
An effective prognostic model in
colon adenocarcinoma composed
of cuproptosis-related epigenetic
regulators

Yang Liu1†, YizhaoWang1†, Chang Li2†, Huijin Feng3†, Yanqing Liu3*
and Lianjun Ma1*
1Endoscopy Center, China-Japan Union Hospital of Jilin University, Changchun, China, 2Department of
VIP Unit, China-Japan Union Hospital of Jilin University, Changchun, China, 3School of Life Sciences,
Nanjing University, Nanjing, China

Background: Colorectal adenocarcinoma (COAD) is a common malignant tumor
with little effective prognosticmarkers. Cuproptosis is a newly discoveredmode of
cell death thatmay be related to epigenetic regulators. This study aimed to explore
the association between epigenetic regulators and cuproptosis, and to establish a
prognostic prediction model for COAD based on epigenetic regulators associated
with cuproptosis (EACs).

Methods: RNA sequencing data and clinical data of 524 COAD patients were
obtained from the TCGA-COAD database, cuproptosis-related genes were from
the FerrDb database, and epigenetic-related genes were from databases such as
GO and EpiFactors. LASSO regression analysis and other methods were used to
screen out epigenetic regulators associated with cuproptosis and prognosis. The
risk score of each patient was calculated and the patients were divided into high-
risk group and low-risk group. Next, the survival difference, functional enrichment
analyses, tumor mutation burden, chemotherapy drug sensitivity and other
indicators between the two groups were compared and analyzed.

Results: We found 716 epigenetic regulators closely related to cuproptosis, among
which 35 genes were related to prognosis of COAD. We further screened out 7 EACs
from the 35 EACs to construct a prognostic prediction model. We calculated the risk
score of each patient based on these 7 genes, and divided the patients into high-risk
group and low-risk group.We found that theoverall survival rate andprogression-free
survival rate of the high-risk group were significantly lower than those of the low-risk
group. This model showed good predictive ability in the training set, test set and
overall data set. We also constructed a prognostic prediction model based on risk
score andother clinical features, anddrew the correspondingNomogram. In addition,
we found significant differences between the high-risk group and the low-risk group
in tumor mutation burden, chemotherapy drug sensitivity and other clinical aspects.

Conclusion:We established an effective predictive predictionmodel for COADbased
on EACs, revealing the association between epigenetic regulators and cuproptosis in
COAD.Wehope that thismodel cannotonly facilitate the treatment decisionofCOAD
patients, but also promote the research progress in the field of cuproptosis.
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Introduction

Colon adenocarcinoma (COAD) is a malignant tumor that
originates from the colon (Siegel et al., 2023a). It is the major
type of colorectal cancer. Variable stages of COADs appear to have
quite distinct 5-year relative survival rates, with 90% for localized
disease, 72% for regional disease, and only 14% for distant metastatic
COAD (Siegel et al., 2023b). Despite extensive researches, definitive
prognostic factors for COAD have not been established yet. Age at
diagnosis, stage, and genomic biomarkers such as p53mutations and
microsatellite instability have been identified as potential prognostic
factors, but more reliable biomarkers are needed to aid clinical
assessment of COAD.

Cuproptosis is a new form of cell death that is triggered by
intracellular copper accumulation (Tsvetkov et al., 2022). It is
different from formerly identified other types of cell deaths, such
as apoptosis, ferroptosis, and necroptosis. Cuproptosis involves a
mitochondrial proteotoxic stress that causes lipoylated proteins to
aggregate and iron-sulfur cluster proteins in the mitochondria to
become unstable (Tsvetkov et al., 2022). Energy depletion and cell
death arise from these events, which disrupt the tricarboxylic acid
(TCA) cycle and the mitochondrial electron transport chain.
Cuproptosis may have therapeutic significance for cancer
treatment because copper homeostasis and metabolism are
frequently disrupted in cancer cells (Shanbhag et al., 2021).
Copper levels in cancer cells are typically higher than in normal
cells, which may give them an advantage during angiogenesis,
invasion, and metastasis, but also result in enhanced vulnerability
to cuproptosis (Xie et al., 2023). Therefore, cuproptosis could serve
as a viable therapeutic target in the fight against cancer, including
COAD (Cao et al., 2023).

