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Abstract: Cuproptosis, a novel type of regulated cell death, is controlled through protein fatty acylation and has
been linked to mitochondrial metabolic processes. Nonetheless, continued research efforts are essential to deter‑
mine how CDKN2D (Cyclin‑dependent kinase inhibitor 2D), a gene associated with cuproptosis, influences the tu‑
mor immune microenvironment and progression of esophageal cancer (EC). Gene expression levels of CDKN2D in
EC and matched normal tissues were assessed using data from The Cancer Genome Atlas (TCGA). To conϐirm these
ϐindings, we conducted validation analyses utilizing datasets from the Gene Expression Omnibus (GEO) and the Hu‑
man Protein Atlas (HPA). To ascertain if CDKN2D expression levels were associated with clinical outcomes, we con‑
ducted a multivariable regression analysis supplemented by Kaplan‑Meier survival estimates. The protein‑protein
interaction network related to CDKN2D was created using the STRING database (Search Tool for the Retrieval of
Interacting Genes/Proteins). To characterize the immunological relevance of CDKN2D in EC,we performed compre‑
hensive bioinformatic analyses to assess its correlation with tumor‑inϐiltrating immune cells. Three complemen‑
tary computational approaches‑Gene Ontology (GO) functional annotation, conventional GSEA, and ssGSEA (single‑
sample GSEA) were integrated to evaluate the immunomodulatory potential of CDKN2D in EC. Transcript abun‑
dance level of the CDKN2D in EC samples is considerably higher than in normal tissue samples. Analyses involving
both single variables and multiple variables indicate that there is no signiϐicant statistical difference in overall sur‑
vival (OS) between EC patients with high CDKN2D expression and those with low CDKN2D expression (𝑝 > 0.05).
Cyclin‑dependent kinase 4/6 (CDK4/6) is a critical protein that interacts with the CDKN2D gene, and ECs with high
CDKN2D expression are bound to a considerable volume of inϐiltrating immunocytes. Elevated CDKN2D expression
in EC correlated with disease progression and modiϐied immune inϐiltration patterns.
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1. Introduction
As a malignant tumor impacting the gastrointestinal tract, esophageal cancer is the seventh most widespread

cancer globally and the sixth most common cause of cancer related mortality [1,2]. Esophageal carcinoma, among
the most lethal malignancies, primarily comprises two key subtypes: esophageal squamous cell carcinoma (ESCC)
and esophageal adenocarcinoma (EAC), each manifesting unique epidemiological behaviors, pathogenic mecha‑
nisms, and molecular characteristics [3,4]. Chemotherapy combined with immunotherapy has become the recom‑
mended ϐirst‑line treatment for esophageal cancer [5]. Early stage EC usually has a positive prognosis, with a sur‑
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vival rate over ϐive years above 90%, while patient survival after ϐive years for advanced stage patients is relatively
low [6]. Drug resistance is one of the primary causes of failure in EC treatment and poor prognosis in patients. It
is closely related to multiple gene mutations and epigenetic changes. Individualized treatment based on molecular
typing is a key strategy to overcome drug resistance [7–9]. In recent decades, there have been a range of develop‑
ments in the therapeutic techniques for this disease. Currently, treatment options for EC are limited. New therapies
targeting the onset of esophageal cancer need to be developed [4,10].

A recently discovered cell death mechanism, cuproptosis occurs when copper ions (Cu2+) accumulate to toxic
levels within cells. Chelation of copper ions to lipid‑modiϐied TCA (Tricarboxylic Acid Cycle) proteins induces their
oligomerization, leading to iron‑sulfur cluster protein depletion, subsequent proteotoxic stress, and eventual cel‑
lular demise. Its biological mechanism mainly involves abnormal mitochondrial metabolism and protein function
[11,12]. The CDKN2D gene is a component of the INK4 family. CDKN2D forms a complex with CDK4/6 to prevent
its phosphorylation, thereby inhibiting cells from entering the S phase and exerting the role of cell cycle regulation.
The abnormality of its function may be related to the pathogenesis of multiple cancers [13,14]. In pancreatic and
cervical tumor, the expression intensity of CDKN2D is tightly linked to tumor progression, and its downregulation
may promote the expansion and movement of malignant cells [14,15]. The level of CDKN2A expression has been
shown to correlate with copper‑induced death in a range of cancers, and its high expression is associated with
strong tumor invasiveness, proliferation ability and poor patient outcomes [16–18]. The CDKN2D gene is not clear
in the copper death mechanism, but as a CDK inhibitor, it may have a certain functional or expression correlation
with CDKN2A in cell cycle regulation. The biological function of CDKN2D in esophageal carcinoma has not yet been
elucidated.

