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ARTICLE INFO ABSTRACT

Keywords: Introduction: Mitochondrial fission process 1 (MTFP1) is an inner mitochondrial membrane (IMM)
Lung squamous cell carcinoma protein implicated in the development and progression of various tumors, particularly lung
MTEFP1 squamous cell carcinoma (LUSC). This study aims to provide a more theoretical basis for the
HIF1A

Glyeolysis treatment of LUSC.

Przlife}r]ation Methods: Through bioinformatics analysis, MTFPI was identified as a novel target gene of HIF1A.
Migration MTFP1 expression in LUSC was examined using The Cancer Genome Atlas (TCGA), Gene

Expression Omnibus (GEO), and Proteomics Data Commons (PDC) databases. The Kaplan-Meier
plotter (KM plotter) database was utilized to evaluate its correlation with patient survival.
Western blot and chromatin immunoprecipitation (ChIP) assays were employed to confirm the
regulatory relationship between MTFP1 and HIF1A. Additionally, cell proliferation, colony for-
mation, and migration assays were conducted to investigate the mechanism by which MTFP1
enhances LUSC cell proliferation and metastasis.

Results: Our findings revealed that MTFP1 overexpression correlated with poor prognosis in LUSC
patients(P < 0.05). Moreover, MTFP1 was closely associated with hypoxia and glycolysis in LUSC
(R = 0.203; P < 0.001, R = 0.391; P < 0.001). HIF1A was identified as a positive regulator of
MTFP1. Functional enrichment analysis demonstrated that MTFP1 played a role in controlling
LUSC cell proliferation. Cell proliferation, colony formation, and migration assays indicated that
MTFP1 promoted LUSC cell proliferation and metastasis by activating the glycolytic pathway (P
< 0.05).
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Conclusions: This study establishes MTFP1 as a novel HIFIA target gene that promotes LUSC
growth by activating the glycolytic pathway. Investigating MTFPI may contribute to the devel-
opment of effective therapies for LUSC patients, particularly those lacking targeted oncogene
therapies.

1. Introduction

Lung cancer is currently the leading cause of cancer-related deaths worldwide, and is mainly divided into two categories according
to pathology: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), with NSCLC accounting for 80% [1]. Lung
squamous cell carcinoma (LUSC) is the main pathological subtype of NSCLC and has characteristics of poor prognosis and high
recurrence rate [2]. However, traditional treatment methods have many limitations [3]. In recent years, molecular targeted therapy
has brought new hopes to patients with lung squamous cell carcinoma [4]. It is essential to find specific biological markers for targeted
therapy of lung squamous cell carcinoma and to confirm their roles and mechanisms of action, in order to develop more effective
treatment strategies.

Mitochondria are the most main oxygen-consuming organelles in cells and are the core sites of cellular metabolism, providing
sufficient energy and materials for cells [5]. Solid tumors often have low oxygen levels in their core regions due to rapid growth.
Mitochondria in tumor cells often undergo changes in quantity, structure and function in order to adapt to the rapid growth of tumors
in acidic and hypoxic environments [6]. Mitochondrial fission increases can promote the production of reactive oxygen species (ROS)
in cells, thus promoting tumorigenesis and development [7]. Mitochondrial fission process 1 (MTFP1) is a mitochondrial membrane
protein that participates in the promotion of mitochondrial fission and plays an important role in cell vitality and mitochondrial
dynamics [8]. Studies have shown that MTFP1 overexpression can induce ROS production and promote the growth of oral squamous
cell carcinoma [9]. In hepatocellular carcinoma, high expression of MTFP1 can promote the growth and metastasis of hepatocellular
carcinoma cells by inducing G1 to S phase transition of cells and inhibiting apoptosis [10]. In addition, classical tumor suppressor P53
can reduce Drpl-driven mitochondrial fission by inhibiting MTFP1 protein expression mediated by mTORC1 [11]. This regulation
mechanism allows P53 to limit cell migration and invasion controlled by Drpl-mediated mitochondrial fission. In addition, there are
reports that there is a certain relationship between MTFPI and hypoxia [12]. These studies all indicate that MTFP1 may play an
important role in tumors. However, it is still unclear whether MTFP1 expression is beneficial to the growth of lung squamous cell
carcinoma cells.

