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Editorial on the Research Topic

Experimental and computational methods in the development of
diagnostics and therapeutics for colon cancer
s

Cancer continues to be one of the major causes of illness and death worldwide. It is
growing an alarming rate, and affects every geographic region of the world. Therefore, the
goal is to investigate novel biomarkers both experimentally and computationally in the
development of colon cancer and drug resistance. Computational methods play a crucial
role in modern cancer research, facilitating drug discovery and improving therapeutic
strategies (Ahmad et al., 2024; Shaikh et al., 2023). In this Research Topic, we aim to
provide an overview of recent technologies in experimental and computational areas, such
as artificial intelligence and machine learning approaches, relevant to the identification
of novel biomarkers and drug testing in cancer diagnosis, management, and treatment.
Recent studies highlight three key areas: biomarker discovery, therapeutic developments,
and computational modeling in cancer research. Grouping the studies under these themes
provides a cohesive narrative, highlighting key trends and challenges in the field.

The identification of novel biomarkers is crucial for early detection and targeted
therapy in cancer treatment. Sorokin et al. compared gene fusion detection in colorectal
cancer patients, identifying 93 new fusion genes, with 11 appearing in multiple patients.
Notably, a novel LRRFIP2-ALK fusion was identified, with potential implications for
ALK inhibitor therapies. Cao et al. developed a prognostic model using three cellular
senescence-related lncRNAs (CSRLs), demonstrating its predictive power for overall
survival and immune response in colon cancer patients. Tambaro et al. analyzed circulating
miRNAs in gastrointestinal (GI) cancer patients, finding specific miRNAs associated with
adiposity levels and cachexia, suggesting their potential as diagnostic biomarkers. Wang
et al. explored the prognostic and immunogenic characteristics of disease regulators in
colon cancer. Their analysis revealed that age, tumor stage, and ferroptosis score were
significantly correlated with prognosis.
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Understanding drug resistance and optimizing therapeutic
strategies are crucial for effective cancer treatment. Burov et al.
investigated the effects of multikinase inhibitors (MKIs) on

proteasome expression in colorectal cancer cells, revealing increased
expression of non-constitutive proteasomes in BRAF-mutant
tumors. MKI treatment induced oxidative stress and proteasome
redistribution, shedding light on potential therapeutic targets. Yang
et al. developed a necroptosis-related prognostic model using key
genes (CALB1, CHST13, and SLC4A4), effectively predicting patient
survival and immune response. Bukhari et al. discussed the clinical
implications of long noncoding RNA LINC-PINT, emphasizing its
role as a potential therapeutic target in cancer treatment. Zhang et al.
reviewed the impact of immunosenescence on solid gastrointestinal
tumors, highlighting how senescence-related mechanisms diminish
immunotherapy effectiveness and proposing senotherapy strategies
to counteract these effects.

Computational models enhance predictive accuracy and
statistical analyses in cancer research. Su et al. compared competing-
risk analysis and Cox regression models to assess prognostic
factors in adenocarcinoma of the transverse colon (ATC), finding
that traditional Cox regression underestimated cancer stage-
related risks. Prior studies on AI-driven drug discovery, such
as sphingosine kinase 1 inhibitors and FDA-approved PIM-1
kinase inhibitors, demonstrate the potential of virtual screening
and molecular dynamics simulations in identifying promising
therapeutic compounds (Khan et al., 2020; Rathi et al., 2024).
Wang et al. investigated the PD-1/PD-L1 interaction mechanism
using computational approaches, reinforcing the role of immune
checkpoint inhibitors like pembrolizumab in cancer treatment
(Wang and Khan, 2023). Insights from previous studies on
human peroxiredoxin 6 further underscore the intricate roles
of molecular targets in cancer, demonstrating its dual role in
cancer progression and inhibition, highlighting its potential as a
therapeutic target (Qausain et al., 2023).

This Research Topic underscores the significant advancements
in biomarker discovery, therapeutic development, and
computational modeling in cancer research. The integration of
AI and ML continues to enhance predictive accuracy, streamline
drug discovery, and improve patient outcomes. Despite these
advancements, challenges remain in overcoming drug resistance and
improving the efficacy of immunotherapies. Future research should

refine computational models, explore novel therapeutic targets, and
bridge experimental and computational methodologies to optimize
cancer diagnosis and treatment.
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Background: Colon cancer (CC) is the second most common gastrointestinal

malignancy. About one in five patients have already developed distant

metastases at the time of initial diagnosis, and up to half of patients develop

distant metastases from initial local disease, which leads to a poor prognosis for

CC patients. Necroptosis plays a key role in promoting tumor growth in

different tumors. The purpose of this study was to construct a prognostic

model composed of necroptosis-related genes (NRGs) in CC.

Methods: The Cancer Genome Atlas was used to obtain information on clinical

features and gene expression. Gene expression differential analysis, weighted

gene co-expression network analysis, univariate Cox regression analysis and

the least absolute shrinkage and selection operator regression algorithm were

utilized to identify prognostic NRGs. Thereafter, a risk scoring model was

established based on the NRGs. Biological processes and pathways were

identified by gene ontology and gene set enrichment analysis (GSEA).

Further, protein-protein interaction and ceRNA networks were constructed

based on mRNA-miRNA-lncRNA. Finally, the effect of necroptosis related risk

score on different degrees of immune cell infiltration was evaluated.

Results: CALB1, CHST13, and SLC4A4 were identified as NRGs of prognostic

significance and were used to establish a risk scoring model. The time-

dependent receiver operating characteristic curve analysis revealed that the

model could well predict the 1-, 3-, and 5-year overall survival (OS). Further,

GSEA suggested that the NRGs may participate in biological processes, such as

the WNT pathway and JAK-Stat pathway. Eight key hub genes were identified,

and a ceRNA regulatory network, which comprised 1 lncRNA, 5 miRNAs and 3

mRNAs, was constructed. Immune infiltration analysis revealed that the low-

risk group had significantly higher immune-related scores than the high-risk

group. A nomogram of the model was constructed based on the risk score,

necroptosis, and the clinicopathological features (age and TNM stage). The
frontiersin.org01
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calibration curves implied that the model was effective at predicting the 1-, 3-,

and 5-year OS of CC.

Conclusion: Our NRG-based prognostic model can assist in the evaluation of

CC prognosis and the identification of therapeutic targets for CC.
KEYWORDS

weighted gene co-expression network analysis (WGCNA), tumor microenvironment,
tumor immune infiltrating cells, copy number variation (CNV), nomogram, calibration
curves, ceRNA networks
1 Introduction

Colon cancer (CC) is a deadly tumor that affects individuals

worldwide. The incidence of CC is increasing, especially in cities

and regions with rapid economic development in the United

States (1). With the popularization of cancer screening and

advancements in treatment-related medical technology, patient

outcomes have improved significantly. But as the onset of CC is

insidious, there’s still a lot patients diagnosed in the advanced

stage, where the condition is severe and difficult to treat, and

palliative care is the only available treatment option (2, 3). Only

few biomarkers are available for the diagnosis and therapy of

CC. Circulating tumor DNA (ctDNA) is a subset of circulating

free DNA (cfDNA) from tumor cells. In many studies, ctDNA

has been found to be of great value in the early diagnosis, efficacy

evaluation, drug resistance monitoring and prognosis prediction

of tumors. Among them, targeted drug therapy guided by

ctDNA is the most important clinical application at present (4,

5). At present, ctDNA as biological markers have been found to

be associated with the prognosis of colon cancer, but they have

not been widely applied in clinic (6–8). Therefore, exploring

potential biomarkers of CC remains the focus of CC-

related research.

Necroptosis is a lytic manner of programmed cell death that

prevents the self-destruction of activated cells that are blocked by

apoptosis. In some degenerative or inflammatory diseases,

necrotizing apoptosis plays a role in destroying infected cells

or damaged cells (9). Unlike apoptosis, the activation of

necroptosis does not depend on caspase kinase activation.

Under caspase inhibition, the binding of death receptor and

ligand can trigger necrotizing apoptosis (10). Necrotizing

apoptosis plays a dual role in tumorigenesis and development,

which can not only enhance cellular immunity (11) and play an

anti-tumor role, but also stimulate the tumor to form an

immunosuppressive microenvironment and promote tumor

progression (12). According to previous studies (13) and
02
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owing to the activity of intracellular RIP-1 and MLKL, the

combination of 5-FU and ZVAD (caspase inhibitor) can

promote necroptosis of colorectal cancer (CRC) cells,

highlighting the important value of necroptosis in the study of

tumor drug resistance. However, a prognostic scoring system for

CC based on the tags of genes associated with necroptosis has

not been established.

Recently, high-throughput sequencing and the gene chip

technology have been widely used in the field of life science (14,

15). Bioinformatics is an important tool for analyzing large

volumes of existing biological data. By analyzing the

potentially important core genes or prognostic factors within

the data (16, 17), potential tumor markers or therapeutic targets

can be explored (18). Several previous studies focused on single

genes as diagnostic and prognostic indicators (19, 20). However,

these biomarkers, especially individual gene expression levels

that may be influenced by multiple factors, are insufficient to

accurately and independently predict patient outcomes. As a

result, these markers cannot be used as reliable and independent

prognostic indicators. Therefore, in this study, statistical models

composed of multiple prognostic necroptosis-related markers

were employed to improve the predictive power of CC.

In recent years, the ceRNA hypothesis has attracted

attention and has become one of the hot spots in the study of

RNA interaction. The regulatory mechanisms among mRNA,

miRNA, lncRNA, or circRNA are extremely complex and have

important biological significance. LncRNA or circRNA can

compete with mRNA to bind to miRNA, thereby forming a

complex lncRNA-miRNA-mRNA network or circRNA-

miRNA-mRNA network. However, an imbalance in the

ceRNA regulatory network can lead to the initiation and

progression of tumors (21). To date, the function of most

mRNAs as ceRNAs in the progression and prognosis of CC

has not been thoroughly defined.

In this study, the prognostic risk model of necroptosis-

related genes (NRGs) was established, and the diagnostic and
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predictive significance of the model was evaluated. Thereafter, a

ceRNA network was constructed based on mRNA-miRNA-

lncRNA, and the effects of necroptosis-related risk score on

different degrees of immune cell infiltration were evaluated.

Overall, the findings of this study provide a theoretical

foundation for further assessments of the diagnosis, treatment,

and molecular mechanism of CC.
2 Materials and methods

2.1 Data download

The Cancer Genome Atlas (TCGA) Genomic Data

Commons (GDC) website (https://portal.gdc.cancer.gov/) was

used to obtain the expression spectrum data for colon cancer

(colon adenocarcinoma, COAD) patients (n = 514), such as the

count, and FPKM and TPM values; and patient clinical data

(n=430), such as gender, age, TMN stage, and survival prognosis.

“Masked somatic mutation” was selected as the somatic

mutation data (n=420) and downloaded. The somatic

mutations were visualized using maftools package (22) in R to

obtain tumor mutation burden (TMB) for per patient.

Additionally, the MSI data in the TCGA-COAD patients’

dataset was obtain the tumor mutation burden (TMB) per

patient. Additionally, the MSI data in TCGA-COAD patient

dataset were obtained from the cBioPortal database (https://

www.cbioportal.org). The baseline information of TCGA-

COAD patients is provided in Table 1.

Gene expression data and the clinical characteristics of

patients of GSE17536 (23) and GSE39582 (24) were

downloaded from the GEO database. The data samples

were obtained from Homo Sapiens. The chip platforms were

grounded in the GPL570 [HG-U133_plus_2] Affymetrix Human
Frontiers in Immunology 03
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Genome U133 Plus 2.0 Array. After deleting patients lacking

clinical information, 177 COAD tissue samples were included in

GSE17536, all of which were used in the analysis. GSE39582

included 585 COAD tissue samples. As survival information was

not available for 5 samples, 580 were included in the analysis. R’s

limma package (25) was used to standardize the two data sets

separately. Table S1 shows the information from GEO.
2.2 Calculation of the necroptosis score
based on gene expression matrix

For all samples in the combined dataset and based on 36

necrotizing apoptosis-related genes from previously published

literature (26), the necroptosis score (NPs) of every sample in the

TCGA-COAD dataset was determined using the R package,

GSVA (27), and the ssGSEA method according to the gene

expression matrix of the respective sample.
2.3 Screening of differentially expressed
genes (DEGs)

Using the above method, the NPs of each sample was

obtained, and the optimal cut-off value was selected in

combination with the patient’s survival data. Based on the NPs

score, the NPs group was separated into high and low NPs. To

identify genes associated with NPs, the DEGs between high NPs

and low NPs in TCGA-COAD samples were identified using the

R package, limma (25). The screening threshold of the DEGs was

set to |log2 fold change (FC)|>1 and adjusted P < 0.05. The

results of the difference analysis are presented as a heatmap and

a volcano plot.
2.4 Weighted gene co-expression
network analysis (WGCNA)

WGCNA was implemented using the R package, WGCNA

(28). First, the weighted values of the calculated correlation

coefficients between any two genes were used to generate

connections between genes in the network to assemble a scale-

free network. A hierarchical clustering tree was then established

according to the correlation coefficients. The branches of the

cluster tree highlighted various genetic modules, and various

colors signified different modules. The module saliency was then

calculated. All mRNAs of the sample were input into WGCNA

to measure the associations between the two NPs groups and

different modules. All genes were recorded in their respective

modules. The genes in the respective modules were considered

as modular characteristic genes (MEs). The correlation between

the NPs values and genes was determined based on the

significance of genes. Module membership was determined
TABLE 1 Baseline data table of patients in TCGA-COAD dataset.

Characteristic levels Overall

n 363

status, n (%) Alive 279 (80.9%)

death 66 (19.1%)

Age, n (%) <60 96 (26.4%)

≥60 267 (73.6%)

Gender, n (%) female 177 (48.8%)

male 186 (51.2%)

Stage, n (%) stage I 62 (17.4%)

stage II 145 (40.7%)

stage III 103 (28.9%)

stage IV 46 (12.9%)
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according to the relevance between module genes and DEG

expression profile. The modules of interest were selected using

the MS score, and all genes in these modules were recognized to

have a high correlation with NPs.
2.5 Subtype analysis of patients with CC
based on necroptotic genes

Based on the necroptosis characteristic genes and TCGA-

COAD expre s s ion da ta , the k-means method in

“ConsensusClusterPlus” R package (29) was used to perform

unsupervised cluster analysis to identify the necroptosis

subtypes. The concordant clustering algorithm was used to

discern the cluster number. The analysis was repeated 1000

times to ensure stability of the category. Principal component

analysis (PCA) was conducted for patients with grouped

subtypes to determine the differences between samples.

Survival analysis was implemented after grouping to determine

the influence of various subtypes on prognosis.
2.6 Establishment and testing of the
prognostic risk models based on NPs
characteristic genes

The results of differential expression analysis combined with

WGCNA analysis were used to acquire the NPs-related

characteristic genes. The significantly differentially expressed

NPs-related characteristic genes were involved in the model,

and the prognostic genes were screened using univariate Cox

regression analysis, with a cut-off P value of 0.1. Subsequently,

the selected genes were regularized and dimensionally reduced

using the least absolute shrinkage and selection operator

regression (LASSO) algorithm to further identify prognostic-

related genes. Thereafter, the weighted normalized gene

expression value of the penalty coefficient acquired by

multivariate Cox analysis (STEP method) was used to establish

a risk score formula. Using the median risk score, patients were

divided into high-risk and low-risk groups.

riskScore =o
i
Coefficient (hub genei)*mRNA Expression (hub genei)

The above dataset based on TCGA-COAD served as a

training set, and the internal test was conducted using

the bootstrap method with 1000 re-sampling. Thereafter, the

coefficient based on model variables was used to calculate the

risk score for each sample in test sets, GSE17536 and GSE39582,

using the predict function in the “survival” R package (https://

CRAN.R-project.org/package=survival>). Finally, a time-

dependent receiver operating characteristic (ROC) curve was

plotted. The area under the curve (AUC) was used to reflect the

performance of the model.
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2.7 Analysis of DEGs in the NPs-related
metabolic model

To acquire genes relevant to the NPs model, DEGs between

the high-risk group and low-risk group of TCGA-COAD

patients were analyzed using the R limma package. The

screening threshold of the significantly different DEGs was

defined as |LogFC| > 1 and adj. P value < 0.05. The DEGs

were visualized using volcano maps and heat maps.
2.8 Functional enrichment analysis

GO (30) analysis is an approach adopted for massive

functional enrichment research, including biological processes

(BP), molecular functions (MF), and cellular components (CC).

Kyoto Encyclopedia of Genes and Genomes (KEGG) (31) is an

extensively used database that stores data regarding genomes,

biological pathways, diseases, and drugs. The ClusterProfiler

package of R (32) was used for GO and KEGG analyses of

significant DEGs. The critical value of FDR less than 0.05

indicated significant difference.

To explore the discrepancies in biological processes among

different subgroups, GSEA was performed according to the gene

expression profiling dataset of COAD patients. The gene set

“c2.cp.v7.2.Symbols. gmt” obtained from the MSigDB (33)

database was used for GSEA. An FDR < 0.25 indicated

statistical significance.
2.9 Identification and correlation analysis
of the tumor immune infiltrating cells

To quantitatively analyze the relative tumor infiltration

degree of various immunocytes in COAD, the ssGSEA

algorithm was employed to differentiate between highly

sensitive and specific phenotypes of various human immune

cells in the tumor microenvironment (TME). The algorithm

revealed 28 gene sets for labeling various tumor-infiltrating

immunocyte types based on a study by Bindea et al. (34). The

gene sets comprised various human immunocyte subtypes, such

as macrophages, mast cells, etc. Enrichment scores obtained

using ssGSEA in R’s GSVA package indicated the degree of

infiltration of various immune cell types in every sample.

Meanwhile, R’s ESTIMATE package (35) was employed to

evaluate the immunological activity of the tumor. ESTIMATE

quantitatively analyzes the immune activity of a tumor sample

according to its gene expression profile to obtain an immune

score per tumor sample. Herein, the discrepancies in immune

infiltration features between the two groups of patients with

COAD were compared.
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2.10 Analysis of copy number
variation (CNV)

To compare the copy number differences between the two

groups of TCGA-COAD patients, the TCGAbiolinks package

(36) of R was used to obtain the Masked Copy Number Segment

information. The downloaded CNV fragments were subjected to

GISTIC 2.0 analysis by GenePattern (https://cloud.genepattern.

org); default parameters were used for the analysis.
2.11 Establishment of the prognostic
model according to the NPs risk score

The predictive power of the NPs risk score in combination

with clinicopathological characteristics on OS based on

univariate and multivariate Cox analysis was used to

demonstrate that the NPs risk score in combination with

clinicopathological features can be used to estimate patient

prognosis. The risk scoring model was then combined with

clinicopathological features to establish a nomogram, and the

accuracy of the model was reflected by the AUC values under the

time-ROC curve. The performance of the rosette was assessed

using a calibration curve that compared the predicted values of

the rosette with the observed actual values. Testing of the model

was carried out using the bootstrap method, and internal re-

sampling was performed 1000 times.
2.12 Establishment of the PPI network
and screening of hub-genes

The STRING (37) online tool was applied to establish the

PPI network. Genes with scores > 0.7, which indicates high

credibility, were selected from the STRING database to construct

the network model visualized using Cytoscape (version3.7.2)

(38). The Maximal Clique Centrality (MCC) of each node was

ca l cu l a t ed us ing the cy toHubba p lug- in (39) in

Cytoscape software.
2.13 Establishment of the
ceRNA network according to
mRNA-miRNA-lncRNA

Information on the miRNA-mRNA interactions was

collected from the miRTarBase database (40). The core

mRNAs acquired from the PPI analysis were used to predict

the miRNAs that might be regulated. The relevant lncRNAs

were further predicted based on evidence from the luciferase

reporter gene assay. The results of ceRNA analysis were

visualized using Cytoscape software. The P values of all
Frontiers in Immunology 05
10
hypothetical tests were two-sided, and a p value of less than

0.05 was considered to indicate statistical significance.
2.14 Statistical analysis

Data analysis was performed using R software. version 4.0.2.

Independent Student’s t test and Mann–Whitney U test (namely

Wilcoxon rank-sum test) were used to estimate the differences

between two groups of normally distributed and two groups of

non-normally distributed continuous variables, respectively. The

c2 test or Fisher exact test was carried out to determine the

difference between the two groups of categorical variables.

Survival analysis was carried out using R’s survival package.

The Kaplan–Meier survival curve was applied to display survival

differences, and log-rank test was performed to compare the

differences in survival. Univariate and multivariate Cox analyses

were based on the R survival package. LASSO analysis was

carried out using the glmnet R package (41).
3 Results

3.1 Expression and mutation of
necroptotic genes in CC patients

The whole research design was illustrated in Figure 1. First,

36 necroptotic genes were extracted from the RNA-seq data of

TCGA-COAD and their expression differences were compared

between the normal group and tumor group. A total of 30

necroptotic genes were found to be differentially expressed, and

only 6 genes were not differentially expressed. Such results

suggest that necroptosis may play crucial role in COAD

(Figures 2A, B). According to the somatic mutation data of

TCGA-COAD samples, mutation information was obtained for

the 36 necroptotic genes using the maftools package. The

necroptotic genes were not found to mutate significantly in

COAD patients, except TP53, in which the mutation frequency

of TNF, CASP6, and TNFSF10 was less than 1% (Figure 2C). In

addition, the prognostic status of the 36 genes was analyzed.

Only TRAF2, RIPK3, and IPMK genes were found to have

significant prognostic differences, and may thus serve as

potential prognostic markers (Figure S1).
3.2 Calculation of the necroptosis score
and screening of characteristic genes

Based on the above differential necroptosis genes, the NPs of

each COAD patient was obtained using the ssGSEA algorithm to

represent the necroptosis level of the patient. The optimal cut-off

value was determined using prognostic analysis based on the

necroptosis score. Thereafter, TCGA-COAD samples were
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divided into groups with high NPs and low NPs. Survival

analysis revealed that patients with low necrosis apoptosis

scores had worse prognosis than patients with high

necroptosis score (log-rank P < 0.024; Figure 3A).

Subsequently, 766 DEGs were acquired through rigorous

analysis, including 380 significantly upregulated and 386

downregulated genes, respectively (Figures 3B, C). A gene co-

expression network was also established to identify biologically

significant gene modules through WGCNA and further identify

genes closely related to COAD necroptosis. In this study, 4

modules (except grey module) were obtained for subsequent

analysis (Figures 3D, E). As shown in Figure 3F, we integrated

the difference analysis results with the MEturquoise, MEblue,

and MEbrown modules to obtain a total of 209 necrotizing

apoptotic characteristic genes.
3.3 Identification of necroptotic subtypes

Based on the above genes with necroptosis characteristics,

consistent clustering was employed to cluster LIHC samples.

Here, K=2 was selected and two subgroups, subgroup 1 and

subgroup 2, were obtained (Figure S2A). Dimension reduction

analysis was conducted via PCA and the PCA results of the two
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groups were plotted. Based on the results, the degree of

differentiation between the two groups was not obvious, which

may be due to the insignificant clustering gene characteristics,

resulting in insignificant grouping differences (Figure S2B). The

prognostic characteristics of subgroup 1 and subgroup 2 was

subsequently analyzed using the KM curve; however, no distinct

difference in prognosis was found between the two groups,

suggesting that clustering subtypes based on all necroptotic

characteristic genes could not distinguish differences in the

prognosis of patients (Figure S2C). However, when the

expression distributions of characteristic genes of type 1 and

type 2 were compared, necroptotic characteristic genes were

found to be significantly differentiated in the two subtypes,

suggesting that the classification is of guiding significance for

assessing the mechanism of necroptosis, but not suitable for

identifying clinical prognostic markers (Figure S2D).
3.4 Construction and evaluation of risk
models related to necroptosis

Based on the necroptosis characteristic genes, a necroptosis-

related risk score system was constructed to quantitatively

evaluate the prognostic information of each COAD patient by
FIGURE 1

The flow chart.
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risk score. First, univariate Cox regression analysis revealed that

23 genes met the screening criteria (P < 0.05). Dimension

reduction was analyzed using LASSO (Figure 4A). When 5

variables were present, the most stable model was obtained.

Multivariate Cox regression analysis revealed that Calbindin 1

(CALB1), Carbohydrate sulfotransferases (CHST13), and solute

carrier family 4 member 4 (SLC4A4) were independent

prognostic factors (Figure 4B). Multivariate Cox analysis was

also carried out to obtain the model coefficients of important

characteristic genes. Thereafter, the gene expression was
Frontiers in Immunology 07
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multiplied and summed with its coefficients to construct a risk

score. The final risk score (necroptosis risk score related to

prognosis) was calculated for each sample. In terms of the risk

score and gene expression values of patients, a heat map of the

risk factors was plotted to show the distribution of the risk score

(Figure 4C). The time-dependent ROC curve analysis revealed

AUC values of 0.684, 0.657, and 0.710 for the 1-, 3-, and 5-year

OS, respectively, which indicated that risk score was an ideal

predictor of OS in COAD patients (Figure 4D). For the external

dataset test, the GSE39582 and GSE17536 datasets were
A C

B

FIGURE 2

Differential expression and mutation information of necroptotic genes in TCGA-COAD datasets. (A, B) Necroptotic genes were compared
between the normal and tumor groups in TCGA-COAD dataset using the Wilcoxon test. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Mutation
information of the necroptotic genes in TCGA-COAD. "ns" represents "no significance".
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employed. After data normalization, the model was tested. For

GSE39582, the ROC curve revealed AUC values of 0.682, 0.623,

and 0.708 for the 1-, 3-, and 5-year OS, respectively. For

GSE17536, the AUC values were 0.665, 0.712, and 0.758 for

the 1-, 3-, and 5-year OS, respectively, indicating that the model

had been well tested in external datasets (Figure S3).
3.5 Analysis of DEGs and functional
enrichment in patients with high-
and low-risk necroptosis score

To determine the role of the necroptosis-related risk model

on the evolution of COAD samples, TCGA-COAD patients were

divided into high-risk group and low-risk group based on the

expression median value of the COAD patient risk model score
Frontiers in Immunology 08
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in TCGA dataset. Subsequently, the DEGs in the two groups of

patients were identified. Overall, 317 genes were significantly

differentially expressed in COAD patients, among which 185

and 132 genes were significant ly upregulated and

downregulated, respectively (Figures 5A, B).

Functional enrichment analysis was performed using 317

genes identified as significantly DEGs. The GO analysis results

revealed that the significant DEGs were related to GO:0044421

extracellular region part, GO:0005576 extracellular region,

GO:0042588 zymogen granule, GO:0071752 secretory dimeric

IgA immunoglobulin complex, and other functions (Figure 5C).

KEGG functional analysis suggested that significant DEGs

mainly had an impact on nitrogen metabolism, bile secretion,

and rheumatoid arthritis, and other pathways (Figure 4D). Many

pathways were found to be related to immunity, such as the

chemokine signaling pathway, WNT signaling pathway, etc.
A B C

D E

F

FIGURE 3

Screening of genes associated with necroptosis. (A) Survival analysis results revealed marked difference in survival status between groups with
high and low necrotizing apoptosis scores (log-rank P =0.024); (B, C) Volcano maps and heat maps revealing DEG expression among COAD
samples in the groups with high and low necrotizing apoptosis. (D) Quality control result selected by WGCNA softpower as 4. (E) Set of genes
associated with the necroptosis phenotype analyzed and screened using WGCNA. The heat map demonstrated the correlation and significant
difference between different gene modules and necroptosis score, where the P values are shown in parentheses. (F) Intersection of DEGs and
genes in the significant module of WGCNA.
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Detailed GO and KEGG results are presented in Tables S2

and S3.

Based on the results of expression analysis, we continued

GSEA and summarized the related results of the pathway

database based on C2. KEGG pathway results and GSEA

results revealed distinct differences in the activity of the JAK-

STAT signaling pathway, WNT signaling pathway, fructose and

mannose metabolism, primary immunodeficiency, and nitrogen

metabolism (Figure 5). The detailed results of GSEA and the

metabolism-related pathways are provided in Table S4. These
Frontiers in Immunology 09
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findings coincide with those obtained from the KEGG database,

and suggest the activation and inhibition characteristics of the

high- and low-risk groups.
3.6 Protein interaction and regulatory
network analysis

In terms of the DEGs in the high- and low- risk groups, we

aimed to identify the hub gene that played a key role, and its
A C

B D

FIGURE 4

Prognostic model and model test based on necroptotic characteristic genes. (A) LASSO regression analysis; the number of variables
corresponding to the optimal l value is 5. (B) Three genes identified as independent prognostic factors through multivariate Cox stepwise
regression analysis. *P < 0.05. (C) Risk score distribution and survival status of COAD patients; (D) TimeROC curve of TCGA-COAD (training set).
Internal validation was performed using the Bootstrap method, with 1000 iterations.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1085038
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2022.1085038
potential molecular interaction mechanism. First, the STRING

database was used to analyze the protein interaction mechanism.

As shown in Figure 6A, after screening with a confidence of

0.700, the number of PPI nodes (protein) was 233. Further, 81

edges were identified, with an average connection degree of

0.695 for each node. The enrichment statistic P value of the

whole PPI network was less than 1.0e-16.

The interacting proteins were further identified as hub genes

using the cytoHubba plugin in Cytoscape. After the calculations,

MUC5AC, MUC5B, WNT16, WIF1, and other interacting

proteins that had the top 8 scores were found (Figure 6B).
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Subsequently, miRNA molecules and lncRNAs that potentially

regulate these hub genes were analyzed using miRTarBase

database. Finally, a ceRNA regulatory network was established

using Cytoscape (Figure 6C).
3.7 Differential expression analysis of
immunocyte infiltration

The influence of necroptosis-associated risk scores in

patients with TCGA-COAD on their holistic immune
A C

B D

E

FIGURE 5

DEG analysis and functional enrichment analysis based on the necroptosis-related risk model. (A, B) Volcano map and heat map revealing DEG
expression between the high- and low- risk groups in TCGA-COAD dataset. (C) GO analysis revealed that the differential genes were correlated
with GO:0044421 extracellular region part, GO:0005576 extracellular region, GO:0042588 zymogen granule, GO:0071752 secretory dimeric
IgA immunoglobulin complex, and other functions. (D) KEGG results revealed that these DEGs participated in nitrogen metabolism, bile
secretion, rheumatoid arthritis, and other pathways. (E) GSEA results suggested that the KEGG results were similar to those of differential gene
enrichment, and the main enrichment pathways were the WNT pathway, JAK-STAT pathway, immune-related pathway, etc.
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characteristics and varying degrees of immunocyte infiltration

was analyzed. Patients in the high-risk group were found to have

significantly lower immune-related scores (P < 0.001); however,

no distinct difference was found in the matrix score (Figures 7A,

B). ssGSEA was used to appraise the changes and effects of

immunological characteristics of COAD tissues during

pathogenesis. Through ssGSEA, the relative enrichment scores

of 28 different subtypes of immunocytes in the high- and low-

risk groups of COAD patients was obtained. Heat maps were

generated to illustrate their expression in different patients

(Figure 7C). Based on the results, the expression abundance of

immunocytes in the low-risk group was lower than that in the

high-risk group. The correlation analysis results revealed that

most immune cell infiltration levels were positively correlated

(Figure 7D). Differential analysis also revealed distinctions in the

infiltration levels of various immune cells between COAD

samples in the high and low necrotizing apoptosis-related risk

groups. Only effector memory CD8+ T cells, immature dendritic

(iDC) cells, and other cells were not found to significantly differ

between the groups (Figure 7E). A distinct difference was found
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between the HLA family expression levels and the various

immunological targets of the high- and low-risk groups.

Further, the immunoactive genes were almost all elevated in

the low-risk group (Figures 7F, G).
3.8 Effects of the necroptosis-related
risk score on genomic changes in
COAD samples

The influence of the necroptosis-related risk score on

changes in genetic variation levels, including single nucleotide

polymorphism and CNV, in COAD patients was evaluated. The

analysis of single-nucleotide mutations in common tumor-

driven genes revealed that the high mutation levels were

similar or close between patients with high and low scores in

the necroptosis-related model (Figure 8A). Based on assessments

of the frequency of CNV changes, CNV was found to be widely

present in high- and low-risk samples. However, no distinct

discrepancy in CNV was found between the two groups
A

B C

FIGURE 6

PPI and regulatory network analysis. (A) PPI regulation network, detailed display of the network node information, connection line information,
and the composition of the different sub-network information. (B) Hub gene regulation network based on cytoHubba calculation. (C) CeRNA
regulatory network predicted using the miRTarBase database. Blue represents miRNA; green represents LncRNA; and Brown represents mRNA.
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(Figures 8B, C). When TMB and MSI were compared between

the two patient groups, no distinct discrepancy in TMB and MSI

was found between the high and low risk groups. This result

suggests that changes at the genomic level were not significant in

the two groups (Figures 8D, E).

Based on the significant role of immunotherapy in tumors,

the TIDE algorithm was employed to calculate the sensitivity of

patients in the high- and low-risk groups to immunotherapy.

The TIDE score in the low-risk group was higher than that in the

high-risk group, suggesting that the immunotherapy response of

the high-risk group might be better than that of the low-risk

group (Figure 8F).
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3.9 Establishment of a prognostic model
according to the necroptosis-related
risk score

To further probe the clinical value of necroptosis-related risk

score, the clinical characteristics related to the high-risk and low-

risk groups, such as the discrepancy in age and TNM stage, were

analyzed. Notably, no distinct discrepancy was found in the age

of patients in the high-risk group (Figure 9A). For gender, the

proportion of women in the high-risk group increased

(Figure 9B). In terms of stage, a significantly higher

proportion of advanced patients was identified in the high-risk
A B E

C

F

D G

FIGURE 7

Correlation between necrosis risk scores and the infiltrates of different immunocytes (A, B) Immune score and stromal score between the low-
and high- risk groups; (C) Heat map showing the invasion degrees of 28 different immune cells in TCGA and GEO database; (D) Association
heat map showing the association between various levels of immunocyte infiltration. (E) Differential analysis of 28 different immunocyte
infiltration levels between the two groups; (F) Analysis of differences in the expression of multiple members of the HLA family between the high-
and low-risk related subgroups; (G) Differential expression analysis of multiple immunotherapy-related targets between the high- and low-risk
related groups. *P < 0.05, **P < 0.01, ***P < 0.001. "ns" represents "no significance".
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A
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D E F

FIGURE 8

Impact of necroptosis-related risk grouping on genetic variation and immunotherapy in COAD samples. (A) Mutation map of common
tumorigenic driver genes in patients in the high- and low-risk groups. Mutation information per gene per sample is presented as a waterfall plot,
and different colors represent different types of mutation. The subsection above the legend shows the sudden change load; (B, C) Changes in
the copy number levels of different genes in the high-risk and low-risk groups, where genes with significant copy number increase in red and
genes with significant copy number deletions in blue; (D, E) Comparison of the difference in MSI level and TMB level between patients in the
high- and low-risk groups, respectively; (F) Discrepancy between the high-risk and low-risk groups based on the tide score calculated from the
tide database. ***P < 0.001. "ns" represents "no significance".
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group (Figure 9C). Subsequently, based on the risk scores

associated with necroptosis and clinicopathologic features (age

and TNM stage), we established a prognostic model for COAD

patients (Figure 9D) and analyzed the model via 1000

resampling using the bootstrap method. Based on timeROC,

the AUC values were 0.798, 0.772, and 0.741 for 1-, 3-, and 5-

years, respectively (Figure 9E). Calibration curves were

generated to present the consistency of the model. A good

consistency was found between the model’s estimated 1-, 3-,

and 5 - y e a r OS and the a c t u a l ob s e r v ed OS o f

patients (Figure 9F).
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4 Discussion

In recent years, the incidence of CC among young people has

gradually increased (42). Necroptosis has different functions in

diverse tumors, including promoting tumor progression in lung

cancer, pancreatic cancer, and glioblastoma (43–45), or

inhibiting tumor growth in gastric cancer (GC), head and neck

squamous cell carcinoma, melanoma and CRC (46–49).

Necroptosis also has a two-way effect of promoting cancer and

suppressing cancer in breast cancer (50, 51). As a result, we

cannot appraise the prognosis of CC according to the expression
A B C

D E

F

FIGURE 9

Performance of the necroptosis risk scores in the prediction of prognosis for patients with COAD. (A-C) Superimposed histogram showing the
proportion of age, sex, and stage in patients in the high- and low-risk groups. The effect of age was similar in both groups, with an increased
proportion of women in the high-risk group and significantly more advanced patients in the high-risk group. (D) Nomogram of the model.
(E) Time-dependent ROC curve of the clinical prediction model based on risk score. (F) For the calibration curve of the nomogram, the
bootstrap method was adopted, and resampling was performed 1000 times. The abscissa is the survival predicted by the nomogram, and the
ordinate is the actual observed survival. The calibration plot revealed that the bias-corrected line for 1-, 3-, and 5- years OS was close to the
ideal line, indicating good consistency between the predicted value and the actual value.
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of individual necrosis regulators alone. Targeting NRGs is

regarded as one of the effective methods for reducing tumor

chemotherapy resistance, opening up a new approach for cancer

treatment (52). A prior study revealed the construction of a

prognostic model of lncRNA associated with GC necroptosis to

differentiate hot and cold tumors of gastric carcinoma, to

ultimately predict prognosis and the effectiveness of

immunotherapy (53). Nevertheless, the theory of necroptosis

in CC remains indistinct. In this study, prognostic risk models

based on NPs characteristic genes was constructed to predict

prognosis and immunotherapy, and systematically analyze the

correlation between immune cell infiltration, immune

checkpoints, and CC.

A total of 30 necroptotic genes were found to be differentially

expressed. Thereafter, an analysis of DEGs revealed 766 DEGs in

the high NPs group and low NPs group. A gene co-expression

network was also established to identify biologically significant

gene modules through WGCNA. Finally, a total of 209

necrotizing apoptotic characteristic genes were identified. The

results of univariate Cox regression analysis, LASSO, and

multivariate Cox regression analysis revealed that CALB1,

CHST13, and SLC4A4 are independent prognostic marks. The

final risk score was then calculated for each sample.

CALB1 is a vitamin D-dependent calcium-binding protein

with six EF hands on the long arm of chromosome 8 at position

21.3 (54). CALB1, a component of Calbindin, has been

confirmed to restrain tumor cell apoptosis. A prior study

suggested that CALB1 may exert carcinogenic effects in

ovarian cancer by inhibiting the p53 pathway (55). CALB1 is

overexpressed in nonsmall cell lung cancer (NSCLC) tissues, and

has a significant connection with lymph node metastasis and

prediction of worse survival (56). In osteosarcoma, the

downregulation of CALB1 gene expression resulted in reduced

cell proliferation and cell clonal formation (57). In this study,

CALB1 was verified to be an independent risk factor for

prognosis. Further, its expression was found to increase,

indicating poor prognosis of patients. Previous studies did not

directly explain the relationship between CALB1 and CC.

However, this study provides ideas for future diagnosis and

treatment using CALB1 as an oncogene.

Chondroitin sulfate (CS) is a glycosaminoglycans (GAGs)

that participates in multiple biological processes and exerts

crucial function in the interaction among stromal tumor cells

(58). CHST13 gene is located on chromosome 3q21.3. A prior

study suggested that CHST13 may serve as a negative regulator

of HCC cell invasion and chemotherapy sensitivity by

modulating Mitogen-Activated Protein Kinase (MAPK)

activity (59). The mRNA expression of CHST13 was found to

be significantly higher in in ovarian cancer specimens than in

non-malignant tumor specimens (60). The results of this study

indicate that CALB1 is an independent prognostic marker that

plays the role of an oncogenic gene in the occurrence and

development of CC. Thus, CALB1 could serve as an original
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biomarker for the diagnosis and prognosis evaluation of CC.

However, no prior study has revealed that CHST13 can serve as

a high-risk independent prognostic factor for OS. Accordingly,

the present study is an important supplement to this field.