This investigation utilized transcriptomic and clinical datasets from GEO, TCGA, and HPA to examine corre‑
lations between CDKN2D expression levels, clinicopathological parameters, and survival outcomes in EC patients.
Subsequently, we extracted datasets from TIMER and GEPIA to analyze potential correlations between CDKN2D
expression patterns, immune cell inϐiltration levels, and related immunological gene signatures. Protein‑protein in‑
teraction networks involving CDKN2Dwere subsequently constructed using the STRING database. Lower CDKN2D
gene levels were linked to reduced immune cell invasion in EC tissue, indicating a poor prognosis. Therefore, it
is reasonable that CDKN2D gene defects might weaken the anti‑tumor immunity effect in EC. Targeted combined
immunotherapy associated with CDKN2D may be a feasible treatment in EC.

2. Materials and Methods
2.1. Data Source

As a major component of the NCI’s cancer genomics program, TCGA systematically catalogues clinical and
molecular ϐigures across diverse malignancies. Our investigation speciϐically retrieved EC‑related clinical anno‑
tations and transcriptomic data (RNA‑seq) from this curated database. The fragments per kilobase per million
mapped fragments (FPKM) method, as implemented in HTSeq, was utilized to ascertain transcript expression lev‑
els. Additionally, for further analysis, the RNA‑Seq gene expression level 3 HTSeqFPKM data from patients with EC
and the corresponding clinical data were converted into transcripts per million (TPM) reads. Since the database is
publicly accessible, no approval from the local ethics committee was deemed necessary.

2.2. GEO and HPA Datasets
Hosted by the National Center for Biotechnology Information (NCBI), the GEO is one of the most extensive

repositories of microarray data worldwide, serving as a premier resource for transcriptomic studies. The HPA com‑
piles comprehensive transcriptomic and proteomic data from a variety of human samples, encompassing tissue,
cellular, and pathological atlases. Currently, the platform archives cellular localization data across 44 normal hu‑
man tissues and 20high‑incidencemalignancies. The database further encompasses immunohistochemical protein
expression proϐiles for both malignant and non‑malignant human tissue specimens.
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2.3. Statistical Evaluation of Clinical Outcomes, Alongside the Creation and Appraisal of Predic‑
tive Models
Theanalysis of prognostic factors, includingoverall survival (OS), disease‑speciϐic survival (DSS), andprogression‑

free survival (PFS), was conducted using clinical data sourced from the TCGA through the module for deriving clin‑
ical insights available on the Xiantao platform. The Cox proportional hazards regression model and Kaplan‑Meier
survival curveswere employed in these assessments. The CDKN2Dexpression groupswere dichotomized usingme‑
dian cutoff values. Associations with clinicopathological features were evaluated throughWilcoxon rank‑sum tests
and logistic regression modeling. The impact of CDKN2D gene expression on survival and other clinical variables
was assessed using a multivariate Cox regression analysis. Statistical signiϐicance was set at 𝑝 < 0.05. The outputs
from the Cox model were integrated with signiϐicant multivariate predictors to generate survival estimates for 1, 3,
and 5 years. The prediction accuracy was assessed using calibration plots, where perfect concordance aligns with
the 45° reference line.

2.4. In‑depth Investigation of Protein‑Protein Interactions
The STRING platform served as the primary analysis tool, offering extensively integrated and consolidated

protein‑protein interaction (PPI) data. After uploading the CDKN2D expression data to STRING, we obtained infor‑
mation from the PPI network. The signiϐicance threshold was identiϐied by a conϐidence score above 0.7.

2.5. Enrichment Proϐiling
Functional annotation of genes associated with CDKN2D was performed through GO enrichment analysis uti‑

lizing clusterProϐiler (v3.6.3) in R, examining three core ontology domains: cellular components (CC), molecular
functions (MF), and biological processes (BP). Signiϐicance thresholds were set at enrichment coefϐicient > 1.5, min‑
imumgene count >3, and𝑝‑value <0.01. Pathway analysis employedGSEAmethodologywith 1,000 genomepermu‑
tations, considering pathways signiϐicant at FDR (false discovery rate) < 0.25 and adjusted 𝑝 < 0.05. The ϐindings
were interpreted using NES (normalized enrichment scores) and corrected 𝑝‑values, with visualization conducted
through clusterProϐiler [19].