Epigenetics is about how environmental factors and behavioral
modifications can modify our gene function without altering the
DNA sequence (Cavalli and Heard, 2019). By “turning on” or
“turning off” genes through a variety of methods, including DNA
methylation, histone modification, and non-coding RNA, epigenetic
regulators can affect how genes are expressed, which has significant
implications for human health and disease (Sharma et al., 2010;
Cavalli and Heard, 2019; Gao et al., 2020). Studies have emphasized
that epigenetic changes play crucial roles in the initiation and
development of COAD (Lao and Grady, 2011; Liu et al., 2017;
Liu et al., 2018). Epigenetic alterations also influence the patient’s
prognosis and response to treatment (Koch et al., 2018).

Copper has been shown to regulate epigenetic pathways
(Michniewicz et al., 2021). Thus, accompanying the cuproptosis,
there may be some epigenetic changes. Moreover, by altering the
expression and activity of cuproptosis-related genes (CRGs),
epigenetic regulators can modify how sensitive the cells are to
cuproptosis. For instance, p53 controls metabolism, DNA repair,
apoptosis, and cell cycle (Liu et al., 2019; Liu and Gu, 2022a; Liu and
Gu, 2022b). Particularly, p53 can limit glycolysis and promote TCA
cycle and oxidative phosphorylation in cancer cells, increasing their
propensity for cuproptosis. Additionally, p53 can control the
biogenesis of iron-sulfur clusters and the production of
glutathione, a copper chelator that contains thiols and shields
cells against cuproptosis (Liu and Gu, 2022a). Therefore, p53 is
proposed to be a potential master regulator of cuproptosis (Xiong
et al., 2023). The expression and activity of p53 are tightly regulated

by many epigenetic regulators and mechanisms (Saldana-Meyer and
Recillas-Targa, 2011). It is reasonable to speculate that epigenetic
regulators can affect cuproptosis via p53. The expression of CRGs
such as FDX1 (a ferredoxin implicated in cuproptosis) and SLC31A1
(a copper importer) can be regulated by epigenetic changes such as
DNA methylation and histone modifications (Wu et al., 2021; Xu
et al., 2022). These epigenetic alterations can modify a cell’s
susceptibility to cuproptosis by affecting the mitochondrial
activity and intracellular copper levels. Taken together,
cuproptosis may be intertwined with epigenetics in multiple
ways. How their link is relevant to the pathology and treatment
of COAD is not clear. However, based on their respective
significance in COAD, exploring this link may generate exciting
results regarding to the prognostic and therapy of COAD.

In this study, we analyze the CRGs in COAD samples and
identified an effective prognostic signature made up of
7 cuproptosis-related epigenetic regulators. This model does not
only efficiently predict the survival of COAD patients, but also give
us much interesting information about the pathological relevance of
cuproptosis in COAD.

Materials and methods

Data acquisition

The study is summarized in a flowchart (Figure 1). Download and
compile expression and clinical data: The RNA coding sequence data of
524 patients (41 normal and 483 tumor samples) were collected through
the open-access TCGA-COAD database. Cuproptosis-related genes
(CRGs) were sourced from the FerrDb database (FerrDb; http://www.
zhounan.org/ferrdb/current/), while epigenetic regulators (EpiRegs) were
discovered by exploring the GO term “histone modification” (https://
www.yeastgenome.org/go/GO:0016570), according to a previous study
(Yang et al., 2015), and the EpiFactors database (SupplementaryTable S1)
(Medvedeva et al., 2015). In order to identify epigenetic regulators
associated with cuproptosis (EACs), the association between the
epigenetic regulators and genes relevant to cuproptosis was evaluated
using Pearson correlation. The data were analysed using R software (R
Software vers. 4.2.2, The R Foundation for Statistical Computing, Vienna,
Austria).

Identifying EACs clusters with consensus
clustering

The consensus clustering algorithm was employed using the
ConsensusClusterPlus R tool to determine the number of clusters
and their stability (Wilkerson andHayes, 2010). In addition, we used
the “survminer” program to do KM survival analysis on various
patient clusters with EACs.

