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1 | INTRODUCTION
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Abstract

The main objective was to establish a prognostic model utilising long non-coding
RNAs associated with disulfidptosis and cuproptosis. The data for RNA-Sequence
and clinicopathological information of Colon adenocarcinoma (COAD) were ac-
quired from The Cancer Genome Atlas. A prognostic model was constructed using
Cox regression and the Least Absolute Shrinkage and Selection Operator method. The
model's predictive ability was assessed through principal component analysis, Kaplan—
Meier analysis, nomogram etc. The ability of identifying the rates of overall survival,
infiltration of immune cells, and chemosensitivity was also explored. In vitro experi-
ments were conducted for the validation of differential expression and function of
IncRNAs. A disulfidptosis and cuproptosis-related IncRNA prognostic model was
constructed. The prognostic model exhibits excellent independent predictive capability
for patient outcomes. Based on the authors’ model, the high-risk group exhibited
higher tumour mutation burdened worse survival. Besides, differences in immune cell
infiltration and responsiveness to chemotherapeutic medications exist among patients
with different risk scores. Furthermore, aberrant expressions in certain IncRNAs have
been validated in HCT116 cells. In particular, FENDRR and SNHG7 could affect the
proliferation and migration of colorectal cancer cells. Our study developed a novel
prognostic signature, providing valuable insights into prognosis, immune infiltration,
and chemosensitivity in COAD patients.

KEYWORDS

bioinformatics, cancer

than 90% of cases and linked to a grim prognosis [1, 2].
Over the past few years, there has been a rise in the

Based on the information provided by the World Health
Organisation, it is estimated that around 1.4 million in-
dividuals succumb to adenocarcinomas of the oesophagus,
stomach, colon, or rectum annually on a global scale
(https:/ /www.who.int/news-room/ fact-sheets/detail/ cancet).
Colon adenocarcinoma (COAD) is the most common his-
tological subtype of colon carcinoma, accounting for more

occurrence rates of COAD, accompanied by a gradual
change in the disease's risk towards younger age groups [3].
The treatment choices for COAD vary based on the disease
stage and can involve surgical procedures, chemotherapy,
radiation therapy, and targeted therapy. The use of immu-
notherapy in colorectal adenocatcinoma is still being inves-
tigated [4]. Nevertheless, so far, the commonly employed
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staging methods have provided somewhat inaccurate fore-
casts for therapeutic choices and outcomes in individuals
with COAD [5]. Therefore, it is essential to discover novel
predictive biomarkers and tumour markers to accurately
predict the amelioration and overall survival (OS) of in-
dividuals with COAD.

Disulfidptosis, a term coined to describe cell death
induced by disulfide stress, displays unique features compared
to other types of regulated cell death [6]. There is increasing
evidence suggesting a strong connection between the
abnormal buildup of intracellular disulfides, such as cysteine,
and tumour cell metabolism [7-9].
disulfides resulted in disulfide stress, which posed a signifi-

This accumulation of

cant risk to cellular homoecostasis and cell survival. To
combat this stress, the essential reducing power was supplied
by the nicotinamide adenine dinucleotide phosphate
(NADPH). The NADPH pool was depleted when glucose
starvation was combined with this process, leading to the
accumulation of intracellular disulfides and causing rapid cell
death [10]. NADPH is mainly synthesised through glucose
metabolism, and under conditions of glucose deprivation
within cancer cells, it can initiate disulfidptosis specific to
cancer cells [11]. Therefore, glycolysis plays a crucial role
in cancer, not only providing energy and building
blocks for tumour cell synthesis but also closely associated
with the initiation of different cell death pathways in tumour
cells.

Cuproptosis is another type of cell death process that is
closely associated with mitochondrial respiration and affected
by protein lipoylation. It has been implicated in various
diseases, including COAD [12]. Notably, a recent study has
provided evidence for the involvement of cuproptosis in the
progression of colorectal cancer. It revealed that the inhibi-
tion of glycolysis promotes cuproptosis, highlighting its po-
tential as a promising therapeutic strategy for the treatment
of colorectal cancer [13]. Research findings have indicated
that the products generated through glycolysis have the ca-
to modulate the activity of disulfidptosis and
cuproptosis pathways, ultimately influencing the fate of
tumour cells [14, 15]. Given the intricate correlation between

pacity

programmed cell death (disulfidptosis and cuproptosis) and
glucose metabolism, we decided to explore the potential
interaction between disulfidptosis- and cuproptosis-related
IncRNAs in the pathogenesis of COAD.

Our study obtained clinical information of individuals
diagnosed with COAD and RNA-Sequence data from the
Cancer Genome Atlas (TCGA) database. The information was
used to establish and verify a predictive model for COAD
using  disulfidptosis- and IncRNAs.
Furthermore, several bioinformatic investigations were con-

cuproptosis-related

ducted to explore the expression of disulfidptosis- and
cuproptosis-related IncRNAs and their potential influence on
the progression of COAD. These analyses included the ex-
amination of infiltrating immune cells, gene set enrichment
analysis (GSEA), immune checkpoints, and chemotherapy
drug analysis. In addition, in vitro experiments confirmed the

differences in the expression levels of these IncRNAs and
explored the effects on the proliferation and migration of
colorectal cancer cells. Our results facilitated in investigating
potential biomarkers that could be used as new targets for
prognosis and treatment of COAD.

2 | METHODS

2.1 | Data acquisition

The RNA-Sequence data and corresponding clinicopatholog-
ical data of COAD were acquired from TCGA, whose website
is https://portal.gdc.cancer.gov. We obtained and merged
transcriptome profiles of 517 samples, which included 476
samples with cancer and 41 samples that were normal. The
sequencing data were subsequently annotated using human
gene annotation files from the Ensembl official website
(http://asia.ensembl.org/index.html).

