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Abstract
Kidney renal clear cell carcinoma (KIRC), the most aggressive subtype of renal 
cancer, is characterized by metabolic reprogramming and an immunosuppressive 
microenvironment. While forkhead box O1 (FOXO1) is recognized as a pleiotropic 
regulator of cellular metabolism and immune responses, its potential tumor-
suppressive roles in KIRC remain undefined, particularly regarding metabolic–
immune crosstalk. We integrated The Cancer Genome Atlas bulk RNA sequencing and 
clinical data, immunohistochemical validation (The Human Protein Atlas database), 
and bioinformatics algorithms (single-sample Gene Set Enrichment Analysis [GSEA] 
and GSEA). Survival modeling (Cox regression and Kaplan–Meier), differential gene 
expression profiling, and protein–protein interaction network construction were 
systematically performed to delineate FOXO1’s prognostic relevance and candidate 
associated mechanisms. Lower FOXO1 expression was associated with unfavorable 
overall clinical outcomes and more advanced pathology stages and histologic 
grades. Reduced FOXO1 expression was accompanied by an immunosuppressive 
tumor microenvironment, marked by elevated regulatory T cell infiltration and 
diminished effector and memory T cell signatures. Gene Ontology together with 
GSEA analyses showed a strong association between FOXO1 and lipid metabolism-
related pathways. In addition, FOXO1 expression correlated with altered expression of 
epigenetic regulators, including higher lysine acetyltransferase 2A (KAT2A) and lower 
E1A-binding protein P300 (EP300), which may be associated with T cell functional 
states. This study, based on bulk RNA sequencing data and in silico analyses, suggests 
that FOXO1 could represent a potential regulator of metabolic–immune interactions 
in KIRC and is associated with tumor progression and remodeling of the immune 
landscape. Our results support that FOXO1 emerges as a potential indicator of patient 
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prognosis. However, additional experimental studies are required to further substantiate 
these observations.

Keywords: Forkhead box O1; Kidney renal clear cell carcinoma; Metabolic reprogramming; 
Immune infiltration; Epigenetic modification

1. Introduction
Renal cell carcinoma, a predominant malignancy of 
the urinary system, exhibits a rising global incidence. 
It comprises three major histological entities: kidney 
renal clear cell carcinoma (KIRC), kidney renal papillary 
cell carcinoma (KIRP), and kidney chromophobe renal 
cell carcinoma (KICH). Among these, KIRC represents 
the predominant and most aggressive pathological 
subtype1, with an increasing incidence over time.2 While 
surgery achieves favorable outcomes in localized KIRC, 
advanced and metastatic stages of the disease remain 
clinically challenging, with limited therapeutic efficacy of 
conventional radiotherapy and chemotherapy contributing 
to dismal survival rates.3,4 Although the introduction of 
immune checkpoint blockade and anti-angiogenic agents 
has substantially extended survival and improved disease 
control in patients with advanced KIRC5,6, a considerable 
proportion of patients fail to achieve durable responses 
because of intrinsic or acquired therapeutic resistance7, 
highlighting the importance of elucidating the biological 
processes that drive KIRC progression and treatment 
response. Therefore, elucidating the molecular mechanisms 
driving tumor progression and metastasis represents a 
critical imperative for developing innovative therapeutic 
strategies with enhanced oncological efficacy.

The hallmark metabolic remodeling observed in 
KIRC exemplifies how transcriptional dysregulation 
drives oncogenic metabolic adaptation, with altered 
cellular energetics propagating tumorigenic expansion.8 
Histopathological analyses corroborate this metabolic 
paradigm, as cytoplasmic clearing—a diagnostic hallmark 
of KIRC—manifests as pathognomonic accumulations 
of neutral lipids and cytoplasmic glycogen stores, 
indicative of profound lipidolysis and glucometabolic 
reprogramming.9 The von Hippel–Lindau (VHL) tumor 
suppressor gene is genetically inactivated in approximately 
90% of KIRC cases, a molecular defect that constitutively 
activates hypoxia-inducible factor (HIF) signaling 
through impaired proteasomal degradation.10 KIRC 
exhibits distinct metabolic reprogramming, marked by 
glucose metabolism dysregulation, impaired oxidative 
phosphorylation, and tumor-specific dependencies, such 

as glutamine anaplerosis.11

The immune landscape within the tumor 
microenvironment serves not only as a critical determinant 
of patient prognosis but also as a promising therapeutic 
frontier in oncology.7,12 While KIRC exhibits substantial 
infiltration of T lymphocytes and myeloid populations13, 
these immune effectors demonstrate compromised 
cytotoxic functionality.14-16 Metabolic reprogramming 
serves as a pivotal mechanism regulating functional 
adaptation in lymphocytes, with particular relevance to 
T cell differentiation processes.17,18 While effector T cells 
predominantly utilize glucose and amino acid catabolism 
to sustain clonal expansion and cytolytic potential19-22, 
exhausted T cells develop distinct bioenergetic profiles 
marked by mitochondrial dysfunction23-25, preferential 
utilization of glycolysis26, and accumulation of lipid 
oxidation byproducts that collectively drive functional 
impairment.27