Developing a prognostic model using EACs
expression

To build a prognostic model, we randomly split the 455 COAD
samples into a training set (n = 228) and a testing set (n = 227).
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Using the glmnet package in R (Xu et al., 2012), we performed the
Univariate Cox regression and LASSO regression analysis on the
EACs in the training set and identified 7 genes that contributed to
the final prognostic model. Based on the expression levels and
regression coefficients of these genes, we computed the risk score
for each COAD sample. We classified the samples into high-risk and
low-risk groups based on the median risk score. We assessed the
survival differences between the two groups of samples in the
training set, testing set and the whole dataset using Kaplan-Meier
curves and log-rank tests. We also plotted a correlation heatmap of
EACs and cuproptosis related genes using the pheatmap package in
R. Furthermore, we evaluated the impacts of risk score and other
clinical characteristics on the prognosis of COAD patients using
univariate and multivariate Cox regression analysis. We estimated
the AUC (area under the curve) of the prognostic model at different
time points using the survivalROC package in R, and contrasted it
with other clinical characteristics. We also computed the C-index
(concordance index) of the prognostic model to assess its predictive
ability. Finally, we built a prognostic prediction model based on risk
score and other clinical characteristics using the rms package in R,
and plotted a corresponding nomogram (Park, 2018).

Enrichment functional analysis

We used the R package limma to perform differential analysis on
the gene expression data of high-risk group and low-risk group,
setting the screening criteria as |log2 fold change| > 1 and
p-value <0.05, to identify the differentially expressed genes
(DEGs). Then, we used the R package clusterProfiler to perform
functional enrichment analysis on DEGs, including GO (Gene
Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes)

pathway and GSEA (Gene Set Enrichment Analysis) analysis, setting
p-value <0.05 as significant enrichment.

Relationship between risk score and tumor
microenvironment

To explore the relationship between risk score and tumor
microenvironment (TME), we used the ESTIMATE algorithm to
calculate the immuneScore, stromalScore and ESTIMATEScore of
each sample, reflecting the abundance of stromal cells and immune
cells in the tumor microenvironment. We also used the CIBERSORT
algorithm to estimate the relative proportions of 22 immune cell
subgroups in each sample, and compared the immune cell subgroups
differences between the two groups. Immune function was examined
using single-sample gene set enrichment analysis (ssGSEA), to
determine if there were any variations between groups. The Tumor
Immune Dysfunction and Exclusion (TIDE, http://tide.dfci.harvard.
edu/) is a computational tool that can predict the response to immune
checkpoint blockade therapy from gen e expression data. Finally, we
used the TIDE algorithm to calculate the TIDE score of each sample,
reflecting the degree of tumor immune escape. p-values less than 0.
05 were considered statistically significant.

Analyzing the tumor mutation burden

We calculated the TMB values for each patient using the
maftools package in R, and divided the patients into high-TMB
group and low-TMB group. Subsequently, we compared the gene
mutation profiles of the two groups. In addition, we compared the
overall Survival rates of the two groups using Kaplan-Meier curves.

FIGURE 1
The study’s flow chart.
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Drug sensitivity analysis of high-risk and
low-risk groups

To assess the differences in chemotherapeutic drug sensitivity
between the high-risk and low-risk groups, we analyzed the data using
the oncoPredict R package (Maeser et al., 2021). Then, we computed the
mean IC50 values of each chemotherapeutic drug for both groups. We
applied TheWilcoxonRank SumTest to compare the IC50 values of each
drug across the two groups, and set the significance level at 0.05.

Results

Identification of two molecular subtypes of
EACs in COAD

In order to determine the epigenetic regulators linked to
cuproptosis, we performed a Pearson correlation analysis

between 27 cuproptosis-related genes and 1080 epigenetic
regulators in COAD samples (p ≤ 0.001 and Pearson
correlation coefficient ≥0.4). As shown in Figure 2A, we
found 716 epigenetic regulators that were closely correlated
with cuproptosis (EACs), indicating a strong association
between cuproptosis and epigenetic regulators in COAD.
Subsequently, Univariate Cox regression analysis was used to
identify 35 genes that are connected to survival (Figure 2B).
Using the R software tool “ConsensusClusterPlus,” 458 COAD
samples were clustered into two groups based on the expression
patterns of the 35 prognostic-related EACs. Since the
classification was accurate and stable at k = 2, the samples
were split into A and B subtypes (Figure 2C). The survival
times of samples with the A subtype were lower than those of
samples with the B subtype (p = 0.003; Figure 2D). The division
into subtypes based on EACs could provide valuable prognostic
information and guide personalized treatment strategies
in COAD.