2.6. Immunological Inϐiltration Proϐiling
In a study by Tao W et al. [19], marker genes for 24 distinct immune cell types were identiϐied. Tumor in‑

ϐiltration by these immune cells was evaluated using the ssGSEA method. The Spearman rank correlation model
was employed to juxtapose the levels of immune cell invasion within subgroups characterized by superior versus
minimal CDKN2D gene transcription, thereby assessing the relationship among CDKN2D activity and immunocyte
invasion. The Xiantao tool was utilized to analyze the connection between CDKN2D expression and immune inϐil‑
tration, as well as the correlation between immune cell levels and CDKN2D expression subgroups. This included
data on immune inϐiltration, Spearman correlation analysis via the Xiantao tool, and theWilcoxon signed‑rank test.
We adopted the conventional 0.05 cutoff for determining signiϐicance.

2.7. Intergenic Association Analysis
GEPIA serves as aweb‑based tool that provides access to data from cancer types and health specimens sourced

from TCGA and GTEx. It primarily centers on RNA‑seq analysis. The platform includes 60,498 gene types and
198,619 isoform types. An investigation in GEPIA examined the interrelation among CDKN2D gene activity and
various immune cell markers. CDKN2D gene expression is plotted on the x‑axis, with relevant gene expression
proϐiles plotted on the ordinate. Furthermore, TIMER data supported gene expression patterns strongly linked to
CDKN2D as observed in GEPIA. Statistical signiϐicance was set at a p‑value less than 0.05.

3. Results
3.1. CDKN2D Gene Expression Exhibited an Increase in Tumors Relative to Normal Samples

Pan‑cancer screening revealed CDKN2D overexpression as a frequent oncogenic event (Figure 1A). TCGA anal‑
ysis of 163 EC/11 normal samples showed signiϐicantly elevated CDKN2D transcripts in tumors (Figure 1B). This
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upregulation was conϐirmed in tumor‑adjacent tissue comparisons (8 pairs, Figure 1C). To verify the diagnostic
potential of CDKN2D, we generated ROC curves comparing its expression in EC tumors versus (a) GTEx‑normalized
tissues and (b) adjacent non‑cancerous tissues. The resulting AUC of 0.525 (95% CI: 0.471–0.580) suggests limited
discriminatory capacity (Figure 1D). In EC tissues, the expression of CDKN2D protein was notably increased com‑
pared to normal tissue samples (Figure 1E). Similarly, HPA data demonstrated that CDKN2D protein expression
was enhanced in EC versus normal control (Figure 2).

Figure 1. CDKN2D oncogenic expression proϐile. (A) Pan‑cancer vs. normal tissue comparison. (B) EC tumor‑
adjacent tissue differential expression. (C) Matched tumor‑normal paired analysis. (D) ROC curve analysis (GTEx
controls vs. EC samples). (E) Tumor‑speciϐic protein upregulation.
Notes: *𝑝 < 0.05, **𝑝 < 0.01, ***𝑝 < 0.001, and ns, no statistical difference.

Figure 2. HPA data on CDKN2D expression.
An assessment of CDKN2D gene expression using the HPA showed that CDKN2D protein levels were notably increased in EC compared to normal control.
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3.2. CDKN2D Expression in Relation to Clinical Parameters
Using the Z‑score criterion, the expression levels of CDKN2D in tumor samples were determined. The EC co‑

hort was subsequently divided into expression‑based subgroups (low/high). Kruskal‑Wallis and Wilcoxon signed‑
rank examinations were applied to analyze the correlation between CDKN2D expression and clinical indicators.
Compared to the normal group, tumor staging (T/N/M) showed signiϐicant positive correlations with elevated
CDKN2D levels (Figures 3A‑F). These associations were further validated through multivariate Cox regression
analysis. Higher pathologic T stage, pathologic N stage, clinical N stage, and pathologic stages, as well as gender
(male) were associated with higher CDKN2D expression, particularly pathologic stage (𝑝 < 0.001) (Table 1). In‑
terestingly, univariate analysis demonstrated signiϐicant relationships between CDKN2D expression and clinical
indicators (Table 2). Collectively, these results establish CDKN2D as a potential biomarker for the occurrence of
EC.

Figure 3. Correlation of CDKN2D expressionwith clinical‑pathological characteristics of EC. The correlation among
CDKN2D expression and T stage (A, D), N stage (C, F), M stage (B, E).
Notes: *𝑝 < 0.05, **𝑝 < 0.01, and ***𝑝 < 0.001.