Homo sapiens solute vector family Member 4 (SLC4A4) is a

member of the solute vector family which encodes an

electrogenic Na+/HCO3− cotransporter (61). A previous study

showed that SLC4A4 is increasingly expressed in prostate cancer

tissues and cell lines. Further, the SLC4A4 expression level in

cancer tissues was significantly associated with the degree of

disease progression. SLC4A4 promotes prostate cancer

progression through the Akt-mediated signaling pathway (62).

Mir-222-3p expression was increased in PTC, while that of

SLC4A4 was low. SLC4A4 could reverse the promoting

function of Mir-222-3p on the proliferation, invasion, and

migration of PTC cells (63). SLC4A4 had a lower expression

in CRC than normal tissue, indicating that SLC4A4 was

associated with poor prognosis (64). This study revealed that

SLC4A4 may be an individual prognostic factor for CC patients

and may exert a protective function in the tumorigenesis and

progression of CC, which aligned well with the proposals from

existing studies.

TCGA-COAD samples were divided into high- and low-risk

groups based on the median expression value of the COAD

patient risk model score in TCGA dataset. DEG analysis and

functional enrichment analysis were then performed. The main

enrichment pathways included the WNT pathway, JAK-STAT

pathway, primary immunodeficiency pathway, chemokine

pathway, fructose and mannose metabolism, nitrogen

metabolism, etc.

The abnormal WNT signaling pathway is highly relevant to

tumorigenesis and progression of multiple tumors, including CC

(65–67). A previous study confirmed that activation of Wnt/b-
catenin signaling contributes to the aberrant expression of

several oncogenes that regulate the dedifferentiation phenotype

and EMT in CC cells (68). Another study demonstrated that

RBBP4 activates the Wnt/b-catenin pathway to accelerate the

progression of CC (69). Based on this analysis, the WNT

signaling pathway was identified to be significantly

differentially enriched in the high-risk group phenotype.

The JAK/STAT pathway plays an increasingly vital role in

regulating immune function, cell proliferation, differentiation,

and death (70–72). Fibroblast growth factor receptor was

reported to mediate PD-L1 expression in CC by activating the

JAK2/STAT3 signaling pathway (73). Notably, activation of the

JAKs structure promotes phosphorylation of the STAT family

(74). The STAT3 signaling pathway is in close contact with the

construction of a tumorigenic inflammatory microenvironment

(75). The proliferation and viability of macrophages were

reported to be enhanced by STAT3 activation, the immune

tolerance of CC cells, and inhibition of extracellular matrix

remodeling, thereby playing tumor-promoting roles (76).

Based on this analysis, the JAK/STAT signaling pathway was
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identified to be significantly differentially enriched in the low-

risk group phenotype. Consistent with the results of this study,

necroptosis may promote tumor progression by inhibiting the

JAK/STAT pathway.

A systematic review of all cases of clinically diagnosed

primary immunodeficiency and early-onset gastrointestinal

(GI) cancer in three publicly available databases (MEDLINE,

SCOPUS, and EMBASE) was previously conducted. Based on

the results, primary immunodeficiency may be linked with

potential risk factors for GI tumor. Adenocarcinomas of the

stomach and colon were identified as the most common GI

tumor (77). A previous literature revealed the involvement of

chemokine (CC theme) ligand 7 (CCL7) in the progression

of CRC (78). Another literature revealed the ectopic expression

of the novel chemokine, CXCL17, in primary CC. The

expression of CXCL17 might inform the prognosis of CC

patients as CXCL17 enhances angiogenesis and attracts

immune cells (79).

Based on the differential genes in the high and low risk

groups, we opted to identify the key hub genes and their

underlying molecular interaction mechanisms. These hub

genes were MUC5AC, MUC5B, WNT16, WNT11, WIF1,

SFRP5, B3GNT6, and GALNT12.

Mucin is a type of high molecular weight glycoprotein that is

mainly involved in protecting epithelial cells of different organs

from physical, chemical, and pathogenic damage (80). Mucin

has abnormal expression in many malignant tumors, which is

correlated with the proliferation, migration, invasion, adhesion

and metastasis of tumor cells (81, 82). Changes in mucin

expression have been reported to have a high correlation with

the occurrence of CRC (81). Normally, expression of the secreted

mucin, MUC5AC, is restricted to the stomach, lung, ear,

conjunctiva, nasopharynx, and gallbladder. Several studies

revealed that secreted MUC5AC is overexpressed in pancreatic

cancer, lung cancer, and breast cancer (83–85). In fact, the

secreted mucin, MUC5AC, was not identified in normal

colonic mucosa, but was present in benign and malignant

colon (80, 86). Prior literature confirmed that MUC5AC

across the membrane protein, CD44, mediated the initiation

and progression of CC, and provided resistance to

chemotherapy in CRC through the b-catenin/p53/p21
signaling pathways (87). Secreted MUC5B mucin is generally

not expressed in normal adult gastrointestinal mucosa, but has

been proven to be differentially overexpressed in some subtypes

of GC and CRC (88–90).

Numerous studies proved that over-activation of the Wnt

signaling pathway is the main culprit in the onset of most human

malignant tumors (91, 92). The Wnt signaling pathway plays a

crucial role in multiple biological processes, such as

embryogenesis and tissue homeostasis, exerting significant

functions in the tumorigenesis and progression of CRC (93). A

previous study found one or more mutations downstream in the

Wnt signaling pathway, especially adenomatous polyposis coli
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(APC), in more than 90% of patients with CRC (94). WNT16 is

one of the most impressive members of the WNT pathway (95,

96). TheWnt signaling pathway consists of canonical signals and

noncanonical signals. Transmembrane proteins and their

receptors mediate canonical Wnt signaling. Atypical Wnt

signaling involves two pathways: the Wnt/Ca2+ pathway and

the Wnt/c-jun N-terminal kinase (JNK)(planar cell polarity)

pathway (97, 98). Wnt11 exerts its role via the noncanonical

WNT pathway (97). Studies have confirmed that Wnt11 has a

vital effect in the regulation of CRC cell proliferation, migration,

and invasion (99, 100).

Wnt inhibitory factor 1 (WIF1) can interact with the Wnt

protein to inhibit the canonical and non-canonical Wnt

pathways to exert tumor inhibitory effect. WIF1 silenced by

methylat ion has been found to part ic ipate in CC

progression (101).

Secreted frizzled-related protein 5 (SFRP5) is a new type of

adipocytokine, belonging to the SFRP family. Plasma SFRP5

levels were found to be distinctly decreased in obese patients and

patients with diabetes, coronary artery disease, and other related

diseases (102, 103). SFRP5 is underexpressed in moderate tumor

tissues including lung cancer, ovarian cancer, GC, and breast

cancer tissues, and is associated with poor prognosis (104–107).

GALNT12 has been revealed to be a strong candidate for CRC

susceptibility (108).

The B3GNT protein family is differentially expressed in

multiple cancers, such as GI cancer, pancreatic carcinoma, and

prostate cancer (109–111). The expression of B3GNT was found

to be significantly decreased in GC and CRC (112). Although the

8 hub genes are relevant to tumorigenesis and progression,

relevant studies on CRC are insufficient.

Based on increasing evidence, the ceRNA regulatory

network plays a key role in the progression of various

common cancers (113, 114). Shang et al. (115) found that the

tumor-derived exosome, circPACRGL, acts as a sponge molecule

of miR-142-3p/miR-506-3p, promoting the propagation,

diversion, invasion, and adhesion of CC cells and N1 to N2

neutrophil differentiation. Wu et al. (116) showed that the

LNC473-MIR574/miR15B-APAF1 IRES signaling axis could

manipulate the propagation and apoptosis of CRC cells to

influence the initiation and progression of CRC. In this study,

a ceRNA regulatory network was constructed with 1 lncRNA, 5

miRNAs, and 3 mRNAs, revealing the potential regulatory

mechanism of lncRNA-miRNA-mRNA in CC, and indicating

the direction for further exploration of the pathogenesis of CC.

The immune microenvironment of CC and immunotherapy

for CC patients should be explored. Immune cells in the TME

perform vital functions in tumor progression (117). Based on

prior studies, immune checkpoint inhibitors (ICIs) have great

potential in immunotherapy of CC (118).

Immunocheckpoint inhibitor therapy of CC is in the “MSI

era” because microsatellite instability (MSI) or mismatch repair

gene status (MMR) is the best predictor of efficacy. Based onMSI
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status, CC patients can be divided into two groups according to

the efficacy of immunotherapy: “advantaged population” –MSI-

H/dMMR type (MSI-H type for short); “Invalid population” –

MSS/pMMR type cancer (MSS type cancer for short) (119).

However, only about 5% of metastatic colorectal cancer (mCRC)

is MSI-H, and about 95% is MSS type (120). How to turn “cold

tumor” into “hot tumor” effective for immunotherapy has been a

hot research direction. EYNOTE 016 Phase II clinical trial

results showed that the objective response rate (ORR) of MSI-

H mCRC patients was 40%, while the ORR of MSS mCRC

patients was 0 (121). Immunotherapy has enriched the

treatment modalities of multiple malignancies, including

cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and

inhibitor of programmed death-1 (P D-1)/programmed cell

death ligand 1(PD-L1). In patients with MSS mCRC, single-

agent immunotherapy has failed, and multiple clinical trials of

immunotherapy in combination with other therapies are being

actively explored, including combination immunotherapy and

immunotherapy combined with targeted therapy, radiotherapy,

oncolytic virus, bisspecific antibodies, etc. Pd-1/PD-L1

inhibitors in combination with other immunotherapies may

play a synergistic role in enhancing the antitumor effect. In a

Phase II trial, durvalumab, a PD-L 1 inhibitor, combined with

CTLA-4 inhibitor tremelimumab in refractory mCRC patients

(92% pMMR/MSS) showed significant benefits in overall

survival (OS) (122). In addition, in 2019, 24 patients with

pMMR/MSS colon cancer who had failed standard treatment

were included in the REGONIVO study. The ORR reached

33.3% after treatment with regorafenib combined with

navulizumab, which significantly improved progression free

survival (PFS) and OS (123).

In this study, the low-risk group was found to have higher

levels of infiltration of multiple immunocytes, several HLA

family members, and multiple immunotherapy targets. In

addition, based on the significant role of immunotherapy in

tumors, the TIDE algorithm was used to assess the sensitivity of

both groups to immunotherapy. The TIDE score was lower in

the high-risk group than the low-risk group, suggesting that the

immunotherapy response of the high-risk group might be better

than that of the low-risk group.

To further enhance the prediction accuracy of the model, a

nomogram model based on the risk score prognostic model and

clinical indicators (including age and pathological stage), which

markedly improved the precision of the model, was established.

The time-dependent ROC curve suggested that the risk score

had favorable predictive performance for the OS of COAD

patients. Calibration curves revealed a good consistency

between the model’s estimated 1-, 3-, and 5-year OS and the

actual observed OS of patients.
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This study had some limitations. First , c l inical

information and basic experimental verification are lacking.

Further, the reliability of the results is dependent on the

accuracy of TCGA dataset. In the future, the results of this

study should first be verified through clinical trials and basic

experiments. Prospective studies are also needed as

retrospective studies may be subject to bias. Finally, clinical

follow-up data are lacking to prove the accuracy of our

prognostic model.

In this study, a prognostic risk model based on NRGs was

established, and the diagnostic and predictive significance of the

risk model was evaluated. The results of this study will help to

reveal the pathogenesis of CRC, enabling the development of

new diagnostic ideas, and facilitate the search for new

therapeutic targets and prognostic molecular markers.
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Long noncoding RNAs (lncRNAs) possess the potential for therapeutic
targeting to treat many disorders, including cancers. Several RNA-based
therapeutics (ASOs and small interfering RNAs) have gained FDA approval
over the past decade. And with their potent effects, lncRNA-based
therapeutics are of emerging significance. One important lncRNA target is
LINC-PINT, with its universalized functions and relationship with the famous
tumor suppressor gene TP53. Establishing clinical relevance, much like p53,
the tumor suppressor activity of LINC-PINT is implicated in cancer
progression. Moreover, several molecular targets of LINC-PINT are directly
or indirectly used in routine clinical practice. We further associate LINC-PINT
with immune responses in colon adenocarcinoma, proposing the potential
utility of LINC-PINT as a novel biomarker of immune checkpoint inhibitors.
Collectively, current evidence suggests LINC-PINT can be considered for use
as a diagnostic/prognostic marker for cancer and several other diseases.

KEYWORDS

PINTology, LncRNA, LINC-PINT, Colon adenocarcinoma (CAC), Cancer biomarkers,
Cancer therapy, Immune checkpoint inhibitors

Introduction

Sequencing of the human genome has revealed that ~20,000 traditional genes encode
protein molecules, occupying just 2% of the total genetic landscape (Salzberg, 2018;
Viggiano, 2022). The remaining genome consists of non-protein-coding regions,
including numerous ‘RNA only’ genes, among which there is a large but diverse
group called long non-coding RNAs or lncRNAs for short (Elkon and Agami, 2017;
Dietlein et al., 2022; Paloviita and Vuoristo, 2022). Subsequent analyses have shown that
lncRNAs fulfill various regulatory roles in healthy and cancerous tissues (Geng et al.,
2018; Bi et al., 2019; Farzaneh et al., 2022a; Farzaneh et al., 2022b; Farzaneh et al., 2022c;
Nasrolahi et al., 2022). As such, their expression and function are often altered in disease
states (Kleinbrink et al., 2021; Yang et al., 2021; Anderson and Anderson, 2022; Dietlein
et al., 2022; Erdogan et al., 2022) with selected examples now being used as diagnostic
markers for various diseases including cancers (Li et al., 2019; Deng and Zou, 2022;
Najafi et al., 2022; Zhang et al., 2022). Among these, one particular lncRNA called LINC-
PINT (P53 Induced long Non-coding Transcript) appears exceptional because of its
universalized functions and relationship to the famous tumor suppressor gene P53 (He
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et al., 2021; Bukhari et al., 2022). Indeed, like P53, LINC-PINT
was first proposed as an oncogene but later revealed as a tumor
suppressor in human cancers.

LINC-PINT contributes to a variety of biological processes
impacting cancer cell growth and metastasis, with involvement in
processes ranging from DNA damage responses to cell senescence
and apoptosis (Simchovitz et al., 2020; He et al., 2021; Wang et al.,
2021; Xiang et al., 2021; Zhang et al., 2021; Bukhari et al., 2022). It
has also been shown to be an essential regulator of many other
diseases, including autoimmune diseases (Wang and Zhao, 2020;
Salviano-Silva et al., 2021). These functions arise through
interactions affecting epigenetic regulation or direct interactions
with other biomolecules, including proteins and other lncRNAs (Xu
et al., 2019; Bukhari et al., 2022). Some alternatively spliced variants
of LINC-PINT also act as host transcripts for circular RNA
(circRNA) generation, and these can serve as sources for the
translation of short functional peptides (Xiang et al., 2021). More
than 100 alternatively spliced variants of LINC-PINT have been
identified (Bukhari et al., 2022). Still, to date, only a few of these have
been thoroughly studied—a feature earning the name PINTology to
describe the current and future studies involving LINC-PINT.

Therapeutic importance of lncRNA
LINC-PINT

Cancer cells exhibit variability formally termed tumor
heterogeneity, and this is a well-known explanation behind the
failure of cancer therapy where resistant cells selectively survive
repeated drug treatments (Brutovsky, 2022; Mahinfar et al., 2022).
Contributing to this problem is also the lack of suitable diagnostic,
therapeutic and prognostic biomarkers (Najafi, 2022). Hence,
optimizing treatment outcomes for any disease is only possible with
full knowledge of the underlying mechanisms. In this regard, recent
studies involving lncRNAs have substantially contributed to
understanding the cancer (Li et al., 2022b; Singh et al., 2022; Zhong
et al., 2022). However, exploiting the potential of lncRNAs as
biomarkers and therapeutic targets is just the beginning (Mirzaei
et al., 2022). For example, lncRNAs associated with immune
checkpoints (Li et al., 2022a; Jiang et al., 2022; Wen et al., 2022)
have been used as disease biomarkers in the new wave of cancer
immunotherapy that is currently revolutionizing oncology practice
(Figure 1A). Nevertheless, small successes in the clinical setting are
expected to help build confidence in lncRNAs as biomarkers and
produce the momentum needed for their broader applications.

Although the tumor-suppressive function and downregulation
of LINC-PINT in different cancers have been thoroughly established
(He et al., 2021; Bukhari et al., 2022), its clinical use remains
extremely limited. It is interesting to note that many of the vital
protein targets of LINC-PINT involved in cell cycle regulation are
already widely used in the diagnostic setting (Caputo et al., 2014; Xu
et al., 2019). Furthermore, some of these are cancer treatments with
inhibitors of LINC-PINT’s targets now being used in treating
melanoma (George et al., 2019). As a starting point, the most
appropriate clinical application of LINC-PINT would be as a
diagnostic or predictive marker for specific cancers such as
esophageal cancer, where LINC-PINT has been associated with
cancer recurrence (Zhang et al., 2019; Rong et al., 2021). Indeed,
the abnormal expression of LINC-PINT reflects many vital
predictors of cancer outcomes such as lymph node metastasis,
tumor size, and differentiation status (Figure 1A). Notably, the

FIGURE 1
Clinical potentials of LINC-PINT. (A) Overview of the clinical
applications of LINC-PINT. In short, it can be used as a prognostic
marker to ascertain the course of cancer progression based on its
expression level. It can also be used as a diagnostic marker to aid
the early detection of ontological transformation. The third type of
application, already in pre-clinical testing, predicts response to cancer
therapy. Finally, less explored but equally important is the potential of
LINC-PINT-based studies to determine the susceptibility of healthy
subjects to cancer. These applications can be used, in turn, to tailor
and administer suitable lncRNA-based cancer therapies. Correlation
of LINC-PINT expression with (B)Overall survival and (C) Disease-free
survival in Colon Adenocarcinoma (D) Association of LINC-PINT
expression with immune scores, including stromal, immune, and
ESTIMATE scores, (E) Tumor Mutation Burden, and (F–G)
microsatellite instability in colon adenocarcinoma patients.
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levels of LINC-PINT released by tumor cells into the blood could
also be used tomeasure therapeutic responses, as specific anti-cancer
drugs induce the re-expression of LINC-PINT. Other positive
associations with neuropathy along with pemphigus foliaceous,
diabetes, and arthritis may also be exploited, suggesting LINC-
PINT as a multifaceted target for cancers and other diseases.

Data collection

The complete gene expression profiles and clinical information of
473 colon cancer patients were downloaded from the TCGA online
database (https://portal.gdc.cancer.gov/). The R software package
“maftools” was used to calculate each sample’s tumor mutation
burden (TMB). The microsatellite instability (MSI) score and
groupings of the “TCGA-COAD” samples were downloaded using
“TCGAbiolinks,” including: “MSI -H,” “MSI-L,” and “MSS.”

Survival and immune function analyses

We analyzed the overall survival and disease-free survival of
LINC-PINT in COAD within the online database GEPIA (http://
gepia.cancer-pku.cn/). The Estimation of Stromal and Immune Cells
in Malignant Tumors using the Expression Data (ESTIMATE)
algorithm was used to determine the unique properties of the
transcriptional profiles to infer the tumor cellularity as the tumor
purity. The relationship of LINC-PINT expression, Stromal Score,
and Immune Score with ESTIMATEScore was plotted as a violin
plot using the “violin” package in the R program. Furthermore, we
analyzed the correlations between different LINC-PINT expression
groups, TMB and MSI with data presented as boxplots and
scatterplots using “ggplot2”.

Relationship between LINC-PINT and
immune responses in colon
adenocarcinoma (COAD)

We assessed the survival of patients and immune function
associated with LINC-PINT expression in COAD tissues from
the TCGA resource. Notably, patients whose tumors expressed
low levels of LINC-PINT showed better overall and disease-free
survival (Figure 1B, C). Subsequently, LINC-PINT showed a
strong association with immune indicators, Tumor Mutation
Burden (TMB), and Microsatellite Instability (MSI) in the
COAD tumor microenvironment. COAD cases exhibiting
higher expression of LINC-PINT had significantly lower
immune scores, including stromal, immune, and ESTIMATE
scores (Figure 1D), meaning that patients with low expression
of LINC-PINT have a better immune response. Additionally,
TMB and MSI have been used as prognostic markers for many
cancers, especially for those receiving immunotherapy (Rizzo
et al., 2021); thus, these can be used as predictive biomarkers for
the efficacy of immunotherapy. Patients with low expression of
LINC-PINT showed significantly higher TMB and MSI scores
(Figures 1E–G), reflecting that LINC-PINT may be used as a
novel biomarker of immune checkpoint inhibitors (ICIs).

Clinical features of LINC-PINT in COAD

Additionally, we took advantage of the clinical characteristics
and other clinical information of the 388 COAD cases available
within the TCGA database. We stratified patients based on LINC-
PINT expression in their primary tumors, dividing the samples
into high-expression and low-expression groups. The
relationship between LINC-PINT and the clinical features of
COAD was then studied using the Wilcoxon rank sum test using
p < 0.05 to denote statistical significance. Table 1 compares the
differences between the high and low-expression LINC-PINT
groups wherein high LINC-PINT expression showed a
significantly higher proportion of tumor metastasis index
(M1) cases compared to the low-expression group (p =
0.0357). Similarly, the boxplot analysis showed that the
expression level of LINC-PINT was higher in patients with
metastases (Figure 2A) (p = 0.003).

Furthermore, we validated the immune efficacy of LINC-PINT
expression via the TCIA database. The IPS values were calculated based
on immunogenicity from the TCIA database and then analyzed against
LINC-PINT expression, finding higher effectiveness of immunotherapy
in the low-risk group (p < 0.001) (Figures 2B, C). Moreover, Tumor
Immune Dysfunction and Exclusion (TIDE) algorithm predicts ICB
response and evaluates immune escape ability (http://tide.dfci.harvard.
edu/). Therefore, we used the TIDE database to verify the relationship
between risk scores and immune checkpoint inhibitors (ICIs) and
found that the high LINC-PINT expression group has lower TIDE
scores (Figure 2D). Together, this suggests that patients with high
LINC-PINT expression have a lower possibility of immune escape than
patients with low LINC-PINT expression, so they are more suitable for
Immune Checkpoint Inhibitors (ICI) treatment.

The relationship between LINC-PINT and
anticancer therapies

In addition, we also analyzed the relationship between the
expression of LINC-PINT and tumor sensitivity to
immunotherapy and chemotherapy drugs. IPS-PD1/PD-
L1 blocker and IPS-CTLA4 blocker data on COAD from the
TCGA were obtained and analyzed using The Cancer Immunome
Atlas database (TCIA, https://tcia.at/home) to predict the
patients’ response to ICI as high- and low-risk groups. To
explore the efficacy of chemotherapeutic drugs and their
relationship with PINT, we used the pRRophetic package.
Using the Wilcoxon test, we screened the chemotherapeutic
drugs significantly different in the LINC-PINT expression
group and displayed the IC50 distribution of different drugs in
the two groups of samples through a boxplot (pFilter = 0.0001).
We chose the top 10 chemotherapy drugs having highly
significant differences in different risk groups and displayed
the IC50 distribution of different drugs in the two groups of
samples by boxplot (pFilter = 0.0001) (Figure 2E–N). The results
showed that COAD patients with different expressions of LINC-
PINT have apparent differences in sensitivity to various
chemotherapeutic drugs, particularly patients whose tumors
exhibit low LINC-PINT expression are more sensitive to
chemotherapy.
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TABLE 1 Clinical features of the LINC-PINT in COAD. Out of the total of 473 COAD samples, we filtered out the complete clinical information of 388 cases from TCGA,
and based on the LINC-PINT expression, the patients were divided into high and low-expression groups. Furthermore, patients were categorized based on their
clinical characteristics (age, gender, T, N, M, stage, etc.) and compared the distribution of LINC-PINT high and low-expression samples in different groups. The
proportion of M0 and M1 in the high-expression group was 80.2% and 19.8%, whereas in the low-expression group M0 and M1 proportion was observed as
88.48% and 11.52%, respectively. The distributions of metastasis-related clinical features were also significantly different than the control.

Covariates Type Total High_LINC-PINT Low_LINC-PINT p-value

Age ≤65 152 (39.18%) 68 (34.52%) 84 (43.98%) 0.0711

Age >65 236 (60.82%) 129 (65.48%) 107 (56.02%)

Gender FEMALE 184 (47.42%) 87 (44.16%) 97 (50.79%) 0.2284

Gender MALE 204 (52.58%) 110 (55.84%) 94 (49.21%)

Stge Stge I-II 225 (57.99%) 111 (56.35%) 114 (59.69%) 0.573

Stge Stge III-IV 163 (42.01%) 86 (43.65%) 77 (40.31%)

T T1-2 73 (18.81%) 31 (15.74%) 42 (21.99%) 0.1482

T T3-4 315 (81.19%) 166 (84.26%) 149 (78.01%)

M M0 327 (84.28%) 158 (80.2%) 169 (88.48%) 0.0357

M M1 61 (15.72%) 39 (19.8%) 22 (11.52%)

N N0 233 (60.05%) 116 (58.88%) 117 (61.26%) 0.8924

N N1 88 (22.68%) 46 (23.35%) 42 (21.99%)

N N2 67 (17.27%) 35 (17.77%) 32 (16.75%)

FIGURE 2
Relationship between LINC-PINT and clinical characteristics of patients with COAD. (A) Boxplot of differences in LINC-PINT expression levels
between metastatic and non-metastatic groups of COAD patients. M0: non-metastasis; M1: tumor metastasis. (B, C) The immunophenotype scores in
the low-LINC-PINT group and high-LINC-PINT group. (D) The TIDE score distribution between high- and low- LINC-PINT groups. (E–N)Drug sensitivity
analysis of multiple chemotherapeutic drugs in the high LINC-PINT expression group and the low LINC-PINT expression group, respectively.
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The future of lncRNA LINC-PINT

Compared to most lncRNAs, extensive literature exists for LINC-
PINT, but a key question is whether this truly reflects most or, if not all,
the underlying molecular mechanisms involved. In particular, the
relationship between the functions of LINC-PINT in cancers versus
non-malignant diseases needs to be better explored. For example, in
viral hepatitis leading to liver cancer development, LINC-PINT
foremost contributes to inflammation during viral infection and then
later, to the pathogenic properties of the cancer cells (Khatun et al.,
2021a; Khatun et al., 2021b), but whether the underlying processes
involved are the same in both disease stages is not clear. Consequently,
more intensive patient-based clinical studies are required to dissect these
points. Furthermore, the large number of splice variants complicates this
task, and it will be necessary to identify which variants share functions
versus those that contribute to different functions. It is worth
mentioning that at least one LINC-PINT variant produces small
peptides, but this phenomenon’s frequency needs to be clarified. As
functional products, these peptides may themselves serve as diagnostic
molecules or treatment targets. It would be similarly valuable to
ascertain more knowledge of the natural activators or inhibitors of
LINC-PINT, which could be used to open potential new doors in cancer
therapeutics. And to end on a sobering note, the number of lncRNA
genes may rival or exceed the number of coding genes with LINC-PINT
just one amongst thousands. However, there is the expectation that the
pioneering studies involving LINC-PINT will provide important
precedents for the clinical applications of lncRNAs.

Discussion

LncRNAs are crucial regulators of various cellular pathways
specifically cancer-associated pathways and use different mediators to
function (Peng et al., 2017; Kopp and Mendell, 2018; Ali and Grote,
2020), while themajority of lncRNAs are functionally uncharacterized (Li
et al., 2017; Lorenzi et al., 2021). Specifically, the regulation of lncRNAs
occurs during specific occasions, such as development and cell growth
(Sun et al., 2018). Mechanistically, lncRNAs bind with DNA, RNA, and
proteins for transcriptional, post-transcriptional, and post-translational
regulations (Schmitt et al., 2016; Hull et al., 2021; Yue et al., 2021).
LncRNAs play vital roles in cancer initiation and progression or
inhibition by affecting various pathways and expression of genes
(Zhuo and Kang, 2017; Statello et al., 2021), showing that lncRNAs
are either onco-suppressor or onco-promoter.

Similarly, LINC-PINT is a crucial lncRNA that mainly acts as an
onco-suppressor in various cancers, but its clinical use is almost
neglected. However, studies have suggested it as a potential
biomarker for cancer prognosis (Ghafouri-Fard et al., 2021; He
et al., 2021; Ghafouri-Fard et al., 2022). Through analysis of colon
cancer data from the TCGA data, we determined an enticing
relationship between LINC-PINT expression, prognosis and patients’
survival. Interestingly, patients with low expression of LINC-PINT
showed better survival and significantly higher TMB and MSI scores
together with better responses to chemotherapy, thus supporting the
clinical importance of LINC-PINT, especially its use as a biomarker for
monitoring responses to immunotherapy and chemotherapy.

Conclusion

It is now commonly known that lncRNAs are key players in
cancer regulation, a feature that promotes their application as target-
based therapies in cancer and other relevant diseases. Interestingly,
this promise has now been realized with several RNA-based
therapeutics being recently approved by the FDA although their
integration into the healthcare system still requires extensive clinical
trials. It is well known that LINC-PINT has universalized tumor
suppressor functions and a relationship to the tumor suppressor
gene TP53 and several LINC-PINT targets are commonly used in
clinical practice (directly or indirectly). Based on these facets, LINC-
PINT emerges as a priority target for studying the clinical potential
of lncRNAs (PINTology), especially for cancer therapeutics.
However, the direct application of LINC-PINT is still limited due
to the lack of clinical trials and clinicians’ confidence. Nevertheless,
the current evidence proposes applications as a diagnostic marker
for cancer and several other diseases with alterations in LINC-PINT
circulatory levels providing a readily accessible platform to develop
appropriate tests.
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Prognostic immunogenic
characteristics of iron
pendant disease modifiers
in colon cancer

Xian Wang2†, Qingyu Meng1†, Yawen Chen1,4, Yanjun Zhang1,
Xiaohui Huang1,2, Longquan Xiang5, Haiyang Kong6,
Chunxi Wang1,2, Xueyang Wang7* and Dekang Zhang1,3*

1Department of General Surgery, the First Medical Center, Chinese PLA General Hospital,
Beijing, China, 2Department of Health Management, The Second Medical Center and National Clinical
Research Center for Geriatric Diseases, Chinese PLA General Hospital, Beijing, China, 3Department of
Radiology, the First Medical Center, Chinese PLA General Hospital, Beijing, China, 4Department of
Graduate ,Medical School of Chinese PLA, Beijing, China, 5Department of Pathology, Jining NO.1
People’s Hospital, Shandong Jining, China, 6Department of General Surgery, Qufu Hospital of
Traditional Chinese Medicine, Qufu, China, 7Department of Radiology, Yancheng Traditional Chinese
Medicine Hospital Affiliated to Nanjing University of Chinese Medicine, Yancheng, China
Background: We explored the prognostic and immunogenic characteristics of

iron pendant disease regulators in colon cancer to provide a scientific basis for

the prediction of tumor prognosis-related markers and potential

immunotherapeutic drug targets.

Methods: RNA sequencing and matched complete clinical information of colon

cancer (COAD) were retrieved from the UCSC Xena database, and genomic and

transcriptomic data of colon cancer from the TCGA database were downloaded.

Then univariate and multifactorial Cox regression were used to process these

data. The prognostic factors were analyzed by single-factor andmulti-factor Cox

regression, followed by Kaplan-Meier survival curves with the aid of R software

“survival” package. Then we use FireBrowse online analysis tool to analyze the

expression variation of all cancer genes, and draw a histogram according to the

influencing factors to predict the 1, 3, and 5 year survival rates of patients.

Results: The results show that age, tumor stage and iron death score were

significantly correlated with prognosis (p<0.05). Further multivariate cox

regression analysis confirmed that age, tumor stage and iron death score were

still significantly correlated with prognosis (p<0.05); The calibration curve results

show that the deviation between the predicted values of 1 year, 3 years and 5

years and the diagonal of the figure is very small; the ROC curve results show that

the AUC values of the 1-year and 5-year ROC curves of the bar graph are high;

the DCA curve results show that the net yield of the bar graph is the largest; The

scores of T cells and B cells in the high iron death score group were significantly

lower than those in the low iron death score group, and the activities of immune

related pathways were significantly reduced. There was a significant difference in

the iron death score between the iron death molecular subtype and the gene

cluster subtype.
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Conclusions: The model showed a superior response to immunotherapy in the

high-risk group, revealing a potential relationship between iron death and tumor

immunotherapy, which will provide new ideas for the treatment and prognostic

assessment of colon cancer patients.
KEYWORDS

colon cancer, iron pendant disease modifier, prognosis, immunogenic characteristics,
prognostic risk model
1 Introduction

Since the 21st century, the incidence of colorectal cancer in

China has remained high (1). 2018 Chinese cancer statistics show

that the incidence and mortality rate of colorectal cancer in China

occupy two of the top five positions among all malignant tumors,

which is a high incidence cancer, and the incidence of colorectal

cancer is still on the rise, and the incidence of colorectal cancer in

urban population is much higher than the incidence of colorectal

cancer in rural population (2, 3). The disease can lead to abdominal

pain, abdominal lumps and other symptoms, and in serious cases,

metastasis may occur, leading to death, which poses a threat to

patients’ physical and psychological health and life safety (4–6). At

the same time, colon cancer has the characteristics of high incidence

and insidious development, so that in most cases, patients only seek

medical treatment when they have symptoms in the middle and late

stages. The complexity of the regulatory mechanism of colon cancer

can be reflected in the fact that the process of colon cancer

development can be regulated in many aspects and levels through

multiple signaling pathways (7–10). In addition, colon cancer is

influenced by the external environment, which cannot be ignored. It

has been found that factors such as alcohol consumption, smoking,

genetics, immune deficiency and high fat may be related to the

occurrence of colon cancer. Although surgical procedures,

radiotherapy, chemotherapy and other treatments have been

actively developed, the insidious onset of colorectal cancer leads

to the fact that most patients are already in the middle and late

stages of the tumor when they are diagnosed. So most of them lose

the opportunity of standard treatment, and the prognosis of

colorectal cancer patients is poor (11–14), which includes late

detection of the disease. Therefore, the existing treatment

methods are no longer able to maximize the effect on patients’

prognosis and survival quality. With the development of oncology,

immunology, molecular biology and other related disciplines and

interdisciplinary cross cutting content, and the continuous

optimization of technical means, researchers have been able to

fur ther s tudy and understand the impact of tumor

microenvironment and gene level on tumors, which has led to the

rapid development of tumor immunotherapy research (15, 16).

More and more tumor immunotherapy targets have been

discovered by researchers one after another. In the context of the

development of big data era, immunotherapy has gradually become

a new research hotspot and research focus in tumor treatment, and
0235
a new direction for colorectal cancer treatment (17). The research

and development of immunotherapy have improved the prognosis

of some colorectal cancer patients to a certain extent. Research has

found that there are multiple prognostic genes in various human

cancers. Prognostic gene identification based on genome database is

helpful to determine the prognostic impact of cancer and

understand the progress of cancer (18). Therefore, it is possible to

benefit more patients from scientific research by conducting

research related to immunotherapy by starting from colon

cancer-specific genes, such as immune-related genes, and thus

proceeding along the research path of further improving the

treatment methods for colorectal cancer patients. Currently, some

progress has been made in the screening of prognostic genes for

colon cancer, and previous studies have shown that iron death may

be a potential rake point for tumor growth inhibition and

immunotherapy (19–22). Based on this, this study combined

bioinformatics approach with real-world clinical data, using

bioinformatics analysis of gene microarrays and high-throughput

sequencing data published in major public databases such as TCGA

and GEO, and mining gene expression profile data and

transcriptome data published in databases for differential gene

analysis between tumor and normal paired samples, so as to

provide prediction of tumor prognosis-related markers and

potential immunotherapeutic drug targets.
2 Methods

2.1 Data acquisition and processing

RNA sequencing and matched complete clinical information

(age, sex, survival status, tumor stage) for colon cancer (COAD)

were retrieved from the UCSC Xena database, and genomic and

transcriptomic data for colon cancer from the TCGA database were

downloaded. After filtering samples without survival status and

survival time, samples with both genomic, transcriptomic and

clinical data were retained, resulting in a total of 426 Count

values were normalized to the number of transcripts per kilobase

million (TPMs).

Combining the literature data and the iron death database, the

intersection of related gene sets was taken to obtain a total of 69 iron

death suppressor regulators, and 68 of which were present in TCGA-

COAD. The analysis was performed by ConsensusClusterPlus
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package, and principal component analysis (PCA) was used to

examine the discrimination between subtypes after clustering.

Similarly, consistency clustering based on differential genes among

iron death subtypes was performed using the same method for

clustering and discriminant testing. We collected the original

expression profile data and clinical survival data of the COAD

tumor samples GSE39582 and GSE17536 from the GEO database,

and used the affy package to process the CONSENSUS clustering data

of the TCGA-COAD dataset based on 69 iron death inhibitors. Then

use the CONSENSUSClusterPlus package for analysis. After

clustering, principal component analysis (PCA) was used to check

the differences between subtypes. Similarly, consistency clustering

based on differential genes among iron death subtypes was performed

using the same method for clustering and discrimination test. Based

on the mRNA expression profiles of 68 FRGs in COAD samples from

the TCGA database, COAD patients were classified into three

molecular patterns (C1:n=81; C2:n=226; C3:n=119) by

unsupervised cluster analysis to assess the correlation between these

patterns and the characteristics of the tumor immune

microenvironment, as well as the biological behavior among the

three iron death molecular patterns. The iron death score of each

COAD sample was calculated according to the principal component

analysis (PCA), and then all patients were divided into high iron

death score group and low iron death score group, and their

correlation with the prognosis of colorectal cancer was analyzed. At

the same time, the age and clinical stage information of patients were

collected, and their impact on the prognosis was analyzed using

univariate and multivariate Cox regression, respectively. Then the

Kaplan Meier survival curve was drawn using R software, FireBrowse

online analysis tool was used to analyze the difference of gene

expression in different cancer species, and a line graph was

constructed based on influencing factors to predict the survival rate

of patients in 1, 3 and 5 years. The GSE39582 and GSE17536 datasets

were used as validation datasets to validate this prognostic risk model.

Finally, PCA and Tsne clustering results were analyzed. Tumor

samples were screened for high and low risk as a new grouping

basis, and differential gene reanalysis was performed on the training

set (TCGA) and validation set (GEO) data.
2.2 Statistical analysis

R4.0.3 software and Graphad Prism 9.0 software were used for

statistical analysis and graphing. Wilcoxon rank sum test and

Kruskal-Wallis test were used for comparison between groups.

Kaplan-Meier survival curves were used to analyze the survival of

patients with colon cancer. The data obtained in R language were

labeled using the mean ± standard deviation (SD). When the

obtained data conformed to a normal distribution with a

statistically significant two-by-two comparison, the obtained data

were subjected to t-test for correlation analysis, and ANOVA test

was used for analysis when multiple groups were compared. For

data that did not conform to a normal distribution, the Wilcoxon

test was used for correlation analysis. The correlation of the clinical

data of the patients was argued by the statistical X2 test. The

Kaplan-Meier survival curves were then plotted using the R
Frontiers in Immunology 0336
software “survival” package, and the FireBrowse online analysis

tool was used to analyze the differences in gene expression across

cancer species. Column plots were constructed to predict patient

survival at 1, 3, and 5 years, with overall survival defined as the time

from the day the patient underwent tumor resection to the day the

patient died. The GSE39582 and GSE17536 datasets were used as

validation datasets to validate this prognostic risk model, and finally

PCA and Tsne clustering results were analyzed. Subject work

characteristic (ROC) curves were used to evaluate the efficacy of

the prognostic risk model in predicting 1, 3, and 5 year survival of

colon cancer patients. The test level a for this study was 0.05, and all

data were further analyzed using SPSS 22.0 as well as GraphPad

Prism 9.0.2.
3 Results

A total of 69 FRGs were included in this study, 68 of which were

present in TCGA-COAD. Figure 1A shows the copy number

variation (CNV) locations of these FRGs on the chromosomes.

