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Background: Colon adenocarcinoma (COAD) is a lethal malignancy with a poor
prognosis. The tumor microenvironment (TME) is pivotal in its development,
within which lactate accumulation is a common metabolic hallmark. Lactylation, a
novel post-translational modi�cation driven by lactate, serves as a crucial link
between tumor metabolism and immunosuppression. It plays multifaceted roles
in promoting malignant progression, immune evasion, and chemoresistance.
Therefore, systematically investigating lactylation and identifying its key
mediators may yield novel therapeutic targets and strategies for COAD.
Methods: We performed an integrative multi-omics analysis of lactylation-related
genes (LRGs) in COAD and pan-cancer cohorts, leveraging bulk RNA-seq, single-
cell RNA-seq, and spatial transcriptomic data from public repositories including
TCGA and GEO. A curated set of 160 LRGs was investigated using a multi-step
machine learning framework, integrating Cox regression, time-dependent ROC
analysis, and optimal risk strati�cation to construct robust prognostic signatures,
which collectively identi�ed AARS2 as a pivotal candidate. Subsequent multi-
faceted oncogenic characterization of AARS2 encompassed its expression
pro�les, diagnostic and prognostic value, and associations with tumor
microenvironment heterogeneity. To validate AARS2 at the protein level, we
�rst interrogated the HPA database and subsequently con�rmed its expression
using immunohistochemistry (IHC) on an independent cohort of clinical COAD
specimens. To further elucidate AARS2’s functional role in COAD pathogenesis
and its potential linkage to lactylation biology, in vitro validation was performed
using the human COAD cell line HCT116. AARS2 expression was con�rmed at
both protein (Western blot) and mRNA (qRT-PCR) levels. qRT-PCR additionally
quanti�ed transcriptional changes in immune-related genes (CCL5, CXCL10,
IFNB1), while extracellular lactate accumulation was measured to assess
AARS2-associated metabolic alterations. All statistical analyses were performed
in R, with a signi�cance threshold of p < 0.05.
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Results: Integrative multi-omics analyses identi�ed AARS2 as signi�cantly
upregulated in COAD and multiple malignancies, with elevated expression
correlating with adverse clinical outcomes. Single-cell and spatial
transcriptomic pro�ling indicated predominant enrichment of AARS2 in
malignant cell populations and association with immunosuppressive
microenvironment features. Functional enrichment suggested potential
involvement in epithelial– mesenchymal transition, hypoxia response, and cell
cycle pathways. Immunohistochemical validation in clinical COAD specimens
con�rmed higher AARS2 protein levels in tumor tissues versus adjacent normal
mucosa; concurrent elevation of cGAS protein was observed, though functional
activity requires contextual interpretation. In vitro studies in HCT116 cells
revealed that AARS2 knockdown reduced extracellular lactate accumulation
and attenuated global protein lactylation. Concomitantly, transcriptional
upregulation of cGAS– STING pathway-associated genes (CCL5, CXCL10,
IFNB1) was observed following AARS2 silencing. These correlative �ndings
suggest a potential nexus between AARS2, lactate metabolism, protein
lactylation dynamics, and innate immune signaling modulation in COAD.
Conclusion: AARS2 correlates with lactylation dynamics, metabolic features, and
immune modulation in COAD, suggesting a potential role in lactylation-
associated cGAS– STING pathway regulation. These correlative observations
warrant rigorous mechanistic validation to de�ne causality and assess
translational potential.
KEYWORDS

AARS2 gene, colon adenocarcinoma (COAD), lactylation (Kla), Pan-cancer analysis,
prognostic biomarker, Tumor microenvironment - TME
1 Introduction

