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ABSTRACT 
 

Background: Cuproptosis is a type of cell death characterized by excessive copper-lipid reactions in the 
tricarboxylic acid cycle, resulting in protein toxicity stress and cell death. Although known as a cuproptosis 
inhibitor through CRISPR-Cas9 screening, the role of cyclin-dependent kinase inhibitor 2A (CDKN2A) in 
cuproptosis resistance and its connection to tumor development remains unclear.  
Methods: In this study, we combined single-cell sequencing, spatial transcriptomics, pathological image 
analysis, TCGA multi-omics analysis and in vitro experimental validation to comprehensively investigate 
CDKN2A distribution, expression, epigenetic modification, regulation and genomic features in colorectal cancer 
cells. We further explored the associations between CDKN2A and cellular pathway, immune infiltration and 
spatial signal communication.  
Results: Our findings showed an increasing trend in cuproptosis in the trajectory of tumor progression, 
accompanied by an upward trend of CDKN2A. CDKN2A underwent transcriptional activation by MEF2D and via 
the SNHG7/miR-133b axis, upregulating glycolysis, copper metabolism and copper ion efflux. CDKN2A likely 
drives epithelial-mesenchymal transition (EMT) and progression by activating Wnt signaling. CDKN2A is 
associated with high genomic instability and sensitivity to radiation and chemotherapy. Tumor regions 
expressing CDKN2A exhibit distinctive SPP1+ tumor-associated macrophage (TAM) infiltration and MMP7 
enrichment, along with unique signaling crosstalk with adjacent areas.  
Conclusions: CDKN2A mediates cuproptosis resistance through regulating glycolysis and copper homeostasis, 
accompanied by a malignant phenotype and pro-tumor niche. Radiation and chemotherapy are expected to 
potentially serve as therapeutic approaches for cuproptosis-resistant colorectal cancer with high CDKN2A 
expression. 
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INTRODUCTION 
 

Colorectal cancer is a prevalent gastrointestinal 

malignancy with increasing incidence worldwide.  

It ranks third in cancer diagnoses and second  

in cancer mortality, posing a significant health 

burden [1]. Most patients are diagnosed at late  

stages due to initial subtle symptoms, resulting in 

poor prognosis [2]. Elucidating the mechanisms 

underlying colorectal cancer progression is thus  

vital. Recent omics studies have provided insights 

into regulatory pathways involved in colorectal 

tumorigenesis and progression [3]. 

 

Copper plays critical roles in biological processes, 

including iron metabolism, mitochondrial respiration, 

antioxidant response, and angiogenesis. Both copper 

excess and deficiency can be detrimental [4]. In 

cancers, elevated copper promotes proliferation, 

invasion, metastasis, and angiogenesis [3]. Excess 

copper can cause protein toxicity stress and trigger  

a distinct cell death pathway called cuproptosis  

[5]. A number of studies have investigated the  

role of some cuproptosis-related genes in tumors  

[6]. The dysregulation of CDKN2A promotes 

resistance to cuproptosis, but the mechanisms are  

still unclear, with limited related research [7, 8]. 

Furthermore, CDKN2A is associated with poor 

prognosis in various cancers, including colorectal 

cancer, yet the underlying causes remain elusive  

[9]. How CDKN2A regulates cuproptosis and  

tumor progression is still awaiting further in-depth 

research. 

 

In this study, we conducted a comprehensive 

investigation into the expression, distribution, epi-

genetic modifications, regulation, and function of 

CDKN2A in colorectal cancer using an integrative 

approach combining single-cell sequencing, spatial 

transcriptomics, pathological image analysis, TCGA 

multi-omics analysis, and experimental validation. 

Through our research, we predicted and verified  

the regulatory mechanisms of CDKN2A in tran-

scription and post-transcriptional regulation. We also 

dissected the changes in energy metabolism, copper 

metabolism, and copper ion transportation patterns 

mediated by CDKN2A expression. Additionally, we 

explored the abnormal signal transduction pathways 

associated with CDKN2A imbalance and mapped  

the microenvironment niche of tumor regions with 

CDKN2A expression. Our results provide novel 

insights into the role of CDKN2A in cuproptosis 

resistance and tumor progression, which have 

important implications for developing more effective 

diagnostic and therapeutic strategies for colorectal 

cancer. 

MATERIALS AND METHODS 
 

Processing and analysis of scRNA-seq data in 

colorectal cancer 

 

The scRNA-seq data on colorectal cancer were  

obtained from the Gene Expression Omnibus (GEO) 

database under accession code GSE132465 [10].  

The Seurat package was used to process the scRNA-seq 

data [11]. Filtering was performed by retaining cells 

that had unique molecular identifiers greater than 1000, 

expressing 200 to 6000 genes, and had mitochondrial 

content less than 20%. The count data were normalized 

using the “LogNormalize” method with a scale factor  

of 10,000. Genes with normalized expression between 

0.125 and 3 and exceeding the 0.5 quantile of variance 

were identified as highly variable genes. Principal 

component analysis was conducted based on the highly 

variable genes. Multiple samples were integrated by  

the Harmony R package [12]. Dimensionality reduction 

and clustering were performed using the RunPCA, 

RunUMAP, FindNeighbors and FindClusters functions. 

When conducting cell labeling artificially, reference 

was made to marker genes used in past research [10, 

13]. Cell trajectory inference was performed using 

Monocle 2 with DDR-Tree and the default parameters 

[14]. CytoTrace evaluated the pluripotent score for  

each cell fate [15]. Pseudobulk analysis was performed 

using the Libra package, with DESeq2 as the 

differential expression method and the Wald test for 

significance [16]. 

 

Pathological image recognition 

 

Immunohistochemically stained samples of colorectal 

cancer and normal colon were obtained from the  

HPA database [17]. To minimize the impact of poor 

slide quality on the results, one unanalyzable slide  

with severe wrinkles was excluded. The remaining 75 

slides were analyzed using Qupath [18], implementing 

average channel, thresholds of 240, and sigma of 2.5 as 

parameters to determine tissue boundaries and assess 

tissue area. Positive staining was determined using  

the DAB channel with a threshold of 0.3 and sigma of 

0.1. Subsequently, the sections underwent cell detection 

and segmentation, positive cell selection, and cell 

classification. 

 

Transcription factor inference and regulation 

network reconstruction 

 

Regulons were computed using the single-cell regulatory 

network inference and clustering (pySCENIC) algorithm 

[19]. The motif data used for analyses were sourced 

from the cisTarget Human motif database v9. The limma 

R package was used to perform differential analysis on 
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the transcription factor activity score matrix [20]. 

Regulators with |log2 (fold change)| > 0.5 and false 

discovery rate (FDR) < 0.05 were considered 

significantly differentially activated. The miRcode 

database was used to predict competitive endogenous 

RNA (ceRNA) networks [21]. The differentially 

expressed genes between tumor samples and normal 

samples were screened under |log2 (fold change)| > 1 

and adjusted p-value < 0.05. Upregulated lncRNAs  

and downregulated miRNAs were selected as ceRNA 

members. Pearson correlation analysis between lncRNA 

and cuproptosis mRNA expression was significant at  

P < 0.05. 

 

Processing and analysis of scATAC-seq data 

 

Publicly available scATAC-seq data on colorectal cancer 

were obtained from GEO under accession GSE201349 

[22]. Pathologically confirmed colorectal samples and 

samples that were not affected by tumor invasion were 

included in the analysis. For donors with multiple 

replicates, one sample was randomly selected using the 

sample function in R. The ArchR package in R was used 

for quality control, doublet inference and removal 

(DoubletScores, filterDoublets functions), dimensionality 

reduction (addIterativeLSI function), batch correction 

(addHarmony function), gene score calculation 

(addGeneScoreMatrix function), clustering (addClusters 

function), visualization of clustering (addUMAP 

function), and marker feature (getMarkerFeatures 

function) identification [23]. Chromatin accessibility 

peaks were then called with Macs2 via ArchR with  

the addGroupCoverage, addReproduciblePeakSet and 

addPeakMatrix functions. Differential peaks were 

identified using the getMarkerFeatures function with 

|log2 (fold change)| > 1 and FDR < 0.05 as determined  

by Wilcoxon pairwise comparisons. 

 

Cell culture 

 

Human colorectal cancer cell lines NCM460, HCT116, 

HT-29, COLO205, LOVO, SW620, SW480, and Caco2 

were obtained from the Cell Bank of the Type Culture 

Collection Committee, Chinese Academy of Sciences 

(Shanghai, China), and the cell lines were cultured for  

a maximum of ten passages. Cells were cultured in 

Dulbecco’s Modified Eagle Media supplemented with 

10% fetal bovine serum, 100 U/mL penicillin, and 100 

μg/mL streptomycin at 37° C in a humidified 5% CO2 

atmosphere. 

 
siRNA and mimic transfection 

 

Small interfering RNAs (siRNAs) targeting  

SNHG7 (si-SNHG7) and CDKN2A (si-CDKN2A)  

were synthesized by General Pharma (Suzhou, China). 

The siRNA sequences utilized were as follows: siSNHG7 

sense: 5′-GGCCUGACUACUUGCAATT-3′, siSNHG7 

antisense: 5′-UUGCAAGAAUGUCAGGCCTT-3′; 

siCDKN2A sense: 5′-GCCACGCACCGAAUAGUTT-

3′, siCDKN2A antisense: 5′-ACUAUUCGGUGCGUU 

GGGCTT-3′. Additionally, miR-133b mimics, negative 

control mimics, miR-133b inhibitor, and negative 

control inhibitor were procured from General Pharma, 

Shanghai, China, with the following sequences: miR-

133b mimics sense: 5`-UUUGGUCCCCUUCAACCA 

GCUA-3′, miR-133b mimics antisense: 5′-GCUG 

GUUGAAGGGGCAAAUU -3′; miR-1336 inhibitor 

sense: 5′-UAGCUGGUUGAAGGGGACCAAA-3′, 

miR-133b inhibitor negative control sense: 5’- 

CAGUACUUUUGUGUAGUACAA-3′; U6 sense 5’- 

CTCGCTTCGGCAGCACA-3’, U6 sense antisense  

5’-AACGCTTCACGAATTTGCGT-3’ (Supplementary 

Table 2). Cells were transfected with 50 nM  

siRNA or 200 nM miRNA mimic and inhibitor  

using TurboFect Transfection Reagent (Thermo  

Fisher Scientific, Shanghai, China) according to  

the manufacturer’s protocol. Transfected cells were 

harvested 24-48 hours later for subsequent experiments. 

 

Western blotting 

 

Cells were lysed in RIPA buffer, and the resultant 

supernatant was collected for protein concentration 

determination using the BCA protein assay kit (P5026, 

Sangon, Shanghai, China). Subsequently, 20 μg of 

protein was loaded onto an 8%-15% SDS-PAGE gel. 

The separated proteins were transferred onto a PVDF 

membrane (Millipore, Carrigtwohill, Ireland) for 90 

min. The membrane was then blocked with TBST 

buffer (Tris-buffered saline with 0.1% Tween 20) 

containing 5% milk powder for 2 h, followed by over-

night incubation with the primary antibodies (FDX1: 

AB108257, GAPDH: YM3029). Immunoblotting was 

carried out using secondary antibodies and the ultra-

high sensitivity ECL kit (HY-K1005, MCE, Shanghai, 

China), with visualization of resulting bands performed 

using a ChemiScope 6100 Imager (QinXiang Products 

Ltd., Shanghai, China). 

 
Cell viability assessment 

 

Cell viability was evaluated utilizing the Cell Counting 

Kit-8 (CCK-8) (B34304, Selleck, Shanghai, China). 

Specifically, 5 × 103 cells were seeded in individual 

wells of a 96-well plate and exposed to designated 

treatments at predetermined intervals. Subsequently, 10 

μL of CCK-8 solution was introduced into each well, 

followed by an incubation period at 37° C for 45 minutes 

to 1 h. Absorbance at 450 nm was measured using a 

microplate reader (Synergy 2, Bio-Tek Instruments, 

Winooski, VT, USA). Each experimental condition was 
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assessed in 4 to 6 replicate wells, and each experiment 

was performed independently at least triple. Absorbance 

readings were normalized to the negative control (NC) 

group, and graphical representations were constructed 

based on the average values derived from two separate 

experimental runs. 

