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Background and Objective: One of the most recent forms of programmed cell death, ferroptosis, is crucial in tumorigenesis. Ferroptosis is characterized by iron-dependent oxidative destruction of cellular membranes following the antioxidant system’s failure. However, it is unknown whether ferroptosis-related genes (FRGs) are associated with colon adenocarcinoma (COAD) metastasis, immune cell infiltration, and oxidative stress in COAD. The current study concentrated on FRGs expression in colon cancer metastasis, their relationship to immune cell infiltration (ICI), and potential pathological pathways in COAD.
Methods and Results: Clinical information and mRNA expression patterns for patients with COAD metastasis were obtained from the public TCGA database. Patients with low mRNA levels showed good overall survival than patients with high mRNA levels. The genomic-clinicopathologic nomogram was subsequently created by combining risk score and clinicopathological features. Absolute Shrinkage and Selection Operator have shown a 4 gene signature that can stratify cancer patients into high-risk versus low-risk. These four FRGs were found to be significantly linked to the overall survival of COAD patients and predicted high risk score. Next, age, stage, and PTNM were combined in univariate and multivariate cox regression models to perform a filtering procedure. The receiver operating characteristic (ROC) and calibration curves indicated that constructed signature model exhibited high prediction accuracy and clinical relevance in COAD. ARID3A showed a strong negative correlation with a wide range of immune tumour-infiltrating cells in COAD microenvironment. According to the single sample gene set enrichment analysis (ssGSEA) results, FRGs are involved in variety of pathological pathways including PI3K-AKT-mTOR pathway, reactive oxygen species (ROS) pathway, response to hypoxia pathway, and other inflammation related pathways. Moreover, dysregulation of FRGs in COAD patients showed a significance correlation with wide range of miRNAs and transcription factors (TFs).
Conclusion: We identified new diagnostic biomarkers and established prognostic models for ferroptosis related programmed cell death in COAD metastasis. FRGs may improve tumor cell survival by activating the TGFB pathway, which can stimulate ROS production, accelerates ECM breakdown, and promote tumor progression and invasion. Genes implicated in ferroptosis, as revealed by the Kaplan Meier and a genomic-clinicopathologic nomogram, are potential therapeutic targets and prognosis indications for metastasis COAD patients.
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1 INTRODUCTION
1.1 Colon cancer
Colon cancer is the third most frequently diagnosed cancer in males and females worldwide, with 80, 690 (8%), 70,340 (8%) new cases and 28,400 (9%), 24,180 (8%) deaths in male and female, respectively (Siegel et al., 2022). The high incidence rate or mortality is because of the lack of early detection and the fact that it is often diagnosed in its later stages (Zhou et al., 2019). The 5-year overall survival (OS) rate for COAD patients is still low, despite the availability of various targeted medicines and immunotherapies in recent years. Therefore, studying the molecular mechanism of the occurrence and development of colorectal cancer is an important subject of clinical research. Preventive measures, such as screening and finding new therapeutic targets, are also critical to improve patients’ survival and prognosis of colon cancer.
1.2 Iron death
Various human diseases can be prevented by targeting regulated cell death, which includes necroptosis, pyroptosis, ferroptosis, entotic cell death, lysosome-dependent cell death, and autophagy-dependent cell death. Ferroptosis is iron-dependent programmed cell death, first postulated by Dixon in 2012; it differs from apoptosis, pyrolysis, and autophagy at levels of cell morphology, biochemical features, and regulation and occurs through Fe(II)-dependent lipid peroxidation to insufficient cellular reducing capacity (Dixon et al., 2012; Jiang et al., 2020). Several studies have connected ferroptosis to cancer development and progression (Xia et al., 2019; Jiang et al., 2020). Since tumor cells can maintain or acquire ferroptosis sensitivity while surviving cell death, ferroptosis therapy for cancer is gaining attention. Wei et al. found that small molecule drugs that activated p53 had potent inhibitory action against HCT116 cells by inducing ferroptosis (Wei et al., 2018). Combinatorial therapy with ferroptosis medicine and tumor necrosis factor-related apoptosis-inducing ligands led to synergistic apoptosis and growth regression of CRC (Lee et al., 2019). Thereby, ferroptosis-related genes (FRGs) are very significant in cancer patients (Jiang et al., 2015; Ou et al., 2016; Bersuker et al., 2019; Doll et al., 2019; Li et al., 2020) and could be promising therapeutic targets and prognostic indicators in colon adenocarcinoma (COAD).
