
FGF6 inhibits oral squamous 
cell carcinoma progression by 
regulating PI3K/AKT and MAPK 
pathways
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To explore diagnostic and prognostic biomarkers in the progression of oral squamous cell carcinoma 
(OSCC) and to reveal their regulatory mechanisms in key pathways. A RayBiotech protein chip 
was used to screen differentially expressed serum proteins in OSCC, oral leukoplakia (OLK), and 
healthy participants. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis were used to determine the pathways enriched by characteristic differential 
proteins. Immunohistochemical analysis and western blotting were used to verify the expression of 
characteristic differential proteins and key regulatory factors in human tissues and in a nude mouse 
model. Fibroblast growth factor 6 (FGF6) was identified as a key differential protein and was weakly 
expressed in OSCC tissues. The mitogen-activated protein kinases (MAPK) and PI3K-AKT pathways 
were identified as key signaling pathways. The results showed that pERK, Cyclin D1, pAKT, and BCL2 
were highly expressed in OSCC, Caspase9 was lowly expressed in OSCC. With an increase in FGF6 
expression in nude mice, the expression of FGFR4, pERK, Cyclin D1, pAKT, BCL2, GPX4, and ACSL4 
increased, and the expression of Caspase9 decreased. FGF6 may change the expression of apoptosis-
related proteins and proliferation factors by binding to FGFR4 in the PI3K-AKT/MAPK pathway and 
may inhibit the ferroptosis of OSCC, thereby possibly participating in the process of inhibiting OSCC.
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Oral squamous cell carcinoma (OSCC) is one of the most prevalent malignant tumors of the head and neck1. 
OSCC has received widespread attention due to its high prevalence, recurrence, mortality, and poor prognosis2. 
OSCC may develop from oral potentially malignant disorder (OPMD)3. OSCC is generally preceded by various 
OPMDs of which oral leukoplakia (OLK) is one of the most common OPMD4. Studies have shown that it can 
take years or longer to transition from OPMD to cancer5. Therefore, diagnosis and treatment of OPMD at this 
critical stage is an effective way to prevent and treat OSCC. Currently, the diagnosis of OSCC is primarily based 
on the pathological examination of living tissues. However, owing to its invasiveness, great postoperative impact, 
and heavy psychological burden on patients, the application of OSCC in disease screening and early diagnosis 
is limited6,7. Therefore, there is an urgent need for a minimally invasive method to diagnose OPMD. Liquid 
biopsy is used to sample body fluids, such as blood, urine, cerebrospinal fluid, or saliva8,9, and to detect tumor 
biomarkers to obtain tumor-related information, which can be used for early diagnosis, efficacy evaluation, 
and follow-up of tumors10,11. It has the advantages of low sampling risk, low time consumption, convenient 
continuous sampling, and dynamic monitoring12. Among these, blood biopsies are the most widely studied13.

Fibroblast growth factor (FGF) is a polypeptide family secreted by the pituitary gland and hypothalamus, 
and FGF6 is mainly expressed in skeletal muscle14. FGF6 is closely related to the development of tumor cells 
and plays an important role in their development and apoptosis of tumor cells15,16. Zhi et al. discovered that 
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overexpression of FGF6 reversed the inhibitory effect of LINC00265 knockdown on the malignant phenotype of 
bladder cancer cells17. Guo et al. further illuminated the role of FGF6 in modulating iron homeostasis, revealing 
its capacity to evoke transcriptional modulation of hepcidin18. Singhi et al. conducted targeted genome analysis 
of a large number of pancreatic ductal adenocarcinomas (PDAC) and found that FGF6 may be related to the 
pathogenesis of PDAC19. No study has shown that FGF6 can be used as a specific differential biomarker for all 
stages of OSCC.

