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A B S T R A C T   

Background: Colon adenocarcinoma (COAD) is one of the most common malignant tumors. The 
interplay involving ferroptosis between tumor and immune cells plays a crucial in cancer pro-
gression. However, the biological basis of this interplay in COAD development remains elusive. 
Methods: Transcriptome data of COAD samples were obtained from The Cancer Genome Atlas and 
National Center for Biotechnology Information databases. Using single-sample gene set enrich-
ment analysis, we calculated the ferroptosis score (FS) and immune cell infiltration levels for each 
sample, leveraging the expression levels of genes related to ferroptosis and various immune cell 
types. Samples with FSs greater than the 75th percentile were classified into the high-FS sub-
group, while those below the 25th percentile were categorized as the low-FS subgroup. Moreover, 
tumor tissue samples and adjacent normal tissue samples were collected from twenty colon pa-
tients. Using real-time quantitative polymerase chain reaction, we validated the expression of 
certain genes in these samples. 
Results: The COAD samples with high FSs experienced favorable survival probability and 
heightened sensitivity to anticancer drugs, with FSs negatively associated with the pathological 
stages. Moreover, the up-regulated genes in high-FS subgroup exhibited enrichment in immune- 
related pathways, suggesting a correlation between immunity and ferroptosis. Importantly, we 
discovered a key lncRNA-mRNA co-expression network linking tumor cell ferroptosis and im-
mune infiltration (e.g., neutrophil) in the progression and classification of COAD. Further analysis 
identified several ferroptosis-related lncRNAs (e.g., RP11-399O19.9) within this network, indi-
cating their potential roles in COAD progression and deserving in-depth study. 
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Conclusions: Our findings provide novel insights into the underlying biological basis, particularly 
involving lncRNAs, at gene expression level associated with ferroptosis in COAD and cancer 
therapy. Nevertheless, further analysis and validation are required to expand the findings.   

1. Introduction 

Colon adenocarcinoma (COAD) is the third most common cancer and second most frequent cause of cancer death worldwide [1]. 
Despite advancements in clinical diagnosis and treatment for COAD, both its incidence and mortality rates persistently rise [2,3]. The 
pronounced heterogeneity of COAD, evident across various molecular levels, poses a significant challenge in disease diagnosis and 
therapy [4,5]. Therefore, there remains an urgent need for research on the underlying molecular mechanism involved to the classi-
fication and progression of COAD. 

Ferroptosis is an iron-dependent and distinct form of regulated cell death. It differs from other forms of regulated cell death (e.g., 
necroptosis, apoptosis, and autophagy) and is associated with pathological processes in various tumors, such as breast cancer, he-
patocellular carcinoma, ovarian cancer, and COAD [6–10]. Additionally, a growing body of literature highlights the involvement of 
ferroptosis in the crosstalk between tumor cells and immune cells within tumor microenvironment [11–14]. Cancer cells undergoing 
ferroptosis can release immune-regulatory factors, influencing the functions of neighboring immune cells, which, in turn, also regulate 
the ferroptosis activity of cancer cells. For instance, one study demonstrates that activated CD8+ T cells induce ferroptosis in tumor 
cells through the secreted interferon-γ (IFN-γ) [11], while another reveals that early ferroptotic cancer cells exhibit specific immu-
nogenicity and enhance subsequent antitumor immune responses [12]. Therefore, gaining a better understanding of the biological 
basis underlying both tumor cell ferroptosis and the tumor immune microenvironment (TIME) could offer novel insights into the 
progression and therapy of COAD. 

Long non-coding RNAs (lncRNAs) are RNA molecules with >200 nucleotides in length that do not encode functional proteins [15]. 
They have the capability to modulate gene expression at various levels, including interactions with DNA, RNA, and proteins [15]. The 
dysregulation of lncRNA is well-recognized for its significant role in tumor progression. Furthermore, emerging evidence supports 
strong associations between lncRNAs and both tumor ferroptosis and TIME, achieved through the regulation of target gene expression 
[16–18]. Despite these advances, the lncRNA-mRNA co-expression networks associated to ferroptosis and TIME relevant to COAD 
progression and classification have not yet been fully explored. 

