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A mitochondrial lipid
metabolism– related gene
signature predicts prognosis
and immune landscape in
colorectal cancer
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Digestive Surgery, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China
Background: Colorectal cancer (CRC) is a highly aggressive gastrointestinal
malignancy with signi�cant global health consequences. While mitochondrial
lipid metabolism genes are known to in�uence CRC progression, their
prognostic relevance remains inadequately explored.
Methods: This study systematically evaluated the expression pro�les and
prognostic signi�cance of mitochondrial lipid metabolism-related genes in
CRC patients. A risk model was constructed using data from the TCGA and
GEO databases. Additionally, we examined the tumor microenvironment (TME),
immune cell in�ltration, tumor mutation burden, microsatellite instability (MSI),
and drug sensitivity. Key genes associated with core mitochondrial lipid
metabolism were identi�ed and functionally validated through a series of in
vitro cellular experiments.
Results: Mitochondrial lipid metabolism-associated genes were identi�ed,
including ABHD4, ABHD8, HDHD5, PNPLA4, GK5, CPT2, YJEFN3, CRYAB,
HSPA1A, MAPK1, ATG7, HDAC3, and ACAT2. A nomogram integrating the risk
score with key clinical variables (pTNM stage and age) was developed to predict
patient outcomes. Signi�cant variations in immune cell in�ltration were observed
between risk groups. Immune microenvironment analysis revealed signi�cant
differences in immune cell in�ltration between risk groups, and the risk score was
signi�cantly correlated with the expression of TME-related genes and immune
checkpoint molecules, indicating a markedly immunosuppressive
microenvironment in the high-risk group. Additionally, TIDE analysis showed
that combining the risk score with immune, stromal scores and MSI could more
effectively predict the bene�t of immunotherapy. Furthermore, in vitro
experiments demonstrated that knockdown of two key genes, ABHD4 and
YJEFN3, signi�cantly suppressed CRC cell proliferation, migration, and
invasion, supporting their potential oncogenic roles.
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Conclusions: This mitochondrial lipid metabolism-based risk model represents a
promising prognostic biomarker, offering potential guidance for personalized
therapeutic strategies in CRC management.
KEYWORDS

colorectal cancer, prognostic biomarker, mitochondrial lipid metabolism, tumor
microenvironment, immunotherapy, drug sensitivity
Introduction

Colorectal carcinoma (CRC) ranks as the third most prevalent
malignancy globally, accounting for an estimated 1.9 million new
cases annually (9.6% of total cancer incidence). It stands as the
second most lethal oncologic disease, causing nearly 0.9 million
deaths per year (9.3% of global cancer mortality) (1). Epidemiologic
studies reveal a distinct geographic pattern: while CRC rates are
stabilizing or declining in highly industrialized nations (albeit
maintaining elevated absolute numbers), developing countries are
experiencing rapid increases in both incidence and mortality (2).
The clinical outlook is particularly grim for metastatic CRC cases,
demonstrating dismal 5-year survival statistics under 20% (3).
These concerning epidemiologic data underscore the urgent need
for two critical advancements: (1) identi�cation of more accurate
prognostic indicators, and (2) discovery of novel molecular targets
for therapeutic intervention in colorectal tumorigenesis.

Solid tumors evolve under nutrient-poor conditions,
necessitating metabolic adaptations for survival (4). Clinical
metabolomic data reveal that solid tumors frequently exhibit
marked hypoglycemia. Remarkably, despite glucose deprivation,
tumor tissues maintain relatively stable ATP levels, suggesting that
alternative, glucose-independent energy production pathways may
be activated in cancer cells (5). In particular, during metastatic
progression, circulating tumor cells face severe metabolic stress due
to impaired glucose uptake (6). From a metabolic perspective, fatty
acid metabolism exhibits nutrient-dependent behavior: under
nutrient-replete conditions, cells favor anabolic fatty acid
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synthesis (FAS), whereas nutrient deprivation triggers a shift
toward catabolic fatty acid oxidation (FAO). This metabolic
switch is tightly regulated by the acetyl-CoA carboxylase (ACC)
enzyme family (7). Although recent studies underscore the
importance of FAO in tumor metastasis, the upstream regulatory
networks and precise mechanisms by which FAO contributes to
malignant transformation remain to be fully elucidated. Recent
research has demonstrated that the small-molecule compound CPI-
613 exerts signi�cant regulatory effects on mitochondrial lipid
metabolism, as con�rmed by multiple studies (8). A key target of
CPI-613 is acetyl-CoA carboxylase (ACC), a central enzyme in lipid
metabolism. Its inhibition induces metabolic reprogramming in
tumor cells. Notably, in pancreatic cancer models, CPI-613
suppresses lipid metabolism through the activation of the AMPK
signaling pathway, thereby exerting antitumor effects (9).