2.2 | Identification of disulfidptosis- and
cuproptosis-related IncRINAs

The identification of IncRNAs related to disulfidptosis and
cuproptosis involved the calculation of the correlation coeffi-
cient between the expression levels of genes and the expression
levels of IncRNAs. The disulfidptosis- and cuproptosis-related
genes were depicted in Table 1. The selection process involved
setting the filter criteria as |Pearson 7| >0.4 and p < 0.001 and
choosing the IncRNAs that satisfied the criteria. Here, a total
of 1309 IncRNAs associated with disulfidptosis and cuprop-
tosis were collectively identified. Subsequently, we integrated
clinical data from tumour samples to perform survival analysis
and Univariate Cox regression analysis, leading to the identi-
fication of 109 IncRNAs significantly associated with the
prognosis of cancer patients. Differential expression analysis of
these IncRNAs in normal samples and tumour samples from
TCGA dataset was conducted, with criteria set at a |LogFC|
>1 and a false discovery rate (FDR) of less than 0.05. All 109
identified IncRNAs met the selection criteria and were further
employed in subsequent analyses.

2.3 | Construction and validation of the
prognostic model

In order to avoid overfitting, we employed the least absolute
shrinkage and selection operator (Lasso) method to choose
the IncRNAs for model construction. The penalty parameter
(A) was fine-tuned through cross-validation. During our
research, we identified 8 IncRNAs with a prognostic value,
which were selected to build a model and further enhanced
through cross-validation. The risk score for every patient was
calculated using the formula: Y} N i = 1(Coef*X)), where
Coef; denoted the

coefficient derived from the Cox
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TABLE 1

List of disulfidptosis- and cuproptosis -related genes.

Gene

SLCTA11
GYS1
NDUFS1
NDUFA11
NUBPL
NCKAP1
LRPPRC
SLC3A2
RPN1
ACTN4
ACTB
CD2AP
CAPZB
DSTN
FLNA
FLNB
INF2
IQGAP1
MYH10
MYLG
MYH9
PDLIMI
TIN1
NFE2I.2
NLRP3
ATP7B
ATPTA
SLC31A1
FDX1
LIAS
LIPT1
LIPT2
DLD
DLAT
PDHA1
PDHB
MTF1
GLS
CDKN2A
DBT
GCSH

DLST

regtession model and corresponding IncRNAs, and X rep-
resented the expression levels of the IncRNAs. The COAD
samples were categorised into high-risk (>median) and low-
risk (<median) groups based on the median risk score. R
packages ‘pheatmap’ and ‘ggbiplot’ were introduced to
perform T-Distributed stochastic neighbour embedding
(t-SNE), Principal Component Analysis (PCA), and the
corresponding survival visualisation analysis. The R packages
‘survival’ and ‘survminer’ were introduced for Kaplan—Meier
(K—M) survival curve analysis in order to compare the sur-
vival rates of low- and high-risk groups. We also conducted
the R package ‘timeROC’ to perform ROC curve analysis,
which was dependent on time, in order to evaluate the
predictive precision of this signature. The AUCs were
computed at 1, 3, and 5 years, respectively. To assess the
reliability of the 8 IncRNAs signature in patients with
varying clinical characteristics, K—M plots were conducted as

well.
2.4 | Construction of gene set enrichment
analysis

Here, we introduced GSEA by GSEA 4.0.1 software in order
to investigate the Kyoto Encyclopaedia of Genes and Ge-
nomes pathways between the low- and high-risk groups. A
filter criteria of p < 0.05 and FDR <5% was also performed in
this analysis.

2.5 | Analysis of somatic variants and
tumour mutation burden (TMB)

The TCGA database provided the somatic mutation data for
the samples in a VatScan file format. To determine the sig-
nificant mutated genes and tumour mutation burden (TMB)
for the high- and low-risk groups, the R package ‘maftool” was
employed in this study. The R packages of ‘Survival, ggpubr
and reshape2’ were utilised to analyse the variation in survival
outcomes and TMB between high- and low-risk groups.

2.6 | Investigation of the immune infiltration

Aiming to examine the association between immune cell
infiltration and the expression of 8 IncRNAs, various techni-
ques and programs, including XCELL, TIMER, QUA-
NTISEQ, MCPCOUNTER, EPIC, CIBERSORT-ABS, and
CIBERSORT, were employed to measure the abundance of
infiltrating immune cells in COAD patients from TCGA. Af-
terwards, ssGSEA was introduced in with the help of R
packages (‘reshape2’ and ‘ggpubr’) to measure the presence of
immune cells and functions related to immunity, as well as
investigate the immune connection between low- and high-risk
groups. Furthermore, R packages (‘ggplot2’ and ‘ggpubr’) were
utilised to perform immune checkpoint analysis, aiming to
compare the levels of immune checkpoints expression in low-
and high-risk groups.
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2.7 | Evaluation of chemotherapeutic drug
sensitivity

To evaluate the responsiveness of chemotherapy drugs in the
two categories, we introduced in and utilised the pRRophetic
R package, which was obtained from the GitHub repository
‘https://github.com/paulgeeleher/pRRophetic’,
the IC50 (half-maximal inhibitory concentration) of chemo-

to forecast

therapy drugs for each patient classified into low and
high-risk groups. In view of the screening of a pleth-
ora of chemotherapeutic drugs based on 8 IncRNAs, we

selected 12 clinically approved drugs for subsequent
investigation.
2.8 | Consensus clustering for disulfidptosis

and cuproptosis-related IncRNAs

Consensus clustering analysis was conducted on 8 Inc-
RNAs using the R package ‘ConsensusClusterPlus’. To
determine the best balance between stability and informa-
tiveness for every cluster, the assessment involved comparing
the similarity of levels of prognostic IncRNA and the pro-
portion of fuzzy similarity measurements. Similar techniques,
such as the K—M survival curve, Sankey diagram, PCA,
t-SNE, immune infiltration, immune checkpoints, and sensi-
tivity, were introduced in to analyse the chemotherapeutic
agents.