Based on the mRNA expression profiles of 68 FRGs in COAD

samples from The Cancer Genome Atlas (TCGA) database, COAD

patients were classified into three molecular patterns (C1:n=81; C2:

n=226; C3:n=119) by unsupervised clustering analysis. Principal

component analysis (PCA) confirmed that these three subtypes

were fully distinguishable (Figure 1B). Figure 1C shows the three

patterns of COAD patients with different clinicopathological

features. In addition, we assessed the correlation between these

patterns and the immune microenvironmental characteristics of the

tumors. Our data showed variability in the degree of immune cell

infiltration in different samples (Figures 1D, E), significant

differences in FEG expression values between almost all three

molecular patterns, and regular differences in the expression of

iron death inhibitory regulator genes in the three molecular

patterns, such as GCLC, CD44, and other genes with the lowest

expression in pattern I and the highest expression in pattern III

(Figure 2A); and SRC, MTOR. There were also significant

differences in immune cell infiltration (Figures 2B, C) and

immune function (Figure 2D), especially for B cells and T cells,

etc. (*: p<0.05; **:p<0.01; ***:p<0.001; ****:p<0.00001.)
3.1 TME characteristics in three ferroptosis
gene clusters for COAD

We further explored the biological behavior among the three

molecular patterns of iron death. Differential expression analysis

was performed on these three patterns, and the concatenation of the

three differentially expressed genes (DEGs) totaling 7425

(Figure 3A) was taken for univariate cox regression analysis to

screen genes associated with prognosis, resulting in 255 genes.

Based on these 255 genes, unsupervised clustering was performed

and the TCGA-COAD cohort was divided into 2 gene clusters

(Figure 3B) as gene cluster A and gene cluster B (Figure 3C),

respectively. There were significant differences in immune cell

infiltration (Figure 3D, E) and immune function (Figure 3F)
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between the two gene clusters, especially for B cells and T cells. The

255 genes were classified into gene features A and B using Pearson’s

correlation coefficient, where gene feature A represents its positive

correlation with gene cluster (r>0), and gene feature B represents its

negative correlation with gene cluster (r<0), and they were

downscaled using Boruta’s algorithm to obtain 115 gene features

A and 31 gene features B.
3.2 Development of the ferroptosis scoring
system for COAD

Iron death scores were calculated for each COAD sample based

on principal component analysis (PCA). All patients were then

divided into a high iron death score group and a low iron death

score group. Figure 4A shows the relationship between the high and

low iron death score groups of TCGA-COAD samples and

prognostic survival. The overall survival was higher in the high

iron death score group samples compared to the low iron death

score group. Meanwhile, in the two external COAD validation sets,

GSE39582 (Figure 4B) and GSE175362 (Figure 4C), the survival

difference between the high and low iron death score groups

remained significant (p< 0.05), and both the survival rates of the
Frontiers in Immunology 0437
high score group were greater than those of the low score group,

indicating that our iron death score system constructed in TCGA-

COAD has good generalizability and strong robustness.
3.3 Ferroptosis score as an independent
prognostic factor for COAD

To perform an in-depth analysis of the prognostic value of the

iron death score, we performed prognostic analysis of iron death

score with other clinical characteristics in the TCGA-COAD cohort,

and the results of one-way cox regression analysis showed

(Figure 5A) that age, tumor stage, and iron death score were

significantly associated with prognosis (p< 0.05). Further

multifactorial cox regression analysis confirmed (Figure 5B) that

age, tumor stage, and iron death score were still significantly

associated with prognosis (p< 0.05). Therefore, we constructed

column line plots (Figure 5C) to predict patient survival at 1, 3

and 5 years based on these three clinical characteristics, and

validated the accuracy of column line plots to predict prognosis

by calibration curves, ROC curves, and DCA curves. The calibration

curve results showed (Figure 5C) that the predicted values at 1, 3

and 5 years deviated very little from the diagonal of the graph. The
A B

D E

C

FIGURE 1

Copy number variation (CNV) locations of these FRGs on the chromosomes(A);Principal component analysis (B);Three patterns of COAD patients
with different clinicopathological features(C); The correlation between these patterns and the immune microenvironmental characteristics of the
tumors (D, E).
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ROC curve results showed (Figure 5E–G) that the AUC values of

the 1, 3 and 5 year ROC curves of the column line graph were high

(greater than 0.7), and the DCA curve results found that

(Figures 5H–J) the net benefit of the column line graph was the

largest (compared with other individual clinical features). All three

of the above methods all indicate that the column line graph has

good accuracy in predicting patient prognosis.
3.4 Ferroptosis score is associated with
TME features of COAD

This study further explored the correlation between iron death

scores and TME characteristics. The data showed that the high iron

death score group had significantly lower scores of T cells and B cells

(Figures 6A, B, D) and lower activity in immune-related pathways

(Figure 6C) compared to the low iron death score group. Also, the

iron death scores differed significantly between iron death molecular

subtypes and gene cluster subtypes (Figure 6E, F). Taken together,

iron death scores were closely associated with TME in COAD.
3.5 Characteristics in groups with high or
low ferroptosis score

We compared the differences in estimated half-maximal

inhibitory concentration (IC50) levels of six chemotherapeutic

agents, including erlotinib (Figure 7A), gemcitabine (Figure 7B),

cytarabine (Figure 7C), gefitinib (Figure 7D), the Akt1/2/3 inhibitor
Frontiers in Immunology 0538
MK.2206 (Figure 7E), and the PPM1D (WIP1) inhibitor

CCT007093 (Figure 7F). Our data showed that the high iron

death score group was more sensitive to erlotinib, gefitinib, and

PPM1D (WIP1) inhibitor CCT007093 compared to the low iron

death score group. In contrast, the low-iron death scoring group

was more sensitive to gemcitabine, cytarabine and Akt1/2/3

inhibitor MK.2206. In addition to this, the immunotherapy

response in the high and low scoring groups was further

investigated based on the GSE78220 and IMvigor210 datasets,

and we found that survival in the high and low scoring groups

had opposite results in GSE78220 (Figure 8A) and IMvigor210

(Figure 8B), however, this did not affect the relationship between

sample survival and immunotherapy response (Figure 8C, D), i.e.,

the higher the survival rate of the samples, the worse their response

to immunotherapy. Finally, we performed differential analysis

between high and low iron death groups (low vs. high) to obtain

748 DEGs (upregulated = 40, downregulated = 708) (Figure 9A, B),

and the results of GO (Figure 9C) and KEGG (Figure 9D)

enrichment analysis showed that these genes were mainly

enriched in GO pathways such as RNA splicing, chromosomal

regions and protein activation as well as NOD-like receptor

signaling pathways, endoplasmic reticulum KEGG pathway such

as protein processing.
4 Discussion

Colon cancer is one of the most common but preventable

malignant tumors of the gastrointestinal tract, mainly caused by
A B

DC

FIGURE 2

FEGs differences between the three molecular patterns (A–D). *: p<0.05; **:p<0.01; ***: p<0.001; ****:p<0.00001; ns, no significance.
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the deterioration of benign lesions of the colonic mucosal

epithelium, and its incidence is only after malignant tumors of

the stomach and esophagus (8, 23). It is the third most common

cancer in the world and the second most common malignant tumor

in China and the second most common cause of cancer death. Every

year, the number of patients dying from colon cancer is increasing.

Colon cancer is characterized by high incidence, susceptibility to

poor prognosis, genetic and environmental factors (24). The main

cause of death of colon cancer patients is due to its insidious onset,

slow progression, lack of characteristic clinical manifestations,
Frontiers in Immunology 0639
metastasis in the early stages of tumor lymph nodes and poor

prognosis, which is also the reason why the clinical diagnosis is

easily confused with diseases such as intestinal inflammatory

diseases and functional disorders of the intestine. Studies have

found that colon cancer is related to alcohol consumption,

smoking, genetics, immunodeficiency, high fat and other factors.

With the increasing per capita standard of living in China, changes

in eating habits and diet structure, as well as the lack of exercise and

excessive mental stress among urban workers, coupled with the

increased intake of meat and protein, in addition, the amount of
A B

D

E

F

C

FIGURE 3

Biological behavior among the three molecular patterns of iron death (A–F). *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.00001; ns, no significance.
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alcohol consumption in life has increased, which makes the average

age of onset of patients suffering from colon cancer faster than in

Europe and the United States, and the age has gradually become

younger (25). The 2014 World Health Cancer Report shows that

due to Environmental pollution tends to change heavily from day to

day, which may directly or indirectly lead to an increase in the

prevalence of malignant tumors and an increase in the number of

patients dying from cancer. Environmental pollution in China has

been worsening day by day in the past decade, and environmental

pollution in cities is worse than in rural areas, which may be part of

the reasons for the increased incidence of colon cancer in China, the

younger and urbanized incidence of colon cancer, and the lower

incidence in rural areas compared to urban areas. Therefore, there

are many factors influencing the prognostic risk of colon cancer

patients in the clinical setting, including the patient’s age, daily

habits, site of tumor occurrence, biological characteristics and

tumor stage. The incidence of colon cancer in our country has

tended to increase rapidly in the last few years (26–29). Due to the

poor compliance of colonoscopy, many patients do not receive

physical examination and other preventions before the appearance

of typical symptoms, so that the best time for surgery and treatment
Frontiers in Immunology 0740
is lost, thus leading to poor prognosis of colon cancer patients after

clear diagnosis. Although the present surgery, radiotherapy and

targeted therapy have a certain degree of relationship to prolong the

survival time of colon cancer patients, and the multiple treatments

carried out at the same time can prolong the survival time of

advanced patients, the tumor has a high probability of local

recurrence and metastasis after the tumor is diagnosed and

treated, the 5-year survival rate of colon cancer patients after

surgery is 50%, and 5-20% of colon cancer patients recur after

treatment (30–33). Recurrence and metastasis are the leading causes

of death from colorectal cancer and a major obstacle for improving

the overall survival of colon cancer patients. However, there is no

clear standard for the pathogenesis of colon cancer, therefore, early

screening is particularly important for clinical diagnosis and

treatment assessment of colon cancer and prognosis (34). In

order to further improve the clinical treatment of colon cancer

patients, it is necessary to continuously research and explore more

convenient and rapid screening indicators that are readily accepted

by patients, which are important in improving the survival rate after

surgery, as well as in assessing the immediate and long-term

survival of colon cancer patients (35).
A B

C

FIGURE 4

Iron death scores were calculated for each COAD sample based on principal component analysis (A–C).
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Iron death is a newly discovered mode of programmed tumor cell

death in 2012, which can lead to multiple death pathways (e.g.,

apoptosis, autophagy, scorch death, etc.) and can cause significant

differences in the morphology, genetics, and mechanisms of action of

cancer cells from other cell death processes, representing a new

regulatory pathway for antitumor therapy (36). With the increasing

understanding and awareness of iron death in recent years, the

complex biological and clinical features of iron death have been

analyzed and studied. For example, the pattern of cell death due to

iron death is morphologically very different from other cell death
Frontiers in Immunology 0841
pathways, and the morphological features of cells can be

characterized by a decrease in intracellular mitochondrial volume, a

decrease or disappearance of mitochondrial folds, and an increase in

bilayer density following the massive accumulation of iron ions in

iron death and its action on tumor cells (37, 38). Iron death has been

reported to be genetically regulated by a variety of genes, mainly

involving genetic changes in cells and disturbances in human iron

homeostasis and lipid metabolism [z In terms of the biochemical

reactions and mechanisms occurring within cells, iron death is also

very different from other programmed modes of death, mainly:
A B

D

E F G

IH J

C

FIGURE 5

To perform an in-depth analysis of the prognostic value of the iron death score (A–J).
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reduced activity of glutathione peroxidase 4 (GPX4), causing a

decrease in intracellular glutathione (GSH) and even depletion of

This leads to the inability of lipid oxidation to activate the glutathione

redox reaction catalyzed by GPX4, which eventually disrupts the

redox reactionmetabolism while generating large amounts of reactive

oxides (ROS) through the Fenton reaction (Fenton), and finally leads

to cell death (17, 39, 40). Iron death has excellent antitumor efficacy

and great potential in precision medicine. However, the specific key

mechanisms of increased iron ions in tumorigenesis, progression,

invasion, and metastasis have not been elucidated.

Immunotherapy against tumors is one of the major emerging

therapeutic modalities in recent years, and it has been found that

immune escape of tumor cells is involved in the processes related to the

occurrence, development, metastasis, recurrence, and drug resistance in

the treatment of tumor tissues in the human body. The immune escape

of tumor cells is one of the main reasons for the low efficacy or even
Frontiers in Immunology 0942
failure of comprehensive immunotherapy (41, 42). Therefore, restoring

or reversing the ability of immune cells to recognize and kill tumor cells

is the main research problem of tumor immunotherapy. In existing

studies and clinical trials, immunotherapy has been shown to have

good response effects and long-lasting responses in various solid

tumors, such as melanoma, non-small cell lung cancer, and kidney

cancer, and immunotherapy for tumors can significantly inhibit tumor

progression at different stages and improve the long-term prognosis of

patients. In tumor immunotherapy, iron death, a novel cell-regulated

death modality, has shown great potential to induce not only tumor-

specific immune responses but also to repolarize macrophages from an

immunosuppressive M2 phenotype to an anti-tumor M1 phenotype

(43). In tumor cells, T cells alter the tumor microenvironment and

cause reduced or even depleted levels of cystine and cysteine, key fuels

for tumor cells, causing impaired metabolism and ultimately cell death,

which can be inhibited or even reversed by inhibiting iron death-
A B

D

E F

C

FIGURE 6

The correlation between iron death scores and TME characteristics (A–F). *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.00001; ns, no significance.
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related pathways, i.e., when immunotherapy is combined with iron

death sensitizer treatment, the effect on tumor progression is

significantly better than with iron death alone immunotherapy or

iron death sensitizers alone. The anti-tumor mechanism of cytotoxic T

cells, i.e., CD8+ T cells, is mainly through the release of perforin and

granzyme to specifically identify and kill human tumor cells, while

some studies have shown that CD8+ T cells can act on tumor cells

through the Fas-fasL pathway to cause apoptosis without harming

normal tissue cells. Recent research has shown that the nitric oxide

pathway inhibits the role of macrophages in iron death, providing a

new opportunity to use tumor cell iron death to modulate intrinsic

immunity in human tumors. In nanobased cancer vaccine

immunotherapy, iron death can be involved in suppressing the

primary tumor and its distant metastasis and improving the

efficiency of drug delivery. Although immunotherapy has achieved
Frontiers in Immunology 1043
great success in precision cancer therapy, and tumor progression can be

significantly inhibited and even down-staged in immune-responsive

patients, only about 30% of tumor patients currently respond to

immunotherapy, which leads to this effective therapeutic approach

not achieving its goal. However, only about 30% of tumor patients

currently respond to immunotherapy, which results in this effective

treatment method not achieving its desired effect (44, 45).A linear risk-

prognosis model of iron death-related genes will be constructed by

bioinformatics analysis and combined with public databases, and the

model will be validated by using the data set in the GEO database.

Finally, a risk-prognosis model consisting of 6 iron death-related genes

will be derived, and the relationship between the iron death risk-

prognosis model on tumor immune infiltration, immune transport

pathway, and immune efficacy will be analyzed, aiming to The aim of

this study is to screen high-risk tumor patients and treat them with
A B

D E F

C

FIGURE 7

The differences in estimated half-maximal inhibitory concentration (IC50) levels of six chemotherapeutic agents (A–F).
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effective and precise immunotherapy to maximize the efficacy

of immunotherapy.

The results of this study showed that 69 FRGs were included in

this study, 68 of which were present in TCGA-COAD. Based on the

mRNA expression profiles of 68 FRGs in COAD samples from The

Cancer Genome Atlas (TCGA) database, COAD patients were

classified into three molecular patterns by unsupervised cluster

analysis (C1: n = 81; C2: n = 226; C3:n = 119), and PCA

confi rmed that the three subtypes were comple te ly

distinguishable; there was variability in the degree of immune cell

infiltration in different samples, and the expression values of FEG

were almost all significantly different among the three molecular

patterns; there were regular differences in the expression of iron

death inhibitory regulator genes in the three molecular patterns,

such as GCLC, CD44, and other genes were least expressed in

pattern I and most expressed in pattern III; while SRC and MTOR

were the opposite. There were also significant differences in

immune cell infiltration and immune function, especially for B

cells and T cells; one-way cox regression analysis was performed to

screen genes associated with prognosis, and 255 genes were finally

obtained. Based on these 255 genes, unsupervised clustering was
Frontiers in Immunology 1144
performed, and the TCGA-COAD cohort was divided into 2 gene

clusters, named Gene Cluster A and Gene Cluster B. Immune cell

infiltration and immune function were significantly different

between the two gene clusters, especially for B cells and T cells.

The 255 genes were classified into gene features A and B using

Pearson’s correlation coefficient, where gene feature A represents its

positive correlation with gene cluster (r> 0), and gene feature B

represents its negative correlation with gene cluster (r 0), and

downscaled using the Boruta algorithm to obtain 115 gene

features A and 31 gene features B. The high-iron death scoring

group samples had higher overall survival rates compared with the

low-iron death scoring group, while the survival differences between

the high and low iron death scoring groups remained significant in

the two external COAD validation sets GSE39582 and GSE175362

(p< 0.05) and were both greater in the high scoring group than in

the low scoring group, indicating that the iron death scoring system

we constructed in TCGA-COAD has good The results of one-way

cox regression analysis showed that age, tumor stage, and iron death

score were all significantly associated with prognosis (p< 0.05).

Further multifactorial cox regression analysis confirmed that age,

tumor stage and iron death score were still significantly associated
A B

DC

FIGURE 8

The immunotherapy response in the high and low scoring groups was further investigated based on the GSE78220 and IMvigor210 datasets (A–D).
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with prognosis (p< 0.05); the calibration curve results showed

(Figure 5C) that the predicted values at 1, 3 and 5 years deviated

little from the diagonal line in the figure; and the ROC curve results

indicated that the AUC values of the ROC curves at 1, 3 and 5 years

were higher (> 0.7) for the column line plots. The DCA curve results

found that the net yield of the column line graph was the largest

(compared to other individual clinical features), and all three tests

above indicated that the column line graph had better accuracy in

predicting patient prognosis; the high iron death score group had

significantly lower scores for T cells and B cells (Figure 6B, D) and

lower activity in immune-related pathways (Figure 6C) compared

to the low iron death score group, while the iron death scores

differed significantly between iron death molecular subtypes and

gene cluster subtypes, and the above results can indicate that iron

death scores are closely related to TME in colon cancer. Compared

with the low iron death score group, the high iron death score group

was more sensitive to erlotinib, gefitinib, and PPM1D (WIP1)

inhibitor CCT007093. In contrast, the low-iron death scoring

group was more sensitive to gemcitabine, cytarabine, and Akt1/2/

3 inhibitor MK.2206. In addition to this, the immunotherapy

response of high and low-scoring groups was further investigated

based on the GSE78220 and IMvigor210 datasets, and we found that
Frontiers in Immunology 1245
the survival of high and low-scoring groups had opposite results in

GSE78220 and IMvigor210. However, this did not affect the

relationship between sample survival and immunotherapy

response, i.e., the higher the survival of the sample, the worse

their response to immunotherapy. Finally, we performed

differential analysis between high and low iron death groups to

obtain 748 DEGs (upregulated = 40, downregulated = 708), and the

results of GO and KEGG enrichment analysis showed that these

genes were mainly enriched in GO pathways such as RNA splicing,

chromosomal regions, and protein activation, and KEGG pathways

such as NOD-like receptor signaling pathway and protein

processing of endoplasmic reticulum.

After reviewing the relevant literature, Wang Yuqing et al. (46)

successfully constructed a prognostic risk model for colon cancer

based on iron death-related lncRNAs and established a column line

graph that could be used to determine the overall survival rate of

colon cancer patients. ITGB1-DT may promote the development of

colon cancer, and Zhang Tao et al. (47) showed that iron death-

related lncRNAs may play an important role in the tumor immunity

of colon cancer patients, which could be used for prognostic

analysis of colon cancer patients. All the above findings are close

to the present study. P53RRA increased the concentration of
A B

DC

FIGURE 9

Differential analysis between high and low iron death groups (low vs. high) (A, B), and the results of GO (C) and KEGG (D) enrichment analysis.
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intracellular iron and lipid reactive oxygen species while enhancing

the growth inhibition induced by Erastin, an iron-induced cell

death activator, a mechanism closely associated with iron death in

tumors (48–51). In addition, the lncRNA APCDC1L-AS can induce

resistance to erktinib (EGFR-tyrosine kinase inhibitor) in lung

adenocarcinoma by inhibiting autophagic degradation of

epithelial growth factor receptor (EGFR) (52, 53).

This study is innovative because there are few studies on iron

death in colon cancer, and even fewer studies combining immune

cell infiltration and immune pathways. In this experiment, we used

bioinformatics to analyze the expression of iron death differential

genes in colon cancer, constructed a linear risk prediction model,

and used the model to detect and verify the relationship between

iron death-related genes in colon cancer and immune infiltration, as

well as to classify patients into high and low risk based on the

model, and to investigate the response of each group of patients to

immunotherapy, which is somewhat novel and necessary.

This study is innovative because there are few studies on iron

death in colon cancer, and even fewer studies combining immune

cell infiltration and immune pathways. In this experiment, we

used bioinformatics to analyze the expression of iron death

differential genes in colon cancer, constructed a linear risk

prediction model, and used the model to detect and verify the

relationship between iron death-related genes in colon cancer and

immune infiltration, as well as to classify patients into high and

low risk based on the model, and to investigate the response of

each group of patients to immunotherapy, which is somewhat

novel and necessary.
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Purpose: Competing-risk analysis was used to accurately assess prognostic

factors for cancer-specific death in patients with adenocarcinoma of transverse

colon (ATC), and the results were compared with those from a conventional Cox

regression analysis.

Materials and Methods: Patients diagnosed with ATC between 2000 and

2019 were selected from the Surveillance, Epidemiology, and End Results

database. The crude mortality rates of patients with ATC were calculated and

their differences were tested using the Gray’s test, respectively. In performing

multivariate analysis, the Cox regression model and the subdistribution hazard

function (SD) in competing risk analysis were utilized, respectively.

Results: This study included 21,477 eligible patients. The SD model indicated

that age, etc. are actual independent prognostic factors. In contrast to previous

recognition, the results of the Cox regression showed false-positives for sex

and Carcinoembryonic antigen, and underestimated point-estimates in the

stage and American Joint Committee on Cancer stage due to competing

events. A detailed comparison of treatment revealed that the larger surgical

scopes were prognostic risk factors compared with the smaller scope of local

tumor excision, partial colectomy, or segmental resection. Patients treated with

external proton beam radiotherapy had an increased risk compared with those

with no radiotherapy and internal radiotherapy.

Conclusions: After comparing the results of the two methods and mitigating the

significant bias introduced by Cox regression, we found independent factors that

really affect the prognosis of ATC. On the other hand, in terms of ATC, a larger

surgical scope and external proton beam radiotherapy may not improve the
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long-term survival of patients. Therefore, when faced with ATC patients, these

differences should be noted and treated differently from common colorectal

cancer patients. Thus, clinicians are able to give more targeted treatment plans

and prognostic assessments.

KEYWORDS

adenocarcinoma of transverse colon, competing-risk analysis, SEER, Cox regression,
subdistribution hazard function

Introduction

Cancer has become the impediment to human longevity and
high quality of life. According to the latest global cancer statistics
from GLOBOCAN 2020, colorectal cancer ranked third in terms of
new cases, with 1.93 million accounting for 10% of all new cancers,
and second in terms of deaths, with 940,000 accounting for 9.4% of
all deaths due to cancer in that year (1).

Transverse colon cancer has been reported to account for about
10% of colorectal cancers (2). The transverse colon is located
in a special high position, in the middle and anterior part of
the entire colon, between the ascending and descending colon,
excluding the hepatic and splenic flexures. It has a maximum
length of about 50 cm. Since the transverse colon differs from the
rest of the colon in terms of embryonic development, anatomical
structure, blood supply, and pathogenetic characteristics, it is
necessary to clearly delineate the different segments of the colon
and to provide precise and individualized treatments according
to the specific characteristics of the transverse colon, which is
also in line with contemporary medical concepts. However, most
studies on colorectal cancer have focused on the ascending and
descending colon, which have obvious differences. The transverse
colon, which is the link between the two, has received little attention
in research. Adenocarcinoma arises from the glandular epithelium,
ducts, or secretory epithelium, and is characterized by adenoid
structure formation. It is the most common clinical type of colon
cancer, accounting for 90–95% of cases, and has a better prognosis
than other pathological types. Research on adenocarcinoma of
transverse colon (ATC) would therefore be helpful for improving
the clinical outcomes.

Kaplan-Meier (KM) analyses and Cox proportional-hazards
models are the classical statistical analysis methods used in
investigation of the prognostic factors for colorectal cancer.
However, advances in medicine and statistical methods are
increasing the demand for more-accurate results. It needs to be
remembered that dying from cancer is only one of the causes
of death for cancer patients, since deaths due to noncancerous
diseases and accidents also account for a significant proportion
of the causes of death (3). It is therefore necessary to consider
cancer and non-cancer factors separately when estimating patient
mortality. Non-cancer deaths are often considered competing
events, and their presence makes the Cox proportional-hazards
model inaccurate. Therefore, when analyzing the factors affecting
the prognosis of patients with ATC, using a competing-risk analysis
will reduce bias and increase the accuracy of the results, thereby
more accurately reflecting the true situation.

This study extracted data from the Surveillance, Epidemiology,
and End Results (SEER) database on patients diagnosed with ATC
(4), performed a competing-risk analysis, and compared the results
with those of a Cox regression analysis. This protocol allowed
for a more-accurate determination of the factors affecting the
prognosis of ATC.

Materials and methods

Data collection and patient selection

Surveillance, Epidemiology, and End Results is one of the
most-authoritative large oncology registry databases (5). We used
SEER∗Stat software (version 8.4.0) and selected the “Incidence–
SEER Research Plus Data, 17 Registries, Nov 2021 Sub (2000–
2019)” database, which is derived from 17 registration stations
and covers 26.5% of the entire US population. Basic and medical
information on patients diagnosed with ATC was extracted,
specifically demographic information such as age and race, clinical
information such as type of pathology and surgical modality,
and survival status. The following inclusion criteria were applied:
age ≥ 18 years, diagnosed between 2000 and 2019, tumor located
in the transverse colon (C18.4, excluding the hepatic flexure and
splenic flexure), microscopy confirmation, and adenocarcinoma
(including signet-ring-cell carcinoma). The exclusion criteria were
no surgery, survival time 0 months or unknown, multiple primary
malignant tumors, not the first tumor, not a primary malignant
tumor, or too many incomplete variables (Figure 1). Since the
causes of death and survival status of patients are documented
in detail in the SEER database, we classify all patients into colon
cancer-specific deaths, competing events (other causes of death),
and survival (6). Applying the inclusion and exclusion criteria
resulted in 21,477 patients being included in this study.

Statistical analyses

The variables in the baseline data were described using number
(N) and percentage values. In the competing-risk analysis, death
from ATC and death from other causes was regarded as a
competitive relationship. The cumulative-risk rate was estimated in
the single-factor analysis using the cumulative incidence function
(CIF) described by CIFk(t) = Pr(T ≤ t, D = k), where function
CIFk(t) represents the probability of the k-th event occurring before
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FIGURE 1

Flow chart of patient selection and study development.

time t and other class events, and D represents the type of events
that occur (7). Gray’s test was used to perform between-group
comparisons (8). When no competing events exist, we used Cox
regression for the multivariate analyses with the formula log[λ
(t)] = log[λ 0 (t)]+ χ β 2, where λ 0(t) is the net risk and λ(t) is the
baseline risk function; that is, the risk function when the covariate
vector is 0, which can be written as λ (t) = λ 0(t)exp(χ β) (7).

When competing events are present and the deletion-
independence condition is not satisfied (9), we provide the
results of both the subdistribution hazard function (SD) and
cause-specific (CS) hazard function belonging to competing-
risk models (10). The formula used for the SD model was
λSD
K (t) = lim1t→0

P[t ≤ T < t + 1t, D = k|T > t ∪(T < t ∩ K 6= k)]
1t ,

where SD represents the instantaneous probability of the
occurrence of the k-th event being observed in the individual
at time t (11). The formula used for the CS model was
λCS
K (t) = lim1t→0

P(t ≤ T < t+1t,D = k|T ≥ t)
1t , where CS represents

the instantaneous probability of a class-k event being observed in
the individual who did not experience any event at time t (12). The
interpretation and usage differ between the above two models, and
so the results of both models need to be provided at the same time
(13). Lau et al. and Koller et al. proposed that the SD model only
focus on the absolute incidence of events of interest (14, 15), and
tends to be used in individual risk-prediction studies to estimate
the risk and prognosis of a disease, and is suitable for establishing
clinical prediction models and risk scores (4); The CS model
favors etiological studies, with regression coefficients reflecting the
relative effects of covariates on the increased incidence of events
of interest in subjects in the event-free risk set (16). Therefore,
the present study mainly adopted the conclusions from the SD
model.λk(t) in the formulas for the SD and CS models is the crude
risk rate, which is not equal to the net risk rate when competing
events are present, and so the hazards ratio (HR) value and 95%
confidence interval (CI) obtained using traditional Cox analysis
are biased (17). In view of this, we also compared the results of the
competing-risk analysis with those of classical Cox analysis (18).

R Studio software (version 2022.02.3) was used for all statistical
analyses. All statistical tests were two-sided, with a probability value

of P < 0.05 considered to indicate statistical significance (19). The
SEER database can be accessed free of charge, and this study was
exempted from the need to obtain informed consent from the
included patients by the institutional research committee of the
First Affiliated Hospital of Jinan University.

Results

Clinical characteristics of patients and
survival outcomes

Among the 21,477 patients with ATC who were screened,
10,867 (50.6%) died: (5,923 from ATC and 4,944 from other
causes). The survival time was 64.67± 58.68 months.

For continuous variables, the average age of the sample
was 68.08 ± 13.93 years, number of lymph nodes examined
17.78± 11.44, number of positive lymph nodes 1.63± 3.44. Table 1
lists the classification variables.

Univariate analyses

In the presence of competing-risk, we performed univariate
analyses using the CIF and Gray’s test, with the results showing
that race, marital status, grade of differentiation, summary stage,
AJCC stage, surgery of primary site and other site, radiotherapy and
chemotherapy status, tumor size, CEA, status of bone metastasis,
brain metastasis, liver metastasis, lung metastasis, distant lymph
node metastasis, other site metastasis, and neuro invasion exerted
significant effects on the prognosis of ATC (P < 0.05). Analyzing
the CIF of each variab le at 1 year, 3 years, and 5 years revealed
that the CIF of almost all variables increased over time. Among the
ordinal classification variables such as grade, the CIF also increased
gradually with increasing degree. Detailed data are provided in
Table 2. Because age at diagnosis, the number of lymph nodes
examined or positive are continuous variables, they were directly
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TABLE 1 Basic characteristics of patients in this study.

Variable All patients (%) Censored (%) Concerned (%) Competition (%)

Total number 21,477 10,610 5,923 4,944

Race

White people 16,934 (78.85) 8,160 (76.91) 4,630 (78.17) 4,144 (83.82)

Black people 2,613 (12.17) 1,274 (12.01) 840 (14.18) 499 (10.09)

Other 1,930 (8.99) 1,176 (11.08) 301 (5.08) 453 (9.16)

Sex

Male 10,105 (47.05) 5,126 (48.31) 2,771 (46.78) 2,208 (44.66)

Female 11,372 (52.95) 5,484 (51.69) 3,152 (53.22) 2,736 (55.34)

Marital status

Married 11,316 (52.69) 6,177 (58.22) 2,945 (49.72) 2,194 (44.38)

Unmarried 10,161 (47.31) 4,433 (41.78) 2,978 (50.28) 2,750 (55.62)

Grade

I 1,774 (8.26) 1,045 (9.85) 283 (4.78) 446 (9.02)

II 14,460 (67.33) 7,528 (70.95) 3,521 (59.45) 3,411 (68.99)

III 4,243 (19.76) 1,611 (15.18) 1,761 (29.73) 871 (17.62)

IV 496 (2.31) 191 (1.8) 213 (3.6) 92 (1.86)

Unknown 504 (2.35) 235 (2.21) 145 (2.45) 124 (2.51)

Stage

Localized 7,801 (36.32) 4,874 (45.94) 681 (11.5) 2,246 (45.43)

Regional 10,624 (49.47) 5,253 (49.51) 2,871 (48.47) 2,500 (50.57)

Distant 3,048 (14.19) 483 (4.55) 2,370 (40.01) 195 (3.94)

Unknown 4 (0.02) 0 (0) 1 (0.02) 3 (0.06)

AJCC

0 186 (0.87) 127 (1.2) 11 (0.19) 48 (0.97)

I 3,787 (17.63) 2,489 (23.46) 208 (3.51) 1,090 (22.05)

II 8,068 (37.57) 4,515 (42.55) 1,220 (20.6) 2,333 (47.19)

III 6,433 (29.95) 3,010 (28.37) 2,140 (36.13) 1,283 (25.95)

IV 2,995 (13.95) 468 (4.41) 2,343 (39.56) 184 (3.72)

Unknown 8 (0.04) 1 (0.01) 1 (0.02) 6 (0.12)

LymphExcision

Yes 21,149 (98.47) 10,456 (98.55) 5,826 (98.36) 4,867 (98.44)

No 313 (1.46) 151 (1.42) 89 (1.5) 73 (1.48)

Unknown 15 (0.07) 3 (0.03) 8 (0.14) 4 (0.08)

OthersiteSurgery

No 19,932 (92.81) 10,062 (94.84) 5,141 (86.8) 4,729 (95.65)

Single resection 1,151 (5.36) 400 (3.77) 612 (10.33) 139 (2.81)

Combination 81 (0.38) 27 (0.25) 43 (0.73) 11 (0.22)

Surgery, NOS 231 (1.08) 106 (1.0) 82 (1.38) 43 (0.87)

Unknown 82 (0.38) 15 (0.14) 45 (0.76) 22 (0.44)

PrimSiteSurg

LPS 8,617 (40.12) 4,111 (38.75) 2,310 (39) 2,196 (44.42)

SCH 11,977 (55.77) 6,074 (57.25) 3,313 (55.93) 2,590 (52.39)

TP 504 (2.35) 287 (2.7) 142 (2.4) 75 (1.52)

Surgery, NOS 379 (1.76) 138 (1.3) 158 (2.67) 83 (1.68)

(Continued)
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TABLE 1 (Continued)

Variable All patients (%) Censored (%) Concerned (%) Competition (%)

Radiotherapy

No 21,300 (99.18) 10,560 (99.53) 5,814 (98.16) 4,926 (99.64)

Beam radiation 144 (0.67) 37 (0.35) 94 (1.59) 13 (0.26)

Internal radiotherapy 9 (0.04) 4 (0.04) 4 (0.07) 1 (0.02)

Radiotherapy, NOS 7 (0.03) 2 (0.02) 3 (0.05) 2 (0.04)

Unknown 17 (0.08) 7 (0.07) 8 (0.14) 2 (0.04)

Chemotherapy

Yes 7,212 (33.58) 3,645 (34.35) 2,773 (46.82) 794 (16.06)

No/unknown 14,265 (66.42) 6,965 (65.65) 3,150 (53.18) 4,150 (83.94)

MetsBone

Yes 35 (0.16) 3 (0.03) 31 (0.52) 1 (0.02)

No 10,992 (51.18) 7,395 (69.7) 2,217 (37.43) 1,380 (27.91)

Unknown 10,450 (48.66) 3,212 (30.27) 3,675 (62.05) 3,563 (72.07)

MetsBrain

Yes 7 (0.03) 1 (0.01) 5 (0.08) 1 (0.02)

No 11,018 (51.30) 7,397 (69.72) 2,242 (37.85) 1,379 (27.89)

Unknown 10,452 (48.67) 3,212 (30.27) 3,676 (62.06) 3,564 (72.09)

MetsLiver

Yes 938 (4.37) 229 (2.16) 662 (11.18) 47 (0.95)

No 10,102 (47.04) 7,168 (67.56) 1,599 (27.0) 1,335 (27.0)

Unknown 10,437 (48.60) 3,213 (30.28) 3,662 (61.83) 3,562 (72.05)

MetsLung

Yes 179 (0.83) 28 (0.26) 144 (2.43) 7 (0.14)

No 10,849 (50.51) 7,370 (69.46) 2,107 (35.57) 1,372 (27.75)

Unknown 10,449 (48.65) 3,212 (30.27) 3,672 (62.0) 3,565 (72.11)

MetsDistLN

Yes 55 (0.26) 25 (0.24) 29 (0.49) 1 (0.02)

No 4,421 (20.58) 3,738 (35.23) 476 (8.04) 207 (4.19)

Unknown 17,001 (79.16) 6,847 (64.53) 5,418 (91.47) 4,736 (95.79)

MetsOther

Yes 4,313 (20.08) 3,680 (34.68) 429 (7.24) 204 (4.13)

No 161 (0.75) 82 (0.77) 75 (1.27) 4 (0.08)

Unknown 17,003 (79.17) 6,848 (64.54) 5,419 (91.49) 4,736 (95.79)

TumorSize

≤4 cm 10,378 (48.32) 5,511 (51.94) 2,255 (38.07) 2,612 (52.83)

>4 cm 11,099 (51.68) 5,099 (48.06) 3,668 (61.93) 2,332 (47.17)

CEA

Negative 7,092 (33.02) 4,130 (38.93) 1,612 (27.22) 1,350 (27.31)

Border 60 (0.28) 31 (0.29) 16 (0.27) 13 (0.26)

Positive 5,701 (26.54) 2,945 (27.76) 1,648 (27.82) 1,108 (22.41)

Unknown 8,624 (40.15) 3,504 (33.03) 2,647 (44.69) 2,473 (50.02)

(Continued)
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TABLE 1 (Continued)

Variable All patients (%) Censored (%) Concerned (%) Competition (%)

NeuroInvasion

Yes 1,539 (7.17) 729 (6.87) 583 (9.84) 227 (4.59)

No 12,347 (57.49) 7,411 (69.85) 2,711 (45.77) 2,225 (45.0)

Unknown 7,591 (35.34) 2,470 (23.28) 2,629 (44.39) 2,492 (50.4)

Censored: Patients who are alive; Concerned: Patients who died of ATC; Competition: Patients who died of competing events; Unmarried, including single, widowed, divorced and separated.
Stage: the most basic way of categorizing how far a cancer has spread from its point of origin. AJCC: American Joint Committee on Cancer; LymphExcision: if regional lymph nodes was
removed; Single resection: removal of only regional metastases, or distant lymph nodes, or distant metastases; combination: Any combination of Single resection; Surgery, NOS: Surgery was
performed but method is unknown; PrimSiteSurg: Surgery of Primary Site. LPS: Local tumor excision or Partial colectomy or Segmental resection; SCH: Subtotal colectomy or hemicolectomy;
TP: Total colectomy or proctocolectomy; Internal radiotherapy: Radioactive implants or Radioisotopes; Radiotherapy, NOS: Radiotherapy was performed but method is unknown; Mets:
metastases; MetsBone: bone metastases; CEA: carcinoembryonic antigen.

included in the multivariate analyses rather than in univariate
analyses.

Multivariate analyses

All variables that were statistically significant in the univariate
analyses (P < 0.05) were entered into a Cox regression analysis and
a competing-risk analysis for the multivariate analyses (20). Since
sex and regional lymphadenectomy were important demographic
and surgical information, respectively, they also needed to be added
to the multivariate analyses even though they were not statistically
significant in univariate analyses (21).