The tumor microenvironment is a specialized niche where
tumor and host cells interact, and its metabolic characteristics
profoundly in�uence anti-tumor immune responses and
therapeutic outcomes. Recent studies have shown that tumor cells
can evade immune surveillance by reprogramming the metabolic
pro�les of immune cells, while immune cells reciprocally modulate
tumor behavior through metabolic feedback, forming a complex
tumor-immune metabolic network (10). Solid tumors actively
acquire lipid nutrients via specialized uptake mechanisms: tumor
cells induce adjacent adipocytes to release free fatty acids (FFAs)
and cholesterol, which are then internalized through fatty acid
transport proteins (FATPs) (11). Within the TME, persistent
oxidative stress arises from multiple sources: in�ltrating
neutrophils generate signi�cant reactive oxygen species (ROS)
during a respiratory burst, while enzymatic reactions mediated by
lipoxygenase (LOX), cyclooxygenase (COX), and other oxidases
further exacerbate oxidative pressure. Collectively, these processes
establish a pronounced lipid peroxidation microenvironment,
leading to the accumulation of cytotoxic oxidized lipid species
such as oxidized low-density lipoprotein (ox-LDL) and
malondialdehyde (MDA) (12). This lipid-rich milieu exerts dual
regulatory effects on tumor immune responses: elevated fatty acid
levels activate the PPARa signaling pathway in T cells, promoting
FAO and oxidative phosphorylation (OXPHOS), whereas fatty acid
depletion impairs T cell proliferation and antitumor activity (13).
Thus, mitochondrial lipid metabolism is intricately linked to the
immunosuppressive nature of the TME in CRC.
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Lipid-targeting strategies demonstrate superior ef�cacy in
cancer immunotherapy compared to glucose modulation, as
tumors adapt more readily to glucose-targeted interventions.
Importantly, glucose-targeting agents may inadvertently impair
glucose-dependent antitumor immune cells, while protumor
immune cells predominantly depend on lipid metabolism.
Moreover, tumor cells themselves appear more vulnerable to
disruptions in lipid homeostasis. Existing lipid-lowering drugs
and NSAIDs can be repurposed to address lipid dysregulation
within the tumor microenvironment (14). High-density
lipoprotein (HDL) has been shown to downregulate the secretion
of chemokines, such as CXCL16, via the SR-B1 receptor pathway
(15). Interestingly, a reverse regulatory mechanism has been
observed where certain chemokine family members, particularly
CX3CL1, contribute to maintaining macrophage lipid homeostasis,
although the precise signaling pathways involved remain to be fully
elucidated (16).

Recognizing the crucial role of mitochondrial lipid metabolism
in tumor development, identifying biomarkers related to
mitochondrial lipid metabolism for colorectal cancer (CRC)
prognosis represents a promising research direction. Although
mitochondrial lipid metabolism is essential in cancer, the
underlying biological mechanisms and therapeutic interventions
based on mitochondrial lipid metabolism remain poorly de�ned.
While numerous studies have developed prognostic models to
predict CRC patient survival (17, 18), few have speci�cally
focused on models linked to mitochondrial lipid metabolism that
effectively predict prognosis and immunotherapy responsiveness in
colorectal and rectal adenocarcinomas. In our study, we constructed
a risk scoring model based on mitochondrial lipid metabolism, and
further examined the relationship between risk scores and TME
characteristics, including immune cell in�ltration, immune
checkpoint expression, and immunotherapy responses, while also
assessing drug sensitivity across 198 compounds. Overall, our
mitochondrial lipid metabolism-based risk model serves as a
robust prognostic biomarker for CRC, offering valuable guidance
for personalized treatment strategies. By linking mitochondrial lipid
metabolism to an immunosuppressive TME, our model enhances
our understanding of CRC pathogenesis and paves the way for
improved therapeutic interventions.
Materials and methods

