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Abstract. One‑carbon metabolism plays an important role 
in cancer progression. Methylenetetrahydrofolate dehydroge‑
nase 2 (MTHFD2), a mitochondrial enzyme in one‑carbon 
metabolism, is dysregulated in several cancer types. However, 
the precise role and mechanisms of MTHFD2 in esopha‑
geal squamous cell carcinoma (ESCC) remain unclear. The 
present study unravels the multifaceted mechanisms by which 
MTHFD2 contributes to ESCC pathogenesis. Bioinformatics 
analyses revealed significant upregulation of MTHFD2 in 
ESCC tumor tissues, which was associated with advanced 
disease stage and poor patient prognosis. Validating these 
findings in clinical samples, MTHFD2 overexpression was 
confirmed through immunohistochemistry, Reverse transcrip‑
tion‑quantitative PCR and western blotting. Knockdown of 
MTHFD2 inhibited ESCC cell viability, colony formation, 
invasion, and tumor growth in vivo, indicating its oncogenic 

potential. Mechanistically, the present study elucidated 
a novel regulatory axis involving N6‑methyladenosine 
modification and MTHFD2 mRNA stability. Specifically, 
methyltransferase‑like 3 (METTL3) and insulin‑like growth 
factor 2 mRNA binding protein 2 (IGF2BP2) were identified 
as key mediators of m6A‑dependent stabilization of MTHFD2 
mRNA, contributing to its elevated expression in ESCC. 
Furthermore, MTHFD2 was found to activate PI3K/AKT and 
ERK signaling pathways by modulating interaction between 
phosphatidylethanolamine‑binding protein 1 (PEBP1) and 
raf‑1 proto‑oncogene (RAF1). This modulation was achieved 
through direct binding of MTHFD2 to PEBP1, disrupting 
the inhibitory effect of PEBP1 on RAF1 and promoting 
downstream pathway activation. The oncogenic functions 
of MTHFD2 were attenuated upon PEBP1 knockdown, 
underscoring the role of the MTHFD2‑PEBP1 axis in ESCC 
progression. In summary, the present study uncovers a novel 
regulatory mechanism involving m6A modification and 
the MTHFD2‑PEBP1 axis, unveiling potential therapeutic 
avenues for targeting MTHFD2 in ESCC.

Introduction

Esophageal cancer (EC) is a notable global health burden and 
a leading cause of cancer mortality worldwide. In 2020, an 
estimated 544,076 deaths were attributed to E (1). Esophageal 
squamous cell carcinoma (ESCC) accounts for the majority 
of EC cases, representing >50% of diagnoses in China  (2). 
Despite considerable research efforts, treatment outcomes for 
ESCC remain poor, with median survival ~11 months, largely 
due to late‑stage diagnosis and the lack of effective targeted 
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therapies (3,4). Thus, identifying molecular markers to enable 
early diagnosis and prognosis prediction, as well as discovering 
novel therapeutic targets, is key for improving patient outcomes.

Aberrant energy metabolism is a hallmark of cancer that 
supports tumor growth and progression (5). Increasing evidence 
suggests that overactivity of one‑carbon metabolism drives tumor‑
igenesis and is associated with epigenetic regulation of cells (6,7). 
Methylenetetrahydrofolate dehydrogenase  2 (MTHFD2), a 
mitochondrial enzyme involved in one‑carbon metabolism, 
serves an important role in physiology and pathology (8). As a 
bifunctional enzyme, MTHFD2 catalyzes interconversion of 
folate metabolites to support biosynthetic processes, including 
purine synthesis. MTHFD2 expression is induced in cancer to 
meet increased metabolic demands, and high MTHFD2 levels 
promote occurrence and development of tumors (9,10). While 
MTHFD2 dysregulation is implicated in ovarian cancer (11), 
glioma (12) and lung (13) and colorectal cancer (14), its functional 
role and mechanisms in ESCC remain unexplored.

N6‑methyladenosine (m6A) RNA methylation is a 
prevalent post‑transcriptional modification by methyltrans‑
ferase complexes, recognized by RNA‑binding proteins, 
and removed by demethylases (15). m6A signaling regulates 
cancer progression (16,17). In ESCC, m6A has been shown to 
control processes such as proliferation, invasion and metas‑
tasis (18‑20). However, different m6A regulators may confer 
distinct regulatory outcomes in ESCC (21).

The present study investigated the clinical value and 
functional role of one‑carbon metabolism‑associated genes in 
ESCC, with a particular focus on MTHFD2. To elucidate the 
regulatory mechanisms involved, the effects of key m6A regu‑
lators, methyltransferase‑like 3 (METTL3) and insulin‑like 
growth factor  2 mRNA binding protein  2 (IGF2BP2), on 
MTHFD2 expression were assessed. Additionally, downstream 
signaling pathways influenced by MTHFD2 and the impact 
on the phosphatidylethanolamine‑binding protein 1 (PEBP1) 
and raf‑1 proto‑oncogene (RAF1) interaction was assessed. 
PEBP1 inhibits the RAF1/MEK/ERK pathway, which regu‑
lates key cellular processes such as survival, proliferation and 
apoptosis (22,23).

Materials and methods

Data acquisition and preprocessing. The Cancer Genome 
Atlas (TCGA)biolinks R package (24) was used to retrieve 
mRNA expression data (RNA‑seq V2) and corresponding 
clinical information for 80  patients with ESCC in the 
TCGA‑ESCA cohort from the Genomic Data Commons 
portal (portal.gdc.cancer.gov/) using the GDCquery function. 
Patients were selected based on the disease type informa‑
tion classified as ‘Squamous Cell Neoplasms’. GSE130078, 
GSE53622, and GSE53624 were downloaded from the Gene 
Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/). TCGA‑ESCA cohort includes patients of 
Asian, White and Black or African American descent. The 
GSE130078 cohort consists of South Korean patients, while 
the GSE53622 and GSE53624 cohorts include patients from 
China.