Both the Cox regression analysis and the SD model indicated
that age, race, grade, stage, AJCC, lymph node excision status,
surgery of primary site, radiotherapy and chemotherapy status,
marital status, tumor size, the number of lymph nodes examined
or positive, status of bone metastasis, lung metastasis, liver
metastasis, and neuro invasion were independent factors affecting
the prognosis of ATC, and the results for each subgroup were
basically consistent in different models. When analyzing the
surgery of primary site, the HR values of subtotal colectomy or
hemicolectomy, and total colectomy or proctocolectomy gradually
increased with the expansion of surgical scope. The same
phenomenon was observed in patients who received external
proton-beam radiation. Beam radiation became a risk factor, but
there was no statistically significant difference between those
who did and did not receive internal radiotherapy (22). It was
particularly interesting that being female and CEA-positive were
risk factors in the Cox regression analysis. But in the SD model,
there was no statistical difference between male and female and
CEA-positive was also not a risk factor. There was no significant
difference between patients with CEA-borderline and those who
were CEA-negative. Most of the results from the CS model were
consistent with those from the SD model. Since the CS model is
often used to explore etiological issues, it only played an auxiliary
role in the competing-risk analysis of this study, and so is not
considered in detail (see Table 3 for more details).

Discussion

Colorectal cancer is becoming more and more common. In
terms of anatomical sites, there have been many studies about

the ascending colon, descending colon, and sigmoid colon, while
research into the transverse colon is rare, and so many aspects
of this part are still uncertain. Adenocarcinoma is one of the
most common types. Therefore, it is necessary to perform further
related investigations.

The findings of the present study were consistent with previous
studies finding that age, etc., are independent factors influencing
the prognosis (23). The HR values and p-values for tumor size were
consistent in the three models, which also confirms the results of
previous studies, indicating that patients with tumors larger than
4 cm have a relatively poorer prognosis (24). There is general
agreement that racial disparities in health insurance and medical
care result in black people having a higher risk. The conclusion
that other races have a better prognosis than white people in this
study may differ from the results of some other studies, which may
be caused by genetic differences under similar medical conditions.
The grade of differentiation also significantly affected the prognosis.
In addition to moderate differentiation (grade II), grades III and
IV had significant effects on the survival rate compared with
well differentiation (grade I). Some previous studies on a similar
topic have applied competing-risk analyses, and found a significant
difference between grades I and II in SD and CS models, but not in
the Cox model, which can be interpreted as a false-negative result
(7). Whereas, the results obtained in the present study for the three
models indicated no significant difference between grades II and I.
We believe that this discrepancy is attributable to differences in the
characteristics or sizes of the selected samples, and it could also be
due to inherent characteristics of ATC itself.

The statistical results of above variables are consistent in
the range of P-values in the three models of this study. The
correlation direction of risk factors and results was consistent.
HR and 95% CI in Cox regression were slightly lower but still
basically similar. It is worth noting that the point estimation and
interval estimation of some factors differed markedly among the
three models. For example, Cox regression analysis underestimated
the risk of each level of AJCC by almost half, compared with
the HR values for the SD and CS models, and the 95% CI were
also correspondingly lower. This echoes what other researchers
have found (25). Compared with the results of Cox regression and
competing-risk analysis in the “stage-distant” group, the degree of
risk underestimation was surprisingly similar. Obviously, due to
the existence of competing events (26), Cox regression deviates
markedly in both point estimation and interval estimation, whereas
the results of the competing-risk analysis are more accurate (27).
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TABLE 2 Univariate analysis of prognostic factors in patients with ATC.

Variable Gray’s
test

p-value CIF

1 year 3 years 5 years

Race 37.77 <0.0001

White people 0.107 0.218 0.267

Black people 0.102 0.249 0.321

Other 0.078 0.182 0.233

Sex 0.02 0.8825

Male 0.098 0.212 0.273

Female 0.109 0.224 0.269

Marital status 41.62 <0.0001

Married 0.093 0.201 0.253

Unmarried 0.117 0.238 0.290

Grade 743.54 <0.0001

I 0.045 0.107 0.152

II 0.077 0.181 0.235

III 0.207 0.369 0.417

IV 0.231 0.373 0.4

Unknown 0.102 0.235 0.283

Stage 7027.36 <0.0001

Localized 0.022 0.048 0.071

Regional 0.084 0.200 0.261

Distant 0.383 0.713 0.805

Unknown 0.197 0.25 0.311

AJCC 7418.21 <0.0001

0 0.016 0.036 0.044

I 0.013 0.027 0.042

II 0.043 0.097 0.133

III 0.105 0.253 0.329

IV 0.385 0.718 0.811

Unknown 0.113 0.146 0.213

LymphExcision 4.05 0.132

Yes 0.104 0.218 0.271

No 0.105 0.209 0.262

Unknown 0.267 0.4 0.478

OthersiteSurgery 517.84 <0.0001

No 0.097 0.202 0.252

Single resection 0.197 0.454 0.537

Combination 0.198 0.451 0.534

Surgery, NOS 0.120 0.288 0.329

Unknown 0.298 0.486 0.499

PrimSiteSurg 42.48 <0.0001

LPS 0.101 0.209 0.258

(Continued)

TABLE 2 (Continued)

Variable Gray’s
test

p-value CIF

1 year 3 years 5 years

SCH 0.104 0.221 0.274

TP 0.107 0.235 0.302

Surgery, NOS 0.173 0.329 0.401

Radiotherapy 128.16 <0.0001

No 0.103 0.216 0.268

Beam radiation 0.324 0.569 0.636

Internal radiotherapy 0.467 0.802 0.893

Radiotherapy, NOS 0.143 0.356 0.429

Unknown 0.118 0.397 0.548

Chemotherapy 619.72 <0.0001

Yes 0.104 0.301 0.386

No/unknown 0.104 0.177 0.213

MetsBone 290.15 <0.0001

Yes 0.771 0.9 0.95

No 0.082 0.185 0.237

Unknown 0.124 0.246 0.298

MetsBrain 133.84 <0.0001

Yes 0.857 0.862 0.875

No 0.084 0.187 0.23866

Unknown 0.124 0.247 0.29829

MetsLiver 1,829 <0.0001

Yes 0.343 0.707 0.8069

No 0.060 0.139 0.18581

Unknown 0.123 0.246 0.29749

MetsLung 654.06 <0.0001

Yes 0.473 0.830 0.90761

No 0.078 0.177 0.22818

Unknown 0.124 0.246 0.29798

MetsDistLN 142.06 <0.0001

Yes 0.296 0.818 0.874

No 0.069 0.158 0.235

Unknown 0.112 0.228 0.279

MetsOther 245.65 <0.0001

Yes 0.283 0.734 0.875

No 0.064 0.145 0.237

Unknown 0.112 0.228 0.279

TumorSize 402.69 <0.0001

≤4 cm 0.067 0.158 0.209

>4 cm 0.139 0.275 0.329

CEA 71.57 <0.0001

(Continued)
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TABLE 2 (Continued)

Variable Gray’s
test

p-value CIF

1 year 3 years 5 years

Negative 0.085 0.184 0.235

Border 0.124 0.230 0.276

Positive 0.114 0.246 0.301

Unknown 0.113 0.228 0.279

NeuroInvasion 252.55 <0.0001

Yes 0.149 0.342 0.425

No 0.085 0.186 0.234

Unknown 0.126 0.245 0.296

CIF, cumulative incidence function.

All of the independent related factors mentioned above have
been widely recognized in previous studies. Our study not only
further supports these conclusions, but also has produced some
new findings by using competing-risk analysis. Many previous
studies of colorectal cancer considered being female as a protective
factor, and the present Cox regression analysis produced the same
result. Based on the large population, this was not the case for
the SD model, which indicated no difference in prognosis between
males and females with ATC. Our analysis suggests that the
incidence is slightly lower in females than males, but no difference
was found in prognosis. This is consistent with the findings of
Cheung et al. (28). We therefore consider this to be a false-positive
result caused by competing events.

In terms of treatment, surgery has previously been considered
a protective factor, but differences among specific surgical methods
have not been discussed. Based on the records in the SEER database,
we divided the surgical procedures into three categories. For all
three models, SCH and TP with a larger surgical scope did not
appear to benefit patients with ATC, but the risk increased as
the surgical scope expanded relative to LPS covering a smaller
scope. A larger surgical scope may tend to be applied more when
the disease advanced, and is also associated with a greater tissue
damage, resulting in a poor prognosis (29). Compared with the
ascending colon and descending colon, the operation method of
transverse colon is not so fixed, since a small deviation of the scope
of hemicolectomy forward or backward can involve the ascending
or descending colon (30). Sometimes the prognosis varies markedly
depending on whether or not the middle colon artery is preserved
(31). The results of the present competing-risk analysis further
confirmed the results of the Cox regression analysis, hence making
the results more robust and reliable.

The same was true for the variable of radiotherapy. Previous
studies have only cared about whether patients received
radiotherapy or not, and their conclusions are controversial. Some
researchers have suggested that radiotherapy improves survival
(32). However, studies that found radiotherapy to not be beneficial
for long-term survival did not explore the underlying reasons.
In contrast, the present study analyzed detailed information on
radiotherapy, and found that the increased risk is mainly due
to the use of external proton beam, which is the most common
type of external radiotherapy, while internal radiotherapy such
as I125 did not affect the prognosis. This may be due to external

radiotherapy killing some tumor cells, reducing the tumor load,
relieving symptoms, and improving short-term survival. However,
due to the side effects of external radiotherapy, such as perforation,
bleeding, and pancytopenia, and the generally late stage of patients
who need radiotherapy, the long-term prognosis might not be
improved (33). The present competing-risk analysis confirmed the
results of the Cox regression analysis again.

Carcinoembryonic antigen is considered to be an important
tumor marker for the diagnosis and monitoring of recurrence and
metastasis, which has become a broad clinical consensus, but it
often presents false-positive or false-negative results. Regarding
the effect of CEA on prognosis, there is still a lot of controversy.
The Cox regression analysis and the competing-risk analysis
performed in this study produced different results. Elevated CEA
was considered a risk factor for a poor prognosis in Cox regression,
but no such difference was observed in the SD model. CEA
assessment plays an important role in postoperative follow-up, in
terms of detecting recurrence and metastasis early, thus improving
the excision rate. However, this does not mean a higher or lower
survival rate. It often needs to be combined with other indicators
to evaluate the prognosis. Relevant studies by Ohlsson et al. (34) in
Sweden and Kjeldsen et al. (35) in Denmark have confirmed this
conclusion. Based on our results, particularly the findings from the
SD model, it is evident that CEA cannot be used for prognostic
prediction. This aligns with the prevailing views among most
clinical experts and scholars. The clinical utility of CEA is therefore
limited to the two points mentioned above. Our results once
again validate the conclusions drawn by the majority of scholars.
Relying solely on the results of Cox regression, however, can lead
to significant errors. The Cox regression incorrectly estimates P-
values due to the existence of competing events, and the results of
competing-risk analysis will be more consistent with reality. It is
well known that the location of colorectal cancer is closely related to
the biological characteristics, genetic and epigenetic characteristics,
pathological characteristics, and the prognosis of tumor cells (36).
Tumors vary by site over time, and various features of tumors will
also change gradually along the colon segment.

The transverse colon is quite special because it is located
between the ascending colon and descending colons, traverses the
upper abdomen, and entangled by the transverse mesocolon, which
is an internal peritoneal organ. It abuts many important organs
which differ from that of the ascending colon and descending
colon. In addition, it is mainly supplied by the middle colon
artery, and the type of surgical method is directly related to
whether the artery is preserved or not. Regional lymph nodes are
mainly distributed along the middle colonic artery (37), which
makes lymph node dissection in this region a considerable surgical
challenge. Therefore, the above-mentioned new findings in this
study cannot only be attributed to the advantages of competing-
risk analysis, but also reflect potential differences between ATC and
cancers in other parts of the colon.

The classic KM and Cox methods rely on the assumption that
censoring time and failure time are independent (38); that is, there
is a single endpoint without competing events. However, in reality,
clinical research data often contains a substantial amount of right-
censored data due to loss of follow-up and other reasons, leading to
multiple outcomes with competitive relationships. Using classical
KM for univariate analyses without considering these biases will
overestimate cumulative mortality, while using Cox regression for
multivariate analyses can lead to further biases. (39). Our study
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TABLE 3 Multivariate analysis of 3 models of prognostic factors in patients with ATC.

COX model SD model CS model

Prognostic
factors

p-
value

HR 95% CI p-
value

HR 95% CI p-
value

HR 95% CI

Age <0.0001 1.04 1.038 1.042 <0.0001 1.012 1.01 1.015 <0.0001 1.018 1.016 1.021

Sex

Male Reference Reference Reference

Female <0.0001 0.828 0.796 0.862 0.0897 0.954 0.903 1.007 0.0112 0.933 0.884 0.984

Race

White people Reference Reference Reference

Black people 0.0009 1.105 1.042 1.172 0.0157 1.099 1.018 1.187 0.0108 1.103 1.023 1.19

Other <0.0001 0.797 0.74 0.859 0.0255 0.893 0.808 0.986 0.0038 0.866 0.786 0.955

Marital status

Married Reference Reference Reference

Unmarried <0.0001 1.266 1.216 1.318 0.0032 1.088 1.029 1.15 <0.0001 1.143 1.083 1.207

Grade

I Reference Reference Reference

II 0.15 1.058 0.98 1.144 0.1467 1.094 0.969 1.235 0.1698 1.089 0.964 1.231

III <0.0001 1.29 1.185 1.404 <0.0001 1.487 1.307 1.693 <0.0001 1.508 1.326 1.714

IV <0.0001 1.518 1.324 1.739 <0.0001 1.652 1.368 1.996 <0.0001 1.735 1.448 2.079

Unknown 0.0074 1.212 1.053 1.395 0.0002 1.483 1.203 1.828 <0.0001 1.513 1.238 1.851

Stage

Localized Reference Reference Reference

Regional <0.0001 1.186 1.109 1.267 <0.0001 1.489 1.326 1.672 <0.0001 1.525 1.358 1.712

Distant <0.0001 1.848 1.377 2.481 <0.0001 3.149 2.104 4.714 <0.0001 3.25 2.279 4.634

Unknown 0.8369 0.854 0.191 3.828 <0.0001 3800.637 442.08 32674.75 0.9062 4105.527 0 5.01E+63

AJCC

0 Reference Reference Reference

I 0.1761 1.199 0.922 1.559 0.9826 1.007 0.555 1.826 0.9167 1.033 0.562 1.898

II 0.0065 1.441 1.107 1.875 0.0105 2.157 1.197 3.887 0.0077 2.263 1.241 4.129

III <0.0001 2.054 1.568 2.691 <0.0001 4.297 2.368 7.796 <0.0001 4.77 2.598 8.756

IV <0.0001 4.435 2.989 6.58 <0.0001 7.54 3.705 15.347 <0.0001 9.116 4.555 18.246

Unknown 0.0652 2.983 0.934 9.529 <0.0001 0.001 0 0.003 0.9199 0.001 0 9.97E+56

LymphExcision

Yes Reference Reference Reference

No 0.0276 1.191 1.019 1.392 0.0255 1.275 1.03 1.579 0.0067 1.337 1.084 1.65

Unknown 0.0024 2.462 1.375 4.408 <0.0001 4.157 2.427 7.121 <0.0001 4.51 2.231 9.117

PrimSiteSurg

LPS Reference Reference Reference

SCH 0.017 1.05 1.009 1.093 0.0004 1.108 1.047 1.172 <0.0001 1.126 1.065 1.189

TP <0.0001 1.358 1.183 1.559 0.0001 1.444 1.198 1.741 <0.0001 1.496 1.26 1.776

Surgery, NOS 0.0417 1.146 1.005 1.305 0.0989 1.161 0.972 1.386 0.0129 1.229 1.045 1.447

Radiotherapy

no Reference Reference Reference

Beam radiation 0.0019 1.367 1.122 1.667 <0.0001 1.515 1.239 1.854 0.0002 1.489 1.206 1.839

Internal
radiotherapy

0.8319 1.1 0.455 2.658 0.6201 0.834 0.408 1.707 0.8044 0.883 0.329 2.369

(Continued)
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TABLE 3 (Continued)

COX model SD model CS model

Prognostic
factors

p-
value

HR 95% CI p-
value

HR 95% CI p-
value

HR 95% CI

Radiotherapy,
NOS

0.388 0.679 0.282 1.636 0.8544 0.868 0.191 3.947 0.6929 0.796 0.256 2.475

Unknown 0.9054 0.963 0.517 1.793 0.5205 1.315 0.57 3.033 0.5833 1.215 0.606 2.436

Chemotherapy

Yes Reference Reference Reference

No/unknown <0.0001 1.471 1.4 1.545 <0.0001 1.244 1.166 1.327 <0.0001 1.461 1.375 1.552

LymphExamed <0.0001 0.983 0.981 0.985 <0.0001 0.983 0.98 0.986 <0.0001 0.979 0.976 0.982

LymphPositive <0.0001 1.066 1.061 1.072 <0.0001 1.059 1.052 1.066 <0.0001 1.069 1.063 1.075

MetsBone

Yes Reference Reference Reference

No 0.0471 0.679 0.463 0.995 0.034 0.668 0.46 0.97 0.0468 0.673 0.455 0.994

Unknown 0.1702 0.598 0.287 1.247 0.8796 0.942 0.432 2.054 0.3958 0.724 0.344 1.525

MetsLiver

Yes Reference Reference Reference

No <0.0001 0.793 0.72 0.873 0.0004 0.82 0.735 0.915 <0.0001 0.813 0.732 0.903

Unknown 0.4724 0.844 0.531 1.34 0.8765 0.956 0.539 1.695 0.4963 0.846 0.522 1.371

MetsLung

Yes Reference Reference Reference

No <0.0001 0.703 0.591 0.837 0.0091 0.751 0.606 0.931 <0.0001 0.694 0.58 0.831

Unknown 0.1152 0.666 0.402 1.104 0.0874 0.564 0.292 1.088 0.0265 0.553 0.327 0.933

TumorSize

≤4 cm Reference Reference Reference

>4 cm <0.0001 1.138 1.09 1.187 <0.0001 1.154 1.088 1.223 <0.0001 1.194 1.126 1.265

CEA

Negative Reference Reference Reference

Border 0.3052 1.211 0.84 1.748 0.35 1.259 0.777 2.039 0.4315 1.219 0.744 1.999

Positive 0.0002 1.104 1.048 1.163 0.094 1.063 0.99 1.143 0.0171 1.088 1.015 1.166

Unknown 0.0024 1.08 1.028 1.134 0.3634 1.033 0.964 1.106 0.0836 1.062 0.992 1.136

NeuroInvasion

Yes Reference Reference Reference

No 0.0002 0.863 0.799 0.931 0.0314 0.896 0.81 0.99 0.0038 0.872 0.795 0.957

Unknown 0.0006 0.863 0.794 0.939 0.1045 0.91 0.811 1.02 0.0307 0.889 0.799 0.989

HR, hazard radio; CI, confidence interval; CS, cause-specific hazard; SD, subdistribution hazard function.

has confirmed this theory. Some Cox regression results may have
false-positives and biased effect estimates due to serious bias at
a proportion of competing events exceeding 10%, with lower
proportions also potentially resulting in false-positive or false-
negative results (7). Competing-risk analysis can overcome these
shortcomings by establishing the dependence between correlation
degree and covariates, which can better and more accurately explain
the effect of covariates and standardize the distribution function
for different types of competing risk (7). It is noteworthy that the
HR and 95% CI values obtained from the SD model were similar
to those derived from the CS model, with consistent direction
of associations and effect sizes that are basically consistent with

the theory of SD ≤ CS; however, some results were inconsistent,
which is also consistent with some studies. For instance, P-values
for some factors in the SD and CS models were consistent, while
others were not. This highlights the importance of obtaining results
using both models in a competing-risk analysis, which helps to
further differentiate the role of risk factors (39). Broadly speaking,
CS addresses upstream epidemiological questions related to disease
etiology, while SD focuses on downstream clinical event rates. The
SD model is primarily used for prognostic analysis, risk scoring,
and clinical prediction modeling. Therefore, it is crucial to use
competing-risk analysis when analyzing the prognostic risk factors
of patients where competing events are present (40).
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As far as we know, this study is the first to report on the
competing-risk analysis of prognostic factors for ATC, specifically
using the largest number of samples and variables. It is based on
the high-quality and large SEER database (41), allowing for the
identification of accurate prognostic factors for specific diseases
like ATC. Moreover, it provides valuable insights for clinicians
in assessing prognosis and avoiding harmful treatment strategies.
Additionally, it serves as a reminder to researchers about the
significant inaccuracies associated with the use of Cox regression.
The study also has some limitations. First, we only selected patients
from 2000 to 2019, which may have introduced bias due to the
short time span. Second, although the SEER database contains
a significant amount of variable information, it does not cover
all information that may affect patient survival, such as gene
expression (42). Thus, further research is still needed to address
these limitations.

Conclusion

Upon comparative analysis of the two methodologies, it
provided conclusive evidence that age, etc. are the actual prognostic
factors for ATC. However, sex and CEA do not qualify as
independent prognostic factors. When analyzing prognostic factors
with multiple endpoints, competing-risk analysis is more accurate
and reliable than COX regression, which is prone to significant
bias in the presence of competing events. Additionally, larger
surgical scopes and external proton-beam radiotherapy may not
improve long-term survival outcomes for patients with ATC.
Therefore, clinicians should take note of these differences when
treating ATC patients and may need to approach them differently
from common cases of colorectal cancer. This study specifically
examined ATC patients in detail, in contrast to previous crude
analyses of prognostic factors for colorectal cancer. These results
will contribute to a deeper understanding of ATC, as well as to
diagnostic, therapeutic, and clinical decision-making processes.
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Introduction: Proteasomes are multi-subunit protein complexes responsible for
protein degradation in cells. Immunoproteasomes and intermediate
proteasomes (together non-constitutive proteasomes) are specific forms of
proteasomes frequently associated with immune response, antigen
presentation, inflammation and stress. Expression of non-constitutive
proteasome subunits has a prognostic value in several types of cancer. Thus,
factors that modulate non-constitutive proteasome expression in tumors are of
particular interest. Multikinase inhibitors (MKIs) demonstrate promising results in
treatment of cancer. At the same time, their immunomodulatory properties and
effects on non-constitutive proteasome expression in colorectal cancer cells are
poorly investigated.

Methods: Proteasome subunit expression in colorectal cancer was evaluated by
bioinformatic analysis of available datasets. Two colorectal cancer cell lines,
expressing fluorescent non-constitutive proteasomes were treated with
multikinase inhibitors: regorafenib and sorafenib. The proteasome subunit
expression was assessed by real-time PCR, Western blotting and flow
cytometry. The proteasome activity was studied using proteasome activity-
based probe and fluorescent substrates. Intracellular proteasome localization
was revealed by confocal microscopy. Reactive oxygen species levels following
treatment were determined in cells. Combined effect of proteasome inhibition
and treatment with MKIs on viability of cells was estimated.

Results: Expression of non-constitutive proteasomes is increased in BRAF-
mutant colorectal tumors. Regorafenib and sorafenib stimulated the activity
and synthesis of non-constitutive proteasomes in examined cell lines. MKIs
induced oxidative stress and redistribution of proteasomes within cells.
Sorafenib stimulated formation of cytoplasmic aggregates, containing
proteolyticaly active non-constitutive proteasomes, while regorafenib had no
such effect. MKIs caused no synergistic action when were combined with the
proteasome inhibitor.
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Discussion:Obtained results indicate that MKIs might affect the crosstalk between
cancer cells and immune cells via modulation of intracellular proteasome pool.
Observed phenomenon should be considered when MKI-based therapy is applied.

KEYWORDS

ubiquitin-proteasome system, non-constitutive proteasomes, multikinase inhibitors,
regorafenib, sorafenib

1 Introduction

Cancer cells are highly dependent on the proper functioning of the
ubiquitin-proteasome system (UPS) which supports homeostasis via
degradation of most cellular proteins (Tsvetkov et al., 2018). The UPS
provide a cascade of reactions leading to the post-translational
modification of the substrate protein with a small
protein–ubiquitin. This tag is recognized by the multisubunit
protein complex, known as the 26S proteasome, where the protein
degradation takes place (Ciechanover and Scwartz, 1998). The 26S
proteasome consists of the 19S regulator/s which specifically
recognizes the ubiquitinated substrates and the 20S proteasome
that contains proteolytic centers (reviewed in (Morozov and
Karpov, 2019)). With no attached 19S regulator/s the 20S
proteasome is incapable to selectively degrade ubiqitinated
proteins, but still can break down certain substrates including
oxidized and damaged proteins (Kumar Deshmukh et al., 2019).
Within the constitutive 20S proteasome, three subunits perform
proteolysis and cleave peptide bonds after acidic (subunit β1),
basic (subunit β2) and hydrophobic (subunit β5) amino acids.
These subunits can be substituted by analogs (β1i, β2i and β5i),
known as the immune subunits during the proteasome assembly,
leading to the formation of the immunoproteasome or an
intermediate proteasome, if not all constitutive catalytic subunits
are replaced (Guillaume et al., 2010). These proteasomes, together
non-constitutive proteasomes, demonstrate altered activity profile
and thus, generate altered sets of peptides, which are further
presented on the cell surface by the MHCI molecules (Winter
et al., 2017). Consequently, along with other functions, these
proteasomes facilitate antigen presentation; mice lacking
immunoproteasomes display 50% different repertoire of presented
peptides and altered response to viral infection (Kincaid et al., 2011).
Non-constitutive proteasomes are abundant in the immune cells. In
somatic cells the quantity of these proteasomes may rise drastically in
conditions of stress, inflammation or following stimulation with pro-
inflammatory cytokines including IFN-γ and TNF-α (Aki et al., 1994).

UPS-directed approach for cancer treatment includes mostly
utilization of proteasome inhibitors or their combinations with
other drugs. Indeed, bortezomib (Velcade), carfilzomib (Kyprolis)
and ixazomib (Ninlaro) targeting both constitutive and non-
constitutive proteasomes are effective against multiple myeloma
and mantle cell lymphoma, but against solid tumors their efficacy
is limited (Astakhova et al., 2018; Roeten et al., 2018). Interestingly,
increased expression of immunoproteasome subunits in cancer cells
has a prognostic value for several different types of solid tumors
(Rouette et al., 2016; Tripathi et al., 2016; Lee et al., 2019). Though
increased levels of immunoproteasome subunits in cancers could be
associated with immune cells infiltration, modulation of non-
constitutive proteasome subunit expression and activity in cancer

cells might affect the tumor-immune system interactions and
consequently the outcome of the disease. Recently, inhibitors
directed specifically to immune proteasome subunits were
developed and their derivatives are now being evaluated in clinical
trials (Huber and Groll, 2021). Except use of pro-inflammatory
cytokines with pleiotropic effects, currently, no specific drugs that
facilitate immunoproteasome synthesis are known. At the same time,
several reports indicate altered immunoproteasome subunit
expression following treatment of cancer cells with other types of
anti-cancer drugs - protein kinase inhibitors that are currently widely
used in clinical practice (Burov et al., 2021; Takahashi et al., 2021).

Here, we specifically addressed the effect of two multikinase
inhibitors (MKIs) on the proteasome activity, expression and
intracellular localization of non-constitutive proteasomes using two
genetically modified colorectal cancer cell lines, engineered to express
fluorescently labeled non-constitutive proteasome subunit β5i.

2 Materials and methods

2.1 Bioinformatics analysis of publicly
available datasets

The dataset E-MTAB-10089 (Rohr et al., 2021) was used to
compare gene expression in normal tissue, adenoma and colorectal
cancer. One-way ANOVA test was used to determine significant
differences with Benjamini-Hochberg correction for multiple
comparisons. The GSE39582 dataset (Marisa et al., 2013) was
used for Kaplan-Meier analysis, comparison of gene expression
in molecular subtypes of colon cancer and calculation of
Spearman correlation between CD274 and PSMB1-10 genes
expression. For each molecular subtype samples from
GSE39582 were divided into mutant/deficient and wild type/
proficient categories and compared using Mann-Whitney non-
parametric test with Benjamini-Hochberg correction for
comparisons of multiple genes. Proteomic dataset for HCT-116
cells treated with small molecule inhibitors (Mitchell et al., 2023)
was used to identify drugs which can affect proteasome levels in
colorectal cancer cells (Supplementary Table S1). All data was
downloaded from R2: Genomics Analysis and Visualization
Platform.1 Kaplan-Meier analysis was performed using online
tool from R2: Genomics Analysis and Visualization Platform.
Correlations analyses, ANOVA tests and Benjamini-Hochberg
corrections were performed using custom Python codes available
in (Lebedev et al., 2022; Lebedev et al., 2022).

1 https://r2.amc.nl/
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2.2 Correlation of dependency data with
drug sensitivity

Average dependency scores were calculated using shRNA and
CRISPR gene scores fromDepMap data2 described in (Lebedev et al.,
2022). For each cell line we also calculated mean dependency score
across all PSMB1-10 genes. Drug sensitivity data was downloaded
from CTRP database.3 Briefly, for each colorectal cell line present in
DepMap we calculated averaged dependency scores for each of the
PSMB1-10 genes and extracted AUC values from the dataset (Basu
et al., 2013). AUC values were converted into sensitivity values as the
reverse values and then we calculated Spearman correlation for each
drug-gene pair with Benjamini-Hochberg correction. Drugs for the
analysis were selected using the ChEMBL database4 via searching for
compounds that at least entered the phase-2 clinical trials and have
indications for colorectal neoplasms. Heatmaps were constructed
using ComplexHeatmap package for R (Gu et al., 2016).

2.3 Cell culture

Human colorectal adenocarcinoma cell line SW480 and embryonic
kidney HEK 293T cell line were kindly provided by Dr. Vladimir
Prassolov. The SW620B8-mCherry cell line was obtained previously
(Burov et al., 2021). The SW480, SW480B8-mCherry and SW620B8-
mCherry and HEK 293T cells were maintained in DMEM (Thermo
Fisher Scientific, Paisley, Renfrewshire, Scotland, UK). Cell culturemedia
contained 10% of fetal calf serum (FCS) (Hyclone, Logan, UT, USA),
100 U/mL of penicillin and 100 μg/mL of streptomycin. Cells were
incubated at 37°C and 5% CO2.

2.4 Cell viability assay and treatment of cells
with MKIs

The SW480B8-mCherry, SW620B8-mCherry and HEK
293T cells were treated with 0.1–250 µM of regorafenib
(MedChemExpress, Monmouth Junction, NJ, USA) and
0.1–500 µM of sorafenib (Sigma-Aldrich, Burlington, MA, USA).
Cellular viability was assessed 72 h post-drug-treatment using
trypan blue exclusion in Neubauer chamber. To evaluate the
effects of MKIs, SW480B8-mCherry were incubated with 1, 5, or
10 µM of regorafenib or sorafenib, while the SW620B8-mCherry
cells were treated with 0.5, 2.5, 5 µM of the drugs.

2.5 Transfection and cell sorting

The plasmid encoding Cas9D10A, GFP and gRNAs, the donor
plasmid used for recombination, as well as the protocol for
validation of the obtained cell line were generated previously

(Burov et al., 2021). SW480 cells were co-transfected with the
plasmids using Mirus TransIT-LT1 reagent (Mirus Bio LLC,
Madison, WI, USA) according to manufacturer’s instructions.
Forty-eight hours post transfection cells were washed with PBS,
detached from the plates using trypsin-EDTA solution (Pan-Eko,
Moscow, Russia), centrifuged and resuspended in 1 mL of PBS.
Then the FACSAria III cell sorter (BD Biosciences, Franklin Lakes,
NJ, USA) was used to obtain the population of cells with
considerable GFP fluorescence. After that, cells were cultured for
2 weeks and then stimulated with 1000 U/mL of recombinant
human IFN-γ and 500 U/mL of recombinant human TNF-α
(both from R&D systems, Minneapolis, MN, USA) for 72 h.
Finally, cells with mCherry fluorescence were collected using the
FACSAria III cell sorter (BD Biosciences, Franklin Lakes, NJ, USA)
and propagated as described above.

2.6 Isolation of genomic DNA, total RNA;
PCR and real-time PCR

Genomic DNA and total RNA were isolated using GeneJET
Genomic DNA Purification Kit (Thermo Scientific, Waltham, MA,
USA) and RNA Solo Kit (Evrogen, Moscow, Russia), according to
the manufacturer’s recommendations. The concentration and purity
of nucleic acids were determined using NanoDrop
spectrophotometer (Thermo Scientific, Waltham, MA, USA).

To verify the presence of specific insert in the genome of
SW480B8-mCherry cells we used two sets of primers that were
obtained previously (Burov et al., 2021) (Supplementary Table S2).
The fragments of genomic DNA were amplified with primer pairs
A-B and C-D (Burov et al., 2021) using Q5 High-Fidelity DNA
polymerase (New England Biolabs, Ipswich, MA, USA). The
nucleotide sequence integrity was confirmed by bi-directional
sequencing.

The cDNA was obtained from two microgram of total RNA
using oligo(dT)20 primer and Magnus Reverse Transcriptase
(Evrogen, Moscow, Russia). To estimate chimeric gene (PSMB8-
mCherry) expression levels we used the G-H pair of primers (Burov
et al., 2021) (Supplementary Table S2). For the amplification of the
wild-type PSMB8, PSMB5, PSMB9 and PSMB10 genes fragments,
primer pairs reported in (Morozov et al., 2019) were utilized
(Supplementary Table S2). qPCR reactions were performed as
described in (Morozov et al., 2019). The β-Actin (ACTB) gene
expression was used for normalization. The calculation of the
relative expression levels of studied genes was performed using
the ΔΔCt method.

2.7 Preparation of lysates and
Western blotting

Cells were washed two times with PBS, collected and lysed for
10 min on ice in the NP-40 cell lysis buffer (50 mMTris-Cl (pH 8.0),
150 mM NaCl, 1.0% NP-40), followed by centrifugation for 10 min
at 13000×g. Cell supernatants were collected and stored at −80°C
before use. Alternatively, cells were lysed directly in the SDS-PAGE
Sample buffer (Invitrogen, Waltham, MA, USA). Proteins were
separated in 12% Tris-glycine polyacrylamide gels and transferred

2 https://depmap.org/portal/

3 https://portals.broadinstitute.org/ctrp.v2.1/

4 https://www.ebi.ac.uk/chembl/

Frontiers in Molecular Biosciences frontiersin.org03

Burov et al. 10.3389/fmolb.2024.1351641

62

https://depmap.org/portal/
https://portals.broadinstitute.org/ctrp.v2.1/
https://www.ebi.ac.uk/chembl/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2024.1351641


onto 0.45 µm nitrocellulose membranes (Bio-Rad, Hercules, CA,
USA). The membranes were incubated with primary rabbit anti-β1i
(Abcam, Cambridge, UK, RRID:AB_303707), or rabbit anti-β2i
(Abcam, Cambridge, UK, AB_2895211) or rabbit anti-β5i
(Abcam, Cambridge, UK, RRID:AB_303708), or rabbit anti-
mCherry (Cell Signaling, Danvers, MA, USA, RRID:AB_
2799246), or mouse anti-20S proteasome alpha1,2,3,5,6,7 (Enzo,
Farmingdale, NY, USA, RRID:AB_10541045) antibodies and
secondary HRP-labeled anti-rabbit or anti-mouse conjugates
(Abcam, Cam-bridge, UK, RRID:AB_10679899 or Enzo,
Farmingdale, NY, USA, RRID:AB_10540652, respectively). Blots
were developed using SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific, Waltham, MA, USA).
For signal normalization membranes were striped and treated
with mouse anti-β-actin antibodies (Abcam, Cambridge, UK,
RRID:AB_306371) and HRP-labeled anti-mouse conjugates. Blots
were developed as described.

2.8 Immunoprecipitation of proteasomes

For the immunoprecipitation of proteasomes the Proteasome
purification kit (Enzo, Farmingdale, NY, USA) was used according
to the manufacturer’s instructions. The homogenization of cells was
performed in a binding buffer (25 mMHEPES, pH 7.4, 10% glycerol,
5 mM MgCl2, 1 mM ATP, 1 mM DTT) via consecutive freezing/
thawing. Cells were centrifuged for 30 min at 13,000×g and the
supernatants were collected. Obtained samples were incubated with
the proteasome purification matrix at 4°C overnight. After brief
centrifugation at 5,000×g the supernatants (unbound fraction) were
collected. The pellet was washed three times in binding buffer and
the proteasomes were eluted using the SDS-PAGE Sample buffer
(Invitrogen, Waltham, MA, USA).

2.9 Detection of catalytically active
proteasome subunits

To detect catalytically active proteasome subunits we used
proteasome activity probe—Me4BodipyFL-Ahx3Leu3VS (UbiQbio,
Amsterdam, Netherlands) according to the protocol described in
(De Jong et al., 2012). Obtained lysates (app. 20 μg of total protein)
were mixed with 0.5 µL of probe and incubated for 1 h at 37°C. SDS-
PAGEwas performed and catalytically active proteasome subunits were
revealed by using ChemiDoc XRS+ imaging system (Bio-Rad, Hercules,
CA, USA) (excitation wavelength 480 nm and emission wavelength
530 nm). To ensure an equal protein load the gel was incubatedwith the
ROTI®Blue quick protein stain (Carl Roth, Karlsruhe, Germany).

2.10 Determination of proteasome activity

Overall proteasome activity was determined using a
Me4BodipyFL-Ahx3Leu3VS (UbiQbio, Amsterdam, The
Netherlands) proteasome activity probe according to the
published protocol (De Jong et al., 2012). Briefly, cells were
cultivated in 12 well plates, treated with MKIs and following 72 h
the probe was added into the culture media to achieve final

concentration of 200 nM. Cells were incubated for 2 hours. After
that, cells were washed with PBS and detached from the culture plate
using a trypsin solution (PanEco, Moscow, Russia). Then, cells were
fixed by continuous shaking in buffer containing 1% of FBS and
0.5% formaldehyde. Detection of fluorescence intensity was
performed using LSRFortessa flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). For the determination of proteasome
activity using fluorogenic substrates 72 h after treatment with the
MKIs cells were washed with PBS, detached from the surface of
the plate using the rubber scrapper, centrifuged and washed again.
Cells were homogenized by consecutive freezing/thawing.
Chymotrypsyn-like and β5i-specific proteasome activities were
measured as described elsewhere (Vagapova et al., 2021) using
Suc-LLVY-AMC (Sigma, St. Louis, MO, USA) and Ac-ANW-
AMC (Boston Biochem, Cambridge, MA, USA) fluorogenic
substrates, correspondingly. Control reactions with 100 nM of the
proteasome inhibitor Bortezomib (Selleckchem, Houston, TX, USA)
or 1 mM of another proteasome inhibitor MG132 (Santa Cruz
Biotechnology Inc., Dallas, Texas, USA) were performed to test
nonspecific degradation of substrates. The activities were estimated
at the excitation wavelength 380 nm and emission wavelength
440 nm using VersaFluor Fluorometer (Bio-Rad, Hercules, CA,
USA). Relative activity levels were obtained following subtraction
of the activity levels in samples with proteasome inhibitors from the
values detected in lysates.

