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Abstract

Background: Methyltransferase-like 9 (METTL9) has been implicated in tumor progression, yet its clinical significance, functional
roles, and immunoregulatory functions in lung adenocarcinoma (LUAD) remain unclear. This study aimed to integrate multi-omics
datasets and experimental evidence to systematically evaluate the expression profile, prognostic value, molecular mechanisms, and tumor
microenvironment (TME)-related functions of METTL9 in LUAD.Methods: Transcriptome and clinical data for LUAD and METTL9
protein expression were obtained from public databases. Survival analysis was performed using Kaplan–Meier analysis and Cox propor-
tional hazards models. METTL9-related differentially expressed genes (DEGs) were screened, followed by functional annotation and
pathway enrichment analysis. A protein-protein interaction (PPI) network associated with METTL9 was constructed using STRING.
METTL9 gene mutations and promoter methylation levels were analyzed via cBioPortal and UALCAN. Immune infiltration was eval-
uated through gene set variation analysis (GSVA) and the TIMER platform. The role of METTL9 depletion in regulating transforming
growth factor-β (TGF-β)/Smad signaling, epithelial-mesenchymal transition (EMT), as well as the behavior of A549 and H1975 cells was
investigated. Results: METTL9 was markedly elevated in LUAD, which was confirmed in external datasets and immunohistochemistry.
Increased METTL9 expression showed a strong association with advanced TNM stage, unfavorable clinicopathological parameters, and
poor survival outcomes in univariate analysis. Receiver operating characteristic (ROC) analysis indicated that METTL9 showed moder-
ate diagnostic utility for LUAD, with an Area Under the Curve (AUC) of 0.704 (95% Confidence Interval [CI]: 0.650–0.758) in the The
Cancer Genome Atlas (TCGA) dataset and 0.815 (95% CI: 0.758–0.872) in the GSE31210 dataset. Moreover, high METTL9 expression
was significantly correlated with poor survival outcomes (Hazard Ratio [HR] = 1.349, 95% CI: 1.010–1.802, p = 0.043). METTL9 inter-
acted with multiple oncogenic proteins in the PPI network and showed significant correlations with cuproptosis-related genes. Immune
infiltration analysis further demonstrated that METTL9 expression showed significantly associated with immune cell infiltration and the
tumor immune microenvironment in LUAD. METTL9 knockdown suppressed LUAD cell proliferation, migration, invasion, and EMT,
while promoting apoptosis and reducing the expression of B-cell lymphoma 2 (Bcl-2), phosphorylated Smad2 (p-smad2), and phospho-
rylated Smad3 (p-smad3). Conclusion: METTL9 is upregulated in LUAD and correlates with an unfavorable prognosis. Our results
indicate that METTL9 may contribute to LUAD progression and EMT, potentially in relation to the TGF-β/Smad signaling pathway.

Keywords: METTL9; epithelial-mesenchymal transition; transforming growth factor beta; Smad proteins; tumor biomarkers; cuprop-
tosis; tumor microenvironment; immune infiltration; lung adenocarcinoma; genetics

1. Introduction
Lung adenocarcinoma (LUAD), the most com-

mon histological subtype of non-small cell lung cancer
(NSCLC), remains one of the major causes of cancer-
related mortality globally [1]. Notwithstanding signifi-
cant progress in targeted and immunotherapeutic strategies,
overall survival (OS) among LUAD patients is still unsat-
isfactory. This can be primarily ascribed to diagnosis at ad-
vanced stages, strong metastatic potential, and the develop-

ment of resistance to therapy [2,3]. Therefore, identifying
novel molecular regulators that contribute to LUAD pro-
gression is of great importance, as they could act as predic-
tive biomarkers or targets for therapeutic intervention.

Accumulating evidence suggests that epigenetic
and posttranscriptional modifications are essential for
cancer progression [4]. Proteins belonging to the
methyltransferase-like (METTL) family are increasingly
acknowledged as important mediators of gene expression
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through RNA and protein methylation pathways, espe-
cially N6-methyladenosine (m6A) modification [5,6].
Several METTL family members have been extensively
studied with regard to cancer. For example, METTL3
promotes chemoresistance in lung cancer by enhanc-
ing mitochondrial uptake [7] and accelerates colorectal
cancer progression through activation of the Janus Ki-
nase 1/Signal Transducer and Activator of Transcription
3 (JAK1/STAT3) signaling pathway [8]. In addition,
METTL3 regulates thyroid cancer differentiation and
chemosensitivity via Paired box 8 (PAX8) modulation [9].
Similarly, METTL14 has been reported to suppress cancer
stemness in gastric cancer by inhibiting the activity of the
Activating Transcription Factor 5/WD Repeat Domain
74 (ATF5/WDR74/β-catenin axis) [10] and to regulate
glycolytic metabolism in colorectal cancer [11]. These
findings highlight the diverse roles of METTL family
members in tumor initiation, metastasis, and therapeutic
response.

In contrast to the well-characterized roles of
METTL3 and METTL14, the biological functions of
methyltransferase-like 9 (METTL9) in cancer remain
relatively poorly understood. METTL9 has recently
been identified as a histidine methyltransferase that cat-
alyzes 1-methylhistidine modification on specific protein
substrates, potentially regulating protein stability and
signaling pathways [12]. Recent studies have started to
elucidate the potential involvement of METTL9 in tumor
biology [13]. For instance, a circular RNA derived from
METTL9 has been shown to facilitate colorectal cancer
progression through sequestration of miR-551b-5p and
subsequent upregulation of Cyclin-Dependent Kinase 6
(CDK6) expression [14]. Additionally, the Solute Carrier
Family 7 Member 11 (METTL9–SLC7A11) axis has been
reported to suppress ferroptosis and promote hepatocellular
carcinoma progression [15]. However, whether METTL9
participates in lung cancer development, particularly in
LUAD, has not yet been systematically investigated.

Epithelial–mesenchymal transition (EMT) is a critical
biological process that drives epithelial tumor cells toward a
mesenchymal phenotype, resulting in increased migration,
invasion, and metastatic potential [4]. Among the signal-
ing pathways that regulate EMT, the transforming growth
factor-β (TGF-β) pathway is considered a key driver of
EMT during cancer progression. Activation of TGF-β re-
ceptors induces phosphorylation of phosphorylated Smad2
(p-Smad2)and phosphorylated Smad3 (p-Smad3), which
then associate with phosphorylated Smad4 (p-Smad4) and
translocate into the nucleus to regulate the expression of
EMT-related genes [16]. This signaling cascade is critically
involved in tumor invasion, metastasis, and therapeutic re-
sistance in multiple cancers, including LUAD [17].