1.3 Working hypothesis
Our working hypothesis was that FRGs promotes colon cancer metastasis and play a role in oxidative stress.
1.4 Study design
Based on above mentioned hypothesis we developed prognostic model, validated, and explored the mechanism by which FRGs promotes COAD progression and invasion. Our results showed that there are solid predictive genes and offered a novel, personalized approach to treating COAD.
2 MATERIALS AND METHODS
2.1 Data acquisition and identification of differentially expressed genes (DEGs)
Ferroptosis-related genes were derived from Ze-Xian Liu et al. RNA-sequencing expression (level 3) profiles and corresponding clinical information for COAD were downloaded from the TCGA dataset (https://portal.gdc.com). R package, version 4.0.3 was used to implement the analysis. Genes with a p-value of less than 0.05 and log FC > 1 were chosen for further investigation. Only patients who had M1 metastases and higher were considered for participation in the trial according to the inclusion criteria for patient selection.
2.2 Nomogram construction
The Cox regression analysis was conducted to determine if risk scores and relevant clinical indicators could be identified as prospective predictors of OS for COAD patients. Based on the Cox regression analysis results, a prognostic nomogram was built using the stepwise Cox regression model to predict the 1, 3, and 5-year OS of COAD patients included in the TCGA dataset. This was done to determine the probability of survival. The area under the curve was used to evaluate the nomogram’s ability to discriminate between categories (AUC). Using the calibration curve, a graph comparing the expected OS of the nomogram to the observed survival rates was constructed.
2.3 Correlation between genes and pathways in COAD
The genes found in the associated pathways were gathered and examined using the R software’s GSVA package, with the parameter method set to the ssGSEA algorithm’ as the final step. Finally, Spearman correlation was used to examine the correlation between the genes and the pathway score. The analysis methods and R packages were implemented by R version 4.0.3. p-value < 0.05 was considered statistically significant.
2.4 Regulatory network of FRGs
We predicted the potential ironoptosis-associated non-coding RNAs by performing co-expression analysis with identified iron-related genes in COAD. We predicted miRNAs that target FGRs using the GSCA-hosted TCGA database (GSCA - Gene Set Cancer Analysis (hust.edu.cn). We then utilized the knockTF database to identify FRGs-specific transcription factors (TFs) that significantly influence FGRs based on expression and ChIP-seq/motif evidence (KnockTF-Search (licpathway.net)).
3 RESULTS
3.1 Identification of DEGs related to ferroptosis in the TCGA cohort
In total, 426 sample, 52 metastases, 333 non-metastases COAD patients and 41 normal samples from TCGA cohorts were considered for inclusion in the study (Supplementary Table S1). We investigated RNA-seq data from the TCGA dataset to determine the expression differences of ferroptosis-related genes between tumor tissues and neighboring normal tissues. Among the 25 ferroptosis-related genes that were investigated, tumor tissues and adjacent normal tissues displayed significant differences in 21 genes. CDKN1A, HSPA5, EMC2, SLC7A11, MT1G, GPX4, FANCD2, CISD1, FDFT1, SLC1A5, SAT1, TFRC, RPL8, NCOA4, LPCAT3, GLS2, CARS1, ATP5MC3, ALOX15, ACSL4, and ATL1 (Figure 1A). To be more specific the differential expressed gene in metastases and non-metastases tissues were identified. Among the above-mentioned genes, the following genes were identified FDFT1, SLC1A5, RPL8, CARS1, and ALOX15 in addition to HSPB1.
