cells 
transfected with the SCEL gene, while the other group received cells with an empty vector. Approximately 1 × 107 
cells were injected into the armpits of the mice. The volume of the nodules was measured every 3 days. Upon the 
observation of visible nodules and exceeding an ethical limit, the mice were euthanized by CO2 inhalation, and the 
tumors were photographed and weighed. IHC analysis was conducted to assess the expression of the SCEL gene.

2.11 � Cell apoptosis assay

Apoptosis was assessed using a commonly used apoptosis kit (AP105, MultiSciences, China). After 48 h of plasmid 
transfection, cells were digested with trypsin–EDTA, and a total of 3 × 10^6 cells (including those in the supernatant) 
were collected. The cells were then washed twice with ice-cold PBS and resuspended in a suitable volume of pre-
cooled 1 × Binding Buffer. Each tube was then incubated with 5 μl of Annexin V APC and 10 μl of 7 AAD. The mixture 
was gently vortexed and incubated at room temperature in the dark for 5 min. The stained cells were analyzed using 
a flow cytometer (BD Biosciences, San Diego, CA, USA), with at least 10,000 events recorded. Cell populations in dif-
ferent quadrants were measured by quadrant statistics.

2.12 � Cell cycle analysis

Cell cycle progression was assessed using a Cell Cycle Detection Kit (CCS012, MultiSciences, China) following the 
manufacturer’s instructions. After 48 h of plasmid transfection, 3 × 10^6 cells were collected and 2 mL of anhydrous 
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ethanol was added dropwise to the cell pellet while vortexing, then incubated overnight at −20 °C. The next day, 
the cells were resuspended in 1 mL of PBS and allowed to rehydrate for 15 min. Then, 500–1000 μL of DNA Staining 
Solution was added, and the mixture was gently vortexed for 5–10 s to mix well. The cells were incubated at room 
temperature in the dark for 30 min. Ensure thorough vortexing and use the lowest sample loading speed for detec-
tion on the flow cytometer. At least 10,000 cells were recorded.

2.13 � Detection of reactive oxygen species (ROS)

OSCC cells were incubated with 10 µM DCFH-DA (Solebao, CA1410) at 37 °C for 20 min in the dark. After incubation, 
cells were washed three times with fresh culture medium and subjected to various detection methods. ROS levels were 
measured at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. For flow cytometry, 1 × 106 
cells were resuspended in 500 µL of fresh culture medium and analyzed using a flow cytometer (BD Biosciences). For 
confocal microscopy, 1 × 105 cells were seeded in 15 mm confocal dishes and visualized using a confocal laser scanning 
microscope (Leica Microsystems). For the microplate reader assay, 3,000 cells per well were added to a black plate. Fluo-
rescence intensity was measured using a TECAN Infinite® 200 PRO microplate reader.

2.14 � Wound healing assay

Wound healing assays were performed using silicone culture inserts (Ibidi, Germany) with two adjacent wells to create 
a wound closure seeding model. 5 × 104 cells were seeded into each well and cultured to form a confluent monolayer. 
The wound was created by carefully removing the silicone inserts. The remaining cells were incubated with 0.5% FBS 
medium. The cells were observed under an inverted microscope (Olympus, Japan), and images were acquired immedi-
ately after wounding and at 6-h intervals (200 × magnification). The wound healing rates were calculated using ImageJ.

2.15 � Transwell invasion assay

Transwell invasion assays were conducted using 24-well transwell chambers with 8.0 µm pore size inserts (Corning, 3422). 
Matrigel (Corning, USA, 354,234) was diluted with FBS-free medium (1: 29). The upper chamber was coated with a total 
of 100 μL above mixture and incubated for 4 h. 8 × 104 cells were seeded into the upper chamber in 200 μL of FBS-free 
medium, while 800 μL medium with 20% FBS was added to the bottom chamber. After incubation for 24 h, the cells 
were fixed with 4% paraformaldehyde for 30 min and stained with crystal violet for an additional 30 min. The number 
of cells that had invaded the Matrigel was counted using an inverted microscope (Olympus, Japan) in at least 5 random 
fields (400 × magnification).

2.16 � Cells viability assay

Cells were transfected with SCEL, seeded into 96-well plates at 3000 cells per well, and incubated overnight. The cells 
were then treated with various concentrations of cisplatin (CDDP, MCEHY-17394) (0, 0.5, 1, 2, 4, 8, 16, 32, and 64 μM) for 
24 h. Subsequently, 10 µL of CCK8 solution was added to each well and incubated for 2 h. The absorbance at 450 nm was 
measured using a microplate reader.