The objective of this study is to explore the transcriptional characteristics of lncRNA and mRNA that underlie the association 
between ferroptosis and TIME in COAD. This involves employing various analytical methods such as single-sample gene set enrichment 
analysis, survival analysis, differential expression analysis, weighted correlation network analysis, and functional enrichment analysis 
for COAD’s transcriptome data. This scientific significance of this study lies in identifying the lncRNA-mRNA co-expression networks, 
as well as key genes, that potentially elucidate the regulatory mechanisms linking ferroptosis and TIME in COAD progression. 

2. Materials and Methods 

2.1. Data collection and preprocessing 

Transcriptome (RNA-seq, HTSeq-Counts/log2(FPKM (fragments per kilobase of transcript per million fragments mapped) +1)) and 
clinical data of COAD samples included 446 COAD tumor samples and 39 adjacent normal samples, were obtained from The Cancer 
Genome Atlas (TCGA) database using the UCSC Xena platform (https://xena.ucsc.edu/) [19]. The expression levels of mRNAs and 
lncRNAs were transformed into FPKM values. In addition, an independent gene expression matrix of COAD was download from the 
National Center for Biotechnology Information (NCBI) GEO (Gene Expression Omnibus) DataSets with accession number GSE39582, 
which included 566 tumor samples and 19 adjacent normal samples [20]. After removing genes with missing values, 20,579 genes 
were analyzed in the TCGA dataset, 15,230 genes were analyzed in the NCBI dataset. For each dataset, the matrix was normalized using 
the ‘normalize.quantiles’ function in the R “preprocessCore” (v1.64.0) package (https://bioconductor.org/), as reviewed in Bolstad’s 
study [21]. 

2.2. Inference of ferroptosis score (FS) 

A total of 385 ferroptosis-related mRNA genes (ferr-mRNAs), including drivers, suppressors, and markers, were obtained from the 
FerrDb (V2) database [22]. Subsequently, we conducted Pearson’s correlation test to identify the lncRNAs that significantly 
co-expressed with these genes based on the transcriptome data from the TCGA database, applying a threshold of P-value <0.00001 and 
an absolute value of correlation coefficient >0.4. To further screen the lncRNAs associated not only with ferroptosis but also COAD 
survival, we performed univariate Cox survival analysis to select 89 ferroptosis-related lncRNA genes (ferr-lncRNAs), with their 
expression positively (30) or negatively (59) associated with COAD overall survival (P-value <0.05). To infer a FS characterizing the 
ferroptosis level and survival potential in each sample, we respectively estimated the enrichment scores of lncRNA gene sets positively 
or negatively associated with COAD survival in each sample using single sample gene set enrichment analysis (ssGSEA) in the R 
package “GSVA” (v1.50.0) (https://bioconductor.org/) [23]. We defined the difference in enrichment scores between positive and 
negative components as the FS for each sample. Samples with FSs larger than the 75th percentile FS value were classified into high-FS 
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subgroup, while those with FSs smaller than 25th percentile FS value were classified into low-FS subgroup. Furthermore, we also 
estimated the FS of each sample retrieved from the NCBI database based on the expression levels of aforementioned ferr-lncRNAs. 

2.3. Drug response sensitivity analysis in COAD samples 

We downloaded the cancer cell line drug sensitivity data (half-maximal inhibitory concentration (IC50); low IC50 value represents 
high drug sensitivity) from the Genomics of Drug Sensitivity in Cancer database (GDSC, https://www.cancerrxgene.org/) [24,25]. The 
drug sensitivity score of each COAD samples obtained from the TCGA and NCBI databases was estimated based on gene expression data 
using the R package “oncoPredict” (v0.2) (https://cran.r-project.org/) [26]. Drugs with a mean predicted sensitivity value > 0.5 in the 
samples were removed. Differences in response sensitivity to each drug between the two COAD subgroups were tested using Student’s 
t-test. P < 0.05 was considered statistically significant. 