Based on this, we found abnormal overexpression of MTFP1 in LUSC by bioinformatics analysis, and will further experimentally
explore the biological function and mechanism of MTFP1 in the development of lung squamous cell carcinoma. This study aims to
provide a more theoretical basis for a novel therapeutic target for patients with lung squamous cell carcinoma who lack oncogene
targeted therapy and may contribute to the development of effective treatments for this disease.

2. Materials and methods
2.1. Data collection and analysis

MTFP1 mRNA expression levels in pan-cancer and adjacent normal tissues, as well as lung squamous cell carcinoma and normal
lung tissues were obtained from the GEPIA2 online tool (http://gepia2.cancer-pku.cn). The microarray data of GSE158632 (platform:
GPL21697), GSE33532 (platform: GPL570) and GSE136043 (platform: GPL13497) were retrieved from the Gene Expression Omnibus
(GEO) database. GSE33532 included two CoCl,-treated cells, GSE33532 included 80 lung squamous cell carcinoma samples and 20
normal samples, while GSE136043 contained 5 lung squamous cell carcinoma samples and 5 normal samples. Transcriptome data were
normalized with the "limma" package for differential analysis in R-4.1.0.

The mRNA levels of MTFP1 in GSE33532 and GSE136043 were plotted using GraphPad Prism 9 software. The MTFP1 mRNA
expression levels in patients with different clinical-pathological groups in LUSC were obtained from the UALCAN online tool (http://
ualcan.path.uab.edu). The protein expression data of MTFP1 in normal lung tissues and lung squamous cell carcinoma samples were
obtained from the Proteomic Data Commons (PDC) database.

The correlation between MTFP1 mRNA expression and overall survival (OS), free-progression survival (FPS) and post-progression
survival (PPS) in patients with LUSC was evaluated using the Kaplan Meier - plotter (KM plotter) database (http://kmplot.com/
analysis). The correlation between MTFPI and the hypoxia signature gene set, as well as LDHA, HK2, GLUT1, and PKM2 in LUSC,
was analyzed using the GEPIA2 online tool. The correlation between MTFP1 and ENO1, PGK1 and PDK1, as well as the correlation
between MTFP1 and glycolysis and oxidative phosphorylation were analyzed by the spearman method in R-4.1.0. The "ggplot2” R
package was used for plotting.

The promoter sequence of MTFP1 was obtained from the EPD online database (https://epd.epfl.ch/). The HREs in the promoter
region of MTFP1 were predicted using the JASPAR online database (https://jaspar.genereg.net/). Gene Ontology (GO) analysis was
performed using the “enrichment GO” function in the R package "clusterProfiler". The “enrichment KEGG” function was used for the
Kyoto Encyclopedia of Genes and genomes (KEGG) analysis.

According to the expression of MTFP1 in TCGA-LUSC samples, the TCGA-LUSC samples were divided into the MTFPI-high group
and the MTFP1-low group. Gene Set Enrichment Analysis (GSEA) was performed using the Hallmark Gene Set (http://www.gsea-
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msigdb.org/) and R packages "fgsea", "Enrichment plot", "gggsea" and "clusterProfiler" in R-4.1.0.
2.2. Cell culture

HEK293T cells and LUSC cell lines NCI-H2170 and NCI-H520 cells were purchased from American Type Culture Collection
(ATCCQ). Cells were cultured in DMEM high glucose or RPMI-1640 medium supplemented with 10% FBS (Gibco), 100 U/mL penicillin,
and 100 U/mL streptomycin (Gibco). For the physical hypoxia model, NCI-H2170 and NCI-H520 cells were cultured for 24h in a
hypoxic incubator with 1% oxygen. For the chemical hypoxia model, NCI-H2170 and NCI-H520 cells were treated with 200 pmol/L
cobalt chloride for 24 h.