2.17 � miRNA prediction and binding site analysis

Micro-CDS, miRDB, TargetScan, and Targets were used to predict miRNAs which potentially target SCEL. The resulting 
intersection of predicted miRNAs from these tools was further analyzed. Specifically, the binding site of has-miR-5696 
on SCEL was predicted using miRDB.

2.18 � miRNA expression analysis

Total RNA was reverse transcribed using the MirX™ miRNA First-Strand Synthesis kit (Takara 638,313). Expression levels 
of has-miR-5696 were quantified through qRT-PCR using the TB Green Advantage qPCR Premix (Takara 639,676). The 
primer sequence for has-miR-5696 (forward primer) is: GCT​CAT​TTA​AGT​AGT​CTG​ATG​CCA​. The reverse primer used was 
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mRQ 3. U6 snRNA (primer sequences: Forward: CTC​GCT​TCG​GCA​GCA​CAT​, Reverse: TTT​GCG​TGT​CAT​CCT​TGC​G) was used 
as a control for the ddCt method.

2.19 � Transfection with miRNA mimics and inhibitors

Transfection was performed with Lipofectamine 3000® Reagent (Thermo Fisher Scientific, USA) according to the manufac-
turer’s instructions. OSCC cell lines were transfected with miR-5696 mimics or inhibitors. The sequences used for transfec-
tion are as follows: hsa-miR-5696 mimics sense: CTC​ATT​TAA​GTA​GTC​TGA​TGCC, hsa-miR-5696 mimics antisense: GGC​ATC​
AGA​CTA​CTT​AAA​TGAG, hsa-miR-5696 inhibitor: GGC​ATC​AGA​CTA​CTT​AAA​TGAG, Mimics-NC and inhibitor-NC were used 
as negative controls. Transfection efficiency was confirmed by qRT-PCR and western blot analysis 48 h after transfection.

2.19.1 � Dual‑luciferase reporter assay

The dual-luciferase reporter assay was performed using 293 T cells and the TransDetect® Double-Luciferase Reporter Assay 
Kit (TransGen Biotech, FR201). Cells were washed twice with PBS and lysed with 1 × lysis buffer at room temperature for 
10 min. Lysates were then centrifuged at 12,000 ×g for 10 min at 2–8 °C, and the supernatant was collected. For the assay, 
100 µl of Luciferase Reaction Reagent was added to the wells, followed by 20 µl of cell lysate. Firefly luciferase activity 
was measured using a luminometer. Subsequently, 100 µl of Luciferase Reaction Reagent II was added to the wells, and 
Renilla luciferase activity was measured.

2.20 � Statistical analysis

Continuous variables were presented as means ± standard deviation (SD) and were compared using two-tailed t-tests 
and one-way ANOVA. Categorical variables were presented as frequencies and analyzed using the χ2 test. Pearson 
correlation analysis was performed to assess the association among continuous variables. The diagnostic value for the 
SCEL level was assessed using ROC curve analysis. P < 0.05 was considered statistically significant. Statistical analysis 
was performed using Prism 9.0 (GraphPad Software, USA) and SPSS version 25.0 (SPSS, USA). *P < 0.05, **P < 0.01, ***P 
< 0.001, and ****P < 0.0001.

3 � Results

3.1 � SCEL is significantly downregulated in OSCC

We initially identified 343 OSCC specimens and 32 normal oral specimens from the TCGA database for bioinformatics 
analysis. Upon analyzing the gene expression data, we observed a significant decrease in SCEL mRNA levels in OSCC 
tissues compared to normal oral mucosa tissues (Fig. 1A, P < 0.0001, Appendix 2 ). Subsequent qRT-PCR analysis dem-
onstrated a substantial downregulation of SCEL expression in OSCC cell lines (CAL27 and SAS) and in 40 freshly resected 
OSCC tissue samples when compared to the normal oral epithelial cell line (HOEC) and non-cancerous tissues, respec-
tively (Fig. 1B, C, both P < 0.05).