Data collection

The study analyzed genomic and clinical data from public
repositories including RNA-sequencing pro�les and microsatellite
instability status for 620 colorectal adenocarcinoma specimens from
The Cancer Genome Atlas (TCGA), along with matched clinical
metadata from UCSC Xena. Validation of the 13-gene prognostic
signature was conducted using the GEO dataset GSE39582, which
comprises 585 colorectal cancer samples. To identify genes
associated with lipid metabolism (LMRGs), the “Lipid
Metabolism” category from the Molecular Signatures Database
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(MSigDB) was �rst examined. The candidate list was then re�ned
by cross-referencing with the MitoCarta 3.0 database and relevant
literature to extract genes with established roles in mitochondrial
lipid metabolism. Expression pro�les from colorectal cancer
datasets were further analyzed to validate their biological
relevance. In addition, bioinformatic analyses, including pathway
enrichment, were applied to ensure that the �nal gene set accurately
represented mitochondrial lipid metabolic processes. Through this
multi-step screening strategy, a robust set of candidate genes was
compiled for subsequent prognostic modeling in colorectal cancer.
Construction and validation of prognostic
mitochondrial lipid metabolism-related risk
score signature

In this study, a comprehensive differential gene expression
analysis was performed using the “limma” R package. Speci�cally,
a threshold of |log2FC| > 1.3 and FDR < 0.05 was employed to
identify differentially expressed genes. This threshold, adopted
based on commonly applied criteria in previous CRC
transcriptomic studies, was chosen to balance sensitivity and
speci�city (19). Comparisons were conducted between tumor and
normal tissues as well as between high- and low-risk groups, and the
results were visualized using volcano plots and Venn diagrams.
Subsequently, we conducted univariate Cox regression to assess
prognostic signi�cance, followed by LASSO regression for feature
selection, ultimately establishing a 13-gene risk signature calculated
as:

Risk�score� = �o (bi� � �ExpGenei)

In this formula, expgene denotes the expression value of each
gene, i represents the total count of signature genes (n=13), and bi

corresponds to the LASSO-derived regression coef�cient for each
gene. Using the median risk score as the cutoff threshold, patients
were strati�ed into distinct high-risk and low-risk subgroups.
Demographic and clinicopathological parameters (including sex,
age at diagnosis, and TNM staging) were extracted from TCGA
clinical records. Both univariate and multivariate Cox proportional
hazards models were employed to assess the independent
prognostic value of the risk signature, with statistical signi�cance
de�ned as p<0.05 (two-tailed). The predictive accuracy of this 13-
gene classi�er was externally validated in the GSE39582 cohort
through multiple approaches: (1) time-dependent receiver
operating characteristic (ROC) curve analysis, (2) risk
strati�cation visualization, and (3) calculation of Harrell’s
concordance index (C-index). All gene annotations were veri�ed
against the NCBI database.

Construction and validation of nomogram
The study established a prognostic nomogram by integrating

molecular risk scores with clinical parameters (age, TNM stage)
through univariate and multivariate Cox regression analyses
(P<0.05 signi�cance threshold). The nomogram assigned
weighted points to each predictor, with total scores enabling
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individualized 1-, 3-, and 5-year survival probability estimation.
Model performance was validated using time-dependent ROC
curves (discrimination), bootstrap-corrected calibration plots
(accuracy), and decision curve analysis (clinical utility),
demonstrating robust predictive capability for personalized
outcome assessment.
Gene ontology, Kyoto encyclopedia of
genes and genomes analyses, and gene set
enrichment analyses

