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Abstract
BACKGROUND
Colon adenocarcinoma (COAD) is one of the most common and fatal malignant tumors, which increases the difficulty of prognostic predictions. Thus, new biomarkers for the diagnosis and prognosis of COAD should be explored. Ferroptosis is a recently identified programmed cell death process that has the characteristics of iron-dependent lipid peroxide accumulation. However, the predictive value of ferroptosis-related genes (FRGs) for COAD still needs to be further clarified. 

AIM
To identify some critical FRGs and construct a COAD patient prognostic signature for clinical utilization. 

METHODS
The Cancer Genome Atlas database (TCGA) and Gene Expression Omnibus databases were the data sources for mRNA expression and corresponding COAD patient clinical information. Differentially expressed FRGs were recognized using R and Perl software. We constructed a multi-FRG signature of the TCGA-COAD cohort by performing a univariate Cox regression and least absolute shrinkage and selection operator Cox regression analysis. COAD patients from the Gene Expression Omnibus cohort were utilized for verification. 

RESULTS
Our research showed that most of the FRGs (85%) were differentially expressed between the corresponding adjacent normal tissues and cancer tissues in the TCGA-COAD cohort. Seven FRGs were related to overall survival (OS) in the univariate Cox analysis (all P < 0.05). A model with five FRGs (AKR1C1, AKR1C3, ALOX12, CRYAB, and FDFT1) was constructed to divide patients into high- and low-risk groups. The OS of patients in the high-risk group was significantly lower than that of the low-risk group (all P < 0.01 in the TCGA and Gene Expression Omnibus cohorts). The risk score was an independent prognosticator of OS in the multivariate Cox analysis (hazard ratio > 1, P < 0.01). The predictive capacity of the model was verified by a receiver operating characteristic curve analysis. In addition, a nomogram based on the expression of five hub FRGs and risk score can precisely predict the OS of individual COAD cancer patients. Immune correlation analysis and functional enrichment analysis results revealed that immunology-related pathways were abundant, and the immune states of the high-risk group and the low-risk group were different.

CONCLUSION
In conclusion, a novel five FRG model can be utilized for predicting prognosis in COAD. Targeting ferroptosis may be a treatment option for COAD.
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Core Tip: Colon adenocarcinoma is one of the most ordinary and fatal malignant tumors. Ferroptosis is a recently appeared type of programmed cell death process, which has the characteristics of iron-dependent lipid peroxide accumulation. In this work, we excavated five ferroptosis-related genes of colon adenocarcinoma from The Cancer Genome Atlas database. Then, we constructed a very accurate prognostic model based on the five genes (AKR1C1, AKR1C3, ALOX12, CRYAB, FDFT1). Our study also highlights the crucial roles of the risk score was an independent prognostic biomarker for colorectal cancer patients, and we validated these genes in the outside data access (GSE39582).