[image: Figure 1]FIGURE 1 | The expression distribution of ferroptosis-related mRNA in tumor tissues and normal tissues. (A) histogram shows the dysregulation of iron death in metastasis G1, non-metastases G2, and Normal samples, respectively. (B)histogram shows the number of significantly differentially expressed genes in metastasis G1, non-metastases G2, respectively. *p < 0.05, **p < 0.01, ***p < 0.001.
3.2 Prognostic genes identified in the TCGA COAD cohort
To reduce dimensionality and construct prognostic models based on Cox and lasso regression methods, iron death-related gene difference analysis results were utilized to evaluate the prognosis of these genes on CAOD tumor patients. Based on the median cut-off value, high- and low-risk patients were separated into two groups. The following formula was used to determine the risk score of the outcome = [image: image]. The prognostic model constructed using multi-factor cox regression analysis is represented in Figure 2A. AIC = 793.6083 Riskscore= (-0.3887)*FDFT1+(-0.2156)*SLC1A5+(-0.0725)*RPL8+(0.6781)*CARS1+(-0.0524)*ALOX15+(0.253)*HSPB1. LASSO regression identified (FDFT1, HSPB1, SLC1A5, and CARS1 a signature model gene. lambda. min = 0.0151, (Riskscore= (-0.2482) *FDFT1+(-0.03) *SLC1A5+(0.4137) *CARS1+(0.1543) *HSPB1 (Figure 2B).
[image: Figure 2]FIGURE 2 | Constructing the TCGA cohort’s genes. (A) The multi-factor cox regression analysis showed six prognosis related genes in colon cancer (B) The forest analysis showed four prognosis related genes in colon cancer using 10x cross-validation (p < 0.05) The top scatters represent TCGA cohort’s risk score distribution from low to high. Kaplan-Meier survival analysis of the risk model from dataset, comparison among different groups was made by log-rank test. HR (High exp) represents the hazard ratio of the low-expression sample relatives to the high-expression sample. HR > 1 indicates the genes are a risk factor, and HR < 1 indicates the genes are a protective factor. HR (95%Cl). Heatmap is the gene expression from the signature. Prognostic performance was evaluated using the AUC of the time-dependent ROC curve analysis for OS in the TCGA cohort.
3.3 Independent prognostic value of the FRGs gene in COAD
The TCGA dataset was used to do univariate and multivariate Cox regression analysis on the identified 4 genes signature to determine whether the ability of the prognostic significant in predicting OS was independent. The effect of the 4 genes and clinical factors on prognosis was investigated with the help of the Cox regression analysis. These factors included age, pT, pM, pN, and Pathological tumor-node-metastasis (pTNM) staging. The variable was significant in the univariate Cox regression analysis and was thought to be related to prognosis (Figure 3A). Multivariate Cox regression analysis found these variables to be non-significant, except for age and pT stage and of the four discovered genes, CARS1 and HSPB1 had a hazard ratio greater than 1 (Figure 3B). Based on the independent prognostic factors for the OS of multi-factor Cox regression analysis, we developed a nomogram for predicting 1, 2, 3, and 5-year survival rates (Figures 3C, D). In the TCGA dataset, the calibration curve for the probability of 1, 2, 3, and 5-year OS exhibited the best agreement between observation and prediction. After bias adjustment, the C-index was found to be 0.703, p < 0.001 indicating a strong level of clinical diagnosis performance for the model signature genes. As a result, the identified ferroptosis-related gene impacts the prognosis of COAD and may serve as a possible diagnostic factor for COAD patients.