FIGURE 2
Two molecular subtypes of EACs in COAD. (A) We calculated the Pearson correlation coefficients between 27 genes involved in cuproptosis and
716 epigenetic regulators in COAD samples. The Sankey diagram shows that cuproptosis is strongly correlated with epigenetic regulation in COAD. (B)
We performed Univariate Cox regression analysis to identify 35 EACs that are associated with survival in COAD samples. The forest plot shows the hazard
ratios and 95% confidence intervals of these EACs. The red and blue dots represent the patients with HR values greater than 1 and less than 1,
respectively. A higher HR value indicates a worse prognosis. (C) We used the ConsensusClusterPlus tool to cluster COAD samples based on the
expression patterns of 35 EACs. The optimal number of clusters was k = 2. (D) The Kaplan-Meier survival curves for COAD samples with A and B subtypes.
A subtype had a significantly worse survival than the B subtype.
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Developing a prognostic model using EACs
expression

First, the 455 COAD samples were split into a training group
(n = 228) and a testing cohort (n = 227) using randomization. The
training and test sets had the similar clinical features
(Supplementary Table S2). Under the Univariate Cox regression
and LASSO regression analysis, 7 genes were incorporated into the
model. Each COAD sample was assigned a risk score based on the
following formula: risk score = (0.3923) * HSPA1B+ (1.2941) *
DUBR + (1.1061) * RPUSD2 + (−1.4366) *MAPKAPK3 + (−0.8613)
* KTI12 + (0.6606) * BRD9 + (0.7803) * JDP2. The samples were
separated into two groups based on their median risk score: high-
risk and low-risk. The correlation between the 7 genes and
cuproptosis related genes is shown in a heatmap (Figure 3A).
Interestingly, among the 7 genes, HSPA1B is both a cuproptosis
related gene and an epigenetic regulator. HSPA1B is a member of the
HSP70 family. Increased HSPA1B expression and decreased
HSPA1B promoter methylation level are both associated with a
poor prognosis in colorectal cancer (Guan et al., 2021). Survival
analysis using Kaplan-Meier curves revealed that the low-risk group
had significantly better survival outcomes than the high-risk group
in the training set (p < 0.001), testing set (p = 0.004), and the low-risk
group also had significantly better outcomes than the high-risk

group for the entire set in the progression-free survival analysis (p <
0.001) (Figures 3B–E). The significant differences in survival
outcomes and progression-free survival between the low-risk and
high-risk categories imply that risk grouping based on the EACsmay
help in the prediction of COAD patients’ prognosis. As the risk score
increased, the survival rate of the individuals decreased (Figures
4A,B). The expression levels of five genes were positively correlated
with the risk score, while KTI12 andMAPKAPK3 showed a negative
correlation (Figure 4C). In the investigations of risk score and
clinicopathological characteristics, the Univariate and
Multivariate Cox Regression Analyses yielded p-values of less
than 0.001. These analyses determined that the risk score was
one of the most significant prognostic factors (Figures 4D,E). The
prognostic model’s AUC values for predicting 1-, 3-, and 5-year OS
were 0.721, 0.697, and 0.720, respectively (Figure 5A). The 3-year
AUC of the prognostic model was 0.697, which was significantly
higher than that of age (AUC = 0.591), gender (AUC = 0.505), T
stage (AUC = 0.653), M stage (AUC = 0.654), N stage (AUC = 0.695)
(Figure 5B). The 1-year C-index of 0.68 showed that the prognostic
model performed well (Figure 5C). Additionally, the nomogram was
created to forecast the survival rate of COAD patients (1, 3, and
5 years) based on fundamental clinical characteristics and risk score
(Figure 5D). The nomogram exhibited a C-index of 0.760
(Figure 5E), indicating its good predictive ability for the survival