Differentially expressed genes and clinical relevance analyses. 
MTHFD2 expression levels across pan‑cancer were evaluated 

using the TIMER 2.0 database (25). BEST tool (rookieutopia.
com/app_direct/BEST/) was used to compare MTHFD2 
mRNA levels between tumor and normal tissue in ESCC data‑
sets from GEO database. BEST also analyzed the correlation 
between MTHFD2 expression and clinical features in ESCC 
using Spearman's method. Kaplan‑Meier plotter website (26) 
was used to assess the prognostic value of MTHFD2 in ESCC.

Gene set enrichment analysis (GSEA). GSEA was performed 
to assess enrichment of one carbon pool by folate and 
PI3K/AKT signaling pathway gene sets using MSigDB 
databases (https://www.gsea‑msigdb.org/gsea/msigdb).

Online prediction. The sequence‑based RNA adenosine meth‑
ylation site predictor (SRAMP; cuilab.cn/sramp) was used to 
identify potential m6A modification sites in MTHFD2 mRNA. 
Potential protein interactions of MTHFD2 were predicted 
using Biological General Repository for Interaction Datasets 
(BioGRID) (https://thebiogrid.org/).

Cell culture. ESCC cell lines, including TE1 (CVCL_1759), 
KYSE30, KYSE410, KYSE150 and KYSE510, and immortal‑
ized esophageal epithelial cell Het‑1A, were acquired from 
Wuhan Pricella Biotechnology Co., Ltd. Cells were cultured 
in RPMI‑1640 medium supplemented with 10% fetal bovine 
serum (Procell Life Science & Technology Co., Ltd.) in a 
humidified incubator at 37˚C with 5% CO2. 

RNA interference, lentivirus production and infection. 
Lentiviral vectors expressing short hairpin RNAs (shRNAs) 
targeting MTHFD2 (shRNA#1, 5'‑GCC​TCT​TCC​AGA​GCA​
TAT​TGA‑3'; shRNA#2, 5'‑GCA​GTC​ATT​GAT​GTG​GGA​
ATA‑3') and scrambled negative control (NC; 5'‑TTC​TCC​
GAA​CGT​GTC​ACG​T‑3') were designed and synthesized by 
Shanghai GeneChem Co., Ltd.. Small interfering (si)PEBP1 
(5'‑GTG​GTC​AAC​ATG​AAG​GGC​AAT‑3') and control siNC 
(Table SI) were also synthesized by GeneChem. The lenti‑
virus production and infection and siRNA transfection were 
performed as previously described  (27). Briefly, KYSE30 
and KYSE410 cells were infected with lentivirus expressing 
shMTHFD2 and shNC for 48 h. Following selection with 
puromycin (2 µg/ml) for 72 h, knockdown efficiency was 
confirmed by qPCR and WB analysis as aforementioned. As 
for siRNA transfection, a 500 µl mixture containing 10 µl of 
20 µM siPEBP1/siNC and 10 µl Lipofectamine 2000 (Thermo 
Fisher Scientific, Inc.) was added to KYSE30 and KYSE410 
cells that had been seeded in 6‑well plates 24 h earlier. The 
medium was replaced with fresh complete medium after 6 h. 
The efficiency of interference was detected by WB and qPCR 
after 48 h.

Reverse transcription quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cells using TRIzol (Invitrogen; 
Thermo Fisher Scientific, Inc.) and 1 µg RNA was reverse‑tran‑
scribed to cDNA using PrimeScript RT reagent kit (Takara 
Biotechnology Co., Ltd.). RT‑qPCR was performed with SYBR 
Premix Ex Taq II (Takara Biotechnology Co., Ltd.) on a 7500 
Real‑Time PCR System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The thermocycling conditions were as follows: 
Initial denaturation at 95˚C for 30 sec, followed by 40 cycles of 
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denaturation at 95˚C for 5 sec and annealing/extension at 60˚C 
for 30 sec. The relative expression of target genes was calcu‑
lated using the 2‑ΔΔCq method with GAPDH as the reference 
gene (28). The primers are shown in Table SI.

Western blot (WB) analysis. Western blot was performed as 
described previously (29) using primary antibodies against 
MTHFD2 (Proteintech Group, Inc.; cat. no. #12270‑1‑AP), 
METTL14 (Proteintech Group, Inc.; #26158‑1‑AP) and 
IGF2BP2 (Proteintech Group, # 11601‑1‑AP; all 1:1,000) 
followed by HRP‑conjugated secondary antibodies (1:2,000; 
Cell Signaling Technology, Inc.).

Immunohistochemistry (IHC). A total of 80 paired clinical 
ESCC and adjacent normal tissue samples collected from 
February 2018 to September 2019 (median age, 61 years; age 
range, 43‑76 years; 5 female and 75 male; distance, 3 cm) 
were obtained from the tissue bank of the First Xiangya 
Hospital of Central South University (Changsha, China). 
IHC staining was performed to evaluate the expression of 
MTHFD2. Tissues were fixed in 4% paraformaldehyde at 
room temperature for 24 h and embedded in paraffin. Then, 
5‑µm sections were cut and mounted on slides. Antigen 
retrieval was performed using citrate buffer at 95˚C for 
20 min. Slides were then washed with xylene and rehydrated 
in a descending alcohol series. Blocking was performed 
with 5% BSA(cat. no. #37520, Thermo Fisher Scientific, 
Inc.) at 25˚C for 1 hour. Endogenous peroxidase activity was 
quenched with 3% hydrogen peroxide for 10 min at 25˚C. 
The primary antibody against MTHFD2 (#12270‑1‑AP; 
Proteintech Group, Inc.) was (1:100) and incubated at 
4˚C overnight. The secondary antibody (#SA00004‑2; 
Proteintech Group, Inc.; Biotin‑conjugated) was diluted 
(1:200) and incubated at room temperature for 1 h. Protein 
localization and staining intensity were visualized using 
diaminobenzidine (DAB) and scored as described previ‑
ously (30). Images were captured using a light microscope 
at 100x magnification. Image analysis was performed using 
ImageJ (Java 8 version, National Institutes of Health).