The fibroblast growth factor receptor (FGFR) is a highly conserved and widely distributed transmembrane 
tyrosine kinase receptor, including FGFR1, FGFR2, FGFR3, and FGFR4 receptor subtypes20. Binding of FGF to 
FGFR causes intracellular phosphorylation of the receptor kinase domain and a cascade of intracellular signal 
transduction and gene transcription21. Dysregulation of FGFR signaling can lead to downstream activation 
of the mitogen-activated protein kinase (MAPK) and phosphoinositide-3-kinase (PI3K)/serine/threonine 
kinase (AKT) pathways22. The PI3K-AKT signaling pathway is closely related to the biological behavior of 
tumor cells and is an important anticancer therapeutic target23. It was confirmed that numerous oncogenes 
and growth factor receptors were shown to stimulate PI3K activity, and elevated PI3K signal was considered to 
be a hallmark of human cancer24. AKT, also known as protein kinase B, is an important effector of PI3K in the 
conduction of carcinogenic signals and participates in biological processes such as cell proliferation, apoptosis, 
and protein synthesis25. The PI3K-AKT signaling pathway has been established as a pivotal player in OSCC, with 
its downstream regulatory factors BCL2 and Caspase9 likewise implicated in tumor progression26–28. MAPK-
ERK pathway has been proved to be an important signaling pathway involved in cancer cell proliferation29. 
MAPK interact with ERK, transduce extracellular signals, regulate the cell cycle, transmit cell proliferation 
signals, stimulate the expression of cell cycle-related proteins (Cyclin D1), and lead to cell proliferation cycle 
disorders30. Su et al. found that vitamin C can lead to BRAF mutations and resist thyroid cancer by inhibiting the 
transmission of MAPK-ERK and PI3K-AKT signals31. Ferroptosis is also closely related to the occurrence and 
development of malignant tumors such as breast cancer, gastric cancer, and OSCC32–34.

In this study, a model of OSCC was established. The differentially expressed proteins and their possible 
signaling pathways were screened using RayBiotech protein chip technology and bioinformatics technology, 
and verified in human serum and tissue samples and animal models. It also focused on the key proteins in the 
ferroptosis pathway, aiming to explore the effect of FGF6 on differential proteins in the process of OSCC and 
provide new ideas for effectively delaying the process of OSCC.

Materials and methods
Collection of serum samples and experimental animals
Fresh serum and tissue samples of patients with OSCC, OLK, and normal serum and tissues were obtained from 
the Affiliated Stomatological Hospital of Southwest Medical University. Serum was collected from 33 OSCC 
patients, 10 with OLK patients and 16 healthy participants (Supplementary Table 1). Tissues were collected 
from 46 OSCC patients, 10 with OLK patients and 15 healthy participants (Supplementary Table 2). Inclusion 
criteria: None of the patients with OSCC or OLK received preoperative chemoradiation and chemotherapy and 
did not receive clinical intervention such as drugs within six months. Patients with other malignant tumors, oral 
mucosal diseases, or serious systemic diseases were excluded. Each patient was informed of the behavior and 
provided written informed consent. This study was approved by the Medical Ethics Committee of the Affiliated 
Stomatological Hospital of Southwest Medical University (approval number 20180510001). All experiments 
were performed in accordance with relevant named guidelines and regulations.

Male nude mice (3 to 4 weeks of age, weight about 12 g) were purchased from Beijing Huafukang Experimental 
Animal Co., Ltd. (Certificate No.: SCXK (Beijing) 2019-0008) and raised in SPF environment of the Experimental 
Animal Center of Southwest Medical University. The feed, bedding material, squirrel cage, kettle and drinking 
water of nude mice were all sterilized by high temperature and high pressure. The study is reported in accordance 
with ARRIVE guidelines. All animals were anesthetized and sedated with sodium pentobarbital (0.5% sodium 
solution of pentobarbital was intraperitoneally injected with 0.5mL/100  g). Research investigators choose to 
euthanize mice by cervical dislocation. This animal study was approved by the Southwest Medical University 
Animal Ethics Committee (ethical number 2020435). All experiments were performed in accordance with 
relevant named guidelines and regulations. The study is reported in accordance with ARRIVE guidelines.

Cell lines and culture
The human OSCC line (HSC-4) was purchased from Shenzhen Haodi Huatuo Biotechnology Co., LTD. The 
human immortalized keratinocyte cell line (HaCaT) was purchased from Wuhan Punosai Life Technology 
Co., Ltd. Cells were cultured in DMEM (Procell, China) with 15% (bove serum albumin BSA (Thermo Fisher 
Scientific, USA) and 1% penicillin-streptomycin solution (Beyotime, China) at 37 °C and 5% CO2.