In addition, we examined the protein level of SCEL in 76 paraffin-embedded human OSCC and corresponding adja-
cent tissues using IHC staining. Figure 1D illustrates the predominant localization of SCEL on the cell membrane. The 
most intense staining observed in the keratinized layer (appearing as dark yellow or yellowish brown). In contrast, SCEL 

Fig. 1   Expression patterns, clinical significance, and diagnostic potential of SCEL in OSCC. A SCEL mRNA level in OSCC tissues (n = 343) and 
normal control samples (n = 32) based on the TCGA database. B, C The transcription level of SCEL in OSCC cell lines and in the normal oral 
epithelial cell line HOEC was detected by qRT-PCR. The same approach was applied in OSCC tissues (n = 40) and matched non-cancerous tis-
sues. D Representative images of IHC staining of SCEL protein in OSCC and adjacent tissues. E Comparison of SCEL protein expression levels 
between OSCC (n = 76) and adjacent non-cancerous tissues (n = 76) using the H-score from immunohistochemical staining. F Representa-
tive images of IHC staining of SCEL and P63 proteins in OSCC tissues with well (n = 18), moderate (n = 16), and poor differentiation (n = 14). 
G Comparison of SCEL and P63 in OSCC tissues with different differentiation. H Representative images of IHC staining of SCEL and VEGFC 
proteins in normal oral mucosa (n = 20), dysplastic oral mucosa (n = 14), OSCC tissues (n = 54), and lymphatic node metastatic carcinoma (n 
= 39). I Comparison of SCEL and VEGFC in different pathological tissues. J ROC curve of SCEL mRNA levels in OSCC in TCGA database. K ROC 
curve of SCEL protein levels in OSCC

▸
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staining in OSCC tissues appeared predominantly faint and concentrated in the center of the cancer nests. Paired-sample 
analysis revealed a significantly lower H-score of SCEL in the 76 OSCC specimens compared to adjacent non-cancerous 
specimens, with median H-scores of 105 (range: 0–195) and 190 (range: 85–300), respectively (Fig. 1E, P < 0.0001). These 
findings provide further evidence supporting the downregulation of SCEL expression in OSCC.

3.2 � Lower expression of SCEL correlated with poor tumor differentiation and lymph node metastasis 
in OSCC

We further analyzed the correlation between SCEL protein expression level and various clinical characteristics of OSCC, 
including age, gender, pathological stage, TNM stage and maximum tumor diameter. Our analysis revealed a significant 
association between SCEL expression and tumor differentiation, TNM stage, and N stage in OSCC. These findings sug-
gest that SCEL expression may play a role in tumor differentiation and lymph node metastasis in patients. However, the 
unequal sample sizes warrant further studies with more balanced groups to validate these observations. No significant 
associations were found between SCEL expression and age, sex, tumor stage, or tumor size (Table 1).

P63, a transcription factor essential for epithelial cell differentiation, is commonly used as a marker for identifying 
basal cells [17]. To validate the association between SCEL expression and OSCC cell differentiation, we investigated the 
concurrent expression of SCEL and P63 proteins in OSCC samples exhibiting high, moderate, and low levels of differen-
tiation. IHC results revealed that SCEL and P63 proteins exhibited complementary expression patterns within the same 
cells. SCEL was abundantly expressed in well-differentiated OSCC tissues, where it localized to the cell membrane and 
cytoplasm, while its presence was almost negligible in poorly differentiated samples. Conversely, P63 was predominantly 
expressed in the nuclei of poorly differentiated OSCC cells, with significantly lower expression in well-differentiated 
samples (Fig. 1F). The expression of SCEL and P63 in OSCC samples with varying differentiation levels showed statistically 

Table 1   Correlation 
of SCEL expression to 
clinicopathological features 
in OSCC

OSCC indicates oral squamous cell carcinoma
* indicates that the comparison between groups is statistically significant, *P < 0.05, ***P < 0.001

Clinicopathological features Lower 
expression(n = 54)

High expression 
(n = 52)

χ2 P

Gender 0.585 0.444
 Male 38 40
 Female 16 12

Age (years) 1.359 0.244
  < 58 24 29
  ≥ 58 30 23
Tumor differentiation 24.770  < 0.0001***
 Poorly differentiated 20 4
 Moderately differentiated 18 8
 Well differentiated 16 40

TNM stage 10.262 0.016*
 Stage I 9 10
 Stage II 10 15
 Stage III 22 7
 Stage IV 13 20

T
 T1–T2 30 32 0.391 0.532
 T3–T4 24 20

N 6.400 0.011*
 N0 21 33
 N1–N3 33 19

Maximum tumor diameter (cm) 0.354 0.552
  < 3 27 23

   ≥ 3 27 29
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significant differences (Fig. 1G, P < 0.0001, P < 0.01, respectively). Paired-sample analysis indicated an inverse correlation 
between SCEL and P63 expressions in moderately and poorly differentiated OSCC tissues (Fig. 1G, P < 0.01 and P < 0.0001, 
respectively). Statistical analysis revealed a significant correlation between P63 expression and both tumor differentiation 
and N stage in OSCC (Table 2, P < 0.05). These findings suggest that as OSCC becomes less differentiated, P63 expression 
increases while SCEL expression decreases.