On the basis of these observations, we hypothesized
that METTL9 may be associated with LUAD progression
and EMT-related signaling pathways, potentially involving

the TGF-β/Smad pathway. Although the precise substrates
ofMETTL9 in this pathway remain unknown, its activity as
a histidine methyltransferase suggests that it may influence
key signaling components or downstream regulatory pro-
teins involved in EMT. In this study, a comprehensive in-
tegrative approach incorporating multiomics datasets, clin-
ical data, as well as experimental validation results was
applied to systematically explore the expression patterns,
prognostic significance, molecular mechanisms, and tu-
mor microenvironment (TME)-related roles of METTL9
in LUAD. Furthermore, functional experiments were con-
ducted to determine whether METTL9 regulates EMT and
the TGF-β/Smad signaling pathway in LUAD cells. Our
results seek to define the biological role of METTL9 in
LUAD and provide further insights into its utility as a prog-
nostic marker and candidate therapeutic target.

2. Materials and Methods
2.1 Data Sources and Preprocessing

Transcriptomic and clinical data of LUAD were re-
trieved from The Cancer Genome Atlas (TCGA) via UCSC
Xena. Normal lung RNA-seq data were obtained from
the Genotype-Tissue Expression (GTEx) database, and pro-
teomic profiles were obtained from the Clinical Proteomic
Tumor Analysis Consortium (CPTAC) database. The
external validation cohort (GSE31210) was downloaded
from Gene Expression Omnibus (GEO). To improve cross-
platform comparability, TCGA and GTEx expression data
were normalized to Transcripts Per Million (TPM) values
and subsequently log2-transformed. Batch effects associ-
ated with sequencing platforms and processing pipelines
were adjusted using the ComBat algorithm in the sva pack-
age (v3.54.0, Baltimore, MD, USA). For TCGA-LUAD,
only primary tumor samples with available RNA-seq data
and complete survival information were retained; cases
with missing OS data or duplicates were removed. CP-
TAC samples were filtered to include those with both pro-
teomic profiles and corresponding clinical annotations. For
GSE31210, only primary LUAD samples with expression
and survival data were included, while incomplete records
were excluded.

2.2 Survival Analysis
Kaplan–Meier survival analysis was used to assess the

association betweenMETTL9 expression and OS in LUAD
patients. The optimal cutoff for stratifying METTL9 ex-
pression into high- and low-expression groups was iden-
tified using the surv_cutpoint function from the R pack-
age (v0.4.9, https://rpkgs.datanovia.com/survminer/index.
html) survminer, based on maximally selected rank statis-
tics. A 10-fold cross-validation approach was applied to
minimize overfitting during cutoff determination. Indepen-
dent prognostic factors were identified using univariate and
multivariate Cox proportional hazards models. The propor-
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tional hazards assumption was evaluated using Schoenfeld
residuals via the cox.zph function in the R package survival.

2.3 Nomogram Construction and Validation
A prognostic nomogram was constructed using the R

package rms by integrating independent prognostic vari-
ables identified through multivariate Cox regression anal-
ysis. Model performance in prediction was measured using
the concordance index (C-index). A bootstrap resampling
approach with 1000 repetitions was used for internal model
validation to limit overfitting. Calibration curves were em-
ployed to evaluate the consistency between predicted and
observed survival probabilities at 1, 3, and 5 years.

2.4 Differential Gene Expression Analysis
Gene expression differences between LUAD tumors

and normal lung tissues were analyzed using the R pack-
age DESeq2. Raw count RNA sequencing data retrieved
from the TCGA database were processed with DESeq2 to
ensure statistical validity of the negative binomial distribu-
tion model. Genes were defined as differentially expressed
(DEGs) when adjusted p values were <0.05 and |log2 fold
change| exceeded 1. TPM-normalized data were used for
downstream visualization and comparative analyses of tran-
script abundance.

2.5 Functional Enrichment Analysis
Using the R package clusterProfiler, gene set enrich-

ment analysis (GSEA) was performed to detect biological
pathways potentially associated with METTL9 expression.
Genes were sorted by log2 fold change comparing high and
low METTL9 expression groups. The number of permuta-
tions was set to 1000, and the enrichment significance was
evaluated using the normalized enrichment score (NES).
The Benjamini–Hochberg (BH) procedure was employed
to account for multiple testing and to control the false dis-
covery rate (FDR). Pathways satisfying FDR <0.25 and ad-
justed p < 0.05 were considered significantly enriched.

2.6 Protein‒Protein Interaction (PPI) Network Analysis
A protein–protein interaction (PPI) network was con-

structed using the STRING database (version 11.5, http
s://string-db.org/) to explore potential interactions among
METTL9-related proteins. Only interactions with a con-
fidence score ≥0.4 (medium confidence) were included to
improve reliability. Visualization and analysis of the inter-
action network were performed using Cytoscape (v3.10.2,
https://cytoscape.org/), excluding nodes with no interac-
tions from the final network.

2.7 Gene Mutation and DNA Methylation Analysis
METTL9 mutations and copy number variations

(CNVs) in LUAD were analyzed using the cBioPortal
database. Based onMETTL9mutation status, patients were
classified into mutation and wild-type groups. Kaplan–

Meier survival analysis and the log-rank test were used
to assess differences in survival between the two groups.
METTL9 promoter methylation levels in LUAD were ad-
ditionally evaluated based on data from the UALCAN
database (http://ualcan.path.uab.edu).

2.8 Immune Infiltration Analysis

Enrichment scores for 24 immune cell types were de-
rived using the gene set variation analysis (GSVA) method.
Associations between METTL9 expression and immune
cell infiltration, as well as KRAS and Programmed Cell
Death Protein 1 (PDCD1) expression, were assessed us-
ing Spearman correlation analysis. The Wilcoxon rank-
sum test was performed to assess differences in immune
infiltration levels between high- and low-METTL9 expres-
sion groups. Multiple testing across the 24 immune cell
subsets was corrected using the BH procedure, and results
with FDR <0.05 were regarded as statistically significant.
In addition, Tumor Immune Estimation Resource (TIMER)
database (http://cistrome.org/TIMER/) analysis was used to
further validate the association between METTL9 expres-
sion and immune infiltration in LUAD. TIMER provides
partial Spearman correlation analysis adjusted for tumor pu-
rity, which was employed in this study to reduce poten-
tial bias caused by tumor purity in immune infiltration esti-
mates.

