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Purpose: Colorectal cancer (CRC) is a prevalent malignancy, and lactate metabolism significantly influences tumorigenesis and
progression. This study identifies key genes associated with lactic acid metabolism and explore their impact on CRC.

Patients and Methods: This study utilized data from The Cancer Genome Atlas, Gene Expression Omnibus, other public databases, and
our institutional resources. Machine learning identified key lactate metabolism-related genes. Receiver Operating Characteristic analysis,
Kaplan-Meier analysis, and the construction of a nomogram model were conducted to assess the diagnostic and prognostic significance of the
key lactate metabolism-related gene EARS2. EARS2 expression in colorectal tissue was validated using both publicly available external data
and samples from our institution. To investigate the mechanisms underlying EARS2 in CRC, Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes, Gene Set Enrichment Analysis, and Protein-Protein Interaction analyses were performed, alongside the construction of miRNA-
mRNA interaction networks. Additionally, the relationships between EARS?2 and immune cell infiltration, as well as responses to drug therapy,
were examined. Following the knockdown of EARS2, we assessed cell proliferation, migration capabilities, and apoptosis. Statistical analyses
were conducted using R and GraphPad Prism software.

Results: ERAS?2 was overexpressed in CRC tissues compared to normal and adenoma tissues, with higher expression levels correlating with
aberrant lactate metabolism and poorer patient prognosis. EARS2 was involved in pathways such as neuroactive ligand-receptor interactions,
protein digestion, and cholesterol metabolism, and it was associated with immune cell infiltration and responses to drug treatment. Additionally,
the knockdown of EARS?2 inhibited the proliferation, migration, and invasion of CRC cells while enhancing their apoptosis.

Conclusion: Elevated expression of EARS?2 is associated with abnormal lactate metabolism, immune cell infiltration, altered
therapeutic sensitivity, and poorer survival outcomes in CRC. This correlation suggests that EARS2 may serve as a potential target
for the diagnosis, prognosis, and therapeutic intervention in CRC.
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Introduction

Colorectal cancer (CRC) ranks as the third most prevalent cancer globally and is the second leading cause of cancer-
related mortality." Despite advancements in early detection and treatment strategies, CRC continues to pose a substantial
public health challenge, characterized by its high incidence and mortality rates.” Approximately 35% of cancer patients
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are diagnosed with distant metastases,” and fewer than 20% survive beyond five years following their initial diagnosis.4
The onset and progression of CRC are attributed to the prolonged interaction of multiple factors.’

Lactic acid, a byproduct of glycolysis and a precursor to gluconeogenesis, plays a vital role as an energy source for
mitochondrial respiration and exhibits various biological functions.® Elevated lactic acid levels have been observed in the
serum of patients with multiple cancer types, including melanoma, breast cancer, lung cancer, gastrointestinal cancer,
urogenital cancer, and sarcoma, often reaching concentrations up to 40 times higher than normal.” This increased lactate
concentration is correlated with lymph node or distant metastasis and is associated with lower survival rates.® Within tumor
tissue, the accumulation of lactic acid in the tumor microenvironment (TME) contributes to the establishment of an acidic
environment, which facilitates tumor progression, angiogenesis, metastasis, drug resistance, and immunosuppression.”

Lactic acid has been demonstrated to inhibit immune cell activity within the TME. Specifically, it can induce
apoptosis in natural killer (NK) cells and natural killer T (NKT) cells, thereby enabling tumor cells to evade immune
detection.'® Additionally, lactic acid impairs the production of interferon-gamma (IFN-y) and the cytotoxic functions of
NK cells.'® It also disrupts the production of IFN-y and interleukin-4 (IL-4) in NKT cells by obstructing the mechanistic
target of rapamycin (mTOR) signaling pathway, which hinders the activation of these immune cells.'' Elevated levels of
lactic acid in the TME further suppress the proliferation and functionality of T cells. Dendritic cells (DCs), which are
pivotal as antigen-presenting cells in immune responses, are also adversely affected by lactic acid, as it inhibits their
differentiation.'> Moreover, lactic acid fosters the generation of myeloid-derived suppressor cells (MDSCs), leading to
various immunosuppressive effects, including the inhibition of DC maturation, reduction of NK cell cytotoxicity,
prevention of T-cell activation, and promotion of regulatory T-cell differentiation within the TME.'® Furthermore, lactic
acid activates the ERK/STAT'* and MCT-HIF1-a pathways,'®> which facilitate macrophage polarization toward the M2

phenotype and enhance cancer cell proliferation, migration, and angiogenesis.'®
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The elevated production of lactic acid within the tumor microenvironment is critical for sustaining the energy
demands of cancer cells.'” Research has shown that the introduction of varying concentrations of exogenous lactate
enhances the migration of cancer cells.'® Additionally, lactic acid contributes to the increased synthesis of hyaluronic
acid, MMP-9, cysteine protease B, and actin, thereby facilitating cancer growth and migration.'” Furthermore, it
upregulates the expression of CD44, which enhances the adhesion of breast and prostate cancer cells to the bone marrow
endothelium, ultimately promoting bone metastasis.”® Angiogenesis, a vital process in tumorigenesis, is also stimulated
by lactic acid, resulting in the production of VEGF, TGF-f, and FGF2 by endothelial cells and fostering the development
of tumor blood vessels.?!*>