Vascular endothelial growth factor C (VEGFC), a member of the VEGF family, plays a crucial role in embryonic devel-
opment, lymphatic vessel formation. It also serves as a marker for lymph node metastasis in squamous cell carcinoma 
[18]. To further confirm the close association of SCEL expression with OSCC progression, we validated the SCEL and 
VEGFC protein expression in the same set of samples, including normal oral mucosa, abnormal hyperplasia tissues, 
OSCC primary tumor, and carcinoma tissues from lymph node metastases. SCEL was strongly positive throughout the 
normal oral mucosa, particularly in the keratinized layer. In abnormal hyperplasia tissues, SCEL expression was present 
but mainly concentrated in the keratinized and granular layers. In OSCC tissues, SCEL staining was moderate to weak, 
with strong staining only in the center of the carcinoma nests. In carcinoma tissues from lymph node metastases, SCEL 
expression was weak (Fig. 1H). Conversely, VEGFC staining was stronger in OSCC and its metastatic tissues, while it was 
weaker in normal oral mucosa and abnormal hyperplasia tissues (Fig. 1H). Statistical analysis of SCEL and VEGFC expres-
sion in samples with varying levels of OSCC progression further supported this observation. Significant differences in 
SCEL protein expression were observed between the following groups: normal vs. abnormal, normal vs. OSCC, normal vs. 
lymph node metastasis, abnormal vs. lymph node metastasis, and OSCC vs. lymph node metastasis (Fig. 1I, all P < 0.05). 
Meanwhile, VEGFC expression showed significant differences between normal and lymph node metastasis, abnormal 
and lymph node metastasis, and OSCC and lymph node metastasis (Fig. 1I, all P < 0.05). Paired analysis showed that SCEL 
and VEGFC protein expressions were inversely correlated in normal tissues, OSCC tissues, and metastatic tissues (Fig. 1I, 
P < 0.01, P < 0.001 and P < 0.0001 respectively).

Table 2   Correlation 
of P63 expression to 
clinicopathological features 
in OSCC

OSCC indicates oral squamous cell carcinoma
* indicates that the comparison between groups is statistically significant, *P < 0.05

Clinicopathological features Lower expression (n 
= 18)

high expression (n 
= 24)

χ2 P

Gender 2.705 0.100
 Male 12 22
 Female 6 2

Age (years) 1.556 0.212
 < 57 7 14
 ≥ 57 11 10

Tumor differentiation 8.215 0.016*
 Poorly differentiated 2 10
 Moderately differentiated 6 10
 Well differentiated 10 4

TNM stage 3.662 0.300
 Stage I 3 4
 Stage II 6 4
 Stage III 3 10
 Stage IV 6 6

T
 T1–T2 7 16 3.204 0.073
 T3–T4 11 8

N 4.582 0.032*
 N0 12 8
 N1–N3 6 16

Maximum tumor diameter (cm) 1.354 0.245
 < 3 10 9
 ≥ 3 8 15
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3.3 � Diagnostic efficacy of SCEL expression level in OSCC

According to the TCGA database, the AUC value of SCEL expression is 0.7455 (Fig. 1J). We performed calculations and 
constructed the ROC curve based on the IHC staining score for SCEL in OSCC and adjacent tissues. The AUC value for 
SCEL protein was found to be 0.8940 (Fig. 1K).

3.4 � SCEL inhibited the proliferation of OSCC both in vitro and in vivo

To investigate the role of SCEL in OSCC development, we transfected OSCC cell lines with a plasmid encoding the 
SCEL gene and confirmed SCEL overexpression by qRT-PCR and WB analysis (Fig. 2A, B, all P < 0.05).