2.3. RNA isolation, real-time PCR and RNA interference

Trizol reagent (Invitrogen, USA) was used to extract the total RNA from human lung adenocarcinoma cells. The mRNA is then
transcribed into cDNA using the reverse transcription kit (Promega, USA). Real-time PCR was performed on Light Cycler 480 (Roche,
Switzerland). GAPDH was used as an internal control. Differences in gene expression were calculated using the 2—AACt method and
expressed as fold-changes. Primers were listed as follows: MTFP1 forward, 5- TGTGGTGGACACCTTTGTATGG -3’; reverse, 5-
TGGGGTGGATAATGATGGGGA-3’; GAPDH forward,5- TGTGGGCAT- CAATGGATTTGG -3’; reverse,5- ACACCATGTATTCCGGGT-
CAAT-3’; The short hairpin RNA (sh-RNA)-expressing plasmids were purchased from Merck-Sigma.

2.4. MTT assay

Cell viability was determined by using the 3-(4,5-dimethylthiazol-2- yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma, St Louis,
USA) colorimetric assay. Briefly, cells were seeded in 96-well plates and incubated for 24 h, and cells were subject to different
treatment regimens. After the treatments, cells were washed with phosphatebuffered saline (PBS) and then incubated in MTT solution
(Sigma) for 3 h. After dimethyl sulfoxide was added into each well, the absorbance was measured at 490 nm to determine the cell
viability with a microplate reader (BioTek, Winooski, USA).

2.5. Western blotting and antibodies

Cells were lysed in SDS loading buffer. The boiled samples were separated by 12% SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked with 5% non-fat milk, and incubated with indicated antibodies overnight at 4 °C. The
membranes were then washed with PBS followed by incubation with secondary antibodies for 45 min. The signals of the proteins were
visualized on an ImageQuant LAS 4000 system (GE Healthcare). The primary antibodies used in this study including anti-MTFP1
(Abclonal, china) and anti - actin (Santa Cruz, USA).

2.6. Chromatin immunoprecipitation (ChIP) assay

ChIP assay using a chromatin immunoprecipitation assay kit (Millipore, USA) according to the manufacturer’s instructions. Cells
were fixed with 1% formaldehyde and lysed with SDS lysis buffer. The DNA was sheared into 200-600 bp fragments by ultrasound. The
lysate containing soluble chromatin was incubated and precipitated overnight with the indicated antibodies, including anti-GAPDH
(Santa Cruz, USA), anti-MTFP1 (Abclonal, china) Or rabbit IgG (#ab172730, Abcam). Then the Protein A/G Sepharose was added
for additional 4 h. Protein-DNA crosslinking was then reversed by treating with proteinase K at 45 °C for 2 h. The DNA was then
purified, diluted and subjected to a real-time PCR reaction.

2.7. Xenograft assays

All animal experiments were approved by the Institutional Animal Ethics Committee of Jiangsu Ocean University, and animal care
was in accordance with institutional guidelines. 6-week-old male nude mice were kept in a facility free of specific pathogens. Con-
ShRNA or MTFP1-shRNA cells with a density of 5 x 10° were suspended in 50 pL. DMEM medium, mixed with Matrigel (Corning;
1:1), and then injected into the ventral side of each nude mice. The size of the tumor was measured with a caliper every week. The
tumor volume was calculated using the formula length x width 2 x 1/2. Four weeks after the injection, the mice were sacrificed by
cervical dislocation, and the tumor weight was measured and photographed.

2.8. Glucose, lactic acid, and ATP detection

To detect glucose utilization, lactic acid production, and intracellular ATP production, we utilized the glucose detection kit, lactic
acid detection kit, and ATP detection kit (Beyotime, China) in accordance with the manufacturer’s instructions.