Methylated RNA immunoprecipitation (MeRIP)‑qPCR. 
MeRIP was conducted using Protein A/G magnetic beads 
(cat. no. #Bes5203‑1, BersinBio,) according to the manufac‑
turer's protocol. In each reaction, 50‑100 µg of RNA were 
sonicated to produce small fragments of about 100  nt in 
length. After precipitation and washing, the RNA fragments 
were dissolved in 400 microliters of IP buffer containing 
RNase inhibitors. The m6A antibody (1 mg/ml) was used 
for immunoprecipitation, with IgG (1 mg/ml) as a negative 
control. Immunoprecipitated complexes were washed three 
times with IP buffer 3 at 4˚C for 5 min each. RNA extraction 
involved centrifugation at 13,000 g, 4˚C for 10 min, followed 
by ethanol precipitation and collection at 16,000 g, 4˚C for 
30 min. The complexes were isolated using a magnetic rack, 
and RNA was eluted with Elution Buffer and Proteinase K at 
55˚C for 30 min. Immunoprecipitated RNA was purified and 
reverse‑transcribed to cDNA, and MTHFD2 enrichment was 
measured using qPCR and normalized to input controls as 
aforementioned. Knockdown of METTL3 and IGF2BP2 was 
verified to assess specificity of m6A modification.

Luciferase reporter assay. A dual‑luciferase reporter system 
assay was performed as previously described (27). For lucif‑
erase reporter construction, the MTHFD2 sequence 5'‑AGC​
TTG​GGG​TAG​CCA​CTA​ATT​AAC​TAC​TGT​GTC​TTC​TGT​
GTC​ACA‑3') containing predicted m6A sites was amplified 
by PCR and cloned into the pmirGLO reporter plasmids 
(Promega Corporation) downstream of the luciferase reporter 
gene. The empty pmirGLO vector served as a control. 
KYSE30 and KYSE410 cells were seeded in 24‑well plates 
(5x104 cells/well). After 24 h, cells were co‑transfected at 37˚C 
with pmirGLO‑MTHFD2 or empty vector (500 ng), Renilla 
luciferase plasmid (50 ng) for normalization and siMETTL3 or 
siNC (50 nM). At 48 h post‑transfection, luciferase activity was 
measured using the Dual‑Luciferase Reporter Assay System 
(Promega Corporation). Each experiment was performed in 
triplicate.

RNA stability assay. RNA stability assays were conducted as 
previously described (27). Briefly, ESCC cells were treated 
with 10 µg/ml actinomycin D (MedChemExpress; #HY‑17559) 
for 0, 2, and 4 h. Following RNA isolation, qRT‑PCR was 
used to assess MTHFD2 relative expression, normalized to 
GAPDH. mRNA half‑life was then determined using linear 
regression analysis.

Co‑immunoprecipitation (Co‑IP) assay. Co‑IP assays were 
performed to investigate protein‑protein interactions. Briefly, 
protein was extracted from lysed ESCC cells (Pierce IP 
Lysis Buffer, Thermo Fisher Scientific, Inc.). Magnetic beads 
were added to the protein solution and incubated at 4˚C for 
30 min. Following magnetic separation, the supernatant was 
transferred to a new tube and divided into two groups: an IgG 
control group and a target antibody group. The corresponding 
antibodies were added overnight at 4˚C with shaking. 
Magnetic beads (pre‑washed twice with cold PBS) were then 
added to each protein‑antibody complex and incubated for 4‑6 
h at 4˚C. After another magnetic separation, the supernatant 
was collected and heated to 100˚C for 10 min to denature the 
proteins. Following centrifugation and a final magnetic bead 
separation, the resulting supernatant was collected for WB 
analysis.

T7 biotin labeled RNA synthesis and RNA pulldown assay. RNA 
pull‑down assay was performed as previously described (27). 
Briefly, biotin‑labeled RNA probes specific to MTHFD2 
mRNA were synthesized using the Ribo RNAmax‑T7 Biotin 
Labeled RNA Synthesis kit (#C11002‑2, RiboBio) following 
the manufacturer's protocol. An RNA pulldown experiment 
was then carried out with the BersinBio RNA pulldown Kit 
(#Bes5102, BersinBio) according to the standard method (27). 
Biotin‑labeled RNA probes were attached to streptav‑
idin‑coated magnetic beads for 30 min at room temperature. 
RNA‑bead conjugates were then incubated with nucleic 
acid‑depleted lysates (Pierce IP Lysis Buffer, Thermo Fisher 
Scientific, Inc.) from ESCC cells for 2 h at room temperature 
to capture interacting proteins. The amount of lysate used 
per IP reaction was 0.8 ml. The amount of magnetic beads 
was used according to manufacturer's protocol. After incuba‑
tion, the complexes were washed with protein elution buffer 
provided in the kit. The centrifugation steps were performed 
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at 5,000 g for 1 min at room temperature. The completes were 
captured by the magnetic beads, then eluted and identified via 
WB as aforementioned.