INTRODUCTION
According to Global Cancer Statistics 2020[1], colon cancer is one of the most fatal cancers, with approximately 1148515 new cases and 576858 deaths from 36 cancers in 185 countries. The incidence and mortality are both ranked fifth worldwide in 2020. It is the fifth most commonly diagnosed cancer in men and the fourth most frequently diagnosed cancer in women. The incidence rates of colon cancer vary by approximately 9-fold in different regions of the world, with the highest rates in Europe, Australia/New Zealand and North America, with Hungary and Norway ranking first for men and women, respectively. The development of colon cancer is a complex biological process caused by a variety of factors, including obesity, lifestyle, eating habits, and environmental influences[2]. A systematic review and meta-analysis of 43 randomized controlled trials or cohorts indicated that dietary fiber led to a reduced risk of colorectal cancer (CRC), while red and preserved meats led to an increased risk and was rated “convincing,” which is the strongest grade assigned[3-5]. Despite significant advances in diagnosis and treatment, the average 5-year overall survival (OS) rate for CRC is 48%, and the 5-year OS rate for patients with metastatic colon cancer is only 10%[6,7]. The complex biological factors and high heterogeneity associated with colon cancer increase the difficulty of predicting prognosis. In addition, given the limited treatment strategies for colon cancer, it is imperative to develop new prognostic models. The application of second-generation DNA sequencing technology by whole-transcriptome, whole-genome, and whole-exome methods can lead to remarkable advances in cancer genomics[8], and the Cancer Genome Atlas (TCGA) has led to unprecedented opportunities for the study of clinically significant cancer biology[9].
In 2012, Dixon first proposed that ferroptosis was a new form of cell death[10]. Unlike apoptosis, autophagy, and necrosis in terms of biochemistry, morphology, and genetics, ferroptosis is a unique reactive oxygen species-reliant and iron-dependent form of nonapoptotic cell death in which cytological changes are the main features[11]. The iron-dependent accumulation of lipid hydroperoxides to lethal levels is characterized by ferroptosis-regulated cell death[12-15]. Previous studies have shown that ferroptosis was originally defined in RAS‐mutated cancer cells. Sensitivity to the induction of ferroptosis is mainly found in numerous diverse types of cancer cells with RAS mutations[16,17]. Lanperisone facilitates the production of reactive oxygen species to kill embryonic fibroblasts of K-Ras-mutant mice by ferroptosis methods, and in a mouse model, it induced ferroptotic death in lung cancer cells by inhibiting Cys2 uptake[18]. The induction of ferroptosis has become an encouraging treatment option for inducing cancer cell death, particularly for malignancies resistant to conventional therapies[19-21]. 
In addition to ferroptosis inducers, many genes have also been identified as markers or modulators of ferroptosis, such as iron metabolism-related genes, including transferrin receptor 1, transferrin, ferritin heavy chain 1, and ferritin light chain[19]. Previous studies have shown that ferroptosis plays an essential role in several cancers and several genes, such as Nrf2, which promotes cancer progression by negatively regulating ferroptosis. of tumor suppressor P53 (TP53), as a transcriptional repressor of SLC7A11, participates in ferroptosis, impairs cysteine input, and promotes the initiation of ferroptosis[22-24]. MUC1-C can upregulate the expression of glutathione by forming a complex with CD44v, which can lead to ferroptosis in breast cancer cells[25]. The coinhibition of NFS1 and Cys transport can cause hypertrophy in vitro and inhibit lung cancer cell growth[26]. However, whether these ferroptosis-related genes (FRGs) are related to colon adenocarcinoma (COAD) patient prognosis is still largely unknown.
In the current research, we obtained mRNA expression data and corresponding clinical information on COAD patients from two public databases. In addition, we constructed a prognostic model based on five differentially expressed FRGs from the TCGA-COAD cohort and validated it in the Gene Expression Omnibus (GEO)-GSE39582 cohort. Furthermore, we performed an immune correlation analysis and functional enrichment analysis to identify the potential mechanisms.

MATERIALS AND METHODS
Data collection
TCGA-COAD cohort and GSE39582 cohort
We obtained level 3 RNA‐sequencing (RNA-seq) information and corresponding clinical data of COAD from the TCGA database (Data Release 27.0, October 29, 2020, https://tcga-data.nci.nih.gov/tcga/). Detailed data selection criteria for mRNA sequencing include the following: (1) The keywords for cases were [Primary Site] “colon,” [Program] “TCGA,” [Project] “TCGA-COAD,” and [Disease Type] “Adenomas and Adenocarcinomas;” (2) The keywords for files are [Data Category] “Transcriptome Profiling,” [Data Category] “Gene Expression Quantification,” [Experimental Strategy] “RNA-Seq,’” and [Workflow Type] “HTSeq – FPKM;” and (3) The filter criteria of clinical data are [Data Category] “Clinical” and [Data Format] “BCR XML”. We obtained 437 mRNA expression profiles for COAD. Among them, 39 (8.9%) samples were normal and 398 samples (91.1%) were cancerous. The data from the GSE39582 cohort were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) and used for verification, and they consisted of 585 samples (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39582) that contained 19 colon mucosa samples and 566 stage I-IV colon adenocarcinoma samples. We normalized the raw data of the gene chip by the RMA algorithm provided by the R package “limma”[27]. The patients’ clinicopathological features are listed in Table 1. The mRNA expression and clinical data are both available from public databases (TCGA and GEO). Therefore, the current research was exempt from approval by the local ethics committee. The present study follows the data access strategy and publication guidelines of the TCGA and GEO databases. Then, 60 FRGs were obtained from the previous literature[12,20,28] and were shown in Supplementary Table 1.