2.9. Cell proliferation assay

For cell proliferation assay, cells were seeded uniformly in 96-well plates at a density of 10,000 cells/well, and five multiple wells
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were established for each group. After cell attachment, the CCK-8 kit was used to measure cell proliferation according to the manu-
facturer’s instructions. Ten microliters of CCK-8 reagent were added to each well, followed by incubation for 2 h. The absorbance
values were measured at 450 nm using an enzyme marker. For the bromodeoxyuridine (BrdU) incorporation assay, cells were seeded in
96-well plates containing 10 pmol/L BrdU solution. After 24 h, cells were fixed in PBS containing 4% paraformaldehyde for 20 min.
Subsequently, cells were washed with PBS and treated with DNase at room temperature for 15 min. BrdU antibody and TMB substrate
were then added, and cells were incubated. The absorbance was measured at 450 nm using a microplate reader.

2.10. Colony formation

Cells in good growth condition were seeded uniformly into 12-well plates at a density of 1000 cells/well. The plates were then
incubated at 37 °C in a 5% CO3 incubator for 10-14 days. After the colonies were visible to the naked eye, they were fixed in 4%
paraformaldehyde for 15 min and stained with crystal violet for 30 min. The colonies were then photographed and counted.

2.11. Cell invasion

Matrigel and DMEM were mixed and added to the upper Transwell chamber, followed by incubation at 37 °C for 30 min. A total of
100 pL of cell suspension (5 x 10* cells/well) was then added to the matrigel. Six hundred microliters of chemotactic solution were
added to the lower chamber, and the Transwell plates were cultured in a 5% CO cell incubator at 37 °C for 24 h. The uninvaded cells
were removed with a cotton swab, and the invaded cells were fixed with paraformaldehyde for 20 min and stained with crystal violet
for 30 min. After washing with PBS and drying, the stained cells were counted under a microscope, and the number of cells in five fields
was averaged.

2.12. Statistical analysis

The data are presented as mean + standard deviation (SD). Statistical analysis was performed using R-4.1.0 and GraphPad Prism
9.0. The differences between groups were determined using the student’s t-test (for comparisons of two groups) or one-way ANOVA.
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Fig. 1. MTFP1 flow diagram of bioinformatics analysis of the study.
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The p-value <0.05 was considered statistically significant and was expressed as *P < 0.05, **P < 0.01, and ***P < 0.001, respectively.
3. Results

3.1. Overexpression of MTFP1 in LUSC was associated with a poor prognosis

First, we analyzed the HIFIA knockout gene expression data (Supplementary Table 8) and CoCl2 processing two cell gene
expression data (Supplementary Table 9 and 10), got 62 potential HIF1A substrates(Supplementary Table 11). Then, by bioinformatics
analysis, we found that MTFP1 overexpression was associated with poor prognosis in LUSC(Fig. 1). To investigate the role of MTFP1 in
cancers, we used the GEPIA2 online tool to examine the expression of MTFPI mRNA in 33 different human tumor types and their
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Fig. 2. Overexpression of MTFP1 in LUSC was associated with a poor prognosis (A) GEPIA2 online tool was used to plot the mRNA expression of
MTFPI in pan-carcinoma and corresponding adjacent normal tissues. (B) mRNA expression of MTFP1 was analyzed in 486 squamous cell lung
carcinoma samples and 338 normal samples from both TCGA and GTEx databases. (C, D) MTFP1 mRNA expression was measured in lung cancer
samples and normal samples from GSE33532 and GSE136043, respectively. (E, F) The mRNA expression of MTFP1 was analyzed in different stages
and subtypes of LUSC. (G) Protein expression of MTFP1 was measured in normal lung tissue and LUSC samples from the CPTAC database. (H-J) The
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corresponding normal tissues. Our results showed that MTFP1 mRNA expression was considerably higher in tumor tissues compared to
normal tissues in approximately 50% (16/33) of the cancer types (Fig. 2A). Furthermore, lung squamous cell carcinoma (LUSC) tissues
continued to express MTFP1 at a level that was considerably higher than that of healthy controls, even after incorporating GTEx data
(Fig. 2B). Consistent with our findings, analysis of the GSE33532 and GSE136043 datasets (Supplementary Table 1 and 2) further
demonstrated that MTFP1 expression was higher in LUSC samples than in normal samples (Fig. 2C-D). Subsequent analysis using the
UALCAN online tool revealed that mid-late-stage LUSC tissues had significantly higher levels of MTFP1 expression than early-stage
tissues (Fig. 2E). Additionally, we observed that MTFP1 expression was higher in three other types of lung cancer compared to
healthy lung tissues (Fig. 2F), indicating that MTFP1 plays a role in the development of multiple types of lung cancer. Correspondingly,
in the CPTAC database, we observed greater levels of MTFPI protein expression in LUSC samples than in healthy lung tissues (Fig. 2G).
To investigate the clinical significance of MTFP1 in LUSC, we used the Kaplan-Meier Plotter tool to assess the relationship between
MTFPI1 transcription levels and patient survival. Our data revealed that high expression of MTFPI was negatively correlated with
overall survival (OS), free-progression survival (FPS), and post-progression survival (PPS) of LUSC patients (Fig. 2H-J), indicating that
MTFP1 overexpression is associated with a poor prognosis in LUSC.