As a constituent of the evolutionarily conserved 
forkhead box (FOX) protein superfamily, FOXO1 functions 
as a master regulatory switch governing metabolic 
homeostasis.28,29 This pleiotropic transcription factor 
mediates canonical insulin/insulin-like growth factor 1 
(IGF-1) signal transduction networks while maintaining 
pan-tissue expression patterns in vertebrates.30 As a 
biological switch governing T lymphocyte responsiveness 
and immunological memory commitment, FOXO1’s 
functional coordination with its inherent metabolic 
regulatory circuits remains mechanistically undefined.31,32

FOXO1 demonstrates paradoxical oncogenic regulation 
across cancer subtypes. The expression signature of FOXO1 
demonstrates significant depletion across advanced renal 
cell carcinoma histotypes, particularly in KIRC.33 Genetic 
restoration of FOXO transcriptional activity induces 
conserved tumor-suppressive responses through apoptotic 
activation and Myc-dependent transcriptional network 
remodeling.34 Paradoxically, FOXO-mediated potentiation 
of AKT catalytic domain phosphorylation establishes 
compensatory signaling circuits that sustain neoplastic 
progression under phosphoinositide 3-kinase (PI3K)-
targeted therapeutic interventions.35

Although FOXO1 expression was initially surveyed 
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across multiple renal cancer histotypes, this study focuses 
exclusively on KIRC for all subsequent mechanistic 
and clinical analyses. Based on transcriptomic and 
clinical data obtained from The Cancer Genome Atlas 
(TCGA), we analyzed the clinical relevance of FOXO1 
expression in KIRC. The relationship between the 
immune microenvironment in KIRC patients and FOXO1 
mRNA levels was investigated using bioinformatics tools, 
including single-sample Gene Set Enrichment Analysis 
(ssGSEA) and GSEA. This study aims to evaluate the 
prognostic value of FOXO1 and to explore its potential role 
in immune regulation in KIRC.

2. Materials and methods
2.1. Data sources and pre-processing

We obtained gene expression data, clinical data, and other 
relevant information corresponding to different types 
of renal cancer from the TCGA database (https://portal.
gdc.cancer.gov). RNA sequencing (RNA-seq) data were 
generated using the Spliced Transcripts Alignment to a 
Reference (STAR) workflow and processed into transcripts 
per million (TPM) format according to the platform’s 
standardized pipeline. The processed TPM expression 
matrix was subsequently used for all downstream analyses. 
For visualization and additional comparisons, expression 
data were log2-transformed. Comparisons between two 
groups were performed using paired or unpaired two-
tailed t-tests, as appropriate. Specifically, for samples with 
matched tumor and adjacent normal tissues from the 
same patient, paired t-tests were applied to account for 
inter-patient variability. A p-value < 0.05 was considered 
statistically significant. For analyses involving multiple 
comparisons, p-values were adjusted using the Benjamini–
Hochberg method (see Sections 2.5 and 2.6).

2.2. Immunohistochemistry

The Human Protein Atlas (HPA, https://www.
proteinatlas.org/) is an open-access database that provides 
comprehensive information on protein expression and 
localization across a wide range of human tissues and cell 
types. Immunohistochemical images of normal and renal 
cancer tissues were downloaded from HPA to compare 
FOXO1 expression levels between normal and tumor 
samples.

2.3. Survival analysis

Overall survival (OS), disease-specific survival (DSS), and 
disease progression-free interval (PFI) were used as clinical 
endpoints. These survival data were obtained from the 
TCGA Pan-Cancer Clinical Data Resource (TCGA-CDR) 
developed by Liu et al.36, which provides standardized 

survival endpoints for TCGA cohorts. FOXO1 expression 
was analyzed as a continuous variable in Cox proportional 
hazards regression models. The associations between 
FOXO1 expression and OS, DSS, or PFI in patients with 
different kidney cancer types were evaluated to assess the 
prognostic value of FOXO1. The Kaplan–Meier method 
was used to plot survival curves. 

2.4. Clinical risk factor analysis

Based on the clinical information from the TCGA database, 
the association between FOXO1 expression levels and 
clinicopathological characteristics, including gender, age, 
pathologic T stage, and pathologic M stage, was analyzed. 
Patients were stratified into FOXO1-high and FOXO1-low 
groups according to the median FOXO1 expression level. 
OS and DSS were used as the study endpoints. OS was 
defined as the time from diagnosis to death from any cause 
or the last follow-up, whereas DSS was defined as the time 
from diagnosis to death attributable to KIRC or the last 
follow-up. Patients alive at the last follow-up were treated 
as censored observations. Univariate and multivariate Cox 
proportional hazards regression analyses were performed 
using the “survival” package in R. Age, gender, pathological 
T stage, pathological M stage, and FOXO1 expression group 
were included to identify independent prognostic factors. 
Samples with missing values for variables included in the 
survival analyses were excluded from the corresponding 
analyses. 