Construction and validation of the prognostic model of FRGs
The Wilcox test in the R package “limma” was utilized to explore the differentially expressed FRGs (DEFRGs) between corresponding adjacent non-neoplastic tissues and cancer tissues in the TCGA-COAD cohort (false discovery rate < 0.05). FRGs with prognostic values for OS were screened out by a univariate Cox analysis (P < 0.05). The interacting genes between FRGs with prognostic values and DEFRGs were visualized through the R package “Venn”[29]. The R packages “igraph” and “reshape2” were used to perform the correlation analysis of interacting genes.
To minimize the risk of overfitting, a least absolute shrinkage and selection operator Cox regression analysis[30] was used to construct the optimal model of FRGs using the R-package “glmnet.” The response variables were the status and OS of TCGA-COAD patients, and the independent variable in the regression analysis was the standardized expression data of candidate prognostic DEFRGs. The risk score for each patient was computed based on the normalized expression level of each FRG and their corresponding regression coefficients. The formula was defined as follows: Risk score= Ʃ nj=1Coefficient (n) × gene expression (n), where Coefficient (n) denotes the coefficient and indicates the relative expression levels of each ferroptosis-associated gene in the prognostic risk score model. The median risk score was chosen as the cut-off value for TCGA-COAD cohort dichotomy, and the COAD patients were categorized into high- and low-risk groups. Survival information was obtained from the clinical data of the aforementioned samples. We used the R packages “survminer” and “survival” to draw the survival curve according to the high- and low-risk values. Based on the expression of ferroptosis-associated genes in the model, a principal component analysis was carried out with the R package “ggplot2” and t-distributed stochastic neighbor embedding was used to identify the distribution of diverse groups using the R package “Rtsne.” Receiver operating characteristic (ROC) curves were utilized to examine the sensitivity and specificity of survival prediction by the ferroptosis-associated risk score and were drawn using the R package “survival ROC.” The area under the curve (AUC) value is an accurate prognostic indicator. The risk curve, heatmap, and survival state map were drawn according to the diverse risk scores of the patients. The independent prognostic FRGs were identified by univariate and multivariate Cox hazard regression analyses. A total of 566 COAD patient samples with prognostic information from the GSE39582 dataset were used as verification cohorts to validate the predictive ability of the ferroptosis-associated gene prognostic model based on TCGA-COAD data.

Exploitation of a nomogram based on the five essential FRGs
A nomogram was drawn according to the expression of five FRGs by using the R packages “Hmisc,” “Formula,” “lattice,” “foreign,” “rms,” and “ggplot2.” In addition, a calibration curve was utilized to evaluate the consistency between actual and predicted survival rates. Furthermore, the consistency index was computed to evaluate the prognostic capability of the model. Values of 0.5 and 1.0 represent a random probability and an excellent performance for predicting survival with the model, respectively.

Differential gene expression analysis of five hub ferroptosis-associated genes
 We applied the “FUNCTIONS-Expression analysis- Expression DIY-Box Plot” component of the webserver: Gene expression proﬁling interactive analysis[31] (GEPIA2, http://gepia2.cancer-pku.cn/#analysis) to acquire box plots of different expression between corresponding normal tissues from the Genotype-tissue expression database and tumor tissues using the following parameters: log2FC (Fold change) cutoﬀ = 2, P value cutoﬀ = 0.05, and “Match TCGA normal and Genotype-tissue expression data.” In addition, we acquired a violin illustration of the expression levels of five FRGs in COAD and the corresponding normal tissues of Genotype-tissue expression and TCGA. We drew box and violin plots by using log2 [TPM (transcripts per million) +1] converted expression data.
We used the Human Protein Atlas (http://www.proteinatlas.org/) database to explore the expression level of the core FRGs in the normal and tumor samples. For most of the protein-coding genes, we performed an immunohistochemistry analysis according to the tissue microarray analysis of each protein and the corresponding cancer type of patients. Immunohistochemistry staining was conducted based on prior published literature. The staining index scores were distributed as follows: staining intensity (negative: 0; weak: 1; moderate: 2; and strong: 3) and positive staining (0: < 5%; 1: 5-25%; 2: 26-50%; 3: 51-75%; 4: > 75%). The staining index score was computed by multiplying the staining intensity score by the positive staining score, which ranged from 0 to 12[32].

Functional enrichment analysis of FRGs
Based on the DEFRGs between the high- and low-risk groups, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses using the R packages “clusterProfiler,” “enrichplot,” “org.Hs.eg.db,” and “ggplot2.” Then, we calculated the activity of 13 immune-related pathways and the infiltration score of 16 immune cells via a single-sample gene set enrichment analysis using the R packages “GSVA” and “GSEABase.”