The proliferation rate of OSCC cells was measured using the CCK-8 assay and colony formation assay. The CCK-8 
assay showed that SCEL-overexpressing cells had significantly lower cell numbers compared to control group cells 
(Fig. 2C, both P < 0.01). The colony formation assay also demonstrated a significant reduction in the number of colo-
nies formed by SCEL-overexpressing cells compared to the control group. For CAL27 cells, the number of colonies in 
the SCEL-overexpressing group decreased by approximately 55.59% compared to the control group (P < 0.01). For 
SAS cells, the number of colonies in the SCEL-overexpressing group decreased by approximately 47.52% compared 
to the control group (P < 0.05) (Fig. 2D).

To further validate this finding, we conducted in vivo experiments using a nude mouse model. We observed a sig-
nificant deceleration in tumor growth and a reduction in tumor weight in the SCEL-overexpression group compared to 
the vector group (Fig. 2E, both P < 0.05).  IHC staining subsequently confirmed increased SCEL expression levels in the 
SCEL-overexpression group. Conversely, Ki-67 staining, an indicator of proliferation, exhibited an opposite trend (Fig. 2F, 
P < 0.05).

3.5 � SCEL induces apoptosis, cell cycle arrest, and ROS production

The intricate relationship between cell proliferation and apoptosis often entails an inverse correlation, where increased 
proliferation is frequently accompanied by reduced apoptosis [19]. Anti-proliferative effects are frequently achieved 
through the induction of apoptosis. To elucidate the mechanism by which SCEL inhibits OSCC proliferation, we examined 
its effect on cell apoptosis by flow cytometry. As depicted in Fig. 3A, we found that SCEL significantly induced apoptosis 
in OSCC cells. In CAL27 cells, the total apoptosis rate increased by 12.60% in the SCEL overexpression group compared to 
the control group, with early apoptosis rates increasing by 12.50% and late apoptosis rates increasing by 2.55% (Fig. 3A, 
all P < 0.05). In SAS cells, the total apoptosis rate increased by 19.69% in the SCEL overexpression group compared to the 
control group (P < 0.05), with early apoptosis rates increasing by 18.88% (Fig. 3A, both P < 0.05). There was no significant 
difference in late apoptosis rates between the two groups, although the SCEL overexpression group showed a higher 
trend. To understand the mechanism by which SCEL induces apoptosis, we analyzed the expression of apoptosis-related 
proteins. We found that the changes in proteins associated with the mitochondrial pathway were the most significant. 
We found that SCEL overexpression led to an increase in cleaved Caspase-9 and in BAX (Fig. 3B, all P < 0.05).

To further investigate the mechanism by which SCEL inhibits OSCC proliferation, we examined its effect on the cell 
cycle. Our investigation revealed that in the SCEL overexpression group, the proportion of cells in the G1 phase signifi-
cantly decreased, while the proportions of cells in the S and G2 phases increased (Fig. 3C). Specifically, in CAL27 cells, the 
G1 phase cell proportion in the SCEL overexpression group decreased by 11.74% compared to the control group, the S 
phase cell proportion increased by 4.7%, and the G2 phase cell proportion increased by 6.71% (all P < 0.05). In SAS cells, 
the G1 phase cell proportion in the SCEL overexpression group decreased by 18.48%, and the S phase cell proportion 
increased by 15.4% (both P < 0.05); the G2 phase cell proportion increased by 3.08%, showing an increasing trend without 
significant difference. Given the pivotal role of CDKs in regulating cell cycle progression and apoptosis, we examined 
the expression levels of related cell cycle proteins to further understand the impact of SCEL on the OSCC cell cycle. The 
expression levels of CDK1, CDK2, Cyclin A2, and Cyclin B1 increased, while Cyclin D1 decreased in SCEL-overexpressing 

Fig. 2   SCEL inhibits proliferation of OSCC in vitro and in vivo. A, B The transfection of SCEL in OSCC cell lines was validated by qRT-PCR and 
Western blot, respectively. C, D Proliferation and colony formation assays. E The effect of SCEL overexpression on OSCC proliferation in vivo. 
F Comparison of SCEL and Ki-67 in different tumor tissues
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cells (Fig. 3D). These changes suggest that SCEL may regulate cell cycle progression by causing cells to be arrested in 
the S and G2/M phases.