2.5. Tumor infiltration level analysis of immune cells

Immune cell infiltration was quantified using ssGSEA with 
the GSVA R package. Gene expression profiles were used 
as input, and enrichment scores representing the relative 
abundance of immune cell populations were calculated for 
each sample. The ssGSEA method was applied to estimate 
the relative infiltration levels of 24 immune cell subsets in 
each sample. Spearman correlation analysis was performed 
to evaluate the association between FOXO1 expression and 
the infiltration levels of the 24 immune cell types (marker 
genes were selected from a previous study37), and p-values 
were adjusted for multiple testing using the Benjamini–
Hochberg false discovery rate (FDR) method. A p-value < 
0.05 was considered statistically significant.

To further validate the ssGSEA findings, immune cell 
composition was independently estimated using the Cell-
type Identification by Estimating Relative Subsets of RNA 
Transcripts (CIBERSORT) algorithm based on the LM22 
leukocyte signature matrix. Associations between FOXO1 
expression and the inferred immune cell proportions 
were subsequently evaluated using Spearman correlation 
analysis.
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2.6. Analysis of differentially expressed genes

Differentially expressed genes (DEGs) were identified 
between FOXO1-high and FOXO1-low KIRC samples 
using the DESeq2 package with the design formula ~ 
FOXO1_group. The screening threshold was set at |log2FC 
(fold-change)| > 1, and the Benjamini–Hochberg method 
was used for multiple-comparison adjustment, with 
adjusted p-values < 0.05 considered statistically significant. 
A positive log2FC indicates higher expression in the 
FOXO1-low group, whereas a negative log2FC corresponds 
to higher expression in the FOXO1-high group. As the 
analysis was intended to explore FOXO1-associated 
transcriptional programs, no adjustment for tumor stage 
or histological grade was performed. Volcano plots were 
drawn using the “ggplot2” package in the R software, in 
which red markers represented upregulated genes and blue 
markers represented downregulated genes.

2.7. Gene Ontology analyses

Gene Ontology (GO) enrichment analyses are commonly 
used functional enrichment methods in bioinformatics to 
parse gene expression data and reveal gene function and 
pathway information in organisms. The screened DEGs 
were imported into the R software, and the “enrichGO” 
function in the “clusterProfiler” toolkit was used to perform 
GO annotation. Significance thresholds were set at p-value 
< 0.05 and FDR < 0.05 to identify significant biological 
processes in which the DEGs were involved. The default 
background gene universe defined by the clusterProfiler 
package was used for enrichment analyses.

2.8. Gene Set Enrichment Analysis

Gene Set Enrichment Analysis was performed using 
the “clusterProfiler” R package. Genes were ranked 
by log2FC between the FOXO1-high and FOXO1-low 
groups, with the FOXO1-high group serving as the 
reference. Therefore, a positive normalized enrichment 
score represents pathway enrichment in the FOXO1-low 
group, whereas a negative normalized enrichment score 
represents pathway enrichment in the FOXO1-high group. 
The predefined gene set “c2.cp.all.v2022.1.Hs.symbols.
gmt” from the Molecular Signatures Database (MSigDB), 
which contains canonical pathways from multiple pathway 
databases (including Kyoto Encyclopedia of Genes and 
Genomes [KEGG], Reactome, WikiPathways, BioCarta, 
and Pathway Interaction Database [PID]), was used as the 
reference gene set. The number of permutations was set to 
1,000, and gene sets with sizes between 10 and 500 genes 
were included. The enriched pathways were considered 
statistically significant when the FDR was <0.05. The most 
significantly enriched KEGG pathways are visualized, 
whereas representative metabolism-related pathways from 

the Reactome and WikiPathways databases are presented 
in this article.

2.9. Protein–protein interaction analysis of 
differentially expressed genes

Protein–protein interaction (PPI) network analysis was 
performed using the STRING database (https://string-db.
org/) to investigate the interactions among DEGs identified 
between the FOXO1-high and FOXO1-low expression 
groups. The resulting PPI network was visualized and 
further analyzed in Cytoscape. Hub genes were identified 
based on network topology, and the top 14 genes ranked by 
connectivity (degree) were selected for visualization.

3. Results
3.1. FOXO1 expression is decreased in kidney renal 
clear cell carcinoma

We first characterized FOXO1 mRNA expression across 
the three major renal cell carcinoma subtypes (KICH, 
KIRC, and KIRP) using TCGA data. In the unpaired 
sample analysis, FOXO1 expression was significantly 
reduced in tumor tissues from both KIRC and KIRP 
cohorts compared with their corresponding normal 
tissues (Figure 1A; sample sizes, exact p-values, and effect 
sizes [log2FC] are shown in Table S1). Paired analysis of 
matched samples confirmed this downregulation (Figure 
1B; sample sizes, exact p-values, and effect sizes [log2FC] 
are shown in Table S2). To confirm the robustness of 
the TCGA findings, an independent Gene Expression 
Omnibus dataset (GSE40435) containing 101 paired KIRC 
and adjacent non-tumorous renal tissues was analyzed. 
Consistent with the TCGA results, FOXO1 expression in 
KIRC tissues was also markedly decreased relative to their 
normal counterparts (Figure S1). Immunohistochemical 
data obtained from the HPA database showed higher 
FOXO1 protein expression in normal renal samples, 
whereas more than half of the tumor samples exhibited low 
or undetectable FOXO1 expression (Figure 1C). Because 
KIRC is the most common and aggressive subtype, all 
subsequent analyses in this study focused exclusively on 
KIRC. The initial observation of FOXO1 downregulation 
in KIRC suggested a potential association with tumor 
biology, prompting further investigation.