Specifically, the biotin‑labeled RNA probes were attached 
to streptavidin‑coated magnetic beads at room temperature 
for 30  min. These RNA‑bead conjugates were incubated 
with nucleic acid‑depleted lysates from ESCC cells at room 
temperature for 2  h to capture interacting proteins. The 
captured proteins were subsequently eluted and identified via 
western blot as aforementioned.

Cell Counting Kit (CCK)‑8. CCK‑8 assay was employed to 
assess cell viability. Cells were at a density of 2,000 cells per 
well seeded into a 96‑well plate and cultured at 37˚C. After 24, 
48, 72, 96 and 120 h, CCK‑8 solution (10 µl/well, Biosharp) was 
added, and the plate was incubated at 37˚C for 2 h. Absorbance 
was measured at 450 nm.

Colony formation assay. ESCC cells were seeded into 6‑well 
plates (600 cells/well) and cultured at 37˚C for 14 days. The 
culture medium was changed every 3 days. Cells were fixed 
with 4% paraformaldehyde at 25˚C for 29 min and stained 
with 0.1% crystal violet at 25˚C for 20 min. Colonies (≥50 
cells) were counted manually under a light microscope at x4 
magnification. The experiment was repeated ≥3 times.

Transwell invasion assay. ESCC cells were seeded (1x105) 
in FBS‑free DMEM (Thermo Fisher Scientific, Inc.) at 37˚C 
in the upper chamber of Matrigel‑coated inserts (BD 
Biosciences). The Matrigel was pre‑coated onto the inserts 
at 37˚C for 30 min. DMEM containing 15% FBS (Thermo 
Fisher Scientific, Inc.) was added to the lower chamber. After 
24 h at 37˚C, non‑invading cells on the upper membrane were 
removed and invading cells on the lower surface were fixed with 
4% paraformaldehyde at 25˚C, stained with 0.5% crystal violet 
at 25˚C for 20 min and counted in five random fields of view 
from three independent experiments (magnification, x100).

Subcutaneous tumor formation in nude mice. KYSE30 cells 
with stable MTHFD2 knockdown and control cells were 
suspended in a 1:1 mixture of PBS and Matrigel. Six‑week‑old 
female BALB/c nude mice (n=6; Silek Jingda; weighing 
20‑25 g at the start of the study were subcutaneously injected 
with 5x106  cells/mouse in the dorsal flank as previously 
described (31). Mice were housed in individually ventilated 
cages under standard conditions: 22‑25˚C temperature, 
50‑60% humidity, 12‑h light/12‑h dark cycle with ad libitum 
access to sterile food and water. Tumor growth was monitored 
every 2 days and caliper measurements were taken to assess 
tumor volume using the formula:

The longest diameter and maximum tumor volume measured 
were 1.25 cm and 0.488 cm3 respectively. After six weeks, mice 
were euthanized by cervical dislocation following injection 
of sodium pentobarbital at a dose of 50 mg/kg (32). Humane 
endpoints were body temperature below 33˚C, 3 h of inactivity, 
and/or a weight loss exceeding 20% of the initial body weight. 
Death was confirmed by cessation of both respiratory and 

cardiac activity. Tumors were harvested for further analysis. 
Tumor tissues underwent IHC staining to evaluate expres‑
sion levels of MTHFD2 and Ki67 as aforementioned. The 
present study was approved by Experimental Animal Ethics 
Committee of Xiangya Hospital, Central South University 
(approval no. XY20240407002).

Statistical analysis. All statistical analyses were conducted 
using R 4.2.1 (r‑project.org/) or GraphPad Prism 8 (graphpad.
com/). Significant differences were determined by paired 
Student's t‑test or Wilcoxon test. One‑way ANOVA followed 
by Tukey's post hoc test was used to evaluate differences 
between >2 groups. χ2 test was used to analyze associa‑
tion between MTHFD2 expression and clinicopathological 
variables. P<0.05 was considered to indicate a statistically 
significant difference. All experiments were performed with 
≥3 biological replicates. Data are presented as mean ± SD.

Results

MTHFD2 upregulation in ESCC is associated with malignant 
progression and poor prognosis. Activity of the one‑carbon 
metabolism pathway was significantly enriched in tumor 
tissue (Fig. S1A). Differential expression analysis identified 
nine up‑ and three downregulated genes in ESCC (Fig. S1B). 
MTHFD2, MTHFD1L, MTHFD1 and thymidylate synthase 
were significantly upregulated in tumors compared with normal 
tissue (Figs. 1A and S1C). MTHFD2 was consistently upregu‑
lated across three independent ESCC datasets and its expression 
was higher in patients with higher tumor grades and metastasis 
(Fig. S1D‑F). MTHFD2 expression across pan‑cancer was 
upregulated in multiple tumor types (including bladder urothe‑
lial carcinoma, breast invasive carcinoma, CESC: Cervical 
squamous cell carcinoma and endocervical adenocarcinoma, 
CHOL: Cholangiocarcinoma, CRC: colorectal cancer, ESCA: 
Esophageal carcinoma, HNSC: Head and neck squamous cell 
carcinoma, kidney renal clear cell carcinoma, LIHC: Liver hepa‑
tocellular carcinoma, LUAD: Lung adenocarcinoma, LUSC: 
Lung squamous cell carcinoma, PCPG: Pheochromocytoma 
and paraganglioma, PRAD: Prostate adenocarcinoma, STAD: 
Stomach adenocarcinoma, THCA: Thyroid carcinoma, and 
UCEC: Uterine corpus endometrial carcinoma), reinforcing its 
role as a potential oncogene (Fig. S1F and G). Survival analysis 
demonstrated that high MTHFD2 expression was associated 
with poor recurrence‑free survival (Fig. 1B).