 

Transwell migration assay 

 

Cells were diluted in serum-free 1640 medium to a 

concentration of 5 × 104 cells/well and seeded into  

the upper chamber of a Transwell insert. The lower 

chamber was supplemented with 10% FBS 1640 

medium to serve as a chemoattractant. Following a  

48 h incubation period, cells were fixed with 75% 

paraformaldehyde and stained with 0.1% crystal violet. 

Migration quantification was performed using ImageJ 

software (version 1.53v). 

 

RNA extraction and qRT-PCR 

 

Total RNA was extracted from cells using TRIzol 

reagent (Invitrogen, Waltham, MA, USA) according  

to the manufacturer’s instructions. RNA was reverse 

transcribed into cDNA using the PrimeScript RT 

Reagent Kit (Takara, Beijing, China). Quantitative  

real-time PCR was performed in triplicate using  

SYBR Premix Ex Taq II (Takara, Beijing, China) on a 

Bio-Rad CFX96 Touch Real-Time PCR Detection 

System. Target gene expression was normalized to 

GAPDH. miR-133b expression was normalized to U6 

snRNA. Relative expression was calculated by the 

2−ΔΔCt method. Primers are listed in Supplementary 

Table 1. 

 

Intracellular Cu2+ measurement 

 

Intracellular Cu2+ levels were measured using a copper 

colorimetric detection kit (Elabscience, Wuhan, China) 

according to the manufacturer’s instructions. HCT116 

and HT-29 cells were collected, rinsed with PBS, and 

lysed. Cell lysates were mixed with the copper reaction 

solution and incubated for 30 min at room temperature. 

Absorbance at 580 nm was measured using a micro-

plate reader. Intracellular copper concentrations were 

calculated based on a standard curve and normalized to 

total protein content. 

 

Differential analysis of colorectal cancer cell line 

RNA-seq data 

 

RNA-seq data for colorectal cancer cell lines  

were obtained from the GEO database (accession 
GSE153412) [24]. Expression data were log2 

transformed, batch corrected and differentially analyzed 

using the limma package. Differentially expressed 

genes were defined as having |log2FC| > 1 and an 

adjusted p-value < 0.05. 

 

Inference and annotation of malignant regions in 

spatial transcriptome samples 

 

Four spatial transcriptomic samples of colorectal  

cancer and liver metastases were obtained from the 

Single-Cell Colorectal Cancer Liver Metastases database 

and named colon1, colon2, lm1, and lm2 [25]. Samples 

were normalized separately using SCTransform. The 

SpaCET.deconvolution function from the spaCET 

package was used to calculate the malignancy score for 

spots [26]. Hematoxylin and eosin (H&E)-stained 

sections were segmented using QuPath to characterize 

the tumor and normal regions [18]. To accurately 

annotate spots, we considered the following: 1) Seurat 

clustering, 2) marker expression, 3) SpaCET malignancy 

scores, 4) H&E staining, and 5) pathological review. 

Finally, the spot annotation was manually adjusted using 

our developed package SpotSweeper. In tumor regions, 

spots were defined as CDKN2A+ spots, CDKN2A- spots, 

or others (necrotic region). In nontumor regions, spots 

were classified as nearby CDKN2A+, nearby CDKN2A-, 

nearby none, or nearby both based on proximity to 

CDKN2A+ or CDKN2A- spots. 

 

Immunoinfiltration assessment and spatial 

communication analysis 

 

Gene signatures of myeloid cells and T cells in colorectal 

cancer were obtained from published scRNA-seq studies 

[27]. Immune infiltration levels were evaluated by 

ssGSEA. Differential enrichment was defined as the ratio 

of median enrichment scores between groups [28]. Tumor 

transcriptional diversity was calculated as the median 

absolute deviation of Pearson correlations between highly 

variable genes in tumor regions multiplied by 1.4826 [29]. 

CellChat was used to infer communication networks 

between tumor subregions [30]. 

 

TCGA multiomics data analysis 

 

TCGAbiolinks retrieved colorectal cancer data from 

TCGA, including RNA-seq, DNA methylation, CNV, 

mutations, and clinical data [31]. ATAC-seq data  

were obtained from the NIH Genomic Data Commons 

(https://gdc.cancer.gov/about-data/publications/ATACseq 

-AWG). Differential expression analysis was performed 

with DESeq2 (|log2 (fold change)| > 1 and adjusted  

p-value < 0.05) [32]. Differential methylation sites  

were identified using TCGAanalyze_DMC. GISTIC  

2.0 was used to analyze CNVs on GenePattern 
(https://www.genepattern.org/, confidence=0.99) [33]. 

Maftools was used to compare mutation frequencies 

between groups (mafCompare function, p-value < 0.05). 
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Enrichment analysis and gene set variation analysis 

 

KEGG pathway enrichment was performed with the 

enrichKEGG function in the clusterProfiler package 

[34]. Reactome pathways were enriched using the 

enrichPathway function in ReactomePA [35]. Gene set 

variation analysis utilized the GSVA package [36]. 

Metabolic gene sets were retrieved from published 

studies [25, 37]. EMT-related gene sets were extracted 

from the EMTome platform ([38], criteria: colorectal 

tissue source, human species, RNA-seq/microarray 

methods). Limma compared pathway activity scores 

between CDKN2A+ and CDKN2A- epithelial cells. 

 

Statistical analysis 

 

The statistical analysis methods and standards for 

sequencing data were as described above, and 

experimental data analysis was performed using SPSS 

v20. Pearson correlations were used to test the 

relationships between variables. Group comparisons 

utilized Student’s t-tests, Wilcoxon signed-rank tests,  

or one-way ANOVA as appropriate. P < 0.05 indicated 

statistical significance. 

 

Availability of data and materials 

 

Our analysis pipeline for spatial transcriptomics  

was developed into an R package, SpotSweeper 

(https://github.com/Biocxifu/SpotSweeper), enabling 

convenient manual annotation of spots, visualization, 

selection of adjacent spots based on specific tumor 

groups, immune infiltration analysis, evaluation of 

sample transcriptome heterogeneity, and analysis of 

spatial communication. 

 

Consent for publication 

 

The authors give their consent for the publication of the 

manuscript in Aging. 

 

RESULTS 
 

Transformation of cuproptosis characteristics 

during tumor evolution 

 

To investigate the expression characteristics of 

cuproptosis-associated genes in colorectal cancer,  

we performed dimensionality reduction clustering on 

scRNAseq data from colorectal cancer and normal 

tissues. Based on the expression levels of marker genes 

for different cell types, we identified epithelial cells, 

stromal cells, immune cells, and a group of unknown 

cells (Figure 1A, 1B). In the evolutionary trajectory 

constructed on tumor epithelial cells (Figure 1C), 

cytoTRACE identifies state 6 as the earliest pseudotime 

cell (Figure 1D). It is noteworthy that the resistance 

capacity of tumor epithelial cells to cuproptosis is 

increasing along the trajectory of tumor evolution 

(Figure 1E). Genes associated with cuproptosis 

resistance showed a general increasing trend, while  

the expression of sensitive genes decreased. Among 

them, the increasing trend of CDKN2A was the  

most representative (Figure 1F). This indicates the 

acquisition of cuproptosis resistance phenotype during 

malignant tumor progression. 

 

Furthermore, we focused on the molecular 

characteristic changes associated with cuproptosis in 

tumor formation. After pseudobulk processing of 

epithelial cells, principal component analysis (PCA) 

clustering showed good differentiation between tumor 

and normal epithelial cells (Figure 1G). Differential 

expression analysis revealed that CDKN2A was highly 

expressed in tumor epithelial cells compared to normal 

intestinal epithelial cells, while other cuproptosis-

related genes were unchanged (Figure 1H). Validation 

using TCGA data confirmed elevated CDKN2A  

but not other cuproptosis-related genes in tumors 

versus normal colon tissue (Figure 1I). These findings 

highlight the central role of aberrantly high expression 

of CDKN2A in both tumor progression and cuproptosis 

resistance in colorectal cancer. 

 

CDKN2A exhibits heterogeneous distribution in 

colorectal cancer 

 

To visualize the expression and distribution of 

CDKN2A in tissues, we employed Qupath for  

image recognition on immunohistochemical sections. 

Epithelial cells and stromal cells of both colorectal 

cancer and normal tissue slices were identified 

(Figure 2A). Significantly higher positive rates, OD 

values, and positive densities of CDKN2A were 

observed in tumor epithelial cells compared to stromal 

cells (Figure 2B–2D). Tumor epithelium displayed a 

higher density of CDKN2A positivity in comparison 

with normal tissue (Figure 2E). These distributional 

patterns suggest localized and heterogeneous over-

expression of CDKN2A in the epithelium of 

colorectal cancer. 

 
Regulatory mechanisms underlying CDKN2A 

upregulation 

 
To elucidate potential mechanisms driving CDKN2A 

upregulation in colorectal cancer, we examined 

epigenetic modification and transcriptional regulation. 

ScATACseq data was analyzed using ArchR to identify 

epithelial cells derived from both colorectal cancer  

and unaffected tissues (Figure 3A). Higher chromatin 

accessibility levels were observed in colorectal cancer 

10516

https://github.com/Biocxifu/SpotSweeper


www.aging-us.com 6 AGING 

epithelial cells compared to normal epithelial  

cells within the CDKN2A gene region (Figure 3B). 

Similar findings were obtained in the TCGA cohort.  

A significant increase in chromatin accessibility was 

observed at the CDKN2A gene locus in tissues 

exhibiting elevated CDKN2A expression levels (Figure 

3C, 3D). Nonetheless, no statistically significant 

correlation was observed between CDKN2A expression 

 

 
 

Figure 1. Dynamic alterations of cuproptosis characteristics. (A) UMAP dimension reduction plots showing cell clusters identified by 

scRNAseq. (B) Expression of marker genes of different cell clusters. (C) Evolution trajectory of tumor epithelial cells, which are divided into 
seven states. (D) TOP: CytoTRACE predicts the evolutionary stage of each state. Bottom: pseudotime in the evolutionary trajectory. (E) 
Shaded line plot indicating the resistance score, sensitivity score, and the difference between the two for cuproptosis in tumor epithelium 
along pseudotime. (F) Heatmap and line plot showing cuproptosis-related genes arranged in pseudotime. (G) PCA map of the cell count 
matrix obtained from pseudobulk analysis. (H) Differential gene expression analysis of genes obtained from pseudobulk analysis. (I) 
Differential gene analysis between tumor and normal samples, as well as between tumor and paired samples, using the TCGA colorectal 
cancer cohort. 
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and either copy number variation or promoter 

methylation (Supplementary Figure 1). Leveraging  

the observed changes in chromatin accessibility, 

pySCENIC was employed to identify transcription 

factors capable of regulating the transcription of 

CDKN2A. The results show that MEF2D is enriched 

in CDKN2A-expressing tumor epithelia and can target 

CDKN2A (Figure 3E). 