2.9 Immunohistochemistry (IHC)

The LUAD samples, together with matched non-
tumorous tissues were collected from 10 LUAD patients in
the Suzhou Hospital of Anhui Medical University. All the
specimens were histopathologically confirmed as LUAD
by two independent pathologists. The study was approved
by the Ethics Committee of the Suzhou Hospital of Anhui
Medical University (Approval No. KY-YJ-2025-014), and
written informed consent was secured from all patients fol-
lowing the Declaration of Helsinki. LUAD samples and
corresponding normal tissues were fixed in paraffin (8002-
74-2; Nanjing Reagent, Nanjing, China) and then sectioned
at a thickness of 5 μm. Antigen retrieval was carried out us-
ing citrate buffer (C2488; Sigma-Aldrich, MO, USA), fol-
lowed by incubation of the sections with 5% bovine serum
albumin for 1 hour (ST025; Beyotime, Shanghai, China).
METTL9 primary antibody (83531-5-RR; 1:500 - 1:2000,
Proteintech, Wuhan, China) was added overnight. Follow-
ing this, the sections were incubated with the secondary an-
tibody (ab6721; Abcam, Cambridge, UK) for 1 hour. Af-
ter 3,3′-diaminobenzidine (DAB) staining (ab64238; Ab-
cam, UK), hematoxylin counterstaining (H9627; Sigma–
Aldrich, USA) was performed. The stained tissue sections
were examined under an optical microscope (Nikon Eclipse
80i, Tokyo, Japan). The IHC staining was scored indepen-
dently by two experienced pathologists without knowledge
of the patients’ clinical information. METTL9 expression
levels were quantified using the H-score method, which in-
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tegrates staining intensity (0–3) and the percentage of posi-
tively stained cells. The final H score was calculated as fol-
lows: H score = (percentage of cells with intensity 1 × 1) +
(percentage of cells with intensity 2 × 2) + (percentage of
cells with intensity 3 × 3), resulting in a score ranging from
0 to 300. ImageJ software (v1.54r, https://imagej.net) was
used to quantify the staining intensity. On the basis of the
median H score, the samples were classified into high- and
low-METTL9 expression groups for subsequent analysis.
Since the samples were paired, comparisons between tumor
and corresponding normal tissues were performed using a
paired t test. Values are reported as mean ± standard devi-
ation (SD), and statistical significance was determined at p
< 0.05 (two-sided).

2.10 Cell Lines and Transfection
BEAS-2B (SNL-203; Sunncell, Wuhan, China),

IMR90 (STM-CL-5189; Stemcell, Shanghai, China), A549
(SNL-089; Sunncell, China), and H1975 (SNL-087; Sun-
ncell, China) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; C0891; Beyotime, China) or
RPMI-1640 medium (GNM31800; Genomcell, Hangzhou,
China), both supplemented with 10% fetal bovine serum
(FBS; 10100139; Thermo Fisher, Massachusetts, USA) and
1% penicillin–streptomycin (C0222; Beyotime, China).
All cell lines were maintained at 37 °C in a humidified
incubator with 5% CO2 and routinely passaged every 2–
3 days. Cells within 3–10 passages were used for all ex-
periments to ensure experimental consistency. Lipo6000
(C0526; Beyotime, China) was used to transfect A549
and H1975 cells with small hairpin RNA (shRNA) tar-
geting METTL9 (sh-METTL9#1, sh-METTL9#2, and sh-
METTL9#3) or a negative control (sh-NC). Western blot-
ting and Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR) analyses were performed 48
hours after transfection to verify transfection efficiency.
To further validate the specificity of the observed pheno-
types and rule out potential off-target effects, all key ex-
periments (cell viability, colony formation, migration, in-
vasion, and apoptosis) were performed using at least two
independent shRNA constructs (sh-METTL9#2 and sh-
METTL9#3), and consistent results were obtained with
both. Mycoplasma contamination testingwas routinely per-
formed on all cell lines prior to their use in experiments. All
cell lines were validated by Short Tandem Repeat (STR)
profiling and tested negative for mycoplasma.

2.11 Cell Viability
Cell viability was evaluated using a Cell CountingKit-

8 (CCK-8; 40203ES60; Yeasen, Shanghai, China). A549
and H1975 cells were plated in 96-well plates, followed
by the addition of 10 μL CCK-8 reagent at 24, 48, and
72 h. The absorbance at 450 nm was determined using a
microplate reader (Yomim, Hangzhou, China). All assays
were conducted with at least three independent biological
replicates, and each condition was tested in triplicate.

2.12 Colony Formation Assay
Transfected cells were plated in 6-well plates at a

density of 800 cells per well and cultured for 2 weeks
to allow colony formation, with medium replaced every
3 days. Colonies were fixed with 4% paraformaldehyde
(E-IR-R114; Elabscience, Wuhan, China) for 10 min and
stained with 0.5% crystal violet (MS4005; Maokangbio,
Shanghai, China). Images were captured using a Nikon
camera (Japan), and colony numbers were quantified using
ImageJ software. A colonywas defined as a cluster contain-
ing ≥50 cells, and only qualified colonies were included in
the final analysis. All experiments were performed in trip-
licate with three independent biological replicates.

2.13 Transwell Migration and Invasion Assays
Migration ability of A549 and H1975 cells was eval-

uated using Transwell inserts (725121; Iallab, Shanghai,
China), with 200 μL of cell suspension added to the up-
per chamber. The lower chamber was filled with culture
medium supplemented with 10% FBS. Nonmigrating cells
were extracted from the upper surface after 48 hours. Cells
that reached the underside of the membrane were fixed with
4% paraformaldehyde and subsequently subjected to crys-
tal violet staining. Prior to cell seeding, the upper cham-
ber used for invasion assays was precoated with Matrigel
(C0372; Beyotime, China) for 30 min at 37 °C. Matrigel-
permeable cells were fixed and stained in a similar manner.
Cells were examined using a microscope (Edmund Optics,
Shenzhen, China), and five random fields per membrane
were analyzed. Cell numbers were counted independently
by two blinded investigators. Experiments were performed
in triplicate.

2.14 Apoptosis Assay
Cell apoptosis was analyzed using an Annexin

V-FITC/propidium iodide (PI) apoptosis detection kit
(CX006; Epizyme, Shanghai, China). A549 and H1975
cells were collected, rinsed with ice-cold PBS, and resus-
pended in 195 μL of binding buffer. Annexin V-FITC and
PI were then added and incubated for 15 min at room tem-
perature in the dark. After incubation, 400 μL binding
buffer was added, and apoptotic cells were detected using a
flow cytometer (Agilent, CA, USA). Flow cytometry data
were analyzed using standard gating strategy. Briefly, de-
bris was excluded based on forward scatter (FSC) and side
scatter (SSC) properties, and doublets were eliminated by
FSC-A/FSC-H gating. Fluorescence compensation was ap-
plied according to single-stained controls, and quadrants for
early and late apoptosis were defined based on unstained
and single-stained controls. Data analysis was performed
using FlowJo software (v10.0, BD Biosciences).
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Fig. 1. Methyltransferase-like 9 (METTL9) expression across different cancers and in lung adenocarcinoma (LUAD). (A) Pan-
cancer profiling of METTL9 using The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) databases. (B) TCGA-
based analysis of METTL9 expression in LUAD versus normal lung tissues. (C) TCGA-based analysis of METTL9 expression in
LUAD versus matched normal lung tissues. (D) Analysis of METTL9 expression in LUAD versus unpaired normal lung tissues using
the GSE31210 dataset. ns: p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

2.15 Reverse Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA was obtained using TRIzol reagent
(A33250; Thermo Fisher, USA). First-strand cDNA was
prepared with a reverse transcription kit (04379012001;
Roche, Basel-Stadt, Switzerland). RT-qPCR was con-
ducted using an ABI PRISM 7300 system (Applied Biosys-
tems, CA, USA) with SYBR Green PCR Master Mix
(Thermo Fisher, USA), and the primer sequences are pro-
vided in Supplementary Table 1. β-actin was employed as
the reference gene for normalization, and relative expres-
sion was quantified via the 2−ΔΔCt method. All assays were
carried out in three independent biological replicates.