FIGURE 3
Development and evaluation of the prognostic model based on the EACs. (A) Heatmap illustrating the correlation between the 7 EACs and
cuproptosis-related genes in COAD samples. (B–E) Kaplan-Meier survival plots for overall survival and progression-free survival in the training set, testing
set, and entire set.
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rate of COAD patients at 1, 3, and 5 years. Next, we performed OS
survival analysis for two risk groups in COAD patient subgroups.
We found that the risk score was a potential prognostic indicator in
COAD patients in all subgroups: Age<65 years (p = 0.003),
Age≥65 years (p < 0.001), stage Ⅰ-Ⅱ (p = 0.035), and stage Ⅲ-Ⅳ
(p < 0.001). Our results also demonstrated better predictive power in
stage Ⅲ-Ⅳ than in stage Ⅰ-Ⅱ (Figures 5F–I).

Enrichment functional analysis of the DEGs
between high and low risk groups

To investigate the biological roles and pathways associated with the
risk score, we identified 246 DEGs (244 genes with increased expression
and 2 genes with decreased expression) between the groups with high
and low risk.We conducted enrichment analyses using GO, KEGG, and
GSEA methods. The DEGs were significantly associated with some
KEGG pathways, such as Neuroactive ligand-receptor interaction, Cell
adhesion molecules, Calcium signaling pathway and cAMP signaling
pathway, etc., as shown in Figure 6A. Neuroactive ligands and their
corresponding receptors can exert a pivotal influence on cellular
signaling cascades, regulating cuproptosis and other forms of cellular
demise. Cell adhesion molecules play a crucial role in cellular adhesion
and interactions (Janiszewska et al., 2020). Perturbations in their
expression can disrupt intercellular adhesion capabilities, subsequently

affecting cellular proliferation, survival, and apoptotic processes
(Harjunpaa et al., 2019), including cuproptosis, within the landscape
of colon adenocarcinoma. Furthermore, aberrant calcium signaling and
cAMP signaling pathways appear intricately involved in the delicate
balance between cell proliferation and apoptosis (Chin et al., 2002;Wang
et al., 2019). Their dysregulation can contribute to cuproptosis and other
cellular death mechanisms that underlie the development and
progression of colon adenocarcinoma. Figure 6B displayed the
significantly enriched GO items in the DEGs, including regulation of
membrane potential, modulation of chemical synaptic transmission and
regulation of trans-synaptic signaling for biological process (BP), and
synaptic membrane, presynapse, postsynaptic membrane and
glutamatergic synapse for cellular component (CC), and ion channel
activity, channel activity and passive transmembrane transporter activity
for molecular function (MF). The GSEA enrichment analysis strongly
implicated four primary biological processes: neuroactive ligand-
receptor interaction, olfactory transduction, calcium signaling
pathway and dilated cardiomyopathy (Figure 6C).

Relationship between risk score and tumor
microenvironment

Stromal, tumor, and immune infiltrating cells make up the tumor
microenvironment. The high-risk group exhibited significantly elevated

FIGURE 4
The impact of risk score based on EACs on the prognosis of COAD patients. (A, B) The distribution of each COAD patient’s risk score and survival
status. (C) The expression levels of 5 genes are upregulated, while those of KTI12 and MAPKAPK3 are downregulated, as the risk score increases. (D) The
Univariate Cox Regression Analysis indicates that risk score is one of the most important factors affecting the prognosis of COAD patients. (E) The
Multivariate Cox Regression Analysis confirms that risk score is one of the most important factors affecting the prognosis of COAD patients.
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levels of stromalScore and ESTIMATEScore in the TME, compared to
the low-risk group, as shown in Figure 7A. The elevated stromalScore
and ESTIMATEScore in the high-risk group potentially reflect the
activation of various biological processes within the TME, including
angiogenesis, extracellular matrix remodeling, and immune evasion
mechanisms (Anderson and Simon, 2020). These processes contribute
to tumor progression and may serve as potential targets for therapeutic
interventions. In the high-risk group, the abundance of
M0 macrophages was comparatively higher when compared to the
low-risk group (Figure 7B), and the immune function analysis also
showed that the high-risk group had highermacrophages score than the
low-risk group (Figure 7C). The higher abundance of M0macrophages
in the high-risk group suggests a dysregulated immune response, as
M0macrophages are an intermediate stage inmacrophage activation. It
indicates that the immune system in high-risk individuals may be
skewed towards an inflammatory state, which can potentially contribute
to the development and progression of various diseases including cancer