Table 1. Association of CDKN2D expression with clinicopathological characteristics in patients with EC.

Characteristics Total(N) HR(95% CI) Univariate
Analysis

𝑝 value Univariate
Analysis

HR(95% CI) Multivariate
Analysis

Pathologic T stage 145
T1&T2 64 Reference
T3&T4 81 1.312 (0.756–2.277) 0.334

Pathologic N stage 144
N0&N1 129 Reference
N2&N3 15 1.944 (0.904–4.181) 0.089

Pathologic stage 142
Stage I&Stage II 85 Reference Reference
Stage IV&Stage III 57 3.223 (1.807–5.747) < 0.001 2.936 (1.629–5.293)
Clinical T stage 52
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Table 1. Cont.

Characteristics Total(N) HR(95% CI) Univariate
Analysis

𝑝 value Univariate
Analysis

HR(95% CI) Multivariate
Analysis

T1&T2 16 Reference
T4&T3 36 0.764 (0.311–1.876) 0.556

Clinical N stage 43
N0 17 Reference

N1&N2 26 1.333 (0.403–4.409) 0.638
Gender 163
Female 23 Reference Reference
Male 140 2.338 (0.935–5.846) 0.069 1.874 (0.655–5.365)
Age 163
<= 60 83 Reference
> 60 80 0.858 (0.525–1.402) 0.541

CDKN2D 163
Low 81 Reference
High 82 0.857 (0.521–1.410) 0.544

Table 2. Logistic regression analysis of CDKN2D expression.

Characteristics Total (N) OR (95% CI) 𝑝 value

Pathologic T stage (T3&T4 vs. T1&T2) 145 0.892 (0.462–1.722) 0.734
Pathologic N stage (N2&N3 vs. N0&N1) 144 0.408 (0.132–1.262) 0.120

Pathologic M stage (M1 vs. M0) 129 0.119 (0.014–0.997) 0.050
Pathologic stage (Stage III&Stage IV vs. Stage I&Stage II) 142 0.547 (0.277–1.078) 0.081

Clinical T stage (T3&T4 vs. T1&T2) 52 0.750 (0.224–2.507) 0.640
Clinical N stage (N1&N2 vs. N0) 43 0.359 (0.092–1.399) 0.140
Clinical M stage (M1 vs. M0) 52 0.405 (0.102–1.604) 0.198

Clinical stage (Stage III&Stage IV vs. Stage I&Stage II) 54 0.500 (0.165–1.517) 0.221
Primary therapy outcome (PR&CR vs. PD&SD) 94 2.365 (0.811–6.895) 0.115

Gender (Male vs. Female) 163 1.695 (0.689–4.171) 0.251
Age (> 60 vs. <= 60) 163 0.539 (0.289–1.003) 0.051

3.3. CDKN2D Expression as a Prognostic Indicator in EC

Survival analyses using TCGA data revealed no signiϐicant prognostic associations for CDKN2D expression lev‑
els: OS (HR = 0.86, 95% CI 0.52–1.41, 𝑝 = 0.544), DSS (HR = 0.77, 95% CI 0.43–1.39, 𝑝 = 0.389), or PFS (HR = 0.90,
95% CI 0.58–1.40, 𝑝 = 0.636) (Figures 4A‑C).

In this study, it was found that patients with EC had increased risk scores and higher levels of CDKN2D ex‑
pression. Notably, those with higher risk scores also displayed signiϐicant CDKN2D expression. The relationship
between CDKN2D expression and numerous cohorts was further veriϐied. Speciϐically, CDKN2D expressionwas dis‑
covered to be elevated in tumorswith pathologic stage III–IV [HR = 3.223, 95%CI: 1.807–5.747, 𝑝 < 0.001] (Figure
4D). Moreover, a prognostic risk stratiϐication tool for ECwas constructed, considering factors such as gender, TNM
stages, age, pathologic stage, and CDKN2D expression (Figure 4E). We also applied a calibration chart to assess the
accuracy of themodel’s predictions (Figure 4F). The expression of CDKN2D does not seem to improve the accuracy
of one‑year survival predictions.