2.16 Western Blotting

Cells were first lysed using Radio-
Immunoprecipitation Assay (RIPA) buffer (P0013;
Beyotime, China) and then sonicated. The supernatants
were collected by centrifuging the lysates. To determine
the protein concentration, a bicinchoninic acid (BCA,
MA0082, Meilunbio, Dalian, China) test was performed.
Proteins were fractionated on 10% SDS–PAGE gels
(P0690; Beyotime, China) and then electrotransferred

onto PVDF membranes (FFP24; Beyotime, China).
Membranes were blocked in 5% nonfat milk for 1 hour,
then incubated with primary antibodies (Supplementary
Table 2) overnight, and further incubated with secondary
antibodies for 1 hour. β-actin was employed as the loading
control to assess protein loading consistency. Detec-
tion of protein bands was performed using an enhanced
chemiluminescence (ECL) reagent (KGC4603; Keygene,
Shanghai, China), with densitometric analysis carried out
in ImageJ software. β-actin was used for normalization,
and protein expression was quantified as fold changes
relative to control samples. Each Western blot experiment
was repeated independently at least three times.

2.17 Statistical Analysis

Data analyses were carried out using R software (ver-
sion 4.2.1, https://www.r-project.org/), GraphPad Prism
9.0 (https://www.graphpad.com/), and IBM SPSS Statis-
tics 26 (https://www.ibm.com/analytics/spss-statistics-sof
tware). Bioinformatics analyses were performed in R (ver-
sion 4.2.1) using the survival, survminer, ggplot2, cluster-
Profiler, and DESeq2 packages. The Wilcoxon rank-sum
test and paired t-test were applied for unpaired and paired
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Fig. 2. METTL9 protein expression and association with clinicopathological features. (A) Representative immunohistochemistry
(IHC) images of METTL9 expression in LUAD and normal lung tissues were acquired from the Human Protein Atlas (HPA) database
(https://www.proteinatlas.org/) with authorization. (B–F) Association of METTL9 protein expression with metastasis stage (M stage),
lymph node stage (N stage), tumor stage (T stage), pathological stage, and primary therapy outcome in LUAD based on the Clinical
Proteomic Tumor Analysis Consortium (CPTAC) dataset via UALCAN. ns: p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

comparisons of METTL9 expression, respectively. Associ-
ations with clinical features were assessed using Wilcoxon
test and logistic regression. Spearman correlation was used
for correlation analyses. Data are shown as mean ± SD
from at least three independent biological replicates. For
comparisons amongmultiple groups, one-wayANOVA fol-
lowed by Tukey’s post hoc test was performed, while dif-
ferences between two groups were analyzed using the t-test.
Differences with p < 0.05 were considered statistically sig-
nificant.

3. Results
3.1 METTL9 Is Slightly but Significantly Upregulated in
LUAD

Pancancer analysis revealed that METTL9 expression
was dysregulated across multiple tumor types (Fig. 1A).
In LUAD, tumor tissues exhibited modestly but signifi-
cantly greater METTL9 expression than normal lung tis-
sues (Fig. 1B), with mean TPM values of 5.51 in tumors
vs. 5.19 in normal tissues, corresponding to a Fold Change
(FC) of 1.06 (log2FC = 0.088). Consistently, paired anal-
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Fig. 3. Association of METTL9 expression with prognosis in LUAD. (A–C) Kaplan‒Meier survival curves for (A) overall survival
(OS), (B) disease-specific survival (DSS), and (C) progression-free interval (PFI) in TCGA-LUAD cohort.

ysis demonstrated a mild upregulation of METTL9 in tu-
mor tissues versus matched adjacent normal tissues (Fig.
1C), with mean values of 5.67 vs. 5.19, respectively (FC
= 1.09, log2FC = 0.127). Notably, although most of the
paired samples had higher expression in tumors, the mag-
nitude of increase remained relatively small. External val-
idation using the GSE31210 dataset further confirmed this
trend (Fig. 1D), whereMETTL9 expressionwasmarginally
elevated in tumor tissues (mean: 12.16 vs. 11.88 in normal
tissues), corresponding to a fold change of 1.02 (log2FC
= 0.033). Overall, METTL9 appears to be transcription-
ally upregulated in LUAD, but only modestly so, imply-
ing that its biological importance may be more related to
functional regulation and downstream signaling pathways
than to pronounced transcriptional differences. Therefore,
subsequent functional experiments were performed to de-
termine whether this modest but consistent upregulation
translates to meaningful biological effects on LUAD pro-
gression. HPA database–based representative IHC images
revealed elevated METTL9 immunostaining in LUAD tis-
sues relative to normal lung tissues (Fig. 2A). However,
owing to the limited sample size and lack of biological
replicates in the HPA dataset, these findings are consid-
ered qualitative and supportive rather than quantitative ev-
idence. These observations were further supported by our
in-house IHC analysis, which provided quantitative valida-
tion of METTL9 upregulation in LUAD tissues. Further-
more, proteomic analysis of the CPTAC cohort indicated
that higher METTL9 protein levels were closely related to
advanced pathological stage, tumor progression (T, N, and
M), and poor primary therapy outcomes in LUAD (Fig.
2B–F).

3.2 Prognostic and Diagnostic Significance of METTL9 in
LUAD

The association between METTL9 expression and
prognosis in LUAD was assessed using Kaplan–Meier sur-
vival analysis. As illustrated in Fig. 3A, elevated METTL9

expression was linked to significantly reduced OS com-
pared with low expression (hazard ratio [HR] = 1.53; 95%
confidence interval [CI]: 1.13–2.06; p = 0.006). In line
with these findings, high METTL9 expression was asso-
ciated with reduced disease-specific survival (DSS) (Fig.
3B) (HR = 1.68; 95% CI: 1.16–2.44; p = 0.006). More-
over, progression-free interval (PFI) analysis showed that
increased METTL9 expression correlated with an elevated
risk of disease progression (Fig. 3C; HR = 1.50; 95% CI:
1.15–1.95; p = 0.003). Collectively, these results demon-
strate a consistent association between elevated METTL9
expression and poor prognosis across multiple survival end-
points in LUAD patients. The diagnostic performance of
METTL9 in LUAD was evaluated using Receiver Operat-
ing Characteristic (ROC) curve analysis in the TCGA and
GSE31210 cohorts (Fig. 4A,B). METTL9 displayed rea-
sonable diagnostic accuracy, with Area Under the Curve
(AUC) values of 0.704 (TCGA) and 0.815 (GSE31210),
indicating stronger performance in the external validation
cohort. To further investigate its clinical relevance, a
risk score model based on METTL9 expression was con-
structed. As presented in Fig. 4C, the high-risk group
exhibited earlier endpoint events than the low-risk group,
further supporting that high METTL9 expression is as-
sociated with poor prognosis. Additionally, the predic-
tive ability of METTL9 for prognosis was evaluated using
time-dependent ROC curve analysis. As depicted in Fig.
4D, METTL9 yielded AUC values of 0.526, 0.600, and
0.715 for 3-, 5-, and 10-year survival, respectively. Over-
all, METTL9 displays limited short-term predictive power
but improved accuracy in forecasting long-term survival.
Univariate Cox analysis revealed that advanced pathologic
stage, higher T/N classification, M1 status, unfavorable pri-
mary therapy outcomes (Progressive Disease (PD), Stable
Disease (SD), and Partial Response (PR)), and increased
METTL9 expressionwere associatedwith reducedOS (Fig.
4E). METTL9 was not retained as an independent prognos-
tic variable in the multivariate Cox model (Fig. 4F), sug-
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Fig. 4. Predictive value of METTL9 in LUAD. (A,B) Evaluation of METTL9 diagnostic performance based on receiver operat-
ing characteristic (ROC) curve analysis in the TCGA and GSE31210 cohorts. (C) Overview of risk scores, survival outcomes, and
METTL9 expression heatmap in the TCGA-LUAD dataset. (D) Evaluation of METTL9 for predicting 3-, 5-, and 10-year OS based
on time-dependent ROC analysis in the TCGA-LUAD cohort. (E) Forest plot displaying variables associated with OS from univariate
Cox regression analysis. (F) Forest plot displaying independent predictors of OS based on multivariate Cox regression analysis. (G)
Nomogram predicting 3-, 5-, and 10-year OS. (H) Calibration plot validating the nomogram model.