Among the key genes involved in lactic acid metabolism, EARS2 (glutamyl-tRNA synthetase 2, mitochondrial) has
garnered increasing attention due to its fundamental role in mitochondrial function and aminoacyl-tRNA biosynthesis,
both of which are essential for protein translation and energy metabolism.>* Dysregulation of mitochondrial genes,
including EARS2, has been implicated in a variety of diseases, including malignancies.**>? Notably, elevated EARS2
expression has been linked to increased tumor recurrence in cancers such as prostate,*® breast and pancreatic cancers.**!
Cui et al identified 14 metabolism-related genes, including EARS2, that are associated with colorectal cancer prognosis
and may serve as potential therapeutic targets.>”> However, the precise mechanisms underlying its regulatory role in
colorectal cancer remain to be elucidated.

Preliminary studies suggest that EARS2 overexpression is correlated with poor survival outcomes in colorectal
cancer. Understanding the role of EARS2 in this context could reveal novel mechanisms through which lactic acid
metabolism contributes to tumorigenesis and may provide new targets for therapeutic intervention.

This study aims to perform a comprehensive and systematic analysis of the core genes involved in the lactic acid
metabolic pathway, with a particular focus on EARS2. Utilizing a combination of bioinformatics analyses, molecular
biology experiments, and cell function assays, we examine gene expression data to validate the role of EARS2 in
colorectal cancer. This research seeks to elucidate the molecular mechanisms driving EARS2’s involvement in cell
proliferation, migration, and apoptosis. Additionally, the findings aim to highlight the potential of EARS2 as a biomarker
for the diagnosis, prognosis, and treatment strategies of CRC.

Materials and Methods

Data Collection and Overall Experimental Procedure

The Cancer Genome Atlas (TCGA) dataset (https://cancergenome.nih.gov/), comprising 512 samples, was employed to
gather clinical and RNA-sequencing (RNA-seq) data from CRC patients. Additionally, data from 13 datasets within the
Gene Expression Omnibus (GEO) database (GSE9348, GSE17536, GSE17538, GSE180440, GSE18105, GSE20842,
GSE21510, GSE31905, GSE37182, GSE39582, GSE103479, GSE106584, and GSE133057) were acquired to enhance
the analysis of CRC patient information. Furthermore, RNA-seq data and drug IC50 values for CRC cell lines were

sourced from the Genomics of Drug Sensitivity in Cancer database (https://www.cancerrxgene.org/).”> A flow chart

illustrating our study is presented in Figure 1. The subsequent section offers a comprehensive and detailed description of
our research.

Identification of Lactic Acid Metabolism-Related Differential Core Genes

Lactic acid metabolism-related genes (LARGs) were identified using the Molecular Signatures Database (MsigDB,
https://www.gsea-msigdb.org/gsea/msigdb/).>* Expression data from tumor and normal tissues of CRC patients were
extracted from the GEO datasets GSE21510 and GSE180440 to identify differentially expressed genes (DEGs) in CRC.
DEGs were defined as genes exhibiting an absolute log fold change (logFC) greater than 1 and an adjusted p-value of less

than 0.05. Clinical data, including stage, metastasis, and recurrence, were also collected. In the GSE21510 dataset,
weighted gene coexpression network analysis (WGCNA) was performed based on clinical phenotypes, and the resulting
gene set was intersected with LARGs. Subsequently, Least Absolute Shrinkage and Selection Operator (LASSO) and
Support Vector Machines (SVM) analyses were conducted on the intersected gene expression data of DEGs from
GSE21510 and LARGs, stratified by sample type (tumor tissue versus normal tissue). The DEGs from GSE180440 were
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Figure | The study flow chart.
Abbreviations: GEO, Gene Expression Omnibus; LADE, Lactic acid metabolism differential gene; HPA, human protein atlas; TCGA, The Cancer Genome Atlas.

then intersected with the LARGs. Core genes associated with lactic acid metabolism were identified by intersecting these
four gene sets. Finally, prognostic analysis was performed on these core genes, leading to the selection of genes with
predictive value for prognosis for further investigation (Figure S1).

Validation of EARS2 Gene Expression in CRC

Core genes associated with lactic acid metabolism were identified through the intersection of the four aforementioned
gene sets, which highlighted three potential candidates: EARS2, MRPL3, and PNPT1. Prognostic analysis indicated that
EARS?2 holds significant prognostic value, whereas MRPL3 and PNPT1 demonstrated no relevance. Consequently,
EARS?2 was chosen for further investigation.

