
iScience

Article

ll
OPEN ACCESS
Experimental prognostic model integrating N6-
methyladenosine-related programmed cell death
genes in colorectal cancer
Qihui Wu, Xiaodan

Fu, Xiaoyun He,

Jiaxin Liu, Yimin Li,

Chunlin Ou

yimin_li_0107@163.com (Y.L.)

ouchunlin@csu.edu.cn (C.O.)

Highlights
Identified a 10-gene

signature for CRC

prognosis

Explored biological

pathways linked to CDRS

and the relationship with

TME

Experimental validation of

CDRS genes in CRC cell

lines and tissue samples

CDRS informs drug

choices, aiding

personalized treatment in

patients with CRC

Wu et al., iScience 27, 108720
January 19, 2024 ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.108720

mailto:yimin_li_0107@163.com
mailto:ouchunlin@csu.edu.cn
https://doi.org/10.1016/j.isci.2023.108720
https://doi.org/10.1016/j.isci.2023.108720
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108720&domain=pdf


OPEN ACCESS

iScience ll
Article

Experimental prognostic model integrating N6-
methyladenosine-related programmed cell death
genes in colorectal cancer

Qihui Wu,1,7 Xiaodan Fu,2,7 Xiaoyun He,3 Jiaxin Liu,4 Yimin Li,5,* and Chunlin Ou2,6,8,*
SUMMARY

Colorectal cancer (CRC) intricacies, involving dysregulated cellular processes and programmed cell death
(PCD), are explored in the context of N6-methyladenosine (m6A) RNA modification. Utilizing the TCGA-
COADREAD/CRC cohort, 854 m6A-related PCD genes are identified, forming the basis for a robust
10-gene risk model (CDRS) established through LASSO Cox regression. qPCR experiments using CRC
cell lines and fresh tissues was performed for validation. The CDRS served as an independent risk factor
for CRC and showed significant associationswith clinical features, molecular subtypes, and overall survival
in multiple datasets. Moreover, CDRS surpasses other predictors, unveiling distinct genomic profiles,
pathway activations, and associations with the tumor microenvironment. Notably, CDRS exhibits predic-
tive potential for drug sensitivity, presenting a novel paradigm for CRC risk stratification and personalized
treatment avenues.

INTRODUCTION

Colorectal cancer (CRC) ranks as the third most prevalent cancer worldwide, with almost 2 million cases diagnosed in 2020. It is also the sec-

ond leading cause of cancer-related death, resulting in nearly 1 million annual fatalities, accounting for approximately one-tenth of all cancer

cases and deaths.1–4 Overall, CRC is the third most diagnosed cancer but the second deadliest.5 Standard treatments for CRC include

surgery, adjuvant or neoadjuvant chemotherapy and radiotherapy, as well as targeted therapy.5 Despite advances in surgical and adjuvant

therapies over the past few decades, survival for patients with advanced-stage CRC remains challenging, especially for those with distant

metastases such as the liver or lung.6 One major explanation for this is the lack of effective prognostic markers. Recently, increasing evidence

suggests that gene expression profiling can be utilized to estimate the survival of patients with cancer.7–12 Therefore, it is imperative to iden-

tify additional prognostic biomarkers that can stratify patients with CRC based on risk, enabling a more precise prediction of patient prog-

nosis and even facilitating the development of personalized treatment plans, ultimately improving the survival rate of patients with CRC.

While both genetic and environmental factors are implicated in the development of CRC, recent studies have identified dysregulated RNA

modifications, such as N6-methyladenosine (m6A), as important contributors to cancer progression and development.13,14 m6A RNA

modification, a reversiblemodificationwidely distributed inmost RNA species, has been shown to participate in various aspects of RNAmeta-

bolism regulation, including transcription, processing, and stability.15,16 The abundance and effects of m6A on RNA are determined by the

dynamic interplay between its methyltransferase ("writers"), binding protein ("readers"), and demethylase ("erasers").17 Additionally, m6A

can be co-transcriptionally regulated through a variety of transcription factors.18,19 Increasing evidence suggests that m6A plays a critical

role in normal physiology as well as diseases, including cancer, and its dysregulation is associatedwith tumormicroenvironment (TME) remod-

eling.20–22 In CRC, abnormal m6A modification has been reported to be associated with tumor growth, metastasis, and poor prognosis.23,24

Programmed cell death (PCD) is a critical process that maintains tissue homeostasis by eliminating unnecessary or damaged cells.25 PCD

encompasses several major types, including apoptosis, necrosis, ferroptosis, pyroptosis, cuproptosis, parthanatos, alkaliptosis, oxeiptosis,

netotic cell death, entotic cell death, lysosome-dependent cell death, autophagy-dependent cell death, and so forth.26 For decades, PCD

has been recognized as a fundamental process in both the development and metastasis of malignant tumors. Malignant tumor cells cannot

progress further without overcoming various forms of cell death. Aberrant regulation of PCD genes has also been shown to contribute to the

occurrence and progression of CRC.27 otably, recent studies have indicated thatm6Amodification can regulate the expression of PCDgenes,
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thereby playing a crucial role in the onset and progression of cancer.13,28 However, the role of m6A RNAmodification in regulating PCD dur-

ing CRC development remains largely unexplored.