gesting that its prognostic relevance may be attenuated by
more influential clinical parameters, including pathologi-
cal stage, N stage, and initial treatment outcomes. To pre-
dict 3-, 5-, and 10-year survival, a nomogram that included
OS-related risk factors (stage, N stage, primary therapeu-
tic outcome, and METTL9 expression) was created. While
METTL9 was not an independent predictor in multivariate
Cox analysis, it was still included in the model to investi-
gate its potential additional prognostic contribution based
on univariate findings (Fig. 4G). According to the calibra-
tion curves, METTL9 expressionmore accurately predicted
5- and 10-year survival than 3-year survival (Fig. 4H).

3.3 DEGs and Enrichment Analysis
Among the high/low-METTL9 groups, 411 DEGs

were found (217 upregulated and 194 downregulated) (Fig.
5A). The top 5 upregulated and downregulated genes linked
to METTL9 expression are shown in Fig. 5B. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis identi-
fied enrichment of pathways related to taste transduction,
mineral absorption, and neuroactive ligand–receptor inter-
action (Fig. 5C,D). Although some of these pathways, such
as taste transduction, may appear unrelated to LUAD at
first glance, accumulating evidence suggests that compo-
nents of these signaling pathways—particularly G protein-
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Fig. 5. Differentially expressed genes (DEGs) and functional enrichment associated with METTL9 in LUAD. (A) Volcano plot
displayingDEGs associatedwith high versus lowMETTL9 expression. (B) Heatmap showing the top five upregulated and downregulated
genes in relation to METTL9 expression. (C,D) Bubble and circle plots for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses. (E) Gene Set Enrichment Analysis (GSEA) results in samples with high METTL9 abundance.
(F) GSEA results in the METTL9 low-expression group. ns: p ≥ 0.05; *p < 0.05; **p < 0.01.

coupled receptors (GPCRs) and ion channels—can be aber-
rantly expressed in cancer cells and contribute to tumor
cell proliferation, migration, and signal transduction. Sim-
ilarly, enrichment in cilium-related processes (e.g., cilium
movement and axoneme assembly) may reflect alterations
in epithelial cell structure and function. Primary cilia play
important roles in cell signaling and maintaining epithelial
homeostasis, and their dysfunction has been implicated in
tumorigenesis and cancer progression. Therefore, these en-
richment results may indicate that METTL9 is involved in
regulating epithelial integrity, signaling pathways, and cel-
lular communication in LUAD. According to GSEA, ele-
vated METTL9 expression was associated with pathways
related to the cell cycle, DNA damage mechanisms, telom-
ere stress–driven senescence, DNA replication activity, and
methylation processes (Fig. 5E,F). These pathways are
well-established contributors to tumor progression and thus
are more likely to represent biologically meaningful alter-
ations in LUAD than other significantly enriched pathways
whose functional relevance may require further validation.

3.4 PPI Network and Cuproptosis-Related Analysis

A PPI network of genes associated with METTL9
was constructed. EEF1AKNMT, IGSF6, METTL18,
METTL21C, METTL24, METTL25, METTL2B,
METTL7B, METTL8, and OTOA were among the
important interacting genes (Fig. 6A). While IGSF6,
METTL21C, METTL24, METTL25, and OTOA were
downregulated in LUAD, EEF1AKNMT, METTL18,
METTL2B, METTL7B, and METTL8 were upregu-
lated (Fig. 6B). The results of the correlation analysis
of METTL9 with these genes are shown in Fig. 6C.
Gene Ontology (GO) analysis demonstrated significant
enrichment in methylation-, methyltransferase activity-,
and N-methyltransferase activity-related genes (Fig. 6D).
TCGA data analysis demonstrated a significant association
between METTL9 expression and multiple cuproptosis-
related genes. Moreover, differential expression analysis
(Fig. 7A,B) showed significant differences in several
cuproptosis-related genes between the high- and low-
METTL9 expression groups. However, these findings are
based on transcriptomic associations and group compar-
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Fig. 6. METTL9-related genes and functional analysis. (A) Protein-protein interaction (PPI) network of METTL9-associated genes.
(B) Expression of METTL9-related genes in LUAD. (C) Correlation analysis between METTL9 and related genes. (D) Functional
annotation of METTL9-related genes based on GO and KEGG enrichment analysis. *p < 0.05; **p < 0.01; ***p < 0.001.

isons and do not imply a causal regulatory relationship
between METTL9 and cuproptosis. Additional functional
work is necessary to assess whether METTL9 plays a
direct role in regulating cuproptosis in LUAD.

3.5 METTL9 Gene Mutation and DNA Methylation
METTL9 showed missense mutations, splice muta-

tions, amplifications, and deep deletions at a frequency of
1% according to analysis using cBioPortal (Fig. 8A,B).
METTL9 mutation status was not strongly correlated with
OS or disease-free survival (DFS), as shown by Ka-
plan‒Meier analysis (Fig. 8C,D). Notably, the survival
curves exhibited minimal separation, which is likely at-
tributable to the extremely low mutation frequency (~1%)
and the resulting small sample size in the mutation sub-
group, thereby limiting the statistical power. LUAD tissues
have greater METTL9 promoter methylation than normal
lung tissues do, according to UALCAN analysis (Fig. 8E).