Cell transfection and animal model construction
The lentiviral vector for FGF6 overexpression was constructed by OBiO Technology Corp., Ltd. (Shanghai, 
China). The lentivirus was transfected into 96-well plates containing polybrene. The appropriate multiplicity 
of infection (MOI) and puromycin concentration were selected according to the cell growth state (HSC-4 cells: 
MOI = 60, puromycin concentration = 2 µg/mL; HaCaT cells: MOI = 40; puromycin concentration = 1 µg/mL). 
HSC-4 cells with good growth status and 80% cell density were inoculated in 6-well plates and cultured in a 
5% CO2 incubator at 37 °C for 24 h. FGF6 overexpression lentivirus and empty vector lentivirus were added to 
6-well plates for cell transfection, and the blank group was set up. RT-qPCR was performed to verify the effect of 
lentivirus overexpression. Primer sequences are shown in Supplementary Table 3.

The experiment was simulated in three stages (Supplementary Fig.  1), each of which included FGF6 
lentivirus transfection group and control group, respectively, with 6 nude mice in each group, a total of 36 mice. 
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At the normal stage, the HaCaT cell suspension (2×106 counts) transfected with FGF6 lentivirus was injected 
subcutaneously into the right back of nude mice as the FGF6 lentivirus transfection group, and the HaCaT cell 
suspension transfected with empty vector lentivirus was injected into the control group. In OLK stage, HaCaT 
cell suspension was injected subcutaneously into the right back of nude mice. After the formation of a stable 
epithelial-like structure, the FGF6 lentivirus transfection group was injected with HSC-4 cell suspension (2×106 
counts) transfected with FGF6 lentivirus in the basement membrane area of the epithelial-like layer, and the 
control group was injected with HSC-4 cell suspension transfected with empty vector lentivirus. In OSCC stage, 
the HSC-4 cell suspension transfected with FGF6 lentivirus was injected subcutaneously into the right back of 
nude mice in the FGF6 lentivirus transfection group, and the HSC-4 cell suspension transfected with empty 
vector lentivirus was injected into the control group.

RayBiotech protein chip technology, bioinformatics analysis
The serum samples of OSCC, OLK, and normal tissues were analyzed using a protein chip to screen for differential 
proteins. Hierarchical clustering, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses were performed on the screened differential proteins using R Programming Language35–37.

Real time quantitative PCR analysis
Total RNA was extracted using TRIzol reagent, and the concentration was determined using enzyme calibration 
(BioTek, Synergy HTX, USA). Total RNA was reverse-transcribed to cDNA using the All-in-One First-Strand 
Synthesis MasterMix kit (Sheng share, China). Real-time PCR was performed with SYBR Green PCR Master 
Mix on a Veriti 96 well PCR amplifier (Thermo Fisher Scientific, USA). The relative mRNA expression was 
calculated using the 2−ΔΔCt method.

Histomorphological observation and HE staining
Fresh tissue samples were fixed in 10% formalin for 24 h and dehydrated with absolute ethanol. Five µm thick) 
were obtained from tissues included in paraffin blocks. The sections were stained in hematoxylin solution 
(BASO, China) for 5  min, differentiated in 1% acid alcohol for 1  s, treated with 1% ammonia for 1  min, 
counterstained with eosin solution (BASO, China) for 1  min, dehydrated in 70% alcohol, 80% alcohol, 95% 
alcohol, and mounted with neutral balsam (Solarbio, China). Multiple images of the sections were obtained 
using a orthostatic microscope (BX43, OLYMPUS, Japan).

Immunohistochemical (IHC) staining
Paraffin Sect.  (5  μm) were deparaffinized and treated with alcohol. Sections were incubated overnight with 
primary antibodies at 4  °C. The sections were then washed three times with PBS. The sections were then 
incubated with the secondary antibody at room temperature for 15 min. The color was revealed by DAB and all 
sections were examined and photographed under a microscope (BX43, OLYMPUS, Japan).

Western blot assay
Proteins in the serum and tissue samples were extracted, and their concentrations were determined using a BCA 
kit (Solarbio, China). The total protein was separated and transferred to a PVDF membrane. The membrane was 
incubated with the primary antibody overnight at 4 °C: AKT1/2/3 (Abways, Beijing, 1:2000); BCL2 (Abways, 
Beijing, 1:1000); Phospho-AKT (Thr308) (Zenbio, Chengdu, 1:1000); Cyclin D1 (Zenbio, Chengdu, 1:1000); 
ERK1 + ERK2 (Bioss, Beijing, 1:2000); Capase 9 (Abways, Beijing, 1:2000); FGF6 (Bioss, Beijing, 1:1000); FGFR4 
(Bioss, Beijing, 1:2000); FGFR1 (Bioss, Beijing, 1:1500); PI3K (Bioss, Beijing, 1:1000); ACSL4 (Abways, Beijing, 
1:2000); GPX4 (Abways, Beijing, 1:2000); GAPDH (Affinity, Shanghai, 1:50000); Phospho-ERK1/2 (Bioss, 
Beijing, 1:2000). And then incubated with the Goat Anti-Rabbit IgG H&L antibody (Bioss, China, 1:50000) 
at room temperature for 1 h. The membrane was washed three times with TBST and then incubated with ECL 
solution (Sheng share, China) for 2 min in the dark and photographed using a microscopic imaging system 
(Invitrogen, iBright CL 1000, USA).