3.4. Assembling Protein‑protein Interaction Networks

Protein network analysis via STRING revealed CDKN2D‑interacting partners implicated in EC development,
providing insights into its functional role in tumor biology. Analysis of research results shows the topmost ten
proteins along with their associated gene names, scores, including CDKN1A, CDKN1B, CDKN1C, CCNL2, CDK2, CDK4,
CDK6, CCND1, CCND2 and CCND3 (Figure 5).
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Figure 4. Prognostic analysis of CDKN2D expression. Patients exhibiting lower CDKN2D expression did not demon‑
strate signiϐicantly favorable prognostic outcomes compared to those with higher CDKN2D expression, character‑
ized by OS (A), PFS (B), and DSS (C) (both log‑rank 𝑝 > 0.05). (D) Prognostic evaluation based on CDKN2D ex‑
pression across various clinical features. (E) A nomogram derived frommultivariate analysis incorporating clinical
features linked to CDKN2D. (F) A calibration graph illustrating themodel’s predictive accuracy, as assessed through
multi‑variable Cox regression method.
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Figure 5. CDKN2D‑interacting proteins in EC. (A) Proteins that bind to CDKN2D. (B) Their co‑expression values.

3.5. Whole‑transcriptome Association Study with CDKN2D Expression
Transcriptomic proϐiling of CDKN2D in EC revealed signiϐicant associations with 1,437 downregulated and

2,595 upregulated genes (logFC > 1, adjusted 𝑝 < 0.05; Figure 6A). A heatmap visualization highlighted the 20
most differentially expressed genes (DEGs, logFC > 2, padj < 0.01; Figure 6B). GO analysis identiϐied intermedi‑
ate ϐilament organization, intermediate ϐilament cytoskeleton organization, and keratinization as the predominant
biological processes linked to CDKN2D activity (Figure 6C).

Figure 6. Analysis of CDKN2D gene expression and GO enrichment. (A) A volcano plot based on CDKN2Dhighlights
DEGs. (B) A heat map generated using CDKN2D expression levels shows genes that were either upregulated or
downregulated. (C) GO enrichment results of DEGs, ϐiltered based on CDKN2D gene expression, were scrutinized
using the metascape data repository.
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3.6. Exploring CDKN2D Expression Through GSEA
TCGA‑based GSEA revealed signiϐicantly enriched pathways (FDR< 0.25) when comparing CDKN2D expres‑

sion groups, with the top‑ranked pathway identiϐied by NES shown in Figure 7. GSEA revealed CDKN2D‑high phe‑
notypes were signiϐicantly associated with [Reactome] Scavenging of Heme From Plasma (A), [Reactome] CD22
Mediated BCR Regulation (B), [Reactome] Antigen Activates B Cell Receptor BCR Leading To Generation of Second
Messengers (C), [Reactome] Fceri Mediated Ca2+ Mobilization (D), [Reactome] Role of LAT2 Ntal Lab On Calcium
Mobilization (E), [Reactome] Fceri Mediated Mapk Activation (F), [Reactome] Fcgr Activation (G), [Reactome] Cre‑
ationof C4 andC2Activators (H), [Reactome]Contributionof phospholipids to phagocytic processes (I), [Reactome]
Initial Triggering of Complement (J), [Reactome] Fceri Mediated Nf Kb Activation (K), and [Reactome] Potential
Therapeutics For Sars (L).

Figure 7. The insights of the GSEA. GSEA results showed that [Reactome] Removal of Heme from Plasma (A), [Reac‑
tome] CD22‑dependent B‑cell receptor regulation (B), [Reactome] antigen‑induced BCR signaling (C), [Reactome]
Fceri‑mediated calcium flux (D), [Reactome] LAT2/NTAL calcium regulation (E), [Reactome] Fceri‑Mapk activa‑
tion (F), [Reactome] Fcgr Activation (G), [Reactome] complement C4/C2 activation (H), [Reactome] phospholipid‑
dependent phagocytosis (I), [Reactome] Initial Triggering of Complement (J), [Reactome] FCERI‑NF‑κB signaling
(K), and [Reactome] Potential Therapeutics For Sars (L).