Colon adenocarcinoma (COAD) is a common malignant tumor
arising from the glandular epithelial cells of the colon, and is one of
the leading causes of cancer-related deaths worldwide (1). Its
etiology involves multifactorial interactions with a complex
pathogenesis. Risk factors include age, family history,
in�ammatory bowel disease, lifestyle factors such as poor dietary
habits (2), speci�c bacterial infections and gut dysbiosis (3, 4).
Meanwhile, the tumor microenvironment plays a crucial role in the
occurrence and development of colorectal cancer (5–7). Among
them, the Warburg effect, as a signi�cant metabolic characteristic of
tumors, enables cancer cells to preferentially undergo glycolysis
under oxygen-rich conditions, generating a large amount of lactic
acid (6, 8) . This process not only directly promotes
immunosuppression and drug resistance through complex
feedback mechanisms, but also drives tumor progression by
activating the glycolysis pathway, in�uencing genetic mutations
and reshaping the metabolic state of the microenvironment (8–10).
This metabolic reprogramming further enhances tumor immune
evasion, allowing cancer cells to interact with immune cells in the
tumor microenvironment, ultimately forming a highly suppressed
tumor immune microenvironment (11). Thus, lactic acid is the core
mediator connecting tumor metabolism and immunosuppression
(12). The realization of this effect largely depends on protein
lactylation modi�cation (13).

Lactylation is a novel post-translational modi�cation (PTM)
driven by the metabolite lactate (14). Its discovery has unveiled new
02
biological functions of lactate that transcend its traditional identity
as a metabolic waste product, expanding our understanding of its
roles beyond metabolic regulation (15). Mediated by lactate as a
metabolic intermediate, this modi�cation occurs on lysine residues
of both histone and non-histone proteins (16). It is reversibly
regulated by writer and eraser enzymes, thereby in�uencing gene
transcription, protein function, and the epigenetic landscape (15,
17). In cancer biology, lactylation plays a pivotal role as a central
component of tumor metabolic reprogramming (the Warburg
effect), enabling cancer cells to adapt to nutrient-constrained
microenvironments (18). Given that its reversibility is intricately
linked to the metabolic state of tumor cells, lactylation has emerged
as a potential pharmacological intervention target, offering novel
therapeutic avenues for cancer treatment (18, 19). Notably, the
stability of mitochondrial alanyl-tRNA synthetase (AARS2) is
regulated by oxygen levels (20). Under hypoxic conditions,
AARS2 has been shown to mediate lactylation of mitochondrial
proteins, thereby suppressing oxidative phosphorylation
(OXPHOS) and helping cells sustain metabolic homeostasis in
low-oxygen environments (21). This mechanism directly
establishes a functional link between lactylation and cellular
energy adaptation (22, 23).

In COAD, lactylation plays a critical role (24, 25). Its global
modi�cation levels are signi�cantly upregulated in tumor tissues
and closely associated with malignant progression and poor
prognosis, serving as an independent prognostic biomarker for
the disease (26, 27). At the molecular level, lactylation drives
tumor invasion and metastasis by activating the PI3K/AKT
frontiersin.org
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signaling pathway to promote epithelial-mesenchymal transition
(EMT) in colon cancer cells (28). It is particularly notable that in
colon cancer stem cells (CCSCs), histone lactylation has been
demonstrated to signi�cantly enhance chemoresistance—a
phenomenon validated in both in vitro cellular models and in
vivo animal models (29–31). Furthermore, lactylation profoundly
modulates the tumor immune microenvironment (TIME) by
promoting immune escape and in�uencing immunotherapy
response—via pathways such as facilitating macrophage
polarization toward the M2 phenotype and regulating lactate
levels to suppress Migration Inhibitory Factor (MIF) (26, 28).
These studies underscore the multifaceted impact of lactylation in
COAD, providing a theoretical basis for developing targeted
combination therapies, such as synergized with chemotherapy (32).

However, the roles of the lactylation and the AARS2 gene in the
progression of COAD remain poorly understood, which hinders the
development of targeted therapeutic strategies. This study aims to
elucidate the diagnostic and prognostic value of AARS2 in COAD
by integrating bioinformatics analyses with experimental validation
in vitro.
2 Methods

2.1 Data acquisition and preparation

Pan-cancer and COAD-speci�c analyses were performed using
systematically curated public omics datasets. RNA sequencing
(RNA-seq) pro�les and annotated clinical metadata were acquired
from TCGA database (https://portal.gdc.cancer.gov/) and GEO
repositories (https://www.ncbi.nlm.nih.gov/geo/). Pan-cancer
cohorts included multiple datasets, including GSE103479/
GSE104645/TCGA-GTEx/GSE71187/GSE9893/GSE107943/
GSE63624/GSE10846/GSE181063/GSE54236/GSE28735/
GSE17679/GSE190113/GSE98394/GSE99898/GSE28541/
GSE84426 (33). Non-neoplastic tissues and samples with censored
survival outcomes (overall survival < 30 days or missing clinical
data > 20%) were excluded. All gene annotations were standardized
to gene symbols to ensure analytical consistency.