In this study, our aimwas to investigate the role of m6A-related PCDgenes in themanagement of CRC.We established a risk model based

on m6A-related PCD genes using LASSO Cox regression analysis. This model identified 10 m6A-related PCD genes, which we subsequently

validated through qPCR experiments using CRC cell lines and fresh tissues. The resulting cell death-related risk score (CDRS) was constructed

based on these 10 genes and was found to be an independent risk factor for CRC. Notably, the CDRS exhibited superior accuracy in predict-

ing prognosis compared to other clinical andmolecular features. Furthermore, we unveiled a close relationship betweenCDRS and the tumor

microenvironment (TME) and provided valuable insights for personalized chemotherapy drug selection. Our research has unveiled novel

pathways for CRC risk stratification, holding the potential to guide personalized treatment and optimize the management of patients

with CRC.
RESULTS

Identifying and validating N6-methyladenosine-associated programmed cell death genes in patients with colorectal cancer

To gain insight into the role of m6A-associated PCD in CRC, we initiated our investigation by analyzing the expression of m6A regulatory

factors, which comprised 8 "writers," 13 "readers," and 2 "erasers," in both CRC and normal tissues. The results revealed that in CRC, 6

"writers" (CBLL1, METTL3, RBM15, RBM15B, VIRMA, ZC3H13) and 9 "readers" (ELAVL1, FMR1, HNRNPA2B1, IGF2BP1/2/3, LRPPRC,

YTHDC1, YTHDF1) displayed upregulated expression (Figure S1A). To explore their prognostic significance in CRC, we conducted Cox

regression analysis and Kaplan-Meier survival analysis. The results identified ELAVL1, FMR1, HNRNPA2B1, LRPPRC, YTHDC2, YTHDF3,

and METTL14 as protective factors significantly associated with overall survival. In contrast, FTO, VIRMA, and ZC3H13 were categorized as

risk factors (Figure S1B). Moreover, we assessed the mutual regulation between these m6A regulatory factors through Spearman correlation

analysis, examiningdifferent chips. The findings highlighted highly correlated expression patterns within the same functional category, as well

as significant correlations among writers, erasers, and readers (Figure S1C). These results underscore the intricate cross-talk between writer,

reader, and eraser regulatory factors, which plays a crucial role in the occurrence and development of CRC.Moving forward, we extracted the

expression matrix of m6A genes and PCD genes from the TCGA-CRC cohort, subjecting it to Spearman correlation analysis. PCD genes that

displayed significant correlations with at least one gene in the m6A gene set (|R|R 0.3 and p value <0.05) were defined as m6A-related PCD

genes. In total, 854 m6A-related PCD genes were identified (Figure 1A).
Construction of risk model based on N6-methyladenosine-associated programmed cell death genes

In the TCGA-CRC cohort, we identified a total of 276 differentially expressed genes (DEGs) with adjusted p value <0.05 and |log2FC| R 0.5.

Among these DEGs, 165 genes displayed upregulation, while 111 genes were downregulated in CRC (Figure 1B). Utilizing Cox regression

analysis and Kaplan-Meier survival analysis with the TCGA-CRC cohort, we pinpointed 14 m6A-associated PCD genes that exhibited signif-

icant associations with overall patient survival (OS) (Figure 1C). Based on theminimum criteria, we selected 10m6A-associated PCD genes for

the prediction model using LASSO Cox regression analysis with the TCGA-CRC data as the training dataset (Figures 1D–1F). Importantly,

these genes also showed significant correlations with m6A regulatory factors in other validation datasets (Figure S2A). In the TCGA-CRC

cohort, we observed that INHBB, SNAI1, TNFRSF10A, SFPQ, GLA, ITGA6, and TRAP1 were upregulated in CRC, while DAPK1, MTM1,

and GSKIP were downregulated (Figure S2B). Further validation of the expression of m6A-associated PCD genes in GSE32323 revealed

that all genes, except TNFRSF10A, SFPQ, and ITGA6, displayed consistent expression trends (Figure S2C). Moreover, survival analysis

confirmed the association of these genes, with the exception of SFPQ and MTM1, with CRC prognosis in multiple datasets (Figure S2D).

We proceeded to validate the expression levels of INHBB and SNAI1 in cell lines and clinical tissue samples using qRT-PCR (Figures 1G

and 1H). The results affirmed that INHBB and SNAI1 were upregulated in CRC cell lines and fresh tissue samples, showing a positive corre-

lation with FTO (m6A erasers). These findings were in line with the results from the TCGA-CRC cohort (Figures S2E and S2F).

The cell death-related risk score (CDRS) was then calculated for each patient based on the expression of the 10 selected m6A-related

programmed cell death (PCD) genes and their respective regression coefficients (Figure 1F). The formula for calculating CDRS was as follows:

CDRS = 0.345 * DAPK1 +0.179 * INHBB +0.067 *SNAI1 - 0.028 * TRAP1 - 0.034 * ITGA6 - 0.046 * GSKIP - 0.068 * GLA - 0.09 * MTM1- 0.111 *

SFPQ -0.152 *TNFRSF10A (Figure 1F). Furthermore, we explored the correlation between CDRS and 14m6A-related PCDgenes, as well as 23

m6A genes across five different microarray platforms. The results demonstrated that CDRS was significantly positively correlated with m6A-

related PCD genes and m6A genes (Figures S2G and S2H). Conversely, CDRS exhibited significant negative correlations with seven other

m6A-related PCDgenes, nine "readers," and five "writers" (Figures S2H and S2I). In addition, we found that CDRSwas significantly associated

with various clinical features, including survival status, gender, T stage, N stage, M stage, and AJCC stage (Figure 1I). Consensus Molecular