3.7. CDKN2D‑dependent Modulation of Immune Cell Recruitment in Tumor Tissues
Our investigation revealed signiϐicant immunogenomic associations between CDKN2D expression and 24 im‑

mune cell populations in EC. CDKN2D demonstrated: (i) positive correlationswith Tcm, NK CD56dim cells, NK cells,
Th2 cells, and (ii) negative correlationswith Th17 cells, eosinophils, B lymphocytes, Tem (Figures 8A, E‑L). Distinct
CDKN2D expression patterns were observed across various immune inϐiltrates, particularly in B cells, eosinophils,
NK cells, Th17 cells, and Tcm (Figures 8B‑D).
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Figure8. CorrelationbetweenCDKN2Dand immune cell invasion. (A) Analysis of the correlationbetweenCDKN2D
expression and immune cell invasion proϐile. (B–D) Variations in the enrichment levels of speciϐic immune cell
subsets in groups with high and low CDKN2D gene expression. (E–L) Relationships between the CDKN2D gene
expression and tumor microenvironment characteristics.
Notes: Ns is the abbreviation of no signiϐicance. *𝑝 < 0.05; **𝑝 < 0.01; ***𝑝 < 0.001.

4. Discussion
Esophageal carcinoma constitutes a signiϐicant global health burden, ranking among the top tenmost prevalent

malignancies worldwide, with an estimated annual incidence exceeding 470,000 cases. Although recent years have
seen notable progress in therapeutic approaches, including the advent of targeted therapies and immunotherapeu‑
tic regimens, clinical outcomes remain suboptimal, with ϐive‑year survival rates consistently below 25% [20]. This
therapeutic inadequacy largely stems from the disease’s characteristic late‑stage presentation, with approximately
60–70% of cases diagnosed at advanced stages (III or IV), making curative intervention challenging. The insidious
onset of symptoms, coupled with the absence of robust early detection biomarkers, signiϐicantly contributes to de‑
layed diagnosis. Furthermore, the anatomical complexity of the esophagus and its proximity to critical structures of‑
ten limit radical treatment options. Emerging evidence suggests that molecular heterogeneity between esophageal
squamous cell carcinoma and adenocarcinoma subtypesmay underlie differential treatment responses, compound‑
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ing therapeutic challenges. Current multimodal treatment strategies, while showing incremental improvements
in locoregional control, frequently fail to address systemic micrometastases present in advanced disease. These
clinical realities underscore the urgent need for improved early detection methods and the development of more
effective systemic therapies, customized based on tumor molecular signatures [20,21]. Our investigation revealed
signiϐicant associations between CDKN2D expression and the progression of EC. Utilizing Cox proportional hazards
regression, we developed a prognostic stratiϐication model that effectively categorized EC patients into distinct
risk groups. Notably, elevated CDKN2D expression correlated with adverse clinical outcomes, as high‑risk patients
exhibited reduced survival rates. Both univariate and multivariate analyses conϐirmed CDKN2D as a promising
prognostic biomarker. These ϐindings suggest that CDKN2D may be useful in risk assessment and in developing
personalized therapeutic strategies for EC.

Cuproptosis has emergedas adistinctmodality of regulated cell death, exhibiting fundamental differences from
both apoptotic and ferroptotic pathways. The deϐining pathophysiological features include: (i) supra‑physiological
intracellular copper (Cu2+) concentrations that disrupt metal homeostasis, (ii) obligatory copper‑dependent cyto‑
toxicity, and (iii) profound impairment of mitochondrial energy metabolism. This cell death mechanism exhibits
preferential cytotoxicity against cells with increased metabolic activity, particularly those in the S‑phase. Interest‑
ingly, CDKN2D‑induced cell cycle inhibition during the G1‑to‑S transitionmay confer relative resistance by decreas‑
ing cellular metabolic demand, thereby indirectly reducing susceptibility to cuproptosis [22]. In hepatocellular
carcinoma (HCC), the cuproptosis‑related gene CDKN2A displays signiϐicant clinical relevance. It is positively cor‑
related with Th2 cell inϐiltration and the presence of cancer‑associated ϐibroblasts (CAFs), whereas it is negatively
correlatedwith the abundance of CD8+ T cells. Experimental research indicates that CDKN2A is signiϐicantly overex‑
pressed in hepatocellular carcinoma (HCC) cell lines. Functional analysis reveals that knocking down CDKN2A not
only suppresses HCC cell proliferation but also concurrently restrains migratory and invasive capacities. Further‑
more, it triggers G2/M phase cell cycle arrest and enhances apoptotic cell death [23]. Considering the crucial role
of the CDKN2A gene within the same family in conferring resistance to copper‑induced cell death and in promot‑
ing disease progression, the knockdown of CDKN2A renders cells susceptible to copper‑induced cell death [22,24].
Our ϐindings suggest that CDKN2D may confer cytoprotective effects against cuproptosis in EC, analogous to its
established anti‑apoptotic functions. The signiϐicantly elevated expression of CDKN2D in tumor tissues compared
to normal tissues (Figures 1B‑C) suggests a potential role in evading copper‑dependent cell death. Clinically, el‑
evated CDKN2D expression was correlated with reduced overall survival (Figures 4A‑C), potentially indicating a
selection advantage for tumor cells that resist copper toxicity. This aligns with the metabolic adaptation hypoth‑
esis, where CDKN2D‑mediated cell cycle modulation (G1/S arrest) may decrease mitochondrial susceptibility to
copper overload. The observed survival disparitymay arise from twomechanisms: (1) direct copper detoxiϐication
through pathways regulated by CDKN2D, and (2) indirect metabolic reprogramming that promotes tumor persis‑
tence. These ϐindings suggest that CDKN2D could serve as both a clinical prognostic marker and a potential target
for treatments aimed at modulating cuproptosis sensitivity in EC.