2.4. Survival analysis 

Kaplan-Meier plots and log-rank tests were used to evaluate survival differences between two subgroups within either the TCGA or 
NCBI database, respectively, using the R package “survival” (v3.5-7) (https://cran.r-project.org/). 

2.5. TIME composition analysis 

The immune score (IS) of the COAD samples were determined using the ‘Estimate of STromal and Immune Cells in MAlignant 
Tumors using Expression data’ (ESTIMATE) algorithm with transcriptome data (FPKM) [27]. Additionally, we obtained the gene set of 
pan-cancer metagenes for 28 immune cell types [28]. Subsequently, we inferred the proportions of 28 types of infiltrating immune cells 
based on the expression levels using the ssGSEA in R package “GSVA” (v1.50.0) (https://bioconductor.org/) [23]. 

2.6. Differentially expressed gene (DEG) analyses 

DEGs were identified using the R package “DESeq2” (v1.42.0) (https://bioconductor.org/) [27] based on the following thresholds: 
|log2Fold-change| > 1 and adjusted P < 0.001 between high- and low-FS COAD subgroups with in the TCGA database. The matrix of 
gene-level read counts was used in the analysis. 

2.7. Functional enrichment analysis 

Gene Ontology (GO) biological process enrichment analyses for the DEGs between the high- and low-FS subgroups within the TCGA 
database were conducted via the web tool “Metascape” (https://metascape.org/) [29]. Benjamini-Hochberg (BH)-adjusted P < 0.05 
was regarded as statistically significant. 

2.8. Gene co-expression analysis 

Weighted gene co-expression network analysis (WGCNA) was performed to analyze the co-expressed gene modules based on the 
transcriptome data obtained from the TCGA database using the WGCNA (v1.72-5) (https://cran.r-project.org/) package and automatic 
network construction method [30]. In this analysis, we used the ‘blockwiseModules’ function for network construction and module 
detection in the expression matrix. This function initially pre-clusters nodes (genes) into large clusters, known as blocks, using a variant 
of k-means clustering. Subsequently, hierarchical clustering is applied to each block, and modules are defined as branches of the 
resulting dendrogram. 

2.9. Real-time quantitative polymerase chain reaction (RT-qPCR) 

To validate the expression of the genes (e.g., RP11-284N8.3, RP11-291B21.2 and RP11-399O19.9) in the co-expression module of 
interest from the TCGA database, we used RT-qPCR to detect the expression levels in tumor tissues and adjacent normal colon tissues 
from colon cancer patients. Tissue samples of colon cancer were obtained from surgical specimens at Yunnan Cancer Hospital. Colon 
cancer tissues and adjacent normal tissues from twenty patients were collected. Total RNA was extracted from the tissues using TRIzol 
reagent (15596026, Invitrogen, USA) and then was reverse transcribed using the GoScriptTM reverse transcription system (A5001, 
Promega, USA) according to the manufacturer’s protocols. RT-qPCR of the target genes was performed with gene-specific primers 
using the GoTaq qPCR Master Mix (A6002, Promega, USA). The comparative cycle threshold method was applied for quantification of 
gene expression, and values were normalized to β-actin (ACTB). The primers are listed in Supplementary Table 1. 