2.11 Confocal microscopy

The SW480, SW480B8-mCherry and SW620B8-mCherry cells
were grown on Clip-max culture flasks (TPP, Trasadingen,
Switzerland). Twenty-four hours after seeding cells were
stimulated with 1000 U/mL of recombinant human IFN-γ (R&D
systems, Minneapolis, MN, USA) and 500 U/mL of recombinant
human TNF-α (R&D systems, Minneapolis, MN, USA), or
regorafenib (MedChemExpress, Monmouth Junction, NJ, USA),
or sorafenib (Sigma-Aldrich, Burlington, MA, USA) and
incubated for additional 72 h. Prior analysis, cells were incubated
for 2 h with 200 nM of the probe Me4BodipyFL-Ahx3Leu3VS
(UbiQbio, Amsterdam, The Netherlands). The cells were washed
and fixed with 4% PFA (BosterBio, Pleasanton, CA, USA), washed
again with PBS and incubated with NucBlue Fixed Cell ReadyProbe
(Thermo Scientific, Waltham, MA, USA) for 15 min to stain the
nuclei. After that, slides were covered with a SlowFade™ Gold
Antifade Mountant (Thermo Scientific, Waltham, MA, USA) and
cover slips (Thermo Scientific, Waltham, MA, USA). Samples were
analyzed using Leica DMI 6000 CS microscope equipped with a
Leica TCS SP5 laser scan unit (Leica, Wetzlar, Germany). All images
were acquired in “sequential scan mode” to completely avoid the
“bleed-through” effect. A quantitative comparison of label
intensities was made by measuring the mean intensity value of
pixels (0-255 for 8-bit images) within cytoplasm and nucleus regions
using FIJI (ImageJ) software.5

5 https://imagej.nih.gov/ij/
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2.12 Detection of oxidative stress

The SW480B8-mCherry and SW620B8-mCherry cells were
grown on 12-well culture plates (TPP, Trasadingen, Switzerland).
Twenty-four hours after seeding cells were stimulated with
regorafenib (MedChemExpress, Monmouth Junction, NJ, USA)
or sorafenib (Sigma-Aldrich, Burlington, MA, USA) and
incubated for additional 72 h. Five micromoles of the drugs were
used to stimulate SW620B8-mCherry cells and 10 μmol were used in
the case of SW480B8-mCherry cell line. The oxidative stress was
measured using ROS-ID Hypoxia/Oxidative stress detection kit
(Enzo, Farmingdale, NY, USA) according to the manufacturer’s
instructions. Briefly, cells were detached from the plate, washed with
PBS and incubated for 30 min at 37°C and 5% CO2 with the
Oxidative stress detection mix. After that, cells were washed with
PBS and cellular fluorescence was analyzed by flow cytometry.
Control reactions with no oxidative stress detection mix, or
200 µM of the ROS inducer (pyocyanin) were performed.
Alternatively, following incubation with MKIs the Oxidative
stress detection mix was added directly to the wells, cells were
incubated for 30 min at 37°C and 5% CO2. Then cells were washed
and analyzed using Leica DMi 8 fluorescent microscope (Leica,
Wetzlar, Germany).

2.13 Flow cytometry

To estimate the sensitivity of the obtained SW480B8-mCherry
cell line, the cells were treated with 50, 100, 200, 500 or 1000 U/mL of
IFN-γ (R&D systems, Minneapolis, MN, USA), or a combination of
500 U/mL of IFN-γ and 500 U/mL of TNF-α, or 1000 U/mL of IFN-
γ and 500 U/mL of TNF-α (R&D systems, Minneapolis, MN, USA).
To evaluate the effects of MKIs, SW480B8-mCherry and SW620B8-
mCherry cells were treated with the above mentioned
concentrations of regorafenib and sorafenib. Following 72 h of
incubation, mCherry fluorescence was detected using LSRFortessa
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Flow
cytometry results were analyzed using FlowJo version 10.0.7 (FlowJo
LLC, Ashland, OR, USA; RRID:SCR_008520) and GraphPad Prism
version 8.4.3. (GraphPad Software, San Diego, CA, USA; RRID:
SCR_002798) software.

2.14 Drug combination analysis

To determine the drug combination responses, SW480B8-
mCherry and SW620B8-mCherry cells were seeded in 96-well
plates in concentrations of 2500 and 5000 cells per well,
respectively. After 24 h cells were treated with bortezomib in
combination with sorafenib or regorafenib and incubated for
additional 72 h. AbiCell Resazurin Cytotoxicity Assay Kit
(Abisense, Sirius, Russia) was used for measurement of cell
viability. Supernatant was removed and Resazurin in a ratio of 1:
100 in DMEM was added to cells. Resazurin assay was measured by
570 nm absorbance and 620 nm reference using Multiskan FC
(Thermo Scientific, Waltham, MA, USA) after 4 h incubation at
37°C and 5% CO2, reference signal for each well and mean signal for
wells containing only growth medium and Resazurin were

subtracted before normalization. ZIP synergy scores of drug
combinations were calculated using SynergyFinder 3.0 software.6

2.15 Statistical analyses

The experiments were performed at least in triplicates. Bar carts
depicts mean values ±standard deviation for experimental replicates.
If other is not indicated, the unpaired two-tailed t-test was used to
evaluate the statistical significance of differences between the
experimental groups. For all the experiments, p values less than
0.05 were regarded as statistically significant. Asterisks indicate: *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

3 Results

3.1 The expression of non-constitutive
proteasomes is increased in BRAF-mutant
colorectal tumors

First, we investigated colorectal carcinoma-associated patterns
of expression of genes that encode 20S proteasome beta subunits
(PSMB1-10). Using the dataset E-MTAB-10089 (Rohr et al., 2021)
the expression levels of relevant genes in normal tissues (n = 231),
non-malignant colon adenomas (n = 132) and colorectal cancer (n =
342) were compared. Most of the PSMB1-10 genes were upregulated
in adenomas and cancer compared to normal tissue, however only
expression of the PSMB9 (encodes immune subunit β1i) was
significantly higher in colorectal cancer compared to non-
malignant adenomas (Figure 1A). To further elucidate the link
between PSMB1-10 genes expression and colorectal cancer we
compared gene expression in different molecular subtypes of
colorectal cancer from GSE39582 dataset (Marisa et al., 2013):
tumors with BRAF, KRAS, or TP53 mutations, CpG island
methylator phenotype (CIMP), DNA mismatch repair deficiency
(MMR), or chromosomal instability (CIN). Most of the PSMB1-10
genes, including immune subunit genes PSMB8 (encodes immune
subunit β5i), PSMB9, and PSMB10 (encodes immune subunit β2i)
were upregulated in BRAF mutant, CIMP positive and MMR
deficient tumors, with PSMB6 (encodes constitutive subunit β1)
and PSMB9 having the highest difference (Figure 1B). For TP53 and
KRAS mutant tumors we found no statistical difference in
expression of any of the PSMB1-10 genes. Tumors with
chromosomal instability had lower expression of PSMB5
(encodes constitutive subunit β5), PSMB6 and PSMB10 genes
(Supplementary Figure S1). Interestingly, upregulation of PSMB9
was associated with more favorable relapse-free survival as was
revealed by Kaplan-Meier analysis (Figure 1C).

Next, we used gene fitness data from DepMap database
(Tsherniak et al., 2017; McFarland et al., 2018; Behan et al.,
2019) to investigate the role of proteasome genes in colorectal
cancer cell survival. For each of 67 colorectal cell lines and
PSMB1-10 genes we calculated an averaged gene dependency

6 https://synergyfinder.fimm.fi
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FIGURE 1
Proteasome genes expression in colorectal cancer and cell lines. (A) The PSMB1-10 expression in normal colon tissue, non-malignant adenoma and
colorectal carcinoma. Gene expression data was taken from E-MTAB-10089 dataset and statistical significance was determined using one-way ANOVA
test with Benjamini-Hochberg correction. (B) Comparison of PSMB1-10 expression in molecular subtypes of colorectal cancer from GSE39582 dataset.
Statistical significance was determined using Mann-Whitney non-parametric test with Benjamini-Hochberg correction. CIMP- CpG island
methylator phenotype, MMR—DNAmismatch repair. (C) Kaplan-Meier analysis of relapse-free survival for patients with high and low PSMB9 expression in
colorectal tumors. Survival data was taken from GSE39582 dataset and analyzed in R2: Genomics Analysis and Visualization Platform. (D) Heatmap of
gene dependency scores for colorectal cell lines and PSMB1-10 genes. Dependency score was calculated based on combined results from DepMap
shRNA andCRISPR gene fitness screens. Negative values indicate reduced cell proliferation/survival after gene depletion. For each cell line themean gene
scores across all PSMB1-10 genes was calculated. (E)Heatmap showing protein levels change in HCT-116 cells treated with selected drugs. The data was
acquired from proteomic dataset (Mitchell et al., 2023). (F) Heatmap showing Sperman’s correlation coefficients for each pair of PSMB1-10 expression

(Continued )
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score (Lebedev et al., 2022) that represents how gene expression
reduction by shRNA or CRISPR/Cas-9 system affected cell
proliferation and survival. The PSMB1-7 were essential for most
colorectal cancer cell lines, while only few cell lines dependent on
expression of immune subunits PSMB8-10 (Figure 1D). Since non-
constitutive proteasome subunits expression has the most
pronounced changes in BRAF-mutant tumors, we sought to
identify which drugs can affect immune proteasome subunits.
We used proteome data for HCT-116 cells treated with
875 drugs (Mitchell et al., 2023) and selected drugs which
changed β1i or β2i (the β5i levels were not included in the
dataset) levels at least two-fold (Supplementary Table S1).
Among 815 drugs we found 12 drugs which affect non-
constitutive proteasome protein levels: ONX-0914, HDAC
inhibitors entinostat, nexturastat-a, RGFP-996, and vorinostat,
RAF inhibitors encorafenib, AZ-628, and L-779450, MEK
inhibitor MEK-162, ERK1/2 inhibitor TCS-ERK-11e and LYN
inhibitor bafetinib. Notably, only RAF, MEK and LYN inhibitors
increased both β1i and β2i and did not affect protein levels of other
subunits (Figure 1E). These findings suggest that although non-
constitutive proteasomes are not essential for colorectal cell survival
their protein levels change specifically in response to BRAF
inhibitors, pointing on their role in drug response.

As the next step we analyzed the correlation of PSMB1-10 gene
expression in colorectal cell lines with their sensitivity to selected
11 drugs from ChEMBL database (https://www.ebi.ac.uk/chembl)
that are approved for colorectal cancer treatment or undergo clinical
trials from CTRP dataset (Basu et al., 2013). We also included two
proteasome inhibitors MG-132 and bortezomib, and as expected,
the sensitivity to proteasome inhibitor MG-132 positively correlated
with expression of constitutive subunits. Multikinase inhibitors
(MKIs) sorafenib, dasatinib, regorafenib and cabozantinib were
clustered with proteasome inhibitors bortezomib and MG-132
(Figure 1F). Sensitivity to sorafenib, which also inhibits BRAF
kinase, negatively correlated with PSMB8 and PSMB9 expression,
suggesting that BRAF-mutant tumors with high PSMB9 expression
might be less sensitive to BRAF inhibitors and BRAF inhibitors may
modulate the expression of non-constitutive proteasomes.

3.2 Generation of SW480B8-mCherry
cell line

To investigate the effect of MKIs on the expression of non-
constitutive proteasomes we used previously obtained cell line
SW620B8-mCherry (Burov et al., 2021). The cells synthesize
proteasomes containing the immune subunit β5i (a component of
immunoproteasomes and most types of intermediate proteasomes
(Guillaume et al., 2010)) fused with a red fluorescent protein
mCherry. The unique feature of SW620 cell line is that it was

derived from metastasis of patient with colorectal carcinoma and
there is a cell line (SW480) that was obtained from the primary
tumor of the same patient. Combination of these two cell lines allows
studying late phases of colon cancer progression (Hewitt et al., 2000).
Although these cell lines belong to the same patient they displayed
different dependencies on proteasome expression: SW480 had one of
the lowest dependencies on proteasome expression, while SW620 had
one of the highest dependencies (Figure 1D). Therefore, we sought to
investigate and compare the effect of MKIs on both cell lines. In this
regard, we demonstrated that SW480 cells express β5i (Figure 2A) and
performed the same genetic modifications with SW480 cells, as we did
with SW620 cell line to label non-constitutive proteasomes (Burov
et al., 2021). Using CRISPR/Cas9 system we introduced gene encoding
the mCherry in the same open reading frame to the 3’ end of the last
exon of the PSMB8 gene which encodes the β5i subunit. The
SW480 cells were transfected with previously obtained plasmids
and treated as described in (Burov et al., 2021). The presence of the
insert in genomic DNA of SW480B8-mCherry cells was confirmed by
PCRwith two sets of primers (Figure 2B). Then, using real-time PCR it
has been shown that combination of IFN-γ and TNF-α (cytokines that
activate immunoproteasome subunit expression (Aki et al., 1994))
induce comparable increase in the level of PSMB8 transcripts in wild-
type SW480 cells and PSMB8-mCherry transcripts in SW480B8-
mCherry cells, indicating conservation of endogenous regulatory
mechanisms of PSMB8 expression in modified cells (Figure 2C).
The protein with molecular mass (~52 kDa) corresponding to a
β5i–mCherry chimera was revealed in lysates of SW480B8-
mCherry, but not control SW480 cells using antibodies to both β5i
and mCherry (Figure 2D). Importantly, no free mCherry was detected
in lysates of modified cells. To verify that the chimeric subunit is
integrated into proteasomes we performed immunoprecipitation with
antibodies to the non-catalytic proteasome subunit α4. We
demonstrated presence of the chimeric protein in the precipitate
obtained from IFN-γ and TNF-α-stimulated SW480B8-mCherry
cells (Figure 2E). In order to verify that the chimeric subunit is
catalytically active, cytokine-stimulated control and modified cells
were incubated with Me4BodipyFL-Ahx3Leu3VS proteasome
activity probe. The probe allows visualization of proteolytic
proteasome subunits via binding to the N-terminal catalytic
threonine residue (Berkers et al., 2007; De Jong et al., 2012). The
interaction of the probe with the 52 kDa protein was observed in
lysates of SW480B8-mCherry cells (Figure 2F). To estimate the
sensitivity of the cell line to modulators that affect expression of the
immune subunits, we incubated SW480 and SW480B8-mCherry cells
for 72 h with different concentrations of IFN-γ and combinations of
IFN-γ with TNF-α. Cell fluorescence was analyzed by flow cytometry.
The significant difference (p < 0.01, t-test) in mCherry fluorescence
between control and cytokine-stimulated SW480B8-mCherry cells was
observed when 100 U/mL of IFN-γ was used. It should be mentioned
that after incubation of cells with 50 U/mL the difference in

FIGURE 1 (Continued)

and sensitivity to selected drugs. Cell lines, drugs and genes were clustered using Ward D2 method and heatmaps were generated using
ComplexHeatmap package.
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FIGURE 2
The mCherry gene is integrated into the genome and expressed in modified cells. The β5i-mCherry chimera is integrated into the proteasome and is an
activeproteasome subunit in SW480B8-mCherry cells. (A)Western blottingof lysatesobtained fromSW480cells and SW480cells treatedwith 1000 U/mL IFN-
γ and 500 U/mLof TNF-α for 72 h.Membranewas incubatedwith anti- β5i, strippedand incubatedwith anti-β-actin antibodies. (B)Modificationof the genomic
DNA in SW480B8-mCherry cells was confirmed by PCR with two sets of primers ((A–D) (Supplementary Table S2) (Burov et al., 2021)). The amplicons of
the anticipated size (1040 and 477 bp) were observed in samples from SW480B8-mCherry cells, but not control SW480 cells. (C) The relative expression levels
of PSMB8 and PSMB8-mCherrymRNA in unstimulated SW480 and SW480B8-mCherry cells and cells treated with IFN-γ (1000 U/mL) and TNF-α (500 U/mL)
for 72 h, correspondingly. (D)Western blot of lysates obtained from unstimulated SW480 and SW480B8-mCherry, and cells treatedwith 1000 U/mL IFN-γ and
500 U/mL of TNF-α for 72 h. The membranes were incubated with either anti-β5i or anti-mCherry antibodies. (E) Immunoprecipitation of proteasomes from
lysates of IFN-γ and TNF-α- stimulated SW480 and SW480B8-mCherry cells. Proteasomes were precipitated using agarose immobilized anti-α4 antibodies
(Enzo, Farmingdale, NY, USA). Western blot of immunoprecipitated proteasomes. The membranes were incubated with either anti-β5i or anti-mCherry
antibodies. (F) The β5i-mCherry is catalytically active subunit within the proteasomes of SW480B8-mCherry cells. Homogenates of unstimulated control and
cytokine-stimulated (1000 U/mL of IFN-γ and 500 U/mL of TNF-α for 72 h) modified cells were incubated for 1 h at 37°C with the Me4BodipyFL-Ahx3Leu3VS
probe. The fluorescenceof proteasome subunits was analyzed in 13%Tris-Glycine polyacrylamide gel. The analysis was performedat the excitationwavelength
480 nmand emissionwavelength 530 nm (left panel). The same gel stainedwith Roti blue quick protein stain is shown on the right panel. (G) The fluorescence
of SW480 and SW480B8-mCherry cells treated with different concentrations of IFN-γ or combinations of IFN-γ and TNF-α for 72 h. Tests were performed in
triplicates. Median fluorescence intensity (MFI) for 10000 of cells is shown. (H) Proteasomes with β5i-mCherry subunit were revealed in the nucleus and
cytoplasm of SW480B8-mCherry cells. Confocal microscopy of unstimulated and cytokine-treated (1000 U/mL IFN-γ and 500 U/mL TNF-α) SW480 and
SW480B8-mCherry cells. Proteasomes containing subunits with fused mCherry could be detected by red fluorescence. To reveal the proteasome activity
within cells, cells were incubated for 2 hwithMe4BodipyFL-Ahx3Leu3VS (greenfluorescence). In addition fixed cell nuclei were stainedwithNucBlue FixedCell
ReadyProbe (seen as the blue fluorescence). Ns- not significant; *p < 0.05; **p < 0.01; ***p < 0.001; t-test.
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FIGURE 3
Regorafenib and sorafenib modulate expression of proteasome subunits genes in SW620B8-mCherry and SW480B8-mCherry cells. (A) Viability of
cells treated with regorafenib or sorafenib. SW620B8-mCherry and SW480B8-mCherry cells were treated with 0.1–250 µM of regorafenib (left panel)
and 0.1–500 µM of sorafenib (right panel). Cellular viability was evaluated 72 h post drug-treatment using trypan-blue exclusion. Data represents mean ±
SEM of three independent experiments. (B) Effects of regorafenib and sorafenib on mCherry fluorescence in SW620B8-mCherry and SW480B8-
mCherry cells evaluated by flow cytometry. The SW480B8-mCherry cells were treated with 1, 5 10 µM of regorafenib (left panel) or sorafenib (right panel)
and SW620B8-mCherry cells were treated with 0.5, 2.5, 5 µM of regorafenib (left panel) or sorafenib (right panel) for 72 h. ThemCherry fluorescence was
measured using LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States). Yellow-green laser and Texas Red filter were used.
Normalizedmedian fluorescence intensity (MFI) of 10000 cells is shown. (C) Proteasome gene expression levels in cells treatedwith theMKIs. The relative
expression levels of PSMB5, PSMB8-mCherry, PSMB9 and PSMB10 mRNA were determined by qPCR after 72 h-long incubation with the MKIs. *—p <
0.05; **—p < 0.01; ***—p < 0.001; ***—p < 0.001; ****—p < 0.0001, t-test.
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fluorescence was close to significant (p = 0.067) indicating high
sensitivity of the obtained cell line to modulation of the immune
subunit expression (Figure 2G). No difference in fluorescence was
observed when control SW480 cells were incubated with different
concentrations of cytokines. The localization of non-constitutive
proteasomes in SW480B8-mCherry was studied by confocal
microscopy (Figure 2H). Within the unstimulated cells,
proteasomes with mCherry-labelled β5i were mostly localized in the
cytoplasm where they were either equally dispersed or formed small
optically dense aggregates (Figure 2H). Stimulation of cells with IFN-γ
and TNF-α lead to a significant increase of fluorescence and relocation
of certain amount of non-constitutive proteasomes into cell nuclei.
Proteasome-containing aggregates were still observed in the cytoplasm
of treated cells (Figure 2H). Taken together, a new genetically-modified
cell line was obtained, validated and could be used to address the effect
of MKIs on non-constitutive proteasome expression and localization.

3.3 Regorafenib and sorafenib modulate
non-constitutive proteasome subunit
expression in colorectal cancer cells

Kinase inhibitors were used in cancer treatment since approval
of imatinib in 2001 (Lee et al., 2023). Currently there are 77 FDA-
approved small molecule protein kinase inhibitors (as of
19 September 2023, www.brimr.org/PKI/PKIs.htm) and new
inhibitors are on the way. Based on the analysis of published
datasets, BRAF and multikinase inhibitors were top candidates
that could affect non-constitutive proteasome levels (Figure 1E),
thus we selected multikinase inhibitors sorafenib and regorafenib
which can target BRAF for further experiments.

We initially studied the viability of SW480B8-mCherry and
SW620B8-mCherry cells after incubation with different
concentrations of regorafenib and sorafenib. Comparing with the
SW480B8-mCherry cells, SW620B8-mCherry cells were considerably
more sensitive to regorafenib (IC50: 19.5 vs. 8.2 µM) (Figure 3A).
When cell lines were incubated with sorafenib, SW620B8-mCherry
cells were also found to be more sensitive with the IC50 of 7.1 µM
(Figure 3A). The IC50 value for SW480B8-mCherry cells after
sorafenib treatment was 14.9 µM (Figure 3A). Therefore, for the
subsequent experiments we used 1, 5, 10 µM of drugs for
SW480B8-mCherry cells and 0.5, 2.5, 5 µM of drugs–for
SW620B8-mCherry cells. Importantly, used concentrations match
the concentrations observed in plasma of patients under treatment
with the inhibitors (Fucile et al., 2015; Kobayashi et al., 2021).We also
tested the viability of non-cancerous HEK 293T cells following
treatment with the inhibitors. It was demonstrated that when cells
were incubated with different concentrations of sorafenib the
IC50 was estimated as 32.7µM, while incubation with regorafenib
yielded IC50 value of 44.6 µM (Supplementary Figure S2).

To investigate the effect of MKIs on the expression of non-
constitutive proteasomes SW480B8-mCherry and SW620B8-
mCherry cells treated for 72 h with selected concentrations of the
drugs were firstly analyzed by flow cytometry. It was demonstrated
that 1 μM and 0.5 µM of regorafenib induced increased fluorescence
of mCherry in SW480B8-mCherry and SW620B8-mCherry cells,
respectively (t-test, **p < 0.01) (Figure 3B). At the same time,
these concentrations of sorafenib had no statistically significant

effect on the cell lines (Figure 3B). Higher concentrations of both
drugs induced statistically significant increase (up to 2.1 fold) of the
median fluorescence intensity (MFI) of cells (t-test, ****p < 0.0001)
(Figure 3B). Obtained data indicated activated expression of the β5i
subunit in studied cell lines upon treatment with MKIs.

To verify the results and to explore how the expression of other
proteasome subunits is modulated, we performed qPCR to estimate
the mRNA levels of PSMB8-mCherry, PSMB5, PSMB9, PSMB10
genes encoding chimeric subunit (β5i-mCherry), constitutive
proteasome subunit β5 and immune proteasome subunits β1i
and β2i, respectively. Increased levels of immunoproteasome
subunit mRNAs were revealed in cells following the 72 h
incubation with both regorafenib and sorafenib. The expression
of PSMB9 was activated the most and increased up to 6 folds (t-test,
****p < 0.0001), PSMB10 transcripts levels were increased by
2.9 folds (t-test, ****p < 0.0001) and PSMB8-mCherry—by
1.8 folds (t-test, ****p < 0.0001) (Figure 3C). The changes of the
PSMB5 expression were less pronounced reaching maximum
1.6 folds (t-test, **p < 0.01) in SW620B8-mCherry cells incubated
with regorafenib (Figure 3C). In SW480B8-mCherry cells a modest
decrease of the PSMB5 expression level was observed following the
incubation with 10 µM of regorafenib and 5 µM of sorafenib (t-test,
**p < 0.01) (Figure 3C).

Revealed alterations of immune subunits expression were further
confirmed by Western blotting of cytoplasmic lysates, as we observed
drastic increase in the amount of β1i, β2i and β5i-mCherry subunits in
SW620B8-mCherry, as well as the β1i and β5i-mCherry, in SW480B8-
mCherry cells treated with regorafenib (Figure 4A). The proteasome
subunits are synthesized as precursor molecules and undergo
autocatalytic cleavage of propeptides during the late stages of
proteasome assembly. Interestingly, we detected lower amounts of
processed β1i and β2i subunits in unstimulated SW620B8-mCherry
cells comparing to SW480B8-mCherry cells, highlighting differing
proteasome pools and prevalence of intermediate proteasomes in
SW620B8-mCherry cells. After treatment with regorafenib, however,
the quantity of these two subunits rose significantly, favoring increase
in the amount of “classical” immunoproteasomes in SW620B8-
mCherry cells (Figures 4A, B). Of note, the quantity of precursor
protein and processed β1i also increased considerably in SW480B8-
mCherry cells indicating rearrangement of the proteasome pool in
these cells as well (Figures 4A, B). The sorafenib stimulated
accumulation of β1i and β5i-mCherry subunits in both cell lines
and the β2i in SW480B8-mCherry cells. Importantly, we detected no
differences in the amount of structural alpha proteasome subunits in
cytoplasmic lysates, as well as the modest alterations (except decrease
following treatment with regorafenib of SW480B8-mCherry cells) in
the amount of constitutive β5 subunit indicating that overall quantity
of proteasomes changes insignificantly following the exposure to
MKIs and rather the rearrangement of the proteasome pool takes
place (Figures 4A, B).

3.4 Regorafenib and sorafenib modulate
proteasome activity and localization in
colorectal cancer cells

Obtained data indicated possible modulation of proteasome
activity by selected MKIs. Thus, we sought to evaluate
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chymotrypsin-like and β5i-specific proteasome activities in
homogenates of treated cells. It was demonstrated that
following treatment with regorafenib both activities were

increased in SW620B8-mCherry and SW480B8-mCherry
(Figure 5A). Interestingly, the β5i-specific activity in SW480B8-
mCherry cells was increased by 2.8 folds (t-test, ***p < 0.001) and

FIGURE 4
Regorafenib and sorafenib activate synthesis of non-constitutive proteasomes in SW620B8mCherry and SW480B8-mCherry cells. Western blotting
of lysates obtained from SW480B8-mCherry and SW620B8-mCherry cells treated with different concentrations of regorafenib (left panel), or sorafenib
(right panel) for 72 h (A). Lysates were obtained using the NP-40 lysis buffer. Membranes were incubated with either anti-β1i, or anti-β2i, or anti-β5, or
anti-mCherry, or anti-20S proteasome α1,2,3,5,6,7 antibodies, stripped and incubated with anti-β-actin antibodies. (B) Evaluation of (A) data using
the ImageJ software.
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FIGURE 5
Regorafenib and sorafenib modulate activity of proteasomes in SW620B8mCherry and SW480B8-mCherry cells. (A) Chymotrypsin-like and β5i-
specific proteasome activity in homogenates of SW480B8-mCherry and SW620B8-mCherry cells treated with different concentrations of regorafenib
(left panel), or sorafenib (right panel) for 72 h. The activity was determined using Suc-LLVY-AMC and Ac-ANW-AMC fluorogenic substrates,
correspondingly. (B) Analysis of BodipyFL and β5i-mCherry fluorescence and proteasome activity in modified cells following incubation with
different concentrations of regorafenib (left) and sorafenib (right) by flow cytometry. Treated cells were incubated for 2 hwithMe4BodipyFL-Ahx3Leu3VS
probe before being analyzed. The BodipyFL andmCherry fluorescence wasmeasured using LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes,
NJ, United States). Blue, yellow-green lasers, FITC and Texas Red filters were used, correspondingly. Tests were performed in triplicates. Ns - not
significant; *—p < 0.05; **—p < 0.01; ***—p < 0.001; ***—p < 0.001; ****—p < 0.0001, t-test.
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FIGURE 6
Regorafenib and sorafenib modulate localization of proteasomes and induce oxidative stress in SW620B8mCherry and SW480B8-mCherry cells. (A)
Activity and localization of proteasomes is altered in modified cells incubated with regorafenib and sorafenib. Confocal microscopy of unstimulated or treated
with 10 µM of regorafenib or sorafenib SW480B8-mCherry cells (upper panel). Confocal microscopy of unstimulated or treated with 5 µM of regorafenib or
sorafenib SW620B8-mCherry cells (lower panel). Prior microscopy cells were additionally incubated for 2 h with proteasome activity probe Me4Bodipy
FL-Ahx3Leu3VS (green fluorescence). The mCherry fluorescence is shown in red, while cell nuclei were visualized using NucBlue Fixed Cell ReadyProbe (blue
fluorescence). (B)Quantification of mean fluorescence intensity of the probe Me4BodipyFL-Ahx3Leu3VS (green) and the mCherry (red) within cytoplasm and
nucleus of the cells shown in (A). Additionally Cytoplasm/nucleus fluorescence ratio was calculated (right panel). Calculations were performed using at least
6 representative cells using the ImageJ software. Analysis of oxidative stress in sorafenib and regorafenib treatedcells (C, D). Twenty-fourhours after seeding the
SW480B8-mCherry and SW620B8-mCherry cells were stimulated with regorafenib or sorafenib and incubated for additional 72 h. The SW480B8-mCherry
were incubatedwith 10 µMof regorafenib or sorafenib, while the SW620B8-mCherry cells were treatedwith 5 µMof the drugs. Control cells were treatedwith
DMSO. The oxidative stress was measured using ROS-ID Hypoxia/Oxidative stress detection kit (Enzo, Farmingdale, NY, USA) according to the manufacturer’s

(Continued )
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in SW620B8-mCherry–by 1.4 folds (t-test, *p < 0.05) following
incubation with the highest concentration of the MKI. Sorafenib
treatment of SW480B8-mCherry cells resulted in increased β5i-
specific activity (by 2.1 folds, t-test, *p < 0.05) but minimally
affected chymotrypsin-like activity in cellular homogenates
(Figure 5A). At the same time, both activities were increased in
SW620B8-mCherry cells following the incubation with sorafenib
(t-test, **p < 0.01) (Figure 5A). We further evaluated overall
proteasome activity using the proteasome activity probe -
Me4BodipyFL-Ahx3Leu3VS and flow cytometry. It was
demonstrated that 5 µM of regorafenib induced significant
elevation (t-test, *p < 0.05) of proteasome activity in SW480B8-
mCherry cells, 2.5 µM of regorafenib increased the activity in
SW620B8-mCherry cells (t-test, *p < 0.05), while maximal
concentrations of regorafenib or sorafenib induced up to
3.5 folds (t-test, **p < 0.01) elevation of proteasome activity in
both cell lines (Figure 5B). Confocal microscopy of cells treated
with Me4BodipyFL-Ahx3Leu3VS and 5 and 10 µM of regorafenib
or sorafenib, respectively revealed significant increase of BodipyFL
and mCherry fluorescence (Figures 6A, B). Interestingly, following
the treatment with regorafenib the ratio of cytoplasmic/nuclear
mCherry fluorescence (comparing to control) did not change
(SW480B8-mCherry cells) or was decreased (SW620B8-
mCherry cells). At the same time, SW480B8-mCherry cells
demonstrated decreased ratio of cytoplasmic/nuclear BodipyFL
fluorescence following treatment with regorafenib. Accumulation
of nuclear BodipyFL fluorescence in SW480B8-mCherry cells
together with decreased amount of constitutive β5 subunit in
the cytoplasmic lysates might indicate accumulation of large
amount of constitutive proteasomes in the nuclei of the cells
following treatment with regorafenib. In contrast to regorafenib
effects, after incubation with sorafenib the cytoplasmic/nuclear
mCherry fluorescence was increased in both cell lines, indicating
different localization of non-constitutive proteasomes following
treatment with different MKIs (Figure 6B). In SW480B8-mCherry
cells, as after the treatment with regorafenib, a decreased ratio of
cytoplasmic/nuclear Bodipy fluorescence was observed following
incubation with sorafenib. Thus, at least in the case of sorafenib
treatment of SW480B8-mCherry cells a translocation of
constitutive proteasomes into the nuclei might take place, but
more prominent (comparing to regorafenib) retention of non-
constitutive proteasomes in the cytoplasm is observed, likely
indicating separation of proteasome pool (Figures 6A, B).
Interestingly, active non-constitutive proteasomes were revealed
in aggregate-like structures near the nuclei and within the
cytoplasm of sorafenib-treated cells (Figure 6A). Obtained
results indicate putative specific role of non-constitutive

proteasomes following the treatment with MKIs and
especially sorafenib.

3.5 MKIs stimulate production of reactive
oxygen species in colorectal cancer cells

Formation of proteasome-containing intracellular aggregates is
frequently observed in stress conditions (Enenkel et al., 2022). Thus,
we investigated if regorafenib and sorafenib induce the oxidative
stress in SW620B8-mCherry and SW480B8-mCherry cells. Cells
were treated with 5 μM, or 10 µM of the drugs, respectively for 72 h.
It has been shown that both sorafenib and regorafenib stimulated
production of reactive oxygen species (ROS). Depending on the cell
line, the elevation of ROS concentration was from 1.4 folds (t-test,
*p < 0.05; SW480B8-mCherry cells treated with 10 µM of
regorafenib) to 2.2 folds (t-test, ***p < 0.001; SW620B8-mCherry
cells treated with 5 µM of regorafenib) (Figures 6C, D). Thus, our
results indicate that MKIs induce oxidative stress in studied
cell lines.

3.6 Sorafenib or regorafenib cause no
synergistic or additive action when
combined with bortezomib

Rearrangements within cellular proteasome pool can
potentially affect the responsiveness of cancer cells to
proteasome inhibitors. Thus, we studied the viability of cells
treated with bortezomib in combination with sorafenib or
regorafenib. Although all the inhibitors significantly affected
the survival of cells when added separately, we did not found
increase or even addition of cytotoxic effects when introduced
sorafenib or regorafenib in combination with bortezomib
(Figures 7A–D). As an example, treatment of SW480B8-
mCherry cells with sorafenib added in low toxic
concentration of 6.25 µM lead to 30% decrease of cell
survival. Treatment of cells with low toxic concentration of
bortezomib (12.5 nM) lead to approximately 20% decrease of
cell survival. When used in combination no synergistic or even
statistically significant additive actions on cell viability were
detected (Figure 7A). Next, we studied effects of drug
combinations taken in a broad range of concentrations on the
viability of both cell lines. The dose-response matrixes were
obtained and analyzed using Synergy Finder 3.0 software. The
ZIP scores were calculated for combination of sorafenib with
bortezomib (ZIP score: −3.405) and regorafenib with

FIGURE 6 (Continued)

instructions. Cellular fluorescence was analyzed by flow cytometry (C) or fluorescent microscopy (D). Reactive oxygen species production can be
deduced from changes in green fluorescence, while β5i-mCherry expression is revealed by mCheery fluorescence. For the evaluation of cellular
fluorescence by flow cytometry the LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States) equipped with blue, yellow-green
lasers, FITC and Texas Red filters was used. Median fluorescence intensity (MFI) for 10000 of cells is shown. Tests were performed in triplicates. Ns -
not significant; *—p < 0.05; **—p < 0.01; ***—p < 0.001; ***—p < 0.001; ****—p < 0.0001, t-test. Scale bar—250 µm.
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bortezomib (ZIP score: −4.474) when added to SW480B8-
mCherry cells (Figures 7E, F). When sorafenib and
regorafenib were added to SW620B8-mCherry cells in
combination with bortezomib the ZIP scores were 2.573 and
−0.206, respectively (Figures 7G, H). When ZIP score is more

than 10 it may be interpreted as synergistic action, when less
10 and more than 0 as additive action, ZIP scores less than
0 – antagonistic action. Based on the obtained scores, it may be
concluded that sorafenib or regorafenib cause most likely
antagonistic action when combined with bortezomib.

4 Discussion

Multikinase inhibitors (MKIs) modulate signaling pathways
that control survival and proliferation of cells and, therefore,
widely used in the therapy of cancer. Regorafenib and sorafenib
are among the most effective MKIs, utilized to treat solid tumors.
Both inhibitors target different kinases including VEGFRs,
PDGFRs, BRAF, RET and c-kit (Kannaiyan and Mahadevan,
2018). Structurally regorafenib and sorafenib are almost
identical with the only difference–the presence of a fluorine
atom in the central phenyl ring of regorafenib, which leads to
certain differences in properties between the two compounds
(Wilhelm et al., 2011). The regorafenib is approved for the
treatment of metastatic colorectal carcinoma (Grothey et al.,
2013), while sorafenib is mostly used for the treatment of
hepatocellular carcinoma, renal cell carcinoma and
differentiated thyroid cancer (Lee et al., 2023), however several
publications indicate its applicability for the treatment of
colorectal cancer (Kacan et al., 2016; Martchenko et al., 2016;
Jeong et al., 2020). Importantly, MKIs were shown to induce
immunomodulatory effects. For instance, previous studies
demonstrated that exposure to MKIs including sorafenib and
regorafenib can stimulate MHCI synthesis and expression of
other components of the antigen presentation pathway in
cancer cells and, consequently, stimulate their elimination by
cytotoxic lymphocytes (Kwilas et al., 2014; Tsai et al., 2017;
Takahashi et al., 2021). At the same time, little is known
regarding the effect of MKIs on specifically the expression of
non-constitutive proteasomes in cancer in general and in
colorectal cancer in particular. Since immunoproteasomes and
intermediate proteasomes substantially broad the repertoire of
MHCI-presented peptides including those derived from cancer
antigens (Vigneron et al., 2017), their expression is an essential
parameter that can affect the outcome of the disease. Here, we
found strong relation between BRAF mutations in colorectal
cancer and expression of non-constitutive proteasomes. We
demonstrated that regorafenib and sorafenib stimulate reactive
oxygen species production, increase proteasome activity,
upregulate expression and modulate non-constitutive
proteasome localization in two colorectal cancer cell lines.

The clinical implication of the observed MKIs effects might be
dichotomous. Indeed, upregulation of constitutive and non-
constitutive proteasomes, which is frequently observed in cancer,
could be both beneficial and detrimental for the tumor (Rouette
et al., 2016; Leister et al., 2021; Chen et al., 2023).

From one side, as indicated above the expression of non-
constitutive proteasomes may facilitate presentation of certain
cancer antigens and stimulate elimination of tumor cells by the
immune system (Vigneron et al., 2017). Concordantly,
overexpression of immune proteasome subunits is a favorable
prognostic marker for breast, endometrial and urothelial cancer,

FIGURE 7
Sorafenib or regorafenib cause no synergistic or additive action
when combined with bortezomib. The SW480B8-mCherry and
SW620B8-mCherry cells were treated with bortezomib (Bort) in
combination with sorafenib (Sor) or regorafenib (Reg). Viability
wasmeasured 72 h after treatment. (A–D)Thebar-charts represent the
viability of SW480B8-mCherry (A, B) and SW620B8-mCherry (C, D)
cells treated with sorafenib/regorafenib in 2 concentrations and
bortezomib alone or in combinations with the MKIs. The experiment
was performed in three replicates. SEM is shown for each bar. p-value
was determined by Unpaired t-test. Asterisks: ns -p>0.05, *- p < 0.05,
**- p < 0.01, ***- p < 0.001, ****- p < 0.0001. (E–H) Synergy 3D plots
represent the effect of drug combinations (synergism–red area;
additive effect–white area; antagonism–green area) which was
calculated and visualized using SynergyFinder 3.0 software.
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as well as non-small cell lung carcinoma (Rouette et al., 2016;
Tripathi et al., 2016; Lee et al., 2019,7,8). Increased levels of
immunoproteasomes in tumors might be associated with
activation of their expression in cancer cells, or infiltration of the
immune cells, or both. Importantly, non-constitutive proteasome
expression is enhanced through secretion of IFN-γ by tumor-
infiltrating lymphocytes. Indeed, considerably higher expression
of immuno-proteasome subunits was shown in melanoma tissue
infiltrated with CD3+ T-cells (Woods et al., 2016). IFN-γ-induced
stimulation of MHC I and immunoproteasome subunit expression
was in turn augmented by MKIs in hepatocellular carcinoma cells
(Takahashi et al., 2021). Thus, treatment with such inhibitors affect
generation and presentation of cancer antigens acting in a synergic
manner with endogenous immune molecules and by this mean
stimulate recognition of cancer cells by the immune system.