3.2. MTFP1 is closely related to hypoxia and glycolysis

Previous studies have reported an association between MTFPI and hypoxia, and it is well established that hypoxic environments
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Fig. 4. HIFIA is a positive regulator of MTFP1 (A, B) Relative expression of MTFP]1 in human lung adenocarcinoma cell lines NCI-H2170 or
NCI-H520 after physical hypoxia or cobalt chloride treatment was detected by polymerase chain reaction (PCR). (C, D) Western blotting was used to
detect the protein expression of MTFP1 in human lung adenocarcinoma cells NCI-H2170 or NCI-H520 after physical hypoxia treatment or hypoxic
treatment induced by cobalt chloride. MTFP1 was compared with p-actin. (E) Schematic diagram showing hypothetical response elements from the
human MTFP1 gene promoter. TSS: transcriptional starting point. (F) The human MTFP1 promoter contains one potential binding site for HIF1A was
highlighted with RED. The mutant site was labeled with “ x . 293T cells were co-transfected with HIFIA and the indicated vector for 36 h, and
luciferase activity was detected. (G) ChIP-qPCR assay showed the enrichment of HIFIA in the putative HIFIA binding site of the MTFP1 promoter
region. (**P < 0.01). (H) ChIP-PCR amplification results using primers targeting the MTFP1 promoter region, and the PCR products were separated
by agarose gel electrophoresis.*P < 0.1, **P < 0.01, and ***P < 0.001. Data were analyzed using Student’s t-test. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