2.9 | Construction of nomogram

In order to rigorously validate the model and anticipate its
clinical application in the future, we integrated the model with
clinical data from TCGA. Here, we incorporated risk scores
with age, stage, and metastasis, utilising the rma R package to
construct a nomogram. Additionally, we employed calibration
curves at 1-, 2-, and 3-year timeframes to assess the accuracy of
the nomogram.

2.10 | Cell lines and transfection

The HCT116 cell line, which was a type of Human COAD cell,
were acquired from the Chinese Academy of Medical Sciences
located in Beijing, China. NCM460, which was a type of Hu-
man normal colon cells, were acquired from there as well. The
HCT116 cells were grown in McCoy's 5A solution (Gibco)
with the addition of 10% Foetal Bovine Serum (Life Tech-
nologies, Inc.) and 1% penicillin-streptomycin (Gibco) under
5% CO, and 37 °C in a humidified incubator. We cultured the
NCM460 cells in RPMI-1640 medium (Gibco) supplemented
with 10% Foetal Bovine Serum (Life Technologies, Inc.) at 37 ©
C in a humidified atmosphere containing 5% CO,. Meanwhile,
we purchased GenePharma (Shanghai, China) the products of
the scrambled siRNA of SNHG7 or AP003555.1 (siControl)

and specific siRNAs targeting SNHG7 (siSNHG7) and
AP003555.1 (siAP003555.1), as well as pcDNA3.1-Control
(pcDNA/Control), pcDNA3.1-SNHG7 (pcDNA/SNHG?7),
and pcDNA3.1-AP003555.1 (pcDNA/AP003555.1). Cell
transfection was performed using Lipofectamine 2000 Re-
agents from Invitrogen Co., located in Carlsbad, CA, USA,
following the guidelines provided by the manufacturer. The
pLVX-EF1a-IRES-Puro plasmid (Clontech) was used to create
a lentiviral vector that amplifies the IncRNA FENDRR
through subcloning of the FENDRR ¢DNA sequence. The
plasmid was transfected with the help of ExFect Transfection
Reagent (Vazyme, China) according to the instructions pro-
vided by the manufacturer. Afterwards, the HCT116 cells were
chosen under the treatment of puromycin.

211 | CCK-8 assay

HCT116 cells were plated in 96-well plates with a concentra-
tion of 1 x 10* cells/mL and volume of 100 uL per well. At 0,
24,48, and 72 h, the viability of the cells was evaluated after the
cells adhered completely. In each well, 10 puL of a CCK-8 re-
agent from Vazyme in China were added, and the cells were
then incubated at 37°C for a duration of 2 h. The Synergy two
enzyme-labelling instrument (BioTek) was utilised to measure
the absorbance at 450 nm.

212 | Cell migration

HCT116 cells were placed in 60-mm cell culture dishes and
grown until they reached complete confluence. Using a
micropipette tip with a volume of 200 pL, a clear wound was
made in the confluent monolayer. Afterwards, the cells were
rinsed using phosphate-buffered saline in order to eliminate
any cells that had become detached. To record the marks on
every plate, microscopic pictures were taken. For the purpose
of reducing the influence of DNA replication and proliferation
on the rate of cell migration, the current experiment utilised a
medium without serum. The monitoring of the wound edge
movement was conducted for a period of 24 h. Image ] soft-
ware was used to measure the space between the two edges of
the scratch. To calculate the rate of cellular migration, we
determine the relative area between the two sides of the
scratch, and the following formula was used: cell migration
rate = (scratch area at 0 h—scratch area at 24 h)/(scratch area
at 0 h) x 100%.

2.13 | Colony formation assay

Around one thousand cells in each group were introduced into
the specifications of 60-mm cell culture dishes and incubated
for a duration of 14 days. The cells were treated with 4%
paraformaldehyde for 15 min and then subjected to staining
with 0.1% crystal violet for a duration of 20 min. Image ]
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software was used to determine the count of colonies that were
visibly stained.

2.14 | Quantitative real-time PCR
(qRT-PCR)

Total RNA was extracted with the help of a TRIzol reagent
(Invitrogen). Following that, r reverse transcription was pet-
formed utilising a PrimeScript RT reagent Kit (Perfect Real
Time; TaKaRa) according to the manufacturer's guidelines. We
detected the presence of chosen IncRNAs with the help of
Quantitative real-time PCR (QRT-PCR) and ABI Power SYBR
Green PCR Master Mix (ABI, USA). The mRNA of glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was chosen as a
reference for internal control. The primer sequences were
further depicted in Table 2. The levels of IncRNAs were pre-
sented as a fold alteration utilising the 27" approach and
subsequently analysed.

2.15 | Statistical analyses

We performed the statistical analyses by R version 4.2.1, with a
pre-established level of statistical significance defined as
p < 0.05.