To evaluate the differential expression of EARS2 in CRC patients, we employed the Tumor Immune Estimation
Resource (TIMER 2.0, http://timer.cistrome.org/), the TCGA database as well as five GEO datasets (GSE9348,
GSE20842, GSE21510, GSE37182, and GSE39582). The GEO microarray datasets were normalized using the Robust
Multi-array Average (RMA) method within R 2.6.2 statistical software, specifically utilizing the affy package from

BioConductor. Following normalization, gene expression levels were log2-transformed and analyzed using an unpaired
t-test.>® The distributions of gene expression were illustrated through box plots. Additionally, we validated the expression
of EARS2 in colon tissues through immunohistochemistry, referencing the Human Protein Atlas (HPA, https:/www.
proteinatlas.org/) database.

To investigate the role of the EARS2 gene in the development and progression of CRC, we collected ten samples each
of normal colorectal tissue, polyp tissue, adenoma tissue, and tumor tissue from our institution. The collection of these
tissues for analysis was approved by the Institutional Review Board of Chongqing University Cancer Hospital
(CZLS2023085-A), and informed consent was obtained from all participants. The samples were analyzed using
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quantitative polymerase chain reaction (QPCR) and Western blot (WB) techniques, with all experiments conducted in
triplicate to ensure accuracy.

Diagnosis, Prognosis and Clinicopathological Analysis

To investigate the diagnostic and prognostic significance of the EARS2 gene in CRC patients, we performed
receiver operating characteristic (ROC) curve analysis and Kaplan-Meier (KM) survival curve analysis using
a variety of datasets, including TCGA, the Kaplan-Meier Plotter database (https://kmplot.com/analysis),*® and
eight GEO datasets (GSE9348, GSE17536, GSE17538, GSE18105, GSE31905, GSE103479, GSE106584, and
GSE133057). The KM analysis was conducted using R software (version 4.0.2),>” along with the survival package

(version 3.5-8)°® and the survminer package (version 0.4.9)°° for survival analysis and visualization. Survival
curves were generated based on high and low EARS2 expression levels, with cutoff values determined either by
X-tile software (version 3.6.1, http:/tissuearray.org)*® or by median gene expression. ROC curve analysis was

performed to differentiate between cancerous and normal tissues by calculating the area under the curve (AUC)
and determining cutoff values. The pROC package (version 1.18.5) was employed for ROC curve analysis.*'

To assess the correlation between EARS2 expression and clinicopathological indicators, we utilized EARS2 expres-
sion data from GSE103479 in conjunction with clinical data, including age, sex, mutation status, and survival informa-
tion for clinicopathological analysis.

Development of the Nomogram

EARS2 expression, clinical features, and survival data were extracted from the GSE17536 dataset. Univariate and
multivariate Cox analyses were performed utilizing the survival package (version 3.5-8).*® A prognostic nomogram for
CRC patients was constructed using the rms package (version 6.8-0), based on the significant indicators identified in the

univariate Cox analysis.*> The risk score of the nomogram was calculated using the following equation:*’

Risk score = coef 1 * index 1 + coef 2 x index 2 + coef 3 * index 3 + ...+ coef N * index N.

To evaluate the model’s accuracy, we conducted a ROC curve analysis using the timeROC package (version 0.4).**
Additionally, calibration plots were generated to compare the nomogram-predicted survival rates at 1-year, 3-year, and
5-year intervals with the actual observed outcomes.

Functional Enrichment Analysis of the EARS2 Gene
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were conducted on genes
that exhibited differential expression between patients with high and low EARS?2 expression in the TCGA COAD dataset.
This analysis aimed to elucidate the associated biological processes (BP), molecular functions (MF), cellular components
(CC), and molecular pathways. Following this, gene set enrichment analysis (GSEA) was performed using the ‘Human
MSigDB v2023.2 Gene Annotation Set’ alongside the GSEABase package (version 1.60.0).*> The GeneMANIA prediction
server (https://genemania.org/) was employed to predict the function and biological network of EARS2.*® Genes associated
with EARS2, extracted from the GeneMANIA gene network, underwent GO and KEGG enrichment analysis utilizing the
Metascape network tool (https://metascape.org/).*’ Additionally, the STRING network tool (https://cn.string-db.org/) was
utilized to analyze and construct protein-protein interaction (PPI) networks pertinent to the EARS2 gene.*®

To explore the miRNA network associated with the EARS2 gene, we gathered miRNA gene sets that interact with EARS2
from two prominent miRNA databases: Starbase (https://masysu.com/encori/)** and miRnet (https:/www.mirnet.ca/).”° By

intersecting these two datasets, we established a potential EARS2-miRNA network.