Functional enrichment analysis was performed using R software
(version 4.3.3) with the following packages: clusterPro�ler for gene
set enrichment, org.Hs.eg.db for gene annotation, enrichplot for
visualization, and ggplot2 for graphical representation. We
speci�cally examined differentially expressed genes (DEGs)
associated with mitochondrial lipid metabolism and those
distinguishing high- versus low-risk patient groups. Statistically
signi�cant functional terms were identi�ed using a false discovery
rate (FDR) threshold of <0.05 after multiple testing correction.
Curated sets v7.4 collections from the MSigDB were used for GSEA,
performed with GSEA 4.2.1 software. The total transcriptome of
tumor samples was analyzed.
Tumor microenvironment

Stromal scores and immune scores were calculated using the
ESTIMATE algorithm in R (version 4.3.3) “estimate” package. The
TME-related biomarker list was extracted from GSEA (http://
www.gsea-msigdb.org/gsea/index.jsp). RNA-sequencing
expression (level 3) pro�les and clinical information for
COADREAD were downloaded from the TCGA dataset (https://
portal.gdc.cancer.gov/). To obtain robust immune score evaluations,
we utilized the immunedeconv R package to implement the
CIBERSORT algorithm.
Prediction of therapeutic sensitivity in
patients with different risk scores

This study systematically evaluated the predictive accuracy of
our risk strati�cation model for both conventional and novel
therapies by integrating multiple computational approaches.
Using the “oncoPredict” R package (v1.2.0) in R (v4.3.3), we
calculated the normalized half-maximal inhibitory concentrations
(IC50) for 138 FDA-approved chemotherapeutic and targeted
agents, referencing the Genomics of Drug Sensitivity in Cancer
(GDSC) database (v8.2). Concurrently, immunotherapy response
potential was assessed through the Tumor Immune Dysfunction
and Exclusion (TIDE) algorithm, which evaluates immune evasion
mechanisms and predicts checkpoint inhibitor responsiveness. This
comprehensive analysis provides a robust framework for predicting
therapeutic ef�cacy across diverse treatment modalities.
Frontiers in Immunology 04
Mutation analysis

Somatic mutation data for colorectal adenocarcinoma
(COADREAD) were obtained from cBioPortal (https://
www.cbioportal.org) and analyzed using the “maftools” R package
(v3.5.1) to visualize mutation pro�les and calculate tumor
mutational burden (TMB). Microsatellite instability (MSI) status
was retrieved from the TCGA dataset via the Genomic Data
Commons (GDC) portal. All analyses followed standardized
bioinformatics work�ows with quality control, allowing
comprehensive assessment of mutation patterns and clinically
relevant MSI features across risk groups.
Cell lines and cell culture

The human colorectal cancer (CRC) cell lines RKO and
HCT116 were obtained from the American Type Culture
Collection (ATCC, USA). Cell line authentication was performed
using short tandem repeat (STR) pro�ling, and all cell lines were
con�rmed to be free of mycoplasma contamination. Cells were
cultured in Dulbecco’s Modi�ed Eagle Medium (DMEM;
Meilunbio, Dalian, China) supplemented with 10% fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA), 100 U/mL penicillin,
and 100 µg/mL streptomycin. Cultures were maintained in a
humidi�ed incubator at 37°C with 5% CO2.
Lentiviral-mediated knockdown of ABHD4
and YJEFN3

To achieve stable knockdown of ABHD4 and YJEFN3,
target shRNA sequences were cloned into the pGreenPuro
(CMV) vector. The shRNA sequence targeting ABHD4 was
5�-CCGGACTTCAAACGCAAGTTT-3�, and that for YJEFN3
was 5 � -AGAGCGGAGCTTAGCTCAAAT-3 � . Lentiviral
particles were produced and used to transduce RKO and
HCT116 cells. Cells were seeded in 6-well plates and infected
when they reached 60–80% con�uence using viral supernatant
supplemented with 10 mg/mL polybrene (Sigma-Aldrich, USA)
overnight. Following infection, the medium was replaced, and
48 h later, puromycin (10 mg/mL; Sigma-Aldrich, USA) was
added to select for stably transduced cells, resulting in the
establishment of the RKO/shABHD4, HCT116/shABHD4,
RKO/shYJEFN3, and HCT116/shYJEFN3 cell lines.
Western blotting