2.10. Immunohistochemical staining 

To confirm the findings of the gene expression analysis, we performed immunohistochemical assays on formalin-fixed paraffin- 
embedded (FFPE) anonymized lesion samples of colon cancer tissue from three patients, obtained from the Pathology Department of 
Yunnan Cancer Hospital. We stained for FLT3 (1:500; catalog no. ab263452, Abcam) and CD66B (1:20000; catalog no. ab300122, 
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Fig. 1. Association between FS and COAD overall survival. (A) Co-expression relationships between ferr-lncRNAs (ferroptosis-related lncRNA 
genes) and ferr-mRNAs (ferroptosis-related mRNA genes). (B) Association between expression level of each ferr-lncRNA and COAD survival by 
univariate Cox model. (C) FS (ferroptosis score) differences in tumor and normal (paracancer) tissue samples, as well as tumor samples of different 
sex and age. (D) FS was decreased with pathological stage in COAD samples. (E) Kaplan-Meier survival curve of high- and low-FS subgroups. (***: P 
< 0.001; n.s.: non-significant; CI: Confidence Interval). 
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Abcam). Detailed steps: Deparaffinize the paraffin sections to water and perform antigen retrieval. After retrieval, let the sections cool 
naturally and wash them in PBS (pH 7.4) 3 times for 5 min each to block endogenous peroxidase. Next, place the sections in 3 % 
hydrogen peroxide solution, incubate at room temperature protected from light for 25 min, and then wash them in PBS 3 times for 5 
min each. Add 3 % BSA to the tissue sections and incubate at room temperature for 30 min. After removing the blocking solution, add 
the primary antibody diluted in PBS to the sections and incubate overnight at 4 ◦C. Wash the sections in PBS 3 times for 5 min each, 
then add the HRP-labeled secondary antibody corresponding to the primary antibody and incubate at room temperature for 50 min. 
Wash the sections in PBS 3 times for 5 min each, then add freshly prepared DAB staining solution, controlling the staining time under a 
microscope. Terminate the staining by washing the sections with tap water. Counterstain with hematoxylin for about 3 min, wash with 
tap water, differentiate briefly, wash again, and return to blue under running water. Dehydrate the sections sequentially in 75 % 
alcohol for 5 min, 85 % alcohol for 5 min, anhydrous ethanol I for 5 min, anhydrous ethanol II for 5 min, and xylene I for 5 min. Allow 
the sections to air dry slightly and then mount them with mounting medium. Finally, examine and interpret the results under a bright- 
field microscope. The nucleus of hematoxylin in stain is blue, and the positive signal of DAB is brown-yellow. 

2.11. Statistical analysis 

R software (v4.3.1; https://cran.r-project.org/) was performed for statistical analyses. Pearson’s correlation test was employed to 
assess the correlation between two features, and Student’s t-test was used to evaluate difference in the features of interest between two 
groups. 

3. Results 

3.1. Clinical characteristics of COAD samples 

Clinical information on the 446 COAD samples from TCGA was presented in Supplementary Table 2. Results showed that both age 
and pathological stage were associated with COAD prognosis, with a significance level of P < 0.05. However, there was no significant 

Fig. 2. Association between FS and TIME in COAD samples. (A) High-FS COAD subgroup displayed a high IS (immune score). (B) High infil-
tration levels of Neu (neutrophils) and Th17 (type 17 T helper cells) are associated to improved COAD survival (P < 0.05). (C) Infiltration dif-
ferences of the two immune cells between the high- and low-FS COAD subgroups. (D) Correlations between the infiltration levels of two immune 
cells and FSs in COAD samples. (E) The high-FS COAD subgroup showed a good survival probability according to the GSE39582 dataset. (F) 
Increased infiltration levels of Neu and Th17 cells in high-FS COAD subgroup based on the GSE39582 dataset. (***: P < 0.001). 
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association between samples’ sex and prognosis. 

3.2. Classifying COAD samples by inferred ferroptosis activity 

Initially, we identified 1778 ferr-lncRNAs that co-expressed with any of the 385 ferr-mRNAs retrieved from the FerrDb (V2) 
database, with the thresholds of P value < 0.00001 and absolute correlation coefficient >0.4. Subsequently, univariate Cox regression 
analyses pinpointed 30 positively and 59 negatively associated ferr-lncRNAs with COAD survival (P < 0.05) (Fig. 1A and B). FS index, 
representing ferroptosis activity, was then estimated based on the expression of the 89 ferr-lncRNAs using ssGSEA (see Materials and 
Methods). The results revealed FSs ranging from − 0.71 to 0.81 (Supplementary Fig. 1), with tumor samples exhibiting decreased FS 
compared to normal samples (Fig. 1C). No significant differences in FSs were observed between the male and female samples (Fig. 1C), 
as well as between the young (age <60 years) and old (age >60 years) groups (Fig. 1C). Notably, we observed decreased FSs in samples 
at the late pathological stage, indicating an association between FS and tumor progression (Fig. 1D). Subsequently, we separated COAD 
samples into high- and low-FS subgroups (see Materials and Methods; high-FS subgroup refers to samples with FSs greater than the 
75th percentile, while low-FS subgroup corresponds to samples with FSs lower than the 25th percentile). Kaplan-Meier survival 
analysis showed that high-FS subgroup exhibited a favorable survival outcome (P < 0.0001) (Fig. 1E), which was further validated by 
multivariate Cox regression analysis after correcting for age, sex, and pathological stage (Supplementary Fig. 2). 