Analysis of Immune Cell Infiltration and Immune Function
We employed the TIMER2.0 network analysis tool (http://timer.comp-genomics.org/timer/) to explore the relationships

between EARS2 expression and the infiltration of 16 distinct immune cell types, including B cells, cancer-associated
fibroblasts, endothelial cells, macrophages, mast cells, myeloid-derived suppressor cells, monocytes, myeloid dendritic
cells, neutrophils, NK cells, plasmacytoid dendritic cells, CD4" T cells, CD8" T cells, follicular helper T cells, NK
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T cells, and regulatory T cells.”' To analyze the correlation between EARS2 expression and immune cell infiltration, we
integrated multiple algorithms—Cibersort, Epic, Estimate, Mcp, Quantiseq, Timer, and xCell—and visualized our
findings using a lollipop chart.

The correlation between EARS2 expression and immune-related molecules, including immunoinhibitors and chemo-

kines was investigated, using the online analysis tool TISIDB (http://cis.hku.hk/TISIDB/index.php). Additionally, this
1.52

study evaluated variations in EARS2 gene expression across six immune subtypes, as classified by Thorsson et a
These subtypes include C1 (Wound Healing), C2 (IFN-y Dominant), C3 (Inflammatory), C4 (Lymphocyte Depleted), C5
(Immunologically Quiet), and C6 (TGF-p Dominant). Additionally, the study identified potential pharmacological agents
that target the EARS2 gene.””

Sensitivity of Common Drug Analysis

To examine the correlation between EARS2 gene expression and drug sensitivity, we employed the Genomics of Drug
Sensitivity in Cancer database to assess the variations in drug sensitivity between groups exhibiting high and low levels
of EARS2 expression. Our analysis concentrated on the relationship between EARS2 gene expression and sensitivity to
275 distinct drugs.

Cell Culture and Transfection

Human CRC cell lines HCT116, HT29, and RKO were obtained from the American Type Culture Collection (ATCC) and
cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cells
were maintained at 37°C in a humidified atmosphere containing 5% CO,. Following verification via Western blot analysis,
two of the three cell lines exhibiting elevated EARS2 expression were selected for subsequent transfection knockdown
experiments (Figure S2). Once the cells reached 60-70% confluence, they were transfected using Lipofectamine 3000
according to the manufacturer’s instructions. This transfection involved the application of EARS2-specific small interfering
RNAs (siRNAs) (si-EARS2-1, si-EARS2-2, si-EARS2-3, or si-EARS2-4) or a negative control siRNA (si-NC). The specific
sequences of the EARS2 siRNAs used in the experiments are detailed in Table S1. The day following transfection, total RNA
was extracted using TRIzol and subsequently converted to complementary DNA (cDNA) using a cDNA synthesis kit.
Western blot analysis was then performed to assess the silencing efficiency, with beta-actin serving as the internal control.

Cell Proliferation Assay

Following transfection, the cells were seeded into 96-well plates at a density of 5000 cells per well. The cells were
cultured for 24, 48, 72, 96, or 120 hours. At predetermined time points, 10 pL of Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) reagent was added to each well, and the cells were incubated for 2 hours. Subsequently, the optical density (OD)
was measured using a plate reader.

Cell Migration and Invasion Assay

In the migration assay, once the cells reached 90% confluence, a scratch was created in the 6-well plates using a 200 pL
pipette tip. The culture medium was then replaced with serum-free medium to minimize the effects of cell proliferation
on the experimental outcomes. Phase-contrast microscopy images were captured at the initial time point, as well as at 24-
and 48-hours post-scratch. For the assessment of invasion and migration, transwell chambers were utilized, with some
being precoated with Matrigel and others remaining uncoated. Cells suspended in serum-free medium were added to the
upper chamber, while the lower chamber was filled with medium supplemented with 10% FBS. After a 24-hour
incubation period, the cells were fixed and stained.

Cell Apoptosis Assay

To further explore the role of EARS2 in cellular processes, apoptosis assays were conducted after cell culture and
transfection with EARS2-specific siRNA. Following the manufacturer’s transfection protocol, the cells were harvested
and subsequently labeled with the Annexin V-FITC/PI kit to detect apoptosis. Flow cytometry was then utilized to
analyze the extent of cellular apoptosis.
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Statistical Analysis

Data analysis, statistical evaluation, and result presentation were performed using R software (version 4.0.4) and
GraphPad Prism 10.0 software (GraphPad, USA). Grayscale images were converted, and semiquantitative analysis
was conducted using ImageJ 1.46r software (ImageJ, USA). The overall survival of CRC patients was assessed using
the Kaplan-Meier method. The diagnostic accuracy of genes in CRC patients was evaluated through ROC curve analysis.
Continuous variables between two independent groups were compared using either the Wilcoxon rank-sum test or the
unpaired z-test, while multiple sets of continuous variables were analyzed using one-way ANOVA. A P-value of less than
0.05 was deemed to indicate statistical significance in all analyses.