On the other hand, non-constitutive proteasomes are involved
in degradation of tumor suppressor proteins (Chen et al., 2023).
Along these lines, upregulation of PSMB9 is an unfavorable
prognostic marker in renal cancer.9 Moreover,
immunoproteasomes promote production of pro-inflammatory
cytokines (Basler et al., 2010) and their inhibition with non-
constitutive proteasome inhibitor ONX-0914 was sufficient to
suppress the growth of inflammation-induced colorectal cancer
(Koerner et al., 2017; Vachharajani et al., 2017). Furthermore, in
PSMB8-10KO mice no colitis-associated cancer development was
observed (Leister et al., 2021), highlighting that non-constitutive
proteasome gene expression may stimulate tumor growth via
involvement in inflammatory response and likely in other more
complex interactions of cancer cells with the immune system.
Interestingly, one of the mechanisms of tumor cell adaptation to
immune system pressure is associated with increased expression of
programmed death-ligand 1 (PD-L1), a transmembrane protein
known to suppress the activation of T-cells (Wang et al., 2016).
Colorectal carcinomas with BRAF mutations show higher
expression of PD-L1 (Srivastava et al., 2021), which can
contribute to immune evasion of cancer cells and in turn nuclear
PD-L1 promotes cell cycle progression of BRAF mutant cells (Ma
et al., 2022). PD-L1 inhibition by sparatlizumab improved effectivity
of combined inhibition of BRAF and MEK with dabrafenib and
trametinib in phase 2 clinical trial for colorectal cancer (Tian et al.,
2023). Along these lines, we calculated the correlation of proteasome
gene expression with expression of PD-L1 in colorectal tumors. We
found that PSMB1-10 genes had significant correlation with PD-L1,
however non-constitutive subunit genes PSMB9, PSMB10 and
PSMB8 demonstrated the strongest Spearman correlations: R =
0.57, 0.43, 0.38, respectively and p < 0.0001 (Supplementary
Figure S3). Moreover, we revealed modest upregulation of the
CD274 (encodes PD-L1) gene expression in cells treated with
sorafenib (Supplementary Figure S4). Thus, activation of PD-L1
gene expression coincided with the activation of
immunoproteasome subunit expression following treatment with

the inhibitor. Here it should be mentioned that upregulated PSMB8/
9 expression correlated with increased efficacy of immune
checkpoint inhibitors in melanoma (Kalaora et al., 2020) and
lower-grade glioma (Liu et al., 2022). Interestingly, it has been
shown that mutated forms of BRAF, NRAS, and KRAS can
upregulate non-constitutive proteasome expression and reduce
endoplasmic reticulum stress in multiple myeloma (Shirazi
et al., 2020).

Moreover, cancer cells are constantly exposed to different
stresses (Chen and Xie, 2018). Increased expression of non-
constitutive proteasomes might help to deal with the
consequences of stress-induced build-up of potentially toxic
protein aggregates and facilitate their adaptation (Grune et al.,
2011; Pickering et al., 2012; Johnston-Carey et al., 2015). Though
we did not specifically address the mechanism that stands behind
activation of immunoproteasome subunit expression following the
incubation with the MKIs, it is well established that non-constitutive
proteasome expression is increased in various stress conditions
including oxidative stress (Johnston-Carey et al., 2015; Petersen
and Zetterberg, 2016; Raynes et al., 2016; Wang et al., 2023). MKIs
were demonstrated to induce various types of stress (Wang et al.,
2023). Specifically, sorafenib was shown to induce oxidative stress,
endoplasmic reticulum stress and inflammation (Rahmani et al.,
2007; Wei et al., 2021; Wang et al., 2023). Regorafenib was also
shown to induce endoplasmic reticulum stress (Sui et al., 2023), as
well as the oxidative stress in colon cancer cells (Yu et al., 2023). Our
results indicate that both drugs stimulate production of reactive
oxygen species and hence, most likely—oxidative stress in studied
colorectal cancer cell lines (Figures 6C, D). Thus, it could not be
ruled out that stimulation of immunoproteasome subunit
expression following treatment with the MKIs might involve
stress-induced activation of relevant signaling pathways.

Another interesting consequence of different stresses is
formation of intracellular membraneless inclusions containing
proteasomes (Enenkel et al., 2022). Current findings indicate that
most of these structures serve to sequester damaged proteins,
facilitate their proteasomal degradation in order to cope with the
consequence of stress and disappear when stress is relieved.
Following treatment with MKIs, we observed re-localization of
proteasomes. Upon exposure to regorafenib the distribution of
non-constitutive proteasomes was not significantly altered in
SW480B8-mCherry cells, but decreased cytoplasmic/nuclear ratio
was observed in SW620B8-mCherry cells. However, especially in
SW480B8-mCherry cells we revealed considerably higher
proteasome activity in the nucleus comparing to the cytoplasm
(Figure 6A). It has been shown that following different stresses
proteasome-containing foci accumulate in the nucleus where
proteolysis of unassembled orphan RPs and various ubiquitinated
defective proteins that accumulate in stress conditions is performed
(Yasuda et al., 2020; Fu et al., 2021; Uriarte et al., 2021). At least some
of these structures were shown to contain p62 and heat-shock
proteins and to stimulate degradation of defective proteins that
accumulate following heat or oxidative stress (Fu et al., 2021). Thus,
these assemblies seemingly perform protein quality control in the
nucleus and their accumulation in the nucleus of regorafenib-treated
cells might be a consequence of oxidative stress induced by thisMKI.
At the same time, following treatment with sorafenib, we revealed
upregulation of proteasome activity in the nuclei but, surprisingly,

7 https://www.proteinatlas.org/ENSG00000204264-PSMB8/pathology

8 https://www.proteinatlas.org/ENSG00000205220-PSMB10/pathology

9 https://www.proteinatlas.org/ENSG00000240065-PSMB9/pathology
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non-constitutive proteasomes accumulated in the cytoplasm of both
cell lines (Figure 6A). This indicates that in that case proteasome-
containing foci and protein quality control mechanisms in the nuclei
are likely mostly associated with constitutive proteasomes. We
revealed optically dense structures containing active non-
constitutive proteasomes in the area close to the nuclei of treated
cells. Previously, sorafenib was shown to induce formation of stress
granules (Adjibade et al., 2015; Dai et al., 2023). Formation of stress
granules induced by sorafenib was suggested to promote
cyclooxygenase-2 expression and survival of renal cancer cells
(Dai et al., 2023). Though stress granules mainly contain RNA,
ribosomal components and RNA-binding proteins, they were
recently shown to participate in sequestration of misfolded
proteins in the cytoplasm preventing their accumulation in the
nucleus and protecting from perturbations in the nuclear
proteostasis (Xu et al., 2023). Another study indicates that 26S
proteasomes concentrate in perinuclear aggresomes that contain
defective protein aggregates and facilitate autophagic clearance of
these structures (Hao et al., 2013). Moreover, upon stress induced by
proteasome inhibition, proteasomes and soluble ubiquitinated
misfolded proteins aggregated in juxtanuclear compartment
(JUNQ) (Kaganovich et al. 2008)

Recently, a Bcl2-associated athanogene 2 (BAG2) –containing
phase-separated membraneless organelles were identified
(Carrettiero et al., 2022). These structures were formed in
response to by hyperosmotic, proteasome inhibition, temperature
or oxidative stresses and except BAG2 were shown to contain heat-
shock protein Hsp-70 and 20S proteasomes capped with 11S
regulators (Carrettiero et al., 2022). These granules were rather
small and demonstrated more or less equal distribution within the
cytoplasm. Proteasome containing structures that we observed in
sorafenib-treated cells resembled BAG2 granules, but also formed
larger aggregates at the proximity to the nuclei. Since we did not
specify other components of the aggregates we suppose that
sorafenib may stimulate formation of various proteasome-
containing assemblies including BAG2 granules, JUNQ-associated
aggregates or perinuclear aggresomes. Moreover, these structures
contain large amount of non-constitutive proteasomes. Different
localization of constitutive and non-constitutive proteasomes in
these cells indicates specialized role of non-constitutive
proteasomes in adaptation to stress induced by sorafenib.
Concordantly, a role of β5i-containing proteasomes in
degradation of α-synuclein was proposed (Ugras et al., 2018).
Induction of another immunoproteasome subunit β1i was
recently shown to facilitate adaptation to mitochondrial stress
and prevent formation of intracellular aggregates (Kim et al.,
2023). In β5iKO mice, impaired proteostasis with accumulation
of ubiquitinated proteins was revealed in microglia (Cetin et al.,
2022). These findings are in line with the role of immunoproteasome
in prevention of aggregate formation after stress (Seifert et al., 2010).
Together, induction of non-constitutive proteasomes and
proteasome-containing structures may represent an adaptation to
oxidative stress induced by MKIs. At the same time, different
localization of proteasomes following treatment with regorafenib
or sorafenib indicates differences in response to the inhibitors.

It should bementioned that the proteasome activity was significantly
elevated in colorectal cells treated with bothMKIs. Importantly, this was
not associated with the increased amount of proteasomes within cells at

least within the cytoplasm (Figure 4A). Except increase in number, the
activity of proteasomes might be modulated by several factors:
association with regulators, interactions with several proteins (other
than classical regulators), capable to affect proteasome activity and post-
translationalmodifications of proteasome/regulator subunits (Kors et al.,
2019). It has been shown that tyrosine-kinase inhibitors prevent Src-
dependent phosphorylation of the Rpt2 (19S regulator subunit) at Y439,
affecting the association of the regulator with the 20S proteasome and
hence, its activity (Chen et al., 2021). Although regorafenib and sorafenib
do not directly target Src, the activation of the latter is induced by
receptor tyrosine kinases (e.g., PDGFR, VEGFR), which are targets of
selected MKIs. Another kinase that could be influenced by Src and can
affect proteasome activity is the c-Abl. Thus, a c-Abl and Arg-kinase
dependent phosphorylation of the structural proteasome subunit α4 at
Y153 was shown to reduce the proteasome activity (Liu et al., 2006).
Moreover, regorafenib and sorafenib target several kinases of theMAPK
pathway. It has been shown that phosphorylation of Rpt5 subunit of the
19S proteasome regulator by the apoptosis-regulating kinase ASK1 a
member of theMAPK family inhibited theATPase and overall activity of
the 26S proteasome (Um et al., 2010). Importantly, ASK1 is activated
and negatively regulates the 26S proteasome in oxidative stress (Um
et al., 2010). In stress conditions the phosphorylation of Y273 of another
19S regulator subunit Rpn2 was induced by p38 MAPK. This in turn
reduced the proteasome activity and facilitated accumulation of
polyubiquitinated proteins in cells (Lee et al., 2010). Accordingly,
MAPK inhibitors were shown to stimulate proteasome activity (Lee
et al., 2010) and interestingly, no increased abundance of proteasome
subunits was detected. Moreover, silencing of other components of
MAPK pathway: ASK1, MKK6 (MAP kinase kinase 6), as well as the
p38 MAPK target protein MK2 also stimulated proteasome activity
(Leestemaker et al., 2017). Thus, one cannot exclude that MKIs can
stimulate the activity of proteasomes via modulation of post-
translational modification pattern of 19S regulator and 20S
proteasome subunits, facilitating the adaptation of colorectal cells to
stress conditions induced by the inhibitors. Although this issue should be
specifically addressed, it indicates that MKIs can affect the efficacy of
proteasome inhibitors if used in combination. In previous publications
sorafenib demonstrated a synergistic effect in combination with
proteasome inhibitors against multiply myeloma (Ramakrishnan
et al., 2010) and hepatocellular carcinoma (Honma et al., 2014).
Therefore we tested whether the combinations of proteasome
inhibitor (bortezomib) with either sorafenib or regorafenib might be
effective against colorectal cancer cell lines. Using both cell lines it has
been shown that sorafenib and regorafenib do not demonstrate synergy
or additive effect with bortezomib. Moreover, certain combinations of
MKIs and proteasome inhibitor revealed antagonistic effect (Figure 7).
Obtained results indicate that stimulation of proteasome activity and
rearrangement of proteasome pool induced by MKIs can affect cellular
responsiveness to proteasome inhibition which might in turn affect the
outcome of combined therapy.

Taken together, our results demonstrate that regorafenib and
sorafenib modulate the activity and localization of proteasomes, as
well as the expression of non-constitutive proteasomes in colorectal
cancer cells. This might affect presentation of tumor antigens and
could be associated with the adaptation of cancer cells to the
oxidative stress induced by the inhibitors. Revealed phenomenon
contributes to the understanding of immunomodulatory action of
MKIs and mechanisms of the crosstalk between tumor and the
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immune system. At the same time, our results indicate that
stimulation of proteasome activity with the MKIs can reduce the
efficacy of proteasome inhibitors showing that specific tests are
needed to determine the applicability of such combination for the
therapy of a particular tumor. Finally, the non-constitutive
proteasome expression and activity can be considered as
potential markers for such therapy effectiveness.
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Solid gastrointestinal tumors often respond poorly to immunotherapy for the

complex tumor microenvironment (TME), which is exacerbated by immune

system alterations. Immunosenescence is the process of increased

diversification of immune genes due to aging and other factors, leading to a

decrease in the recognition function of the immune system. This process

involves immune organs, immune cells, and the senescence-associated

secretory phenotype (SASP). The most fundamental change is DNA damage,

resulting in TME remodeling. The main manifestations are worsening

inflammation, increased immunosuppressive SASP production, decreased

immune cell antitumor activity, and the accumulation of tumor-associated

fibroblasts and myeloid-derived suppressor cells, making antitumor therapy

less effective. Senotherapy strategies to remove senescent cells and block key

senescence processes can have synergistic effects with other treatments. This

review focuses on immunoenescence and its impact on the solid TME. We

characterize the immunosenescent TME and discuss future directions for

antitumor therapies targeting senescence.
KEYWORDS

gastrointestinal tumors, colorectal cancer, immunosenescence, tumor
microenvironment, immunotherapy
Background

Health problems caused by population aging are among the great challenges the world

is facing today. Nearly half of the global disease burden (92 diseases (including 35 cancers),

accounting for 51.3%, 95% uncertainty interval, 48.5–53.9) is considered age-related (1).

These include colorectal cancer, a solid tumor of the gastrointestinal tract with the third-

highest incidence and second-highest mortality rate globally (2). Cancer morbidity and

mortality rates are the highest in individuals over 50 years of age, suggesting that aging may

play a significant role in cancer development and progression (3). Studies on the

mechanisms of aging and tumor development have shown that some hallmarks of aging
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(including genomic instability, epigenetic alterations, chronic

inflammation, and dysbiosis) promote oncogenesis and

progression, whereas others have shown antagonistic (telomere

attrition and stem cell exhaustion) or ambivalent effects (disabled

macroautophagy and cellular senescence) on tumors (4). Therefore,

the effects of aging on tumors need to be specifically explored at the

systemic, microenvironmental, and cellular levels.

The immune system constitutes the body’s defensive barrier by

monitoring, protecting, and eliminating threats (5). However, the

interaction between adaptive and innate immune cells can lead to

chronic inflammation and increase the likelihood of cancer

development, and different types of infiltrating immune cells can

have opposite effects on tumor prognosis (6). In addition, immune

system function decreases with age, known as immunosenescence,

which increases the risk of cancer and is a key player in cancer

development (7). It was Roy Walford who first elucidated

the link between immunity and aging and coined the term

“immunosenescence,” which refers to increased immunogenetic

diversification due to aging, leading to a progressive decrease in

the recognition function of the immune system (8, 9). Immune

aging is not simply a one-way process that leads to dysfunction and

other harmful effects, but a dynamic balance between adaptation

and maladaptation (10).

Changes in the immune senescence process will further

complicate the immune features of the tumor microenvironment

(TME) and may therefore have diverse impacts on tumor

development and immunotherapy. The TME is composed of

multiple types of immune cells, cancer-associated fibroblasts,

endothelial cells, pericytes, various tissue-resident cell types, and

extracellular matrix (ECM) (11). The complexity of the TME lies in

the fact that immune cells are recruited to and infiltrate the TME

through the action of cytokines and chemokines secreted from

cancer cells to play an antitumor role, but simultaneously produce

additional features of the TME that facilitate immunosuppression

and limit antitumor immune responses (12–14). Particularly in

colorectal cancer, slight alterations in the TME will trigger complex

immunotherapy changes (15). Increasing evidence suggests that

both innate and adaptive immune cells in the TME have a

facilitative effect on tumor progression, while crosstalk with

cancer cells enhances the recruitment of suppressive immune

cells, including myeloid-derived suppressor cells (MDSCs) and

tumor-associated macrophages (16–18). In addition, a decrease in

antitumor immune cell infiltration and function, together with the

accumulation of immunosuppressive cells and upregulation of

ligands that bind to inhibitory receptors on immune cells, may

contribute to immune escape and consequently lead to poor

immunotherapy results (19, 20).

Although remarkable research advancements have been made

for both immunosenescence and the TME in the past decades, the

impact of their interaction on different constituents and tumor

progression remains to be further explored. This review focuses on

the process of immunosenescence and the role of TME regulation.

In addition, we discuss the impact of immunosenescence on

tumor progression and immunotherapy. Finally, we describe

future directions for limiting tumor progression by intervening

in immunosenescence.
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The process of immunosenescence

The process of immune aging involves three distinct but

interrelated components, i.e., the immune organs, immune cells,

and circulating factors (chemokines, cytokines, and other soluble

molecules), which change during aging and produce corresponding

effects (Figure 1) (21). Immune system aging ultimately results in

increased incidence of infectious diseases and mortality, reduced

responsiveness to vaccines, accelerated aging of other organs, and

increased risk of tumors (22–25) Immunosenescence is a complex

and well-integrated process.

The aging of immune organs is the most noticeable change. For

example, thymus function degenerates in nearly all species. Thymic

involution begins in childhood and reaches its peak in adolescence.

While excessive energy use is reduced in this process, age-related

degeneration is detrimental to the organism (26, 27). During this

process, thymus cells are gradually replaced by adipocytes, which

results in a decrease in the proportion of undifferentiated T cells

produced by the thymus (e.g., naïve T cells) and an increase in that

of terminally differentiated cells (e.g., memory or depleted

phenotypic T cells) (28). Such changes are also observed in

neonates with early thyme resection, suggesting that they are a

sign of immune deficiency (29). In conclusion, thymic degeneration

is associated with the age-related immune decline and makes one

prone to age-related diseases.

Th e k e y f a c t o r s i n p r omo t i n g a nd med i a t i n g

immunosenescence are alterations in circulating factors

(chemokines, cytokines, and other soluble molecules).

Immunosenescence causes the body to gradually enter an age-

related pro-inflammatory state, while simultaneously, the body

exerts anti-inflammatory effects through low-level, sterile chronic

inflammation to adapt and remodel the immune system (30).

During this process, senescent cells secrete inflammatory,

extracellular modifying, and growth factors as signaling and

acting molecules collectively referred to as the senescence-

associated secretory phenotype (SASP) (31).

The SASP is expressed upon exposure to excessive stresses, such

as repetitive cell division, oxidative stress, mitochondrial degradation,

oncogene expression, and other stresses that cause DNA damage

(Figure 2) (32). As an inflammatory response, the regulation of SASP

is strongly associated with nuclear factor kappa-light-chain-enhancer

of activated B cells (NF-kB) activation. As a classical DNA damage

response pathway, the p38 MAPK pathway is activated by oxidative

stress and DNA damage and regulates NF-kB through the p16INK4A,

p53, and DNA damage checkpoint kinase CHK1/CHK2

mechanisms, which in turn produce the SASP (33–37). Another

DNA damage response-related pathway, the ATM/ATR pathway, is

thought to mediate NF-kB action via the key molecule GATA4 to

produce the SASP (38). In addition, the downregulation of DNase

(DNase2/TREX1) expression in senescent cells leads to the

accumulation of DNA in the cytoplasm, which in turn leads to

abnormal cGAS-STING pathway activation and SASP production

through IFN-mediated NF-kB activation (39). Another pathway

validated to produce SASP via NF activation is regulated by IL-1a,
which phosphorylates IRAK1 via IRAK4 after binding to the IL-1

receptor and eventually activates NF-kB (40). Another signaling
frontiersin.org
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molecule that can regulate SASP is NOTCH1, which acts

synergistically with NF-kB by activating the NOTCH-JAG1

pathway to produce TGF-b to induce aging while inhibiting C/

EBPb (41). In recent years, JAK/STAT pathway activation by

signaling molecules including phospholipase A2 receptor 1

(PLA2R1), tumor necrosis factor (TNF)-a, and interferon (IFN)-g
has been shown to also induce SASP production (42, 43). The SASP

generated through multiple pathways will profoundly impact

immune cell function and ultimately restructure the TME.

Alterations in immune cells are the most complex part of

immune aging and produce direct effects. Such alterations are
Frontiers in Immunology 0382
mainly due to two aspects: on the one hand, as mentioned above,

the SASP plays a regulatory role in immune cell senescence, and

on the other hand, hematopoietic stem cell (HSC) senescence

is considered to be the basis of immunosenescence (44).

Inflammation is a major factor in HSC aging, as inflammatory

factors such as IL-1, IFNa/g, and TNF-a drive HSC aging (45–47).

Aging HSCs and immune cells differentiated from HSCs are

increased in numbers and show increased inflammatory factor

secretion, reduced self-renewal capacity, diminished homing

effects, and reduced energy metabolism (44). Aging immune cells

interact with soluble factors, including the SASP, in the TME to
FIGURE 1

The immunosenescence process involves immune organs, immune cells, and circulating factors (chemokines, cytokines, and other soluble
molecules) as three distinct but interrelated components that undergo changes during aging, with corresponding effects. (A) During aging,
senescent cells secrete signaling and action molecules such as inflammatory, extracellular modifying, and growth factors, collectively known as
SASP, which are key factors in facilitating and mediating immunosenescence. (B) Immune cells produced by senescent hematopoietic stem cells
interact with SASPs and are characterized by increased numbers, increased secretion of inflammatory factors, decreased self-renewal capacity,
diminished homing effects, and decreased energy metabolism. (C) During aging, thymus cells are gradually replaced by adipocytes, which results in a
decrease in the proportion of undifferentiated T cells produced by the thymus (e.g., naïve T cells). (D) Multiple factors act together to shape the
immunosenescent TME and exhibit strong immunosuppressive effects.
FIGURE 2

NF-kB activation is closely related to SASP regulation and activation. The p38 MAPK, ATM/ATR, and cGAS-STING pathways and aberrant IL-1a
activation mediate SASP production by NF-kB. The NOTCH-JAG1 pathway can synergize with NF-kB to activate SASP production by inhibiting C/
EBPb. In recent years, JAK/STAT pathway activation by signaling molecules including phospholipase A2 receptor 1 (PLA2R1), TNF-production by iN-g
has been shown to also induce SASP production.
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influence tumor progression and therapeutic efficacy, reflecting the

impact of immunosenescence on cancer.
Impact of immunosenescence on TME
alterations and tumor progression

The TME consists of various components that can be classified

into a non-cancerous cellular fraction, including fibroblasts, neurons,

adipocytes, and immune cells (adaptive and innate), and a non-

cellular fraction, including ECM, chemokines, growth factors,

cytokines, and vesicles (48). According to the characteristics of each

component, the TME can also be subdivided into tumor immune

microenvironment, tumor biophysical microenvironment, tumor

microbe microenvironment, etc. (49–51) We propose the term

“immunosenescence microenvironment” as a new TME component

to reflect the impact of senescent immune-related cells and signaling

molecules in the TME on tumor development (Table 1). By analyzing

the individual components of the immunosenescent TME, we can

more clearly the delineate the role of immunosenescence on

tumor development.
SASP

A large number of SASP signaling molecules originate from the

ECM, which plays a microenvironmental regulatory role in the

immunosenescent TME, and these molecules determine the overall

state of the TME (52). The SASP, derived from senescent cells, plays

an important regulatory role in antitumor immunity in the ECM.

Its effects are generally mediated by the paracrine way and have

both positive and negative effects on tumor progression (53).

Various factors of the interleukin (IL) family involved in the

SASP, such as IL-6, IL-8, and IL1a/b, function in microenvironment

regulation. The IL-6/JAK/STAT3 signaling pathway drives tumor cell

proliferation, invasion and metastasis and suppresses anti-tumor

immune responses by reducing tumor antigen expression and

decreasing responses to genotoxicity (54–57, 103). IL-6 as well as

IL-8 can enhance tumor metastasis by promoting neoangiogenesis

(58–61). IL-1bmediates immunosuppression by NLRP3 by inducing

the expansion of MDSCs, leading to a decrease in the activity of

natural killer (NK) cells and CD8+ T cells and an increase in the

number of inhibitory antitumor immune cells, such as regulatory

T (Treg) cells and M2 macrophages, in the TME (62, 63). Similarly,

IL-1a/b secreted by tumor cells also induces fibroblasts to release

pro-tumorigenic chemokines including CXCL9 and CXCL10 (65).

Chemokines involved in the SASP are another important type

of regulatory molecules in the TME. CCL5, CXCL1, CXCL2,

CXCL5, and CXCL12 are chemokines produced by senescent cells

that have opposite effects on tumor development (66). Chemokines

such as CCL5 recruit antitumor immune cells to enhance antitumor

immunity while recruiting immunosuppressive lymphocytes such

as Treg cells, leading to tumor immune escape (64, 67, 68). On the

contrary, CXCL5, CXCL1 and CXCL2 have a tumor-promoting

effect because they recruit MDSCs, which can play an
Frontiers in Immunology 0483
TABLE 1 Changes in components of the tumor
immunosenescence microenvironment.

Components Specific changes
and impacts

Ref.

SASP

IL-6 Drive tumor cell proliferation,
invasion, and metastasis; reduce
tumor antigen expression as
well as genotoxic stress;
promote neoangiogenesis.

(50–54)

IL-8 Drive tumor cell proliferation,
invasion, and metastasis.

(55–57)

IL-1a/b Induce the expansion of
myeloid-derived suppressor
cells (MDSC); decrease the
activity of NK cells and CD8+
T cells; increase inhibitory anti-
tumor immune cells such as
Treg cells and
M2 macrophages.

(58–60)

CCL5 Recruit immunosuppressive
lymphocytes such as Treg cells.

(61)

CXCL1 Recruit MDSCs; reduce CD8+
T cells.

(61–64)

CXCL2 Recruit MDSCs; reduce CD8+
T cells.

(61–64)

CXCL5 Recruit MDSCs. (61,
64–66)

CXCL12 Attenuates T-cell infiltration
and tumor cell killing ability;
increases tumor angiogenesis
and immune resistance.

(61,
67–69)

TNF-a Mediate cell death. (70)

VEGF Promote tumor angiogenesis. (71)

GM-CSF Induce immune cell depletion (72)

T cell

Competitive grape depletion
with Treg cells.

(73, 74)

Tumor-derived cyclic adenosine
monophosphate (cAMP) and
some genotoxins of pathogenic
bacteria can induce senescence
of T cells through
DNA damage.

(75–77)

DNA damage produced by this
process is mainly regulated by
the MAPK and
STAT pathways.

(78–80)

TNFa and proteases are the
main components of SASP
secreted by T cells.

(81)

Down-regulation of CD27,
CD28, and the up-regulation
of CD57.

(82–85)

Decreased production of
perforin, which reduces
cytolysis and tumor cell killing.

(86)

B cell
Deterioration of the
inflammatory state of the

(87, 88)

(Continued)
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immunosuppressive role by suppressing the immune function of

lymphocytes through the secretion of Arg-1 and iNOS, and CXCL1

and CXCL2 also reduce the number of CD8+ T cells (69–72, 75, 76).

CXCL12 attenuates T-cell infiltration and tumor cell-killing ability

and increases tumor angiogenesis and immune resistance via

CXCR4/CXCL12 (73, 74, 77).

Other important modulations of tumor progression by the

SASP include TNF-a-mediated cell death, vascular endothelial

growth factor-promoted tumor angiogenesis, and granulocyte

macrophage colony-stimulating factor-induced immune-cell

depletion, which inhibits antitumor immunity and promotes

tumor progression (78, 79, 104).
T cells

Tumor cells and Treg cells are thought to induce T-cell

senescence directly, and some senescent cells secrete SASPs that

may have a consistent effect. Tumor-derived cyclic adenosine
Frontiers in Immunology 0584
monophosphate can cause DNA damage and senescence in both

CD4+ T cells and CD8+ T cells and immunoglobulin-like transcript

4 and its derivative PIR-B induce T cell senescence by increasing the

fatty acid synthesis and lipid accumulation in tumor cells via MAPK

ERK1/2 signaling (80). In CD4+ T cells, AMPK can trigger p38

phosphorylation via the scaffolding protein TAB1, which in turn

activates the MAPK signaling pathway to induce senescence (81).

While in CD8+ T cells, activation of the p38 MAPK pathway leads

to the secretion of SASP (82).

Treg cells also play an essential role in inducing T-cell

senescence. Treg cells have a selective metabolic profile that

accelerates glucose depletion compared to effector T cells and

suppresses responding T cells and induces senescence through

cross-talk (83). This is because metabolic competition controls

DNA damage in effector T cells through ERK1/2 and p38

signaling in cooperation with STAT1 and STAT3, leading to

senescence and functional changes that are molecularly distinct

from energy and exhaustion (105). Some genotoxins from

pathogenic bacteria can also induce CD4+ T-cell senescence

through DNA damage, suggesting that the gastrointestinal

microbiota may complicate the tumor immunosenescence

microenvironment (84).

CD8+ T cells are key immune cells that exert tumor-cell killing;

therefore, their senescence significantly affects antitumor capacity.

Changes in surface costimulatory molecules such as CD27, CD28,

and CD57 reduce the tumor-associated antigen recognition ability

of CD8+ T cells, resulting in decreased antitumor activity of CD8+ T

cells (85, 86, 106). Further, decreased perforin production by

senescent CD8+ T cells reduces cytolysis and decreases their

tumor cell-killing function (107). However, a recent study came

to the opposite conclusion, suggesting that the effect of aging on the

ability of CD8+ T cells to kill tumor cells needs to be further

explored (108). Research on T-cell senescence is limited, but some

hallmarks of T-cell senescence have been identified (109). The DNA

damage produced during the process is mainly regulated by the

MAPK and STAT pathways (81, 87, 110). TNFa and proteases are

the main SASP components secreted by senescent T cells (82).

Changes in T-cell surface proteins, including the downregulation of

CD27 and CD28 and the upregulation of CD57, are one of the

hallmarks (88, 89). Further, senescent T cells enter cell-cycle arrest

after T-cell receptor stimulation (83, 90, 91, 111).
B cells

B cells in TME can produce antibodies that bind to tumor-

associated antigens and exert antitumor effects of antigen

presentation (92). Their senescence arises predominantly from a

decrease in B-cell differentiation and maturation in the bone

marrow due to HSC senescence, as well as the reorganization of

peripheral B-cell subsets (112, 113).

The impact of senescent B cells on TME is reflected not only in a

decrease in antigen-presenting capacity but also in the pro-

inflammatory effects derived from a class of B cells known as

“age-associated B cells”, which are thought to be associated with

TNFa secretion (93, 94, 114). IgD CD27 double-negative B cells,
TABLE 1 Continued

Components Specific changes
and impacts

Ref.

tumor microenvironment by a
class of B cells called age-
associated B cells (ABCs).

IgD CD27 double-negative B
cells (DN cells) accumulate in
areas of chronic inflammation
and exacerbate the
inflammatory
microenvironment by
producing pro-
inflammatory factors.

(89, 90)

NK cell

The proportion of CD56dim
increases while the proportion
of CD56bright decreases.

(91)

Cytotoxicity was attenuated by
decreased perforin production
and decreased degranulation.

(92, 93)

Other cells

DCs

The endocytosis, and
presentation of antigens by
dendritic cells are diminished,
while more pro-inflammatory
cytokines are secreted.

(94)

Reduced ability to activate
T cells.

(95, 96)

MDSCs

Produce inflammatory
molecules such as IL-10 and
TGF-b with inhibitory antigen
presentation or
immunosuppressive effects.

(97–99)

Enhancement of oxidative stress
in the microenvironment by
generation of reactive oxygen
species and inhibition of
immune checkpoint protein-
mediated contact between T
cells and tumor cells

(100–102)
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which play an immunosuppressive role, are another type of B cell

that expands in aging populations (95). These cells are more likely

to aggregate in areas of chronic inflammation due to surface

expression of CCR6 and CCR7 after senescence and exacerbate

the inflammatory microenvironment through pro-inflammatory

factor production, worsening the immunosuppressive function of

the TME (96, 97).
NK cells

NK cells are a key innate immune component of the TME that

exerts antitumor immunity. These cells are more environmentally

sensitive, as evidenced by the fact that passive transfer to

environments of different age states can have a significant effect

on cytotoxicity (115).

In senescent NK cells, the proportion of CD56dim increases,

whereas that of CD56bright declines, which in turn leads to

diminished immunocyte function (116). Senescent NK cells appear

to enter a silent phase, as cytotoxicity after senescence is attenuated by

reduced perforin production and decreased degranulation, and even

the production of cytokines such as IFN-g, MIP-1a, and IL-8 after

stimulation is lower than that in nonsenescent NK cells (117–120).
Other cells

Dendritic cells are important antigen-presenting cells that play

an important coordinating role in the immune response (121).

However, as a result of immune senescence, the endocytosis and

presentation of antigens by dendritic cells are diminished, while

more pro-inflammatory cytokines are secreted (98). In addition, the

ability of dendritic cells to activate T cells is reduced by senescence

(99, 100).

MDSCs are a class of immunosuppressive cells recruited

by the chronic inflammatory tumor immunosenescence

microenvironment (101). MDSCs can inhibit the anti-tumor

function of T cells and NK cells by expressing immune

checkpoint molecules such as PD-L1 (102, 122, 123). In addition,

MDSCs can affect the normal amino acid metabolism of T cells by

depriving them of cysteine. This process affects the utilization of

tryptophan by T cells and produces the immunosuppressive

metabolite l-kynurenine, which ultimately induces T cell loss of

function and promotes Treg cell differentiation (124, 125).

MDSCs drive immunosenescence and structure the

immunosuppressive microenvironment, which are correlated with

their multiple immunosuppressive functions (126). Upon the

activation of MDSC amplification due to chronic inflammation

caused by tumors and aging, certain chemokines, such as CCL2,

CXCL1, and CXCR2, can recruit them to the TME, and this process

can be enhanced by the complex gastrointestinal bacterial

environment (127–132). Inflammatory molecules in the TME

activate the immunosuppressive function of MDSCs mainly via

JAK-STAT and NF-kB signaling, causing MDSCs to produce

inflammatory molecules such as IL-10 and TGF-b that have

antigen presentation-inhibitory or immunosuppressive effects
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(101, 133, 134). In addition, the immunosuppressive effects of

MDSCs are reflected in the enhanced oxidative stress state in the

microenvironment via the active generation of reactive oxygen

species and the inhibition of immune checkpoint protein-

mediated contact between T cells and tumor cells (135–137).

Other cells such as macrophages and neutrophils also exhibit

immunosuppressive effects in the immunosenescent TMEby

exacerbating chronic inflammation and increasing pro-

tumorigenic M2-type macrophages (138). These molecular and

cellular changes in the TME in the context of immune senescence

promote tumor progression to a certain extent, and more

importantly, influence antitumor therapy.
Immunosenescence and
tumor therapy

The relationship between immunosenescence and antitumor

therapy reflects the fact that there always are two sides to the

same coin. On the one hand, for gastrointestinal solid tumors

such as colorectal tumors, radiotherapy, chemotherapy, and

immunotherapy are important antitumor treatments besides

surgery; however, these treatments induce immune senescence,

termed “treatment-induced immune senescence.”

Radiotherapy and chemotherapy can cause cancer-associated

fibroblasts to expand in the TME and exacerbate the inflammatory

state, leading to immune senescence (139). In addition,

radiotherapy and chemotherapy can accelerate cellular senescence

by directly causing DNA damage (140–142). Immunotherapies

such as immune checkpoint inhibitors can also induce senescence

in TME components by inducing increased production of

senescence-related cytokines (143).
Senotherapy strategies
targeting immunosenescence

On the other hand, senescence can be exploited as a new target

in antitumor therapies (Table 2) (144, 145). This is explained by the

fact that senescent cells continue to secrete SASP and lead to the

presence of a pro-tumoral tumor microenvironment. Thus,

senotherapy refers to the rational use of treatments that target

senescent cells to fight tumors (146).

One senotherapeutic strategy is the removal of senescent cells

by using anti-aging cell drugs that complement other antitumor

therapies by mitigating the negative effects of treatment-induced

senescence. Some drugs are used after senescence-inducing cancer

therapies to target senescent tumor cells for clearance (147). BCL

family inhibitors (e.g., ABT-737 and ABT-263) are representative of

this class of drugs; they scavenge senescent cells by inhibiting the

anti-apoptotic BCL protein family (148, 149). The tyrosine kinase

inhibitor dasatinib combined with quercetin selectively kills

senescent cells by inhibiting the pro-survival network that is

upregulated in senescent cells (150). In addition, there are

immunotherapeutic drugs and antibody-drug combinations that
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can similarly remove senescent cells and synergize with senescence-

inducing antitumor treatments (151, 152). Engineered CAR-T cells

targeting urokinase-type plasminogen activator receptor, a

characteristic protein on the surface of senescent cells, can be

used as a therapeutic modality to remove senescent cancer cells

(153). Another senotherapeutic strategy is to induce senescence of

tumor cells and then target them for elimination. The key to this

strategy is to find corresponding drugs that can be targeted to

induce tumor-cell senescence. For example, the DNA replication

kinase CDC7 can selectively induce senescence in TP53-mutated

hepatocellular carcinoma cells, which can subsequently be killed by

mTOR signaling inhibitors (154). Mitigating the negative effects of
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the SASP is another senotherapeutic strategy. This approach is

mainly based on the inhibition of SASP-producing pathways, such

as the above-mentioned p38 MAPK, NF-kB, and JAK/STAT

pathways (155, 156).

Other therapeutic approaches, such as the use of engineered

tumor-targeting TCR-T cells or of photochemotherapy to increase

immune cell infiltration, have been successful in countering the

immunosenescent TME by enhancing antitumor immune efficacy

(157, 158).These diverse therapeutic approaches combined can

exert a more significant antitumor effect by targeting the

immunosenescent environment from different angles.
Emerging biomarkers of
immunosenescence in
gastrointestinal tumors

Although the molecular biology of immunosenescence has been

explored and therapeutic strategies for tumors have been optimized

based on its action mechanisms, the timely identification of

immunosenescent phenotypes is more clinically relevant, which

provides an opportunity for early intervention (159, 160).

Since aging occurs in the immune system, accordingly, the type

of biomarker that most readily comes to mind is the senescent

phenotype of immune cells. Of these, both CD8+ TEMRA

(CD45RA+CCR7-CD28-CD27-) and CD4+ TEMRA are markers

of immunosenescence, with increased proportions and absolute

numbers in colorectal cancer patients, reflecting low value-added

potential and anti-apoptotic properties (161, 162). However, these

markers are cell surface receptors and must be assayed using flow

cytometry, which requires fresh blood samples. In contrast, the

soluble form of immunosenescence markers are more stable and

can be measured from stored serum, making them promising

candidates as soluble markers of immunosenescence. However,

these markers are less specific, as they can also be detected during

acute inflammation. The soluble markers sCD163, sCD28 and

sCTLA-4 have great potential for application as biomarkers of

immunosenescence (163–165). These soluble markers can be

detected using ELISA methods, but further studies are needed to

compare the diagnostic performance of these markers with the gold

standard (cell surface receptor) assay. In addition, some mutations

in genes associated with immunosenescence such as PIK3CA, TP53,

NF-kB, AMPK, mTOR, and P53 may also serve as biomarkers of

the aging process (166–169).
Conclusions

Immunosenescence, as a feature of this stage, increases the risk

of infectious diseases and tumors while decreasing antitumor

immune functions. This is because immune senescence results in

changes in immune organs, immune cells, and the SASP, which all

interact with each other. Such changes significantly impact solid

tumors of the gastrointestinal tract, such as colorectal cancer, which

have a complex TME, and ultimately lead to the formation of an
TABLE 2 Therapeutic strategies to counteract the immunosenescent
microenvironment of tumors.

Treatment strategy Key points Ref.

Senotherapy

Removal of senescent
tumor cells.

Inhibit the
senescent cell anti-
apoptotic protein
BCL family.

(132,
133)

Extensively removes
senescent cells.

Inhibit the pro-
survival network
that is upregulated
in senescent cells

(134)

Removal of senescent cells
using cellular engineering.

Using CAR-T cells
to target the
characteristic
protein urokinase-
type fibrinogen
activator receptor
(uPAR) on the
surface of
senescent cells.