The development and malignant progression of tumors are critically influenced by complex interactions be‑
tween dysregulated metabolic pathways and immunosuppressive microenvironmental conditions. These inter‑
connected processes cooperatively drive tumor immune evasion and sustained proliferation [23,25]. Cancer cells
rewire their metabolic pathways to meet the bioenergetic and biosynthetic demands of rapid proliferation, while
simultaneously shaping an immunosuppressive microenvironment that facilitates immune evasion [26]. For exam‑
ple, changes in lipid metabolism—including increased lipogenesis and accumulation of lipid droplets—are charac‑
teristic features of HCC, contributing to tumor growth, chemoresistance, and metastatic potential [27]. Similarly,
dysregulated fatty acid oxidation (FAO) has been implicated in immune suppression, particularly by promoting
the expansion of regulatory T cells (Tregs) and impairing the function of cytotoxic T cells, thereby fostering lymph
node metastasis [28]. These metabolic adaptations sustain not only tumor survival but also modulate immune
cell inϐiltration and function. Elevated lipid metabolism in cancer‑associated ϐibroblasts (CAFs) can secrete im‑
munosuppressive cytokines, while fatty acid oxidation (FAO)‑driven metabolic crosstalk between tumor cells and
myeloid‑derived suppressor cells (MDSCs) further dampens antitumor immunity. Metabolic‑immune interactions
create an ecological niche that facilitates tumor progression and therapeutic resistance. Understanding thesemech‑
anisms could reveal new targets for combinedmetabolic and immunotherapeutic interventions in cancer treatment
[23,25–28]. Our integrated multi‑database analysis (GEO/TCGA/HPA) revealed markedly elevated CDKN2D tran‑
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script levels in EC specimens compared to normal controls. Clinically, patients with overexpression of CDKN2D
have shown signiϐicantly poorer survival outcomes, indicating its potential as both a diagnostic marker and a focus
of clinical attention in the progression of EC. This association remained signiϐicant even after multivariate adjust‑
ment.

Protein‑protein interaction network analysis using STRING revealed CDK4, CDK6, and CCND3 as key functional
partners of CDKN2D in EC, uncovering critical cell cycle regulatory mechanisms. CDK4 and CDK6, members of the
cyclin‑dependent kinase family, act as key regulators of theG1/Sphase transitionbyphosphorylating the retinoblas‑
tomaprotein (Rb), which in turn releases E2F transcription factors to initiateDNA replication [29]. CCND3, aD‑type
cyclin, functions as an essential regulatory subunit that binds to and activates CDK4/6 kinases during the mid‑G1
phase. These CDK4/6‑CCND3 complexes then phosphorylate downstream targets, thereby promoting cell cycle
progression and proliferation [30]. In contrast, CDKN2D acts as a potent cyclin‑dependent kinase inhibitor (CKI),
competitively binding to CDK4/6‑cyclin complexes and effectively blocking their kinase activity through various
mechanisms: (i) direct steric hindrance of the catalytic domain, (ii) prevention of cyclin binding, and (iii) alter‑
ation of substrate recognition. This inhibition maintains Rb in its active, hypophosphorylated state, enforcing G1
phase arrest and suppressing uncontrolled proliferation. The opposing functions of these interacting partners—
with CDK4/6‑CCND3 promoting and CDKN2D restricting cell cycle progression—establish a delicate balance that
is crucial for maintaining genomic integrity. Dysregulation of this equilibrium, particularly through CDKN2D down‑
regulation or CDK4/6‑CCND3 overexpression, represents a common oncogenic driver in the pathogenesis of EC
[31]. These ϐindings emphasize the therapeutic potential of targeting this regulatory axis, as CDK4/6 inhibitors
have shown promise in preclinical models of EC. However, their interaction during EC requires additional investi‑
gation. ROC curve analysis demonstrated moderate diagnostic potential for CDKN2D in EC (AUC = 0.525, 95% CI
0.471–0.580), supporting its utility as a putative biomarker, elevated CDKN2D expression correlated signiϐicantly
with advanced tumor stage, nodal metastasis, and reduced overall survival. Gene ontology analysis further im‑
plicated CDKN2D in keratinocyte differentiation pathways, particularly in the reorganization of the intermediate
ϐilament cytoskeleton (FDR < 0.05), suggesting a role in tumor structural integrity and progression.