Results

Elevated Expression of EARS2 Gene in CRC

Differential analysis of RNA-seq data from the GSE21510 and GSE180440 datasets, comparing CRC tissue to normal tissue,
identified 4,423 and 6,555 genes of interest, respectively (Figure 2A and B, Tables S2 and S3). By extracting and organizing
genes associated with lactic acid metabolism from the MsigDB database, a total of 303 relevant genes were identified (Tables S4
and S5). In the GSE21510 dataset, SVM regression and LASSO analyses were performed on the differentially expressed genes
related to lactic acid metabolism in both tumor and normal tissue samples, leading to the identification of 16 and 13 significant
genes, respectively (Figure 2C and D and Table S6). Using Weighted Gene Co-expression Network Analysis (WGCNA), we
identified a total of 6,521 tumor-related genes within the turquoise and blue modules of the GSE21510 dataset, categorized by
sample type (Figure 2E and F and Table S6). The intersection of these gene sets highlighted three key genes: EARS2, MRPL3, and
PNPT1I (Figure 2G). KM analysis indicated that EARS?2 exhibited strong prognostic value, while MRPL3 and PNPT1 did not
demonstrate any prognostic significance (Figure S1). Consequently, we selected the EARS2 gene for further exploration and

analysis.

To investigate the differential expression patterns of EARS2 in colorectal tumors compared to normal tissues, we
conducted an analysis utilizing data from TCGA in conjunction with five GEO datasets: GSE9348, GSE20842,
GSE21510, GSE37182, and GSE39582. The results demonstrated a significant upregulation of the EARS2 gene in
CRC tissues relative to normal colorectal tissues (Figure 3A—F). Moreover, validation using HPA immunohistochemical
data confirmed the elevated expression of EARS2 in tumor tissues (Figure 3G and H).

Subsequent qPCR and WB analyses conducted on samples from our institution further supported the increased EARS?2
expression in tumors at both the gene and protein levels. Notably, we observed a positive correlation between EARS2
expression and tumor malignancy, as indicated by the rising FARS2 expression levels associated with higher tumor
grades (Figure 31 and J). These findings suggest that EARS2 expression is elevated in CRC and is correlated with lactic
acid metabolism, indicating its potential role in CRC progression.

Diagnostic and Prognostic Significance of EARS2 in CRC Patients

To investigate the diagnostic and prognostic significance of EARS2, we performed ROC curve analysis and KM survival
analysis using datasets obtained from TCGA, KM Plotter, and GEO databases, specifically GSE9348, GSE17536, GSE18105,
GSE31905, GSE106584, and GSE133057. The ROC curve analysis demonstrated diagnostic accuracies of 0.913, 0.936,
0.753, and 0.945 for EARS2, indicating strong diagnostic performance (Figure 4A). Survival analysis utilizing KM curves
revealed that increased EARS?2 expression correlated with poorer overall survival (OS) outcomes, with P-values less than 0.05
(Figure 4B). Additionally, high EARS2 expression was associated with unfavorable rates of disease-free survival (DFS),
disease-specific survival (DSS), progression-free survival (PFS), and recurrence-free survival (RFS) (Figure S3).

Through a clinicopathological analysis of the GSE103479 dataset, we observed that EARS2 gene expression was
significantly lower in CRC patients aged over 65 years and higher in patients with BRAF mutations. Notably, factors
such as sex, tumor grade, Dukes stage, and TNM stage did not have a significant impact on EARS2 gene expression
(Figure 4C-J). Furthermore, subgroup analyses utilizing Kaplan-Meier survival analysis methods for CRC patients
revealed that elevated expression of EARS2 is associated with poorer PFS in patients with moderately to highly
differentiated CRC. Here, “highly differentiated” denotes tumors that closely resemble normal tissue in both structure
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Figure 2 Screening of core genes of the lactic acid metabolic pathway. (A and B) Differential analysis of the GSE21510 and GSE180440 datasets. (C) SVM analysis of the
GSE21510 dataset. (D) LASSO analysis of the GSE21510 dataset. (E) Clustering in WGCNA. (F) Module analysis related to sample type in WGCNA. (G) Venn diagram of
key genes.

Abbreviations: SVM, Support Vector Machines; LASSO, Least Absolute Shrinkage and Selection Operator; WGCNA, Weighted Gene Coexpression Network Analysis;
LADE, Lactic acid metabolism differential gene.
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Figure 3 EARS2 expression levels in colorectal tissues. (A-E) Boxplots representing EARS2 expression levels (log2) in normal versus tumor tissues from different CRC-

related GEO datasets (GSE21510, GSE9348, GSE20842, GSE37182, and GSE39582). (F) EARS2 expression levels in various tumor types and adjacent normal tissues from

the TIMER2 database. The red text labels colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ), highlighting EARS2 expression in these two cancer types
(G and H) Immunohistochemical analysis of the HPA indicated that EARS2 was highly expressed in CRC tissues.(l and J) qRT-PCR and WB analyses revealed differential
EARS2 expression in normal tissue, polyp tissue, adenoma tissue, and tumor tissue at both the gene and protein levels. *, P<0.05; *¥, P<0.01; ***¥, P<0.001; ***, P<0.0001.