Statistical analysis
We compared the differential expression of FRGs between corresponding adjacent nonneoplastic tissues and COAD tissues by the Wilcoxon test. The OS between diverse groups was contradistinguished based on a Kaplan-Meier analysis with the log-rank test. We explored the independent predictors of OS by using univariate and multivariate Cox regression analyses. The Mann-Whitney test with adjusted P values through the Benjamini and Hochberg method was used to contradistinguish the single-sample gene set enrichment analysis scores of immune cells or pathways between the high- and low-risk groups. All statistical analyses were performed with R software (Version-4.0.3). P < 0.05 indicated statistical significance and all P-values were two-tailed.

RESULTS
We enrolled 385 COAD patients from the TCGA-COAD cohort and 566 COAD patients from the GEO (GSE39582) dataset. The detailed clinical features of these patients are shown in Table 1. The flow chart of this current study is shown in Figure 1.

Identification of prognostic DEFRGs in the TCGA-COAD cohort
Most of the FRGs (51/60, 85%) were differentially expressed between corresponding adjacent non-neoplastic tissues and COAD tissues, with 31 upregulated FRGs and 20 downregulated FRGs in the COAD tissues (Figure 2A). A total of seven DEFRGs were related to OS in the univariate Cox regression analysis. AKR1C3, ATP5MC3 and farnesyl-diphosphate farnesyltransferase 1 (FDFT1) were low-risk DEFRGs [hazard ratio (HR) < 1, P < 0.05]; and AKR1C1, ALOX12, CARS1, and crystallin alpha B (CRYAB) were high-risk DEFRGs (HR > 1, P < 0.05) (Figure 2B and C). The interaction network among these genes demonstrated that AKR1C1, AKR1C3, ATP5MC3, CARS1, CRYAB, and FDFT1 are the core genes (Figure 2D). ALOX12 positively correlated with AKR1C1 while negatively correlated with FDFT1 and ATP5MC3. AKR1C1 has a positive correlation with ALOX12, AKR1C3, and CRYAB while negatively correlated with FDFT1. AKR1C3 positively correlated with AKR1C1 and ATP5MC3. FDFT1 has a positive correlation with ATP5MC3 while negatively correlated with ALOX12, AKR1C1, and CRYAB. ATP5MC3 positively correlated with AKR1C3 and FDFT1 while negatively correlated with ALOX12 and CRYAB. The correlation between these genes is shown in Figure 2E.

Construction of a prognostic signature for TCGA-COAD cohort
Five FRGs were screened out by the least absolute shrinkage and selection operator Cox regression analysis, and the coefficients were calculated. The model produced the best data when five FRGs were included (Figure 3A and B). The coefficient of each FRG is shown in Figure 3C. The prognosis signature was constructed based on five FRGs (AKR1C1, AKR1C3, ALOX12, CRYAB, and FDFT1). We investigated the genetic alterations of these five FRGs in COAD using the Gene Set Cancer Analysis Lite (http://bioinfo.life.hust.edu.cn/web/GSCALite/). The interesting genes in COAD were altered in 15 of 15 queried samples (100%) (Figure 3D). The frequent genetic alterations demonstrated the essential roles of these FRGs in the development of COAD. In addition, AKR1C1 mainly participated in the regulation of epithelial-mesenchymal transition (EMT) and hormone androgen receptor activity. AKR1C3 is mainly involved in the regulation of RAS/MAPK activity, and CRYAB is mainly associated with the regulation of EMT and hormone estrogen receptor activity. FDFT1 mainly participated in the regulation of hormone androgen receptor activity (Figure 3E). To further explore the association between the expression of each gene and COAD, we applied the “FUNCTIONS-Expression Analysis-Survival Analysis” module of the webserver GEPIA2 to obtain the significance profile data between these five FRGs and OS in COAD. We used the values of cutoﬀ-high (50%) and cutoﬀ-low (50%) as the expression thresholds to divide the patients into high- and low-expression groups. The log-rank test was utilized in the hypothesis test, and survival curves were also acquired via the “Survival Analysis” module of the web database GEPIA2. The results indicated that the expression of AKR1C1, AKR1C3, and ALOX12 did not have a significant correlation with the OS of COAD (all P > 0.05, Figure 3F-H). High expression of CRYAB was correlated with poor OS in COAD (P < 0.05, Figure 3I), while high expression of FDFT1 was associated with better OS in COAD (P < 0.05, Figure 3J).
A prognostic model of five FRGs was explored according to the optimal value of λ (Figure 3A and B). The risk score for each patient was calculated based on the following formula: risk score = 0.5325 × expression level of AKR1C1 + (-0.2695) × expression level of AKR1C3 + 0.3471 × expression level of ALOX12 + 0.1274 × expression level of CRYAB + (-0.5013) × expression of FDFT1.
The risk score was utilized to predict prognosis. Using the median cut-off value, patients were divided into a high-risk group (n = 177) and a low-risk group (n = 178) (Figure 4A). Kaplan-Meier cumulative curves showed that patients in the high-risk group had a significantly poorer OS than those in the low-risk group (P < 0.001, Figure 4B). The patients in the high-risk group were significantly correlated to advanced TNM stage in the TCGA-COAD cohort (Table 2). The principal component analysis and t-distributed stochastic neighbor embedding analysis demonstrated that the patients in diverse risk groups were distributed in two directions (Figure 4C and D). The survival time diminished as the risk score increased, and a higher risk score corresponded to more deaths in TCGA-COAD (Figure 4E). A time-dependent ROC analysis was used to further assess the prognostic accuracy of the prognostic model. The AUC value was 0.661 at 1 year, 0.699 at 2 years, and 0.700 at 3 years, which showed a moderate diagnostic ability (Figure 4F).