3.2. Low FOXO1 expression is associated with 
significantly worse survival in kidney renal clear cell 
carcinoma

To explore the association between FOXO1 expression and 
clinical outcome status in KIRC, FOXO1 expression levels 
were compared among patients with different OS, DSS, and 
PFI outcomes. FOXO1 expression differed significantly 
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Figure 1. Comparison of FOXO1 expression in normal and renal cancer tissues. (A) Comparison of FOXO1 expression between tumor and normal 
tissues in KIRC, KICH, and KIRP. (B) Comparison of FOXO1 expression between tumor and paired normal tissues in KIRC, KICH, and KIRP. (C) 
Immunohistochemical expression characteristics of FOXO1 in normal renal samples and KIRC samples. 
Notes: *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviations: FOXO1: Forkhead box O1; KICH: Kidney chromophobe renal cell carcinoma; KIRC: Kidney renal clear cell carcinoma; KIRP: Kidney renal 
papillary cell carcinoma; TPM: Transcripts per million.

between outcome groups for all three endpoints (Figure 
2A–C). Specifically, patients who experienced death (OS or 
DSS events) or disease progression (PFI events) exhibited 
significantly lower FOXO1 expression than patients 
without these events.

A univariate Cox proportional hazards regression 
analysis was conducted using FOXO1 expression to 
examine its relationship with survival outcomes. To 
visualize survival differences, Kaplan–Meier survival 
curves were plotted by dividing patients into FOXO1-high 
and FOXO1-low groups according to the median FOXO1 
expression (3.91, log2[TPM + 1]). Patients with lower 
FOXO1 expression experienced significantly poorer OS 
(Figure 2D), DSS (Figure 2E), and PFI (Figure 2F) than 
those with higher FOXO1 expression (number of events 
and median follow-up time are presented in Table S3). As 
a preliminary observation, FOXO1 expression showed no 
significant correlation with clinical outcomes in the KIRP 
and KICH subtypes (Figure S2); however, given that the 

present study focuses on KIRC, these findings are not 
discussed further.

3.3. Distribution of FOXO1 expression in clinical 
characteristics sub-groups

Based on the transcriptomic and clinicopathological 
data obtained from TCGA-KIRC, FOXO1 expression 
levels varied significantly across tumor stages. FOXO1 
expression decreased with increasing pathologic stage 
(Figure 3A) and histologic grade (Figure 3B). As shown 
in Figure 3C, FOXO1 expression exhibited notable 
differences across pathologic T stages, with lower levels in 
T3 and T4. Similarly, FOXO1 expression was reduced in 
patients with tumor metastasis (Figure 3D) and decreased 
with increasing N classification (Figure 3E). Furthermore, 
FOXO1 expression was not associated with gender (Figure 
3F).

To determine whether FOXO1 expression serves as an 
independent determinant of survival in KIRC, multivariate 
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Figure 2. Prognostic significance of FOXO1 expression in KIRC. FOXO1 expression was significantly associated with clinical outcomes of (A) overall 
survival (OS), (B) disease-specific survival (DSS), and (C) progression-free interval (PFI). Kaplan–Meier survival analysis demonstrated poorer (D) OS, 
(E) DSS, and (F) PFI in patients with low FOXO1 expression compared with those exhibiting high FOXO1 expression. 
Notes: *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviations: FOXO1: Forkhead box O1; HR: Hazard ratio; KIRC: Kidney renal clear cell carcinoma; TPM: Transcripts per million.

Cox regression analyses were conducted. The results 
demonstrated that pathologic T stages, pathologic M stages, 
and FOXO1 expression were significant predictors of OS 
and DSS in KIRC patients (Table 1). These data support the 
notion that FOXO1 expression has independent prognostic 
value, with higher expression levels correlating with longer 
OS and DSS.

These findings strongly suggest that investigating 
the molecular mechanism of FOXO1 in KIRC provides 
valuable insights and may represent a potential therapeutic 
target for KIRC patients.