Abbreviations: COAD, Colon Adenocarcinoma; READ, Rectum Adenocarcinoma; ns, not significant.
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Figure 4 The diagnostic, prognostic value of EARS2 and clinicopathological analysis. (A) ROC curve analysis revealed that EARS2 has an excellent ability to differentiate
tumor tissue from normal tissue, with AUC values exceeding 0.75 across all four datasets. (B) High EARS2 expression predicts poor OS in CRC patients according to
Kaplan—Meier (KM) curve analysis. (C-J) Clinicopathological analysis of EARS2 gene expression in different subgroups in the GSE103479 dataset. (K-R) Clinicopathological
analysis of GSE103479 dataset revealed the influence of EARS2 gene expression on PFS across various patient subgroups.
Abbreviations: MD, moderately differentiated; PD, poorly differentiated; WD, well differentiated; MOD, moderately of differentiated.
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and function, indicative of lower-grade malignancies (Figure 4K and L). Furthermore, high EARS2 expression was found
to correlate with worse PFS in rectal cancer patients (Figure 4M and N), in MO patients—those without distant metastasis
according to the TNM staging system (Figure 40 and P), and across all T stages (Figure 4Q and R).

Univariate and multivariate Cox analyses were conducted to assess OS and DSS within the GSE17536 cohort. The
results from the univariate Cox regression analysis revealed that EARS2 expression and clinical stage significantly
influenced OS and DSS in CRC patients (Figures SA and S4A). Furthermore, the multivariate Cox regression analysis
established EARS2 as an independent risk factor for both OS and DSS (Figures 5B and S4B). Nomogram models were
developed based on the significant indicators identified through univariate analysis (Figures 5C and S4C). Subsequently, the
prognostic models were assessed for their differentiation and calibration using ROC curves and calibration curves. The
ROC curves for the nomogram models predicting all-cause mortality yielded AUC values of 0.829, 0.787, and 0.800 for
one-year, three-year, and five-year predictions, respectively (Figure 5D). In a similar manner, the ROC curves for the
nomogram models predicting cancer-specific mortality exhibited AUC values of 0.824, 0.832, and 0.813 for one-year,
three-year, and five-year projections, respectively (Figure S4D). The calibration curves for the nomogram models assessing
overall OS and DSS demonstrated a close alignment between the observed outcomes and the predicted probabilities
(Figures 5E and S4E). These data indicate the association of EARS2 expression with survival outcomes in CRC.

Comprehensive Analysis of EARS2-Related Genes in CRC for Precision Medicine

The TCGA _COAD dataset was stratified based on EARS2 expression levels, leading to the identification of 894
significant genes through differential expression analysis (Figure 6A and Table S7). KEGG enrichment analysis
demonstrated that these 894 genes were predominantly associated with pathways such as neuroactive ligand-receptor
interaction, protein digestion and absorption, and cholesterol metabolism (Figure 6B). Moreover, GO enrichment analysis
for these significant genes across the BP, MF, and CC categories is illustrated in Figure 6C. Additionally, GSEA results
indicated that these genes were implicated in 6611 pathways (Table S8), with the top five downregulated and upregulated
pathways depicted in Figure 6D and E.

Using the GeneMANIA gene network tool, we identified twenty-one genes related to EARS2, which were utilized to
construct a gene regulatory network map that illustrates the physical interactions, coexpression, pathways, and gene
functions among these genes (Figure 6F). The results of GO and KEGG enrichment analyses for these 21 genes were
performed using the MetScape web tool (Figure 6G). Additionally, the findings from the PPI analysis conducted with the
STRING network tool are depicted in Figure 6H, emphasizing EARS2 as the central gene among the 11 interactive
network genes. Furthermore, we identified a total of 42 miRNAs associated with EARS2 from the Starbase database, in
addition to 25 miRNAs from the miRNet database. The intersection of these datasets yielded four common miRNAs:
hsa-mir-24-3p, hsa-mir-1-3p, hsa-mir-146a-5p, and hsa-mir-7-5p (Figure 61 and J). Together the integration of gene
regulatory network analysis of EARS2 in CRC reveals potential therapeutic targets.

EARS2 Expression Correlates With Tumor Immunity and Therapeutic Sensitivity in
CRC