(137)

Clearance of tumor cells
after active induction
of senescence.

Selective induction
of TP53-mutated
cancer cell
senescence using
the DNA replication
kinase CDC7 allows
subsequent
inhibitors of mTOR
signaling to
sustainably suppress
and kill tumor cells.

(138)

Mitigate the negative effects
of SASP.

Inhibit SASP-
producing pathways
such as the
previously
mentioned p38
MAPK, NF-kB, and
JAK/STAT

(139,
140)

Enhancing anti-tumor immune efficacy in the
tumor immunosenescence microenvironment

Increased CD8+ T-
cell infiltration
using
photochemotherapy.

(141)

D133p53a TCR-T
cell enhances fitness
and effector
functions of
senescent T cells by
modulation of
p53 isoforms

(142)
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immunosuppressive tumor immunosenescence microenvironment.

In such an environment, immunosuppression is manifested in

multiple aspects, including immunosuppressive cell recruitment,

increased secretion of inhibitory cytokines, and diminished

antitumor immune cell function. These changes allow the tumor

to develop and deteriorate, and increase its tendency to invade,

and affect antitumor therapy, which in itself induces immune

senescence and induces immunosuppressive changes. Therefore,

senotherapy, a new therapy targeting immune senescence, has been

developed on the basis of various antitumor therapies to remove

senescent tumor cells and restore the antitumor capacity of immune

cells from a different perspective. However, more in-depth studies

on the tumor immune senescence microenvironment need to be

conducted to paint a more complete picture of immunosuppression

and explore the mechanisms by which immunosenescence

attenuates antitumor immunity. This will enable the development

of antitumor drugs and different therapeutic strategies for aging

characteristics. However, the therapeutic effects remain to be

verified in long-term experiments.
Author contributions

TZ: Conceptualization, Investigation, Writing – original draft. RW:

Conceptualization, Investigation, Methodology, Writing – original

draft. HF: Conceptualization, Investigation, Writing – original draft.

YY: Conceptualization, Formal Analysis, Writing – original draft. HJ:

Data curation, Writing – original draft. ZP: Data curation, Writing –

original draft. LZ: Investigation, Supervision, Writing – review &

editing. GY: Funding acquisition, Supervision, Writing – review &
Frontiers in Immunology 0887
editing. WZ: Funding acquisition, Project administration, Supervision,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. National

Natural Science Foundation of China (82072750, 82203137),

Shanghai Sailing Program (21YF1459300), Shanghai Municipal

Health Commission Health Industry Clinical Research

Project (20224Y0348).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References

1. Chang AY, Skirbekk VF, Tyrovolas S, Kassebaum NJ, Dieleman JL. Measuring

population ageing: an analysis of the Global Burden of Disease Study 2017. Lancet
Public Health. (2019) 4:e159–67. doi: 10.1016/S2468-2667(19)30019-2

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/
caac.21660

3. Lin L, Li Z, Yan L, Liu Y, Yang H, Li H. Global, regional, and national cancer
incidence and death for 29 cancer groups in 2019 and trends analysis of the global
cancer burden, 1990-2019. J Hematol Oncol. (2021) 14:197. doi: 10.1186/s13045-021-
01213-z
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Circulating adipose-tissue
miRNAs in gastrointestinal
cancer patients and their
association with the level and
type of adiposity at body
composition analysis

Federica Tambaro1†, Giovanni Imbimbo1†, Valentina Pace1,
Maria Ida Amabile2, Veronica Rizzo3, Simona Orlando1,
Giulia Lauteri4, Cesarina Ramaccini1, Carlo Catalano3,
Giuseppe Nigri4, Maurizio Muscaritoli1 and Alessio Molfino1*
1Deparment of Translational and Precision Medicine, Sapienza University of Rome, Rome, Italy,
2Department of Surgery, Sapienza University of Rome, Rome, Italy, 3Department of Radiological,
Oncological and Pathological Sciences, Sapienza University of Rome, Rome, Italy, 4Department of
Medical and Surgical Sciences and Translational Medicine, Sapienza University of Rome, Rome, Italy

Background: Adipose tissue (AT) wasting in cancer is an early catabolic event
with negative impact on outcomes. Circulating miRNAs may promote body
weight loss and cachexia. We measured circulating miRNAs linked to AT
alterations and compared their levels between i) gastrointestinal (GI) cancer
patients and controls, ii) cachectic and non-cachectic cancer patients, and iii)
according to adiposity level and its distribution.

Methods: Patients with GI cancer and subjects with benign diseases as controls
were considered. Cachexia was assessed and adiposity evaluated by CT-scan for
subcutaneous AT area (SAT), visceral AT area and the total AT area (TAT). MiRNAs
involved were measured in plasma by RT-qPCR.

Results: 37 naïve GI cancer patients and 14 controls were enrolled. Patients with
cachexia presented with lower SAT compared to non-cachectic (p < 0.05). In
cancer patients, we found higher levels of miR-26a, miR-128, miR-155 and miR-
181a vs. controls (p < 0.05). Cancer patients with BMI < 25 kg/m2 showed higher
levels of miR-26a vs. those with BMI ≥ 25 (p = 0.035). MiR-26a and miR-181a
were higher in cachectic and non-cachectic vs. controls (p < 0.05). Differences
between cachectic and controls were confirmed for miR-155 (p < 0.001) but not
between non-cachectic vs. control (p = 0.072). MiR-155 was higher in cachectic
patients with low TAT vs. those without cachexia and high TAT (p = 0.036).

Conclusion: Our data confirm a modulation of specific and different
miRNAs involved in AT metabolism in cancer and cachexia. MiR-155 levels
were higher in patients presenting with cachexia and low adiposity with
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implications in the pathogenic mechanisms and clinical consequences of GI
cancer patients.

KEYWORDS

adiposity, miRNAs, cachexia, cancer, CT-scan, body composition

1 Introduction

In the last years, adipose tissue derangements were indicated
as active promoters of cachexia in cancer patients, with
potential negative impact on patient’s survival (Al-Sawaf et al.,
2023). Strong evidence showed that adipose tissue wasting
often precedes the clinical diagnosis of cancer representing an
early event during the disease (Babic et al., 2023). Importantly,
adipose tissue has several functions other than energy storing,
including release of endocrine hormones, promoting inflammation
and regulating the expression of different genes, as well as
energy expenditure (Cypess, 2022). In parallel, modifications
in terms of quantity and quality of adipose tissue were found
in the cancer cachexia phenotype (Molfino et al., 2023a).
Recently, data showed that patients with gastrointestinal
cancer undergoing surgery for cancer resection presented
deep histomorphological alterations of adipose tissue, as well
as changes in molecular markers of browning and lipolysis
(Molfino et al., 2022a; Molfino et al., 2023a; Tambaro et al., 2024).
Also, Taylor J et al. (2023) evaluated the cancer capacity to
manipulate the endothelium in white adipose tissue and found
that the intracellular pathway signaling promoting adipose tissue
wasting was modulated. In this light, cancer-released factors
are promising agents to target for the treatment of cancer
cachexia. Among them, miRNAs were extensively studied for
their capacity to modulate gene expression. Also, miRNAs
may act distally being transported in exosomes as endocrine
factors and possibly serving as biomarkers in some clinical
settings, including cancer (Belli et al., 2021). Importantly, Tomou
T et al. showed that adipose tissue represents an important
source of circulating exosomal miRNAs, acting as adipokines
(Thomou et al., 2017).

In cancer, some miRNAs were found to be potentially
implicated in adipose tissue metabolism and wasting. Recently,
among others, miR-26a-5p, miR-128, miR-144, miR-181a-5p, and
miR-155 were identified as potential regulator of adipose tissue
metabolism, such as lipolysis, browning of WAT, and adipogenesis
(Tao et al., 2015; Chen et al., 2018; Kim et al., 2020; Hongfang et al.,
2023), all phenomena deeply involved in the development of
cancer cachexia and therefore of interest in the setting of
gastrointestinal cancer.

However, data on the association between these miRNAs and
cancer cachexia and adipose tissue wasting in humans are still scanty
or lacking.

For this reason, by this study we aimed to evaluate
differences in specific circulating miRNAs profile, linked to
adipose tissue alterations between i) cancer patients and
controls, ii) cachectic and non-cachectic cancer patients, and
iii) according to adiposity level (low or high) and distribution
assessed by CT-scan.

2 Materials and methods

2.1 Study design and participant’s
enrollment

We conducted a cross-sectional study on patients with
a new diagnosis of gastrointestinal cancer (gastric, colon
and pancreatic cancer), known to be frequently associated
with cachexia (Baracos et al., 2018), eligible for surgical tumor
resection, and controls undergoing surgery for non-malignant
diseases. The enrollment was carried out at the Department of
Medical and Surgical Science of Sapienza University of Rome, Italy.
The experiments were conducted at the Department of Translational
and Precision Medicine of Sapienza University of Rome, Italy.

The inclusion criteria of this study were age ≥18 years; recent
diagnosis of cancer (≤4 weeks); not having received anticancer or
anti-inflammatory treatments before surgery; the ability to provide
signed informed consent. Exclusion criteria were the presence of
coexisting conditions inducingmalnutrition such as infections, liver
failure, renal failure, heart failure, rheumatologic disorders, clear
signs of malabsorption or intestinal occlusion, as well as dysphagia.
The study was conducted according to the Declaration of Helsinki
and approved by the local Ethics Committee (Sapienza University,
Azienda Sant’Andrea Hospital, Rome, Italy—prot. n. 167_2017).
Written informed consent was obtained by all the participants
enrolled in the study.

2.2 Clinical parameters, nutritional status
and body composition analysis for
adiposity

At first study visit, we collected demographic information
and patient’s medical history, as well as data on the staging and
histology of the cancer. We registered body weight (kg) and
height (m), calculated the body mass index (BMI, kg/m2) and
asked for usual weight and unvoluntary body weight loss in
the previous 6 months. Cachexia was diagnosed according to the
Fearon’s criteria (Fearon et al., 2011).

In fasting condition, we obtained blood samples in EDTA tubes
tomeasure inflammatory and nutritional biomarkers, such as serum
C-reactive protein (CRP) and albumin with standard laboratory
techniques.

Using CT scans, we measured the abdominal fat area at the level
of the third lumbar vertebra (L3), quantifying both the total adipose
tissue (TAT) and visceral adipose tissue (VAT), as previously shown
(Erdem et al., 2019; Molfino et al., 2022b). The SAT area at the same
level was calculated, subtracting VAT from TAT. We defined high
or low level of adiposity based on the median values of SAT, VAT
and TAT (over the median: high; below the median: low). This
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TABLE 1 Participant’s characteristics.

Parameters Cancer patients
(n = 37)

Controls
(n = 14)

Age, years∗ 71.6 ± 11.9 58.1 ± 14.2

Male, n (%) 23 (62) 8 (57)

Female, n (%) 14 (38) 6 (43)

Actual weight, kg 70.2 ± 12.6 72.0 ± 11.2

BMI, kg/m2 24.1 ± 3.8 25.0 ± 3.3

Cachexia, n (%) 18 (49) —

Blood parameters

Hemoglobin, g/dL 12.0 ± 2.1 13.1 ± 1.8

C-reactive protein,
mg/dL

4.8 (0.2; 11.7) 1.7 (0.6; 4.7)

Albumin, g/dL 3.4 ± 0.6 3.7 ± 0.4

Type of GI, n (%)

Colon 32 (87) —

Gastric 4 (11) —

Pancreatic 1 (3) —

Stage of the disease, n (%)

I-II 24 (65) —

III-IV 13 (35) —

Variables are shown as mean ± SD and as median (inter-quartile range) for non-normally
distributed values. No differences were shown between cancer patients and controls with
exception of age (∗p = 0.001). Abbreviations: BMI, body mass index.

approach was previously implemented in the setting of adipose
tissue wasting (Abdallah et al., 2023).

OsiriX Lite (v11.0.3, Bernex, Switzerland) was used for the
abdominal fat composition analysis.

2.3 Plasma samples collection

To analyze circulating miRNAs profiles, fasting blood samples
were collected prior to the surgical procedure in EDTA Vacutainer®
tubes and centrifuged at 3,000 rpm for 15 min at 4°C. Supernatant
plasma was immediately aliquoted into cryovials and stored at
−80°C until further analysis.

2.4 Extraction, quantification and
pre-amplification of circulating miRNAs

Total RNA was extracted from plasma samples (250 μL/sample)
using miRNeasy Serum/Plasma Kit (Qiagen, Germantown, MD,
United States) according to the manufacturer’s instructions.

TABLE 2 Differences between cachectic and non-cachectic cancer
patients in clinical and adiposity parameters.

Parameters Cachexia (n = 18) No cachexia (n = 19)

Age, years 72.8 ± 12.6 70.4 ± 11.4

Male, n (%) 13 (72) 10 (53)

Female, n (%) 5 (28) 9 (47)

BMI, kg/m2 ∗ 22.8 ± 3.8 25.3 ± 3.6

Stage of the diseases, n (%)

I-II 10 (56) 14 (74)

III-IV 8 (44) 5 (26)

Body composition parameters

SAT, cm2# 157.6 ± 63.7 206.2 ± 73.5

VAT, cm2 145.8 ± 93.0 159.3 ± 82.3

TAT, cm2 303.5 ± 149.1 365.5 ± 138.7

No differences were shown between cachectic and non-cachectic with exception of BMI,
and SAT (∗p = 0.044; #p = 0.039). Abbreviations: BMI, body mass index; SAT, subcutaneous
adipose tissue area; VAT, visceral adipose tissue area; TAT, total adipose tissue area.

RNA quantification was performed using Multiskan Sky
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
United States). cDNA was synthetized from 10 ng of total RNA
using the TaqMan Advanced miRNA cDNA Synthesis kit (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United States)
following the manufacturer’s instructions.

2.5 Analysis of circulating miRNAs profiles

Quantitative real-time PCR was performed with TaqMan
Fast Advanced Master Mix (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA, United States), using the QuantStudio®
Real Time PCR (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, United States). Quantification was performed using
the following specific TaqMan miRNA Assay (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, United States) probes:
hsa-miR-26a-5p (478926_mir); hsa-miR-128-3p (477892_mir); hsa-
miR-144-3p (477913_mir); has-miR-155-3p (477926_mir); hsa-
miR-181a-5p (477857_mir). Data were normalized to hsa-miR-
16-5p (477860_mir) used as the internal control. Resulting data
were analyzed using SDS2.4 Software (Applied Biosystems, Bedford,
MA, United States), and fold-change was determined by using the
2−ΔΔCT, as previously described (Schmittgen and Livak, 2008). All
reactions were performed using three biological replicates and all
the experiments were performed in duplicate.

2.6 Statistical analyses

Data are presented as the mean ± standard deviation (SD) or
standard error of the mean (SEM) and median with interquartile
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FIGURE 1
Differences in circulating miRNAs between cancer patients and controls. Circulating miRNAs levels were analyzed by quantitative Real Time PCR from
gastrointestinal cancer patients (n = 37) and control group (n = 14). Data show higher expression of miR-26a (p = 0.002) (A), −128 (p = 0.047) (B), −155
(p = 0.004) (D), and −181a (p = 0.007) (E) in cancer with respect to controls. No difference was observed in miR-144 levels in cancer patients vs.
controls (C). Data were normalized against the miR-16 from two biological replicates. ∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.

FIGURE 2
Correlations between circulating miRNAs and BMI in cancer patients. The expression of miR-128 showed negative correlation with BMI (rho = −0.380,
p = 0.022) (A). No significant correlations were present between the other miRNAs and BMI (B–E). Abbreviations: BMI, body mass index.

range (25th and 75th percentile) for continuous normally and non-
normally distributed variables, as appropriate. The normal/non-
normal distribution was assessed by Shapiro-Wilk test. Student’s
t-test and One-way ANOVA test or Mann–Whitney test and
Kruskal–Wallis test were used for normally distributed data
or non-normally distributed data, respectively. The Spearman’s
coefficient was used to determine the correlation between miRNA
expression and BMI. A p-value <0.05 was considered statistically
significant. IBM®SPSS Statistics version 26 and Graphpad Prism
5.0 (San Diego, California, United States) were employed in the
calculation.

3 Results

3.1 Clinical characteristics of cancer
patients and controls

We enrolled a total of 37 gastrointestinal cancer patients (23
male), affected by colorectal (n = 32; 21 male), gastric (n = 4; 1
male) and pancreatic cancers (n = 1, male). The mean age was 71.6
± 11.9 years, and BMI (kg/m2) was 24.1 ± 3.8.

Control group included 14 patients undergoing surgery
for benign diseases (including cholecystectomy, abdominal
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FIGURE 3
Differences in circulating miRNAs between cancer patients and controls according to BMI classes. Circulating miRNAs levels were analyzed in cancer
patients according to BMI (kg/m2) classes (BMI < 25, n = 22; BMI ≥ 25, n = 14) compared to control group (n = 14). (A) Expression levels of miR-26a
were higher in cancer patients with BMI < 25 with respect to those with BMI ≥ 25 (p = 0.035) and vs. controls (p < 0.001). (B) MiR-128 showed
overexpression in cancer patients with BMI < 25 vs. controls (p = 0.008), whereas no difference was observed with respect to those with BMI ≥ 25 (p =
0.071). (D,E) MiR-155 and miR-181a levels were higher in cancer patients with BMI < 25 compared to controls (p = 0.010 and p = 0.003, respectively),
whereas miR-155 levels were higher in cancer patients with BMI ≥ 25 vs. controls (p = 0.017). (C) No differences were observed in miR-144 levels
between groups. ∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001. Abbreviations: BMI, body mass index.

FIGURE 4
Differences in circulating miRNAs among cachectic and non-cachectic cancer patients and controls. Circulating miRNAs levels were analyzed in
cancer patients with cachexia (n = 18), without cachexia (n = 19) and controls (n = 14). Data show higher expression of miR-26a (A), miR-155 (D) and
miR-181 (E) in patients with cachexia (p = 0.005, p = 0.001 and p = 0.023, respectively) with respect to controls and higher expression of miR-26a (A),
and miR-181 (E) in cancer patients without cachexia (p = 0.007 and p = 0.012, respectively) with respect to controls. For miR-128, we observed a trend
of increased expression in cachectic patients vs. controls (p = 0.057) (B). No difference was observed in miR-144 levels in cancer patients with/without
cachexia vs. controls (C). ∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001.

hernia and cysts), with a mean age of 58.1 ± 14.2 years and a
BMI of 25.0 ± 3.3.

Cancer patients were older than controls (p = 0.001) and
BMI was not different between the two groups. The participant’s
characteristics are shown in Table 1.

3.2 Prevalence of cachexia and assessment
of adiposity by CT-scan

In cancer patients, cachexia was diagnosed in 18 out of 37
cancer patients (49%). Patients with cachexia compared to non-
cachectic presented with a decreased BMI (22.8 ± 3.8 vs. 25.3 ± 3.6,
p = 0.044).

The mean values (cm2) of SAT, VAT and TAT in cancer patients
were 182.6 ± 72.3, 152.8 ± 86.7 and 335.5 ± 145.2, respectively.

In cachectic patients, we observed lower SAT compared to non-
cachectic (157.6 ± 63.7 vs. 206.2 ± 73.5, p = 0.039) (Table 2), but no
difference was seen in VAT and TAT (Table 2).

In all cancer patients, BMI strongly and positively correlated
with SAT (r = 0.77, p < 0.001), VAT (r = 0.64, p < 0.001) and TAT (r =
0.74, p < 0.001). Other clinical characteristics are shown in Table 2.

3.3 Differences in circulating miRNAs
between cancer patients and controls

In Figure 1, we show the differences in plasma miRNAs between
cancer patients and controls. In particular, in patients with cancerwe
found higher levels of miR-26a, miR-128, miR-155 and miR-181a
with respect to controls (p < 0.05) (Figure 1). No differences were
observed inmiR-144 between the two groups (Figure 1). In addition,
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FIGURE 5
Differences in circulating miRNAs according to adiposity level among cancer patients and in controls. We analyzed the data according to the median
level of adiposity, as follows: low (n = 19) vs. high (n = 18) of VAT (median: 130.70 cm2), SAT (median: 167.57 cm2), and TAT (median: 322.56 cm2) and in
controls (n = 14). [(A), from left to right] Data show higher expression of miR-26a (p = 0.003), miR-155 (p = 0.004) and miR-181 (p = 0.023) in cancer
patients with low VAT vs. controls and higher expression of these miRs in cancer patients with high VAT vs. controls (p = 0.011, p = 0.024, p = 0.012,
respectively) [(B), from left to right] Expression levels of miR-26a, miR-155 and miR-181 were higher in cancer patients with low SAT vs. controls (p =
0.004, p = 0.006 and p = 0.016, respectively) and were also significantly higher in cancer patients with high SAT vs. controls (p = 0.010, p = 0.019 and
p = 0.018, respectively). [(C), from left to right] Considering TAT, we observed that miR-26a, miR-155 and miR-181 were higher in cancer patients with
low TAT vs. controls (p = 0.008, p = 0.001 and p = 0.022, respectively) and that miR-26a and miR-181a were higher in cancer patients with high TAT vs.
controls (p = 0.004 and p = 0.012, respectively). ∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001. Abbreviations: VAT, visceral adipose tissue; SAT, subcutaneous
adipose tissue; TAT, total adipose tissue.

FIGURE 6
Differences in circulating miRNAs according to TAT in cachectic and non-cachectic cancer patients. We analyzed the circulating miRNAs according to
the presence/absence of cancer cachexia and low/high levels of TAT (based on median value of 322.56 cm2) in cancer patients vs. controls. Groups are
the following: cancer patients with cachexia and low TAT (n = 12); cancer patients with cachexia and high TAT (n = 6); cancer patients without cachexia
and low TAT (n = 7); cancer patients without cachexia and high TAT (n = 12); controls (n = 14). (A) MiR-26a showed different modulation in cancer
groups vs. controls (p < 0.05). (D) MiR-155 showed different levels between cancer groups and controls (p < 0.05) and we observed a significant
downregulation of this miRNAs between cancer patients with cachexia and high TAT vs. cancer patients without cachexia and high TAT (p = 0.031) and
higher levels in cancer patients without cachexia and low TAT compared to those with high TAT (p = 0.036). (B,C,E) No significance was observed in
other miRNAs. ∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001. Abbreviations: TAT, total adipose tissue; CC, cancer cachexia; NO CC, no cancer cachexia.
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in cancer patients miR-128 negatively correlated with BMI (rho =
−0.380, p = 0.022) (Figure 2), whereas no significant correlations
were present between BMI and other miRNAs tested (Figure 2). No
differences were observed in the miRNAs levels according to cancer
stage (data not shown).

According to BMI classes, patients with BMI < 25 presentedwith
higher plasma levels of miR-26a with respect to cancer patients with
BMI ≥ 25 (p = 0.035), as well as vs. controls (p < 0.001) (Figure 3); a
similar trend was observed for miR-128 in cancer group (p = 0.071)
(Figure 3). No additional differences between BMI classes in cancer
patients were observed for the other miRNAs (Figure 3).

3.4 Differences in circulating miRNAs
among cachectic and non-cachectic
cancer patients and controls

In Figure 4, we show the differences in plasma miRNAs
between cancer patients with and without cachexia and controls.
In particular, plasma levels of miR-26a resulted higher in cachectic
patients (p = 0.007), as well as in non-cachectic (p = 0.005) vs.
controls; this was also observed for miR-181a (p < 0.05) (Figure 4).

Differences between cachectic patients and controls were also
found for miR-155 (p < 0.001) and did not reach the significance
between non-cachectic and controls (p = 0.072) (Figure 4). Also,
miR-155 showed a trend of increase in cachectic compared to non-
cachectic patients (p = 0.087) (Figure 4). No significant differences
were seen in miR-128 and miR-144 between groups (Figure 4).

3.5 Differences in circulating miRNAs
according to adiposity level and
distribution assessed by CT-scan in
cachectic and non-cachectic cancer
patients

According to adiposity level (low vs. high median values of VAT,
SAT, and TAT, resulting as follows: 130.70, 167.57 and 322.56 cm2),
we observed for some miRNAs significant differences between
cancer patients and controls (Figure 5). No differences were found
between cancer patients with low vs. high adiposity (Figure 5).

Analyzing the differences between cachexia/no-cachexia
groups with low or high TAT, we observed that miR-
155 was higher in cachectic patients with low TAT
compared to those without cachexia and high TAT (p =
0.036) (Figure 6). Finally, miR-155 was higher in cachectic
patients, regardless of low or high TAT, when compared
to controls (Figure 6). Moreover, miR-155 expression was
increased in cancer patients without cachexia with low
TAT compared to those non-cachectic with high TAT
(Figure 6). These differences were not present for the other
miRNAs (Figure 6).

4 Discussion

Our study confirms the presence of clinical and nutritional
changes in patients with gastrointestinal cancer undergoing surgery

for cancer resection. In fact, although the main nutritional
(anthropometric) parameter routinely used in clinic - BMI - was
not different between cancer patients and controls, the presence of
cachexia was highly prevalent (49%) in cancer patients. This is of
particular interest taking into account that the patients of the present
cohort were at their first cancer diagnosis, eligible to surgery and
did not yet receive anticancer treatments. Our results indicate that
patients satisfying the Fearon’s criteria for cachexia (Fearon et al.,
2011) showed reduced SAT, suggesting the presence of adipose
tissue metabolic derangements since the early phase of cancer
disease. Interestingly, the phenomenon of adipose atrophy occurring
in cancer was described even preceding the clinical diagnosis of
pancreatic cancer (Babic et al., 2023). In another study, during the
early phase of cancer disease, we described several histological
alterations in SAT, including decreased adipocyte size, increased
fibrosis and increased inflammatory infiltration in cachectic patients
(Molfino et al., 2022b). Moreover, several evidence support that an
increased lipolysis and browning of WAT are crucial in promoting
cancer cachexia (Baracos et al., 2018; Hu et al., 2023; Geppert and
Rohm, 2024).

Regarding the complex pathophysiology of adipose tissue
changes and atrophy in cancer, the implication of circulating
miRNAs has been recently supported by different studies (Di et al.,
2021; Li et al., 2022; Hu et al., 2023). In our analyses, we found
higher circulating levels of miR-26a, miR-128, miR-155 and miR-
181a in cancer group compared to controls, and when observing the
modulation of these miRNAs according to BMI classes, we found
in patients with BMI < 25 kg/m2 that miR-26a was overexpressed
compared to those defined as overweight or obese based on BMI ≥
25 kg/m2, as well as to controls. No statistical difference was found
for miR-128.

In line with our results, a recent study investigating circulating
and visceral adipose miRNAs showed a downregulation of miR-
26a in both plasma and VAT in patients with obesity compared
with patients with normal weight, suggesting a potential role of
this miRNA in regulating adiposity (Kim et al., 2020). However,
in another study miR-128 overexpression was shown to play a
regulatory role in adipose tissue metabolism, in particular by
controlling adipogenesis and lipolysis (Chen et al., 2018). However,
conclusive data on these miRNAs are still lacking in the literature.

In addition, we observed significant differences of miR-26
and miR-181a according to the presence of cachexia compared to
controls, although the difference was also significant between non-
cachectic and control groups. For this reason, at this time it is not
possible to indicate a clear implication of these miRNAs in the
pathophysiology of cancer cachexia. However, miR-155 showing a
similar behavior of miR-26a and miR-181a tended to be modulated
in cachectic when compared to non-cachectic patients, although this
result should be verified in larger sample.

MiR-155 appears of particular interest in adipose tissue
wasting based on the data showing a potential role in promoting
derangements of adipose tissue metabolism, by the suppression of
adipogenesis and promotion of browning process in gastrointestinal
and breast cancers (Liu et al., 2022; Sun et al., 2023). Also, Yehia
et al., showed upregulation of miR-155 in cachectic patients with
lung and pancreatic cancer (Yehia et al., 2021).

Body composition analysis, specifically addressing the level of
adiposity in our cancer group, revealed a significant reduction in
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terms of SAT between cachectic and non-cachectic cancer patients.
The absence of difference in VAT is likely due to the early stage
of cancer disease. Our observation appears interesting considering
that other authors found that SAT is implicated in wasting condition
during the early phase of catabolic status. In fact, Sah et al. observed
in patients with pancreatic cancer a loss of SAT that started
18 months before the cancer diagnosis, anticipating visceral adipose
tissue and skeletal muscle atrophy (Sah et al., 2019). Atrophy of SAT
was at least in part associated with an increased expression of UCP1
in SAT representing a potential biomarker of early adipose tissue
metabolic derangements (Sah et al., 2019), but no information on
miRNA profiling in this setting was available.

In our study, when assessing the differences between cachectic
patients with low or high TAT, we found that only miR-155 was
higher in those with lowTAT compared to patients without cachexia
and high adiposity. This may suggest an implication of miR-155 in
patients with high catabolic status.

Our study has limitations, including the type of gastrointestinal
cancer patients, mainly represented by colorectal cancer. Cancer
group was older than controls and this difference in age may affect
adipose tissue distribution. The inclusion of other gastrointestinal
tract cancer, in particular stomach and pancreas, may reveal
additional miRNAs modulation that may occur in cancer and in
cachexia. The level of adiposity was not assessed in control group
and this information may be clinically relevant when comparing
adipose tissue changes and its distribution and miRNAs profile
in non-catabolic/non cancer conditions. However, CT scan for
body composition analysis was not possible for ethical reasons
in our controls. We selected specific miRNAs for adipose tissue
metabolism, but Next-generation Sequencing (NGS) panel may
allow for the identification of a larger number ofmiRNAs potentially
involved in changes in adipose tissue. However, our methodological
approach based on analyzing specific miRNAs known to be
implicated in biological processes was previously implemented
(Lin et al., 2022;Molfino et al., 2023b).The analysis in the subgroups
(e.g., cachectic with low or high adiposity) was conducted in small
number of participants and need further verification.

5 Conclusion

In the present study, we observed modulations in specific
miRNAs involved in adipose tissue metabolism and cachexia in
plasma of cancer patients, according to the presence of cachexia and
low adiposity. Among others, miR-155 was shown to be modulated
according to the presence of both cachexia and low adiposity
evaluated by CT scan. To unveil the involvement of miRNAs in
the pathophysiology of cachexia may allow for a prompt and
early diagnosis of nutritional and metabolic alterations in cancer
providing the rationale for innovative treatments.
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Huaxi Medical Laboratory, Shenzhen, Guangdong, China, 3Shanghai Nucleus Biotechnology Co., Ltd.,
Shanghai, China, 4Department of Gastroenterology and Hepatology, Shenzhen University General
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Life Sciences and Oceanography, Shenzhen University, Shenzhen, Guangdong, China
Background: Cellular senescence (CS) is believed to be a major factor in the

evolution of cancer. However, CS-related lncRNAs (CSRLs) involved in colon

cancer regulation are not fully understood. Our goal was to create a novel CSRLs

prognostic model for predicting prognosis and immunotherapy and exploring its

potential molecular function in colon cancer.

Methods: The mRNA sequencing data and relevant clinical information of GDC

TCGA Colon Cancer (TCGA-COAD) were obtained fromUCSC Xena platform, and

CS-associated genes was acquired from the CellAge website. Pearson correlation

analysis was used to identify CSRLs. Then we used Kaplan–Meier survival curve

analysis and univariate Cox analysis to acquire prognostic CSRL. Next, we created a

CSRLs prognostic model using LASSO andmultivariate Cox analysis, and evaluated

its prognostic power by Kaplan–Meier and ROC curve analysis. Besides, we

explored the difference in tumor microenvironment, somatic mutation,

immunotherapy, and drug sensitivity between high-risk and low-risk groups.

Finally, we verified the functions of MYOSLID in cell experiments.

Results: Three CSRLs (AC025165.1, LINC02257 and MYOSLID) were identified as

prognostic CSRLs. The prognostic model exhibited a powerful predictive ability

for overall survival and clinicopathological features in colon cancer. Moreover,

there was a significant difference in the proportion of immune cells and the

expression of immunosuppressive point biomarkers between the different

groups. The high-risk group benefited from the chemotherapy drugs, such as

Teniposide and Mitoxantrone. Finally, cell proliferation and CS were suppressed

after MYOSLID knockdown.
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Conclusion:CSRLs are promising biomarkers to forecast survival and therapeutic

responses in colon cancer patients. Furthermore, MYOSLID, one of 3-CSRLs in

the prognostic model, could dramatically regulate the proliferation and CS of

colon cancer.
KEYWORDS

colon cancer, cellular senescence, lncRNAs, MYOSLID, immune response
1 Introduction

Colon cancer, one of the most-diagnosed cancer, is the second

most common causes of cancer-related death globally (1).

According to the latest cancer statistics from the American

Cancer Society, there were 81,860 colon cancer cases in males and

71,160 cases in females, with 52,550 deaths in 2023 (2). Recently,

despite the rapid development of cancer screening methods (3), the

incidence of colon cancer remains high, and effective therapeutic

targets are still few. In addition, the AJCC TNM staging system, as a

prognostic signature for colon cancer patients, is constantly

updated, but there are still differences in prognosis among

patients with the same clinicopathologic characteristics (4, 5).

Therefore, further exploration of specific and sensitive prognostic

biomarkers and possible therapeutic targets is essential to

ameliorate the clinical outcome and treatment of colon cancer.

Cellular senescence (CS) defined as a state of permanent cell

cycle termination (6, 7). Currently, there are 8 types of CS

phenotypes, which are mainly triggered by DNA damage

response, involvement of cycle-related kinase inhibitors, enhanced

secretion of pro-inflammatory factors and tissue repair factors,

induction of anti-apoptotic genes, metabolic changes, and

endoplasmic reticulum stress (8, 9). Recently, there has been

increasing evidence that CS not only has a suppressor effect on

tumor (10), but that senescent cells can also accelerate tumor

growth by promoting immune escape (11, 12). In the third

edition of cancer hallmarks proposed in 2022, senescent cells are

recognized as one of novel cancer hallmarks (13). However, few

reports have explored the role of CS in the occurrence, development

and treatment of colon cancer (14). Therefore, further screening of

CS-associated genes based on clinical samples is necessary for the

diagnosis and prognosis of colon cancer.

Long noncoding RNA (lncRNA) with more than 200

nucleotides in length, do not have the ability to encode proteins

(15). LncRNA has been revealed to play a key role in regulating the

physiological activity of cancer cells (16, 17). Furthermore, lncRNA

is an ideal tumor biomarker with high specificity and sensitivity that

are easy to repeat detection (18). LncRNA plays a functional role in

development of CS. Activation of p53 is a key initiating event in CS

(19). Several lncRNAs has been reported as regulators or mediators
02101
of the p53 pathway, such as lncRNA-H19 and lncRNADANCR (20,

21). Besides, lncRNA UCA1, as a pro-senescence agent, has been

established as an oncogene in several malignancies (22). More

importantly, CS-related lncRNAs (CSRLs) were regarded as

potential biomarkers for assessing the prognosis of multiple

cancers, such as hepatocel lular carcinoma (23), lung

adenocarcinoma (24), breast cancer (25). Moreover, some study

demonstrated that lncRNA PURPL suppressed basal p53 levels,

promoting tumorigenicity of colorectal cancer cells, thereby

contributing to the pro-survival phenotype of senescent cells (26).

However, there are currently few studies about CSRLs in colon

cancer (27). Given this, the identification of prognostic CSRLs is

important for the prognosis and treatment of colon cancer.

Here, we aimed to explore the prognostic significance of CSRLs

in colon cancer. Specifically, a CSRLs prognostic model was

constructed to evaluate the performance in the diagnosis,

prognosis and therapeutic response for colon cancer.
2 Methods

2.1 Data acquiring and preparation

The RNA sequencing data of GDC TCGA Colon Cancer (TCGA-

COAD) cohort (including 469 tumor tissues and 41 normal tissues)

and corresponding clinical information, gene expression profiles and

mutation profiling data were downloaded from the UCSC Xena

platform (https://xenabrowser.net/datapages/). Then, we used the

GENCODE website to identified 15,088 lncRNAs via the lncRNA

annotation file. Subsequently, transcriptome profiles were used to

extract expression matrixes for lncRNAs. In addition, CellAge

(https://genomics.senescence.info/download.html#cellage)

provided a list of 601 CS-related genes.
2.2 Identification of CSRLs

Differentially expressed genes (DEGs) between normal and cancer

tissues were screened out according to |log2 fold change (FC)| > 0.585

and adjusted P-value < 0.05. Then, venn diagram was used to show
frontiersin.org
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overlapping CS-related DEGs between DEGs and CS-related genes.

Pearson correlation analysis was performed based on CS-related DEGs

and lncRNAs expression levels to identify CSRLs with |Pearson

correlation coefficient| > 0.5 and P-value of < 0.001 (28, 29).
2.3 Creation and validation of CSRLs
prognostic model

Transcriptome expression data of 469 tumor samples in TCGA-

COAD cohort were obtained, among which 37 samples without

survival or phenotypic information were excluded. Remaining

samples (n=432) considered as the entire cohort. The information

of the entire cohort is showed in Supplementary Table 1. Then, the

entire cohort was randomly classified into training (n=216) or test

(n=216) sets at a 1:1 ratio. Next, a prognostic risk model was

generated in the training cohort and validated in test and entire

cohorts, respectively. First, the prognostic CSRLs were obtained by

the association between the CSRLs expression level and patients’

overall survival (OS) using Kaplan–Meier analysis (p < 0.05).

Subsequently, univariate Cox regression with a P-value of < 0.05

was applied to further filtrate optimal prognostic CSRLs among the

above filtered candidate prognostic CSRLs. The least absolute

shrinkage and selection operator (LASSO) analysis was applied to

the above prognostic CSRLs to avoid over-fitting. Then a CSRLs

prognostic model was established by applying multivariate Cox

regression analysis. The formula for the CSRLs prognostic model

was built to forecast patient survival (28):

risk core =o Cox   coefficient   of   gene   xi   *   expression   value

  ofgene   xi :

The regression coefficient was obtained from the multivariate

Cox results.

The receiver operating characteristic (ROC) curve was applied

to estimate the predictive accuracy of the prognostic model via the

survivalROC R package, which was reflected by quantifying area-

under-curve (AUC) for assessing the CSRLs prognostic model’s

sensitivity as well as specificity. Meantime, the optimum critical

point of the ROC curve is regarded as the best cutoff value. Colon

cancer patients were divided into the high-risk group and the low-

risk group based on the cutoff value. Kaplan-Meier curves were

plotted using the survminer R package to show the relationship

between high-risk and low-risk groups and prognosis.

Besides, the test and entire cohorts were performed to assess the

model feasibility, respectively. The verification measure was the

same as above.

Additionally, the relationship between the CSRLs prognostic

model and the pathological stages, microsatellite status, and TNM

stages were examined by the Wilcoxon test and Kruskal-Wallis test.
2.4 Function analysis of the 3
prognostic CSRLs

EnrichR is aGene Set Enrichmentmethod that speculates biological

information by enriching input gene sets that represent biological
Frontiers in Immunology 03102
functions or functional pathways (30). We used the ‘enrichR’ package

to performGeneOntology (GO) and Kyoto Encyclopedia of Genes and

Genomes Enrichment (KEGG) enrichment analyses of the 3 lncRNAs-

correlated CS-associated DEGs in R.
2.5 Relationship between immune cell
infiltration and the model

Investigation the immune cell infiltration can provide

prognostic value and guide immunotherapy in colon cancer (31).

The CIBERSORT algorithm was performed to obtain the

proportions of 22 types of tumor-infiltrating immune cells (32).