3.3. Interaction of ferroptosis and tumor immune microenvironment in COAD classification and progression 

Currently, there is emerging evidence suggesting a connection between ferroptosis activity and TIME, influencing the progression 
and therapy of various cancers. To explore this association, we estimated the IS, serving as an index of immune cell infiltration in tumor 
microenvironment, for each sample using the ESTIMATE method. Results showed that high-FS COAD subgroup displayed elevated ISs 
(Fig. 2A), and FSs were positively correlated with ISs (Supplementary Fig. 3), indicating a significant association between ferroptosis 
and TIME in COAD development. 

To further elucidate the infiltrating immune cells involved to the TIME differences in the FS based COAD subgroups, we inferred the 
infiltration levels (i.e., enrichment scores) of 28 immune cell types in the TIME of samples, based on the expression levels of 782 
metagenes using ssGSEA package. Among these immune cell types, neutrophils (Neu) and type 17 T helper cells (Th17) both exhibited 
positive associations between their infiltration levels and COAD survival (Fig. 2B and Supplementary Table 3). Consistently, results 
demonstrated increased infiltration of these two immune cells in high-FS subgroup compared to that in low-FS subgroup (Fig. 2C). 
Furthermore, we calculated the associations between immune infiltration and FS, and found Neu and Th17 cells were significantly 
positively associated with FSs in COAD samples (Fig. 2D). Taken together, these findings indicate an interplay between tumor cell 
ferroptosis and Neu and Th17 cells in the TIME, contributing to COAD progression. 

Fig. 3. Drug sensitivity between high- and low-FS COAD subgroups. (A) Differences in predicted drug sensitivity between high- and low-FS 
subgroups from the TCGA dataset. (B) Differences in predicted drug sensitivity between high- and low-FS subgroups from the GSE39582 dataset. 
(*: P < 0.05; **: P < 0.01; ***: P < 0.001; The y-axis value refers to the IC50 (half-maximal inhibitory concentration)). 
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To test whether the findings can be observed in other COAD samples, we collected and analyzed another gene expression dataset 
containing 566 tumor samples (GSE39582). Similarly, ssGSEA method was used to infer the FS of each COAD sample based on the 
expression of the previously identified ferr-lncRNAs. Consistently, results showed that the samples with high FS exhibited a favorable 
survival probability (Fig. 2E). Furthermore, increased infiltration levels of Neu and Th17 cells were also observed in the high-FS 
subgroup (Fig. 2F). These findings indicate that the association between high FS, improved survival, and enhanced infiltration of 
certain immune cells (i.e., Neu and Th17) is consistent across different COAD samples. 

3.4. A high drug sensitivity in COAD samples with high FS 

To explore the potential association between FS and COAD treatment precision, we estimated the drug sensitivity score of each 
sample using the R package “oncoPredict”, based on drug sensitivity data from the GDSC database. We identified nine agents that 
showed sensitivity differences between the high- and low-FS COAD subgroups, with high drug sensitivity observed in the high-FS 
subgroup from TCGA dataset (Fig. 3A). Additionally, five of these nine agents also displayed high sensitivity in the high-FS sub-
group from the GSE39582 dataset (Fig. 3B). Among these drugs, several (e.g., vinblastine, dinaciclib) have been used in COAD therapy 
[31,32], likely indicating a potential of the FS-based COAD classification in guiding precision medication. 