 

Besides investigating epigenomic and genomic factors, 

we constructed a competing endogenous RNA (ceRNA) 

network to explore post-transcriptional regulatory 

 

 
 

Figure 2. QuPath performs cell identification on immunohistochemical staining images from the Human Protein Atlas. (A) 

Identified CDKN2A-positive cells and cell types. (B) Comparison of CDKN2A-positive expression density between epithelial tissue and stroma. 
(C) Comparison of the CDKN2A-positive expression rate between epithelial tissue and stroma. (D) Comparison of CDKN2A-positive staining 
intensity between epithelial tissue and stroma. (E) Comparison of the positive density of CDKN2A between epithelial tissue in tumor and 
normal control samples using the Wilcoxon test. ***P < 0.001. 
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Figure 3. Potential regulatory mechanisms of CDKN2A. (A) UMAP dimension reduction plots showing annotated cell clusters, with 
different colors representing different cell types. (B) Genome accessibility trajectory around CDKN2A in tumor epithelium and normal 
epithelium cells, with peaks called in the scATAC data and peaks-to-gene links indicated below the tracks. (C) TSS distribution heatmap for the 
ATAC-seq data in the TCGA colorectal cancer cohort. (D) Peak value differences in CDKN2A sites between the CDKN2A high and low 
expression groups in the TCGA colorectal cancer cohort, *P < 0.05, Wilcoxon test. (E) Transcription factors predicted by Pyscenic to 
potentially regulate CDKN2A, ranked based on the fold difference in AUCell values for each point. (F) A ceRNA regulatory network was 
constructed based on differentially expressed genes, with the SNHG7/miR-133b/CDKN2A regulatory axis being the most relevant potential 
regulatory network. (G) Scatter plot showing the CDKN2A and SNHG7 expression levels, the Spearman rank test. (H) qRT-PCR analysis was 
performed to assess the influence of silencing SNHG7 on miR-133b expression levels in CRC cell lines. (I) qRT-PCR analysis was conducted to 
investigate the influence of SNHG7 knockout on CDKN2A expression levels in CRC cell lines. (J) qRT-PCR analysis was employed to determine 
the effects of miR-133b mimic and miR-133b inhibitor transfection on CDKN2A expression levels in CRC cell lines. 
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factors that influence CDKN2A expression. Long non-

coding RNAs (lncRNAs) have the ability to act as 

ceRNAs to regulate target genes. Based the miRcode 

database, we constructed a regulatory network 

consisting of lncRNAs, miRNAs, and mRNAs that  

are involved in the regulation of CDKN2A in the 

TCGA cohort (Figure 3F). Particularly noteworthy,  

the expression of SNHG7 exhibited the strongest 

correlation with CDKN2A (rho = 0.296, P < 0.001; 

Figure 3G). These findings were validated in both 

colorectal cancer tissues and cell lines, confirming the 

upregulation of CDKN2A and SNHG7 along with  

the downregulation of miR-133b (Supplementary 

Figure 2). Knockdown of SNHG7 increased miR-133b 

and decreased CDKN2A expression (Figure 3H, 3I). 

miR-133b mimic transfection decreased CDKN2A 

expression, and miR-133b inhibitor transfection 

increased CDKN2A expression (Figure 3J). Our 

findings suggest the existence of an SNHG7/miR-

133b/CDKN2A network that potentially acts to inhibit 

cuproptosis in colorectal cancer. 

 

CDKN2A enhances glycolysis and regulates copper 

homeostasis 

 

Considering the close correlation between cuproptosis, 

cellular metabolism, and copper ion overload, we 

propose that CDKN2A is involved in regulating 

abnormal metabolic patterns and copper ion transport  

in tumors. Therefore, we initially assessed the KEGG 

and Reactome metabolic pathways in tumor epithelial 

cells. In the Reactome metabolic pathway terms, 

epithelial cells expressing CDKN2A showed higher 

activity in glucose metabolism and regulation of 

glycolysis by the fructose 2,6-bisphosphate metabolism 

(Figure 4A, 4B). Similarly, the activity of the glycolysis 

pathway was significantly upregulated in the KEGG 

metabolic pathway terms (Figure 4C). Although no 

significant changes were found in the TCA cycle 

pathway directly associated with cuproptosis, the 

identified upregulation of the glycolysis pathway may 

be associated with CDKN2A-mediated resistance to 

cuproptosis [39]. Fructose-2,6-bisphosphate can activate 

phosphofructokinase-1, the rate-limiting enzyme in 

glycolysis that influences the flux of glycolysis [40]. 

Further experiments revealed that silencing CDKN2A 

markedly decreased the mRNA levels of the phospho-

fructokinase genes PFKL and PFKM in colorectal 

cancer cell lines (Figure 4D). This confirms that 

CDKN2A can modulate the intensity of glycolysis by 

impacting the levels of phosphofructokinase, thereby 

resisting cuproptosis. 

 
In parallel, tumor epithelial cells expressing CDKN2A 

displayed increased activity in copper metabolism 

(Figure 4E), and this finding was corroborated by 

correlation analysis in the TCGA cohort (Figure 4F). 

Following CDKN2A knockout, we detected an 

upregulation of the copper uptake gene SLC31A2 and  

a downregulation of the copper efflux gene ATP7B  

in colorectal cancer cell lines (Figure 4G). Moreover, 

intracellular Cu2+ levels in colorectal cancer cell lines 

exhibited a significant increase (Figure 4H). These 

findings provide evidence that CDKN2A modulates 

copper metabolism and copper ion concentration to 

confer cuproptosis resistance. 

 

CDKN2A-positive tumor epithelial cells exhibit high 

Wnt pathway activity and a tendency towards EMT 

phenotype 

 

We further explored the relationships between 

CDKN2A and nonmetabolic pathways. The samples in 

the TCGA cohort were categorized into high and low 

CDKN2A groups based on their average expression 

levels. The upregulated genes in the high CDKN2A 

group were mainly involved in the biogenesis and 

transport of Wnt ligands (Figure 5A). Moreover, KEGG 

enrichment analysis demonstrated the associations 

between upregulated genes and the Wnt signaling 

pathway (Figure 5B). Similarly, tumor epithelial  

cells expressing CDKN2A exhibited elevated Wnt 

pathway activity (Figure 5C). CDKN2A knockdown 

significantly downregulated Wnt genes in colorectal 

cancer cell lines (Figure 5D). These findings provide 

strong evidence that CDKN2A promotes colorectal 

cancer through the activation of Wnt signaling. 

 

Given prior evidence of CDKN2A EMT involvement 

[41] and the established role of Wnt signaling in EMT 

[42, 43], we hypothesize that CDKN2A expression 

influences the EMT process. Consequently, tumor 

epithelial cells expressing CDKN2A exhibited elevated 

EMT scores (Figure 5D). Furthermore, this observation 

was validated in the TCGA cohort, confirming a 

positive correlation between CDKN2A expression and 

EMT (Figure 5E, 5F). These findings suggest that 

aberrant CDKN2A overexpression enhances Wnt 

signaling, thereby influencing metabolism, progression, 

and conferring resistance to cuproptosis. 

 

High expression of CDKN2A characterizes high 

genomic instability and sensitivity to radiation and 

chemotherapy 

 

In order to investigate the relationship between the 

clinical application value of CDKN2A in colorectal 

cancer, we conducted survival analysis and found  

that patients with high expression of CDKN2A had 
worse survival prognosis (Figure 6A, 6B). Clinical 

pathological parameters showed that CDKN2A was 

correlated with higher T, N staging, and pathological 
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staging (Figure 6C), indicating that CDKN2A can 

serve as a biomarker for clinical prognosis. Given the 

previously observed heightened activity in nucleotide 

metabolism (Figure 4B, 4C), we inferred that the 

expression of CDKN2A can also serve as an indicator 

of genomic alterations. Therefore, we compared the 

gene mutations between the high and low CDKN2A 

expression groups and found that the genomes of the 

high expression group exhibited extensive mutations, 

including some genes involved in DNA damage repair 

(Figure 6D). Furthermore, in the 5-fluorouracil-

resistant (5-FU-R) and 5-fluorouracil-sensitive (5-FU-

S) cell lines screened after drug resistance induction, 

we found that the 5-FU-S group exhibited high levels 

of CDKN2A expression during treatment with 5-

fluorouracil, 5-fluorouracil plus radiation therapy,  

and uracil (Figure 6E–6G). This indicates that the  

high expression of CDKN2A may suggest increased 

 

 
 

Figure 4. The impact of CDKN2A on energy metabolism, copper metabolism, and copper ion transportation. (A) UMAP 
dimension reduction plots of colorectal cancer epithelium cells showing the expression level of CDKN2A, with color depth representing the 
level of CDKN2A expression and gray indicating undetected CDKN2A expression. (B) Reactome metabolic pathways for different CDKN2A 
expression levels in tumor epithelium cells. (C) KEGG metabolic pathways for different CDKN2A expression levels in tumor epithelium cells. 
(D) Knockdown of CDKN2A leads to a decrease in the mRNA expression levels of phosphofructokinase-1 genes (PFKM, PFKL) in CRC cell lines. 
(E) Comparison of copper metabolism scores among different CDKN2A expression groups in tumor epithelial cells. ***P < 0.001, Wilcoxon 
test. (F) A scatter plot was generated to illustrate the correlation between CDKN2A expression and copper metabolism in the TCGA cohort. 
(G) qRT-PCR was utilized to examine the impact of CDKN2A knockdown on the mRNA transcriptional levels of copper transporters (SLC31A1, 
SLC31A2, ATP7B) in CRC cell lines. (H) Knocking out CDKN2A increases the intracellular copper ion concentration. ns represents no 
significance; *P < 0.05, **P < 0.01, ***P < 0.0001. 
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sensitivity to chemotherapy and the combination of 

radiation therapy and chemotherapy. 

 

Spatial transcriptome analysis reveals CDKN2A 

expression patterns in colorectal cancer 

 

To visually examine the spatial expression pattern of 

CDKN2A in colorectal cancer, we analyzed samples 

using spatial transcriptomics. By utilizing malignancy 

scoring, H&E staining of the slides (Figure 7A), 

Seurat clustering, marker expression, pathologist 

identification, and the SpotSweeper package for 

accurate annotation correction (Figure 7B), we 

identified the following regions: tumor, smooth 

muscle, fibroblasts, endothelial cells, lamina propria, 

necrotic region, and hepatocytes (Figure 7C, 7D).  

To avoid analytical bias, necrotic tumor regions were 

excluded from further analysis. Within the tumor area, 

we designated spots as CDKN2A+ and CDKN2A-.  

In the non-tumor area, we identified nearby spots 

classified as CDKN2A+, CDKN2A-, neither, or both 

(Figure 7E, 7F). The spatial mapping demonstrated 

distinct patterns of CDKN2A expression in colorectal 

cancer. 

 

 
 

Figure 5. Association of CDKN2A with the Wnt signaling pathway and EMT. (A) Enriched Reactome pathways for differentially 

expressed genes in the TCGA colorectal cancer cohort, with dark green representing pathways involving upregulated genes and light green 
representing pathways involving downregulated genes. (B) KEGG pathways enriched for upregulated genes in the CDKN2A high-expression 
group, showing upregulation of the Wnt signaling pathway. (C) Comparison of Wnt signaling pathway scores between different CDKN2A 
expression groups in tumor epithelium cells, ***P < 0.001, Wilcoxon test. (D) Knockdown of CDKN2A leads to decreased mRNA expression 
levels of Wnt signaling pathway members in CRC cell lines. *P < 0.05, **P < 0.01, ***P < 0.0001. (E) Comparison of EMT scores among 
different CDKN2A expression groups in tumor epithelial cells. ***P < 0.001, Wilcoxon test. (F) The scatter plot shows the correlation between 
the expression level of CDKN2A and EMT score in the TCGA cohort. 
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Figure 6. Relationship between CDKN2A expression and prognosis and treatment of colorectal cancer. (A) The Kaplan-Meier 

curve demonstrates a correlation between high CDKN2A expression and decreased overall survival rates in colorectal cancer patients. (B) The 
Kaplan-Meier curve illustrates that high CDKN2A expression is linked to reduced disease-free survival in colorectal cancer patients. (C) The 
association between CDKN2A and clinical pathological features, including the TNM staging and pathological stage of the tumor. (D) The 
differences in mutated genes between CDKN2A expression groups are shown, with red lines representing genes with increased mutation 
rates in the high expression group, and blue lines representing genes with increased mutation rates in the low expression group. The 
annotated genes are involved in DNA damage repair. The X-axis represents the genomic position coordinates, while the Y-axis represents the 
negative logarithm of the P-values for rate comparison. (E) Genes differentially expressed between 5-FU-S and 5-FU-R cell lines after 5-
fluorouracil treatment. (F) Genes differentially expressed between 5-FU-S and 5-FU-R cell lines after 5-fluorouracil plus radiation therapy.  
(G) Genes differentially expressed between 5-FU-S and 5-FU-R cell lines after uracil treatment. 
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Figure 7. Regional annotation and expression of CDKN2A in spatial transcriptomic samples. (A) Malignancy scores on colorectal 
cancer spatial transcriptomic samples and on two types of tumor tissue stained with H&E. (B) Analysis of colorectal cancer spatial 
transcriptomic samples using the SpotSweeper R package. (C) Marker gene expression of all cell types in the tissues. Color depth represents 
the average expression level, and dot size represents the percentage of expressing cells. (D) Annotation of results from all sample regions, 
with different colors representing different regions. Sample numbers are listed above. (E) Expression of CDKN2A in colorectal cancer tissues. 
(F) Expression of CDKN2A in tumor regions and adjacent regions. 
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Microenvironment in CDKN2A-positive region 

exhibits pro-tumor ecological niche 

 

To investigate the TME characteristics of the CDKN2A 

expression region, we used the ssGSEA algorithm to 

evaluate immune cell infiltration scores in the tissue 

sections. CDKN2A-expressing tumors and adjacent 

regions exhibited varying levels of immune infiltration. 

pDC, monocyte-like cells, and SPP1+ TAM were 

highest in the CDKN2A+ regions and adjacent regions, 

with SPP1+ TAMs linked to poor prognosis (Figure  

8A) [27]. The TCGA cohort showed similar results 

(Figure 8B). MMP7 and SPP1 levels were also higher in 

both CDKN2A+ tumor regions and nearby CDKN2A+ 

regions (Figure 8C, 8D). We validated the results in  

the ScRNAseq cohort and detected the upregulation of 

MMP7 in CDKN2A-positive tumor cells (Figure 8E). 