To validate these bioinformatics findings, 80 ESCC 
samples were collected. IHC confirmed the elevated expression 
of MTHFD2 in tumor tissues (Fig. 1C and D). Kaplan‑Meier 
analysis showed that patients with high MTHFD2 expression 
had worse survival outcomes (Fig. 1E). MTHFD2 expression 
was assessed in normal esophageal and ESCC cell lines. WB 
and qPCR results indicated that KYSE410 and KYSE30 cells 
exhibited higher MTHFD2 levels (Fig. 1F and G) and were 
selected for subsequent experiments.

m6A modification regulates MTHFD2 expression via 
METTL3‑mediated mRNA stability. Considering the 
importance of m6A modification in the regulation of gene 
expression  (33), it was hypothesized that upregulation of 
MTHFD2 is regulated by m6A modification. SRAMP 
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Figure 1. MTHFD2 is a potential biomarker in ESCC. (A) Expression levels of MTHFD2 in paired tumor and adjacent normal tissue samples. (B) Kaplan‑Meier 
curves of MTHFD2 expression in The Cancer Genome Atlas‑Esophageal Carcinoma and GSE11595 cohorts. (C) Immunohistochemistry analysis of MTHFD2 
expression. (D) Ratio of high and low MTHFD2 expression in tumor and normal tissue. (E) Survival curves of MTHFD2 in clinical samples. (F) Western blot 
analysis of MTHFD2 expression in normal esophageal and ESCC cell lines. (G) Quantitative PCR analysis showing MTHFD2 expression levels in normal and 
ESCC cells. ***P<0.001 vs. Het‑1A. ns, not significant; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; ESCC, esophageal squamous cell carcinoma.
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database (34) identified two high‑confidence m6A modifica‑
tion sites on MTHFD2 (Fig. 2A). MeRIP confirmed that site 1 
was modified by m6A (Fig. 2B). Further analysis revealed an 
association between MTHFD2 expression and 30 known m6A 
regulators; there were positive associations between MTHFD2 
and most regulatory factors, supporting a potential regulatory 
role of m6A modification in MTHFD2 expression (Fig. S2A).

To explore the mechanism of m6A modification on 
MTHFD2, common m6A writers (METTL3, METTL16 and 
WTAP) were knocked down in KYSE30 and KYSE410 cells. 
qPCR showed that METTL3 knockdown resulted in a signifi‑
cant downregulation of MTHFD2 mRNA, while METTL16 
and WTAP knockdown did not have a similar effect (Figs. 2C 
and S2B). To validate this, cells were transfected with additional 
METTL3‑targeting sequence. WB and qPCR confirmed effec‑
tive knockdown of METTL3 expression with the two sequences. 
(Fig. 2D and E). The RNA stability assay revealed that METTL3 
knockdown led to decreased stability of MTHFD2 mRNA 
(Fig. 2F). Dual‑luciferase reporter assay demonstrated a signifi‑
cant reduction in luciferase activity upon METTL3 knockdown 
(Fig. 2G). These findings suggested that METTL3‑mediated 
m6A modification serves a key role in regulating MTHFD2 
expression by enhancing stability of its mRNA.

IGF2BP2 recognizes m6A of MTHFD2 mRNA and enhances 
its stability in ESCC. In addition to writers, the m6A methyla‑
tion process involves readers, the main function of which is 
to recognize bases where m6A modification occurs (15). To 
identify the readers of MTHFD2, readers (IGF2BP1, IGF2BP2 
and IGF2BP3) with a high association with MTHFD2 were 
selected. qPCR results indicated that IGF2BP1 and IGF2BP3 
knockdown did not lead to a significant downregulation 
of MTHFD2 mRNA (Fig.  S3). Furthermore, knockdown 
sequences for IGF2BP2 effectively decreased METTL3 
expression, as confirmed by WB and qPCR (Fig. 3A and B). 
MeRIP‑qPCR demonstrated that the m6A antibody enriched 
MTHFD2 mRNA and this enrichment was markedly dimin‑
ished upon METTL3 knockdown (Fig. 3C). RNA stability 
assay revealed that IGF2BP2 knockdown reduced the stability 
of MTHFD2 mRNA in both KYSE30 and KYSE410 cells 
(Fig. 3D). Dual‑luciferase reporter experiments confirmed 
that MTHFD2 mRNA stability decreased following IGF2BP2 
knockdown (Fig. 3E). Moreover, the RNA pull‑down assay 
showed that the biotin‑labeled MTHFD2 mRNA probe 
specifically precipitated IGF2BP2, whereas the control anti‑
sense probe did not (Fig. 3F). These findings indicated that 
METTL3 and IGF2BP2 jointly regulate stability of MTHFD2 
mRNA via m6A modification in ESCC.

To investigate the role of m6A modification in regulating 
MTHFD2, adenine at the 1,080th position of the MTHFD2 
mRNA was mutated to thymine to create a mutant construct 
(Fig.  S4A). qPCR and WB analyses revealed that after 
knocking down MTHFD2, overexpression of wild‑type 
MTHFD2 restored protein expression to baseline levels, while 
overexpression of m6A‑mutant MTHFD2 partially restored 
the expression (Fig.  S4B and  C). MeRIP‑qPCR revealed 
significantly reduced m6A modification in mutant compared 
with wild‑type MTHFD2 (Fig. S4D). RIP‑qPCR demonstrated 
that this mutation substantially impaired the binding between 
MTHFD2 and IGF2BP2 (Fig.  S4E), which was further 

validated by RNA pull‑down experiments (Fig. S4F). mRNA 
stability assay showed that the mutant MTHFD2 exhibited 
significantly decreased stability compared with wild‑type 
(Fig. S4G). These findings indicated that m6A modification 
plays a critical role in stabilizing MTHFD2 mRNA and 
promoting its interaction with IGF2BP2.