3.4. Correlation between FOXO1 expression and 
tumor‑infiltration levels of immune cells in kidney 
renal clear cell carcinoma

To explore the association between FOXO1 and the 
immune landscape of KIRC, we systematically assessed 
FOXO1 levels and immune cell enrichment using the 
ssGSEA algorithm. FOXO1 expression exhibited significant 
correlations with multiple immune cell infiltration 
signatures (Figure 4A,B; specific p and FDR values are 
shown in Table S4). Specifically, higher FOXO1 expression 
was associated with increased enrichment scores for mast 

cells (r = 0.417, FDR = 2.91 × 10−20), central memory T 
cells (Tcm; r = 0.343, FDR = 2.14 × 10−15), effector memory 
T cells (Tem; r = 0.290, FDR = 1.19 × 10−10), γδ T cells 
(Tgd; r = 0.290, FDR = 4.07 × 10−9), and natural killer (NK) 
cells (r = 0.263, FDR = 5.17 × 10−8). Conversely, FOXO1 
expression was negatively correlated with the enrichment 
scores of NK CD56+ cells (r = −0.410, FDR = 4.37 × 10−22) 
and regulatory T cells (Treg; r = −0.267, FDR = 4.60 × 
10−10). Representative scatter plots for these immune cell 
populations are shown in Figure 4C.

To further validate the robustness of the immune 
infiltration analysis, we also estimated immune cell 
composition using CIBERSORT. Overall, the CIBERSORT 
analysis revealed a similar pattern of immune cell 
infiltration associated with FOXO1 expression, supporting 
the robustness of the ssGSEA-based findings (Figure S3).

In summary, our findings imply that FOXO1 may be 
associated with the immune landscape of KIRC, involving 
processes such as antigen presentation, the inflammatory 
response, T cell activation, and immune memory. 
These mechanisms potentially enhance immune system 
activation and effector functions, ultimately influencing 
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tumor prognosis. As these results are derived from bulk 
RNA-seq data, which reflect mixed signals from tumor, 
immune, stromal, and other cells, they are correlative and 
do not indicate the cellular source of these associations.

3.5. Gene sets enriched in FOXO1-low phenotype

Comparative analysis between FOXO1-high and FOXO1-
low groups identified 3,396 DEGs (|log2FC| > 1, adjusted 
p-value < 0.05), with 2,796 genes upregulated and 600 
genes downregulated in the FOXO1-low cohort (Figure 
5A).

To explore biological pathways associated with FOXO1 
expression in KIRC, we performed GSEA by comparing 
samples with high and low FOXO1 expression. A number 
of canonical KEGG pathways were significantly enriched 
according to FOXO1 expression status. Among these, 
the top 10 KEGG pathways with the highest normalized 
enrichment scores are shown in Figure 5B. These pathways 
included several cancer-associated signaling pathways (e.g., 
renal cell carcinoma, prostate cancer, small cell lung cancer, 

endometrial cancer), cell adhesion-related pathways (e.g., 
adherens junction, focal adhesion, extracellular matrix–
receptor interaction), and immune-modulatory pathways 
(e.g., transforming growth factor beta [TGF-β] signaling, 
Helicobacter pylori infection-mediated epithelial cell 
signaling, and Vibrio cholerae infection).

Gene Ontology enrichment analysis further elucidated 
the biological functions associated with FOXO1. 
Downregulation of FOXO1 is not only associated with 
immune-related processes (e.g., acute inflammatory 
response, acute-phase response) but also significantly 
correlates with lipoprotein metabolism. Key enriched 
biological processes included cellular lipid catabolic 
process, glycerolipid catabolic process, protein-
containing complex remodeling, plasma lipoprotein 
particle remodeling, protein–lipid complex remodeling, 
high-density lipoprotein (HDL) particle remodeling, 
very-low-density lipoprotein particle remodeling, and 
triglyceride-rich lipoprotein particle remodeling (Figure 
5C). The complementary GSEA further confirmed FOXO1-

Figure 3. Associations between FOXO1 expression and clinicopathological characteristics in KIRC. FOXO1 expression across (A) different pathologic 
stages, (B) histologic grade, (C) pathologic T stages, (D) pathologic M stages, (E) pathologic N stages, and (F) gender. Statistical comparisons among 
multiple groups were performed using the Kruskal–Wallis test with Dunn’s post hoc test, whereas comparisons between two groups (gender) were 
conducted using the Wilcoxon rank-sum test.
Abbreviations: FOXO1: Forkhead box O1; KIRC: Kidney renal clear cell carcinoma; TPM: Transcripts per million.
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Table 1. Univariate and multivariate Cox regression analysis of clinicopathological features (including FOXO1 expression) with 
clinical outcomes in KIRC patients