Validation of the prognostic model of five FRGs in the GSE39582 cohort
To verify the stability of the signature determined by the TCGA-COAD cohort, patients from the GSE39582 database were also classified as high or low risk, with the median value computed using the same formula as that from the TCGA-COAD dataset (Figure 5A). Similar to the results obtained from the TCGA-COAD database, the OS of patients in the high-risk group was significantly worse than that of patients in the low-risk group (P < 0.01, Figure 5B). The high-risk group was also associated with advanced TNM stage in the GEO-GSE39582 cohort (Table 2). The principal component analysis and t-distributed stochastic neighbor embedding analysis showed that patients in the high-risk and low-risk groups were also distributed in discrete directions (Figure 5C and D). Similarly, an elevated risk score was correlated with a decreased survival time and an increase in mortality (Figure 5E). In addition, the AUC value of the five FRG signatures was 0.590 at 1 year, 0.598 at 2 years, and 0.558 at 3 years in the GSE39582 cohort (Figure 5F).

Independent prognostic value of the five-FRG signature
To identify whether the risk score was an independent prognostic factor for OS, we performed univariate and multivariate Cox regression analyses among the available variables. The risk score was remarkably related to OS in both the TCGA and GSE39582 cohorts in the univariate Cox regression analysis (HR = 2.813, P < 0.001; HR = 12.008, P = 0.002, respectively, Figure 6A-C). After adjustment for other farrago elements, the risk score was confirmed as an independent predictor of OS in the multivariate Cox analysis (TCGA-COAD cohort: HR = 3.934, P < 0.001; GSE39582 cohort: HR = 3.632, P = 0.002; Figure 6B-D).

Construction of a nomogram based on the five crucial FRGs
A nomogram can quantitatively identify an individual’s clinical risk by combining multiple risk factors[33]. We used the nomogram to predict the probability of 1-, 3-, and 5-year OS by merging the five FRG signatures for TCGA-COAD (Figure 7A). The distribution point of each FRG was proportional to its risk contribution to survival and was normalized to the distribution of 0 to 100. We calculated each patient’s total points by summarizing the number of points for all FRGs and estimated the survival rates by drawing a vertical line between each prognosis axis and the total point axis. This tool may help practitioners make clinical decisions for COAD patients. The calibration curve demonstrated that the actual survival rate matched the predicted 1-, 3-, and 5-year survival rate (Figure 7B-D). The consistency index was 0.764 in the TCGA-COAD cohort. 