3.6 METTL9 and Immune Infiltration
TIMER analysis revealed that METTL9 expression

correlated with tumor purity (r = 0.091; p = 0.0436), B cells
(r =−0.09; p = 0.0481), CD8+ T cells (r = 0.189; p = 2.62 ×
10–5), CD4+ T cells (r =−0.129; p = 0.00439), macrophages
(r = 0.149; p = 0.001), neutrophils (r = 0.195; p = 1.52 ×
10–5), and dendritic cells (DCs; r = 0.129; p = 0.00443) in
LUAD (Fig. 9A). ssGSEA revealed thatMETTL9was pos-
itively associated with T helper 2 (Th2) cells, Gamma-delta
T (γδ T)(Tgd) cells, and neutrophils but negatively corre-
lated with Tregs, NK cells, T cells, CD8+ T cells, Tfh cells,
effector memory T (Tem) cells, B cells, cytotoxic cells, nat-
ural killer CD56bright (NK CD56bright) cells, T helper 17
(Th17) cells, and plasmacytoid DCs (Fig. 9B–N).METTL9
expression correlated positively with KRAS and negatively
with PDCD1 in LUAD (Fig. 9O,P).
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Fig. 7. Correlation between METTL9 and cuproptosis-related genes. (A) Correlation heatmap of METTL9 and cuproptosis-related
genes. (B) Expression of cuproptosis-related genes in METTL9 high-expression and low-expression groups. **p < 0.01; ***p < 0.001.

3.7 Validation of METTL9 Expression and Function in
LUAD Cells

High METTL9 expression in LUAD was confirmed
by IHC staining of ten paired LUAD and adjacent non-
cancerous tissue samples (Fig. 10A,B). Compared with
that in BEAS-2B and IMR90 cells, METTL9 expres-
sion was greatly elevated in A549 and H1975 cells (Fig.
10C). In A549 and H1975 cells, shRNA (sh-METTL9#1,
sh-METTL9#2, and sh-METTL9#3) strongly decreased
METTL9 mRNA levels (Fig. 10D–H). For later tests, sh-
METTL9#2 and sh-METTL9#3 were utilized. The results
of functional tests revealed that METTL9 knockdown de-
creased cell viability (Fig. 11A,B), proliferation (Fig. 11C–
E), migration (Fig. 11F–H), and invasion (Fig. 11I–K).
METTL9 depletion increased apoptosis, reduced Bcl-2 ex-
pression (Fig. 12A–F) and decreased p-smad2 and p-smad3
levels (Fig. 12D,G–J). Additionally, METTL9 knockdown

impeded EMT by repressing N-cadherin and vimentin ex-
pression while increasing E-cadherin and β-catenin expres-
sion (Fig. 13A–I).

4. Discussion

The level and functional role of METTL9 in
LUAD were methodically described in this investigation.
METTL9 expression is consistently increased in LUAD
tissues, according to our studies. Increased METTL9 ex-
pression was linked to advanced tumor stage, poor pri-
mary therapy outcomes, and reduced OS. Interestingly, al-
though METTL9 exhibited increased promoter methyla-
tion in LUAD, its expression was simultaneously upregu-
lated. This apparent discrepancy indicates that promoter
methylation alone may not fully account for the regula-
tion of METTL9 expression. In certain situations, methy-
lation at specific CpG sites or regions does not necessar-
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Fig. 8. METTL9 mutation and DNA methylation and their impact on LUAD prognosis. (A,B) METTL9 mutation profile in
cBioPortal OncoPrint. (C) Association between METTL9 mutation and OS in LUAD. (D) Association between METTL9 mutation and
disease-free survival (DFS) in LUAD. (E) METTL9 promoter methylation levels in LUAD from the UALCAN database.

ily suppress transcription, especially when additional reg-
ulatory mechanisms—such as enhancer activity, transcrip-
tion factor binding, or posttranscriptional modifications—
are involved. Therefore, the concurrent occurrence of el-
evated promoter methylation and increased METTL9 ex-
pression may reflect the interplay of multiple regulatory
layers. While previous studies on METTL family pro-
teins, such as METTL3 and METTL14, have focused pre-
dominantly on m6A-mediated regulation of RNA stabil-
ity and translation in various cancers, METTL9 has not
been extensively studied in the context of LUAD. For in-
stance, in breast cancer, the METTL3/IGF2BP3 axis drives
m6A alterations in Programmed Death-Ligand 1 (PD-L1)
mRNA, preventing tumor immune surveillance [18]. Addi-
tionally, METTL3 promotes colorectal cancer lung metas-
tasis through the recruitment of M2-type immunosuppres-
sive macrophages via m6A-SNAIL [19]. Target recog-
nition of m6A modification is affected by the METTL14
R298P mutation, which disrupts gene expression patterns
and cell growth [20]. Furthermore, METTL14 promotes
sorafenib-induced ferroptosis in cervical carcinoma by de-
creasing the stability of Ferritin Heavy Chain 1 (FTH1)
mRNA via m6A methylation [21]. Our study demonstrated
that highMETTL9 expression is associated with poor prog-
nosis in patients with LUAD, as indicated by the univari-
ate analysis. However, multivariate Cox analysis did not
identify METTL9 as an independent prognostic factor, sug-
gesting that its prognostic effect may be influenced or con-
founded by stronger clinical variables such as tumor stage,
N stage, or treatment outcomes. Consequently, METTL9
may function as a supplementary prognostic indicator rather
than a standalone predictor. Nonetheless, its biological role
and potential as a therapeutic target merit further investi-
gation. Enrichment analysis revealed pathways including

taste transduction and cilium-related processes. Although
these pathways are not conventionally linked to lung can-
cer, emerging evidence shows that taste receptors and asso-
ciated GPCR signaling components can be ectopically ex-
pressed in various tumors, potentially influencing cell pro-
liferation and migration [22]. Similarly, cilia-related pro-
cesses are crucial for epithelial cell differentiation and sig-
nal transduction, and their dysregulation has been impli-
cated in tumorigenesis [23]. These observations support
a potential role of METTL9 in LUAD progression, poten-
tially through its effects on nonclassical signaling pathways
and epithelial structural dynamics. It is essential to distin-
guish between statistical significance and biological rele-
vance in enrichment analyses. While multiple pathways
reached statistical significance on the basis of the FDR
thresholds, not all of these pathways may play direct roles
in LUAD progression. Significant enrichment primarily re-
flects coordinated changes in gene expression rather than
causative or functionally relevant effects. Therefore, we
focused on pathways with established roles in cancer, such
as cell cycle regulation, DNA replication, and EMT-related
signaling, which are biologically meaningful. Other en-
riched pathways may represent indirect effects or tissue-
specific characteristics, and further experimental validation
is needed to confirm their functional significance.