Determination of malondialdehyde (MDA) and Fe2+ content
The MDA content was detected using an MDA detection kit (Solarbio, China) according to the manufacturer’s 
instructions. Fe2+ levels were measured using a Ferrous Iron Colorimetric Assay Kit (Elabscience, China) 
according to the manufacturer’s instructions.

Statistical analysis
SPSS20.0 was used for statistical analysis, one-way analysis of variance (One-Way ANOVA), t-test, and Kruskal-
Wallis H Test were used to analyze the data. GraphPad Prism9 was used to create the diagram. In the graphs, 
ns indicates P > 0.05, P < 0.05 was as statistically significant. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
Values are presented as means ± standard error).

Results
Analysis of differential proteins expression
Three serum samples were randomly selected from the OSCC, OLK, and normal groups for the RayBiotech 
protein chip detection. The results showed differentially expressed proteins among the three groups (Fold 
Change > 2, P < 0.05). The expression of FGF6 is significant different between the OSCC and normal groups 
and between the OSCC and OLK groups (Fig. 1A). Therefore, FGF6 is considered the main target of research to 
verify its role in OSCC. A heat map of the differentially expressed proteins is shown in Fig. 1B–D.
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Functional enrichment analyses of the differential proteins
GO and KEGG enrichment analysis were used to screen the functional characteristics of differential proteins and 
their involved signaling pathways. The differential proteins in the OSCC group compared with the normal group 
were mainly involved in biological processes, such as lymphocyte chemotaxis, mononuclear cell migration, 
and monocyte chemotaxis, and were mainly enriched in viral protein interactions with cytokines and cytokine 
receptors, cytokine-cytokine receptor interactions, and other pathways (Fig.  2). The differentially expressed 
proteins in the OSCC group compared with the OLK group were mainly involved in biological processes, such as 
response to interleukin-17, interleukin-17-mediated signaling pathway, and cellular response to interleukin-17, 
and were mainly enriched in the renin-angiotensin system, interleukin-17 signaling pathway, and other 
pathways (Fig.  3). The differentially expressed proteins in the OLK group compared with the normal group 
were mainly involved in biological processes, such as lymphocyte chemotaxis, mononuclear cell migration, 
and extracellular matrix disassembly, and were mainly enriched in viral protein interactions with cytokines 
and cytokine receptors, rheumatoid arthritis, and other pathways (Fig. 4). According to the classical signaling 
pathways of cell proliferation and apoptosis and combined with KEGG enrichment analysis, we selected the 
signaling pathways involved in FGF6, including the MAPK and PI3K-AKT pathways.

Different expression of key regulatory factors in serum of OSCC group, OLK group and 
normal group
We investigated the differences in the expression of key regulatory factors in the above pathways in the serum 
of OSCC, OLK, and normal groups using western blotting. As shown in Fig. 5A, B shown, the expression of 
FGF6 in the serum of the OSCC group was significantly higher than that in the OLK and normal groups. The 
expression of FGFR4 and FGFR1 in the serum of the OSCC group was significantly higher than that of the 

Fig. 1. Analysis of differential proteins expression and heat map of differentially expressed proteins. (A) 
Differentially expressed proteins between OSCC and OLK group, between OSCC and normal group and 
between OLK group and normal group. (B) Differentially expressed proteins between OSCC and normal 
group in heat map. (C) Differentially expressed proteins between OSCC and OLK group in heat map. (D) 
Differentially expressed proteins between OLK and normal group in heat map.
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normal group. In the MAPK pathway, there was no significant difference in the expression of ERK in the three 
serum groups. The expression of pERK in the OSCC group was significantly higher than that in the OLK and 
control groups. The expression of BRAF and cyclin D1 was significantly higher in the OSCC group than in the 
normal group. In the PI3K-AKT pathway, the expression of PI3K, pAKT, Caspase9, and BCL2 was significantly 
higher in the OSCC group than in the normal group. There was no significant difference in the expression of 
AKT between the three serum groups. There was no significant difference in the expression of the ferroptosis-
related genes GPX4 and ACSL4 in the serum of the OSCC, OLK, and normal groups.