Subtypes (CMSs) divide CRC into four distinct subtypes based on transcriptome profiling: CMS1 (microsatellite instability immune), CMS2

(canonical), CMS3 (metabolic), and CMS4 (mesenchymal).29 Notably, patients with CMS4 subtype, who exhibited worse overall survival, dis-

played the highest CDRS score (Figure 1I).
The cell death-related risk score as an independent risk factor for colorectal cancer

Patients with CRC were stratified into high- and low-CDRS groups based on the median value of CDRS. In both the TCGA-CRC training data-

set and other validation datasets, patients in the high-risk group exhibited significantly lower overall survival compared to those in the low-risk
2 iScience 27, 108720, January 19, 2024



Figure 1. Identification, selection, and validation of m6A-associated PCD genes in patients with colorectal cancer

(A) Correlation analysis between m6A regulatory factors and PCD genes in the TCGA-CRC dataset.

(B) Volcano plot showing differentially expressed m6A-related PCD genes in CRC tumors and normal tissues.

(C) Univariate Cox regression (p < 0.1) and Kaplan-Meier survival analysis (p < 0.01) of m6A-related PCD genes in the TCGA-CRC dataset. The Venn diagram (top)

shows the number of intersection genes between Univariate Cox regression and Kaplan-Meier survival analysis. The heatmap (bottom) further displays the

selected genes.

(D and E) LASSO analysis identifies 10 m6A-related PCD genes.

(F) Coefficients of the 10 m6A-related PCD genes finally obtained in LASSO-Cox regression.

(G) qRT-PCR experiments examining the expression of INHBB/SNAI1 genes in CRC cell lines and normal epithelial cell lines.

(H) qRT-PCR experiments examining the expression of INHBB/SNAI1 genes in fresh CRC tissue.

(I) Analysis of the distribution differences of the CDRS in different survival status, age, gender, T, N, M, AJCC stage, MSI, and consensus molecular subtypes.

(*p < 0.05; ***p < 0.001; ****p < 0.0001; ns, p > 0.05).
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group (Figure 2A). To assess the independent prognostic value of CDRS, univariate andmultivariate Cox analyses were performed (Figures 2B

and 2C). The results of the univariate analysis indicated a significant correlation between high CDRS and reduced overall survival, with HR > 1

in all datasets (Figure 2B). After adjusting for available clinical characteristics, such as age, gender, T stage, N stage,M stage, AJCC stage, and
iScience 27, 108720, January 19, 2024 3



Figure 2. Prognostic evaluation and comparison of CDRS in patients with CRC

(A) Kaplan-Meier survival curves of OS in patients with high and low CDRS scores in multiple datasets.

(B) Univariate Cox regression analysis of the association between CDRS and CRC prognosis in multiple datasets.

(C) Multivariate Cox regression analysis of the association between CDRS and CRC prognosis in multiple datasets, with adjustment for different factors.

(D) AUCs based on CDRS for different durations of OS in multiple datasets.

(E) The C-index of CDRS in TCGA, GSE17537, GSE38832, GSE39582, and meta-GEO.

(F) Univariate Cox regression analysis of CDRS and other m6A/PCD-related signatures in multiple datasets.

(G) The C-index of CDRS and other m6A/PCD-related signatures in TCGA, GSE17537, GSE38832, GSE39582, andmeta-GEO. (*p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001).
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microsatellite state, the multivariate analysis revealed that CDRS remained a statistically significant and independent prognostic factor (Fig-

ure 2C). Furthermore, time-dependent AUC and c-index analyses demonstrated that CDRS consistently displayed robust performance across

multiple independent cohorts (Figures 2D and 2E). In comparison with other clinical characteristics (age, gender, T, N, M, AJCC stage, MSI,

TMB, ACT) and molecular variables (TP53, KRAS, and BRAF), CDRS exhibited superior predictive accuracy over age, gender, T stage, MSI,

TMB, TP53, KRAS, andBRAF, andwas on par withN,M, andAJCC stage (Figure S3A). Given the existence of several prognosticmodels based

onm6Aor individualmortality patterns in CRC, we further compared the performance of CDRSwith other signatures for predictingCRCprog-

nosis. Univariate Cox regression, C-index, and AUC analyses across TCGA and GEO datasets consistently demonstrated that CDRS
4 iScience 27, 108720, January 19, 2024



Figure 3. Impact of CDRS on biological pathways and cancer-related signatures

(A) Gene Set Variation Analysis (GSVA) was performed using hallmark gene sets in patients with low- and high-CDRS scores from the TCGA-CRC dataset.

(B) Correlation analysis was conducted between CDRS and various cancer-related signatures in the TCGA-CRC and meta-GEO datasets.
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outperformed other signatures (Figures 2F, 2G, and S3B; Table S2). To enhance the accuracy of predicting overall survival among individuals

with CRC, we usedmultivariable Cox regression to establish a nomogrammodel in the TCGA cohort to estimate the 1-, 3-, and 5-year overall

survival. The model included age, M, AJCC stage, and CDRS (Figure S3C). The calibration curves confirmed the accuracy of the nomogram in

predicting 1-, 3-, and 5-year overall survival (Figure S3D). Furthermore, decision curve analysis (DCA) demonstrated that the nomogrammodel

surpassed other predictors used in this study (Figure S3E).