Cells were washed with cold PBS and lysed in RIPA buffer
(Kangwei, Beijing, China) supplemented with phosphatase inhibitors
(Roche, Switzerland). Protein concentrations were determined using the
BCA assay (Pierce, USA). Equal amounts of protein (20 mg) were
separated by 10% SDS-PAGE and transferred to 0.22 mm PVDF
membranes (Millipore, USA). Membranes were blocked with 5%
frontiersin.org
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non-fat milk in TBST and incubated overnight at 4°C with primary
antibodies: anti-GAPDH (Proteintech, 0.02 µg/mL), anti-ABHD4
(Thermo Fisher), and anti-YJEFN3 (Atlas Antibodies). After washing,
membranes were incubated with HRP-conjugated secondary antibody
(Thermo Fisher) and developed using ECL substrate. Signals were
detected using the Tanon 5200 system (Tanon, China).
CCK-8 assay

Cell proliferation was assessed using the Cell Counting Kit-8
(CCK-8; Dojindo, Kumamoto, Japan) according to the
manufacturer’s instructions. Brie�y, CRC cells were seeded into
96-well plates at a density of 1,000 cells/well in 200 mL of complete
medium. After incubation with 20 mL of CCK-8 solution for 2 h,
absorbance at 450 nm (OD450) was measured using a microplate
reader (BioTek, VT, USA). All experiments were performed
in triplicate.
Migration and invasion assays

For migration assays, 1 × 105 cells suspended in serum-free
medium were seeded in the upper chamber of 24-well Transwell
inserts (8 mm pore size; Corning, MA, USA). Medium containing
10% FBS was added to the lower chamber as a chemoattractant.
After 12 h of incubation, migrated cells on the lower surface of the
membrane were �xed and stained with 0.1% crystal violet for
30 min.

For invasion assays, inserts were pre-coated with diluted
Matrigel (BD Biosciences, San Jose, CA, USA). Cells were seeded
in the same manner, and after 24 h, invaded cells were �xed and
stained similarly. Stained cells were imaged and counted under a
microscope in ten randomly selected �elds. The average number of
migrated or invaded cells was calculated.
Wound-healing assay

For wound-healing assays, 4 × 105 cells/well were seeded in 24-
well plates and allowed to form a monolayer. A scratch was made
using a sterile pipette tip, and images were captured at 0 h and 24 h.
The migration rate was analyzed using ImageJ software (NIH,
USA). Experiments were performed in triplicate.
Statistical analysis

All statistical analyses were performed using R software (version
4.3.3) and GraphPad Prism (version 10.0.1), employing Student’s t-
tests for continuous variables (risk scores, stromal/immune scores,
tumor purity, and TMB), c� tests for categorical variables
(immunotherapy response and clinical factors), Spearman
correlation for association analyses, and the concordance index
(C-index) to evaluate the predictive power of age and risk scores for
Frontiers in Immunology 05
overall survival (OS), along with univariate and multivariate Cox
regression analyses to assess the prognostic signi�cance of
mitochondrial lipid metabolism-related genes and clinical
characteristics, with a two-tailed P-value < 0.05 considered
statistically signi�cant. For GO and KEGG enrichment analyses,
the Benjamini-Hochberg procedure was applied to adjust for
multiple comparisons, and results were reported as FDR-adjusted
p-values. For Gene Set Enrichment Analysis (GSEA), we used
normalized enrichment scores (NES) and FDR q-values to assess
signi�cance, following standard GSEA criteria, with FDR < 0.25
considered statistically signi�cant. For immune cell in�ltration
comparisons, FDR correction was also applied when evaluating
differences in immune cell populations between the high- and low-
risk groups. For genome-wide survival screening, p-values from
univariate Cox regression analyses were adjusted using the
Benjamini-Hochberg method to control the false discovery rate
(FDR). For survival analysis of selected candidate genes or model
components, raw p-values were reported without multiple
testing correction.
Results

Identi� cation of DEGs related to
mitochondria lipid metabolism and
functional enrichment analysis in
COADREAD