The TCGA cohort showed similar results where a 

strong positive correlation existed between CDKN2A 

expression and various MMPs, including MMP7 

(Figure 8F), indicating that CDKN2A can facilitate 

invasion and metastasis.  

 
We examined the transcriptomic heterogeneity in both 

the tumor regions and the CDKN2A expression rates 

of each sample. In the low-heterogeneity sample “lm1”, 

CDKN2A exhibited high expression rate (Figure 8G). 

CellChat analysis of “lm1” revealed that CDKN2A+ 

tumors and the nearby regions communicated via 

VEGF, PDGF, ANNEXIN, and TWEAK signaling. 

However, no signal transmission was observed between 

the tumor spot CDKN2A- and nearby CDKN2A-  

cells in these signals (Figure 8H). This suggests that 

the microenvironment of the CDKN2A+ region is 

predisposed to immune suppression, angiogenesis,  

and tumor invasion. The discovered TME landscape 

can expand our understanding of how CDKN2A 

mediates resistance to cuproptosis and promotes tumor 

progression. 

 
CDKN2A regulates the viability and migration of 

CRC cells by inhibiting cuproptosis 

 

To assess the potential of CDKN2A in regulating CRC 

cell behavior through cuproptosis inhibition, we 

employed siRNA to silence CDKN2A expression in 

cells. As depicted in Figure 9A, cell viability was 

diminished, and the expression of iron-sulfur cluster 

protein FDX1 decreased in CDKN2A-knockdown  

HT-29 and HCT116 cells. Moreover, the attenuated 

CDKN2A expression led to reduced migratory 

capacity in HT-29 and HCT116 cells. However, upon 

supplementation with a cuproptosis inhibitor, cell 

proliferation and migration were restored, accompanied 

by a reversal in FDX1 expression (Figure 9B, 9C). 

These findings collectively indicate the pivotal role  

of CDKN2A in modulating the growth and  

migration of CRC cells through its interaction with 

cuproptosis. 

 

DISCUSSION 
 

Previous pan-cancer study of cuproptosis-associated 

genes based TCGA data revealed universal upregulation 

of CDKN2A across 16 different cancer types, including 

colorectal cancer [44]. This aligns with the results of our 

more precise single-cell sequencing-based differential 

gene analysis. Additionally, we successfully captured the 

dynamic changes in cuproptosis features along the tumor 

progression trajectory for the first time. We discovered 

an increasing trend of resistance to cuproptosis along 

with an upward trend of CDKN2A expression. 

However, statistically, epigenetic modifications and 

mutations had minimal impact on its expression, except 

for an observed increase in chromatin accessibility.  

By utilizing PySCENIC, we identified MEF2D as a 

potential transcription factor involved in the regulation 

of CDKN2A transcription. Previous studies have 

reported that MEF2D overexpression promotes EMT 

and metastasis in colorectal cancer [45]. In gastric 

cancer, MEF2D activates the Wnt/β-catenin pathway  

to promote invasion [46]. Therefore, MEF2D may 

transcriptionally regulate CDKN2A, thereby facilitating 

disease progression. Additionally, increasing literature 

indicates that ceRNAs play a crucial regulatory role in 

biological processes. Some cuproptosis-related ceRNA 

regulatory axes have been discovered, such as XIST/ 

miR-125a-5p/CDKN2A [47], MIR31HG/miR-193a-

3p/TNFRSF21 [48], miR-432-5p/DLD [49]. In this 

study, we discovered the involvement of SNHG7/ 

miR-133b in the regulation of CDKN2A, which was 

preliminarily validated through cellular experiments. 

These findings provide insights into the transcriptional 

and post-transcriptional regulatory mechanisms that 

influence CDKN2A overexpression, ultimately impacting 

cuproptosis and tumor progression. 

 

Although cuproptosis depends on mitochondrial 

respiration and the TCA cycle, glycolysis can enhance 

its resistance [44, 50]. In a recent study conducted  

on melanosomes, the expression of CDKN2A  

was significantly downregulated upon inhibition of 

glycolysis [51]. Similar to our study, our research 

demonstrates that tumor cells expressing CDKN2A 

exhibit higher glycolytic levels. Silencing CDKN2A 

results in reduced expression of the rate-limiting 

enzyme phosphofructokinase-1, which is activated by 

fructose-2,6-bisphosphate. This suggests that CDKN2A 

suppresses cuproptosis by redirecting glycolytic flux. 

This metabolic deviation, which is distinct from  

iron-dependent cell death, promotes substrates that 

contribute to malignancy [39]. It is also associated with 
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Figure 8. Immune cell infiltration, differential gene expression, and cellular communication networks in tumor regions and 
adjacent regions. (A) The ssGSEA algorithm evaluated the relationship between CDKN2A expression levels and immune cell infiltration levels in 
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different regions of colorectal cancer. The lower box plot shows the difference in immune cell infiltration between the different regions, and the 
upper bar chart shows the fold change. Statistical significance was determined using the Wilcoxon test (***P < 0.001). (B) Within the TCGA 
cohort, high CDKN2A expression was associated with increased infiltration of SPP1 in TAMs. The Wilcoxon test was utilized for statistical analysis 
(**P < 0.01). (C) Differential gene analysis of CDKN2A+ tumor spots and CDKN2A- tumor spots in the spatial transcriptomics analysis. The x-axis 
represents the difference in the proportion of gene expression between the two groups, and the y-axis represents the fold change. (D) 
Differential gene analysis of nearby CDKN2A+ and nearby CDKN2A- regions in spatial transcriptomics analysis. (E) Differential gene analysis of 
tumor epithelial cells expressing CDKN2A and those not expressing CDKN2A in the scRNAseq cohort. (F) Heatmap showing the correlation 
between the expression levels of CDKN2A and MMPs in TCGA the cohort. The bar chart above represents the significance of P-values, with 
different colors indicating statistical significance. The statistical method used was the Spearman rank test. (G) Transcriptional heterogeneity and 
expression rate of CDKN2A in all samples, where the x-axis represents the inverse of the transcriptional heterogeneity score, and the y-axis 
represents the expression rate of CDKN2A. (H) Cell communication network diagram between tumor spots and adjacent spots. 

cuproptosis resistance and the progression of tumor 

malignancy. 

 

The disruption of copper homeostasis is essential for 

triggering cuproptosis. Previous studies have speculated 

on a potential association between CDKN2A and copper 

homeostasis in cuproptosis. However, no supporting 

evidence was provided [52, 53]. However, a report 

indicates a positive correlation between the methylation 

levels of CDKN2A’s CpG islands and peripheral blood 

copper ion concentrations in occupations with copper 

exposure [54]. Studies have demonstrated an increase in 

 

 
 

Figure 9. CDKN2A enhances colorectal cancer cell viability and migration through suppressing cuproptosis. (A) Western blot 
analysis was performed to examine the expression changes of FDX1 in HT-29 and HCT116 cells following knockdown of CDKN2A and addition 
of a cuproptosis inhibitor (*P<0.05, **P<0.01, ***P<0.001). (B) The CCK8 assay was utilized to assess alterations in cell proliferation ability in 
HT-29 and HCT116 cells upon CDKN2A knockdown and cuproptosis inhibitor treatment (*P <0.05, **P <0.01, ***P <0.001). (C) Transwell 
assay was employed to evaluate changes in cell invasion ability in HT-29 and HCT116 cell lines following CDKN2A knockdown and cuproptosis 
inhibitor supplementation (*P <0.05, ** P <0.01, *** P <0.001). 
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CDKN2A levels in colorectal cancer cell lines 

following treatment with elesclomol-Cu [55]. We 

further elucidated the specific relationship between 

CDKN2A and copper by discovering that silencing 

CDKN2A leads to increased intracellular Cu2+ levels 

and alters the expression of copper transport genes 

SLC31A2 and ATP7B. ATP7B, a copper-transporting 

ATPase, facilitates the efflux of copper from the cell or 

its transport into the lysosomal lumen, resulting in the 

excretion of copper ions from the cell. Conversely, 

SLC31A2 transports copper ions from the lysosome 

back into the cytoplasm [56]. CDKN2A is able to 

prevent copper overload by regulating these transport 

proteins, thereby inhibiting cuproptosis. Noteworthy, 

lysosomes play a role in degrading toxic proteins and 

are involved in cellular stress mitigation through 

autophagy [57, 58]. However, whether this process can 

mitigate the toxic protein stress in cuproptosis remains 

unexplored, and research in this area is still lacking. 

Investigating whether CDKN2A mediates the crosstalk 

between autophagy and cuproptosis has also become the 

focus of our ongoing research. 

 

CDKN2A is recognized as a tumor suppressor in 

certain cancers, such as breast cancer [59], where  

it exerts its influence by regulating the cell cycle  

to inhibit excessive proliferation of cancer cells. 

However, the effects of CDKN2A appear to vary 

depending on the tumor type. Notably, in colorectal 

cancer, CDKN2A has been found to promote disease 

progression by facilitating epithelial-mesenchymal 

transition [41]. In the present study, we proposed an 

alternative perspective on the tumor-promoting role of 

CDKN2A, suggesting that it may achieve this function 

by modulating intracellular copper ion concentration, 

potentially through the regulation of copper ion 

transport channel proteins. Furthermore, previous 

research has demonstrated that intracellular copper 

ions can exert anticancer effects through various 

pathways [60]. CDKN2A may act to counteract this 

inhibition. However, a comprehensive understanding 

of the underlying mechanisms necessitates further 

investigation. 

 

The CDKN2A gene has been shown to play a  

pivotal role in regulating physiological levels of  

Wnt signal transduction [61, 62]. Previous studies 

have demonstrated that the bisulfiram/Cu complex can 

inhibit the Wnt/β-catenin signaling pathway in gastric 

cancer [63]. CDKN2A may mediate the observed 

activation of the Wnt pathway by inhibiting copper  

ion concentration. Its expression is also correlated  

with EMT, which is consistent with the previously 
reported link between CDKN2A and EMT [41, 64]. 

Furthermore, previous studies have reported that the 

EMT process can be influenced by the Wnt signaling 

pathway and MMP7 [42, 43]. It is noteworthy that EMT 

is often accompanied by metabolic reprogramming, 

leading to a preference for glycolysis in cellular 

metabolism [65, 66].  

 

Studies have associated high CDKN2A expression 

with worse clinical outcomes in some tumors [9, 67] 

Similarly, we found that high CDKN2A expression 

correlates with poorer prognosis and clinicopathological 

stage. By analyzing colorectal cancer cell lines,  

we observed that 5-FU-sensitive cell lines have the 

characteristic of high CDKN2A expression during 

chemotherapy and radiotherapy. 5-FU inhibits growth 

by forming complexes with thymidylate synthase via 

its metabolite 5-fluorodeoxyuridine monophosphate, 

preventing DNA synthesis. The 5-FU metabolites FUTP 

and FUMP are also incorporated into RNA/DNA, 

causing mutations and breaks leading to cell death 

[68]. Similarly, radiation disrupts the DNA structure, 

resulting in unrepaired damage and apoptosis [69]. 