3 | RESULTS
3.1 | Screening for prognostic disulfidptosis-
and cuproptosis-related IncRINAs

According to the analysis of the TCGA dataset, we identified
1309 IncRNAs which were significantly related to disulfidptosis
and cuproptosis. The differential expression of IncRNAs be-
tween the normal and COAD samples was shown in the heatmap
(Figure S1). Following this, a univariate Cox regression analysis
was conducted, revealing a robust correlation between 107
IncRNAs and the OS of COAD (Figure 1a). In addition, 8

TABLE 2 f pri f
Sequence of primers for Gene

Forwatrd primer (5°------ 3)

Reverse primer (5------ 3)

quantitative reverse transcription-PCR.
SNHG7

FENDRR
AL513550.1

ATP2A1-AS1

GTGTGTCCCTTGGTGGAGAG
AGACAAAAACTCACTGCCCA
TCTCTCAGATCCA’ CCTAAGCC

CGCACCAGGAGGTCTTCAAA

TCCCAGATACCAGCGAAGGA
TGATGTTCTCCTTCTTGCCTC
AGTCTCCCTCATAGCCCTGTT

AGCCACAAAGTCTTGGGTGT

LINC01235 GTCTCTCACAGGTCAACGCA CCACGTCAAGGCTCCTCAAT
AL138756.1 AAAGTGAGTTCAGTGCTGCC CCAGCTCCCTGAAAGACGTA
AC002091.2 GTCGTCTTCTCCCCAGTGATG GTCTATGCTGGAGGAGCCAAA
AP003555.1 CAGGGGGATGAGGGTACAGA AACACCTGTAGTGACAGCGG
GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA
B C
51 33 19 9 4 55 51 42 40 29 22 19 16 12 9 9 7 4 2
W ALBETSGH
Tl ... .
B\ A/ Aoz
& /_SNHGT
- A _LINCO1235 ©
. £
8 3
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FIGURE 1

Log Lambda

Identification of prognostic disulfidptosis-related IncRNAs. (a) The results of univatiate Cox regression analysis of prognosis-related IncRNAs.

(b) LASSO coefficient profile of prognosis-related IncRNAs. (c) Partial likelihood deviance for different numbers of variables. (***p < 0.001, **p < 0.01,

*p < 0.05).



60|

FAN ET AL.

prognostic IncRNAs (SNHG7, FENDRR, AL513550.1,
ATP2A1-AS1, LINC01235, AL138756.1, AC002091.2, and
AP003555.1) were identified to establish a prognosis model by
using LASSO Cox regression analysis (Figures 1b,c).

3.2 | Assessment of disulfidptosis- and
cuproptosis-related prognostic model based on
8 prognostic IncRNAs

According to the expression of the 8 IncRNAs, we could divide
the individuals into low- or high-risk groups. The formula, risk
score = 0.755,074,261,352,201 —0.366,338,080,197,758 *
FENDRR + 0.827,016,266,555,419 * AL513550.1 + 0.839,
898,867,767,0624 * ‘ATP2A1-AS1” + 1.03,111,831,808,473 *
LINCO01235 + 1.18,822,152,354,959 * ALL138756.1 + 1.26,51
6,982,559,828 * AC002091.2 + 0.743,714,558,206,511 * AP00O
3555.1, was performed to calculate the risk score of each pa-
tient. In the TCGA, training, and test cohorts, all patients were
categorised into high- and low-risk groups, as depicted in
Figures 2a—c. In addition, the median risk score also facilitated
the categorisation of patients in the TCGA, training, and test
cohorts into groups with high or low risk (Figures 2d-f).
Moreover, in both the TCGA dataset and the training and test
cohorts, the scatter plots revealed that patients in the high-risk
group had a worse prognosis in comparison to those in the
low-risk group, as evidenced by the denser red spots in the
high-risk areas (Figures 2g—i).

3.3 | Prognostic significance of the 8
IncRNAs prognostic model

As expected, patients with higher risk scores in both the
TCGA and training groups exhibited a shorter OS comp-
ared to those with lower risk scores. This finding was further
confirmed in the test cohort (Figures 3a—c). The prognostic
prediction of each variable was assessed using Univariate Cox
proportional hazards regression analyses (HR = 1.050;
CI =1.031-1.070; p < 0.001) and Multivariate survival analyses
(HR = 1.036; CI = 1.014-1.059; p = 0.001) (Figures 3d,e). In
addition, the area under ROC (AUC) of various clinical char-
acteristics also validated that the risk score exhibited a greater
predictive value (AUC = 0.740) in comparison to conventional
features such as Age, Gender, and Stage (Figure 3f). Subse-
quently, time-dependent ROC analysis was then employed to
assess the prognostic capability of the risk score in patients
with COAD. As shown in Figure 3g, the AUC values for 1, 3,
and 5 years were 0.686, 0.740, and 0.764, respectively.

3.4 | Clinical significance of the 8 IncRNAs
prognostic model

To further investigate the clinical significance of the prognostic
model for IncRNAs in patients with COAD, we categorised the
patients into various subgroups based on age, gender, and TNM
staging system. The survival rates of individuals were analysed

using K—M survival analysis, resulting in the generation of K-M
survival curves within different subgroups. The findings sug-
gested that, with the exception of patients in the T1-2 subgroup,
the survival probabilities of patients in the high-risk group in
each subgroup was significantly worse than those of patients in
the low-risk group (Figures 4a-I). Therefore, the prognosis
model of IncRNAs showed a significant prognostic value in
predicting the survival rate of colorectal cancer.

3.5 | Functional enrichment analysis in
high- and low-risk groups

The differentially expressed genes (DEGs) analysis was con-
ducted to compare the gene expression of the low-risk group
with that of the high-risk groups. The heatmap (Figure 5a)
showed a total of 30 significant DEGs. DEGs were exhibited in
the expression matrix of the volcanic plots, with the upregulated
genes represented by green plots (Figure 5b). Subsequently,
Gene ontology (GO) enrichment analysis of DEGs in two
groups was carried out. The results were depicted in Figures 5¢,d,
including the three GO categories biological process, cellular
component, and molecular function. Furthermore, GSEA was
employed to investigate the differences between the patients in
low- and high-risk groups. The findings indicated that in the low-
risk group, there was enrichment of signalling pathways like
Epidermal cell differentiation, Epidermis development, Kera-
tinisation and Keratinocyte differentiation. Conversely, in the
high-risk group, there was a significant enrichment of signalling
pathways such as Chromatin remodelling, DNA replication
dependent chromatin assembly, Nucleosome assembly, Nucle-
osome organisation and Protein DNA complex subunit orga-
nisation (Figures 5e,f).