Biological pathways associated with the cell death-related risk score signature

The remarkable prognostic capability of CDRS in predicting CRC outcomes has sparked our curiosity in understanding the underlying mech-

anisms. To delve into thesemechanisms, we employedGene Set Variation Analysis (GSVA) to explore the impact of CDRS on biological path-

ways across all datasets.

Our analysis revealed that the high CDRS group exhibited the activation of stromal and inflammation-related pathways, including but not

limited to epithelial mesenchymal transition (EMT), angiogenesis, apical junction, inflammatory response, and interferon gamma response. In

contrast, the low CDRS group displayed the upregulation of pathways associated with cell growth and pro-cancer mechanisms, including

DNA repair, G2M checkpoint, PI3K/AKT/mTOR signaling, and Wnt/Beta-Catenin signaling (Figure 3A and S4A–S4D). Furthermore, our find-

ings suggested that EMT, angiogenesis, and stromal-relevant signatures were more prominent in the high INHBB/SNAI1 expression group

(Figure S5A). Additionally, correlation analysis established a positive association between CDRS and stromal-relevant signatures such as

EMT1/2/3, cancer-associated fibroblasts (CAFs), and the pan-fibroblast signature (PAN-F-TBR), while displaying a negative correlation

with pathways related to cell growth (Figure 3B). Although CDRS did not exhibit any significant correlation with CD8 T effector and antigen

processing machinery (APM) signatures, it displayed a negative correlation with signals associated with resistance to immune checkpoint

blockade (ICB) (Figure 3B).

Genomic features of different cell death-related risk score groups

We then proceeded to compare somatic mutations and copy number alterations between the high and low CDRS groups, but the results

revealed no significant differences between the two groups (Figures S6A and S6B). Using Fisher’s exact test with a threshold of p < 0.01,

we identified 24 differently mutated genes. Although the mutation rate of these genes was low, we observed that the low CDRS group

had a higher frequency of APC mutations, whereas the high CDRS group exhibited a higher frequency of BRAF mutations (Figure 4A). In

both the TCGA-CRC and GSE39582 datasets, the BRAF mutation group had a higher CDRS, while no significant difference in CDRS was

observed between wild-type and mutated groups for KRAS and TP53 (Figure 4B).

Association of cell death-related risk score with the immune microenvironment

Given the significant association between CDRS and certain stromal-relevant signatures, we conducted an extensive investigation into the

relationship between CDRS and the tumor microenvironment. First, we utilized the ESTIMATE algorithm to calculate the stromal score

and immune score in the TCGA-CRC and meta-GEO datasets. Our findings indicated that the CDRS signature was positively correlated

with the stromal score, immune score, and ESTIMATE score (the integration of the stromal score and immune score), while it was negatively

correlated with tumor purity (Figure 5A). Next, we employed the EPIC method to quantify immune cell infiltration in TCGA-CRC. Notably,
iScience 27, 108720, January 19, 2024 5



Figure 4. Somatic mutations and association with CDRS scores in CRC

(A) Mutational landscape (left) and frequency (right) of genes with different somatic mutations between high- and low-CDRS groups.

(B and C) Distribution of CDRS scores in groups with mutated and wild-type BRAF/KRAS/TP53 in TCGA-CRC (B) and GSE39582 datasets (C). (**p < 0.01;

***p < 0.001; ns, p > 0.05).
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critical components of the stromal microenvironment, such as cancer-associated fibroblasts (CAFs) and epithelial cells, exhibited a clear pos-

itive correlation with CDRS (Figure S7A). Moreover, CDRS showed a significant association with macrophages (Figure S7A). Macrophages,

especially tumor-associatedmacrophages (TAMs), are considered to be vital tumor-infiltrating immune cells involved in the complex interplay

between tumor cells and the tumor microenvironment (TME).30 To further assess immune cell infiltration, we utilized various algorithms

including EPIC, MCP-COUNTER, XCELL, TIDE, CIBERSORT, and QUANTISEQ. The results showed that CDRS was positively correlated

with CAFs, epithelial cells, and M2-like macrophages (Figure 5B). Additionally, m6A-related PCD genes, DAPK1, INHBB, and SNAI1, dis-

played positive correlations with CAFs, epithelial cells, andM2-likemacrophages, whereas GSKIO, ITGA6, and TRAP1 exhibited the opposite

trend (Figure S7B). Transforming growth factor b (TGF-b) is known to be a significant regulator of CAF activation.31,32 Patients with high CDRS

exhibited higher TGF-b signaling compared to those with low CDRS (Figures 5C and S7C). Additionally, we investigated the correlation be-

tween immunomodulators and CDRS values and observed that CDRS was primarily positively correlated with TGFB1 (Figure S7D). Further-

more, macrophage-related chemokines, CCL5 and CX3CL1, were highly expressed in the high CDRS group (Figure S7D). Using the TIDE

method, we found that the high CDRS group had higher TIDE, exclusion score (only in the meta-GEO dataset), and dysfunction score in

both the TCGA-CRC andmeta-GEO cohorts (Figures 5D and 5E). The IPS algorithm also revealed that high CDRS was associated with a lower