<«

promote cancer growth. We carried out an analysis using data from the TCGA and GTEx databases to investigate the correlation
between MTFP1 and hypoxia. Specifically, we analyzed the expression of 95 hypoxia signature genes (Supplementary Table 3) and 25
hypoxia-inducible genes (Supplementary Table 4) in hypoxic tumor cells [13,14]. Our analysis of both normal lung tissue (Fig. 3A-B)
and lung squamous carcinoma samples (Fig. 3C-D) revealed a strong correlation between the majority of these genes and MTFP1,
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Fig. 5. Knockdown of MTFP1 inhibited LUSC tumor growth. (A) Western blot analysis was used to assess the expression of MTFPI in NCI-H2170
and NCI-520 cells transfected with either control-shRNA or MTFP1-shRNA. Beta-actin was used as a loading control. (B) The CCK-8 assay was
performed to evaluate the effect of MTFPI knockdown on cell proliferation in NCI-H2170 and NCI-520 cells. Cells were transfected with either
control-shRNA or MTFP1-shRNA for 72 h prior to analysis. (C) Colony formation assay was performed to assess the effect of MTFP1 knockdown on
the ability of NCI-H2170 and NCI-520 cells to form colonies. (D) The ELISA measurement of BrdU incorporation was used to determine the effect of
MTEFP1 knockdown on cell proliferation in NCI-H2170 and NCI-520 cells. Cells were transfected with either control-shRNA or MTFP1-shRNA for 72
h prior to analysis. (E) Real-time PCR analysis was performed to evaluate the effect of MTFP1 knockdown on MKI67 mRNA expression in NCI-H2170
and NCI-520 cells. (F) Transwell migration assay was used to evaluate the effect of MTFP1 knockdown on the ability of NCI-H2170 and NCI-520
cells to migrate. (G) Tumor growth curves were generated to evaluate the effect of MTFPI knockdown on LUSC tumor growth in a xenograft mouse
model using NCI-H2170 cells with stable MTFPI knockdown. (H) Tumors harvested from NCI-H2170 with stable MTFP1 knockdown were pho-
tographed to assess the effect of MTFPI knockdown on tumor growth. (I) Statistical analysis was performed to evaluate the effect of MTFP1
knockdown on tumor size in NCI-H2170 with stable MTFP1 knockdown. (J) Tumor growth curves were generated to evaluate the effect of MTFP1
knockdown on LUSC tumor growth in a xenograft mouse model using NCI-520 cells with stable MTFP1 knockdown. (K) Tumors harvested from NCI-
520 with stable MTFP1 knockdown were photographed to assess the effect of MTFP1 knockdown on tumor growth. (L) Statistical analysis was
performed to evaluate the effect of MTFP1 knockdown on tumor size in NCI-520 with stable MTFP1 knockdown. Data are presented as mean + SEM
of at least three independent experiments. Statistical significance was determined using Student’s t-test. *P < 0.1, **P < 0.01, and ***P < 0.001.
Data were analyzed using one-way ANOVA.
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suggesting a close association between MTFP1 and hypoxia. Furthermore, we identified two glycolysis enzymes, ENO1 and PGK1,
among these hypoxia signature genes, as glycolysis is closely linked to hypoxia. ENO1, PGK1, and PDK1, a glycolysis regulatory factor
regulated by PGK1, are characteristic genes in the hypoxia signaling pathway according to the MSigDB database. We therefore further
analyzed the correlation between MTFP1 and these three genes. Our results demonstrate a significant correlation between MTFP1 and
ENO1 (Fig. 3E-F), PGK1 (Fig. 3G-H), and PDK1 (Fig. 3I-J) in most tumor types, including lung squamous carcinoma. These obser-
vations suggest a significant association between MTFP1 and both hypoxia and glycolysis.

3.3. HIF1A is a positive regulator of MTFP1

To investigate whether hypoxia mediates the upregulation of MTFP1 in lung squamous cell carcinoma (LUSC), we treated human
lung adenocarcinoma cell lines, NCI-H2170 and NCI-H520, with either hypoxia or hypoxia mimetic cobalt chloride. We found that
both hypoxia and cobalt chloride significantly induced both MTFP1 mRNA and protein levels (Fig. 4A-D). Furthermore, we assessed
the impact of cobalt chloride treatment on the cell viability of two human lung adenocarcinoma cell lines, namely NCI-H2170 and
NCI-H520. Our results revealed a significant increase in cell viability following cobalt chloride treatment as compared to the control
group (Fig. S1A).HIF1A recognizes hypoxia response elements (HREs) within promoter regions to regulate downstream target gene
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Fig. 6. MTFP1 was involved in LUSC cell proliferation and energy metabolism. Gene ontology (GO) analysis and (A) Kyoto encyclopedia of genes
and genomes (KEGG) analysis (B) based on co-expressed genes in LUSC of MTFP1. (C) Gene set enrichment analysis (GSEA) of the E2F targets, G2M
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expression [15]. Applying JASPAR transcription factor prediction database analysis, we observed that the MTFPI promoter region
contained a canonical HRE (Fig. 4E). In luciferase assays, HIF1A significantly promoted the luciferase activity of the wild-type MTFP1
promoter, but not the mutant-type promoter (Fig. 4F). We then performed ChIP-PCR assays to examine whether HIFIA directly binds
to the MTFP1 promoter, and observed that the MTFP1 promoter could be efficiently recovered from HIFIA immunoprecipitates, but
not from control immunoprecipitates, indicating that HIF1A directly binds to the MTFP1 promoter region (Fig. 4G-H). Therefore, we
conclude that MTFP1 is a direct target of HIF1A in LUSC, where the expression of MTFP1 is induced by hypoxia, and HIF1A directly
binds to its promoter region containing an HRE.