Characteristics Total (n)
Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

Overall survival

Gender 530

Female 181 Reference

Male 349 1.183 (0.786–1.781) 0.420

Age 530

≤60 265 Reference

>60 265 1.351 (0.926–1.971) 0.118

Pathologic T stage 530

T1 & T2 347 Reference Reference

T3 & T4 183 5.606 (3.697–8.502) <0.001 2.632 (1.619–4.281) <0.001

Pathologic M stages 497

M0 422 Reference Reference

M1 75 9.219 (6.294–13.504) <0.001 5.148 (3.314–7.996) <0.001

FOXO1 530

Low 262 Reference Reference

High 268 0.423 (0.282–0.634) <0.001 0.569 (0.377–0.858) 0.007

Disease-specific survival

Gender 541

Female 187 Reference

Male 354 0.924 (0.679–1.257) 0.613

Age 541

≤60 269 Reference Reference

>60 272 1.791 (1.319–2.432) <0.001 1.735 (1.272–2.367) <0.001

Pathologic T stage 541

T1 & T2 350 Reference Reference

T3 & T4 191 3.210 (2.373–4.342) <0.001 1.965 (1.386–2.787) <0.001

Pathologic M stages 508

M0 429 Reference Reference

M1 79 4.401 (3.226–6.002) <0.001 2.919 (2.044–4.167) <0.001

FOXO1 541

Low 270 Reference Reference

High 271 0.533 (0.391–0.726) <0.001 0.639 (0.467–0.874) 0.005

Abbreviations: HR: Hazard ratio; KIRC: Kidney renal clear cell carcinoma.
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Figure 4. Association of FOXO1 expression with the immune infiltration in KIRC. (A) ssGSEA-based evaluation of the relationship between FOXO1 
expression and immune cell infiltration. (B) Correlation coefficients between FOXO1 expression and 24 immune cell subsets in KIRC. (C) Scatter plots 
illustrating the correlations between FOXO1 expression and the immune cell subsets that showed statistically significant associations in panel B. 
Notes: *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviations: aDC: Activated dendritic cells; DC: Dendritic cells; iDC: Immature dendritic cells; KIRC: Kidney renal clear cell carcinoma; NK: Natural 
killer; pDC: Plasmacytoid dendritic cells; ssGSEA: Single-sample Gene Set Enrichment Analysis; Tcm: Central memory T cell; Tem: Effector memory T 
cells; TFH: T follicular helper cells; Tgd: γδ T cell; Th: T helper; TPM: Transcripts per million; Treg: Regulatory T cell.
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Figure 5. Differential expression analysis and enrichment analysis of genes between the FOXO1-high and FOXO1-low groups. (A) Volcano map of 
differentially expressed genes (DEGs). Red points indicate upregulated genes, blue points indicate downregulated genes, and gray points indicate genes 
without significant differential expression. (B) Top 10 significantly enriched KEGG pathways identified by GSEA. (C) Top 10 GO enrichment terms in 
biological process. (D) Significantly enriched metabolism-related pathways identified from the Reactome and WikiPathways databases by GSEA.
Abbreviations: ABC: ATP-binding cassette; FDR: False discovery rate; FOXO1: Forkhead box O1; GO: Gene Ontology; GSEA: Gene Set Enrichment 
Analysis; HDL: High-density lipoprotein; KEGG: Kyoto Encyclopedia of Genes and Genomes; LDL: Low-density lipoprotein; TG: Triglyceride. 

including APOA1, APOA2, APOA4, APOA5, APOC2, 
APOC3, SAA1, SAA2, SAA4, AHSG, FGA, SERPINC1, 
F2, and HPR (Figure 6A). Gene co-expression analysis 
demonstrated strong negative correlations between most 
hub genes and FOXO1 expression (Figure 6B). Clinically, 
elevated expression of APOA1, APOC3, SAA1, SAA2, and 
F2 correlated with poorer OS in KIRC patients (Figure 
6C–G), whereas the remaining nine hub genes exhibited 
no statistically significant association with OS outcomes 
(Figure S2). The five FOXO1-associated hub genes exhibit 
robust functional interconnectivity and collectively form a 
multi-gene prognostic biomarker panel for KIRC.

low-associated lipid metabolic dysregulation, highlighting 
key pathways such as ATP-binding cassette (ABC) 
transporters in lipid homeostasis, plasma lipoprotein 
assembly and remodeling, and clearance, as well as 
metabolic pathways of low-density lipoprotein (LDL), 
HDL, and triglycerides, and related diseases (Figure 5D).

3.6. Analyses of FOXO1-related hub genes in kidney 
renal clear cell carcinoma

The PPI network of DEGs included 1,090 nodes (protein-
coding genes) and 968 edges. From this network, we 
identified 14 hub genes with the highest node degrees, 
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Figure 6. Analyses of FOXO1-related hub genes in KIRC. (A) The top 14 genes in the protein–protein interaction network. (B) Heatmap for differential 
co-expression analysis between hub genes and FOXO1 expression. (C–G) Associations between APOA1, APOC3, SAA1, SAA2, or F2 expressions and 
overall survival (OS) in kidney renal clear cell carcinoma (KIRC) patients.
Abbreviation: HR: Hazard ratio.

metabolic programs in KIRC, GSEA was conducted by 
comparing tumors with high and low FOXO1 expression. 
The analysis identified significant enrichment in several 
nutrient metabolism-related gene sets, including energy 
metabolism integration, triglyceride metabolism, inositol 
phosphate metabolism, ascorbate and aldarate metabolism, 
arachidonic acid metabolism, and linoleic acid metabolism 
(Figure 7A–I).