IPS, indicating lower immunogenicity (Figure S7E). In the IMvigor210 cohort, although the immune desert and immune-excluded phenotypes

had higher CDRS (Figure S7F), CDRS was not significantly associated with patient prognosis (Figure S7G).
The role of cell death-related risk score in predicting drug sensitivity

To investigate the relationship between CDRS and drug sensitivity, we utilized large-scale drug sensitivity and gene expression data from

hundreds of cancer cell lines (CCLs) in the Cancer Therapeutics Response Portal (CRPT) and Profiling Relative Inhibition Simultaneously in

Mixtures (PRISM) datasets to establish a predictive model for drug response (Figure 6A). Using gene expression profiles, we estimated

the AUC values of each compound in each clinical sample by employing a ridge regression model via the ‘‘pRRophetic’’ package. AUC values

were found to be negatively correlatedwith drug sensitivity. The detailed workflow is shown in Figure 6A. First, we performeddifferential drug

response analysis (|log2FC| > 0.10) between the high-CDRS (top decile) and low-CDRS (bottomdecile) groups to identify compounds with the

most significant differences in AUC values (Figure 6A). Next, we filtered the compounds by calculating Spearman correlation between AUC

values and CDRS and selecting compounds with a correlation coefficient of Spearman’s |R| > 0.30 for both CTRP and PRISM (Figure 6A).

Finally, we identified 10CTRP-derived compounds and 11 PRISM-derived compounds (Figures 6B and 6C). One of the compounds, Dasatinib,
6 iScience 27, 108720, January 19, 2024



Figure 5. Relationship between CDRS and tumor microenvironment in CRC

(A) Correlation analysis between CDRS and immune score, stromal score, ESTIMATE score, and tumor purity in TCGA-CRC and meta-data datasets.

(B) Analysis of the correlation between CDRS and CAFs, epithelial cells, and macrophages using EPIC, MCP-COUNTER, XCELL, TIDE, CIBERSORT, and

QUANTISEQ algorithms in multiple datasets. (C) Analysis of the correlation between TGF-b and CDRS in TCGA-CRC datasets (left) and distribution of TGF-b

signaling in high- and low-CDRS groups (right).

(D and E) Distribution of TIDE score (left), exclusion score (middle), and dysfunction score (right) in different CDRS groups in TCGA-CRC (D) and meta-data

datasets (E). (*p < 0.05; ***p < 0.001; ns, p > 0.05).
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is an orally bioavailable and promising therapeutic drug used to treat various human malignancies, although it’s relatively specific for ABL,

BCR-ABL, and the SFKs. Dasatinib has been shown to sensitize KRAS mutant colorectal tumors to cetuximab.33 Although CDRS did not

show a significant difference between KRAS mutant and patients with wild-type colorectal cancer, you found that the high-CDRS group

had lower estimated AUC values for Dasatinib (Figures 6B and 6C). Similarly, five other drugs (romidepsin, panobinostat, vindesine, YM-

155, echinomycin) also showed lower estimated AUC values in the high-CDRS group, suggesting that they may be potential therapeutic

options for patients with CRC with high CDRS (Figures 6B and 6C).

DISCUSSION

To our knowledge, this study represents the first comprehensive analysis of the role of m6A-related programmed cell death (PCD) genes in

risk stratification and the management of colorectal cancer (CRC). We constructed a 10-gene prognostic signature consisting of DAPK1,

INHBB, SNAI1, TNFRSF10A, SFPQ, MTM1, GLA, GSKIP, ITGA6, and TRAP1 in the TCGA-CRC cohort. Importantly, we further validated

the signature’s stable performance in three external cohorts (GSE17537, GSE38832, GSE39582). The proposed Cell Death-Related Score

(CDRS) is not only an independent risk factor for CRC but also plays a vital role in the tumormicroenvironment (TME) as suggested by pathway

analysis. Additionally, we explored the association between CDRS and drug sensitivity, leading to the identification of six potential therapeu-

tic drugs for patients with CRC with high CDRS. These findings offer novel insights for personalized prediction methods and precision treat-

ment of CRC.

As the field of cancer treatment evolves toward precision medicine, numerous studies aim to accurately assess patient survival using

various approaches. Traditional clinical and pathological features, such as tumor size,34 C-reactive protein,35 and lymph node metastasis,36

have been established as independent prognostic factors for CRC. However, the high genetic and genomic diversity among patients with

CRC renders these factors less effective in predicting survival.37,38 Recent research has shown that developing gene signatures based on

large-scale gene expression datasets holds great promise for assessing cancer patient survival.39,40 In the context of CRC,multiple prognostic
iScience 27, 108720, January 19, 2024 7



Figure 6. Identification of highly sensitive drugs based on CDRS

(A) Strategies for identifying highly sensitive drugs in patients with different CDRS scores.