Single-cell RNA sequencing (scRNA-seq) data were employed
to characterize tumor microenvironment heterogeneity and cellular
ecosystem dynamics. Two datasets (EMTAB8107 and GSE166555)
were analyzed using standardized preprocessing work�ows (cells
retained if 200 < nFeature_RNA < 6,000 and mitochondrial gene
percentage < 20%), which included quality control, dimensionality
reduction, cluster annotation, and identi�cation of malignant cells.
All analytical procedures adhered to TISCH2 standards to ensure
reproducibility (34).

Spatially resolved transcriptomic pro�les were acquired using
the 10X Visium Spatial Transcriptomics platform (10x Genomics,
available at: https://www.10xgenomics.com/resources/datasets).
The data were derived from FFPE-preserved colorectal carcinoma
sections (samples CRC1, CRC2, and CRC3), facilitating the
integrated analysis of histopathological structure and molecular
signatures within the tumor microenvironment.
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All data analyzed in this study were obtained from publicly
available sources, including previously published studies and
established databases.

2.2 Machine learning model construction
and gene selection

A curated set of 160 lactylation-related genes (LRGs) was
compiled through systematic integration of GSEA Molecular
Signatures Database, KEGG pathway annotations, and manual
curation of recent literature (Supplementary Dataset 1). Within
the COAD cohort, univariate Cox proportional hazards regression
analysis was initially performed on all 160 genes without multiple
testing correction as an exploratory screening step to generate a
broad candidate pool for subsequent rigorous validation. This
approach was deliberately adopted to preserve biologically
plausible candidates that might be excluded under stringent
correction at the screening stage. Core prognostic candidates were
subsequently re�ned through a multi-algorithm consensus
framework speci�cally applied to the COAD cohort. Five
independent machine learning approaches—Lasso regression,
Ridge regression, Elastic net, Stepwise Cox regression, and
CoxBoost—were applied to identify genes with consistent
prognostic signi�cance. Risk scores were calculated as the linear
combination of gene expression values weighted by algorithm-
derived coef�cients. Model performance was evaluated using
time-dependent receiver operating characteristic (ROC) analysis
at 1-, 3-, and 5-year survival time points. An optimal risk
strati�cation cutoff was determined using maximally selected rank
statistics (via the survminer R package), with statistical signi�cance
of survival differences assessed by log-rank testing. Differential
expression patterns of selected genes between risk groups were
visualized using heatmaps (pheatmap R package). All analyses were
performed in R with packages survival, glmnet, CoxBoost,
and timeROC.

2.3 Gene expression analysis

Expression matrices were processed using tumor-type-speci�c
normalization pipelines. For pan-cancer analyses, z-scores were
calculated based on cohort-speci�c means and standard deviations.
Differential expression between tumor and normal samples was
assessed using non-parametric tests with false discovery rate control
(limma v3.56.2; |log2FC| > 1, P < 0.05).

Diagnostic accuracy was evaluated via receiver operating
characteristic (ROC) analysis. Area under the curve (AUC) with
95% con�dence intervals and smoothed ROC curves were generated
to determine discriminatory power.

2.4 Survival prognosis analysis

Prognostic associations were assessed using Cox proportional
hazards models, with veri�cation of proportional hazards
assumptions. Univariate analysis provided hazard ratios (HR) and
95% con�dence intervals (95% CI). External validation was conducted
on independent GEO cohorts using the same modeling framework.
frontiersin.org
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For the COAD meta-analysis, a �xed-effects model was
employed to combine HR, with inverse variance weighting. Genes
signi�cantly associated with improved survival (HR < 1) were
considered potential tumor suppressors, while those associated
with poorer survival (HR > 1) were considered potential
oncogenes. Multivariable Cox models incorporating clinical
covariates were developed and visualized using forest plots.