3.6 | Analysis of somatic variants and
evaluation of tumour mutation burden (TMB)

Tumour genomic features are of interest due to their impact
on the tumour microenvironment and immunotherapy.
Through somatic variant analysis, mutations in most genes
were identified in both high- and low-risk groups. Figures 6a,
b illustrated the top 20 mutated genes in the high- and low-
risk groups, with 97.45% and 94.5%, respectively. Further-
more, the high-risk group exhibited a significantly higher
TMB compared to the low-risk group (Figures 6c¢,d). Addi-
tionally, patients with high TMB had poorer survival prob-
abilities compared to those with low TMB (Figure 6¢). It was
worth noting that within the high- and low-TMB subgroups,
the low-risk group demonstrated better survival probabilities
than the high-risk group (Figure 6f).

3.7 | Tumour immune cell infiltration and
gene expression

To investigate the potential association between the immune
infiltration microenvironment and risk scores, seven software
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FIGURE 2 Construction of the disulfidptosis-related prognosis model. (a—c) The heatmaps of the 8 prognostic IncRNAs in TCGA dataset, training cohort
and testing cohort. (d—f) The median value and distribution of the risk scores in TCGA dataset, training cohort and testing cohort. (g—i) The distribution of
survival time and status in TCGA dataset, training cohort and testing cohort. TCGA, the cancer Genome Atlas.

programmes (XCELL, TIMER, QUANTISEQ, MCPCOUN-
TER, EPIC, CIBERSORT-ABS, and CIBERSORT) were
employed for analysing the correlation between infiltrated
immune cells and risk scores. The majority of T cells,

macrophages, B cells, natural killer cells (NK cells), mast cells,
and other immune cells exhibited consistent trends with

increased patient  risk

scores

(Figure

7a).

Notably,

CIBERSORT-ABS and CIBERSORT analyses revealed that
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risk groups in TCGA dataset, training cohort and testing cohort. (d) Univariate Cox regression analysis was performed to identify OS-related factors in the
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FIGURE 4 Kaplan—Meier analysis of survival probabilities for various clinical variables. (a—I) The survival probabilities for vatious clinical variables in the
high-risk group were lower than in the low-risk group in all subgroups except for patients in the T1-2 subgroup.

patients in the high-risk group had significantly worse survival
probabilities due to the M2 macrophage phenotype
(Figures 7b,c). In order to further investigate the differences
between low- and high-risk groups, the comparison of
ssGSEA scores was conducted using ssGSEA analysis. The
results indicated that immature dendritic cells, mast cells, T
helper 2 cells (Th2 cells), and regulatory T cells (Treg cells)
were associated with the low-risk group (Figure 7d). Moreover,
an evaluation of the immune function was conducted to

explore potential immune pathways involved in distinguishing
between patients at different risk levels. Our observations
demonstrated that adenomatous polyposis coli (APC) co
(Antigen-presenting cell) stimulation, CCR (chemokine re-
ceptor), major histocompatibility complex class I and para-
inflammation were more active in the low-risk group
(Figure 7e). Additionally, considering the significance of im-
mune checkpoints in immunotherapy, we assessed the
expression of immune checkpoints in both the high-risk and
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low-risk groups. As depicted in Figure 7f, TNFRSF4,
CD200R1, TNFRSEF25, ADORA2A, and NRP1 were highly
expressed in the high-risk group, while LGALS9 and HHLLA2
exhibited increased expression in the low-risk group.

3.8 | Chemotherapeutic drug sensitivity
analysis

Tumour drug sensitivity analysis was conducted using the
pRRophetic R package. The IC50 values of 13 commonly

utilised chemotherapeutic drugs for colorectal cancer were
studied in both the low- and high-risk groups. Significa-
ntly distinct IC50 values were observed for these
agents (Alpelisib, Dasatinib, IGF1R3801, Ipatasertib, Linsi-
tinib, Taselisib, MK-1775, Nilotinib, Pictilisib, PRIMA-
IMET, Sepantronium bromide, and Vorinostat) between
the two groups. Notably, the IC50 values of these drugs
were higher in the low-risk group compared to the high-
risk group, suggesting that patients in the high-risk group
exhibited greater sensitivity to chemotherapeutic drugs
(Figures 8a—I).
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3.9 |

Association of consensus clustering of

patients were divided into Cluster 1 (7 = 227) and Cluster 2

8 prognostic IncRNAs with characteristics, OS
and immune analysis of COAD patients

Unsupervised consensus clustering was employed to identify
potential distinct COAD clusters based on the 8 prognostic
IncRNAs. By evaluating the mean silhouette score, we analysed
clusters with £ < 10 and determined that the optimal clustering
solution was k = 2 (Figure 9a—d). Subsequently, all COAD