Different expression of key regulatory factors in tissues of OSCC group, OLK group and 
normal group
IHC results showed that the expression of FGF6 in tissues of the OSCC group was significantly lower and that of 
FGFR4 in tissues of the OSCC group was significantly higher than that in the OLK and normal groups (Fig. 6A, 
B). There was no significant difference in the expression FGFR1 among the three groups of tissues. In the MAPK 
pathway, there was no significant difference in the expression of BRAF and ERK among the three groups of 
tissues. The expression levels of pERK and Cyclin D1 in OSCC group were significantly higher than those in the 
OLK and normal groups. In the PI3K-AKT pathway, there was no significant difference in the expression of AKT 
and PI3K among the three groups of tissues. The expression levels of pAKT and BCL2 in the OSCC group were 
significantly higher than those in the OLK and normal groups. The expression of Caspase9 in the OSCC group 
was significantly lower than that in the normal group. The expression of the ferroptosis-related genes GPX4 and 
ACSL4 was significantly higher in the OSCC group than in the normal group.

Western blotting results showed that the expression of FGF6 in tissues of the OSCC group was significantly 
lower than that in the OLK and normal groups. There was no significant difference in the expression of FGFR1 
between the three groups of tissues. The expression of FGFR4 in OSCC group was significantly higher than 
that in normal group. The expression of regulatory factors in MAPK and PI3K-AKT signaling pathways and 
ferroptosis-related genes GPX4 and ACSL4 was consistent with the IHC results (Fig. 7A, B).

Effect of overexpression of FGF6 on OSCC xenografts
We verified the effect of FGF6 overexpression by RT-qPCR (Fig.  8A). Compared with the blank group, the 
relative expression of FGF6 in HSC-4 cells was significantly higher in the FGF6 lentivirus transfection group 
(OE group). There was no significant difference in the expression of FGF6 between the blank and control groups.

Lentivirus interferes with the process of OSCC disease model as shown in Fig. 8B, C, the FGF-6-overexpression 
precancerous lesion tissue group showed a tumorigenic trend and tended to be histopathologically characterized 

Fig. 2. The main biological processes, cellular components, molecular functions and signaling pathways 
involved in differential proteins in OSCC and normal group were analyzed.
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Fig. 4. The main biological processes, cellular components, molecular functions and signaling pathways 
involved in differential proteins in OLK and normal group were analyzed.

 

Fig. 3. The main biological processes, cellular components, molecular functions and signaling pathways 
involved in differential proteins in OSCC and OLK group were analyzed.

 

Scientific Reports |        (2024) 14:26877 6| https://doi.org/10.1038/s41598-024-78552-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 6. Different expression of key regulatory factors in tissues of OSCC group, OLK group and normal group. 
(A, B) IHC results. bar = 200 μm OSCC and OLK group (×200) normal group (×100) n ≥ 3 Statistical analysis 
was performed using the independent sample t-test. *P < 0.05 **P < 0.01 ***<0.001 ****P < 0.0001.

 

Fig. 5. Different expression of key regulatory factors in serum of OSCC group, OLK group and normal group. 
(A) Results of serum Western Blot (Original blots/gels are presented in Supplementary information). (B) Gray 
value statistics. Statistical analysis was performed using the independent sample t-test. *P < 0.05 **P < 0.01 
***P < 0.001.
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by OSCC. In the mucosal carcinogenesis stage, the tumor in the FGF-6-overexpression group was higher than 
that in the control group (Fig.  8B, C). The degree of differentiation of tumor-bearing OSCC tissue in nude 
mice of the FGF-6-overexpression group was lower than that in the control group, and there was a large area of 
necrotic tissue (Fig. 8D).