(Christofides et al., 2022). The analysis of our study demonstrates that
there is a significant difference in TIDE scores between the high-risk
and low-risk groups, with the high-risk group exhibiting significantly
higher scores (Figure 7D). This finding suggests that the high-risk group
is more prone to immune escape in the context of tumor-immune cell
interactions. Understanding the underlying mechanisms of immune
escape can guide the development of targeted therapies to overcome or
prevent immune resistance.

Analyzing the tumor mutation burden

Our study on COAD using tumor mutation burden (TMB) analysis
revealed a slightly higher TMB in the high-risk group compared to the
low-risk group, particularly in the CSMD3 gene (Figures 8A–C). Firstly,
our risk stratification based on TMB analysis demonstrates the accuracy
of ourmodel in categorizing patients into high- and low-risk groups. This

FIGURE 5
Evaluation of the prognostic model for COAD patients. (A) The performance of the prognostic model in predicting 1-, 3-, and 5-year OS, measured
by the AUC values. (B) The comparison of the prognostic model and clinical variables in predicting 3-year OS, measured by the AUC values. (C) The
agreement between the observed and predicted probabilities OS, measured by the calibration curve. (D) The nomogram that integrates the prognostic
model and clinical variables to estimate the survival probability of COAD patients at 1, 3, and 5 years (E) The agreement between the observed and
predicted probabilities of 3-year OS,measured by the calibration curve. (F–I) The survival analysis of the low and high risk groups in different subgroups of
COAD patients, measured by the Kaplan-Meier curves: (F) Age<65 years, (G) Age≥65 years, (H) stage Ⅰ-Ⅱ, and (I) stage Ⅲ-Ⅳ.
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has great potential for personalized treatment decisions in COAD
patients. Additionally, the significantly higher mutation rate of
CSMD3 in the high-risk group suggests its value as a prognostic
biomarker for this disease. Further investigation into
CSMD3 mutations could provide insights into underlying mechanisms
associated with high-risk phenotypes. The analysis of our research reveals
that patients with a high TMB combined with a high-risk score exhibit a
lower survival probability compared to other patients (Figures 8D,E). By
identifying patients with low TMB and high risk, we can potentially
identify a subgroup with particularly poor prognosis. This information
can aid clinicians in making more informed treatment decisions.

Drug sensitivity analysis of high and low risk
groups

The analysis of chemotherapeutic drug sensitivity between the
high-risk and low-risk groups, as depicted in Figures 8F–I, has

revealed significant differences in IC50 values. The patients with a
higher risk exhibited lower IC50 values, indicating greater sensitivity
to chemotherapeutic drugs such as Taselisib, IGF1R_3801,
AZD1332, and BMS-536924 (Figures 8F–I). Our study provides
evidence that high-risk patients, identified based on our model, are
more responsive to these specific chemotherapeutic agents. These
findings offer the potential to enhance treatment efficacy and
optimize therapeutic outcomes in COAD cases.

Discussion

The high incidence and death rate of COAD significantly
necessitate the development of novel therapeutic methods for it.
Identifying the vulnerability of COAD cells gives us more chances to
find effective way to treat this tumor. All these rely on the progress in
understanding the basic mechanism for COAD cells to live,
proliferate, metastasize, and even die. To make the COAD cells