A comprehensive analysis was conducted to identify differentially
expressed genes (DEGs) associated with mitochondrial lipid metabolism
in colorectal and rectal adenocarcinoma (COADREAD). The overall
study design is illustrated in Supplementary Figure S1. A total of 10,852
DEGs were detected, comprising 5,839 signi�cantly downregulated and
5,013 signi�cantly upregulated genes, which were visualized using
volcano plots to compare tumor and normal samples (Figure 1A).
Mitochondrial lipid metabolism gene set was selected from the MSigDB
database. This gene set was curated through literature mining and
experimental validation and comprises genes involved in mitochondrial
lipid metabolism pathways. These genes are extensively associated with
lipid synthesis (anabolism), degradation (catabolism), and regulation,
and are known to play critical roles in energy homeostasis, membrane
integrity, and cell signaling. To further re�ne the selection, we identi�ed
220 mitochondrial lipid metabolism-related genes by integrating the
results of Gene Set Enrichment Analysis (GSEA) with the DEG
dataset (Figure 1B).

Gene Ontology (GO) enrichment analysis demonstrated that
these DEGs were primarily involved in biological processes such as
lipid metabolism and small molecule metabolic processes
(Supplementary Figure S2A). In terms of cellular components, the
identi�ed genes were predominantly enriched in the mitochondrial
membrane and mitochondrial envelope (Supplementary Figure
S2B). Functionally, they exhibited catalytic activity and anion
binding (Supplementary Figure S2C).

Furthermore, KEGG pathway analysis highlighted key
pathways associated with these DEGs, including insulin
frontiersin.org
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FIGURE 1

Differentially expressed genes (DEGs) associated with mitochondrial lipid metabolism and the construction of a prognostic model in the TCGA-
COADREAD cohort (A) A volcano plot illustrating the expression differences between COADREAD tumor and normal tissues, identifying 10,852
genes. (B) A Venn diagram depicting the intersection among DEGs, lipid metabolism-related genes, and mitochondrial genes, resulting in 220 hub
genes. (C) A forest plot evaluating 17 genes related to prognosis, demonstrating their impact on patient outcomes. (D, E) LASSO regression analyses
of the 17 overall survival (OS)-related genes, including cross-validation to determine the optimal tuning parameter (log[l] on the x-axis and partial
likelihood deviance on the y-axis, with red dots indicating deviations ± standard error). (F) Expression levels of the 13 prognostically signi�cant core
genes in the TCGA-COADREAD cohort. Signi�cance levels are indicated as ****P < 0.0001.
Frontiers in Immunology frontiersin.org06
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resistance, glycerophospholipid metabolism, and fatty acid
metabolism (Supplementary Figure S2D). Notably, both insulin
resistance and glycerophospholipid metabolism have been linked to
colorectal cancer (CRC) progression, potentially facilitating tumor
growth and survival through the PI3K-AKT and mTOR signaling
pathways. Collectively, these �ndings enhance our understanding of
the molecular mechanisms through which mitochondrial lipid
metabolism-related DEGs in�uence COADREAD development
and progression.
Construction and validation of a
mitochondrial lipid metabolism-related risk
signature

To develop a mitochondrial lipid metabolism-related risk
signature, we initially identi�ed 17 prognostic candidates for
COADREAD from 220 differentially expressed mitochondrial
lipid metabolism-related genes using univariate Cox regression
analysis (P < 0.05). Assessment of mitochondrial lipid
metabolism-related genes in predicting prognosis of CRC
exhibited by forest plot are shown in Figure 1C. LASSO
regression analysis further re�ned this list to 13 key genes
(Figures 1D, E). These genes formed the basis of our prognostic
model, detailed in Supplementary Figure S3. The risk score for each
patient was determined using the following formula:

Risk�score� = �(0:3381)� � �ABHD4� + �(7e � 04)� � �ABHD8�

+ �( � 0:0089)� � �HDHD5� + �( � 0:0641)�

� �PNPLA4� + �( � 0:2255)� � �GK5� + �( � 0:3078)�

� �CPT2� + �(0:315)� � �YJEFN3� + �(0:0476)�

� �CRYAB� + �(0:1557)� � �HSPA1A� + �( � 0:0437)�

� �MAPK1� + �( � 0:2021)� � �ATG7� + �( � 0:1944)�

� �HDAC3� + �( � 0:0454)� � �ACAT2:

Analysis of the TCGA-COADREAD dataset con�rmed distinct
expression patterns of mitochondrial lipid metabolism-related
genes. Speci�cally, HDHD5, PNPLA4, MAPK1, ATG7, and
ACAT2 were signi�cantly upregulated, whereas ABHD4, ABHD8,
GK5, CPT2, YJEFN3, CRYAB, HSPA1A, and HDAC3 were notably
downregulated in tumor tissues compared to normal samples
(Figure 1F). These alterations suggest a crucial role for these
genes in shaping the tumor immune microenvironment and
in�uencing colorectal cancer progression.

The association between risk scores and survival time, survival
status, risk strati�cation, and gene expression pro�les is illustrated in
Figure 2A. Patients were classi�ed into high- and low-risk groups based
on the median risk score. Kaplan-Meier survival analysis indicated a
signi�cantly poorer overall survival (OS) for patients in the high-risk
group (P = 2.27e-09, Figure 2B). The predictive capability of the
prognostic model for 1-, 3-, and 5-year OS was assessed using ROC
curves, yielding AUC values of 0.71, 0.72, and 0.72, respectively
(Figure 2C), demonstrating its effectiveness in prognostic evaluation.
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In addition, we performed direct ROC comparisons between our 13-
gene signature and several previously published metabolism-related
prognostic models in CRC (Figure 2G). Notably, our model achieved
the highest AUC value (0.72), surpassing those based on nucleotide
metabolism (AUC = 0.67), general metabolism-related genes (AUC =
0.70), tryptophan metabolism–associated signatures (AUC = 0.65),
mRNAsi-related metabolic risk scores (AUC = 0.672), and hypoxia-
and lipid metabolism–related genes (AUC = 0.625). These �ndings
indicate that our signature exhibits superior prognostic discriminatory
power compared with existing models.

To further evaluate the model’s performance, validation was
conducted using the GSE39582 dataset. Consistent with the TCGA-
COADREAD training cohort, higher risk scores were associated
with worse survival outcomes (Supplementary Figures S4A, B). The
expression pro�les of 13 genes in the validation dataset are
displayed as heatmaps (Supplementary Figure S4A), and Kaplan-
Meier analysis con�rmed signi�cantly poorer survival in high-risk
patients (Supplementary Figure S4B). ROC curve analysis for 1-, 3-,
and 5-year survival yielded AUC values of 0.68, 0.66, and 0.65,
respectively (Supplementary Figure S4C), further validating the
model’s robustness and clinical relevance.
Construction and assessment of a
prognostic model based on mitochondrial
lipid metabolism-related genes

A nomogram was constructed to predict patient prognosis
quantitatively by combining the risk score and essential clinical
variables, supporting clinical decision-making. Both univariate and
multivariate analyses revealed that the risk score, pTNM stage, and age
were signi�cant, marking them as independent prognostic factors
(Figure 2D). The nomogram, which integrates these independent
prognostic factors—risk score, pTNM stage, and age—was developed
to forecast patient outcomes (Figure 2D). The calibration curves
demonstrated a high level of agreement between the predicted and
observed survival probabilities at 1-, 3-, and 5-year intervals
(Figure 2E). Calibration curves were also generated to further
validate the predictive reliability of the nomogram. The nomogram
exhibited strong prognostic accuracy, re�ected in a concordance index
of 0.77 (95% CI: 0.72-0.81; p<0.001), con�rming its predictive value.

Additionally, we evaluated the potential of risk scores derived
from mitochondrial lipid metabolism-related genes as valuable
biomarkers for patient strati�cation and prognosis in colorectal
cancer. Our results revealed signi�cant associations between these
risk scores and established clinical stage parameters. Notably,
higher risk scores were closely linked to advanced disease stages
(Stage II-IV vs. I, and Stage IV vs. II, III; Figure 2F, P < 0.05), further
supporting the utility of the risk score as a prognostic biomarker,
particularly in later-stage colorectal cancer. Moreover, high risk
scores were signi�cantly associated with advanced T staging, lymph
node metastasis (N staging), and distant metastasis (M staging),
indicating that abnormal mitochondrial lipid metabolism may
promote tumor invasion into deeper tissues and metastasis
(Supplementary Figure S5).
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Functional enrichment analysis of DEGs in
high-risk and low-risk groups