3.5. Identification of lncRNA-mRNA co-expression networks involved to ferroptosis, immune infiltration and COAD progression 

Subsequently, we analyzed changes in gene expression within the TCGA database, identifying 2332 DEGs between high- and low-FS 
subgroups, including 1447 up-regulated and 885 down-regulated genes (Fig. 4A; see Materials and Methods). To investigate the 
variations in biological functions and signaling pathways between the two subgroups, we performed functional enrichment analysis on 
the DEGs. The findings revealed that the up-regulated genes were enriched in pathways including the inflammatory response, positive 
regulation of cytokine production, cytokine-mediated signaling pathway, regulation of immune effector process, etc. (Fig. 4B). The 
down-regulated genes were enriched in pathways involved in inorganic ion transmembrane transport, organic hydroxy compound 
transport, response to metal ion, etc. (Supplementary Fig. 4). 

Recognizing that the 1447 up-regulated genes in high-FS subgroup have a greater potential for linking ferroptosis and TIME 
implicated in COAD suppression, we focused on their expression and used WGCNA to construct the lncRNA-mRNA co-expression 
networks. In total, we obtained two co-expression modules (see Materials and Methods), displayed in different colors, including orange 

Fig. 4. Co-expression gene modules for DE-lncRNAs and DE-mRNAs between high- and low-FS COAD subgroups. (A) Volcano plot for the 
DEGs between the two subgroups. (B) GO biological enrichment analysis for the up-regulated genes in high-FS subgroup. (C) Cluster dendrogram of 
co-expressed gene modules. (D) Heatmap plot displaying correlation coefficients and P values for each module and clinical trait. 
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and cyan, as shown in Fig. 4C. These modules included 336 and 304 genes, respectively. To identify key modules associated with both 
tumor cell ferroptosis and TIME, we performed correlation analysis between the gene modules and clinical traits of interest. We found 
that the orange gene module was positively associated with the FSs and infiltration levels of Neu and Th17, while also negatively 
correlated with the COAD pathological stage (Fig. 4D). These findings highlight the potential roles of this gene module in the interplay 
between tumor cell ferroptosis and corresponding immune processes in COAD progression. The orange module comprises 39 lncRNAs 
and 297 mRNAs, including six identified as driver genes (viz., HIF1A, FLT3, CYBB, IL1B, IFNG and IDO1) of ferroptosis by retrieving the 
FerrDb (V2) database [22]. To validate the expression status of the genes in this module from TCGA database, we detected the 
expression levels of randomly selected 3 lncRNA genes (RP11-284N8.3, RP11-291B21.2 and RP11-399O19.9) in tumor tissues and 
adjacent normal colon tissues from twenty patients with colon cancer using RT-qPCR method. Results showed that the genes were all 
downregulated in tumor tissues (Fig. 5A), consistent with the expression trends observed in TCGA data (Fig. 5B). Moreover, we 
selected FLT3 [33], MMP25 [34], and RORC [35] as marker genes for tumor cell ferroptosis, Neu infiltration, and Th17 infiltration, 
respectively, and detected their expression differences between colon tumor tissues and adjacent normal colon tissues. RT-qPCR results 
demonstrated the downregulation of all three genes in colon tumor tissues, suggesting positive associations between tumor ferroptosis 
and infiltration levels of Neu and Th17 cells (Fig. 5A), which also align with the results from TCGA data (Fig. 5B). Additionally, 
immunohistochemical staining of FLT3 [33] and CD66B [36] in colon cancer tissues further supported the positive association between 
tumor cell ferroptosis and Neu infiltration (Supplementary Fig. 5). Further biological process analysis showed that the genes in this 
module were enriched in immune-related biological process, such as inflammatory response, innate immune response, immune 
response-regulating signaling pathway, regulation of immune effector response, etc. (Fig. 6A and B). 