To further explore the therapeutic potential of targeting EARS in CRC, we examined the relationship between tumor
immunity, drug sensitivity, and EARS2 expression. By integrating various immune cell infiltration algorithms, our study
revealed strong positive associations between EARS2 expression and the presence of endothelial cells, NK cells, cancer-
associated fibroblasts, macrophages, MDSCs, neutrophils, myeloid dendritic cells, monocytes, and T follicular helper
cells. In contrast, we observed a negative correlation between EARS2 expression and CD4" effector memory T cells
(Figure 7A). The statistical significance of the variation in EARS2 gene expression across five immune subtypes (C1, C2,
C3, C4, and C6) was confirmed with a P-value of less than 0.001 (Figure 7B). Elevated expression levels of EARS2 were
observed in patients classified as C1 and C2, in contrast to those categorized as C3 and C6, underscoring its potential role
in immune regulation. Additionally, EARS2 expression demonstrated significant correlations with 23 immune-related
factors, including positive associations with ICOSLG and CXCL14, alongside negative associations with other immune-
related components (Figure 7C). Additionally, using the TISIDB database, we identified glutamic acid (DrugBank
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Figure 5 Prognostic model construction and analysis. (A) Two indexes were chosen by using univariate Cox regression analysis to influence overall survival.(B) EARS2
stands out as an independent predictor of prognosis, as indicated by multivariate Cox analysis.(C) Nomogram constructed based on univariate Cox regression analysis
results. (D) ROC curve analysis to assess the discrimination power of the nomogram model. (E). Calibration curve analysis of nomogram model.

Accession Number: DB00142) as a promising drug candidate for targeting the EARS2 gene (Figure 7D). Moreover, an
analysis of the Genomics of Drug Sensitivity in Cancer database revealed a robust correlation between EARS2
expression levels and the responsiveness to 31 commonly utilized drugs (Table S9). Increased EARS2 expression was
linked to heightened sensitivity to these pharmacological agents, with the specific details of the 12 significant findings
illustrated in Figure 8. These results demonstrate that EARS?2 correlates with tumor immunity and therapeutic sensitivity.
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Figure 7 Immune infiltration and functional analysis. (A) Correlation analysis between immune infiltration of 22 types of immune cells and EARS2 expression. (B) Analysis of
differences in EARS2 gene expression among different immune subtypes. (C) Correlation analysis between immune-related molecules and EARS2 expression. (D) Prediction
of drugs targeting the EARS2 gene based on TISIDB. *, P<0.05; **¥, P<0.01; ***, P<0.001; **** P<0.0001.
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Figure 8 Drug sensitivity analysis. (A-L) Differential analysis of the sensitivity to 12 drugs, such as fortinib, GSK2256098C, GSK2276186C, IWP-2, lenalidomide and
oxaliplatin, in high- and low-expression groups.

EARS2 Knockdown Inhibits CRC Cell Proliferation and Invasion

To further investigate the impact of EARS2 on CRC cells, we analyzed its effects on various cellular processes, including
cell growth, motility, and programmed cell death. By utilizing si-EARS2-2, we successfully downregulated EARS2
expression in HT29 and RKO cell lines (Figure S5). Following EARS2 knockdown, we observed a significant reduction
in the migration and invasion capabilities of both CRC cell lines (Figure 9A and B). Additionally, flow cytometry data
reinforced the role of EARS2 in inhibiting apoptosis within CRC cells (Figure 9C). Moreover, the results from the CCK-
8 assay indicated a substantial decrease in cell proliferation in the EARS2-silenced group when compared to both the
control and si-NC groups (Figure 9D). These results suggest that EARS contributes to the proliferation and invasion of
CRC cells.

Discussion

CRC is a common malignancy, representing approximately 10% of all cancer cases and accounting for 9.4% of cancer-
related deaths worldwide. Recent studies have underscored the significant role of lactic acid in facilitating immune
evasion, cellular proliferation, metastasis, and the progression of CRC.**’ Inhibition of lactate activity has been
demonstrated to enhance drug sensitivity in CRC treatment.’*° Furthermore, dysfunction of the EARS2 gene can
lead to oxidative phosphorylation subtype 12 deficiency, which is associated with lactic acidosis, intellectual disability,
and mitochondrial damage.®®®* However, the precise role of EARS2 in lactic acid metabolism and its implications for
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the onset and progression of CRC remain unclear. Through a comprehensive analysis of various public databases and
experimental data, we have confirmed the upregulation of the EARS2 gene in CRC. Additionally, we found a correlation
between EARS2 expression levels and the severity of colorectal tissue lesions, suggesting a potential role for EARS2 in
CRC development. Further investigations are necessary to validate this hypothesis. Notably, EARS?2 is highly expressed
in tumor tissues, allowing for effective differentiation between malignant and normal tissues. Moreover, elevated
expression of EARS2 is associated with poorer prognosis, underscoring its potential as both a diagnostic and prognostic
biomarker. The correlation between EARS2 levels and decreased PFS in MO (patients—those without distant metastasis)
indicates that EARS2 may promote tumor progression through mechanisms that are independent of metastasis. Further
investigation is required to clarify the mechanisms by which EARS?2 affects tumor behavior in M0 patients and to assess
its potential as a therapeutic target for reducing the risk of recurrence in early-stage CRC.