Therefore, this is likely related to the aforementioned 

upregulation of CDKN2A accompanied by active 

nucleic acid metabolism and high mutation rates  

of DNA damage repair genes. CDKN2A can be a 

potential biomarker for monitoring prognosis and 

chemotherapy/radiotherapy response. This provides  

a basis for using CDKN2A in colorectal cancer 

diagnosis, treatment, and prognosis. 

 

A recent study has revealed the TME phenotype 

associated with cuproptosis-related molecular patterns 

[70]. In hepatocellular carcinoma, CDKN2A 

expression is associated with tumor purity and 

macrophage expression [9]. TAMs have been 

identified as regulators of metabolism and promoters 

of invasion. They secrete MMP7, a proteinase that 

degrades the extracellular matrix [71–73]. In a 

recently constructed single-cell sequencing-based 

colorectal cancer myeloid cell atlas, a subtype of 

TAMs derived from monocyte-like cells, known as 

SPP1+ TAMs, was discovered to be associated with  

a poorer prognosis [13, 27]. Notably, SPP1 serves as 

both a marker gene for TAM and a hallmark gene for 

tumor EMT [74]. pDCs exhibit a dual role in tumors, 

involving both immunosuppression and tumoricidal 

effects [75]. We further detected specific signaling 

differences between CDKN2A-expressing regions and 

adjacent regions, such as VEGF, PDGF, ANNEXIN 

and TWEAK. The VEGF and PDGF pathways  

can promote angiogenesis, supporting growth [76]. 

TWEAK signaling activates proliferation and invasion 

in prostate cancer, promoting mouse tumor growth 

and angiogenesis [77, 78]. These results suggest that 
CDKN2A expression is associated with immune 

infiltration, abnormal tumor-matrix signaling, and 

potential mediation of metabolic reprogramming by 
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immune cells. The TME provides a new perspective 

for understanding the comprehensive mechanisms 

underlying how CDKN2A promotes tumor progression 

and resistance to cuproptosis. 

 
Our study possesses several advantages. To the best of 

our knowledge, this is the first comprehensive study 

exploring the potential mechanisms of CDKN2A-

mediated resistance to cuproptosis, supported by 

biological experiments. Unlike previous articles that 

were restricted to bioinformatics predictions [52]. We 

have conducted experimental validations to confirm 

the effects of CDKN2A on glycolysis and intracellular 

copper ions. Specifically, we have investigated 

CDKN2A’s impact on copper homeostasis, which has 

received limited prior research attention. Moreover, we 

have successfully elucidated the relationship between 

CDKN2A and the TME. In contrast to previous studies 

relying on bulk sequencing, our data are derived  

from spatial transcriptomics, which incorporates 

spatial information and offers a more precise and 

accurate depiction of cellular components and 

signaling interactions within the TME. Additionally, 

our findings have been corroborated by independent 

datasets, ensuring the reliability and feasibility of our 

results. 

 
One of the limitations of our study is that,  

except for the single-cell queue, the sample data  

from other queues did not achieve single-cell 

resolution, which could introduce potential bias  

into the results. Moreover, our investigation of the 

mechanism underlying CDKN2A-mediated resistance 

to cuproptosis primarily focused on the factors 

triggering cuproptosis. Therefore, it is worthwhile  

to conduct further research on CDKN2A’s potential 

mechanisms to counteract and control cuproptosis 

when it occurs, such as its ability to counteract  

protein toxicity stress. Remarkably, this aspect 

remains unaddressed not only in our study but  

also in most studies related to cuproptosis. Real- 

time monitoring of cellular responses may be 

necessary during induced cuproptosis, and a recently 

developed sequencing technology called Live-seq 

could potentially provide valuable insights for future 

research in this area [79]. It is noteworthy that our 

study is constrained by its confinement to cell 

experiments and colorectal cancer. Future endeavors 

encompassing animal models and extending into  

other cancer types could yield more comprehensive 

evidence supporting our findings and potentially 

uncover novel insights. Our research posits that in 

forthcoming endeavors, the judicious combination  

of CDKN2A inhibitors with cuproptosis inducers  

may hold therapeutic potential for the treatment of 

colorectal cancer. 

CONCLUSIONS 
 

In summary, our research elucidates the potential 

mechanism by which CDKN2A promotes resistance  

to cuproptosis and explores the relationship between 

CDKN2A and adverse prognosis. Furthermore, we 

provide valuable treatment strategies for cuproptosis-

resistant colorectal cancer. 

 

Abbreviations 
 

5-FU-R: 5-fluorouracil-resistant; 5-FU-S: 5-

fluorouracil-sensitive; CDKN2A: Cyclin-dependent 

kinase inhibitor 2A; ceRNA: Competitive endogenous 

RNA; CNV: Copy Number Variation; EMT: Epithelial-

Mesenchymal Transition; GEO: Gene Expression 

Omnibus; LncRNAs: Long noncoding RNAs; miRNAs: 

microRNAs; MEF2D: Myocyte Enhancer Factor 2D; 

MMP7: Matrix Metallopeptidase 7; PCA: Principal 

Component Analysis; SCENIC: Single-cell regulatory 

network inference and clustering; siRNA: Small 

interfering RNA; SNHG7: Small Nucleolar RNA Host 

Gene 7; TAM: Tumor-associated macrophage; TME: 

Tumor microenvironment. 

 

AUTHOR CONTRIBUTIONS 
 

QY and DG conceived and designed the experiments. 

XC, FY, YL, YC analyzed the data. QL, MZ, JJ, YB 

contributed reagents/materials. XC and FY performed 

the experiments and drafted the manuscript. YL revised 

the manuscript. All authors have read and approved the 

final version of the manuscript for publication. 

 

ACKNOWLEDGMENTS 
 

We express our gratitude to the patients who generously 

consented to the use of their samples for research 

purposes. We also acknowledge the contributions of 

numerous studies that have significantly contributed to 

our understanding of cuproptosis in colorectal cancer, 

although it is regrettable that we are unable to cite  

them all. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of interest. 

 

ETHICAL STATEMENT AND CONSENT 
 

This study received approval from the Ethics 

Committee of the Second Affiliated Hospital of 

Nanchang University (protocol code: 201420) and was 

conducted in accordance with the principles outlined  

in the Declaration of Helsinki. Informed consent was 

obtained from all participants. 

10529



www.aging-us.com 19 AGING 

FUNDING 
 

This study was supported by grants from the  

National Natural Science Foundation of China  

(Grant nos. 82060563, 81760550, 81960550), the 

Natural Science Foundation of Jiangxi Province  

(Grant nos. 20202BABL206089, 20224ACB206034, 

20234ACB206039), Nanchang University National 

Training Program of Innovation and Entrepreneurship 

for Undergraduates (Grant nos. 202310403052) and the 

Shenzhen Medical Research Funding (no. A2301050). 

 

REFERENCES 
 
1. Spaander MCW, Zauber AG, Syngal S, Blaser MJ, Sung 

JJ, You YN, Kuipers EJ. Young-onset colorectal cancer. 
Nat Rev Dis Primers. 2023; 9:21. 

 https://doi.org/10.1038/s41572-023-00432-7 
PMID:37105987 

2. Provenzale D, Ness RM, Llor X, Weiss JM, Abbadessa B, 
Cooper G, Early DS, Friedman M, Giardiello FM, Glaser 
K, Gurudu S, Halverson AL, Issaka R, et al. NCCN 
Guidelines Insights: Colorectal Cancer Screening, 
Version 2.2020. J Natl Compr Canc Netw. 2020; 
18:1312–20. 

 https://doi.org/10.6004/jnccn.2020.0048 
PMID:33022639 

3. Kim YS, Choi J, Lee SH. Single-cell and spatial 
sequencing application in pathology. J Pathol Transl 
Med. 2023; 57:43–51. 

 https://doi.org/10.4132/jptm.2022.12.12 
PMID:36623813 

4. Chen L, Min J, Wang F. Copper homeostasis and 
cuproptosis in health and disease. Signal Transduct 
Target Ther. 2022; 7:378. 

 https://doi.org/10.1038/s41392-022-01229-y 
PMID:36414625 

5. Erratum for the Research Article “Copper induces cell 
death by targeting lipoylated TCA cycle proteins,” by P. 
Tsvetkov et al. Science. 2022; 378:eadf5804. 

 https://doi.org/10.1126/science.adf5804 
PMID:36356160 

6. Ke C, Dai S, Xu F, Yuan J, Fan S, Chen Y, Yang L, Li Y. 
Cuproptosis regulatory genes greatly contribute to 
clinical assessments of hepatocellular carcinoma. BMC 
Cancer. 2023; 23:25. 

 https://doi.org/10.1186/s12885-022-10461-2 
PMID:36611155 

7. Cao S, Xiao S, Zhang J, Li S. Identification of the cell 
cycle characteristics of non-small cell lung cancer and 
its relationship with tumor immune 
microenvironment, cell death pathways, and metabolic 
reprogramming. Front Endocrinol (Lausanne). 2023; 

14:1147366. 
 https://doi.org/10.3389/fendo.2023.1147366 

PMID:37091844 

8. Wu W, Dong J, Lv Y, Chang D. Cuproptosis-Related 
genes in the prognosis of colorectal cancer and their 
correlation with the tumor microenvironment. Front 
Genet. 2022; 13:984158. 

 https://doi.org/10.3389/fgene.2022.984158 
PMID:36246586 

9. Luo JP, Wang J, Huang JH. CDKN2A is a prognostic 
biomarker and correlated with immune infiltrates in 
hepatocellular carcinoma. Biosci Rep. 2021; 
41:BSR20211103. 

 https://doi.org/10.1042/BSR20211103 
PMID:34405225 

10. Lee HO, Hong Y, Etlioglu HE, Cho YB, Pomella V, Van 
den Bosch B, Vanhecke J, Verbandt S, Hong H, Min JW, 
Kim N, Eum HH, Qian J, et al. Lineage-dependent gene 
expression programs influence the immune landscape 
of colorectal cancer. Nat Genet. 2020; 52:594–603. 

 https://doi.org/10.1038/s41588-020-0636-z 
PMID:32451460 

11. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, 
Zheng S, Butler A, Lee MJ, Wilk AJ, Darby C, Zager M, 
Hoffman P, Stoeckius M, Papalexi E, et al. Integrated 
analysis of multimodal single-cell data. Cell. 2021; 
184:3573–87.e29. 

 https://doi.org/10.1016/j.cell.2021.04.048 
PMID:34062119 

12. Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, 
Wei K, Baglaenko Y, Brenner M, Loh PR, Raychaudhuri 
S. Fast, sensitive and accurate integration of single-cell 
data with Harmony. Nat Methods. 2019; 16:1289–96. 

 https://doi.org/10.1038/s41592-019-0619-0 
PMID:31740819 

13. Zhang L, Yu X, Zheng L, Zhang Y, Li Y, Fang Q, Gao R, 
Kang B, Zhang Q, Huang JY, Konno H, Guo X, Ye Y, et al. 
Lineage tracking reveals dynamic relationships of T 
cells in colorectal cancer. Nature. 2018; 564:268–72. 

 https://doi.org/10.1038/s41586-018-0694-x 
PMID:30479382 

14. Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, 
Trapnell C. Reversed graph embedding resolves 
complex single-cell trajectories. Nat Methods. 2017; 
14:979–82. 

 https://doi.org/10.1038/nmeth.4402  
PMID:28825705 

15. Gulati GS, Sikandar SS, Wesche DJ, Manjunath A, 
Bharadwaj A, Berger MJ, Ilagan F, Kuo AH, Hsieh RW, 
Cai S, Zabala M, Scheeren FA, Lobo NA, et al. Single-cell 
transcriptional diversity is a hallmark of developmental 
potential. Science. 2020; 367:405–11. 