3.4. Knockdown of MTFP1 inhibited LUSC tumor growth

The previous results suggest that MTFP1 plays a crucial role in LUSC. To investigate this further, we generated stable MTFPI-
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experiments. *P < 0.1; **P < 0.01; ***P < 0.001. Data were analyzed using one-way ANOVA.

10



J. Jietal Heliyon 10 (2024) e28440

knockdown cell lines by transducing NCI-H2170 and NCI-520 LUSC cells with Con-shRNA and MTFP1-shRNA lentiviruses. Western
blotting confirmed the knockdown efficiency (Fig. 5A). CCK8 assay revealed that MTFP1 knockdown significantly reduced the growth
of NCI-H2170 and NCI-520 cells (Fig. 5B), as well as their colony-forming ability (Fig. 5C). The 5-bromo-2-deoxyuridine (BrdU)
incorporation assay further demonstrated reduced proliferation in MTFP1-knockdown NCI-H2170 and NCI-520 cells (Fig. 5D).
Furthermore, qRT-PCR analysis showed that MTFP1 knockdown resulted in significant downregulation of the cell proliferation-related
gene KI67 (Fig. 5E). The cell migration assay also demonstrated that MTFP1 knockdown weakened the migration ability of the two
LUSC cell lines (Fig. 5F), suggesting that MTFP1 regulates LUSC cell proliferation and migration.

We also investigated whether MTFP1 promotes LUSC tumor growth. Stable MTFP1-knockdown NCI-H2170 and NCI-520 cells were
subcutaneously injected into nude mice to establish xenograft models. Compared with the control group, MTFPI-knockdown
NCI-H2170 cells showed weakened tumor growth, with significantly smaller tumor volume and weight (Fig. 5G-I). Similarly, MTFP1
knockdown in NCI-520 cells resulted in significant inhibition of tumor growth (Fig. 5J-L). In conclusion, these in vitro and in vivo
experimental results demonstrate that MTFP1 knockdown reduces LUSC cell proliferation and suppresses tumor growth.

3.5. MTFP1 was involved in LUSC cell proliferation and energy metabolism

Analyzing the co-expression network can provide insight into the biological functions of a gene. We searched for the top 1000 co-
expressed genes with MTFP1 from two online databases, cBioPortal and Coxpresdb (Supplementary Tables 5 and 6), and identified 186
common genes (Supplementary Table 7). GO analysis revealed that MTFP1 is associated with ATP metabolic processes (Fig. 6A), while
KEGG analysis showed that MTFP1 is involved in the glycolysis process (Fig. 6B), indicating its participation in cellular energy
metabolism. Additionally, based on the expression of MTFP1 in TCGA-LUSC samples, we divided them into high-expression and low-
expression groups for GSEA analysis. Pathways related to cell proliferation and energy metabolism, such as E2F targets, G2M
checkpoint, glycolysis, and hypoxia, were significantly enriched in the MTFP1 high-expression group (Fig. 6C). Therefore, we further
analyzed the correlation between MTFP1 and glycolysis and oxidative phosphorylation. The results showed that MTFP1 was positively
correlated with glycolysis in most tumors (28/33) (Fig. 6D). In addition, a significant correlation was observed between MTFP1 mRNA
levels and glycolysis in LUSC (Fig. 6E), while a good correlation was observed between MTFPI mRNA levels and oxidative phos-
phorylation in LUSC (Fig. 6F-G). These findings suggest that MTFP1 may play a role in the regulation of energy metabolism in LUSC, in
addition to its involvement in cell proliferation.