3.7. FOXO1 is associated with metabolic–epigenetic 
crosstalk

FOXO1 has been reported to participate in T-cell 
activation and memory differentiation. Emerging evidence 
suggests that nutrient metabolism-mediated epigenetic 
modifications play a key role in determining T-cell fate. To 
investigate whether FOXO1 expression is associated with 
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Acetyl-CoA synthetase 2 (ACSS2) and ATP citrate lyase 
(ACLY) are key enzymes that generate acetyl-CoA from 
acetate and citrate, respectively. In prior T cell studies, 
the ACSS2–E1A binding protein P300 (EP300) axis has 
been linked to histone acetylation at effector/memory T 
cell gene loci, whereas the ACLY–lysine acetyltransferase 
2A (KAT2A) axis has been associated with epigenetic 

modifications at exhausted T cell gene loci.38,39 Although 
these findings were derived from T-cell models and have 
not been validated in KIRC, they may provide a conceptual 
framework for generating hypotheses regarding the 
potential interplay between FOXO1, metabolism, 
and epigenetic regulation in KIRC. In our bulk KIRC 
transcriptomic dataset, EP300 expression showed a 

 

Figure 7. FOXO1 is linked to nutrient metabolism in KIRC. (A–I) FOXO1 is associated with multiple nutrient metabolic pathways: (A) energy metabolism 
integration, (B) aspartate and asparagine metabolism, (C) arachidonic acid metabolism, (D) linoleic acid metabolism, (E) inositol phosphate metabolism, 
(F) cysteine and methionine metabolism, (G) ascorbate and aldarate metabolism, (H) arachidonic acid metabolism, (I) and triglyceride metabolism. (J 
and K) EP300 correlates with (J) FOXO1 expression and (K) patient prognosis. (L and M) KAT2A correlates with (L) FOXO1 expression and (M) patient 
prognosis.
Abbreviations: FDR: False discovery rate; HR: Hazard ratio; KIRC: Kidney renal clear cell carcinoma; TPM: Transcripts per million.
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significant positive correlation with FOXO1 levels (p 
< 0.001), and lower EP300 levels were correlated with 
worse patient prognosis. Conversely, KAT2A exhibited an 
inverse correlation with FOXO1 expression (p < 0.001), 
and elevated KAT2A levels were associated with poorer 
prognosis (Figure 7J–M). Because these correlations were 
derived from bulk KIRC transcriptomic data and because 
the functional ACSS2–EP300 and ACLY–KAT2A links 
originate from prior T-cell studies that have not been 
validated in KIRC, this metabolic–epigenetic relationship 
should be regarded as a hypothesis-generating observation 
rather than an established mechanism in KIRC.

4. Discussion
Accumulating evidence indicates that FOXO1 serves as a 
central regulator of immune cell development, metabolic 
programming, and stress response—functions that 
are indispensable for maintaining effective antitumor 
immunity.40 FOXO1 activity enhances macrophage-
mediated innate immune responses41 and promotes 
dendritic cell function40,42, thereby shaping early immune 
surveillance. In adaptive immunity, FOXO1 orchestrates 
B-cell differentiation43 and distribution44 while exerting 
nuanced control over T-cell fate decisions. In CD4+ T cells, 
it supports the transition of naïve cells into effector and 
memory populations.45 In CD8+ T cells, although FOXO1 
limits terminal effector differentiation46, it is indispensable 
for the generation and long-term maintenance of the 
memory T-cell compartment.47,48

Among solid malignancies, KIRC is recognized by an 
exceptionally immune-infiltrated microenvironment.49,50 
Patterns of this immune-rich contexture—particularly 
T-cell activation and differentiation states51,52—profoundly 
influence tumor biology and dictate responses to systemic 
therapies.53 Accordingly, comprehensive characterization 
of the KIRC immune landscape and the identification 
of prognostic or predictive immune signatures are 
considered essential for advancing biomarker discovery 
and therapeutic development.53,54 

Although FOXO1 dysregulation has been implicated 
across multiple cancer types, including hepatocellular 
cancer41, pancreatic cancer55, and colorectal cancer56,57, its 
immune-related functions in the context of KIRC remain 
largely unexplored. Our study reveals that FOXO1 mRNA 
levels are closely correlated with the abundance of immune 
cell populations in KIRC, especially T-cell subsets. 
Differential expression analyses further demonstrate that 
FOXO1-high and FOXO1-low tumors exhibit enrichment 
of immune-modulatory and cell-adhesion–related 
pathways, suggesting that FOXO1 may be associated with 
the structural and functional organization of the immune 

microenvironment. Because these observations derive 
from bulk transcriptomic data, they indicate associations 
rather than direct effects, and the cellular source of FOXO1 
expression cannot be resolved.