The unpaired t-test was applied to compare the proportions of

tumor-infiltrating immune cells between the high- and low-risk

groups. Kaplan–Meier curve was performed to assess the

correlation between OS and significant differential immune cell

types (P-value < 0.01).
2.6 Genetic alterations analysis

Mutation data from colon cancer patients were obtained from

TCGA and the R package “maftools” was used to visualize the gene

mutation landscape in different subgroups.
2.7 Exploring immunotherapy response

Wilcoxon test was applied to compare the mRNA levels of

CD274, PDCD1, CTLA4, HAVCR2, LAG3, and TIGIT between the

high- and low-risk groups. Then, we calculated the tumor mutation

burden (TMB) value of different subgroups using the R package

“maftools” and performed immunotherapy analysis. Finally, the

oncoPredict R package was applied to compare the IC50 values of 8

chemotherapeutic drugs between different risk groups.
2.8 Cell line culture and transfection

American Type Culture Collection (ATCC) provided HCT116

and SW480 cells. These cells were grown in McCoy’s 5A or

Leibovitz’s L-15 medium (Gibco, United States) with 10% fetal

bovine serum (Gibco, United States). All cells were cultured in a 37°

C and 5% CO2 cell incubator. Follow manufacturer’s instructions,

jetPRIME® (Polyplus, France) was performed to transfect cells with

ASOs (Tsingke Biotech, Beijing, China). Sequences of ASOs were

listed in Supplementary Table 2.
2.9 Quantitative real-time polymerase
chain reaction

TRIzol reagent was applied to extract total RNA from cell lines.

Then, the obtained RNAs were used for cDNA synthesis using the
frontiersin.org
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Hifair® III 1st Strand cDNA Synthesis SuperMix (YESEN, Shanghai,

China). Gene expression was quantified by conducted with Hieff®

qPCR SYBR Green Master Mix (YESEN, Shanghai, China). The

relative quantitative value were calculated with the 2−DDCt method.

The primer sequences were shown in Supplementary Table 3.
2.10 Cell counting kit-8 assay

The cells were seeded into a 96-well plate at a density of 1000 cells/

well for 24h.Then, 10mLCCK-8 reagent (Yeasen, Shanghai,China)was
added to each well at the indicated time (24h, 48h, 72h, 96h) and

incubated for 10 min. Absorbance was measured at 450nm.
2.11 Statistical analysis

GraphPad Prism 8.0 software was used to perform statistical

analysis. Student’s t test was applied to assess the differences between

the two groups. Data were expressed as the mean ± standard deviations

(SD). P < 0.05 was set as the significance level.
3 Results

3.1 Screening CSRLs in colon cancer

The detailed flowchart is shown in Figure 1. In this study, we

acquired transcriptome data of 510 colon cancer samples (including 41
Frontiers in Immunology 04103
normal and 469 tumor samples) from the TCGA-COAD cohort. There

were 572 DEGs (276 up-regulated and 296 down-regulated) between

normal and tumor tissues (Supplementary Table 4). Then, we obtained

601 CS-related genes from CellAge database. The 8 overlapping genes

were considered CS-related DEGs (Supplementary Figure S1).

Subsequently, we performed a Pearson correlation analysis of the

obtained 8 CS-related DEGs and 15,088 lncRNAs to obtain CSRLs

(Supplementary Table 5). Finally, 237 CSRLs were identified.
3.2 Construction and validation of the
CSRLs prognostic model

Using the Kaplan–Meier analysis, the expression levels of 21 CSRLs

were significantly associated with patient’s OS (P < 0.05; Supplementary

Figure S2) in the training cohort. Then, univariate Cox regression

analysis showed 7 CSRLs are associated with prognosis in the training

cohort (P<0.05; Figure 2A). LASSO regression analysis has confirmed 7

CSRLs have the maximum prognostic value (Figure 2B). Subsequently,

the multivariate Cox regression analysis was applied to establish a

senescence-related prognostic model composed of 3 CSRLs

(AC025165.1, LINC02257 and MYOSLID) based on the training

cohort (Figure 2C). Colon cancer patients were classified into high-

and low-risk groups according to the cutoff value of ROC curves.

Figure 2D showed patients with high-risk group has shorter survival

times than those in low-risk group in the training cohort (P < 0.0001).

Moreover, the AUC values at 1-, 3- and 5-year were 0.654, 0.707 and

0.742 in the training cohort, respectively (Figure 2E), demonstrating the

predictive reliabilityof theCSRLsprognosticmodel.Wealsoconstructed
FIGURE 1

The technical flow chart of this study.
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an ROC curve to validate the prognostic accuracy of this prognostic

model compared to other clinical characteristics (Figure 2F).

Furthermore, we also validated the prognostic power of the model in

the test cohort and the entire cohort (Figures 2G–J). The AUC values at

0.64, 0.605, and 0.668 for 1-, 3- and 5-year in the test cohort, accordingly

(Figure 2H); the AUC values at 0.648, 0.647, and 0.662 for 1-, 3- and 5-

year in the entire cohort, respectively (Figure 2J). These results indicated

that the CSRLs prognostic model can predict the prognosis of

colon cancer.
3.3 Relationship between the CSRLs
prognostic model and the
clinicopathological characteristics

We further explored whether there were differences in risk

scores for different clinical features. There was differences in risk

scores among pathological stages (Stage I, Stage II, Stage III, Stage

IV), T stages (T1, T2, T3, T4), M stages (M0, M1), and N stages (N0,

N1, N2) (Figures 3A, C–E). In general, patients with advanced stage

tumors also had higher risk scores. In contrast, the risk scores
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exhibited no differences between MSI-H and MSI-L (Figure 3B).

These findings demonstrated that the CSRLs prognostic model has

outstanding potential to predict clinical characteristics in patients

with colon cancer.
3.4 Function analysis of the 3
prognostic CSRLs

Our results showed that AC025165.1, LINC02257 and

MYOSLID may be involved in the regulation of 2 CS-related DEGs

(ACKR1 and NOX4). The 2 CS-related DEGs were significantly

enriched in the biological process terms inflammatory response and

homocysteine metabolic process (Figure 4A). The 2 CS-related DEGs

were significantly enriched in the molecular function terms NAD(P)

H oxidase H2O2-forming activity and superoxide-generating NAD

(P)H oxidase activity (Figure 4B). The 2 CS-related DEGs found to be

involved in the Cellular Component: NADPH oxidase complex and

endoplasmic reticulum membrane (Figure 4C). KEGG pathway

showed 2 CS-related DEGs were enriched in AGE-RAGE signaling

pathway in diabetic complications (Figure 4D).
FIGURE 2

Construction and validation of the CSRLs prognostic model. (A) Univariate Cox regression analysis. (B) LASSO regression analysis. (C) Multivariate Cox
regression analysis. Kaplan-Meier survival analyses of the CSRLs prognostic model in the (D) training cohort, (G) test cohort and (I) entire cohort. ROC curves
indicated the potential of the CSRLs prognostic model in predicting 1-, 3- and 5-year OS in the (E) training cohort, (H) test cohort and (J) entire cohort.
(F) ROC curves comparing the prognostic accuracy of the risk score and other clinical characteristics in the training cohort.
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3.5 Correlation of the CSRLs prognostic
model with immune characteristics

Immune microenvironment is a key factor affecting tumor

growth and patient prognosis (33). As shown in Figure 5A, there

were the significant differences in naïve B cells, memory B cells,

plasma cells, CD4 memory-resting T cells, CD4 memory-activated

T cells, follicular helper T cell, resting NK cells, M0 macrophages,

M2 macrophages, M3 macrophages, activated dendritic cell, resting

mast cells and neutrophils between the low-risk group and high-risk

group. Among them, the poor prognosis of patients was associated

with the high level of M0 macrophages or resting NK cells

(Figures 5B, C). Conversely, down-regulated M1 Macrophages or

naïve B cells were associated with a poor prognosis (Figures 5D, E).

These results suggested that the CSRLs prognostic model might

reflect the immune microenvironment status in patients with

colon cancer.
3.6 Cancer type-specific genomic
variations in the CSRLs prognostic model

To investigate the gene mutation for the CSRLs prognostic

model in colon cancer, we used maftools R package to explore the

mutation profiles of the low-risk and high-risk groups. While the

top 10 mutated genes in high-risk and low-risk groups were similar,

their ranking differed. Additionally, the median number of

mutations in high-risk group was higher than in low-risk group

(116 vs. 102.5). In high-risk and low-risk groups, the most common

variant classification was missense mutation, the most common

variant type was single nucleotide polymorphisms (SNP), and the
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most common single nucleotide variants (SNVs) class was C>T

(Figures 6A, B). Moreover, we also examined the top 20 significantly

mutated genes in all patients (Figure 6C). Generally, APC, had a

relatively higher mutation rate in the low-risk groups (79% vs. 66%),

while TTN presented a relatively higher mutation rate in the high-

risk group (58% vs. 48%) (Figure 6D). These genomic alterations

may be associated with differences in senescence cells between low-

risk and high-risk patients.
3.7 The role of CSRLs prognostic model in
clinical treatment

Since immune checkpoint inhibitor (ICI) has been shown to have

beneficial effects in the treatment of colon cancer in clinical trials, we

further investigated the role of immunosuppressive point biomarkers

in the model. The results showed that the expression of

immunosuppressive point biomarkers in the high-risk group was

higher than that those with a low-risk group (Figure 7A), suggesting

that patients in high-risk group may be better candidates for

immunosuppressive therapy. Additionally, TMB has been proved

to be an important indicator for predicting the clinical benefits of

immunotherapy. There was a significant difference in TMB between

the high-risk and low-risk groups (Figure 7B). Similarly, the

expression of immunosuppressive point biomarkers in the TMB-

high group was higher than that those with a TMB-low group

(Figure 7C). In addition to ICI treatment, chemotherapy is also a

common treatment for colon cancer. The results demonstrated that

the high-risk group marked clinical benefits from Teniposide

(P=0.00041) and Mitoxantrone (P = 0.02204) compared to low-risk

group, but no significant difference with other 6 chemotherapeutic
FIGURE 3

Correlation of the CSRLs prognostic model and the clinicopathological characteristics, such as (A) pathological stage, (B) microsatellite status, and
(C–E) TNM stages based on the entire cohort.
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drugs between high-risk and low-risk groups (Figure 7D).

Collectively, our prognostic model is suitable for providing

immunotherapeutic strategies and predicting drug sensitivity for

colon cancer patients.
3.8 Knockdown of MYSOLID inhibited the
cell proliferation and CS of colon cancer

CS has been proved to depress the development of colon cancer

cells (34) and can also enhance the progression of colon cancer (35),

which may be correlated with the fact that it is highly heterogeneous

(36). Here, we selected MYOSLID to examine the relationship

between CS and colon cancer. MYOSLID has been revealed to be

highly expressed in colon cancer cell lines (RKO and HCT116) and

accelerate the malignant activity of colon cancer cells (37, 38).

Therefore, we synthesized 3 pairs of ASO sequences and mixed

them to interfere with MYOSLID expression. In both the HCT116

and RKO cell lines, MYOSLID dramatically reduced (Figures 8A,

B). The activity of colon cancer cells was observably decreased

following MYOSLID knockdown in HCT116 and RKO cell lines

(Figures 8C, D), which is similarly to other reports (37).

Subsequently, we further verified the effect of MYOSLID

knockout on biomarkers of CS. The results demonstrated the

expressions of KI67 and MCM2 were considerably increased

following MYOSLID knockdown in HCT116 (Figure 8E).

Similarly, MYOSLID knockdown dramatically up-regulated the

expressions of KI67, LaminB1, and MCM2, and significantly

reduced the expression of P16 in RKO cell lines (Figure 8F).

Taken together, MYOSLID promoted cell proliferation and CS of

colon cancer cells.
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4 Discussion

Colon cancer is a recognized malignant tumor with a very high

mortality rate. The occurrence of colon cancer is mainly associated

with two types of precursor polyps produced by two distinct

pathways (39). However, the progression of colon cancer is a

multistep process involving changes in many endogenous and

exogenous factors, such as tumor microenvironment (TME) (40),

immune escape (41), alteration of intestinal flora (42), and

environmental factors (43). Accumulating evidence indicated that

CS is a key process in cancer progression and treatment (44).

However, studies of CS and colon cancer are rare. Nowadays,

lncRNA, as a stable expression biomarker with high detection

sensitivity, have been used in the early diagnosis of a variety of

cancers (45, 46). Therefore, we successfully established a CSRLs

prognostic model and provided reliable early prognostic indicators

for colon cancer.

Here, we comprehensively analyzed the expression profiles of

TCGA-COAD cohort and Human Ageing Genomic Resources

database, finally screened out 8 CS-related DEGs. Subsequently,

we identified 237 CSRLs using the Pearson correlation method, 3 of

which were prognostic CSRLs, named LINC02257, MYOSLID, and

AC025165.1. LINC02257, as a enhancer RNA, has been

demonstrated to be an independent prognostic factor for colon

cancer patients (47). Moreover, LINC02257 was considered to be an

independent prognostic biomarker for colorectal adenocarcinoma

via the PI3K-Akt signaling pathway (48). A previous study reported

MYOSLID was considered as an oncogene for gastric cancer (49).

Besides, MYOSLID can be used to predict clinical outcomes in

colon cancer patients (50). MYOSLID knockdown has been

reported to lead to a decrease in CD4+ T cells in colorectal
FIGURE 4

GO and KGEE analysis of the 3 prognostic CSRLs. (A) Biological process of the 3 CSRLs-associated DEGs. (B) Molecular function of the 3 CSRLs-
associated DEGs. (C) Cellular components of the 3 CSRLs-associated DEGs. (D) KEGG of the 3 CSRLs-associated DEGs.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1450135
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cao et al. 10.3389/fimmu.2024.1450135
cancer cells, which may play a role in regulating immunity to

colorectal cancer (37). However, to our knowledge, the correlation

between AC025165.1 and colon cancer has not been reported.

We developed a novel prognostic 3-CSRLs model for colon

cancer, which could provide an effective basis for clinicians to

estimate the prognosis of colon cancer patients. Considering that

senescent cells secrete a variety of proteins, such as inflammatory

cytokines, chemokines, and growth factors, etc., which lead to an
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antitumor immune response through recruitment of immune cells

(51, 52). Moreover, senescent cells can reshape surrounding tissue

by regulating the properties of neighboring cells, including stromal

and immune cells (53). Therefore, we also explored the immune

microenvironment characteristics of CSRLs on colon cancer.

Patients with low-risk had more immature immune cells such as

naïve B cells or immunosuppressive cells such as regulatory T cells

compared to those with high-risk. CD4+ T cells are known to play
FIGURE 5

Correlation of the CSRLs prognostic model with immune microenvironment based on the entire cohort. (A) Immune cell infiltration analysis.
* indicated P<0.05, ** indicated P<0.01, *** indicated P<0.001, **** indicated P<0.0001, ns indicated no significant difference. Kaplan-Meier survival
analyses of the relationship between the level of (B) M0 macrophages, (C) resting NK cells, (D) M1 Macrophages, and (E) naïve B cells with
patients’ OS.
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an important role in tumor immunity, which offer a promising

strategy for immunotherapy of colon cancer (54). NK cells, as

cytotoxic innate lymphocytes that eradicate tumor cells, induce a

durable anti-tumor immune response, which is a priority in cancer

immunotherapy (55). We observed a significant decrease in CD4+

T cells and NK cells in the high-risk group, and we speculated that

the function of CD4+ T cells and NK cells may be relatively

suppressed in the high-risk group. In addition, high-risk patients

had a high level of M0 Macrophages that is associated with

unfavorable survival, meaning CSRLs prognostic model can

predict patient outcomes at the immune cell level. Because it is

unidentified in clinical work to determine which colon cancer

patients benefit from chemotherapy, this often leads to the misuse

of chemotherapy drugs. In our study, the expression levels of

multiple immune checkpoints in high-risk group were higher

than those in low-risk group. Thus, it may be possible to improve

outcomes in high-risk patients by enhancing their immune

reactivity (56). Taken together, the CSRLs prognostic model

reflected a different immunological microenvironment in colon

cancer patients with diverse prognosis, and had a better predictive

performance for immunotherapy.

Aging and diet are two of the most important risk factors for

colon cancer and can enhance an oxidative state in the colon (57).
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Guo et al. found that senescent cells promote the formation of colon

cancer by secreting GDF15 (35). Similar to other studies (37, 38),

our study showed MYOSLID promoted the proliferation of colon

cancer cells, and overexpression of MYOSLID prognosticated poor

prognosis in colon cancer patients. MYOSLID was first reported to

promote vascular smooth muscle differentiation (58). Many studies

have reported MYOSLID as a prognostic factor for multiple

cancers, such as head and neck squamous cell carcinoma (59),

gastric cancer (49), and osteosarcoma (60). MYOSLID has been

reported as a prognostic factor for colorectal cancer as a hypoxia-

related lncRNA (38). However, what role MYOSLID plays in CS

have not yet been reported. To the best of our knowledge, our study

was the first to demonstrate that MYOSLID as a prognostic CSRL

for colon cancer, and that knockdown of MYOSLID inhibited CS

and growth of colon cancer. As mentioned earlier, there are two

sides of CS that promote or antagonize the progression of colon

cancer (34, 35). Moreover, there is a strong relationship between CS

and TME. Chen et al. suggested that overexpression of INHBA is

positively associated with poor prognosis in colorectal cancer, as

well as regulating CS of colorectal cancer cells by mediating

immune evasion in TME (61). Recent study found that NOX4, as

a CS-related gene in colorectal cancer, may be a key factor in driving

colorectal cancer resistance by altering TME (62). These findings
FIGURE 6

Analysis of mutation profiles in low- and high-risk groups based on the entire cohort. Mutation characteristics of (A) high- and (B) low-risk group.
(C) The mutation profiles of all patients. (D) Comparison of the mutation rate between two risk groups.
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FIGURE 8

Exploring the role of MYSOLID in colon cancer. q-PCR verified the efficiency of MYSOLID knockdown in (A) HCT116 and (B) RKO cells. The activity of
cells was markedly down-regulated following MYSOLID knockdown in (C) HCT116 and (D) RKO cells. q-PCR verified the expression of CS-related
biomarkers following MYSOLID knockdown in (E) HCT116 and (F) RKO cells. * indicated P<0.05, ** indicated P<0.01, ns indicated no significant difference.
FIGURE 7

Exploring the role of CSRLs prognostic model in clinical treatment. (A) Comparison of the expression of immunosuppressive point biomarkers
between low- and high-risk groups. (B) Comparison of TMB values between low- and high-risk groups. (C) Comparison of the expression of
immunosuppressive point biomarkers between TMB-low and TMB-high groups. (D) Comparison of the IC50 values of chemotherapy drugs between
low- and high-risk groups.
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give a hint that MYOSLID may promote tumor proliferation by

mediating CS through regulation of immune microenvironment,

but more evidence is still needed.

The present research has some shortcomings. Firstly, the original

data for establishing the CSRLs prognostic model were only retrieved

from the TCGA database. Additionally, other external datasets and

external validation with clinical data are still needed to confirm the

reliability and accuracyof themodel.Moreover, the prognostic efficacy

and underlying mechanisms of this model still require further study

through real clinical dataandbasic experiments.Lastly, themechanism

ofhowCSregulates thedevelopmentof colon cancer is still unclear and

needs to be explained through additional studies.
5 Conclusion

Overall, we established a CSRLs prognostic model that could

prognosticate the survival outcomes of colon cancer. The CSRLs

prognostic model could effectually reflect the immune

microenvironment characteristics and genomic mutation of colon

cancer and the effect of immunotherapy and chemotherapy drugs.

Finally, we discovered that MYOSLID could influence the biological

function and CS of colon cancer. These suggested that CSRLs could

be new biomarkers in diagnosis and prognosis of colon cancer.
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Gene fusion events result in chimeric proteins that are frequently found in
human cancers. Specific targeted therapies are available for several types
of cancer fusions including receptor tyrosine kinase gene moieties. RNA
sequencing (RNAseq) can directly be used for detection of gene rearrangements
in a single test, along with multiple additional biomarkers. However, tumor
biosamples are usually formalin-fixed paraffin-embedded (FFPE) tissue blocks
where RNA is heavily degraded, which in theory may result in decreased
efficiency of fusion detection. Here, for the first time, we compared the
efficacy of gene fusion detection by RNAseq for matched pairs of freshly
frozen in RNA stabilizing solution (FF) and FFPE tumor tissue samples obtained
from 29 human colorectal cancer patients. We detected no statistically
significant difference in the number of chimeric transcripts in FFPE and
FF RNAseq profiles. The known fusion KANSL1-ARL17A/B occurred with a
high frequency in 69% of the patients. We also detected 93 new fusion
genes not mentioned in the literature or listed in the ChimerSeq database.
Among them, 11 were found in two or more patients, suggesting their
potential role in carcinogenesis. Most of the fusions detected most probably
represented read-through, microdeletion or local duplication events. Finally,
in one patient, we detected a potentially clinically actionable in-frame fusion
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of LRRFIP2 and ALK genes not previously described in colorectal cancer with an
intact tyrosine kinase domain that can be potentially targeted by ALK inhibitors.

KEYWORDS

colorectal cancer, formalin-fixed paraffin-embedded tumor tissue samples, FFPE, RNA
sequencing, RNAseq, new cancer fusion genes, chimeric transcripts, detection of gene
rearrangements

Introduction

Clinical relevance of fusion genes

Fusion genes are frequently found in cancer cell genomes
(Li et al., 2023; Sorokin et al., 2022). Some types of oncogenic
fusions, especially those involving receptor tyrosine kinase (RTK)
genes, are considered clinically applicable because they can
be targeted by specific, clinically approved therapeutic agents
(Sorokin et al., 2022). In most cases, the role of RTK fusion partner
genes is to drive RTK moiety expression at abnormally high levels
(Sorokin et al., 2022). This leads to a significant enhancement
of proliferation and survival signaling, which promotes tumor
development (Schubert et al., 2023; Shreenivas et al., 2023).
In turn, relevant RTK activities can be detected, targeted and
inhibited by specific drugs. For example, the first-generation
ALK inhibitor crizotinib, as well as second- and third-generation
drugs such as brigatinib, lorlatinib, alectinib, and ceritinib, have
been included in guidelines for the treatment of lung cancer
patients with ALK gene fusions (Wu et al., 2016). In addition,
crizotinib is also approved for the treatment of ROS1 fusion-
positive cancers (Shaw et al., 2014). Entrectinib and larotrectinib
are used to treat NTRK family fusion-positive solid tumors,
marking the first indication for use in cancer based on the
detection of a specific type of gene fusion (Doebele et al., 2020;
Drilon et al., 2018). The presence of FGFR2 gene fusion in
cholangiocarcinoma is an indication for the administration of
infigratinib (Javle et al., 2021) or pemigatinib (Walden et al.,
2022). Erdafitinib has been approved for the treatment of urothelial
carcinomas with FGFR2 or FGFR3 fusion (Loriot et al., 2019).
Finally, selpercatinib and pralcetinib are effective in the treatment of
solid tumors with RET gene rearrangement (Subbiah et al., 2022a;
Subbiah et al., 2022b). In addition, many oncogenic fusions are
associated with prognosis or may serve as diagnostic biomarkers
(Haley et al., 2021; Huang et al., 2023; Zhu et al., 2019). Thus,
reliable detection of gene fusions is a high priority in modern
cancer treatment.

Detection of fusion genes

Oncogenic fusion events can be detected with varying degrees
of efficiency by whole genome or target DNA sequencing, reverse
transcription PCR, immunohistochemistry, or fluorescence in situ
hybridization (FISH) (Sorokin et al., 2022). Alternatively, these
events can be directly detected by analyzing RNA sequencing data
by identifying fragments of the corresponding chimeric transcripts
(Dorney et al., 2023). RNA analysis offers the advantage of detecting
multiple cancer biomarkers in a single test. Indeed, RNA sequencing

results can be used to determine tumor mutational burden
(Sorokin et al., 2021), assess the status of key immunohistochemistry
biomarkers (Sorokin et al., 2020a), evaluatemicrosatellite instability,
measure the expression of molecular targets of anticancer drugs
(Buzdin et al., 2020), and interrogate various clinically relevant gene
signatures (Lazar et al., 2023; Sorokin et al., 2020b).

Several bioinformatic tools have been developed to detect
fused transcripts in RNA sequencing data (Haas et al., 2019).
However, there is a certain degree of discrepancy between
different such tools (Hafstað et al., 2023). Most of these tools
have been tested on fresh tissue samples, which allows the
isolation and sequencing of long, high-quality RNA molecules.
Although fresh tumor tissue is undoubtedly favorable for nucleic
acid molecular analysis, cancer biomaterials are mostly stored as
formalin-fixed, paraffin-embedded (FFPE) tissue blocks where RNA
undergoes severe degradation, resulting in shorter RNA sequencing
reads (Suntsova et al., 2019).

Despite these theoretical considerations, to the best of
our knowledge, no study has yet been published that directly
compares the efficiency of fusion gene detection in fresh tissue
samples compared to FFPE samples. Here, we performed such
an analysis for the first time using RNA sequencing of libraries
created from matched FFPE biosamples and RNA-stabilized fresh-
frozen (FF) colorectal cancer tissues obtained from the same 29
human patients.

Materials and methods

Patient enrollment and sample collection

Primary colorectal cancer patients were enrolled in this
study. All patients underwent surgical removal of their tumor
tissue. For each patient, the tumor tissue was either immediately
placed into RNAlater stabilizing solution (Ambion) and stored
at −70°C, or fixed in formalin and subsequently embedded into
a paraffin (FFPE) block. Since the duration of fixation can be
a defining feature for identifying the fusion genes, formalin
fixation time for all FFPE samples was 16 h according to the
previous protocol (Cappello et al., 2022). Patient inclusion criteria
included an age range of 18–75 years and histologically confirmed
colorectal cancer.

RNAseq library preparation and sequencing

RNAwas extracted fromFFPE slices orRNA-stabilized solutions
using the QIAGEN RNeasy Kit, adhering to the manufacturer’s
protocol. Library construction and ribosomal RNA depletion were
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performed using the KAPA RNA Hyper with rRNA Erase (HMR
only) kit. To multiplex samples in one sequencing run, different
adaptors were utilized. Library concentrations were measured using
the Qubit dsDNA HS Assay kit (Life Technologies), and quality was
assessed with the Agilent Tapestation (Agilent). RNA sequencing
was conducted on the Genolab M engine for paired-end sequencing
with a read length of 75 bp.

RNAseq data processing

RNAseq FASTQ files were processed using the STAR aligner
(Dobin et al., 2013) in “GeneCounts” mode, with the Ensembl
human transcriptome annotation (Build versionGRCh38, transcript
annotation GRCh38.89) as a reference. Quantile normalization
(Bolstad, 2017) was applied for gene expression clustering and
PCA analyses. Cancer fusion transcripts were detected using the
STAR-Fusion software (Haas et al., 2019). Identified putative fusion
candidates were included in downstream analysis only if they passed
specific thresholds, with either a JunctionReadCount greater than 1
or a SpanningFragCount greater than 1.

Statistics and data visualization

The results were visualized using the R packages ggplot2 and
ggpubr. Principal component analysis (PCA) was performed using
the prcomp function in R. The Student’s T-test was employed to
compare differences between the means, and Spearman’s Rho was
calculated for pairwise correlation analysis.

Results

Patient enrollment and tumor profiling

In this prospective study, we enrolled 29 patients with
histologically confirmed primary colorectal cancer, comprising 17
male (age range 59–84 years, mean age 70 years) and 12 female (age
range 62–85 years, mean age 72.5 years) patients. Post-operative
tumor tissue specimens were either freshly frozen in RNAlater (FF)
or available as formalin-fixed paraffin-embedded (FFPE) blocks.
Both types ofmaterials underwent paired-endRNA sequencingwith
a 75 bp read length. On average, each sample yielded 15 million
raw sequencing reads. We employed the STAR-Fusion software to
detect chimeric transcripts in the RNAseq profiles and used the
ChimerDB database (Jang et al., 2020), the Mitelman Database
(https://mitelmandatabase.isb-cgc.org), and PubMed searches with
fusion-forming gene IDs to classify fusions as new or previously
published. According to the criteria previously deduced for finding
cancer gene fusions in FFPE reads (Rabushko et al., 2022), only
chimeric transcripts supported by at least two non-duplicated
paired reads were considered for further analysis. This data filtering
setting, adapted from our previous research, allowed for the
identification of novel and known chimeric transcripts in FFPE
RNAseq data with nearly 100% specificity, as confirmed by reverse
transcription PCR followed by Sanger sequencing of the resulting
products (Rabushko et al., 2022).

Fusion transcript detection and analysis

In this study, only one patient’s tumor exhibited the same
fusion transcripts in both fresh frozen (FF) and formalin-fixed
paraffin-embedded (FFPE) tissue samples; in the remaining
cases, the outputs from FF and FFPE paired samples differed
(Supplementary Table S1). In total, we identified 113 fusion
transcripts, of which 69 included fragments of protein-
coding genes and 44 involved fusions of non-coding RNAs
(Supplementary Table S1). We detected at least one common fusion
transcript in 17 out of 29 cases (59%) in the paired FF/FFPE samples.
In 13 cases (45%), the number of detected fusions in FF samples
was higher than in the FFPE tumor tissue blocks, while in 10
cases (34%), the number of FFPE fusions was higher. Overall,
there was no statistically significant difference in the number of
fusions between FFPE and paired FF materials (paired analysis
p-value = 0.2, Figure 1A).

We also compared the number of uniquelymapped reads among
the paired FF and FFPE sequenced libraries, a measure referred to as
effective coverage for an RNA sequencing profile. On average, FFPE
samples exhibited approximately twice the coverage of FF samples
(p-value = 5.4 × 10^-8, Figure 1B). We did not observe a correlation
between the number of fusion transcripts detected and the number
of reads per library neither for FF, nor for FFPE samples (Figure 1C).
Only fusions detected in at least two samples were included in
this analysis.

Details on the numbers of uniquely mapped reads
per sample and other mapping statistics are provided in
Supplementary Table S2. Thus, the efficient detection of fusion
transcripts in FFPE blocks, comparable to that in FF samples,
may be at least partly due to the higher coverage by RNAseq
reads. Interestingly, the median insert size was 20 bases
shorter in FFPE than in FF samples, 186 vs. 206 bases,
respectively (Supplementary Table S2, p-value = 3.9 × 10^-7), which
could influence the fusion detection process due to the STAR-Fusion
aligner properties.

Interestingly, perhaps due to the drastically different coverage,
principal component analysis (PCA) revealed clearly separate
clustering of the FF and FFPE gene expression profiles (Figure 1D).
However, dendrogram analysis of pairwise distances primarily
showed clustering that was specific to the sample IDs, rather
than to the type of biomaterial, among the FF and FFPE
biosamples (Supplementary Figure S1).

The most commonly identified fusion transcripts in this study
were KANSL1-ARL17A/B read-through transcripts, found in 20
patients (69%), followed by the fusions MACC1-AC005062.1,
LEPROT-LEPR, SMG1-NPIPB13, and AL353138.1-PTCHD4,
found in 7 (24%), 5 (17%), 3 (10%), and 3 (10%) patients,
respectively (Figure 2; Supplementary Table S1). Of these, only
the KANSL1-ARL17A/B fusion was previously reported in the
literature (Zhou et al., 2017) while the others are newly identified
or newly reported. Interestingly, KANSL1-ARL17A/B fusions
have been detected not only in various solid and hematological
cancers but also in patient-matched normal control tissues.
Specifically, the KANSL1-ARL17A fusion has been associated
with unfavorable outcomes in high-grade serous ovarian cancer
(Newtson et al., 2021). Both the KANSL1 and ARL17A genes are
located on the reverse strand of chromosome 17 at the q21.31

Frontiers in Molecular Biosciences 03 frontiersin.org115

https://doi.org/10.3389/fmolb.2024.1448792
https://mitelmandatabase.isb-cgc.org
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org


Sorokin et al. 10.3389/fmolb.2024.1448792

FIGURE 1
Comparison of experimental FF and FFPE paired gene expression profiles. (A) Box-plot for number of fusion transcripts detected in FF versus matched
FFPE samples. (B) Box-plot for number of uniquely mapped reads in sequenced FF and FFPE libraries. (C) Scatterplot for relationship between the
number of fusion transcripts detected and the number of uniquely mapped reads in the respective libraries. (D) Principal component analysis (PCA) of
log-transformed gene expression levels (TPM) in FF and FFPE libraries.

locus. The frequent occurrence of KANSL1-ARL17A/B fusions
may be attributed to two partial duplications of the KANSL1 gene,
which are prevalent at frequencies of 26% and 19%, respectively,
in the European ancestry population (Boettger et al., 2012). This
suggests that the mechanism of fusion generation could involve
aberrant or alternative splicing of the two genes, rather than
ongoing DNA rearrangement events (López-Nieva et al., 2019;
Zhou et al., 2017).

The fusions that could be found in two patients were one
known fusion TFG-ADGRG7 and six new fusions AC108865.1-
AC110772.2, CCDC32-CBX3, CAST-AC104123.1, AC090517.5-
ZNF280D, BOLA2B-SMG1P6, and UMAD1-GLCCI1 (Figure 2;
Supplementary Table S1). Among these, the previously reported
TFG-ADGRG7 fusion could be also detected simultaneously in the
normal and tumor samples (López-Nieva et al., 2019). Both fusion
partners here are located on 3q12.2 genome locus.

Furthermore, except CCDC32-CBX3 that most probably
represented 15q15.1 – 7p15.2 translocation, all detected fusions
occurring in at least two patient biosamples had fusion partners

located in the same genomic region (Supplementary File S1).
This strongly suggests read-through, duplication, or local
deletion mechanisms for their generation. Many of them were
presented by two or more alternative variants with different
fusion sites (Supplementary File S1).

In total, of the 112 fusion transcripts detected in this study, 19
(17%) were previously documented in the ChimerSeq database of
known fusions (Jang et al., 2020) or theMitelmanDatabase, while 93
(83%) were not previously reported in the literature or in the above
repositories.

Detection of the novel ALK fusion

In the FF sample from patient P23, we detected an in-frame
fusion transcript involving the ALK gene and LRRFIP2, which
encodes the LRR-binding FLII-interacting protein 2. This fusion
retains the entire tyrosine kinase domain spanning exons 20–29 of
the ALK gene (Figure 3A, Supplementary File S1), suggesting the
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FIGURE 2
Fusion transcripts experimentally detected in FF or FFPE materials in more than one patient. Fusion statistics is ordered by patient ID, grey label showing
FF and red label–FFPE biosamples.

potential clinical efficacy of ALK inhibitors in this case. However,
no supporting chimeric reads for this fusion were found in the
FFPE sample of P23. We have previously demonstrated that an

overall asymmetry in exon coverage by RNAseq reads of the
5′- and 3′-parts of a gene may indicate a gene fusion event
(Rabushko et al., 2022). For patient P23, we observed a significant
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FIGURE 3
(A) Schematic representation of the LRRFIP2-ALK fusion transcript detected in patient P23. The vertical red line indicates the deduced fusion
breakpoint. (B) Coverage of ALK gene exons by RNAseq reads in both FF and FFPE samples from patient #23. The number of counts mapped to exons
has been normalized to exon lengths.

increase in ALK gene exon coverage beginning with exon 20
in both matched FF and FFPE RNAseq profiles (Figure 3B). We
validated the presence of LRRFIP2-ALK fusion in both FF and
FFPE samples using reverse transcription PCR followed by Sanger
sequencing.

Discussion

Detecting fusion events can be particularly challenging in FFPE
tumor tissue samples. Fluorescent in situ hybridization (FISH)
is commonly used to detect fusions in FFPE tissues, but this
method is typically restricted to identifying known fusion pairs
(Wagener-Ryczek and Pappesch, 2021). Alternative approaches,
such as targeted RNA sequencing and various reverse transcription
PCR-based methods, also face similar limitations in that they
can only detect previously identified fusions (Wagener-Ryczek
and Pappesch, 2021). Therefore, total RNA sequencing and/or
whole-genome sequencing remain the only viable options for

discovering novel gene fusions in both FFPE and FF tumor tissue
materials (Yang et al., 2023).

We previously demonstrated that RNA sequencing of FFPE
human tumor samples provides accurate gene expression profiling,
establishing reproducible transcriptional patterns (Samii et al., 2021)
and reliable quantification of cancer biomarkers (Sorokin et al.,
2020a). However, to our knowledge, no published studies have
directly compared the efficiency of fusion detection between
FFPE and FF biomaterials. In our current study, we found
that using FFPE materials resulted in a comparable number
of fusion transcripts detected from total RNAseq data as with
FF materials, although approximately twice as many reads were
required for the FFPE libraries compared to the FF samples.
Notably, the number of fusion transcripts identified in both
FF and FFPE samples did not significantly differ. Interestingly,
fusions identified in FF and FFPE samples from the same
patient showed little overlap, suggesting that the STAR-Fusion
software might not detect all existing fusions in the biosamples.
The non-overlapping sets of chimeric transcripts could also be
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attributed to low expression levels of the transcripts and/or tumor
heterogeneity.

Alternative RNA sequencing approaches that focus not only on
detecting reads directly supporting a fusion event may significantly
enhance the detection efficiency of chimeric cancer genes in FFPE
samples. We have previously demonstrated that the pattern of exon
coverage by RNAseq reads can be useful for identifying fusion genes,
particularly when themajor oncogenic partner (e.g., the genemoiety
encoding the tyrosine kinase domain) is located on the 3′part of
the chimera (Rabushko et al., 2022). In this study, we tested this
approach and successfully identified a new, potentially clinically
relevant ALK gene fusion in a matched FFPE sample as well.

ALK, a member of the insulin receptor superfamily of receptor
tyrosine kinases, is composed of 29 exons, with exons 20–29 encoding
the tyrosine kinase domain (Della Corte et al., 2018) ALK fusions are
primarily found in lung cancer, where they occur with a prevalence
of approximately 5% (Jazieh et al., 2021). The most frequent 5′fusion
partnerofALK isEML4,which encodes the echinodermmicrotubule-
associated protein-like 4. Other common partners include SQSTM1
(sequestosome), DCTN1 (dynactin), HIP1 (Huntington interacting
protein 1), and KIF5B (kinesin family member 5B) (Shreenivas et al.,
2023). Research indicates that the specific fusion partner may
influence tumor sensitivity to ALK inhibitors (Childress et al., 2018).
Although ALK fusions are less common in other tumor types, they
have been occasionally detected in sarcomas, neuroblastoma, and
esophageal, renal, breast, ovarian, thyroid, and colorectal cancers
(Ross et al., 2017). In such cases, treatment with ALK-targeting
drugs, such as crizotinib and alectinib, can lead to durable tumor
responses (Childress et al., 2018).

In this study, we detected an ALK fusion with LRRFIP2 as
the 5′partner in a case of colorectal cancer. This same fusion
was previously identified in one clinical case of epithelioid fibrous
histiocytoma (Mansour et al., 2022). LRRFIP2, leucine-rich binding
FLII interacting protein 2, is known to negatively regulate NLRP3
inflammasome activation in macrophages (Jin et al., 2013) and
activate nuclear factor kappa B signaling by binding to the cytosolic
tail of toll-like receptor 4 (Gunawardena et al., 2011). Notably,
LRRFIP2 has also been involved in fusions with RAF1 in acral
melanoma (LeBlanc et al., 2020) and with MLH1 in hereditary
non-polyposis colorectal cancer (Morak et al., 2011).

Using the bioinformatic tool STAR-Fusion (Haas et al., 2019), we
identified the LRRFIP2-ALK fusion transcript in the FF sample but
not in the FFPE sample of a patient. This discrepancy could be due
to insufficient coverage, lower RNA integrity, tumor heterogeneity,
or other factors. However, we detected a pattern of exon coverage
by RNAseq reads that indicates the presence of this fusion in both
FF and FFPE samples of this patient. Therefore, we conclude that
inspecting exon coverage patterns for clinically relevant oncogenes
can be valuable for characterizing FFPE-derived materials. This
method can complement widely used software tools for detecting
chimeric transcripts.

Since targeted therapies are available for less than a dozen
oncogenic fusion types, such an inspection can even be performed
manually when exon coverage is visualized. Additionally, an
automated method for high-throughput exon coverage asymmetry
analysis may be beneficial for batch detection of fusion gene
candidates in FFPE RNAseq data. While this approach has
limitations—it cannot identify the fusion partner or determine

whether the open reading frame of a chimeric transcript is
preserved—it can roughly identify the fusion breakpoint position
and narrow the analysis to candidate cases requiring further in-
depth investigation and molecular profiling.
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