FIGURE 6
Functional enrichment analysis of the differentially expressed genes between the high and low risk groups. (A) The most significant KEGG pathways
enriched by the differentially expressed genes. (B) The most significant GO terms enriched by the differentially expressed genes for each category (BP,
CC, and MF). (C) The GSEA enrichment plots for four pathways.
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die is the most intuitive way to cure the patients. The question is how
to achieve it. Since the discovery that apoptosis is a type of regulated
cell death, the cell death field is always a hotspot in biology and
medicine (Galluzzi et al., 2018). Besides apoptosis, there have been
many more modes of regulated cell deaths discovered in recent
decades, such as ferroptosis (Liu and Gu, 2022b), necroptosis
(Pasparakis and Vandenabeele, 2015), pyroptosis (Yu et al.,
2021), and the very recently named cuproptosis (Tsvetkov et al.,
2022). These cell death modalities have opened new windows to
treat COAD. For example, inducing ferroptosis may be an efficient
way to eliminate COAD cells (Yan et al., 2023). Necroptosis has been
demonstrated to involve COAD progression (Han et al., 2018). The
role of cuproptosis in COAD and the efficacy of targeting it to treat
COAD is largely elusive. However, there are at least several
theoretical rationales making cuproptosis an attractive biological
process targeting which may greatly benefit the COAD patients.
First, cuproptosis represents a novel cell death pathway caused by
copper and the lipoylation of TCA cycle proteins. This mechanism
of action is totally different from other regulated cell deaths, which
exposes a unique vulnerability of tumor cells. Second, this distinct
mechanism of cuproptosis makes it possible to combine
cuproptosis-based therapy with other treatment methods, like
chemotherapy and immunotherapy, in COAD therapy. Third,

colon is an organ with active copper metabolism. Particularly,
gut microbiota has been demonstrated to be involved in the
uptake and metabolism of copper (Mu and Zhu, 2019; Pajarillo
et al., 2021). Indeed, there is evidence that deregulated copper
metabolism promotes colon tumorigenesis (Liao et al., 2020).
Fourth, COAD is accompanied by dramatically changed cellular
metabolism, including the TCA cycle in mitochondria (La Vecchia
and Sebastian, 2020; Sedlak et al., 2023). Combination of the third
point and fourth points reveals a fact that COAD cells may be more
susceptible to cuproptosis and induction of cuproptosis may be a
promising way to treat COAD. These speculations await further
studies. To advance this field and boost the development of
cuproptosis-based therapeutics in COAD, more knowledge must
be obtained about the mechanism and regulation of cuproptosis. In
addition, identification of more cuproptosis-associated genes and
figuring out the pathological relevance of them will not only benefit
the cuproptosis research, but also contribute to the translation of
knowledge about cuproptosis into clinical usage (Liu et al., 2022a).
In this study, we focused on COAD samples to identify cuproptosis-
associated genes and investigated their prognostic value.

Epigenetics stands in the middle of the stage in biological
research. In the recent 3 decades, epigenetics has greatly
broadened our horizon about gene expression regulation. To

FIGURE 7
The correlation between risk score and tumor microenvironment. (A) ImmuneScore, StromalScore, and ESTIMATEScore in the two risk groups. (B)
Abundance of immune cells in high-risk and low-risk groups. The abundance of M0 macrophages was significantly higher in the high-risk group than in
the low-risk group. (C) Immune function scores in high-risk and low-risk groups. Macrophages score was significantly higher in the high-risk group than
in the low-risk group. (D) Boxplots showing the distribution of TIDE score in the high-risk and low-risk groups. * represent p < 0.05; * * represent p <
0.01; * * *represent p < 0.001.
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date, epigenetic regulation of gene expression has been intensively
studied. A number of epigenetic regulators are proved to be
associated with almost all the physiological or pathological
processes. Abundant drugs targeting epigenetic regulators and
pathways have been developed to treat diverse disorders,
including cancer (Campbell and Tummino, 2014; Ganesan et al.,
2019). Particularly, the initiation and development of COAD are
associated with various epigenetic alterations (Lao and Grady, 2011).
However, the role of epigenetic regulators in cuproptosis has not
been elucidated. To leverage the exciting potential of targeting
epigenetic regulators and cuproptosis in treating COAD, in this
study we focused on linking epigenetic regulators, cuproptosis, and
COAD together.