Beyond its highly immune-infiltrated nature, KIRC 
is distinguished by widespread metabolic remodeling, 
particularly with respect to cellular energetic 
metabolism.58,59 Loss of VHL function—a hallmark event 
in KIRC—drives constitutive HIF activation, promoting a 
metabolic shift toward glycolysis, impaired mitochondrial 
oxidative phosphorylation, and widespread alterations in 
lipid and amino acid metabolism.59 In parallel, aberrant 
lipid handling, including dysregulated fatty acid utilization 
and lipid storage remodeling, further contributes to 
tumor progression and aggressiveness. These metabolic 
deviations are accompanied by phenotypic changes such as 
decreased lipid droplet content, enhanced nutrient uptake, 
increased proliferative capacity, and ultimately poorer 
clinical outcomes.60

Consistent with established metabolic vulnerabilities 
in KIRC, our GO enrichment analysis further revealed 
that FOXO1 downregulation is associated with alterations 
in lipid metabolic processes. Specifically, FOXO1-low 
tumors showed significant impairment in lipoprotein 
metabolism, with enrichment of biological processes 
related to cellular and glycerolipid catabolism, protein–
lipid complex remodeling, and the structural remodeling 
of HDL, LDL, VLDL, and triglyceride-rich lipoprotein 
particles. These findings align with the known reliance 
of KIRC cells on aberrant lipid processing and nutrient 
scavenging to sustain proliferation. Complementary GSEA 
reinforced this metabolic phenotype, demonstrating that 
FOXO1 deficiency is associated with dysregulation of ABC 
transporter-mediated lipid homeostasis and pathways 
governing plasma lipoprotein assembly, remodeling, and 
clearance.

Our study suggests that FOXO1 downregulation was 
significantly associated with ACLY–KAT2A axis activation 
and ACSS2–EP300 axis suppression. These associations are 
consistent with emerging concepts of metabolic–epigenetic 
coupling described in T cell biology.38,39 However, it should 
be emphasized that this conceptual framework is derived 
primarily from T-cell–based studies and has not been 
validated in the context of KIRC. The positive FOXO1–
EP300 correlation suggests that FOXO1 expression may 
be linked to pathways related to acetate metabolism and 
acetyl-CoA homeostasis. However, whether FOXO1 
directly regulates ACSS2 or related metabolic processes 
requires further experimental validation. In addition, the 
observed expression pattern, characterized by relatively 
increased ACLY/KAT2A and decreased ACSS2/EP300, 
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resembles metabolic features reported in exhausted T 
cells, particularly the shift from acetate utilization toward 
citrate-derived acetyl-CoA production. These observations 
raise the possibility that FOXO1 expression is linked to 
metabolic states relevant to T cell function. Therefore, the 
FOXO1-associated metabolic–epigenetic axis should be 
interpreted as a hypothesis-generating observation rather 
than an established mechanistic pathway in KIRC, and 
should be further investigated in future mechanistic and 
cell-type–resolved studies.

The observed associations also suggest that restoring 
FOXO1 activity may represent a therapeutic strategy for 
reprogramming the metabolic and immune landscapes 
of KIRC. Nevertheless, translating this concept into 
clinical practice presents important challenges. FOXO1 
is a pleiotropic transcription factor that regulates glucose 
metabolism, immune homeostasis, cellular differentiation, 
and stress responses across multiple normal tissues.61,62 
Consequently, systemic activation of FOXO1 could 
produce undesirable metabolic and immunological 
effects, thereby limiting its therapeutic window. Future 
therapeutic development should therefore focus on tumor-
selective approaches, such as nanoparticle-mediated 
drug delivery63,64; tissue-specific gene modulation65; or 
targeting upstream signaling pathways that preferentially 
restore FOXO1 activity in tumor cells.61 These strategies 
may enable the antitumor benefits of FOXO1 activation 
while minimizing systemic toxicity and improving its 
translational potential.

This study had two main limitations. First, this study is 
primarily based on secondary analyses of TCGA-derived 
transcriptomic and clinical data, which may be influenced 
by sample heterogeneity, data processing, and incomplete 
clinical annotation. Although the integration of multiple 
bioinformatics algorithms enhances the robustness of our 
findings, the analyses are limited by the size and scope of the 
TCGA-KIRC cohort. Second, no independent validation 
cohort or experiments using cellular/animal models were 
performed to confirm the proposed mechanisms linking 
FOXO1 deficiency to metabolic and immune dysregulation.

5. Conclusion
FOXO1 may serve as a metabolic checkpoint in 
KIRC, with its inactivation associated with alterations 
in cellular energy metabolism and immune-related 
signaling pathways. These changes may contribute to the 
immunosuppressive tumor microenvironment through 
lipid metabolic dysregulation and epigenetic-associated 
transcriptional alterations involving acetyl-CoA-related 
processes. It should be emphasized that these findings 
are correlative and are based on bulk transcriptomic 

data, which cannot identify the cellular source of FOXO1 
expression or demonstrate direct biological regulation. 
Therapeutic strategies targeting FOXO1 or its upstream 
regulatory networks may represent a potential avenue for 
future investigation in overcoming tumor progression and 
improving immunotherapy responses. However, these 
hypotheses require extensive experimental validation in 
functional and preclinical models.
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