Exploring the different expression of key regulatory factors in vivo
We explored the effects of FGF6 overexpression on key regulatory factors in normal, precancerous, and cancer 
tissues. IHC results showed that the expression of FGF6 was significantly higher in the OE group than in normal, 
precancerous, or cancer tissues (Fig. 9and Supplementary Fig. 2). The expression of FGF6 was significantly lower 
in cancer tissues in both control and OE groups. The expression of FGFR4 was significantly higher in cancer 
tissues in both control and OE groups. There was no significant difference in the expression FGFR1 between 
the groups. In the PI3K-AKT pathway, the expression of BCL2 was significantly higher and of Caspase9 was 
significantly lower in the OE group than in normal, precancerous, or cancer tissues. There were no significant 
differences in the expression levels of PI3K and AKT between the groups. In the MAPK pathway, the expression 
of pERK and Cyclin D1 was significantly higher in the OE group than in the precancerous or cancer tissues. 
There were no significant differences in ERK expression between the groups. The expression of ferroptosis-
related genes GPX4 and ACSL4 was significantly higher in the OE group than in the normal, precancerous, or 
cancer tissues.

Western blotting results showed that the expression of FGF6 was significantly higher in the OE group than 
in normal tissues, precancerous tissues, or cancer tissues (Fig. 10and Supplementary Fig. 3). The expression of 
FGFR4 was significantly higher in cancer tissues than in the control group. There was no significant difference 
in the expression FGFR1 between the groups.

In the PI3K-AKT and MAPK pathway, the expression of key regulatory factors was consistent with IHC 
results. The expression of the ferroptosis-related genes GPX4 and ACSL4 was also consistent with the IHC results.

Content of MDA and Fe2+ in vitro and in vivo
The MDA and Fe2+ contents in the OSCC group were significantly lower than those in the OLK and normal 
groups in vitro (Fig. 11A, B). The contents of MDA and Fe2+ in cancer tissues were significantly lower than those 
in normal and precancerous tissues in vivo. The levels of MDA and Fe2+ in the OE group were significantly lower 
than those in the control group (Fig. 11C–L).

Fig. 7. Different expression of key regulatory factors in tissues of OSCC group, OLK group and normal 
group. (A, B) Western blot results (Original blots/gels are presented in Supplementary information). Statistical 
analysis was performed using the independent sample t-test. *P < 0.05 **P < 0.01 ***P < 0.001.
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Discussion
FGF6 is a secreted protein, the human FGF6 gene is located on chromosome 12p13. Its cleavable N-terminal 
signal peptide functions as an extracellular medium, facilitating the binding and activation of FGFR. Penault-
Llorca et al. detected the expression of FGF6 in 15% of breast cancer cases38. In the research of Kwabi-Addo 
et al., neither normal prostate nor breast tissues showed any signs of FGF6 expression39. The above studies 
have shown that FGF6 is highly expressed in other squamous cell carcinomas and adenocarcinoma tissues. 
This result is inconsistent with our verification results of FGF6 in proteomics and tissue sample expression 

Fig. 9. Different expression of key regulatory factors in vivo. IHC results. (×200) bar = 100 μm n ≥ 3.

 

Fig. 8. Nude mouse model construction results (A) The relative expression of FGF6 in HSC-4 after 
transfection with lentivirus. Statistical analysis was performed using the independent sample t-test. 
****P < 0.0001 (B) Weight difference of subcutaneous tumor in the mucosal carcinogenesis stage. Statistical 
analysis was performed using the independent sample t-test. ****P < 0.0001 (C) The animal modeling in 
general. bar = 5 cm (D) HE staining results. (×200) bar = 100 μm.
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in OSCC, suggesting that FGF6 may not have been recognized in previous studies as a specific biomarker for 
different stages of OSCC. Our results showed that the expression of FGF6 in the serum of the OSCC group 
was higher than that in the OLK and normal groups. However, tissue samples showed that FGF6 was highly 
expressed in the normal group. The reason might be that FGF6 stimulates the growth of vascular endothelial 
cells by promoting angiogenesis, thereby releasing growth factors and causing changes in vascular endothelial 
cell permeability40. Besides, the neovascularization can promote the proliferation and differentiation of tumor 

Fig. 10. Different expression of key regulatory factors in vivo. Western blot results (Original blots/gels are 
presented in Supplementary information).
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cells41. The proliferation of new blood vessels in tumors may lead to vascular leakage, that is, tumor cells may 
invade new microvessels through the permeability change of vascular endothelial cells in the late stage of cancer, 
and continue to grow until they reach a new site42. This results in increased expression of FGF6 in serum due to 
changes in vascular endothelial cell permeability.