(n = 219). As depicted in Figure 9e, patients in Cluster one
exhibited significantly worse survival probabilities compared to
those in Cluster 2. To further elucidate the contribution of
each cluster type to the two groups, a Sankey diagram was
utilised. The analysis revealed that Cluster 2 predominantly
belonged to the low-risk group, while Cluster 1 predominantly
belonged to the high-risk group (Figure 10a). Additionally,
PCA and t-SNE results demonstrated distinct distribution
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patterns of patients in different risk and clustering groups,
consistent with the trends observed in the Sankey diag-
ram (Figures 10b—c). Immune infiltration patterns based on
cluster classification were depicted in a heatmap using TIMER,
CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCO-
UNTER, XCELL, and EPIC algorithms (Figure 10f). Furth-
ermore, we explored immune cell infiltration and the
expression of immune checkpoints in different clusters,
comparing them with the high-risk and low-risk groups. The
results indicated that the expression trends of immune
checkpoints aligned with the aforementioned data (Figure 7f,
10g). Subsequently, significant differences in IC50 values of
chemotherapeutic drugs (Alpelisib, IGF1R3801, Vorinostat,
Linsitinib, MK-1775, Nilotinib, Pictilisib, PRIMA-1MET,
and Taselisib) were found between Cluster 1 and Cluster 2.
These findings reinforced the observation that patients in
Cluster 1 exhibited greater sensitivity to chemotherapeutic
drugs, consistent with the previous results (Figures 8a—m,
Figures S2a—i).

3.10 | Establishment of a prognostic
nomogram

We integrated age, stage, metastasis, and risk score to construct
a comprehensive nomogram for predicting patients' prognoses
at 1-, 2-, and 3-year (Figure 10h). When the cumulative score
for a patient reaches 104, their 1-, 2-, and 3-year survival rates
are 0.99, 0.983, and 0.977, respectively, indicating a favourable
prognosis. We also generated calibration curves, and for the 1-,
2-, and 3-year timeframes, the curves closely aligned with the
diagonal line, revealing a favourable correspondence with
actual observations (Figure 10i).

3.11 | In vitro validation of prognostic
IncRNAs expression and chemosensitivity

After conducting bioinformatics analyses, we proceeded with
in vitro experimental verification. NCM460 and HCT116 cell
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lines were utilised to represent human normal colon cells
and colorectal cancer cells, respectively. The expression
levels of eight IncRNAs (FENDRR, SNHG7, AP003555.1,
AL513550.1, ALL138756.1, LINCO01235, AC002091.2, ATP2-
A1-AS1) were assessed through qRT-PCR. Figure 1la

demonstrated a significant decrease in FENDRR expression in
HCT116 cells compared to NCM460 cells. Additionally, the
expression levels of the other five IncRNAs in HCT116 cells
were higher than those in NCM460 cells (Figures 11b—f).
Furthermore, although not statistically significant, AC002091.2
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and ATP2A1-AS1 also exhibited an inclination towards upre-
gulation (Figures 11gh).

3.12 | The IncRNAs participated in
mediating the proliferation and migration of
COAD cells

In order to investigate the potential role of IncRNAs in COAD,
we conducted in vitro experiments. Based on the expression
levels of IncRNAs in HCT116 cells, we performed over-
expression or knockdown experiments for the top three
IncRNAs (FENDRR, SNHG7, and AP003555.1) to examine
their impact on cell proliferation and migration. The efficiency
of overexpression or knockdown was confirmed through RT-
qPCR analysis (Figure 12a). Our findings revealed that the
knockdown of AP003555.1 did not significantly affect COAD
cell viability. However, both the overexpression of FENDRR
and the knockdown of SNHG7 inhibited the growth of
HCT116 cells (Figure 12b). Additionally, cell scratch assays
were employed to evaluate the influence of FENDRR and
SNHG7 on cell migration. As depicted in Figures 12c¢d,
overexpression or knockdown resulted in a significant reduc-
tion in the migration ability of HCT116 cells. Furthermore, the
colony formation assay confirmed that overexpression of

FENDRR or knockdown of SNHG7 suppressed the prolif-
eration of HCT116 cells (Figures 12e,f). In conclusion, our
results suggest that the expression of IncRNAs FENDRR and
SNHG?7 affected the proliferation and migration of HCT116
cells. These IncRNAs may serve as key factors in addressing
the unsatisfactory therapeutic outcomes observed in COAD
patients.

4 | DISCUSSION

In recent years, several forms of regulated cell death have
emerged, including apoptosis, pyroptosis, necroptosis, and
ferroptosis [16, 17]. Disulfidptosis and cuproptosis are two
forms of programmed cell death that are closely associated
with glycolysis, a crucial metabolic pathway in tumour cells.
Studies have shown that products of glycolysis can regulate
the activity of disulfidptosis and cuproptosis pathways, thus
impacting the fate of tumour cells [11, 13, 18]. These find-
ings identify the significant role of glycolysis in tumour cell
metabolism, underscoring the importance of investigating the
interplay between disulfidptosis and cuproptosis for a better
understanding of the molecular mechanisms underlying
metabolism death

tumour cell and programmed cell

processes.
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In this study, we developed a prognostic model that utilises
disulfidptosis- and cuproptosis-related IncRNAs to predict the
prognosis and sensitivity to chemotherapeutic drugs in COAD
patients. Additionally, we performed functional enrichment
analysis, evaluated the TMB, and assessed the infiltration of
tumour immune cells to investigate the undetlying molecular
mechanisms. Furthermore, we identified a disulfidptosis- and
cuproptosis-related cluster that exhibited strong associations
with immune cell infiltration and chemosensitivity. The
IncRNA prognostic model has the potential to contribute to
our understanding of clinical-pathological characteristics,
mechanisms of chemotherapy response, and serve as reliable
biomarkers for distinguishing between “cold tumours” and
“hot tumours,” as well as predicting the efficacy of chemo-
therapeutic drugs in COAD patients.