2.5 Tumor microenvironment analysis

The immune microenvironment was characterized using three
complementary approaches: single-sample Gene Set Enrichment
Analysis (ssGSEA; GSVA v1.48.2, kcdf=“Gaussian”), xCell
deconvolution, and CIBERSORTx (LM22 signature, 1,000
permutations) (35, 36). Patients were strati�ed into expression-based
quartiles for further analysis. In�ltration scores were �ltered and
subsequently clustered using unsupervised hierarchical clustering,
which revealed conserved immune subtypes across malignancies.

2.6 Enrichment analysis

Functional annotation was carried out using integrated Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Gene Set Enrichment Analysis (GSEA;
clusterPro�ler v4.8.2, Org.Hs.eg.db v3.17.0; 1,000 permutations,
gene set size 15–500, q < 0.05) (37–39). The TCGA-COAD
cohort was divided into high- and low-expression groups based
on median expression of target genes for subsequent functional
investigations. Differential gene expression analysis was performed
using the “limma” package, with pre-de�ned thresholds for fold-
change and statistical signi�cance (40).

Functional states of malignant cells were further characterized
using the CancerSEA database to explore various oncogenic
phenotypes (41). And, pathway activity was quanti�ed using z-
score-based algorithms, and functional state scores were computed
via the “GSVA” package (42). Normalized scores were standardized
and subjected to correlation analysis to evaluate associations
between gene expression and functional states.

2.7 Single-cell RNA-seq analysis

Single-cell transcriptomic pro�ling was performed using the
Seurat package following standard analytical work�ows (43). Cells
were subjected to quality control based on thresholds for unique
molecular identi�ers and mitochondrial gene content.
Preprocessing included normalization, dimensionality reduction
via principal component analysis, and batch effect correction.
Cells were strati�ed into high- and low-expression groups based
on median expression levels, and cluster proportions were
compared across conditions (44).

Cell-cell communication analysis was performed to infer
ligand-receptor interaction networks. Interaction probabilities and
communication strengths were quanti�ed between cellular
subpopulations. Directional signaling �ux and core pathways
were identi�ed based on signal input/output patterns and
centrality metrics (45).
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2.8 Spatial transcriptomic analysis

Spatially resolved transcriptomic pro�ling was employed to
investigate the topographic distribution and functional relevance
of target genes within the tumor microenvironment (46). Cell type
deconvolution of spatial transcriptomics data was performed using
a reference-based Bayesian framework. Quality control was
conducted according to standard scRNA-seq processing criteria.

A gene signature score matrix was generated by averaging
expression of top marker genes from single-cell references.
Cellular abundance gradients across spatial domains were
quantitatively assessed and visualized using color gradients to
represent enrichment intensity. Histological regions were
classi�ed as malignant based on prede�ned cellular composition
thresholds, facilitating patient strati�cation into normal-like and
mixed subgroups. Differential expression between groups was
eva luated us ing non-parametr ic te s t s wi th mul t ip le
testing correction.

2.9 Protein-protein interaction and
functional analysis

The Human Protein Atlas database (https://www.proteinatlas.
org) provides comprehensive mRNA and protein expression data
across 44 human tissues, along with antibody-based protein pro�les
that include expression levels and subcellular localization
information (47).

To identify and predict interactions among genes or proteins,
we utilized the STRING database (http://string-db.org/).
Additionally, BioGRID version 4.4 (https://thebiogrid.org/) was
employed as a key resource for accessing high-quality, curated,
and non-redundant physical and genetic protein-protein
interactions (PPIs).