ROS can induce oxidative stress, leading to mitochondrial damage and cell death [20]. We examined the effect SCEL 
on ROS levels. Flow cytometry results (Fig. 3E) showed that in CAL27 cells, the ROS levels in the SCEL overexpression 
group increased by an average of 32.70% compared to the control group (P < 0.001). In SAS cells, the ROS levels in the 
SCEL overexpression group increased by an average of 42.43% compared to the control group (P < 0.0001). Confocal 
microscopy results (Fig. 3F) showed a significant increase in the fluorescence signal of ROS in the SCEL-overexpressing 
cells. In contrast, the ROS fluorescence signal was weaker in the control group. The mean fluorescence intensity (MFI) 
was increased by 19.50 times in CAL27 cells and by 13.83 times in SAS cells in the SCEL-overexpressing group compared 
to the control group (both P < 0.001). Microplate reader results showed that SCEL overexpression significantly increased 
ROS levels, with the ROS level in CAL27 cells increasing by 1.58 times and in SAS cells by 2.59 times compared to the 
control group (Fig. 3G, both P < 0.0001).

3.6 � SCEL inhibits OSCC migration and invasion via impeding TGF‑β/Smad‑EMT

To investigate the effect of SCEL on the migration and invasion abilities of OSCC cells, we conducted wound healing and 
Transwell chamber assays. SCEL-transfected CAL27 cells showed a reduction in migration rate by approximately 30% 
(Fig. 4A, P < 0.001), while SAS cells showed a reduction by approximately 48% (Fig. 4A, P < 0.001). Transwell chamber 
assays demonstrated that the invasion capacity of SCEL-transfected CAL27 cells was reduced by approximately 62% 
(Fig. 4B, P< 0.001), and SAS cells by approximately 47% (Fig. 4B, P < 0.001). These results indicate that SCEL overexpres-
sion inhibits the migration and invasion of OSCC cells.

Cell migration and invasion are driven by the EMT process. During EMT, cells transition from an epithelial phenotype 
to a mesenchymal phenotype by altering the expression of specific markers. We further investigated the impact of SCEL 
on EMT-related markers. SCEL overexpression led to an increase in epithelial markers E-cadherin and Occludin-1, while 
decreasing mesenchymal markers N-cadherin and Vimentin. Additionally, SCEL overexpression significantly reduced 
the expression of EMT transcription factors Snail and Slug. Furthermore, proteins involved in cell adhesion and signal 
transduction, such as β-Catenin and Claudin, were increased (Fig. 4C, P < 0.05). Our results suggest that SCEL inhibits the 
EMT process, thereby further suppressing the migration and invasion of OSCC cells.

TGF-β is an activator of EMT and can influence the EMT process through various pathways, but it primarily regulates 
key EMT transcription factors such as Snail and Slug via the TGF-β/Smad signaling pathway [21]. We found that overex-
pression of SCEL significantly inhibited the expression of TGF-β1, SMAD2, SMAD3, and SMAD4. This suggests that SCEL 
may suppress the EMT process by inhibiting the TGF-β/Smad signaling pathway, thereby reducing the migration and 
invasion capabilities of OSCC cells (Fig. 4D, P < 0.05).

3.7 � SCEL reduces lymph node metastasis in OSCC via VEGFC regulation

Lymph node metastasis is a critical outcome of cancer cell invasion and migration. Our studies have shown that the 
lymph node metastasis marker VEGFC is negatively correlated with SCEL expression during cancer progression (Fig. 1H, 
I), suggesting that SCEL may play a role in lymph node metastasis. Studies have also demonstrated that TGF-β1 signaling 
induces VEGFC expression through both Smad-dependent and Smad-independent pathways, promoting lymphangi-
ogenesis and lymph node metastasis in gastric cancer [22]. Based on these findings, we investigated the effects of SCEL 
overexpression on TGF-β1 and VEGFC expression to explore its mechanism in inhibiting OSCC lymph node metastasis. 
In OSCC tissues with lymph node metastasis, SCEL expression was significantly lower (median H-score 50, 0–210) and 
negatively correlated with TGF-β1 expression compared to tissues without metastasis (median H-score 85, 0–195) (Fig. 4E, 
P < 0.05). Our study demonstrated a positive correlation between mRNA levels of TGF-β1 and VEGFC in OSCC cells based 
on the analysis of the TCGA database (Fig. 4F, P < 0.0001). Our PCR results showed that the mRNA expression level of 
VEGFC increased significantly after treating OSCC cells with TGF-β1 (Fig. 4G, both P < 0.001). Additionally, overexpression 
of SCEL in OSCC cells led to a significant decrease in the protein levels of VEGFC and LYVE1 (Lymphatic Vessel Endothelial 