Moreover, to identify key ferr-lncRNAs with potential implications for COAD diagnosis, we input the 39 lncRNAs obtained from the 
orange module in a LASSO Cox regression model. This analysis identified four ferr-lncRNAs (viz., RP11-1008C21.1, RP11-399O19.9, 
RP11-576I22.2, RP6-159A1.4; Fig. 6C), among which RP11-399O19.9 was also detected in the GSE39582 dataset and was upregulated 
in the high-FS subgroup (Fig. 6C). Based on the gene expression level and coefficient value of each ferr-lncRNA, we evaluated the risk 
score for each sample using the model: risk score = (− 0.4042*RP11-1008C21.1) + (− 1.3001*RP11-399O19.9) + (− 1.2507*RP11- 
576I22.2) + (− 0.7126*RP6-159A1.4). Kaplan-Meier survival analysis showed that COAD samples with high-risk scores had poorer 
survival probability (Fig. 6D). Fig. 6D also displayed receiver operating characteristic (ROC) curves for COAD samples at 1-, 3- and 5- 
year, with area under the curves (AUCs) equaling to 0.757, 0.711 and 0.683, respectively. Collectively, these findings indicate that the 
lncRNA-mRNA co-expression network may play an important role in COAD suppression via linking the increased ferroptosis of tumor 
cells and Neu and Th17 cell infiltration in the tumor microenvironment. 

Fig. 5. RT-qPCR validation of expression differences of six genes between colon cancer tissues and adjacent normal tissues in colon 
patients. (A) RT-qPCR result showing the downregulation of the three lncRNA genes (viz., RP11-284N8.3, RP11-291B21.2, and RP11-399O19.9) 
and the three protein-coding genes (viz., FLT3, MMP25, and RORC) in tumor tissues compared to adjacent normal colon tissues from COAD patients. 
(B) The three lncRNA genes and three protein-coding genes presenting reduced expression in tumor tissues corresponding to normal tissues of COAD 
samples based on the TCGA data. (*: P < 0.05; ***: P < 0.001; The y-axis value refers to the value of gene expression). 
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(caption on next page) 
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4. Discussion 

Ferroptosis is a new type of iron-dependent programmed cell death, characterized by intracellular accumulation of detrimental 
lipid reactive oxygen species (ROS) [37]. There is accumulating evidence suggesting that abnormal alterations in ferroptosis activity 
are closely associated with the pathogenesis of various diseases, especially tumors [38]. Moreover, the activation or blockade of the 
iron metabolism pathway has proven to be an effective strategy for mitigating the progression of multiple cancers, including COAD 
[39]. Currently, a growing body of evidence indicates that tumor cell ferroptosis is closely associated with the TIME, which plays 
important roles in influencing tumor initiation and metastasis and therapy [40]. Therefore, understanding the underlying regulatory 
mechanisms bridging ferroptosis and TIME offers a new perspective on anticancer therapy and has the potential to be leveraged for 
COAD diagnosis and classification. 

In this study, we employed FSs to assess the ferroptosis activity of each COAD sample, based on the expression of 89 lncRNAs 
associated with ferr-mRNAs and COAD survival, using ssGSEA. Our results demonstrated a negative association between FSs and 
COAD pathological stage, as well as a positive association with COAD survival, suggesting a close correlation between inferred FS and 
COAD progression. In addition, a recent systematic review and meta-analysis demonstrated that promoting ferroptosis significantly 
benefits cancer prognosis [41]. Moreover, we observed a positive correlation between FS and IS in the COAD samples, a similar trend 
was also observed in other cancer types, such as gastric cancer [42]. Since the correlation between various immune cells in the TIME 
and ferroptosis of colon cancer cells is not well understood, we estimated the infiltration levels of immune cells in the tumor 
microenvironment of each sample. Notably, we observed an association between ferroptosis activity and the TIME in COAD samples, 
with high-FS subgroup (i.e., samples with FSs above the 75th percentile) displaying an increase in Neu and Th17 cell infiltration 
compared to low-FS subgroup (i.e., samples with FSs below the 25th percentile). The role of Neu in cancer is complex, with studies 
suggesting both tumor-suppressive and tumor promoting functions [43–45]. Our analysis showed that the inferred level of Neu 
infiltration is positively associated to COAD survival, aligning with previous studies suggesting that high infiltration of Neu is a 
favorable prognostic factor in colorectal cancer and gastric cancer [46–48]. Moreover, evidence suggests that Neu can secrete 
myeloperoxidase-containing granules, which have the potential to induce ferroptosis and kill tumor cells [49]. Similarly, studies have 
implicated Th17 cells in the TIME, highlighting their role in antitumor immunity [50–52]. Taken together, these findings indicate a 
potential scenario in which increased Neu and Th17 cell infiltration in the TIME could induce tumor cell ferroptosis, thereby sup-
pressing COAD progression. Nonetheless, growing evidence supports the high heterogeneity among Neu within the TIME, where they 
exhibit both pro-tumor and anti-tumor roles [53,54], underscoring the need for further investigation into the relationship between Neu 
subtypes and tumor ferroptosis. 