Knockdown of MTHFD2 inhibits ESCC progression in vitro 
and tumor growth in vivo. To elucidate the functional role 
of MTHFD2 in ESCC, stable knockdown of MTHFD2 was 
induced in two cell lines, KYSE30 and KYSE410. qPCR and 
WB experiments confirmed significant downregulation of 
MTHFD2 expression (Fig. 4A and B). CCK‑8 assay indicated 
that the viability of the MTHFD2 knockdown group was 
notably decreased compared with that of the control group 
(Fig. 4C). Plate colony formation assay supported these find‑
ings, revealing a significant reduction in proliferative capacity 
of ESCC cells following MTHFD2 knockdown (Fig. 4E). To 
assess the in vivo implications, a nude mouse subcutaneous 
tumor model was constructed. Tumor growth and weight 
monitoring revealed smaller tumors in the MTHFD2 knock‑
down group compared with controls (Fig. 4F and G). IHC 
results corroborated these observations, indicating significant 
downregulation of MTHFD2 and Ki67 levels in subcutaneous 
tumor tissues of the shMTHFD2 compared with shNC group 
(Fig. 4H). These results collectively suggest an oncogenic role 
of MTHFD2 in ESCC progression.

MTHFD2 promotes AKT and ERK signaling pathway activa‑
tion in ESCC. To analyze the potential biological behaviors 
of MTHFD2 in ESCC, patients in TCGA‑ESCC were 
divided into high and low expression groups based on median 
MTHFD2 expression levels (cutoff value=19.03). Differential 
analysis identified 124 down‑ and 1,073 upregulated genes 
(Fig. 5A). Gene Set Enrichment Analysis revealed significant 
enrichment of the PI3K/AKT signaling pathway in the high 
expression group (Fig.  5B). WB experiments showed that 
knockdown of MTHFD2 in KYSE30 and KYSE410 cells 
led to a significant decrease in levels of phosphorylated AKT 
(p‑AKT) and p‑ERK, while the total levels of AKT and ERK 
remained unchanged (Fig. 5C).

BioGRID database (35) identified a potential interaction 
between MTHFD2 PEBP1 (Fig. S5). Co‑immunoprecipitation 
(co‑IP) experiments in ESCC cells confirmed that PEBP1 
and MTHFD2 bind each other (Fig. 5D and E). However, 
MTHFD2 knockdown did not alter the protein or mRNA levels 
of PEBP1, as demonstrated by WB and qPCR (Fig. 5F and G). 
These findings suggested that MTHFD2 promoted activation 
of the PI3K/AKT signaling pathway in ESCC, potentially via 
interaction with PEBP1, without affecting PEBP1 expression.

MTHFD2 modulates PEBP1‑RAF1 interaction and 
PI3K/AKT pathway activation. PEBP1 binds RAF1 and 
inhibits the RAF1/MAPK pathway (36). It was hypothesized 
that MTHFD2 may inhibit binding of PEBP1 to RAF1 by 
interacting with PEBP1. Interaction between PEBP1 and 
RAF1 was assessed after knocking down MTHFD2 in 
KYSE30 and KYSE410 cells. Co‑IP showed that the inter‑
action between PEBP1 and RAF1 was enhanced following 
MTHFD2 knockdown (Fig.  6A). Knocking down and 
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Figure 2. METTL3 regulates MTHFD2 mRNA stability. (A) Predicted m6A modification sites on MTHFD2 mRNA identified using Sequence‑based RNA 
adenosine methylation site predictor database. (B) MeRIP confirmed the presence of m6A sites on MTHFD2 mRNA in KYSE30 and KYSE410 cells. METTL3 
knockdown decreased (C) METTL3 mRNA and (D) MTHFD2 protein expression. (E) Quantitative PCR analysis of MTHFD2 expression following METTL3 
knockdown. (F) RNA stability and (G) dual‑luciferase reporter assay demonstrated decreased MTHFD2 mRNA stability upon METTL3 knockdown. **P<0.01, 
***P<0.001 vs. siNC. ns, not significant; METTL3, methyltransferase‑like 3; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; si, small interfering; NC, 
negative control; MeRIP, methylated RNA immunoprecipitation.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5509
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subsequently overexpressing MTHFD2 eliminated the 
enhanced interaction between PEBP1 and RAF1 induced 
by MTHFD2 knockdown (Fig. 6B) and restored the levels 
of p‑AKT, p‑ERK and p‑MEK1 to wild‑type levels, while 
the total levels of AKT, ERK, and MEK1 remained largely 
unchanged (Fig. 6C). These findings suggested that MTHFD2 
modulated the interaction between PEBP1 and RAF1, thereby 
influencing activation of the PI3K/AKT signaling pathway in 
ESCC.