Growing evidence suggests that the expression of
IncRNAs plays a crucial role in the oncogenic processes of
COAD. In this study, we identified 1309 IncRNAs and devel-
oped a novel prognostic model comprising 8 IncRNAs for
COAD. By utilising the expression levels of these 8 IncRNAs
and calculating the corresponding risk scores, we successfully
stratified patients into low- and high-risk groups in both the
TCGA dataset and the training and testing cohorts. The sur-
vival analysis of the IncRNAs prognostic model accurately
predicted the OS of COAD patients across all cohorts.
Notably, the AUC of clinical characteristics indicated that the
risk scores derived from this model exhibited a superior pre-
dictive value. Additionally, the time-dependent ROC curves
demonstrated AUCs of 0.764, 0.740, and 0.686 at 1-, 3-, and 5-
year time points, respectively, in the TCGA dataset, suggesting
that the model possessed robust predictive capabilities for
patient survival. In conclusion, we have successfully developed
and validated a novel prognostic model related to disulfidptosis
and cuproptosis for predicting the prognosis of COAD
patients.

The aberrant expression of IncRNAs holds significant
promise in the eatly detection, treatment response monitoring,
and prognosis of cancer [19]. In our study, we successfully
identified 8 IncRNAs (FENDRR, SNHG7, AP003555.1,
AL513550.1, AL138756.1, LINC01235, AC002091.2, and
ATP2A1-AS1). Subsequent in vitro experiments confirmed the
differential expression of these IncRNAs in HCT-116 cells
compared to human normal colon cells. Previous studies have
shed light on the biological functions of several of these
IncRNAs. For example, SNHG7 has been shown to enhance
the invasiveness and migratory abilities of gastric cancer cells
by inhibiting the miR-34a-Snail-EMT axis [20]. FENDRR, on
the other hand, has demonstrated associations with various
clinical characteristics in different cancers and has exhibited
potential as a novel diagnostic and prognostic biomarker [21,
22]. Further evidence suggests that FENDRR acts as a miRNA
sponge for miR-214-3p, thereby suppressing the progression
of gastric cancer [23]. Moreover, AL513550.1 has been impli-
cated in elucidating the link between survival prognosis and
N7-methylguanosine modification-related IncRNAs in oral
squamous cell carcinoma [24]. Similarly, ATP2A1-AS1 has
emerged as a promising prognostic biomarker for patients with

cervical cancer [25]. Additionally, LINC01235 and ALL138756.1
have been identified as predictors of clinical features and
prognosis in stomach adenocarcinoma and colorectal cancer,
respectively [20—28]. Based on the aforementioned research,
these IncRNAs exert crucial biological functions and partici-
pate in the regulation of cancer progression, thereby furnishing
the molecular groundwork for the development of a disul-
fidptosis- and cuproptosis-related IncRNA prognostic model.

Moreover, we conducted a comprehensive investigation to
explore the potential signalling pathways involved in mediating
disulfidptosis and cuproptosis using GO and GSEA enrich-
ment analyses. The GO analysis revealed that DEGs between
low-risk and high-risk patient groups were enriched in path-
ways such as nucleosome assembly, chromatin assembly,
nucleosome organisation, and DNA packaging. Notably, the
GSEA analysis demonstrated a significant entichment of
similar signalling pathways, including chromatin remodelling,
DNA replication-dependent chromatin assembly, nucleosome
assembly, nucleosome organisation, and protein DNA complex
subunit organisation, in the high-risk group. Mounting evi-
dence suggests that alterations in nucleosomes contribute to
various diseases, including infections, inflaimmation, benign
conditions, and malignant tumours [29]. Mutations or modi-
fications in factors involved in nucleosome assembly have been
associated with cancer development [30]. Additionally, nucle-
osome remodelling plays a crucial role in chromatin assembly
and reorganisation, which holds significant implications for
cancer progression [31]. A previous study indicated that
H3K56 acetylation is involved in chromatin assembly and
DNA repair, exerting a significant effect on malignancies [32].
These findings confirmed that the expression of the 8 disul-
fidptosis- and cuproptosis-related IncRNAs contributes to
tumourigenesis and disease progression through the afore-
mentioned signalling pathways. Considering the association
between these signalling pathways and IncRNAs, further in-
vestigations are warranted to elucidate the specific molecular
mechanisms underlying disulfidptosis and cuproptosis in pa-
tients with COAD.

TMB has emerged as a potential biomarker for predicting
the efficacy of immunotherapy across multiple types of human
cancer [33]. In this study, we identified the top 20 mutated
genes in both low- and high-risk groups, observing a higher
frequency of gene mutations in the high-risk group. Notably,
adenomatous polyposis coli (APC), tumour protein p53
(TP53), and titin (T'TN) were found to be the most commonly
mutated genes, with a mutation rate exceeding 50% in the
high-risk group. APC holds the distinction of being the most
frequently mutated gene in human malignancies. Mutations in
the tumour suppressor gene APC are closely associated with
over 80% of sporadic colorectal cancers through an aberrant
activation of the Wnt signalling pathway [34]. Moreover, pre-
vious research has implicated mutant p53 in the maintenance
of inflammation in colorectal cancer, which is known to drive
tumour progression [35]. Furthermore, our findings revealed
that patients with high TMB in the high- or low-risk group
exhibited a poorer probability of survival compared to those
with low TMB. TMB was shown to be prognostic for patients
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with COAD, as smoking and high TMB contribute to the
generation of immunogenic neoantigens in non-small cell lung
cancer [36]. Consequently, high TMB led to high tumour
neoantigen burden, which was more effective for checkpoint
blocking immunotherapy [37]. Importantly, several clinical
studies have reported notably higher clinical benefit rates
among patients with high TMB who received immune check-
point inhibitor therapy [38, 39]. Thus, TMB represents a
promising biomarker for predicting the response to immuno-
therapy in patients with COAD.