Functional enrichment analyses were performed on
differentially expressed genes (DEGs) in both high-risk and low-
risk groups. Gene Ontology (GO) enrichment analysis revealed that
DEGs associated with biological processes were predominantly
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involved in extracellular matrix organization and extracellular
structure organization (Figure 4A). For cellular components,
DEGs were mainly related to cell-substrate adherens junctions,
and collagen-containing extracellular matrix (Figure 3A).
Regarding molecular functions, the DEGs were enriched in cell
adhesion molecule binding and extracellular matrix structural
constituents (Figure 3A).
FIGURE 2

Evaluation of the prognostic model in the training cohort. (A) Distribution plots showing risk scores, survival status (blue indicates deceased, red
indicates alive), and expression of the 13 model genes in the TCGA-COADREAD training set. (B) Kaplan-Meier survival curves comparing overall
survival between high- and low-risk groups. (C) Receiver Operating Characteristic (ROC) curves for predicting 1-, 3-, and 5-year overall survival.
(D) A nomogram integrating risk score with relevant clinical features. (E) Calibration curves demonstrating the concordance between predicted and
actual survival probabilities at 1, 3, and 5 years. (F) Analysis of the association between risk scores and TNM stage in COADREAD patients. (G) Time-
dependent ROC analysis comparing the 3-year overall survival predictive performance of the mitochondrial lipid metabolism signature with
previously published metabolism-related models. Signi�cance levels are indicated as ****P < 0.0001, **P < 0.01, *P < 0.05.
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KEGG pathway analysis identi�ed the top 10 enriched pathways,
including focal adhesion, MAPK signaling, ECM-receptor interactions,
Rap1 signaling, human papillomavirus infection, FoxO signaling,
toxoplasmosis, glycosaminoglycan biosynthesis, regulation of lipolysis
in adipocytes, and C-type lectin receptor signaling (Figure 3B).
Additionally, Gene Set Enrichment Analysis (GSEA) highlighted that
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mitochondrial lipid metabolism-related risk scores in the high-risk
group were strongly associated with extracellular matrix structural
constituent and extracellular matrix organization (Figure 3C).

Both the GO analysis and GSEA emphasized the extracellular
matrix’s pivotal role in tumor biology, with terms such as extracellular
matrix structural constituent and organization being prominent.
FIGURE 3

Pathway enrichment analysis in high- and low-risk groups. (A) A bubble plot presenting the top 10 signi�cant Gene Ontology (GO) terms, color-
coded by biological process (BP), cellular component (CC), and molecular function (MF), with associated genes listed. (B) A bubble plot depicting the
top 10 signi�cant KEGG pathways, with color distinctions representing each pathway and the related gene lists provided. (C) Gene Set Enrichment
Analysis (GSEA) identifying distinct gene sets enriched in the high-risk group.
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KEGG analysis further revealed key pathways like focal adhesion and
ECM-receptor interactions, both of which are critically involved in the
TME. The interactions between cells and the ECM are fundamental to
TME signaling, affecting cell adhesion, migration, and invasion. Since
the TME is largely composed of extracellular matrix components and
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regulatory signaling molecules, our analyses point to several key
pathways—ECM organization, receptor interactions, and collagen-
related processes—as crucial players within the TME. These �ndings
support the conclusion that TME-associated pathways are
signi�cantly enriched.
FIGURE 4

Association between risk score and immune microenvironment characteristics. (A) CIBERSORT analysis demonstrating the correlation between the
risk score and various immune cell types. (B) Correlation between the risk score and the expression of signatures for activated CD8+ T cells and M2
macrophages. (C) Analysis of the relationship between the risk score and tumor purity, with distributions shown for each risk group. (D) Correlation
between the risk score and immune score, along with corresponding group distributions. (E) Association between the risk score and the expression
of immune checkpoint molecules. Signi�cance levels: ****P < 0.0001, *P < 0.05
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