Functionally, METTL9 knockdown in A549 and
H1975 cells led to decreased proliferation, migration, in-
vasion, and EMT and increased apoptosis. These find-
ings align with studies showing that other METTL family
members promote tumor progression [24,25], although the
precise molecular mechanisms underlying METTL9 func-
tion in LUAD remain unclear. Given the reported roles of
METTL9 in regulating mitochondria-associated proteins,
including the methylation of the Ubiquinone Oxidoreduc-
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Fig. 9. Correlation of METTL9 expression with immune infiltration, oncogene and immune checkpoints. (A) Association between
METTL9 expression level and immune infiltration for purity, B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil and dendritic
cell based on analyses from the Tumor Immune Estimation Resource (TIMER) database. (B) Bubble plot showing correlations between
METTL9 and 24 types of immune cells estimated by the ssGSEA algorithm. (C) Immune cell infiltration profiles compared between
high- and low-METTL9 activity groups. (D–N) Scatter plots analysis of relationships between METTL9 levels and T helper 2 (Th2)
cells, neutrophils, gamma delta T cells (γδ T cells, Tgd), T helper 17 (Th17) cells, effector memory T cells (Tem), total T cells, CD8+

cytotoxic T cells, natural killer CD56bright (NK CD56bright) cells, B cells, plasmacytoid dendritic cells (pDCs), and cytotoxic cells.
(O,P) Scatter plots showing correlations between METTL9 expression and Kirsten rat sarcoma viral oncogene homolog (KRAS) and
programmed cell death protein 1 (PDCD1). ns: p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 10. METTL9 expression in clinical samples and LUAD cell lines. (A,B) Representative Immunohistochemistry (IHC) images of
METTL9 in 10 LUAD samples and adjacent non-tumorous lung tissues. Scale bar = 100 μm. (C) Western blot evaluation of METTL9 in
BEAS-2B human bronchial epithelial cells, IMR90 human fetal lung fibroblasts, and LUAD cell lines A549 and H1975. (D,E) Reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of METTL9 expression in METTL9 knockdown and control
A549 and H1975 cell lines. (F–H) Western blot evaluation of METTL9 in the corresponding groups. All experiments were performed
with at least three independent biological replicates. Data are presented as mean ± SD. ###p < 0.01 vs. normal; ^^^p < 0.001 vs. BEAS-2B;
$$$p < 0.001 vs. IMR90; **p < 0.01, ***p < 0.001 vs. sh-NC.
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Fig. 11. Effect of METTL9 knockdown on LUAD cell proliferation, migration, and invasion. (A,B) Cell Counting Kit-8 (CCK8)
assay of A549 and H1975 cells in the presence or absence of METTL9 knockdown. (C–E) Colony formation assay of A549 and H1975
cells in the presence or absence of METTL9 knockdown. (F–K) Migration and invasion of A549 and H1975 cells assessed by Transwell
assays in the presence or absence ofMETTL9 knockdown. Scale bar = 100 μm. All assays were carried out with at least three independent
biological replicates. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 vs. sh-NC.
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Fig. 12. Effect of METTL9 knockdown on apoptosis and TGF-β/Smad signaling in LUAD cells. (A–C) Flow cytometry–based
apoptosis assessment in A549 and H1975 cells in the presence or absence of METTL9 knockdown. (D–J) Protein expression of B-cell
lymphoma 2 (Bcl-2), phosphorylated mothers against decapentaplegic homolog 2 (p-Smad2), and phosphorylated Smad3 (p-Smad3)
was evaluated by Western blot in A549 and H1975 cells following METTL9 knockdown. All assays were carried out with at least three
independent biological replicates. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 vs. sh-NC.

tase Subunit B3 (NDUFB3) subunit of mitochondrial res-
piratory complex I and the enhancement of complex I-
mediated respiration, depletion ofMETTL9may impair mi-
tochondrial activity. Such impairment could disrupt cellu-

lar energy homeostasis, contributing to reduced prolifera-
tive capacity and increased apoptosis [26]. Moreover, our
data indicate that METTL9 knockdown is associated with
reduced activity of the TGF-β/Smad signaling cascade, sug-
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Fig. 13. Effect of METTL9 knockdown on epithelial-mesenchymal transition (EMT) markers in LUAD cells. (A–I) Western blot
evaluation of N-cadherin, vimentin, E-cadherin, and β-catenin in A549 and H1975 cells with METTL9 knockdown. All assays were
carried out with at least three independent biological replicates. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001
vs. sh-NC.

gesting a potential link betweenMETTL9 and proliferation-
related signaling networks. However, whether this pathway
directly mediates the antiproliferative effects of METTL9
depletion remains unclear, and it is also possible that the
observed phenotypes result from broader alterations in cel-
lularmetabolic or transcriptional programs rather than a sin-
gle signaling axis. In addition, although our study showed
that METTL9 depletion on proliferation and apoptosis, we
did not directly investigate several potential downstream
targets, such as S100A9 and mitochondrial complex sub-
units. S100A9 has been shown to play important roles
in inflammatory processes and tumor progression [27],
whereas mitochondrial complex subunits are essential for
cellular energy metabolism [28]. METTL9 may influence
these targets, thereby contributing to the observed pheno-
types. Future studies are warranted to determine whether
METTL9 directly regulates S100A9 expression or mito-
chondrial complex assembly, which would provide fur-
ther insight into the molecular mechanisms underlying its
function in LUAD. According to earlier research, Dual-
Specificity Phosphatase 5 (DUSP5) uses TGF-β/SMAD
to induce epithelial–mesenchymal transition and Epider-

mal Growth Factor Receptor–Tyrosine Kinase Inhibitor
(EGFR-TKI) resistance in lung cancer [29]. Proteasome
Activator Subunit 3 (PSME3) has been shown to facili-
tate the development of LUAD through regulation of TGF-
β/Smad [30]. Additionally, the downregulation of mani-
fold glycosyltransferase (MFNG) expression was reported
to increase the metastatic potential of LUAD through the
modulation of TGF-β/SMAD activity [31]. In addition to
expression and functional analyses, we examined the mu-
tation profile of METTL9 in LUAD. Notably, METTL9
mutations were rare (~1%), limiting the statistical power
to detect associations with clinical outcomes and poten-
tially explaining the minimal separation observed in sur-
vival curves between the mutation and wild-type groups.
Thus, the biological significance of METTL9 mutations in
LUAD remains uncertain and warrants validation in larger
cohorts. Our analysis also revealed a potential link between
METTL9 expression and immune infiltration patterns in
LUAD. However, these observations are primarily based
on bioinformatics inference rather than direct experimen-
tal evidence. Accumulating evidence suggests that epige-
netic regulators can regulate the tumor immune microen-
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vironment through effects on immune cell recruitment and
activation [32,33]. Therefore, METTL9 may participate in
immune-related regulatory processes, but this hypothesis
requires functional validation through assays such as cocul-
ture systems or in vivo models. Importantly, our study pro-
vides initial evidence linkingMETTL9 to TGF-β/Smad sig-
naling, as reflected by the reduced phosphorylation levels of
Smad2 and Smad3 following METTL9 knockdown. Nev-
ertheless, these results are derived from loss-of-function
experiments and do not establish a direct regulatory rela-
tionship. In the absence of upstream mechanistic studies
or rescue experiments, whether METTL9 directly regulates
TGF-β/Smad signaling or acts indirectly remains unclear.
Given that METTL9 is a histidine methyltransferase with
specificity for histone motifs [23], the observed suppres-
sion of the TGF-β/Smad pathway may result from methyla-
tion of an as-yet-unidentified regulatory protein. Whether
METTL9 directly affects signaling receptors or Smad pro-
teins or whether this effect is a secondary consequence of
broader epigenetic modifications remains unknown. Fu-
ture studies, including chromatin immunoprecipitation and
identification of direct methylation targets, are needed to
elucidate how METTL9 modulates TGF-β/Smad signaling
in LUAD cells.