As a member of the class I family of aminoacyl-tRNA synthases, EARS2 plays a critical role in protein biosynthesis,'?
a fundamental process essential for the growth and proliferation of CRC cells, which is consistent with our research findings.
Notably, the mitochondrial localization of EARS?2 suggests its potential involvement in cellular energy metabolism, a key
aspect of CRC pathogenesis.®> Our results indicate that genes differentially expressed between high and low EARS2
expression groups are enriched in cholesterol metabolism, implying that variations in EARS2 expression may influence
lipid metabolism in CRC by modulating the differential expression of other genes. Through GO enrichment analysis, we found
that EARS2 expression significantly impacts both cellular and humoral immune functions in CRC. Furthermore, in
constructing a PPI network, we identified genes closely associated with EARS2, including LARS2, GATB, and EPRSI.
Previous studies have underscored the critical roles of these genes in disease progression, particularly in affecting immune cell
functionality.®*> Consequently, our findings suggest that EARS2 may contribute to the initiation and progression of CRC by
modulating immune cell function, thereby providing potential insights for immunotherapy in CRC.

By constructing miRNA-mRNA networks, we identified four upstream miRNAs that may regulate EARS2 gene expression:
hsa-mir-24-3p, hsa-mir-1-3p, hsa-mir-146a-5p, and hsa-mir-7-5p. Previous studies have associated hsa-mir-24-3p with colon
polyps,®® hsa-mir-1-3p with inflammatory bowel disease through the regulation of MALAT1 and IL-6,%" hsa-mir-146a-5p with
colorectal tumors via SPP1 gene regulation,®® and hsa-mir-7-5p with CRC patient prognosis through IL-2RG regulation.®’
Nevertheless, further investigations are required to elucidate the complex regulatory relationships between EARS?2 and these
miRNAs.

Tumor-associated immune cells within the TME play a critical role in tumor progression.” Utilizing a range of
immunological algorithms, we have demonstrated a positive correlation between EARS2 expression and the infiltration of
CAFs, MDSCs, NK cells, monocyte-MDCs, and macrophages. Given the complex regulation of immune cells, the significant
influence of the EARS2 gene on immune cell function highlights the necessity for further comprehensive exploration and
validation. Our study revealed significant variations in the expression of the EARS2 gene expression across different immune
subtypes, suggesting its potential role in immune regulatory mechanisms. Additionally, our research demonstrated
a correlation between EARS?2 expression and the levels of several immune regulatory factors, including immunostimulators,
immunoinhibitors, and chemokines. This finding is crucial for enhancing our understanding of the regulatory mechanisms
governing immune responses, improving disease diagnosis, developing effective treatment strategies, and advancing perso-
nalized medicine.

Chemotherapy remains the primary treatment for patients with CRC, and its overall therapeutic effectiveness is sig-
nificantly influenced by drug sensitivity. Oxaliplatin is a commonly used chemotherapeutic agent for CRC patients.”® The
combination of ribociclib with irinotecan’" or 5-fluorouracil’® has been shown to enhance drug efficacy against CRC cell
proliferation. Additionally, pevonedistat has been found to induce CRC cell death through various apoptotic pathways,
including both p53-dependent and p53-independent mechanisms, and it has demonstrated potential synergy with irinotecan-
based chemotherapy, suggesting its viability as a combination agent.”® Our drug sensitivity analysis indicated a potential link
between EARS2 gene expression and drug sensitivity in CRC. This finding implies that assessing EARS2 expression levels
may enable predictions regarding CRC patients’ responses to specific drugs, thereby paving the way for personalized
treatment approaches. Furthermore, analyzing EARS2 drug sensitivity could facilitate the development of novel CRC
therapeutics that target tumor growth and dissemination by directly interfering with EARS2 function. Analysis conducted
via the TISIDB website identified glutamic acid (DB00142) as a potential drug for targeting the EARS2 gene, warranting
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further validation in future studies. Additionally, our cell function experiments revealed that the knockdown of the EARS2
gene inhibited the proliferation, migration, and infiltration of CRC cells while promoting apoptosis. These findings are
consistent with the results of our prognostic analysis.

Despite the insights gained from our study, several limitations must be acknowledged. The small sample size
indicates a potential trend toward increased EARS2 gene expression associated with more severe colorectal lesions;
however, this observation requires validation through larger-scale experiments. Additionally, we have not yet explored
the role of EARS?2 in colorectal tumorigenesis using animal models, highlighting the need for further research to confirm
our findings and elucidate the underlying mechanisms.

Conclusion

This study investigates the role of EARS2, a crucial gene involved in the lactic acid metabolic pathway, as a diagnostic,
prognostic and therapeutic biomarker in CRC. The development of a prognostic correlation model that incorporates
EARS?2 has demonstrated significant prognostic value, indicating that elevated EARS2 expression is linked to a poorer
prognosis. Furthermore, EARS2 may influence the proliferation, migration, and apoptosis of CRC cells while also
modulating tumor immunity. Additionally, EARS2 could impact the sensitivity of CRC to chemotherapeutic agents.
Overall, the insights gained from this research on EARS2 may deepen our understanding of CRC pathogenesis and
progression, offering potential therapeutic targets and enhancing patient survival rates.
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