In addition, we observed that the high-FS COAD subgroup exhibited a tendency towards increased sensitivity to several anti-cancer 
drugs, such as vinblastine and dinaciclib. Similar reports indicating the association between elevated ferroptosis activity and increased 
drug sensitivity have also been documented in some other cancer types, such as breast cancer and gastric cancer [55,56]. Although 
direct studies linking ferroptosis with these drugs are relative limited at present, the principle that ferroptosis inducers can enhance the 
efficacy of chemotherapy drugs is gradually established. For example, a study showed that supplementing with RSL3, a ferroptosis 
activator, can potentiate the effects of chemotherapeutic agent 5-fluorouracil against colorectal cancer cells [57]. These findings 
reinforce the potential of inducing ferroptosis to overcome chemotherapy resistance in cancer and emphasize the clinical significance 
of using ferroptosis inducers in conjunction with chemotherapy drugs to enhance the effectiveness of COAD treatment and improve 
patient outcomes. 

To explore the biological processes associated with tumor cell ferroptosis and TIME in COAD samples, we performed differential 
gene expression analysis and functional enrichment analysis. Our results revealed that the up-regulated genes in high-FS subgroup 
were enriched in the immune-related biological processes (e.g., inflammatory response, positive regulation of cytokine production, 
regulation of immune effector process). Notably, several of these processes have been implicated in ferroptosis and cancer develop-
ment. For example, chemokines, closely related to inflammation, can affect both ferroptosis and tumor progression [58]. These 
findings suggest an interaction between ferroptosis and the TIME interact in the pathological development of COAD. Furthermore, we 
identified a lncRNA-mRNA co-expression network (i.e., orange module) that was upregulated in high-FS subgroup and displayed close 
associations with both the FS and the Neu and Th17 cell infiltration in COAD samples. Many genes in this module are associated with 
tumor pathogenesis, including the ferroptosis-driving gene FLT3, implicated in growth-suppressive functions in various human cancer 
cells [59]. Additionally, the decreased expression level of RP11-399O19.9 in tumor tissues corresponding to normal tissues in the 
TCGA dataset was validated by RT-qPCR result in another COAD cohort from Cheng’s study [60]. In summary, these findings support 
the potential roles of the lncRNA-mRNA co-expression network in COAD suppression by linking ferroptosis process and immune 
infiltration in the tumor microenvironment. 

5. Conclusion 

In summary, we estimated the ferroptosis activity and immune cell infiltration of COAD samples based on the transcriptome data, 

Fig. 6. Potential association between orange module and COAD suppression. (A–B) Biological process enrichment analysis for the genes in the 
orange module. (C) Expression differences of several ferr-lncRNAs in high- and low-FS subgroups from TCGA and GSE39582 datasets. (D) Survival 
curves for the COAD samples with high- and low-risk scores, and ROC (receiver operating characteristic) curves and corresponding AUC (area under 
the curve) values for the 1-, 3- and 5-year overall survival in the COAD samples. 
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and provided new evidence supporting that an increase in Neu and Th17 infiltration could improve COAD survival through provoking 
the ferroptosis activity of colon cancer cells. In addition, we identified a key lncRNA-mRNA network that were correlated with the 
interplay of tumor cell ferroptosis and Neu and Th17 cell infiltration implicated in COAD progression. Further clinical and experi-
mental assays would aid in elucidating the roles of identified lncRNAs in linking ferroptosis and immune response, and thereby 
contributing to our understanding of COAD development and therapy. 
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