MTHFD2 exerts oncogenic functions through PEBP1 in 
ESCC. To confirm that MTHFD2 exerts oncogenic functions 
through PEBP1, MTHFD2 was knocked down followed by 
PEBP1. WB analysis showed that after knocking down PEBP1, 
the knockdown of MTHFD2 did not decrease levels of p‑AKT, 
p‑ERK and p‑MEK1 (Fig. 7A). Cell viability assays using 
CCK‑8 demonstrated that the decrease in cell viability caused 
by MTHFD2 knockdown was attenuated when PEBP1 was 
also knocked down (Fig. 7B). This was further supported by 

Figure 3. IGF2BP2 recognizes m6A modification on MTHFD2 mRNA. (A) Western blot analysis showed decreased MTHFD2 expression following IGF2BP2 
knockdown. (B) qPCR analysis of MTHFD2 expression following IGF2BP2 knockdown in KYSE30 and KYSE410 cells. (C) Methylated RIP‑qPCR demon‑
strating significant enrichment of MTHFD2 mRNA using m6A antibody, with this enrichment substantially reduced upon METTL3 knockdown. (D) RNA 
stability assay indicating reduced MTHFD2 mRNA stability following IGF2BP2 knockdown. (E) Dual‑luciferase reporter assays showing decreased MTHFD2 
mRNA stability following IGF2BP2 knockdown. (F) RNA pull‑down assay confirmed that the biotinylated MTHFD2 mRNA probe specifically precipi‑
tated IGF2BP2. **P<0.01 vs. siNC. ns, not significant; IGF2BP, insulin‑like growth factor 2 mRNA binding protein 2; MTHFD2, methylenetetrahydrofolate 
dehydrogenase 2; q, quantitative; RIP, RNA immunoprecipitation; m6A, N6‑methyladenosine; si, small interfering; NC, negative control.
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Figure 4. Knockdown of MTHFD2 inhibits esophageal squamous cell carcinoma progression both in vitro and in vivo. (A) Western blotting and (B) quantita‑
tive PCR confirmed knockdown of MTHFD2 expression in KYSE30 and KYSE410 cells. (C) MTHFD2 knockdown significantly inhibited cell viability. 
(D) Colony formation assays demonstrated a reduction in colony formation ability following MTHFD2 knockdown. (E) Transwell assay revealed a decrease 
in cell invasion following MTHFD2 knockdown. (F) In vivo tumor xenograft model showed decreased tumor growth in mice with shMTHFD2 tumors. 
(G) Tumor volume and weight. (H) Immunohistochemical analysis revealed decreased expression of MTHFD2 and Ki67 (a proliferation marker) in the 
shMTHFD2 group. Scale bar, 100 µm. **P<0.01, ***P<0.001 vs. shNC. ns, not significant; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; sh, short 
hairpin; NC, negative control; OD, optical density.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5509
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colony formation and Transwell assays, which confirmed that 
the decrease in cell viability induced by MTHFD2 knockdown 
was mitigated by PEBP1 knockdown (Fig. 7C and D).

As aforementioned, knockdown of MTHFD2 selectively 
decreased levels of p‑AKT, ERK and MEK‑1 without affecting 
the total protein levels of AKT, ERK and MEK‑1. In vivo, IHC 
revealed significantly decreased levels of p‑AKT, p‑ERK and 
p‑MEK1 in the MTHFD2 knockdown compared with the 
control group, indicating suppression of the AKT/ERK/MEK 
pathway in mice (Fig. 7E).

Discussion

The present study demonstrated significant upregulation of 
MTHFD2 in ESCC tumor tissue, which was associated with 

advanced pathological grade. MTHFD2 was associated with 
poor recurrence‑free survival in patients with ESCC; this 
was validated in clinical samples. The proposed mechanism 
of action for MTHFD2‑induced carcinogenic effects is 
summarized in Fig. 8.

He  et  al  (37) identified high MTHFD2 expression in 
ESCC. The present study performed qPCR and WB analyses 
on freshly collected patient samples, providing more compre‑
hensive validation. Furthermore, functional experiments 
both in vitro and in vivo suggested the potential of MTHFD2 
as a biomarker in ESCC. However, clinical reliance on a 
single biomarker may not always provide optimal diagnostic 
accuracy. Combining MTHFD2 with other markers (such 
as proliferation marker protein Ki‑67, carcinoembryonic 
antigen, CA19‑9: carbohydrate antigen 19‑9, IL6 and B‑cell 

Figure 5. MTHFD2 interacts with PEBP1 and promotes AKT and ERK signaling pathway activation in esophageal squamous cell carcinoma. (A) Differentially 
expressed genes between patients with high and low MTHFD2 expression. (B) Gene Set Enrichment Analysis indicating enrichment of the PI3K/AKT signaling 
pathway in the high‑MTHFD2 group. (C) Western blot analysis following MTHFD2 knockdown in KYSE30 and KYSE410 cells. Co‑immunoprecipitation 
assay detecting the interaction between MTHFD2 and PEBP1. Immunoprecipitates were probed with (D) anti‑MTHFD2 and (E) anti‑PEBP1. (F) Western 
blot and (G) quantitative PCR showing protein and mRNA levels of PEBP1 following MTHFD2 knockdown. ns, not significant; NES, normalized enrichment 
score; FDR, false discovery rate; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; PEBP1, phosphatidylethanolamine‑binding protein 1; sh, short 
hairpin; NC, negative control; adj.p‑value, adjusted P‑value; FC, fold‑change.
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lymphoma‑3) (38,39) may improve the diagnostic precision 
for ESCC in the future.

Based on the role of m6A modification in mRNA 
stability and ESCC progression (18,19), it was hypothesized 
that m6A modification promotes high MTHFD2 expres‑
sion. MeRIP‑qPCR and RNA pull‑down demonstrated 
interaction between METTL3, IGF2BP2 and MTHFD2 

mRNA stabilization. Notably, the present findings align with 
a prior study linking IGF2BP2 with ESCC progression (40), 
suggesting that its functional role may rely on the stabilization 
of MTHFD2. This contributes to understanding of the regula‑
tory role of m6A in ESCC.