A newly identified type of planned cell death is called
cuproptosis [34,35]. Previous studies have demonstrated
that the Spleen Focus Forming Virus (SFFV) Proviral Inte-
gration Oncogene/ Cyclin-Dependent Kinase Inhibitor 2A/
Tumor Protein p53 (SPI1/CDKN2A/p53) axis regulates
LUAD cell proliferation, migration, and drug sensitivity via
cuproptosis [36]. Other studies have shown that 4-octyl ita-
conate promotes cuproptosis in colorectal cancer by target-
ing GAPDH [37] and that knockdown of Ferredoxin 1 in-
hibits colorectal cancer progression and regulates cuprop-
tosis via the Hippo signaling pathway [38]. To explore
the potential links between METTL9 and novel cell death
pathways, we evaluated the correlation between METTL9
expression and 18 cuproptosis-related genes. TCGA data
demonstrated that METTL9 expression was positively cor-
related with several cuproptosis regulators such as Dihy-
drolipoamide Branched Chain Transacylase E2 (DBT), Di-
hydrolipoamide S-Acetyltransferase (DLAT), and Ferre-
doxin 1 (FDX1), but a negative correlation with Enolase
3 (ENO3) expression. These results indicate a possible
transcriptional relationship linking METTL9 with compo-
nents of the cuproptosis machinery, which warrants fur-
ther investigation. Therefore, the proposed link between
METTL9 and cuproptosis should be viewed as preliminary
and hypothesis-generating. Additional experimental stud-
ies are required to clarify whether METTL9 directly af-
fects cuproptosis and to elucidate the underlying molecular
mechanisms.

Finally, our research revealed that different immune
cell types are linked to METTL9 expression. METTL9 ex-
pression was negatively associated with the levels of cyto-

toxic and adaptive immune cells, such as CD8+ T cells, NK
cells, B cells, and Th17 cells, but tended to increase in the
presence of Th2 cells, Tgd cells, and neutrophils. Previ-
ous studies have shown that fascin actin-bundling protein
1 (FSCN1)-induced protein tyrosine phosphatase receptor
type F (PTPRF)-dependent inflammatory reprogramming
of the TME promotes LUAD progression by regulating
macrophage glycolysis [39]. In LUAD, tumor-derived Im-
munoglobulin Like Transcript 3 (ILT3) increases the ef-
fectiveness of PD-L1 inhibition and inhibits the remod-
eling of an immunosuppressive milieu [40]. In addition,
serine/threonine kinase 24 (STK24) promotes LUAD pro-
gression while modulating the immune microenvironment
[41]. This pattern suggests that high METTL9 expres-
sion contributes to a tumor microenvironment conducive to
LUAD progression. By supporting protumor immune pop-
ulations and suppressing antitumor effector cells, METTL9
may facilitate immune evasion, tumor growth, and metas-
tasis. Moreover, METTL9 expression showed a nega-
tive correlation with PDCD and a positive correlation with
KRAS. An important immunological checkpoint that con-
trols T-cell activity is PD-1 [42,43], and its downregula-
tion in the context of high METTL9 expression may re-
flect an immunosuppressive microenvironment that limits
effective cytotoxic T-cell responses. Because this observa-
tion is based on a transcriptomic correlation analysis, a di-
rect regulatory or mechanistic link between METTL9 and
PD-1-related immune pathways in LUAD was not estab-
lished. Accordingly, additional experimental studies are re-
quired to clarify whether METTL9 functionally modulates
these immune pathways. In addition, alternative explana-
tions should be considered. METTL9 may be coexpressed
with genes involved in cell proliferation, and highly prolif-
erative tumors are often accompanied by reduced immune
cell infiltration and altered immune microenvironments.
This proliferation-associated immune exclusion may par-
tially explain the observed relationship ofMETTL9 expres-
sion with immune-related features. Accordingly, METTL9
expression in LUAD may not necessarily indicate a direct
role in regulating immune infiltration. Instead, it could
represent an indirect association driven by proliferation-
related transcriptional programs. Additional studies are
needed to clarify whether METTL9 directly influences tu-
mor immunity or primarily serves as a marker of prolifera-
tive, immune-evasive tumor states. KRAS is a well-known
oncogene that is frequently mutated in LUAD, driving tu-
mor proliferation, survival, and metastasis [44,45]. The
positive association betweenMETTL9 and KRAS suggests
that METTL9 may cooperate with oncogenic signaling to
increase tumor aggressiveness.

Overall, our study extends previous findings on
METTL family proteins by identifying METTL9 as a criti-
cal regulator of LUAD proliferation, EMT, cuproptosis, and
immune interactions. Compared with prior studies that em-
phasized the general oncogenic roles of METTLs, we pro-
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vide specific mechanistic insights into LUAD and reveal
novel links to cuproptosis and TME modulation.

5. Limitations
This study has several limitations. Notably, although

METTL9 protein expression was validated by IHC in
LUAD tissues, its relationship with immune infiltration was
not directly confirmed. Future studies using multiplex IHC
or flow cytometry are needed to validate correlations with
specific immune cell populations. Second, the PPI network
and cuproptosis-related analyses were based on bioinfor-
matic correlations and remain exploratory. Functional ex-
periments in which METTL9 is manipulated and cuprop-
totic cell death is assessed are necessary to establish causal-
ity. Third, METTL9 mutations occur at a low frequency
(~1%), limiting statistical power and the ability to draw
definitive conclusions regarding clinical relevance. Fourth,
functional assays primarily relied onMETTL9 knockdown.
While knockdown suppressed tumor cell proliferation, mi-
gration, invasion, and EMT, and enhanced apoptosis, com-
plementary overexpression or rescue experiments were not
performed. Consequently, the causal relationship between
METTL9 and these phenotypes remains unconfirmed. Sim-
ilarly, although METTL9 knockdown reduced Smad2/3
phosphorylation, the mechanistic link to TGF-β/Smad sig-
naling requires validation through pathway-specific activa-
tion, inhibition, or rescue assays. Fifth, EMT inhibition
was inferred from marker expression without direct mor-
phological confirmation or in vivo validation. The specific
methylation targets of METTL9 were not identified, and
Smad reporter assays were not conducted; thus, the pro-
posed mechanistic pathways were indirect. Finally, in vivo
experiments were lacking, and only two LUAD cell lines
(A549 and H1975) were used, potentially limiting the gen-
eralizability of the findings. Future studies using additional
cell lines, patient-derived models, and animal models are
warranted to confirm the biological and therapeutic rele-
vance of METTL9 in LUAD.

6. Conclusion
In summary, our integrative analysis combining mul-

tiomics datasets, clinical validation, and functional exper-
iments demonstrated that METTL9 is consistently over-
expressed in LUAD and correlates with advanced tumor
stage and unfavorable prognosis. Functional assays showed
that METTL9 enhances LUAD cell proliferation, migra-
tion, invasion, and epithelial–mesenchymal transition, po-
tentially via regulation of the TGF-β/Smad signaling path-
way. Bioinformatic analyses further revealed associations
betweenMETTL9 expression, cuproptosis-related gene ex-
pression, and immune cell infiltration patterns, highlighting
its potential involvement in tumor metabolism and the tu-
mor microenvironment.
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