(B and C) Correlation analysis (left) and distribution in low and high CDRS groups (right) of the AUC values of 10 CTRP-derived compounds (B) and 11 PRISM-

derived compounds with CDRS (C). (**p < 0.01; ***p < 0.001).
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gene models with significant clinical value have been established.10,41 It has been reported that m6A plays an increasingly important role in

various physiological and pathological processes in various cancers,42 including pancreatic cancer,43 breast cancer,44 and our published CRC

study.45 While the roles of various programmed cell death (PCD) modes in CRC prognosis have been explored in the literature, these models

have primarily focused on individual modes of cell death, such as the apoptosis-related prognostic signature,46 autophagy-related signa-

ture,47–51 cuproptosis-related signature,52–54 ferroptosis-related signature,55–57 necroptosis-related signature,58,59 and pyroptosis-related

prognostic signature.60–65 However, the interplay between m6A modification and PCD in CRC prognosis remains unexplored, representing

a gap in the existing literature. In this study, we identified 854m6A-related PCDgenes through Pearson correlation analysis and then selected

10 prognosis-related genes through univariate andmultivariate Cox proportional hazard regression. Among them, INHBB is amember of the

transforming growth factor b superfamily, which has been identified as a potential prognostic biomarker in various cancers including CRC.66,67

We also found that INHBB was highly expressed in CRC, but the expression trend lacked necessary experimental verification and was only

predicted by bioinformatics analysis. SNAI1 is a critical EMT inducer and a driving factor for cancer progression, including cell invasion, sur-

vival, immune regulation, stemness, andmetabolic regulation. It is closely related tom6A and affects tumormetastasis.68,69 A large number of

studies have reported its pro-cancer role in CRC.70,71 Our study used qRT-PCR to confirm the expression levels of INHBB and SNAI1 in CRC

cell lines and clinical tissue samples, whichwere found to be positively correlatedwith FTO, one of them6A erasers, consistent with our TCGA-

CRC results. Our results further demonstrated that the Cell Death-Related Score (CDRS), derived from these 10 genes, serves as an indepen-

dent risk factor for CRC. CDRS outperformed age, gender, T stage, MSI, TMB, TP53, KRAS, and BRAF in predicting prognosis, demonstrating

its superiority to common clinical variables. Moreover, patients with the CMS4 subtype, characterized by poor overall survival, exhibited the

highest CDRS scores. In addition, we compared the performance of CDRS with other existing signatures for predicting CRC prognosis. Our

study, supported by univariate Cox regression, C-index, and AUC analyses, revealed that CDRS outperformed all other signatures, establish-

ing it as a robust predictor of CRC survival across both TCGA and GEO datasets.

Exploration of CDRS and tumor-related biological pathways revealed that the high CDRS group exhibited the activation of stromal-rele-

vant signatures and inflammation-related pathways, while the low CDRS group showed the upregulation of cell growth and pro-cancer path-

ways. Studies have shown that EMT plays a critical role in tumor invasion and metastasis.72 Our results may suggest that high CDRS is closely

related to tumor metastasis and invasion, while low CDRS may promote tumor growth. This observation aligns with the functionality of the

genes in our model. For instance, SFPQ has been reported to promote cancer progression through various mechanisms such as RNA tran-

scriptional activity, mRNA processing, splice regulation, and innate immune response in ovarian cancer,73 breast cancer,74 liver cancer,75 and

colorectal cancer.76 In colorectal cancer, SFPQ has been shown to promote proliferation and the development of the disease.76 TNFRSF10A,
8 iScience 27, 108720, January 19, 2024
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another gene in the CDRS signature, encodes a protein within the tumor necrosis factor (TNF) receptor superfamily. It has been linked to the

promotion of colorectal cancer by upregulating HuR.77 TRAP1, or TNF receptor-associated protein 1, plays a role in regulating cell cycle and

apoptosis in thyroid cancer cells.78 ITGA6, which encodes a member of the integrin alpha chain protein family, has been associated with the

occurrence and development of bladder cancer through the m6A modification of ITGA6 mRNA.79 Furthermore, EMT can be triggered by

imbalanced ECM,80 and CAFs are an important component of the ECM.81 Our study revealed a positive correlation between CDRS and

CAFs, emphasizing the critical role of CAFs in the extracellular matrix. Transforming growth factor b (TGF-b), a well-known regulator of

CAF activation,31,32 was found to be higher in patients with high CDRS, providing further insights into the interaction between CDRS and

the TME.

As is widely known, CAFs and ECM are crucial components of the TME. The permissive TME often enables tumor cells to evade immune

surveillance and resist drug interference.82 Our findings highlight that the expression pattern of CDRS significantly correlates with immune

responses and suggest the potential impact of CDRS on CRC progression by influencing immune-related gene regulatory networks. This

study adds to our understanding by revealing that the CDRS signature positively correlates with the stromal score, immune score, and

ESTIMATE score, while negatively impacting tumor purity. Previously, it has been reported that SNAI1 is involved in tumor immune evasion

by inducing chemokines and immune suppressive cells into the TME.69 TAMs, specificallyM2-TAMs, are pivotal in tumor progression,30,83 and

our results show a positive correlation between CDRS and M2-like macrophages. Moreover, our study highlights that the m6A-related PCD

genes, such as DAPK1, INHBB, and SNAI1, are positively correlated with CAFs, epithelial cells, and M2-like macrophages, while GSKIO,

ITGA6, and TRAP1 show the opposite trend. Previous studies have shown that the enrichment of M2-likemacrophages indicates a poor prog-

nosis in the tumormicroenvironment of triple-negative breast cancer,84 which is consistent with our prediction of CRC prognosis. To date, our

study is the first t systematically elucidate the prognostic value of m6A-related PCD genes and their regulatory role in the anti-tumor immune

response in patients with CRC.