Fig. 3   SCEL induces apoptosis, cell cycle arrest, and ROS production. A Analysis of apoptosis in SCEL-overexpressing OSCC cells by flow 
cytometry. B Impact of SCEL on apoptosis-related proteins in OSCC cells. C Analysis of cell cycle arrest in SCEL-overexpressing OSCC cells by 
flow cytometry. D Impact of SCEL on cell cycle-related proteins in OSCC cells. E–G Role of ROS formation in SCEL-induced apoptosis

▸



Vol.:(0123456789)

Discover Oncology          (2025) 16:770  | https://doi.org/10.1007/s12672-025-02423-4 
	 Research



Vol:.(1234567890)

Research	  
Discover Oncology          (2025) 16:770  | https://doi.org/10.1007/s12672-025-02423-4

Hyaluronan Receptor 1) (Fig. 4H, P < 0.05). These results suggest that SCEL may influence lymph node metastasis by 
inhibiting TGF-β1-induced VEGFC expression.

3.8 � SCEL enhances chemotherapy sensitivity in OSCC

In addition to inhibiting OSCC progression, SCEL also plays an important role in cancer cell sensitivity to chemotherapy. 
CDDP is a commonly used chemotherapy drug for OSCC treatment, but tumor cells often develop resistance to it [23]. 
Our study found that SCEL overexpression significantly enhanced OSCC cell sensitivity to CDDP (Fig. 4I). Specifically, in 
the IC50 assay, the SCEL-expressing SAS cells (9.98 μM) showed higher drug sensitivity compared to the vector group 
(5.96 μM). After treatment with 4 μM CDDP (the lowest concentration that significantly inhibits cell viability) for 24 h, 
the viability of vector group cells was 79.19%, while the cell viability in the SCEL overexpression group significantly 
decreased to 20.06% (Fig. 4J, P < 0.0001). These results indicate that SCEL overexpression significantly enhances OSCC 
cell sensitivity to CDDP.

3.9 � Overexpressing mir‑5696 silences SCEL expression and promotes proliferation and invasion of OSCC

We have demonstrated that SCEL impedes the malignant biological behavior of OSCC cells. However, the molecular 
mechanisms underlying the abnormal inactivation of SCEL in OSCC remain unclear. MicroRNAs are non-coding RNAs that 
regulate post-transcriptional gene expression by binding to the 3′UTR of target genes, thereby inhibiting mRNA transla-
tion or promoting its degradation. Using four online prediction tools—Targetscan, Targets, Micro-CDS, and miRDB—we 
identified miR-5696 as a potential miRNA targeting SCEL (Fig. 5A). We observed that miR-5696 is highly expressed in 
OSCC cells and tissues (Fig. 5B, C, all P < 0.05), displaying a negative correlation with SCEL expression (Fig. 5D, P < 0.05). 
Additionally, miR-5696 mimics significantly reduced SCEL mRNA and protein levels (both P < 0.05). Although miR-5696 
inhibitor significantly increased SCEL mRNA levels (P < 0.05), the change in protein levels exhibited an increasing trend 
but was not statistically significant (P > 0.05) (Fig. 5E, F). We also predicted the miR-5696 binding sites on SCEL and con-
structed wild-type and mutant SCEL dual-luciferase reporter plasmids (Fig. 5G, H). The relative light units were significantly 
reduced in the wild-type SCEL plasmid group (P < 0.01), whereas no significant changes were observed in the empty 
vector and mutant SCEL plasmid groups (P > 0.05). This indicates that miR-5696 effectively binds to SCEL, thereby sup-
pressing its expression. We further analyzed the impact of miR-5696 on the malignant behavior of OSCC cells. The CCK-8 
assay demonstrated that overexpression of miR-5696 mimics enhanced cell proliferation, while inhibitors of miR-5696 
reversed this trend (Fig. 5I, all P < 0.05). The transwell assay showed that overexpression of miR-5696 mimics increased 
cell invasion, while inhibitors of miR-5696 similarly reversed this trend (Fig. 5J, all P < 0.0001). These results suggest that 
the inactivation of SCEL expression may be associated with the targeted silencing by miR-5696, leading to the failure of 
SCEL’s upstream activation system and consequently promoting the development of OSCC.