 https://doi.org/10.1126/science.aax0249 

10530

https://doi.org/10.1038/s41572-023-00432-7
https://pubmed.ncbi.nlm.nih.gov/37105987
https://doi.org/10.6004/jnccn.2020.0048
https://pubmed.ncbi.nlm.nih.gov/33022639
https://doi.org/10.4132/jptm.2022.12.12
https://pubmed.ncbi.nlm.nih.gov/36623813
https://doi.org/10.1038/s41392-022-01229-y
https://pubmed.ncbi.nlm.nih.gov/36414625
https://doi.org/10.1126/science.adf5804
https://pubmed.ncbi.nlm.nih.gov/36356160/
https://doi.org/10.1186/s12885-022-10461-2
https://pubmed.ncbi.nlm.nih.gov/36611155
https://doi.org/10.3389/fendo.2023.1147366
https://pubmed.ncbi.nlm.nih.gov/37091844
https://doi.org/10.3389/fgene.2022.984158
https://pubmed.ncbi.nlm.nih.gov/36246586
https://doi.org/10.1042/BSR20211103
https://pubmed.ncbi.nlm.nih.gov/34405225
https://doi.org/10.1038/s41588-020-0636-z
https://pubmed.ncbi.nlm.nih.gov/32451460
https://doi.org/10.1016/j.cell.2021.04.048
https://pubmed.ncbi.nlm.nih.gov/34062119
https://doi.org/10.1038/s41592-019-0619-0
https://pubmed.ncbi.nlm.nih.gov/31740819
https://doi.org/10.1038/s41586-018-0694-x
https://pubmed.ncbi.nlm.nih.gov/30479382
https://doi.org/10.1038/nmeth.4402
https://pubmed.ncbi.nlm.nih.gov/28825705
https://doi.org/10.1126/science.aax0249


www.aging-us.com 20 AGING 

PMID:31974247 

16. Squair JW, Gautier M, Kathe C, Anderson MA, James 
ND, Hutson TH, Hudelle R, Qaiser T, Matson KJE, 
Barraud Q, Levine AJ, La Manno G, Skinnider MA, 
Courtine G. Confronting false discoveries in single-cell 
differential expression. Nat Commun. 2021; 12:5692. 

 https://doi.org/10.1038/s41467-021-25960-2 
PMID:34584091 

17. Lindskog C. The potential clinical impact of the tissue-
based map of the human proteome. Expert Rev 
Proteomics. 2015; 12:213–5. 

 https://doi.org/10.1586/14789450.2015.1040771 
PMID:25925092 

18. Bankhead P, Loughrey MB, Fernández JA, Dombrowski 
Y, McArt DG, Dunne PD, McQuaid S, Gray RT, Murray 
LJ, Coleman HG, James JA, Salto-Tellez M, Hamilton 
PW. QuPath: Open source software for digital 
pathology image analysis. Sci Rep. 2017; 7:16878. 

 https://doi.org/10.1038/s41598-017-17204-5 
PMID:29203879 

19. Aibar S, González-Blas CB, Moerman T, Huynh-Thu VA, 
Imrichova H, Hulselmans G, Rambow F, Marine JC, 
Geurts P, Aerts J, van den Oord J, Atak ZK, Wouters J, 
Aerts S. SCENIC: single-cell regulatory network 
inference and clustering. Nat Methods. 2017;  
14:1083–6. 

 https://doi.org/10.1038/nmeth.4463 PMID:28991892 

20. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, 
Smyth GK. limma powers differential expression 
analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res. 2015; 43:e47. 

 https://doi.org/10.1093/nar/gkv007  
PMID:25605792 

21. Jeggari A, Marks DS, Larsson E. miRcode: a map of 
putative microRNA target sites in the long non-coding 
transcriptome. Bioinformatics. 2012; 28:2062–3. 

 https://doi.org/10.1093/bioinformatics/bts344 
PMID:22718787 

22. Becker WR, Nevins SA, Chen DC, Chiu R, Horning AM, 
Guha TK, Laquindanum R, Mills M, Chaib H, Ladabaum 
U, Longacre T, Shen J, Esplin ED, et al. Single-cell 
analyses define a continuum of cell state and 
composition changes in the malignant transformation 
of polyps to colorectal cancer. Nat Genet. 2022; 
54:985–95. 

 https://doi.org/10.1038/s41588-022-01088-x 
PMID:35726067 

23. Granja JM, Corces MR, Pierce SE, Bagdatli ST, Choudhry 
H, Chang HY, Greenleaf WJ. ArchR is a scalable 
software package for integrative single-cell chromatin 
accessibility analysis. Nat Genet. 2021; 53:403–11. 

 https://doi.org/10.1038/s41588-021-00790-6 

PMID:33633365 

24. Chauvin A, Bergeron D, Vencic J, Lévesque D, Paquette 
B, Scott MS, Boisvert FM. Downregulation of KRAB zinc 
finger proteins in 5-fluorouracil resistant colorectal 
cancer cells. BMC Cancer. 2022; 22:363. 

 https://doi.org/10.1186/s12885-022-09417-3 
PMID:35379199 

25. Wu Y, Yang S, Ma J, Chen Z, Song G, Rao D, Cheng Y, 
Huang S, Liu Y, Jiang S, Liu J, Huang X, Wang X, et al. 
Spatiotemporal Immune Landscape of Colorectal 
Cancer Liver Metastasis at Single-Cell Level. Cancer 
Discov. 2022; 12:134–53. 

 https://doi.org/10.1158/2159-8290.CD-21-0316 
PMID:34417225 

26. Ru B, Huang J, Zhang Y, Aldape K, Jiang P. Estimation of 
cell lineages in tumors from spatial transcriptomics 
data. Nat Commun. 2023; 14:568. 

 https://doi.org/10.1038/s41467-023-36062-6 
PMID:36732531 

27. Zhang L, Li Z, Skrzypczynska KM, Fang Q, Zhang W, 
O’Brien SA, He Y, Wang L, Zhang Q, Kim A, Gao R, Orf J, 
Wang T, et al. Single-Cell Analyses Inform Mechanisms 
of Myeloid-Targeted Therapies in Colon Cancer. Cell. 
2020; 181:442–59.e29. 

 https://doi.org/10.1016/j.cell.2020.03.048 
PMID:32302573 

28. Gao S, Shi Q, Zhang Y, Liang G, Kang Z, Huang B, Ma D, 
Wang L, Jiao J, Fang X, Xu CR, Liu L, Xu X, et al. 
Identification of HSC/MPP expansion units in fetal liver 
by single-cell spatiotemporal transcriptomics. Cell Res. 
2022; 32:38–53. 

 https://doi.org/10.1038/s41422-021-00540-7 
PMID:34341490 

29. Wu R, Guo W, Qiu X, Wang S, Sui C, Lian Q, Wu J, Shan 
Y, Yang Z, Yang S, Wu T, Wang K, Zhu Y, et al. 
Comprehensive analysis of spatial architecture in 
primary liver cancer. Sci Adv. 2021; 7:eabg3750. 

 https://doi.org/10.1126/sciadv.abg3750 
PMID:34919432 

30. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, 
Kuan CH, Myung P, Plikus MV, Nie Q. Inference and 
analysis of cell-cell communication using CellChat. Nat 
Commun. 2021; 12:1088. 

 https://doi.org/10.1038/s41467-021-21246-9 
PMID:33597522 

31. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, 
Garolini D, Sabedot TS, Malta TM, Pagnotta SM, 
Castiglioni I, Ceccarelli M, Bontempi G, Noushmehr H. 
TCGAbiolinks: an R/Bioconductor package for 
integrative analysis of TCGA data. Nucleic Acids Res. 
2016; 44:e71. 

 https://doi.org/10.1093/nar/gkv1507  

10531

https://pubmed.ncbi.nlm.nih.gov/31974247
https://doi.org/10.1038/s41467-021-25960-2
https://pubmed.ncbi.nlm.nih.gov/34584091
https://doi.org/10.1586/14789450.2015.1040771
https://pubmed.ncbi.nlm.nih.gov/25925092
https://doi.org/10.1038/s41598-017-17204-5
https://pubmed.ncbi.nlm.nih.gov/29203879
https://doi.org/10.1038/nmeth.4463
https://pubmed.ncbi.nlm.nih.gov/28991892
https://doi.org/10.1093/nar/gkv007
https://pubmed.ncbi.nlm.nih.gov/25605792
https://doi.org/10.1093/bioinformatics/bts344
https://pubmed.ncbi.nlm.nih.gov/22718787
https://doi.org/10.1038/s41588-022-01088-x
https://pubmed.ncbi.nlm.nih.gov/35726067
https://doi.org/10.1038/s41588-021-00790-6
https://pubmed.ncbi.nlm.nih.gov/33633365
https://doi.org/10.1186/s12885-022-09417-3
https://pubmed.ncbi.nlm.nih.gov/35379199
https://doi.org/10.1158/2159-8290.CD-21-0316
https://pubmed.ncbi.nlm.nih.gov/34417225
https://doi.org/10.1038/s41467-023-36062-6
https://pubmed.ncbi.nlm.nih.gov/36732531
https://doi.org/10.1016/j.cell.2020.03.048
https://pubmed.ncbi.nlm.nih.gov/32302573
https://doi.org/10.1038/s41422-021-00540-7
https://pubmed.ncbi.nlm.nih.gov/34341490
https://doi.org/10.1126/sciadv.abg3750
https://pubmed.ncbi.nlm.nih.gov/34919432
https://doi.org/10.1038/s41467-021-21246-9
https://pubmed.ncbi.nlm.nih.gov/33597522
https://doi.org/10.1093/nar/gkv1507


www.aging-us.com 21 AGING 

PMID:26704973 

32. Love MI, Huber W, Anders S. Moderated estimation of 
fold change and dispersion for RNA-seq data with 
DESeq2. Genome Biol. 2014; 15:550. 

 https://doi.org/10.1186/s13059-014-0550-8 
PMID:25516281 

33. Mermel CH, Schumacher SE, Hill B, Meyerson ML, 
Beroukhim R, Getz G. GISTIC2.0 facilitates sensitive and 
confident localization of the targets of focal somatic 
copy-number alteration in human cancers. Genome 
Biol. 2011; 12:R41. 

 https://doi.org/10.1186/gb-2011-12-4-r41 
PMID:21527027 

34. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R 
package for comparing biological themes among gene 
clusters. OMICS. 2012; 16:284–7. 

 https://doi.org/10.1089/omi.2011.0118 
PMID:22455463 

35. Yu G, He QY. ReactomePA: an R/Bioconductor package 
for reactome pathway analysis and visualization. Mol 
Biosyst. 2016; 12:477–9. 

 https://doi.org/10.1039/c5mb00663e  
PMID:26661513 

36. Hänzelmann S, Castelo R, Guinney J. GSVA: gene set 
variation analysis for microarray and RNA-seq data. 
BMC Bioinformatics. 2013; 14:7. 

 https://doi.org/10.1186/1471-2105-14-7 
PMID:23323831 

37. Chang W, Li H, Zhong L, Zhu T, Chang Z, Ou W, Wang S. 
Development of a copper metabolism-related gene 
signature in lung adenocarcinoma. Front Immunol. 
2022; 13:1040668. 

 https://doi.org/10.3389/fimmu.2022.1040668 
PMID:36524120 

38. Vasaikar SV, Deshmukh AP, den Hollander P, Addanki 
S, Kuburich NA, Kudaravalli S, Joseph R, Chang JT, 
Soundararajan R, Mani SA. EMTome: a resource for 
pan-cancer analysis of epithelial-mesenchymal 
transition genes and signatures. Br J Cancer. 2021; 
124:259–69. 

 https://doi.org/10.1038/s41416-020-01178-9 
PMID:33299129 

39. Tang D, Chen X, Kroemer G. Cuproptosis: a copper-
triggered modality of mitochondrial cell death. Cell 
Res. 2022; 32:417–8. 

 https://doi.org/10.1038/s41422-022-00653-7 
PMID:35354936 

40. Lutsenko S. Dynamic and cell-specific transport 
networks for intracellular copper ions. J Cell Sci. 2021; 
134:jcs240523. 

 https://doi.org/10.1242/jcs.240523  
PMID:34734631 

41. Shi WK, Li YH, Bai XS, Lin GL. The Cell Cycle-Associated 
Protein CDKN2A May Promotes Colorectal Cancer Cell 
Metastasis by Inducing Epithelial-Mesenchymal 
Transition. Front Oncol. 2022; 12:834235. 