In recent years, due to the growing understanding of
tumour immunobiology and the development of immuno-
therapeutic agents, immunotherapy has emerged as a highly
valuable clinical approach [40]. Based on the immune cell
infiltration in the tumour microenvironment, tumours can be
categorised into two types: ‘cold tumours’ and ‘hot tumours’.
‘Cold tumours’ are characterised by a lack of immune cells and
an immune-desert phenotype, rendering them unresponsive to
immunotherapy. On the other hand, ‘hot tumours’ exhibit
abundant immune cell infiltration and a hyperactive immune
response, making them more responsive to immunotherapy
[41]. In our study, we observed a significant increase in the
infiltration levels of T cells, macrophages, B cells, NK cells, and
mast cells in high-risk patients. Furthermore, high expression
of immune checkpoint markers, including TNIFRSF4,
CD200R1, TNFRSF25, ADORA2A, and NRP1, was also
detected in the high-risk group. Importantly, it is worth noting
that the efficacy of immunotherapy is influenced by the tumour
microenvironment, as demonstrated in various studies [42].
Previous research has highlighted the heterogeneous outcomes
of immunotherapy in colorectal cancer patients with different
tumour microenvironments [43]. Therefore, comprehensive
investigations are warranted to elucidate the roles of disul-
fitopsis- and cuproptosis-related IncRNAs in the tumour
microenvironment and its impact on immunotherapy.

It is widely recognised that COAD exhibits resistance to
various chemotherapeutic agents, both in monotherapy and
combination therapy settings [44]. The development of che-
moresistance in COAD poses a significant challenge to effec-
tive treatment, leading to disease progression and reduced
survival outcomes [45]. However, our study conducted a
chemotherapeutic drug sensitivity analysis and revealed that
patients in the high-risk group exhibited lower IC50 values for
multiple anti-tumour drugs. This finding suggests the potential
for designing more targeted treatment schedules for COAD.
Consequently, it is crucial to establish appropriate chemo-
therapy regimens tailored to patients in different risk groups.

Based on the 8 prognostic IncRNAs, consensus clustering
analysis was conducted to identify distinct COAD clusters.
This approach aimed to further validate the differences be-
tween risk-based divisions and the findings from bioinformatic
and immune-related analyses. In our present study, we
observed that patients from different risk groups and clusters
were predominantly distributed along two trajectories, with C1
exhibiting predominantly high values and C2 predominantly
low values. The patterns of immune infiltration and immune
checkpoint expression in different clusters were consistent

with those observed in different risk groups. Furthermore,
cluster 1 displayed lower IC50 values for chemotherapy drugs,
indicating a higher sensitivity to chemotherapy, which mirrored
the characteristics of patients in the high-risk group. To further
establish the reliability of the prognostic model incorporating
these IncRNAs, we assessed the expression levels of these 8
disulfidptosis-related IncRNAs in different cell lines (NCM460
and HCT116 cells) using qRT-PCR. Our findings were
consistent with the TCGA dataset. Notably, five IncRNAs
exhibited significantly higher expression levels in HCT116 cells
compared to normal colon epithelial cells, while FENDRR
expression in HCT116 cells was notably reduced. It is worth
mentioning that FENDRR acts as a tumour suppressor by
functioning as a miRNA sponge.

Accumulating evidence supports the implication of
IncRNAs, specifically FENDRR and SNHG?7, in the devel-
opment and progression of COAD. FENDRR functions as a
tumour suppressor [46], whereas SNHG7 promotes tumour
growth and invasion. Notably, SNHG?7 is involved in regu-
lating tumour glycolysis and affects tumour progression. High
expression of SNHG7 was observed in prostate cancer (PCa)
tissues and cells, and its silencing resulted in suppressed pro-
liferation and glycolysis in PCa cells [47]. In gastric cancer,
SNHG?7 is significantly upregulated and associated with
cisplatin resistance. Silencing SNHG7 enhances sensitivity to
cisplatin and promotes glycolysis in gastric cancer cells by
targeting LDHA, a glycolysis enzyme, revealing a regulatory
mechanism for SNHG7-mediated cisplatin resistance [48].
Furthermore, SNHG?7 is overexpressed in early-stage colon
cancer and colon advanced adenomas, and its downregulation
suppresses cell proliferation by inhibiting the K-ras/ERK/
cyclin D1 signalling pathway [49]. Consistent with these ob-
servations, our in vitro findings substantiate the importance of
FENDRR and SNHG?7 in the pathology of COAD. Impor-
tantly, our study demonstrates a close association between
FENDRR and SNHG?7 with disulfidptosis and cuproptosis in
COAD patients. Taken together, it is speculated that these
IncRNAs may play a pivotal role in regulating the proliferation
and migration of colorectal cancer cells through specific mo-
lecular mechanisms, possibly involving tumour cell meta-
bolism. Consequently, tumour cell metabolism, particularly
glycolysis, may serve as a crucial mediator and bridge in the
regulation of cellular programmed cell death, such as disul-
fidptosis and cuproptosis. While further research is needed to
fully elucidate the precise mechanisms by which these
IncRNAs regulate disulfidptosis and cuproptosis, our study
provides valuable insights for identifying new therapeutic tar-
gets in patients with COAD.

5 | CONCLUSION

In summary, our study has successfully developed a novel
prognostic model and cluster associated with disulfidptosis and
cuproptosis, comprising 8 IncRNAs. The model and cluster
demonstrated a significant value in prognostic prediction, im-
mune cell infiltration, and chemosensitivity among COAD
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patients. Moreover, we observed that the disulfidptosis- and
cuproptosis-related IncRNAs FENDRR and SNHG7 have a
direct impact on the proliferation and migration of HCT116
cells, which may provide new insights into understanding the
complex interplay between tumour cell metabolism and pro-
grammed cell death processes.
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