We found that FGFR4 and FGFR1, receptors that bind to FGF6 in the enrichment pathway, were highly 
expressed in the serum of the OSCC group. FGFR4 was highly expressed in OSCC tissues. There was no 
significant difference in the expression of FGFR1 in the normal, OLK, and OSCC groups, indicating that FGFR4 

Fig. 11. Content of MDA and Fe2+in vitro an in vivo (A) The content of MDA in vitro. (B) The content of 
Fe2+ in vitro. (C–G) The content of MDA in vivo. (H–L) The content of Fe2+ in vivo. Statistical analysis was 
performed using the independent sample t-test. *P < 0.05 **P < 0.01 ***P < 0.001 ****P < 0.0001.
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may be involved in downstream proteins of the regulatory pathway as a key receptor binding to FGF6 in the 
regulation of OSCC.

The phosphorylation level of AKT was upregulated in the control normal tissues, control precancerous 
tissues, and control cancer tissues, while the expression levels of PI3K and AKT were not statistically significant 
among the three groups, indicating that FGF6 may accelerate the carcinogenesis of OPMD by promoting AKT 
phosphorylation. The upregulation of BCL2 expression was observed consistently across the control normal 
tissues, precancerous tissues, and cancer tissues, concomitantly with an increase in Caspase9 protein levels. 
This indicates that FGF6 exerts its influence by potentially binding to either FGFR4 or FGFR1, engaging in 
the PI3K-AKT signaling cascade. This interaction triggers AKT phosphorylation, leading to an upregulation of 
BCL2 and a corresponding downregulation of Caspase9, thereby implicating FGF6 in the inhibition of cancer 
cell apoptosis. As previously reported, decreased BCL2 expression is associated with good cell differentiation 
and prognosis in OSCC43,44. Knockdown of chloride intracellular channel 1 can downregulate the expression of 
pERK and upregulate the expression of Caspase9, which can inhibit the proliferation, migration, and invasion of 
OSCC cells, thus promoting tumor cell apoptosis28. Our results showed that pERK expression was upregulated 
with the upregulation of FGF6 protein expression, whereas ERK expression remained unchanged. This suggested 
that FGF6 may stimulate the MAPK pathway and promote ERK phosphorylation by binding to FGFR4. The 
upregulation of Cyclin D1 expression concurred with FGF6 protein expression, suggesting a mechanistic 
link wherein FGF6 triggers ERK phosphorylation through the MAPK signaling cascade. This orchestrated 
event ultimately enhances the expression of Cyclin D1, thereby fostering the proliferation of cancer cells. The 
discrepancy between the mRNA expression levels of FGFR4, FGF6 and Caspase9, and their respective protein 
expression levels, can be attributed to the inherent instability of the transcriptome, resulting in the potential loss 
of certain information. This showed that their expression at the protein level is inconsistent with the expression 
at the transcriptional level.

Sun et al. found that overexpression of miR-34c-3p in SCC-25 cells can promote ferroptosis by increasing 
reactive oxygen species, MDA, and iron content, and downregulating GPX4 expression45. This was consistent 
with our results that FGF6 can upregulate the expression of GPX4 and ACSL4 in the ferroptosis pathway, thereby 
inhibiting ferroptosis in OSCC.

In summary, we explored the role of FGF6 in the progression of OSCC at the protein and transcriptional 
levels and found that it may mediate the PI3K-AKT and MAPK pathways to regulate the progression of OSCC, 
providing new ideas for early clinical diagnosis and new targets for treatment. However, this study has some 
limitations. First, there is a difference in age due to some uncontrollability in the collection of clinical specimens. 
But to control for this bias, we constructed the animal model to verify the results. Second, additional experiments 
such as changes in downstream MAPK and PI3K signaling pathways after FGFR4 knockdown are needed to 
further support this conclusion. And whether FGF6 can be used to diagnose OSCC is still unknown, and a large 
number of clinical sample tests are needed to verify this. The future development of an FGF6 inhibitor drug may 
be promising for controlling OSCC progress.

Conclusion
FGF6 may upregulate the phosphorylation level and change the expression of related apoptosis proteins and 
proliferation factors by binding to FGFR4 in the PI3K-AKT/MAPK pathway and may inhibit the ferroptosis of 
OSCC, thereby possibly participating in the process of inhibiting OSCC.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available but are available from 
the corresponding author upon reasonable request.
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