[image: Figure 3]FIGURE 3 | four-genes prognostic value and predictive nomogram. (A,B) Multivariate and univariate Cox regression analysis of the four genes is both available, (C) Nomogram development based on independent prognostic value for the 4-genes, (D) Predicting 1–5-year survival using a nomogram. pT,pN, pM are pathological stages where T is the stage (generally related to the size and depth of the tumor), N is lymph node metastasis, and M is distant metastasis. pTNM stands for Pathological tumor-node-metastasis (pTNM) staging.
3.4 Characterization of ferroptosis-associated molecules in COAD microenvironment
The enrichment fraction of each sample on each pathway was calculated in turn using the ssGSEA algorithm to obtain the connection between the sample and the pathway, and we then obtained the relationship between the gene and the pathway by calculating the correlation between gene expression and pathway score using spearman analysis. The tumor cell proliferation signature score was found to be positively correlated with CARS1 and FDFT1, indicating that the signature model has a high proliferation rate. Furthermore, we found a statistically significant activation of the cellular response to hypoxia signature and the G2M checkpoint in SLC1A5, CARS1, and FDFT1 (Table1).
TABLE 1 | Pathways correlated to FGRs genes in COAD.
[image: Table 1]3.5 FRGs correlate with immune cell infiltration in COAD
An increasing number of studies have suggested an interaction between immune response and pathophysiological processes. GSCA was performed to evaluate the correlation between FRGs and the available immune cells in COAD. FRFs correlated negatively with the infiltration of immune cells, including B cells, CD4-T, CD8-T, central memory, NKT, Tfh, Th17, Th2, and other immune cells presented in Table 2. These results indicated that dysregulation of FRGs expression is associated with worse immune cell infiltration in the COAD microenvironment.
TABLE 2 | FRGs and immune cell infiltration.
[image: Table 2]3.5 Prediction of FRGs’ regulation network
MiRNAs have been linked to the regulation of tumor-associated genes in a variety of cancer types, although their role in the deregulation of FGRs remains uncertain. We initially identified the FGRs miRNAs network in COAD using the GSCALite tool. Figure 4 depicts evidence that miRNAs target FGRs identified by the GSCALite program. Using ChIP-seq datasets, we also discovered transcription factors that may posttranscriptionally modulate FGRs expression (Table 3). Hsa miR- 37–3p has experimentally verified to target ironoptosis-related SLC1A5 in melanoma (doi: 10.1038/s41418-017-0053-8). These consistent results suggest that anticipated miRNAs may have a role in COAD as well.
[image: Figure 4]FIGURE 4 | MiRNAs target FGRs in colon cancer. FGRs can be controlled by miRNAs in COAD.
TABLE 3 | Regulation of FGRs expression by transcription factors identified using Chip-Seq data.
[image: Table 3]4 DISCUSSION
Colon cancer is the most prevalent primary malignant tumor that is characterized by rapid growth and treatment resistance, resulting in significant mortality and morbidity. Iron death is a pattern of cell death caused by the accumulation of active oxygen species (ROS) of iron and lipids within cells and plays a vital role in tumorigenesis and development. (Dixon, 2017; Jiang et al., 2021). A number of studies have shown that ferroptosis can be used to treat cells that have developed resistance to drugs, which emphasized the importance of ferroptosis in the treatment of CRC patients (Friedmann Angeli et al., 2019; Wang et al., 2021). However, the underlying mechanisms and biomarkers of iron death in cancer remain to be studied. In the current study, we used bioinformatics and statistical methods to screen TCGA for information relevant to ferroptosis in COAD metastasis. We also created a risk for ferroptosis, which we believe could serve as a possible diagnostic biomarker. Using the TCGA data collection, we initially evaluated DEGs ferroptosis genes in primary and next in metastasis COAD patients. According to the findings of the Kaplan Meier survival analysis four genes having a significant correlation with OS. The prognostic accuracy of these ferroptosis-related genes in COAD patients was examined using univariate and multivariate Cox regression. Patients with COAD who were classified as high risk had a lower overall survival time