A protein-protein interaction network was constructed using a
combined score cutoff of > 0.9. Based on this network, the
expression of AARS2-related proteins was further analyzed across
multiple cancer types.
2.10 Immunohistochemistry analysis

Immunohistochemical analysis was performed to assess AARS2
protein expression in COAD tissue specimens. The study protocol
received approval from the Ethics Committee of the Second
Hospital of Lanzhou University (Approval No. 2025A-1084).
Tissue samples were collected from 12 patients diagnosed with
COAD, with adjacent normal colon mucosa serving as controls. All
specimens were promptly snap-frozen in liquid nitrogen and
transferred to the laboratory for subsequent analysis.
Comprehensive clinical metadata for the cohort—including
gender/age distribution, TNM staging, histological grade, prior
treatment history, and MSI status (MSI-H versus MSS)—along
with correlation analyses evaluating associations between AARS2
protein expression levels and key clinicopathological parameters (T
stage, N stage, M stage, and tumor grade), are fully documented in
the Supplementary Materials (Supplementary Table 1).
frontiersin.org
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For IHC, a primary antibodys AARS2 (Proteintech, 22696-1-
AP) and cGAS (Proteintech, 26416-1-AP) were applied at a dilution
of 1:50. Protein expression was quantitatively evaluated using the
ImageJ IHC pro�ler plugin. The assessment integrated both
staining intensity and the proportion of immunopositive areas.
The percentage of positive staining relative to the total tissue area
(distribution) was calculated, and a �nal expression score was
der i ved by mul t ip l y ing the in t ens i t y va lue by the
distribution percentage.

Based on the median expression score across all samples,
specimens were classi�ed into high- and low-expression groups:
scores above the median were de�ned as high expression, while
those equal to or below the median were considered low expression.
This classi�cation was utilized in subsequent univariate and
multivariate regression analyses. To ensure objectivity, three
independent pathologists performed the evaluations blinded to all
clinical data.

2.11 Cell culture

To investigate the functional role of AARS2 in COAD at the
cellular level, human COAD cell lines (HCT 116) were used in this
study. All cell lines were obtained from authenticated cell banks and
routinely tested to exclude mycoplasma contamination.

Cells were cultured in the recommended complete growth
medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin–streptomycin, and maintained at 37°C in a
humidi�ed incubator with 5% CO2. Cells within 20 passages were
used for all subsequent experiments to ensure reproducibility and
stability of cellular phenotypes.

2.12 Western blot

Western blot analysis was performed to evaluate the protein
expression levels of AARS2 in COAD cells, thereby supporting the
transcriptomic �ndings at the protein level.

Cells were washed twice with ice-cold phosphate-buffered saline
(PBS) and lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors. Cell lysates were clari�ed by centrifugation
at 12,000 × g for 15 min at 4 °C. Protein concentrations were
determined using a BCA protein assay kit. Equal amounts of protein
(20–40 mg) were separated by SDS–PAGE and transferred onto
PVDF membranes.

Membranes were blocked with 5% non-fat milk and incubated
with primary antibodies overnight at 4 °C. After incubation with
horseradish peroxidase-conjugated secondary antibodies, protein
bands were visualized using enhanced chemiluminescence (ECL),
with GAPDH and Tubulin used as an internal loading control.

2.13 Quantitative real-time PCR

Total RNA was extracted from HCT116 cells using TRIzol
reagent. RNA concentration and purity were assessed
spectrophotometrically (A260/A280 ratio 1.8–2.0). First-strand
cDNA was synthesized from 1 mg total RNA using a commercial
reverse transcription kit. Quantitative real-time PCR was performed
in triplicate with SYBR Green chemistry on a real-time PCR system.
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The mRNA expression levels of AARS2, CCL5, CXCL10, and
IFNB1 were quanti�ed using gene-speci�c primers (sequences
provided in Supplementary Table 2). Ampli�cation conditions:
95°C for 30 s; 40 cycles of 95 °C for 10 s and 60°C for 30 s.
GAPDH was used as the endogenous reference gene for
normalization of target gene expression. Relative expression was
calculated using the 2^� DDCt method. Ampli�cation speci�city
was con�rmed by melting curve analysis. All procedures adhered to
MIQE guidelines.

2.14 Lactate assay

Extracellular lactate levels in cell culture supernatants were
measured to evaluate lactate accumulation in COAD cells
associated with AARS2 expression.

Cells were seeded in 6-well plates and maintained under
standard culture conditions. Culture supernatants were harvested
at 24 h and 48 h post-seeding, centrifuged (e.g., 300 ×g, 5 min, 4°C)
to remove cellular debris, and lactate concentrations were
quanti�ed using a L-Lactic Acid (LA) Colorimetric Assay Kit
(Elabscience, catalogue no.: E-BC-K130-M) following the
manufacturer’s protocol. Lactate levels were calculated from a
standard curve and normalized to total protein content
(determined by BCA assay) or cell number.