3.6. MTFP1 promoted the proliferation and migration of LUSC by regulating glycolysis

To examine the correlation between MTFP1 and four key molecules in the glycolytic pathway of LUSC, we used GEP1A2 online tool
and found a significant positive correlation between MTFP1 and LDHA, HK2, GLUT1, and PKM2 (Fig. 7A). We further assessed the
impact of MTFP1 on glycolysis in LUSC cells and found that MTFP1 expression suppression led to reduced glucose consumption, lactate
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Fig. 8. Schematic diagram of the mechanistic link between increased HIFIA expression induced by hypoxia positively regulates MTFP1 over-
expression and regulates glycolytic to promote proliferation and migration of LUSC. By Figdraw.
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and ATP production levels in NCI-H2170 and NCI-520 cells (Fig. 7B). Inhibition of MTFP1 expression also reduced the mRNA
expression levels of LDHA, HK2, GLUT1, and PKM2 in both cell lines (Fig. 7C), suggesting that MTFP1 positively regulates glycolysis in
cancer cells.

To investigate whether MTFP1 promotes cancer cell proliferation and growth by regulating the glycolytic pathway, we treated
NCI-H2170 and NCI-520 cells with 2-Deoxy-p-glucose (2-DG), an inhibitor of glycolysis, and assessed their growth and proliferation.
Compared with the control group without 2-DG treatment, we found that NCI-H2170 and NCI-520 cells treated with 2-DG had a
significant reduction in their proliferation ability, and the proliferation of MTFPI knockout cells did not change significantly
(Fig. 7D-E,Figs. S2A-B). Moreover, colony formation and migration abilities of these cells were significantly impaired after 2-DG
treatment, and MTFP1 knockout cells had no significant change (Fig. 7F-G,Figs. S2C-D). These results suggest that MTFPI pro-
motes cancer cell proliferation and migration by positively regulating the glycolytic pathway (Fig. 8). MTFP1 is a promising target for
lung squamous cell carcinoma therapy.

4. Discussion

Lung squamous cell carcinoma has a poor survival prognosis due to the lack of effective therapeutic means [16]. Therefore,
research on new targets and combination therapy, such as immunotherapy, is important. To achieve this, it is essential to study the
molecular characteristics of lung squamous cell carcinoma. MTFP1 is a nuclear coding protein that promotes mitochondrial division
and is associated with the development of different types of cancer [17]. Abnormal overexpression of MTFP1 was found in LUSC, which
promoted the proliferation and migration of LUSC cells by activating the glycolysis pathway. MTFP1 was overexpressed in LUSC
according to TCGA, GEO, and PDC databases. High expression of MTFP1 was associated with poor prognosis in LUSC patients. MTFP1
was also found to be closely related to hypoxia and key enzymes of glycolysis in LUSC, which is a major marker of metabolic
reprogramming in cancer [18]. MTFP1 was found to be a new target gene of HIF1A and promoted the proliferation and growth of lung
squamous cell cells.

To further explore the specific action mechanism of MTFP1 in promoting LUSC, functional enrichment analysis was conducted
using MTFP1 co-expressed gene set and TCGA-LUSC sample data. The results revealed that MTFP1 was mainly involved in ATP
metabolism and glycolysis in LUSC. MTFP1 was found to be significantly correlated with both glycolysis and oxidative phosphory-
lation, which are two pathways that primarily power tumor growth [19]. Silencing MTFP1 expression led to reduced glycolysis in two
types of lung squamous cell cells. This indicates that MTFP1 promotes the development of LUSC by regulating the glycolysis pathway.

Of course, this study also has some limitations. Firstly, this study only investigated the HIF1A positive regulation of MTFP1 induced
by hypoxia, and further exploration of other genes regulated by HIF1A can be conducted. Secondly, this study only focused on the
glycolytic pathway activated by MTFP1, while the occurrence and development of LUSC is a complex process, and further studies are
needed to investigate other mechanisms of action. Finally, this study is a single-gene study, which does not provide a comprehensive
understanding of the genetic variation of LUSC, so further genome-wide studies may be needed.

In conclusion, this study provides evidence that MTFPI is a novel target gene of HIFIA that promotes the growth of LUSC by
activating the glycolysis pathway. It highlights the potential of MTFP1 as a therapeutic target for LUSC patients who lack oncogene-
targeted therapy. The findings also provide insight into the molecular features of LUSC, which may contribute to the development of
novel effective targeted therapeutic agents for patients with lung squamous cell carcinoma who lack oncogene targeting therapy.
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