 https://doi.org/10.3389/fonc.2022.834235 
PMID:35311137 

42. Guo Y, Zhu H, Xiao Y, Guo H, Lin M, Yuan Z, Yang X, 
Huang Y, Zhang Q, Bai Y. The anthelmintic drug 
niclosamide induces GSK-β-mediated β-catenin 
degradation to potentiate gemcitabine activity, 
reduce immune evasion ability and suppress 
pancreatic cancer progression. Cell Death Dis. 2022; 
13:112. 

 https://doi.org/10.1038/s41419-022-04573-7 
PMID:35115509 

43. Zhu Q, Tekpli X, Troyanskaya OG, Kristensen VN. 
Subtype-specific transcriptional regulators in breast 
tumors subjected to genetic and epigenetic alterations. 
Bioinformatics. 2020; 36:994–9. 

 https://doi.org/10.1093/bioinformatics/btz709 
PMID:31529022 

44. Wu C, Tan J, Wang X, Qin C, Long W, Pan Y, Li Y, Liu Q. 
Pan‐cancer analyses reveal molecular and clinical 
characteristics of cuproptosis regulators. iMeta.  
2022; 2:e68. 

 https://doi.org/10.1002/imt2.68 

45. Su L, Luo Y, Yang Z, Yang J, Yao C, Cheng F, Shan J, Chen 
J, Li F, Liu L, Liu C, Xu Y, Jiang L, et al. MEF2D 
Transduces Microenvironment Stimuli to ZEB1 to 
Promote Epithelial-Mesenchymal Transition and 
Metastasis in Colorectal Cancer. Cancer Res. 2016; 
76:5054–67. 

 https://doi.org/10.1158/0008-5472.CAN-16-0246 
PMID:27364559 

46. Xu K, Zhao YC. MEF2D/Wnt/β-catenin pathway 
regulates the proliferation of gastric cancer cells and is 
regulated by microRNA-19. Tumour Biol. 2016; 
37:9059–69. 

 https://doi.org/10.1007/s13277-015-4766-3 
PMID:26762410 

47. Chen Y. Identification and Validation of Cuproptosis-
Related Prognostic Signature and Associated 
Regulatory Axis in Uterine Corpus Endometrial 
Carcinoma. Front Genet. 2022; 13:912037. 

 https://doi.org/10.3389/fgene.2022.912037 
PMID:35937995 

48. Mo X, Hu D, Yang P, Li Y, Bashir S, Nai A, Ma F, Jia G, Xu 
M. A novel cuproptosis-related prognostic lncRNA 
signature and lncRNA MIR31HG/miR-193a-
3p/TNFRSF21 regulatory axis in lung adenocarcinoma. 
Front Oncol. 2022; 12:927706. 

 https://doi.org/10.3389/fonc.2022.927706 
PMID:35936736 

10532

https://pubmed.ncbi.nlm.nih.gov/26704973
https://doi.org/10.1186/s13059-014-0550-8
https://pubmed.ncbi.nlm.nih.gov/25516281
https://doi.org/10.1186/gb-2011-12-4-r41
https://pubmed.ncbi.nlm.nih.gov/21527027
https://doi.org/10.1089/omi.2011.0118
https://pubmed.ncbi.nlm.nih.gov/22455463
https://doi.org/10.1039/c5mb00663e
https://pubmed.ncbi.nlm.nih.gov/26661513
https://doi.org/10.1186/1471-2105-14-7
https://pubmed.ncbi.nlm.nih.gov/23323831
https://doi.org/10.3389/fimmu.2022.1040668
https://pubmed.ncbi.nlm.nih.gov/36524120
https://doi.org/10.1038/s41416-020-01178-9
https://pubmed.ncbi.nlm.nih.gov/33299129
https://doi.org/10.1038/s41422-022-00653-7
https://pubmed.ncbi.nlm.nih.gov/35354936
https://doi.org/10.1242/jcs.240523
https://pubmed.ncbi.nlm.nih.gov/34734631
https://doi.org/10.3389/fonc.2022.834235
https://pubmed.ncbi.nlm.nih.gov/35311137
https://doi.org/10.1038/s41419-022-04573-7
https://pubmed.ncbi.nlm.nih.gov/35115509
https://doi.org/10.1093/bioinformatics/btz709
https://pubmed.ncbi.nlm.nih.gov/31529022
https://doi.org/10.1002/imt2.68
https://doi.org/10.1158/0008-5472.CAN-16-0246
https://pubmed.ncbi.nlm.nih.gov/27364559
https://doi.org/10.1007/s13277-015-4766-3
https://pubmed.ncbi.nlm.nih.gov/26762410
https://doi.org/10.3389/fgene.2022.912037
https://pubmed.ncbi.nlm.nih.gov/35937995
https://doi.org/10.3389/fonc.2022.927706
https://pubmed.ncbi.nlm.nih.gov/35936736


www.aging-us.com 22 AGING 

49. Zhang D, Lu W, Zhuo Z, Wang Y, Zhang W, Zhang M. 
Comprehensive analysis of a cuproptosis-related 
ceRNA network implicates a potential endocrine 
therapy resistance mechanism in ER-positive breast 
cancer. BMC Med Genomics. 2023; 16:96. 

 https://doi.org/10.1186/s12920-023-01511-0 
PMID:37143115 

50. Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, 
Abdusamad M, Rossen J, Joesch-Cohen L, Humeidi R, 
Spangler RD, Eaton JK, Frenkel E, Kocak M, et al. 
Copper induces cell death by targeting lipoylated TCA 
cycle proteins. Science. 2022; 375:1254–61. 

 https://doi.org/10.1126/science.abf0529 
PMID:35298263 

51. Park YJ, Kim JC, Kim Y, Kim YH, Park SS, Muther C, 
Tessier A, Lee G, Gendronneau G, Forestier S, Ben-
Khalifa Y, Park TJ, Kang HY. Senescent melanocytes 
driven by glycolytic changes are characterized by 
melanosome transport dysfunction. Theranostics. 
2023; 13:3914–24. 

 https://doi.org/10.7150/thno.84912  
PMID:37554281 

52. Fan K, Dong Y, Li T, Li Y. Cuproptosis-associated 
CDKN2A is targeted by plicamycin to regulate the 
microenvironment in patients with head and neck 
squamous cell carcinoma. Front Genet. 2023; 
13:1036408. 

 https://doi.org/10.3389/fgene.2022.1036408 
PMID:36699463 

53. Zhang D, Wang T, Zhou Y, Zhang X. Comprehensive 
analyses of cuproptosis-related gene CDKN2A on 
prognosis and immunologic therapy in human tumors. 
Medicine (Baltimore). 2023; 102:e33468. 

 https://doi.org/10.1097/MD.0000000000033468 
PMID:37026918 

54. Silva IR, Francisco LFV, Bernardo C, Oliveira MA, 
Barbosa F Jr, Silveira HCS. DNA methylation changes in 
promoter region of CDKN2A gene in workers exposed 
in construction environment. Biomarkers. 2020; 
25:594–602. 

 https://doi.org/10.1080/1354750X.2020.1817981 
PMID:32875942 

55. Shao Y, Fan X, Yang X, Li S, Huang L, Zhou X, Zhang S, 
Zheng M, Sun J. Impact of Cuproptosis-related markers 
on clinical status, tumor immune microenvironment 
and immunotherapy in colorectal cancer: A multi-omic 
analysis. Comput Struct Biotechnol J. 2023;  
21:3383–403. 

 https://doi.org/10.1016/j.csbj.2023.06.011 
PMID:37389187 

56. Polishchuk EV, Polishchuk RS. The emerging role of 
lysosomes in copper homeostasis. Metallomics. 2016; 
8:853–62. 

 https://doi.org/10.1039/c6mt00058d  
PMID:27339113 

57. Li X, He S, Ma B. Autophagy and autophagy-related 
proteins in cancer. Mol Cancer. 2020; 19:12. 

 https://doi.org/10.1186/s12943-020-1138-4 
PMID:31969156 

58. Zhang F, Kumano M, Beraldi E, Fazli L, Du C, Moore S, 
Sorensen P, Zoubeidi A, Gleave ME. Clusterin facilitates 
stress-induced lipidation of LC3 and autophagosome 
biogenesis to enhance cancer cell survival. Nat 
Commun. 2014; 5:5775. 

 https://doi.org/10.1038/ncomms6775  
PMID:25503391 

59. Dhage S, Ernlund A, Ruggles K, Axelrod D, Berman R, 
Roses D, Schneider RJ. A genomic ruler to assess 
oncogenic transition between breast tumor and 
stroma. PLoS One. 2018; 13:e0205602. 

 https://doi.org/10.1371/journal.pone.0205602 
PMID:30325954 

60. Zehra S, Tabassum S, Arjmand F. Biochemical pathways 
of copper complexes: progress over the past 5 years. 
Drug Discov Today. 2021; 26:1086–96. 

 https://doi.org/10.1016/j.drudis.2021.01.015 
PMID:33486113 

61. Krimpenfort P, Snoek M, Lambooij JP, Song JY, van der 
Weide R, Bhaskaran R, Teunissen H, Adams DJ, de Wit 
E, Berns A. A natural WNT signaling variant potently 
synergizes with Cdkn2ab loss in skin carcinogenesis. 
Nat Commun. 2019; 10:1425. 

 https://doi.org/10.1038/s41467-019-09321-8 
PMID:30926782 

62. Adorno M, di Robilant BN, Sikandar SS, Acosta VH, 
Antony J, Heller CH, Clarke MF. Usp16 modulates Wnt 
signaling in primary tissues through Cdkn2a regulation. 
Sci Rep. 2018; 8:17506. 

 https://doi.org/10.1038/s41598-018-34562-w 
PMID:30504774 

63. Wang L, Chai X, Wan R, Zhang H, Zhou C, Xiang L, Paul 
ME, Li Y. Disulfiram Chelated With Copper Inhibits the 
Growth of Gastric Cancer Cells by Modulating Stress 
Response and Wnt/β-catenin Signaling. Front Oncol. 
2020; 10:595718. 

 https://doi.org/10.3389/fonc.2020.595718 
PMID:33409152 

64. Kang N, Xie X, Zhou X, Wang Y, Chen S, Qi R, Liu T, Jiang 
H. Identification and validation of EMT-immune-
related prognostic biomarkers CDKN2A, CMTM8 and 
ILK in colon cancer. BMC Gastroenterol. 2022; 22:190. 

 https://doi.org/10.1186/s12876-022-02257-2 
PMID:35429970 

65. Wang Y, Dong C, Zhou BP. Metabolic reprogram 
associated with epithelial-mesenchymal transition in 

10533

https://doi.org/10.1186/s12920-023-01511-0
https://pubmed.ncbi.nlm.nih.gov/37143115
https://doi.org/10.1126/science.abf0529
https://pubmed.ncbi.nlm.nih.gov/35298263
https://doi.org/10.7150/thno.84912
https://pubmed.ncbi.nlm.nih.gov/37554281
https://doi.org/10.3389/fgene.2022.1036408
https://pubmed.ncbi.nlm.nih.gov/36699463
https://doi.org/10.1097/MD.0000000000033468
https://pubmed.ncbi.nlm.nih.gov/37026918
https://doi.org/10.1080/1354750X.2020.1817981
https://pubmed.ncbi.nlm.nih.gov/32875942/
https://doi.org/10.1016/j.csbj.2023.06.011
https://pubmed.ncbi.nlm.nih.gov/37389187
https://doi.org/10.1039/c6mt00058d
https://pubmed.ncbi.nlm.nih.gov/27339113
https://doi.org/10.1186/s12943-020-1138-4
https://pubmed.ncbi.nlm.nih.gov/31969156
https://doi.org/10.1038/ncomms6775
https://pubmed.ncbi.nlm.nih.gov/25503391
https://doi.org/10.1371/journal.pone.0205602
https://pubmed.ncbi.nlm.nih.gov/30325954
https://doi.org/10.1016/j.drudis.2021.01.015
https://pubmed.ncbi.nlm.nih.gov/33486113
https://doi.org/10.1038/s41467-019-09321-8
https://pubmed.ncbi.nlm.nih.gov/30926782
https://doi.org/10.1038/s41598-018-34562-w
https://pubmed.ncbi.nlm.nih.gov/30504774
https://doi.org/10.3389/fonc.2020.595718
https://pubmed.ncbi.nlm.nih.gov/33409152
https://doi.org/10.1186/s12876-022-02257-2
https://pubmed.ncbi.nlm.nih.gov/35429970


www.aging-us.com 23 AGING 

tumor progression and metastasis. Genes Dis. 2019; 
7:172–84. 