The current prognostic evaluation in EC primarily depends on conventional clinicopathological parameters,
such as TNM staging, histological classiϐication, and lymph node involvement status. Nevertheless, emergingmolec‑
ular proϐiling studies have identiϐied novel biomarkers that could reϐine risk stratiϐication beyond these traditional
metrics [32,33]. Notably, recent investigations have shown that increased cuproptosis‑related risk signatures are
associated with heightened immune cell inϐiltration in various types of cancer [34,35]. The ϐindings suggest that (i)
copper‑dependent cell death pathwaysmight modulate anti‑tumor immunity via metabolic‑immune crosstalk, and
(ii) the integration of molecular signatures with clinical parameters could enhance prognostic accuracy. The ob‑
served association between cuproptosis sensitivity and the abundance of tumor‑inϐiltrating lymphocytes suggests
potential therapeutic opportunities for copper‑modulating agents in immunologically “cold” tumors. Furthermore,
machine learning approaches that incorporate both genomic and immunological features hold promise for devel‑
oping more precise survival prediction models for patients with EC [36].However, the existing body of research on
the relationship between the CDKN2D gene and immunocytes in EC is insufϐicient. In this study, we innovatively
explored the correlation between CDKN2D expression in EC and 24 distinct immune cell subtypes. Our results indi‑
cate that the expression of the CDKN2Dgene is signiϐicantly and consistently correlatedwith the inϐiltration levels of
Tcm, NKCD56dimcells, NK cells, andTh2 cells in EC, underscoring its potential role in immune regulationwithin the
tumor microenvironment. Consistent with previous ϐindings by Sahar et al., demonstrating a positive correlation
between CDKN2D and T cell inϐiltration [37], our comprehensive analysis revealed signiϐicant associations between
elevated CDKN2D expression and increased abundance of multiple immune cell populations, including B lympho‑
cytes, CD8+ cytotoxic T cells, tumor‑associated macrophages, and dendritic cells [37,38]. Notably, we observed
strong correlations with immune checkpoint markers CTLA‑4 and PD‑1, suggesting CDKN2D may participate in es‑
tablishing an immunosuppressive niche. These discoveries suggest that CDKN2D could function as: (i) a potential
predictor for immunotherapy response, as its expression reflects the immune‑active yet exhausted phenotype, and
(ii) a regulator of immune cell recruitment via cytokine signaling pathways. The simultaneous upregulation of both
effector immune cells and inhibitory checkpoints suggests a complex, dual role in tumor immunology—promoting
initial immune recognition while also facilitating immune escape mechanisms. This paradoxical relationship war‑
rants further investigation into CDKN2D’s precise mechanisms in shaping the tumor‑immune interface [38,39].
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While this investigation provides valuable insights into CDKN2D’s role in EC, several limitations should be
acknowledged. Firstly, our ϐindings were derived primarily from retrospective bioinformatics analyses of public
databases, which may introduce selection biases. Prospective validation using well‑annotated clinical cohorts is
essential to conϐirm the prognostic and diagnostic signiϐicance of CDKN2D. Secondly, the study lacks functional
validation—future work should include in vitro assays and in vivomodels to elucidate CDKN2D’s mechanistic con‑
tributions to tumor progression, immunemodulation, and therapeutic resistance. Additionally, while we identiϐied
correlations between CDKN2D and immune inϐiltration, the precise molecular pathways underlying these observa‑
tions remain unexplored.

Conclusions
In summary, CDKN2D upregulation in ECmay impact the progression of the disease via pivotal molecular func‑

tions and pathways. Moreover, CDKN2D expression correlates with the inϐiltration levels of various immune cell
types. To bridge the gap between computational insights and clinical relevance, future work should employ labora‑
tory experiments to validate CDKN2D’s mechanistic contributions to EC cells and their microenvironment.
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