Although previous studies have established the connec‑
tion between MTHFD2 and AKT and ERK signaling 

Figure 6. MTHFD2 activates the PI3K/AKT pathway by modulating PEBP1‑RAF1 interaction. Co‑IP detected interaction between PEBP1 and RAF1 following 
(A) MTHFD2 knockdown and (B) subsequent overexpression of MTHFD2. (C) Western blot analysis of the AKT/ERK/MEK signaling pathway proteins 
following MTHFD2 knockdown and OE. MTHFD2, methylenetetrahydrofolate dehydrogenase 2; PEBP1, phosphatidylethanolamine‑binding protein 1; 
RAF1, raf‑1 proto‑oncogene; IP, immunoprecipitation; OE, overexpression; sh, short hairpin; NC, negative control; p‑, phosphorylated.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5509
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Figure 7. MTHFD2 exerts oncogenic functions via PEBP1 in esophageal squamous cell carcinoma. (A) Western blot analysis of AKT/ERK/MEK signaling 
pathway following MTHFD2 and PEBP1 knockdown. (B) Cell Counting Kit‑8, (C) colony formation and (D) Transwell invasion assay following MTHFD2 and 
PEBP1 knockdown. (E) Immunohistochemical staining of p‑AKT, p‑ERK and p‑MEK1 in mouse tumors. Scale bar, 100 µm. *P<0.05, **P<0.01, ***P<0.001 vs. 
shNC. ###P<0.001 vs. shMTHFD2. MTHFD, methylenetetrahydrofolate dehydrogenase; PEBP, phosphatidylethanolamine‑binding protein; p‑, phosphorylated; 
sh, short hairpin; NC, negative control; si, small interfering; OD, optical density.
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pathways (41‑44), the mechanism by which MTHFD2 regu‑
lates these pathways remains unclear. After knocking down 
MTHFD2 in KYSE30 and KYSE410 cells, Co‑IP showed that 
the interaction between PEBP1 and RAF1 was enhanced. In 
addition, knocking down and subsequently overexpressing 
MTHFD2 abolished the enhanced interaction between PEBP1 
and RAF1 induced by MTHFD2 knockdown. The levels of 
downstream key effectors p‑AKT, p‑ERK and p‑MEK1 
were also restored to wild‑type levels. The present results 
suggested that MTHFD2 may inhibit PEBP1 binding to 
RAF1 in a competitive binding manner. However, the specific 
region of interaction between MTHFD2 and PEBP1 warrants 
further investigation to elucidate how MTHFD2 regulates 
PEBP1‑RAF1 interaction.

Given the role of MTHFD2 in tumorigenesis (41,45‑47), it 
may serve as a promising therapeutic target in ESCC. Targeting 
MTHFD2 may allow modulation of the PEBP1‑RAF1 
signaling axis, potentially overcoming resistance to conven‑
tional therapy. Preclinical studies have demonstrated the 
efficacy of small molecule MTHFD2 inhibitors in disrupting 
cancer cell proliferation across various tumor types, including 
glioblastoma and non‑small cell lung cancer, and breast 
cancer (48‑50), suggesting a similar therapeutic potential in 
ESCC. Further preclinical studies, including in vivo models 
of ESCC, and subsequent clinical trials are necessary to 
evaluate the safety, efficacy and optimal therapeutic regimen 
for MTHFD2‑targeted intervention.

Cancer immunotherapy, particularly immune checkpoint 
inhibitors, has reshaped the treatment landscape for 
cancer (51). However, a limited number of patients responds 
to immunotherapy, highlighting the need for investigation into 
the tumor microenvironment and development of alternative 
immunotherapeutic strategies. Studies have revealed that 
MTHFD2 upregulates PD‑L1 expression, thereby facilitating 
immune evasion (52,53). Furthermore, MTHFD2 is implicated 
in regulation of macrophage polarization and T cell function, 
both of which are key for the immune response (54,55). As 
immune checkpoint molecules such as programmed cell 
death protein 1 and PD‑L1 are increasingly used in immuno‑
therapy (56,57), MTHFD2 could serve not only as a prognostic 
biomarker but also as a potential therapeutic target.

The present study has limitations. MTHFD2, as a single 
biomarker, may not capture the full complexity of ESCC 
progression. Integrating MTHFD2 with other biomarkers 
may enhance prognostic accuracy. Larger patient cohorts are 
key for external validation and future research should inves‑
tigate additional regulatory mechanisms affecting MTHFD2 
expression in ESCC.

In conclusion, the present study contributes to under‑
standing ESCC pathogenesis by highlighting the role of 
MTHFD2 and its regulation in disrupting the suppression of 
RAF1 by PEBP1. The present results may facilitate further 
investigation into the intricate biology of ESCC and the 
potential therapeutic implications of targeting MTHFD2.

Figure 8. Mechanism by which m6A modification‑mediated MTHFD2 upregulation drives tumor‑promoting effects via the PEBP1‑RAF1/MEK/ERK 
signaling cascade. METTL3 and IGF2BP2, which collaboratively induce m6A modification at position 1,080 of MTHFD2 mRNA, enhancing its stability 
and expression. Elevated MTHFD2 levels correlate with poor prognosis in ESCC patients. Mechanistically, MTHFD2 interacts with PEBP1, disrupting 
PEBP1's interaction with RAF1 and consequently activating the RAF1/MEK/ERK pathway. ESCC, esophageal squamous cell carcinoma; MTHFD2, 
methylenetetrahydrofolate dehydrogenase 2; METTL3, methyltransferase‑like 3; IGF2BP2, insulin‑like growth factor 2 mRNA binding protein 2; PEBP1, 
phosphatidylethanolamine‑binding protein 1; RAF, Raf‑1 proto‑oncogene; MEK, mitogen‑activated protein kinase kinase 1; ERK, mitogen‑activated protein 
kinase 1.
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