Moreover, our current research proposes for the first time the clinical application of CDRS in CRC, which may help in formulating different

treatment strategies. By examining drug sensitivity, we have identified that patients in the high CDRS group may be more responsive to spe-

cific drugs, including dasatinib, romidepsin, panobinostat, vindesine, YM-155, and echinomycin. This finding holds promise for guiding

personalized treatment strategies based on CDRS, potentially improving the survival rates of patients with CRC by tailoring therapies to

individual profiles.

In summary, we conducted a comprehensive analysis using large-scale clinical samples and transcriptome data to develop a 10-gene risk

signature based on m6A-related PCD genes. This signature effectively predicts survival outcomes and drug sensitivity in patients with CRC.

While these findings require validation in human CRC models, they hold the potential to serve as novel prognostic biomarkers and provide

new insights for personalized prediction methods and precision treatment in CRC.
Limitations of the study

Despite the promising performance of our model in both training and validation cohorts, there are several limitations to this study. First, the

available CRC samples and clinical follow-up data are not extensive enough for internal validation, necessitating further cohort studies to

confirm the applicability of our prognostic prediction model. Second, the specific molecular mechanisms and biological functions of the

ten m6A-related PCD genes in CRC remain unclear, highlighting the need for further experimental research. Before our clinical model can

be applied in practice, additional multicenter randomized controlled trials with high-quality data, large sample sizes, and extended

follow-up periods are essential for further validation. Additionally, although we used CTRP and PRISM for potential drug predictions based

on different CDRS values, these results lack experimental validation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

TCGA-COADREAD/CRC TCGA https://portal.gdc.cancer.gov/

GSE17537 GEO https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17537

GSE32323 GEO https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32323

GSE38832 GEO https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38832

GSE39582 GEO https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39582

IMvigor210 N/A http://researchpub.gene.com/IMvigor210CoreBiologies

CTRP N/A https://portals.broadinstitute.org/ctrp/

PRISM N/A https://depmap.org/portal/prism/

Software and algorithm

R version 4.2.2 N/A https://www.r-project.org/

TCGAbiolinks Bioconductor https://bioconductor.org/packages/TCGAbiolinks/

maftools Bioconductor https://bioconductor.org/packages/maftools/

limma Bioconductor https://bioconductor.org/packages/limma/

CMScaller Github https://github.com/Lothelab/CMScaller

IOBP Github https://github.com/IOBR/IOBR

Graphpad Prism N/A https://www.graphpad.com/

Oligonucleotides

INHBB

Forward Primer: GTGAAGCGGCACATCTTGAG Sangon Biotech N/A

Reverse Primer: GCGAAGCTGATGATTTCGGAAAC Sangon Biotech N/A

FTO

Forward Primer: ACTTGGCTCCCTTATCTGACC Sangon Biotech N/A

Reverse Primer: TGTGCAGTGTGAGAAAGGCTT Sangon Biotech N/A

SNAI1

Forward Primer: TCGGAAGCCTAACTACAGCGA Sangon Biotech N/A

Reverse Primer: AGATGAGCATTGGCAGCGAG Sangon Biotech N/A

GAPDH

Forward Primer: AACGGATTTGGTCGTATTGG Sangon Biotech N/A

Reverse Primer: TTGATTTTGGAGGGATCTCG Sangon Biotech N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chunlin Ou

(ouchunlin@csu.edu.cn) and Yimin Li (yimin_li_0107@163.com).
Materials availability

This study did not generate new unique reagents.
Data and code availability

This paper analyzes existing publicly available data. Accession numbers are listed in the key resources table. The original code and any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The human CRC cell lines HT29, HCT8, CACO2, SW620, and HCT116 were procured from the American Type Culture Collection (ATCC;

http://www.atcc.org/) and sustained in RPMI 1640 medium (Biological Industries, Kibbutz Belt HaEmek, Israel) supplemented with 10% fetal

bovine serum. All cells were cultured under standard conditions at 37�C in the presence of 5% CO2.

Human tissue specimens

We recruited a cohort of 30 CRC patients who underwent curative resection at Xiangya Hospital of Central South University. None of the pa-

tients received any preoperative chemotherapy or radiotherapy.

METHOD DETAILS

Data retrieval and preprocessing

Weobtained gene expression profiles and relevant clinical information for CRC fromTheCancerGenomeAtlas (TCGA) dataset and theGene

Expression Omnibus (GEO) (Table S1). Data preprocessing followed established procedures.85 Patients with incomplete overall survival in-

formation or a survival time of less than one month were excluded. For TCGA-COADREAD/CRC, we utilized the R package "TCGAbiolinks"

to access RNA sequencing data (TPM values), mutation profiles, copy number variation (CNV) data, and clinical data. We employed the "maf-

tools" R package for visualizing somatic mutation data and GISTIC2.0 (Gene Pattern) to detect somatic copy number variations. CMS sub-

types were determined using the "CMScaller" package.29,86 We integrated the meta-GEO dataset, which comprised 749 samples, including

data from GSE17537 (54 samples), GSE38832 (122 samples), and GSE39582 (573 samples). Prior to merging different datasets in the meta-

GEO dataset, batch effects were corrected. Additionally, we obtained data from the IMvigor210 cohort from the internet database.

Screening for m6A-associated PCD genes

We conducted a comprehensive review of the literature on m6A methylation modification and PCD patterns. This led to the curation and

analysis of 23 m6A RNA methylation regulators and 1078 PCD-related genes.8,87,88 Spearman correlation analysis was employed to assess

the expression of PCD-related genes and m6A regulators. We filtered m6A-associated PCD-related genes under the conditions of |correla-

tion coefficient (R)| R 0.3 and P value < 0.05.