than those who were classified as low risk. Studies have shown that fatal lipid peroxidation [20] is a cause of ferroptotic cell death (Gao et al., 2015). The accumulation of intracellular iron resulting from the depletion of ferritin or iron transporters and the subsequent peroxidation causes the formation of lipid peroxides and iron hypertrophy (Stockwell and Jiang, 2019). Four ferroptosis-related genes (FDFT1, HSPB1, SLC1A5, and CARS1 were identified in this investigation. Two genes involved in ferroptosis and lipid metabolism, FDFT1 and HSPB1, have been related to a poor prognosis in colorectal cancer, which is congruent with our own findings in COAD metastases (Liu et al., 2021; Yang et al., 2021). In addition to being increased in CRC, HSPB1 was also revealed to be related to worse survival in the present study (Wang et al., 2012; Konda et al., 2017). However, neither CARS1 nor SLC1A5 have previously been documented in CRC, therefore our results suggest that this area requires additional investigation. One of the most important regulators of cell survival is the PI3K/Akt/mTOR pathway. ROS can activate this pathway either by oxidizing kinases directly or by oxidizing the negative phosphatase regulators of this system, including phosphatase and tensin homolog (PTEN), protein-tyrosine phosphatase 1B (PTP1B), and protein phosphatase 2 (PP2) (PP2A). The effects of above mentioned FRGs on ROS can cause an increase in activity of the PI3K/Akt/mTOR signaling cascade. Furthermore, Curcumin’s anti-cancer effects in colon cancer cells are modulated by HSPB1’s ability to induce reactive oxygen species (ROS) generation and autophagy (Liang et al., 2018). The above results appeared to support the existing results that FRGs contributed to colon cancer progression and invasion via oxidative phosphorylation. FGRs may act as ROS-inducing agents and can activate TGFB, which is known to promote tumorigenesis, angiogenesis, and metastasis. Additionally, TGFB regulates the genes responsible for inflammation, cell proliferation, differentiation, and survival. Hypoxia is known to stimulate the production of mitochondrial reactive oxygen species (mROS), which in turn increases and stabilizes hypoxia-inducible factor-1 (HIF1a), which contributes to the survival and progression of tumors by upregulating the genes that regulate tumor angiogenesis and metastasis. On the other hand, several distinct DNA repair systems collaborate to decrease the risk that this damage may lead to dangerous mutations. There is a link between FRGs and genes involved in DNA repair pathways, allowing cells to be more resistant to DNA damage. FGRs showed positive correlation with a checkpoint control pathway and enhanced the activity of genes involved in DNA replication pathway that would normally prohibit cells from initiating DNA replication when breaks are present. Previous research reported that increasing SLC7A11 and GPX4 expression in HCT116 inhibited iron-induced lipid peroxidation and protected cells from ferroptosis (Yuan et al., 2021).
The infiltration of different types of immune cells is a principal determining factor for the immune response at primary and secondary tumor sites in the tumor microenvironment. We further analyzed the influence of CARS1 level on immune cell infiltration. The levels of FRGs significantly affects the infiltration level of B cells, CD4-T, CD8-T, central memory, NKT, Tfh, Th17, Th2, and Tr1cells. These results indicated that FRGs had a key regulatory effect on the immune cells in COAD patients. This is a preliminary exploration, but we intend to follow it up with experimental confirmation and biogenesis research.
Study limitation: All the findings in this manuscript were of speculation based on the transcriptional analyses using bioinformatics analysis. In vitro and in vivo investigations should be conducted to confirm the functional involvement in COAD. In conclusion, based on bioinformatics and statistical analysis, this study revealed associations between ferroptosis-related genes (FRGs) and colon adenocarcinoma (COAD). Prognostic models for ferroptosis-related programmed cell death in COAD metastasis were developed by identifying 4 signature genes, constructing a nomogram based on univariate and multivariate Cox regression model, and analyzing related pathways, immune cell infiltration, and regulatory networks.
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