4 � Discussion

Cancer develops by a multistep process that progressively transforms normal cells into highly malignant proliferators that 
pose a threat to human health [24]. Under normal physiological conditions, a delicate balance is maintained between cell 
differentiation and proliferation to ensure tissue homeostasis. However, in cancer, this balance is disrupted. Cancer cells 
typically exhibit abnormal proliferative capacity while their differentiation ability is inhibited [25]. Additionally, poorly 
differentiated tumor cells often have increased migratory and invasive potential [26]. Our research indicates that SCEL 
levels progressively decrease from normal tissue to precancerous lesions and cancer progression. This suggests that the 
inactivation or downregulation of SCEL may play a crucial role in promoting oral cancer development.

SCEL has been reported to be closely associated with the activation of terminal differentiation markers in the epidermis 
[7, 27]. SCEL’s loss may lead to the cells losing their normal differentiation capacity, thereby promoting tumor progression 

Fig. 4   SCEL’s role in OSCC progression inhibition of migration, invasion, lymph node metastasis and chemotherapy sensitivity. A Wound 
healing assay. B Transwell assays. C Western blot analysis of SCEL’s effect on EMT-related protein expression. D Western blot analysis of SCEL’s 
influence on the TGF-β/Smad signaling pathway. E Comparison of SCEL and TGF-β1 expression in OSCC tissue and lymph node metastasis 
tissue. F Correlation analysis of TGF-β1 and VEGFC in OSCC. G Effect of TGF-β1 treatment on VEGFC production in OSCC Cells (10 ng/ml, 48 
h). H Western blot analysis of SCEL’s effect on VEGFC and LYVE1 in OSCC Cells. I CCK8 assay analysis of influence of SCEL on CDDP sensitivity 
in OSCC cells. J CCK8 assay analysis of SCEL on drug response in OSCC cell under low-dose CDDP treatment (4 μM CDDP for 24 h)
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Fig. 5   Identification and validation of has-miR-5696 targeting SCEL in OSCC. A miRNAs predicted by different applications for targeting 
SCEL. B, C Expression of has-miR-5696 in OSCC cells and tissues. D Correlation between has-miR-5696 and SCEL expression in OSCC. E, F 
Effect of has-miR-5696 mimic and inhibitor on SCEL mRNA and protein Levels. G Prediction of miR-5696 binding sites on SCEL. H Dual-Lucif-
erase reporter assay to validate has-miR-5696 binding to SCEL. I CCK-8 Assay. J Transwell assay
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[28–30].Our study indicates that SCEL plays a crucial role in regulating the differentiation of OSCC cells. Low expression 
of SCEL may lead to a decrease in differentiation capacity, potentially enhancing their proliferative potential. Functional 
experiments further support this view, showing that SCEL significantly inhibits OSCC cell proliferation by inducing apop-
tosis and causing cell cycle arrest. Further research indicates that SCEL induces oxidative stress by increasing ROS levels, 
which may be a key mechanism for its pro-apoptotic effects.

SCEL is also closely associated with the invasive and metastatic potential of cells. SCEL reduces OSCC cell migration and 
invasion by inhibiting the TGF-β/Smad-mediated EMT pathway [31], which further underscores its importance in halting 
tumor progression. The TGF-β/Smad pathway is influenced by various post-translational regulatory mechanisms such 
as ubiquitination and phosphorylation [32]. Ubiquitination regulates the TGF-β signaling pathway by tagging specific 
proteins for proteasomal degradation [33] while phosphorylation affecting the activity and stability of Smad protein [34]. 
These potential regulatory mechanisms merit further investigation. Additionally, SCEL expression was notably decreased 
in lymph node metastasis tissues. This reduction in SCEL expression may influence VEGFC levels, potentially contributing 
to the metastatic process and impacting patient prognosis.

Furthermore, miR-5696 plays a significant role in regulating SCEL expression. Our study found that miR-5696 can 
downregulate SCEL expression, thereby affecting the biological behavior of OSCC cells. However, it is important to note 
that while our study primarily focuses on the post-transcriptional regulation of SCEL by microRNA-5696, the inactivation 
of tumor suppressor genes (TSGs) in OSCC can involve a range of mechanisms, including DNA methylation and chromatin 
remodeling [23, 35]. This remains a significant limitation of our study, as we have not fully explored the complex interplay 
of these epigenetic and post-transcriptional mechanisms in TSG regulation within OSCC.

5 � Conclusion

SCEL is significantly downregulated in OSCC cell lines and tissues, and its low expression is closely associated with 
decreased tumor cell differentiation and increased lymph node metastasis. SCEL inhibits OSCC proliferation and metas-
tasis through multiple mechanisms, indicating its potential as a therapeutic target for OSCC.
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