2.15 Statistical analysis

Statistical analyses were conducted using R software (version
4.3.1) with appropriate packages. Differences in gene expression
among spatially de�ned regions (tumor, normal, and mixed) were
assessed using Wilcoxon rank-sum tests. For single-cell
transcriptomic data, the Kruskal–Wallis H test was used to
compare gene expression across cell types, and Spearman’s
correlation was applied to evaluate associations between immune
cell proportions and gene expression levels. Survival analysis was
performed using Kaplan–Meier curves with log-rank tests.
Univariate and multivariate Cox proportional hazards models
were used to identify independent prognostic factors, with HR
and 95% con�dence intervals reported. A p-value < 0.05 was
considered statistically signi�cant.
3 Result

3.1 Validation and pan-cancer analysis of a
LRGs multi-gene prognostic signature

Univariate Cox survival analysis was performed on the 160
lactylation-related genes across pan-cancer cohorts as an initial
screening step to generate a candidate pool. Forest plots of hazard
ratios (HR) and 95% con�dence intervals identi�ed 25 genes
associated with overall survival in COAD (Figure 1A). Critically,
these 25 genes represented an exploratory candidate pool rather
than de�nitive prognostic markers. The complete statistical results
for all 33 genes reaching nominal signi�cance (p < 0.05) in the
univariate Cox analysis—including gene ID, HR, HR.95L, HR.95H,
frontiersin.org
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and raw p-value—are provided in Supplementary Table 3 for full
transparency. Furthermore, we systematically characterized the
RNA expression pro�les of the aforementioned 160 genes across
30 distinct cancer types, leveraging a comprehensive integration of
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TCGA and GTEx datasets (Figure 1B). After successfully
identifying 25 candidate genes associated with poorer OS in
COAD, we further systematically evaluated the prognostic value
of this gene set across a pan-cancer cohort encompassing 30
FIGURE 1

Expression differences and survival prognosis analysis of LRGs in pan-cancer and the characteristics of Lactylation. (A) 25 candidate genes are risk
factors associated with an increased risk of death in COAD overall survival. (B) Multigenic differential analysis of TCGA-GTEx in pan-cancer.
(C) Assessment of overall survival across pan-cancer using a polygenic univariate Cox model. (D) Assessment of disease free interval across pan-
cancer using a polygenic univariate Cox model. (E) Assessment of disease speci�c survival across pan-cancer using a polygenic univariate Cox
model. (F) Assessment of progression free interval AARS across pan-cancer using a polygenic univariate Cox model. (G) Pan-cancer differential
expression analysis of a multi-gene signature. (H) Pan-cancer analysis of differentially expressed gene pairs. (I) Pan-cancer multi-gene enrichment
analysis using Z-score. (J) Pan-cancer multi-gene enrichment analysis using GSVA. (K)Pan-cancer multi-gene enrichment analysis using ssGSEA.
(L) Pan-cancer multi-gene enrichment analysis using PLAGE. (M) Correlation analysis of promoter methylation levels. (N) Differential analysis of
promoter methylation levels.
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different cancer types. The analysis revealed that these candidate
genes exhibit consistent prognostic patterns in several malignancies,
including ACC, COAD, KIRC, KIRP, and LGG, where they were
signi�cantly associated with poorer outcomes in OS, DFI, DSS, and
PFI, indicating a role as risk factors. In contrast, in tumors such as
CESC and MESO, the same genes appeared to function as protective
factors, correlating with more favorable clinical outcomes
(Figures 1C–F). We next examined the expression patterns of
these genes by comparing cancerous tissues with normal tissues
across each cancer type, as well as by evaluating differences between
tumor tissues and adjacent non-tumor tissues (Figures 1G, H). We
also employed four distinct algorithms (Z-score, GSVA, ssGSEA)
and PLAGE) to evaluate pathway activity associated with these core
genes. The results indicated signi�cantly altered pathway activity in
a substantial number of tumor tissues compared to normal tissues
(Figures 1I–L). Subsequently, we investigated the statistical
correlation between promoter methylation levels and expression
levels of these candidate genes associated with poorer OS in COAD
across various cancer types, as well as compared their differences
between tumor samples and normal controls (Figures 1M, N).