By performing co-expression analysis, we found that in COAD
patients, a lot of epigenetic regulators are correlated with prognostic
prediction model. Furthermore, the Univariate Cox regression and
LASSO regression analysis on those genes revealed a gene set
composed of 7 epigenetic regulators BRD9, DUBR, HSPA1B,
JDP2, KTI12, MAPKAPK3, and RPUSD2, which may establish a
risk score model with prognostic value in these patients. The
followed validation demonstrated the high efficiency of this

epigenetic signature in predicting the survival of COAD patients.
This model performed better in patients with stage III-IV than in
those with stage I-II. This may be due to that this set of genes mainly
functions in the metastasis stage but not the primary stage of this
cancer. Interestingly, the prognostic value of this signature is much
higher in patients older than 65. This is consistent with a novel idea
that ageing is caused by the alteration of epigenetic state of the cell
(Dongxin Zhao and Chen, 2022; Yang et al., 2023). Whether
cuproptosis participates in the regulation of metastasis of COAD
and the ageing process is unknown. However, these are two
interesting directions for the future cuproptosis study.

To investigate the potential function of this gene set, we
unexpectedly found that it is associated with the tumor
microenvironment, particularly the immune cell infiltration. This
result is understandable from the epigenetic factor angle, as
epigenetics is critical for modulating cancer immunity (Cao and
Yan, 2020). About the relationship between cuproptosis and tumor
immunity, we can get some clues from other regulated cell death
modes. For example, necroptosis of tumor cell can induce anti-
tumor immunity (Meng et al., 2016). Pyroptosis is a host immune
defense against pathogen infection. It is also related to tumor

FIGURE 8
The tumor mutation burden and drug sensitivity for risk stratification in COAD. (A, B) The gene mutation frequency of the high-risk and low-risk
groups. (C) The comparison of TMB between the high-risk and low-risk groups. (D, E) The survival probability of patients classified by TMB and risk score,
shown as a Kaplan-Meier curve. (F–I) The sensitivity of high-risk and low-risk groups to chemotherapeutic drugs Taselisib, IGF1R_3801, AZD1332, and
BMS-536924, shown as boxplots of IC50 values.
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immunity (Li et al., 2021). Recently, more and more data showed
that ferroptosis also participates in the mediation of tumor
immunity (Gong et al., 2022). Based on these facts, it is
reasonable to hypothesize that cuproptosis has a role in
regulating tumor immunity in COAD. Additionally, we revealed
that this signature is correlated with the tumor mutation profile and
burden of these patients. It is possible that these mutated genes are
contributors or regulators of cuproptosis. A possibility is that COAD
cells have different sensitivity to cuproptosis compared to normal
cells partly due to the gene mutation profile and the genome
instability.

About the basic functions of the 7 genes, some of them have been
studied a lot. BRD9 is a bromodomain containing chromatin
modifying protein. It is proved to play an important role in
colon cancer (Kapoor et al., 2022; Zhu et al., 2023). Interestingly,
a recent study by Zhu et al., 2023 found that BRD9 is a critical
regulator of glycolysis in colon cancer. Glycolysis fuels the TCA
cycle and cuproptosis is caused by the lipoylated TCA cycle proteins.
Therefore, BRD9 may regulate cuproptosis by promoting glycolysis.
DUBR is a long non-coding RNA involved in several cancer types
(Liu et al., 2022b; Han et al., 2022; Nie et al., 2022). However,
whether DUBR promotes or suppresses cancer progression is
controversial in different contexts. Its role in COAD is largely
unknown. HSPA1B is shared by the cuproptosis-related gene set
and the epigenetic regulator set. How it is associated with these two
distinct molecular processes needs more exploration. JDP2 is a
transcription repressor and is repressed by UHRF1 in colon
cancer (Hong et al., 2022). The acetylation-deficient mutant
UHRF1 4 KR loses the ability to inhibit JDP2 and the latter gene
will be upregulated to suppress colon cancer cell proliferation.
Whether this tumor suppressive effect of JDP2 results from
enhanced cuproptosis is still elusive. The rest three genes KTI12,
MAPKAPK3, and RPUSD2 haven’t been well-studied in colon
cancer. Taken together, further investigation is warranted to
clarify the functions of these genes in colon cancer, cuproptosis,
and epigenetics. A limitation of our study is the lack of direct
experimental evidence for the connection between cuproptosis and
epigenetic regulators in colon adenocarcinoma, and we design to
conduct more experiments in the future to confirm our deductions.

To conclude, we developed an effective prognostic model in
COAD, which consists of 7 cuproptosis-related epigenetic
regulators. We wish that this model can not only benefit the

treatment of COAD patients, but also advance the research in
the cuproptosis field.
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