 https://doi.org/10.1016/j.gendis.2019.09.012 
PMID:32215287 

66. Praktiknjo SD, Obermayer B, Zhu Q, Fang L, Liu H, 
Quinn H, Stoeckius M, Kocks C, Birchmeier W, 
Rajewsky N. Tracing tumorigenesis in a solid tumor 
model at single-cell resolution. Nat Commun. 2020; 
11:991. 

 https://doi.org/10.1038/s41467-020-14777-0 
PMID:32080185 

67. Haller F, Gunawan B, von Heydebreck A, Schwager S, 
Schulten HJ, Wolf-Salgó J, Langer C, Ramadori G, 
Sültmann H, Füzesi L. Prognostic role of E2F1 and 
members of the CDKN2A network in gastrointestinal 
stromal tumors. Clin Cancer Res. 2005; 11:6589–97. 

 https://doi.org/10.1158/1078-0432.CCR-05-0329 
PMID:16166437 

68. Longley DB, Harkin DP, Johnston PG. 5-fluorouracil: 
mechanisms of action and clinical strategies. Nat Rev 
Cancer. 2003; 3:330–8. 

 https://doi.org/10.1038/nrc1074  
PMID:12724731 

69. Yousefzadeh M, Henpita C, Vyas R, Soto-Palma C, 
Robbins P, Niedernhofer L. DNA damage-how and why 
we age? Elife. 2021; 10:e62852. 

 https://doi.org/10.7554/eLife.62852  
PMID:33512317 

70. Zhu Z, Zhao Q, Song W, Weng J, Li S, Guo T, Zhu C, Xu Y. 
A novel cuproptosis-related molecular pattern and its 
tumor microenvironment characterization in colorectal 
cancer. Front Immunol. 2022; 13:940774. 

 https://doi.org/10.3389/fimmu.2022.940774 
PMID:36248908 

71. Lian X, Yang K, Li R, Li M, Zuo J, Zheng B, Wang W, 
Wang P, Zhou S. Immunometabolic rewiring in 
tumorigenesis and anti-tumor immunotherapy. Mol 
Cancer. 2022; 21:27. 

 https://doi.org/10.1186/s12943-021-01486-5 
PMID:35062950 

72. Mantovani A, Allavena P, Marchesi F, Garlanda C. 
Macrophages as tools and targets in cancer therapy. 
Nat Rev Drug Discov. 2022; 21:799–820. 

 https://doi.org/10.1038/s41573-022-00520-5 
PMID:35974096 

73. [Frequency and conditions of hospitalization of recent 
myocardial infarcts in France. The ENIM 84 national 
survey]. Arch Mal Coeur Vaiss. 1987; 80:1853–63. 

 PMID:3130003 

74. Xu C, Sun L, Jiang C, Zhou H, Gu L, Liu Y, Xu Q. SPP1, 
analyzed by bioinformatics methods, promotes  
the metastasis in colorectal cancer by activating 
EMT pathway. Biomed Pharmacother. 2017; 
91:1167–77. 

 https://doi.org/10.1016/j.biopha.2017.05.056 
PMID:28531945 

75. Poropatich K, Dominguez D, Chan WC, Andrade J, Zha 
Y, Wray B, Miska J, Qin L, Cole L, Coates S, Patel U, 
Samant S, Zhang B. OX40+ plasmacytoid dendritic cells 
in the tumor microenvironment promote antitumor 
immunity. J Clin Invest. 2020; 130:3528–42. 

 https://doi.org/10.1172/JCI131992  
PMID:32182225 

76. Khodabakhsh F, Merikhian P, Eisavand MR, Farahmand 
L. Crosstalk between MUC1 and VEGF in angiogenesis 
and metastasis: a review highlighting roles of the 
MUC1 with an emphasis on metastatic and angiogenic 
signaling. Cancer Cell Int. 2021; 21:200. 

 https://doi.org/10.1186/s12935-021-01899-8 
PMID:33836774 

77. Ho DH, Vu H, Brown SA, Donohue PJ, Hanscom HN, 
Winkles JA. Soluble tumor necrosis factor-like weak 
inducer of apoptosis overexpression in HEK293 cells 
promotes tumor growth and angiogenesis in athymic 
nude mice. Cancer Res. 2004; 64:8968–72. 

 https://doi.org/10.1158/0008-5472.CAN-04-1879 
PMID:15604260 

78. Sezaki T, Hirata Y, Hagiwara T, Kawamura YI, Okamura 
T, Takanashi R, Nakano K, Tamura-Nakano M, Burkly 
LC, Dohi T. Disruption of the TWEAK/Fn14 pathway 
prevents 5-fluorouracil-induced diarrhea in mice. 
World J Gastroenterol. 2017; 23:2294–307. 

 https://doi.org/10.3748/wjg.v23.i13.2294 
PMID:28428709 

79. Horvath R. Single-cell temporal transcriptomics from 
tiny cytoplasmic biopsies. Cell Rep Methods. 2022; 
2:100319. 

 https://doi.org/10.1016/j.crmeth.2022.100319 
PMID:36313799 

 

  

10534

https://doi.org/10.1016/j.gendis.2019.09.012
https://pubmed.ncbi.nlm.nih.gov/32215287
https://doi.org/10.1038/s41467-020-14777-0
https://pubmed.ncbi.nlm.nih.gov/32080185
https://doi.org/10.1158/1078-0432.CCR-05-0329
https://pubmed.ncbi.nlm.nih.gov/16166437
https://doi.org/10.1038/nrc1074
https://pubmed.ncbi.nlm.nih.gov/12724731
https://doi.org/10.7554/eLife.62852
https://pubmed.ncbi.nlm.nih.gov/33512317
https://doi.org/10.3389/fimmu.2022.940774
https://pubmed.ncbi.nlm.nih.gov/36248908
https://doi.org/10.1186/s12943-021-01486-5
https://pubmed.ncbi.nlm.nih.gov/35062950
https://doi.org/10.1038/s41573-022-00520-5
https://pubmed.ncbi.nlm.nih.gov/35974096
https://pubmed.ncbi.nlm.nih.gov/3130003
https://doi.org/10.1016/j.biopha.2017.05.056
https://pubmed.ncbi.nlm.nih.gov/28531945
https://doi.org/10.1172/JCI131992
https://pubmed.ncbi.nlm.nih.gov/32182225
https://doi.org/10.1186/s12935-021-01899-8
https://pubmed.ncbi.nlm.nih.gov/33836774
https://doi.org/10.1158/0008-5472.CAN-04-1879
https://pubmed.ncbi.nlm.nih.gov/15604260
https://doi.org/10.3748/wjg.v23.i13.2294
https://pubmed.ncbi.nlm.nih.gov/28428709
https://doi.org/10.1016/j.crmeth.2022.100319
https://pubmed.ncbi.nlm.nih.gov/36313799


www.aging-us.com 24 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. Mutations and methylation status of cuproptosis-related genes in the TCGA cohort of CRC. (A) Copy 

number variation (CNV) G-score plots for all samples, with the Y-axis representing the G-score value and the X-axis representing the genomic 
position coordinates. The different colors indicate gene deletion or amplification events. (B) Comparison of CDKN2A expression levels among 
the samples with deep deletion, amplification, and no change. Statistical analysis was performed using ANOVA. (C) Single nucleotide 
polymorphism (SNP) mutation profile for all samples, depicting the presence of mutations in the ten cuproptosis-related genes.  
(D) Differential analysis of methylation sites between colorectal cancer and normal colon samples, with annotated probes targeting CDKN2A. 
(E) Differential analysis of methylation sites between rectal cancer and normal colon samples, with annotated probes targeting CDKN2A. 
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Supplementary Figure 2. Differential expression of CDKN2A and SNHG7 in colorectal cancer tissues and cell lines. (A) The 
differential expression of CDKN2A between 31 paired samples of colorectal cancer tissues and adjacent noncancerous tissues was 
determined using qRT‒PCR analysis. (B) qRT‒PCR analysis was performed to assess the differential expression of CDKN2A between the colon 
epithelial cell line NCM460 and different colorectal cancer cell lines. (C) qRT‒PCR analysis was employed to determine the differential 
expression of SNHG7 in 31 paired samples of colorectal cancer tissues and adjacent noncancerous tissues. (D) The differential expression of 
SNHG7 between the colon epithelial cell line NCM460 and various colorectal cancer cell lines was determined using qRT‒PCR analysis. 
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Supplementary Tables 
 

Supplementary Table 1. Primers used for quantitative RT - PCR 
analysis. 

Genes  Primer sequences (5’ - 3’) 

SNHG7 Forward AACCTGTGAGGATCGGTCAG 

SNHG7 Reverse GTCACCTCCTTCCCGTGTTA 

CDKN2A Forward GATCCAGGTGGGTAGAAGGTC 

CDKN2A Reverse CCCCTGCAAACTTCGTCCT 

WNT2B Forward CCTGTAGCCAGGGTGAACTG 

WNT2B Reverse CGGGCATCCTTAAGCCTCTT 

WNT3 Forward ATGAACCGCCACAACAACGAGG 

WNT3 Reverse GTCCTTGAGGAAGTCACCGATG 

WNT4 Forward GGAACTGCTCCACACTCGACTC 

WNT4 Reverse CGCACATCCACAAACGACTGT 

WNT5B Forward AAGGAGTTTGTGGATGCCC 

WNT5B Reverse GCTACGTCTGCCATCTTATACAC 

WNT9B Forward AGTGCCAGTTTCAGTTCCG 

WNT9B Reverse GGAAAGCTGTCTCTTTGAAGC 

WNT10 Forward CCCAATGACATTCTGGACCT 

WNT10 Reverse TAAGCGGTGCAGCTTCCTAC 

DLAT Forward GCAGGACTCATCACACCTATTGT 

DLAT Reverse GTAGTTTACCCTCTCTTGCTTTGG 

LIAS Forward GTATGTGAGGAAGCTCGATGTC 

LIAS Reverse CACCCATCAACATGATCGTGG 

SLC31A2 Forward ATCAGCCAGCAGACCATCGCAG 

SLC31A2 Reverse TGAAGTAGCCGATGACCACCTG 

SLC31A1 Forward GGGGATGAGCTATATGGACTCC 

SLC31A1 Reverse TCACCAAACCGGAAAACAGTAG 

FDX1 Forward TTCAACCTGTCACCTCATCTTTG 

FDX1 Reverse TGCCAGATCGAGCATGTCATT 

PFKL Forward AAGAAGTAGGCTGGCACGACGT 

PFKL Reverse GCGGATGTTCTCCACAATGGAC 

PFKM Forward AGCGTTTCGATGATGCTTCAG 

PFKM Reverse GGAGTCGTCCTTCTCGTTCC 

ATP7B Forward ATATTGAGCGGTTACAAAGCACT 

ATP7B Reverse TGCCCCAAGGTCTCAGAATTA 

GAPDH Forward CTTCTCCTTCAGGGCATCA 

GAPDH Reverse CTTCTCCTTCAGGGCATCA 
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Supplementary Table 2. Transient transfection of gene sequences. 

Name  Primer sequences (5` - 3`) 

U6 sense CTCGCTTCGGCAGCACA 

 sense AACGCTTCACGAATTTGCGT 

SNHG7-siRNA sense GGCCUGACUACUUGCAATT 

 antisense UUGCAAGAAUGUCAGGCCTT 

CDKN2A-siRNA sense GCCACGCACCGAAUAGUTT 

 antisense ACUAUUCGGUGCGUUGGGCTT 

Has-miR-133b mimic  sense UUUGGUCCCCUUCAACCAGCUA 

 antisense GCUGGUUGAAGGGGCAAAUU 

Hsa-miR-133b inhibitor  sense UAGCUGGUUGAAGGGGACCAAA 

 nc CAGUACUUUUGUGUAGUACAA 
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