3.2 Identi� cated AARS2 as a key driver
gene in COAD

To develop robust prognostic models, we evaluated multiple
algorithms—including regularized regression methods (Ridge, Lasso,
Elastic_net with alpha values spanning 0.1–0.9), stepwise Cox models
(Stepcox_forward, Stepcox_backward, Stepcox_both), and CoxBoost.
We assessed their performance using the average area under the curve
(AUC) at 1-, 3-, and 5-year time points across cancer types.Among
these algorithms, the Stepcox_forward model demonstrated
competitive performance: it showed relatively higher average AUC
values in most cancer types and at most time points (Figure 2A). For
example, the overall average AUC of Stepcox_forward across cancer
types was 0.653—exceeding the average AUCs of other methods (e.g.,
CoxBoost: 0.639, Ridge: 0.632, Lasso: 0.627, and Elastic_net variants).
Later, we utilized regression coef�cient heatmaps to clarify the relative
contributions of the 25 genes across distinct models (Figure 2B).
Remarkably, AARS2 was identi�ed as the gene with the largest
regression coef�cient across a wide range of algorithms, including
Lasso, Ridge, Elastic_net with alpha values spanning from 0.1 to 0.9,
stepwise Cox regression models (Stepcox_forward, Stepcox_backward,
Stepcox_both), and CoxBoost. AARS2 was subsequently identi�ed as
the key gene for further analysis. Speci�cally, meta-analysis revealed
that high AARS2 expression was signi�cantly associated with poorer
survival in COAD patients (pooled HR = 1.17, 95% CI: 1.03–1.33, p <
0.01; Supplementary Figure 1A).

To explore the potential role of AARS2 in carcinogenesis, we
analyzed its mRNA expression in COAD using datasets from
TCGA and GEO (GSE71187). Analysis of TCGA data indicated
that AARS2 expression was signi�cantly upregulated in COAD
tissues relative to normal samples (P = 0.004; Figure 2C). This result
was further supported by paired analysis, which also demonstrated
elevated AARS2 expression in tumor tissues compared with
matched adjacent non-tumor tissues (P = 0.029; Figure 2D).
Consistent upregulation of AARS2 was also observed in
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independent validation cohorts from GEO and TCGA-GTEx (all
P < 0.01; Figures 2E, F). These �ndings imply that AARS2
overexpression may contribute to the development of COAD.

Given the upregulated expression of AARS2, we further
investigated its clinical relevance in COAD. Prognostic
assessment and univariate Cox regression analyses were
conducted using the TCGA cohort. Kaplan-Meier curves
demonstrated that patients with high AARS2 expression exhibited
signi�cantly worse outcomes in overall survival (OS, P = 0.004),
progression-free interval (PFI, P < 0.001), and disease-speci�c
survival (DSS, P = 0.004) compared to those with low expression
(Figures 2G–I). Consistent �ndings were observed across multiple
independent validation datasets (Supplementary Figures 1B–G).
Furthermore, univariate Cox regression con�rmed AARS2
expression, T stage, and overall stage as independent prognostic
factors for COAD (all P < 0.05; Figure 2J), underscoring the role of
AARS2 as an independent predictor of patient survival.
Subsequently, analysis of the GSE103479 and GSE104645 datasets
revealed numerous differentially expressed genes, particularly those
upregulated, which may be associated with AARS2-related
functions and warrant further investigation (Figures 2K, L).

3.3 Expression of AARS2 in multiple tumor
types

Through pan-cancer analysis of TCGA data, we observed
signi�cant differences in AARS2 expression between tumor and
normal tissues across most cancer types (P < 0.05; Figure 3A).
Overall, AARS2 expression showed substantial variation with a
general trend toward overexpression in tumors. Speci�cally, AARS2
was signi�cantly upregulated in BLCA, BRCA, CESC, CHOL,
COAD, ESCA, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, PCPG,
PRAD, READ, STAD, and UCEC, while it was downregulated
in THCA.