Construction of the risk score model

Differentially expressed m6A-associated PCD genes between normal and CRC samples were identified using the empirical Bayesian

approach from the "limma" R package, with significance criteria set at an adjusted P value < 0.05 and |log2FC|R 0.5. Subsequently, univariate

Cox regression analysis and Kaplan-Meier survival analysis were performed on the identified genes to identify prognostic m6A-associated

PCD genes. To minimize omissions, we adjusted the cut-off P value in Cox analysis to 0.1 and P value in Log-rank tests to 0.01. The

LASSO Cox regression algorithm was further applied to reduce the number of candidate m6A-associated PCD genes and construct the

most suitable signature.89 The cell death-related risk score (CDRS) model was established using the following formula:

CDRS =
X10

i = 1

bi � Ei

bi denote the risk coefficient and Ei refer to the expression of each gene. The CRC patients were divided into high- or low-CDRS groups

based on the median value. Additionally, we employed the receiver operating characteristic (ROC) curve, area under the curve (AUC), and

concordance (c)-index to assess the prediction accuracy of the CDRS model. Furthermore, we developed a prognostic nomogram for

CRC patients based on clinical features and CDRS. The efficacy of the nomogram was evaluated using calibration plots and decision curve

analysis (DCA).

Functional enrichment analysis

To explore potential differences in biological processes between the high- and low-CDRS groups, we conducted GSVA enrichment analysis

using the "GSVA" R package.90 We also performed gene set enrichment analysis (GSEA) using the "clusterProfiler" R package.91 The gene

sets "h.all.v7.5.1.symbols" and "c2.cp.kegg.v7.5.1.symbols" were downloaded from the MSigDB database (https://www.gsea-msigdb.org/

gsea/msigdb/index.jsp).92

Tumor microenvironment analysis

The immunological score, stromal score, ESTIMATE score, and tumor purity were determined using the "ESTIMATE" program.93 To quantify

the relative abundance of each cell infiltration in CRC, we employed the EPIC algorithm.94 Additionally, we utilized six independent algo-

rithms: EPIC, MCP-COUNTER, XCELL, TIDE, CIBERSORT, and QUANTISEQ to calculate the infiltration level of cancer-associated fibroblasts

(CAFs), epithelial cells, andmacrophages.94–99 The cancer-related signatures were obtained and evaluated using the ‘‘IOBP’’ package.100 We
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employed the Tumor Immune Dysfunction and Exclusion (TIDE) and Immunophenoscore (IPS) algorithms to predict the response to immu-

notherapy in different CRC subtypes.97,101
RNA extraction and real-time quantitative PCR (qPCR)

Total RNA was extracted from cells using FFPE RNA Extraction Kits (AmoyDx, Xiamen, China) in accordance with the manufacturer’s instruc-

tions. The quality and concentration of RNA were evaluated using the NanoDrop 1000 Spectrophotometer (Thermo Fisher, USA), with

OD260/OD280 ratios ranging from 1.8 to 2.0 and OD260/230 ratios from 2.0 to 2.2 deemed acceptable. The first-strand cDNA was synthe-

sized from 1 mg of total RNA usingHiScript II Reverse Transcriptase (Vazyme,Nanjing, China). Quantitative real-time PCR (qPCR) was conduct-

ed on an ABI Prism 700 thermal cycler (Applied Biosystems, Foster City, CA, USA). Relative RNA quantification was normalized to GAPDH

expression, and all experiments were performed in triplicate.
Potential therapeutic agents

We retrieved the drug sensitivity data for cancer cell lines from two sources: the Cancer Therapeutics Response Portal (CTRP, https://portals.

broadinstitute.org/ctrp/) and the Profiling Relative Inhibition Simultaneously in Mixtures dataset (PRISM https://depmap.org/portal/prism/).102

We excluded compounds withmissing values greater than 20%and usedK-nearest neighbor (k-NN) imputation to fill in themissingAUC values.

Topredictdrug response inclinical samples,weemployed thebuilt-in ridge regressionmodel fromthepRRopheticpackage.103,104 Thepredicted

AUC values were used to assess drug sensitivity, where lower AUC values indicated increased sensitivity to treatment.102 Finally, we performed

differential drug response analysis and Spearman correlation analysis to identify potential therapeutic agents.
Statistical analysis

All bioinformatics analyses were performed using R and Graphpad Prism (presented as mean +/- SD). Student’s t-test and one-way ANOVA

were conducted to compare differences between two or multiple normally distributed groups, respectively. The Wilcoxon test or Kruskal-

Wallis test was used for non-normally distributed data to compare differences between two groups or among multiple groups, respectively.

Correlations between continuous variables were analyzed using Spearman’s correlation analysis. Differences between categorical variables

were evaluated using chi-square and Fisher’s exact tests. ROC curves were generated using the "pROC" R package, and the C-indices of

different variables were compared using the "CompareC" package.105 Survival curves were described by Kaplan-Meier plots and compared

with the log-rank test. Univariate Cox regression analysis was performed to estimate hazard ratios (HR) for CDRS and m6A-associated PCD

genes. Independent prognostic factors were determined using multivariable Cox regression analysis. A two-sided P value < 0.05 was consid-

ered statistically significant for all analyses.
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