To assess the clinical relevance of AARS2, univariate Cox
regression analysis was performed to estimate HR and 95% CI for
overall survival (OS), disease-free interval (DFI), and progression-
free interval (PFI) (Figures 3B–D). The results indicated that
elevated AARS2 expression was associated with poorer survival
outcomes across these endpoints. Moreover, as summarized in
Figure 3E, AARS2 consistently functioned as a risk factor across
multiple external datasets, further supporting that high AARS2
expression correlates with reduced survival. Together with ROC
curve analysis demonstrating its accuracy in discriminating tumor
from normal samples (Figure 3F), exempli�ed in COAD where
AARS2 achieved an AUC of 0.746 (Figure 3G). These �ndings
underscore the potential of AARS2 as both a prognostic and
diagnostic biomarker. By integrating single-cell RNA sequencing
data from the TISCH database (datasets EMTAB8107 and
GSE166555), quantitative analysis demonstrated that the AARS2
gene displays pronounced cellular heterogeneity within COAD.
This proliferation marker was speci�cally upregulated in the
malignant proliferation subpopulation, with lower but detectable
expression levels also observed in endothelial cells and �broblasts
(Figure 3H). Survival analysis summarized by heatmaps indicated
that AARS2 serves as a risk factor in multiple external datasets, with
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patients exhibiting high AARS2 expression demonstrating poorer
survival outcomes in ACC, COAD, KIRC, and KIRP. However, in
certain tumor types, we observed the opposite trend, which may be
attributable to their distinct biological contexts. For instance,
elevated AARS2 expression was associated with a protective effect
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in PAAD and UVM (p < 0.001), while in several other cancers, no
signi�cant correlation with survival was detected. These �ndings
underscore the context-dependent heterogeneity of AARS2’s
prognostic impact across cancer types and suggest that further
investigation is warranted to elucidate its precise mechanistic roles
FIGURE 2

Prognostic value of the key lactylation-related gene AARS2 in COAD. (A) Mean AUC values at 1, 3, and 5 years for model evaluation using multiple
algorithms. (B) Regression coef�cient heatmap illustrating the contribution of 25 genes, with AARS2 identi�ed as a key gene. (C, D) The AARS2
mRNA expression of paired COAD samples and unpaired COAD samples in TCGA-COAD cohort. (E, F) The validation of AARS2 mRNA expression of
COAD samples in GSE71187 cohort and TCGA-GTEx cohort. (G-I) Survival differences between high and low AARS2 expression groups. Overall
survival (OS), progression-free interval (PFI), and disease-speci�c survival (DSS). (J) Association between COAD Stage and AARS2 expression.
(K, L) Identi�cation of AARS2-associated upregulated genes in COAD datasets GSE103479 and GSE104645.
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in different tumor environments (Figures 3I, J). Further links
AARS2 expression to immunogenicity and DNA damage scores,
providing more evidence for the role of AARS2 in immune
regulation and genome stability.
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Finally, single-cell and spatial transcriptomic analyses showed
that AARS2 was predominantly expressed in malignant cells and
was enriched in malignant microregions of tumor tissues
(Supplementary Figures 2A, B). These �ndings highlight its
FIGURE 3

Pan-cancer analysis of AARS2. (A) Analysis of differential expression of AARS2 between tumor and normal tissues of multiple cancer types.
(B-D) univariate Cox regression results for AARS2, including HR and con�dence intervals for OS, DFl, and PFl. (E) validation of AARS2-associated
survival outcomes across external datasets. (F) ROC curve analysis was used to evaluate the diagnostic accuracy of AARS2 in distinguishing tumors
from normal tissues. (G) Diagnostic performance of AARS2 in COAD (AUC = 0.746). (H) Cellular heterogeneity of AARS2 expression in COAD, with
predominant upregulation in malignant proliferating cells. (I) The context-dependent prognostic value of AARS2 across cancer types. (J) Heat map
showing the average immune response and genomic status of cancers at different AARS2 expression levels. The symbols *, **, ***, and **** indicate
statistical signi�cance at the p < 0.05, p < 0.01, p < 0.001, and p < 0.0001 levels, respectively.
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