Immune correlation analysis between the immune status and risk score
The scores of macrophages, neutrophils, and Th2 cells were considerably different between the high- and low-risk groups in the TCGA-COAD dataset. Macrophages and neutrophils scored higher in the high-risk group, while Th2 cells scored higher in the low-risk group (P < 0.05, Figure 8A). The Type II interferon (IFN) Response score was significantly higher in the high-risk group than the low-risk group (adjusted P < 0.05, Figure 8B). Comparisons in the GSE39582 cohort showed that the scores of B cells, CD8+ T cells, dendritic cells, macrophages, mast cells, neutrophils, plasmacytoid dendritic cells, T helper cells, Thf cells, Th1 cells, and tumor infiltrating lymphocytes were significantly higher in the high-risk group than the low-risk group (adjusted P < 0.05, Figure 8C). The scores of antigen presenting cell coinhibition, CC chemokine receptor, checkpoint, cytolytic activity, human leukocyte antigen, inflammation promotion, parainflammation, T cell coinhibition, T cell costimulation, type I IFN response, and type II IFN response were significantly different between the two risk groups (P < 0.05, Figure 8D). In particular, the scores of macrophages, neutrophils, and type II IFN response were significantly different between the two risk groups in both the TCGA-COAD and GSE39582 cohorts.

Exploring and validation of the expression level of five hub FRGs
The GEPIA2 analysis indicated that the expression levels of AKR1C1, ALOX12, and CRYAB in the tissues of COAD were lower than those in the matching normal tissues (Figure 9A-C). In contrast, the expression levels of AKR1C3 and FDFT1 in the tumor tissues of COAD were higher than those in the corresponding normal tissues (Figure 9D-F).
The immunohistochemistry results of the Human Protein Atlas database were used to explore the expression of the five hub FRGs in COAD, and the results showed that AKR1C1, ALOX12, and CRYAB were highly expressed in normal tissues compared with matching tumor tissues (Figure 9G-L). Furthermore, the protein expression of AKR1C3 was not significantly different between normal and COAD tissues (Figure 9M and N). FDFT1 was highly expressed in both normal and COAD tissues (Figure 9O and P). 

Functional enrichment and KEGG pathway analysis
GO enrichment and KEGG pathway analyses were performed to identify the biological functions and pathways related to the risk score and DEFRGs between the high-risk and low-risk groups. The GO enrichment analysis showed that these genes might be involved in the regulation of several essential biological processes, including muscle contraction, extracellular matrix organization, extracellular structure organization, muscle system process, and regulation of vasculature development. In addition, these genes also participated in the regulation of several molecular functions, such as actin binding, endopeptidase regulator activity, and peptidase regulator activity (Figure 10A). The KEGG pathway analysis indicated that the DEFRGs were mainly involved in the regulation of chemical carcinogenesis and complement and coagulation cascade pathways (Figure 10B).

DISCUSSION
Ferroptosis is a new type of cell death with unique capabilities and identifies functions related to cancers[19]. Recent research shows that ferroptosis has been consistently accepted as a recognized function to eliminate malignant cells, thereby demonstrating its key role in inhibiting tumorigenesis by eliminating cells from the environment that lack key nutrients[34]. More clues about the role of ferroptosis can be obtained from the latest studies of TP53. Xie et al[35] found that CRC was resistant to ferroptosis, leading to suppression of dipeptidyl-peptidase-4 activity via TP53 as a transcription-independent method. TP53 loss increases the dipeptidyl-peptidase-4 concentration at the plasma membrane and thus enhances dipeptidyl-peptidase-4-dependent lipid peroxidation, ultimately leading to ferroptotic cell death. In the current research, we comprehensively investigated the expression of 60 FRGs in COAD tumor tissues and their relationship to OS. A new prognostic signature based on five FRGs was constructed and validated in an outside dataset.
Although a few previous studies[36-38] have demonstrated that certain genes may be associated with drug-induced ferroptosis in COAD, the association with the OS of COAD patients is still largely unknown. Impressively, most of the FRGs (85%) were differentially expressed between corresponding adjacent non-neoplastic tissues and COAD tissues. These results demonstrated the underlying role of ferroptosis in COAD and the possibility of constructing a prognostic signature based on these FRGs.
First, we attempted to construct a prognostic model for COAD patients based on five FRGs (AKR1C1, AKR1C3, ALOX12, CRYAB, and FDFT1) screened by a least absolute shrinkage and selection operator Cox regression analysis and identified the risk score. The prognostic signature is precise and has an accurate predictive advantage. We found that the risk score was an independent prognostic element. AKR1C1 (aldo-keto reductase family 1 member C1) encodes a member of the aldo/keto reductase superfamily. Concurrent STK11/KEAP1 mutations led to considerable upregulation of ferroptosis-protective genes (AKR1C1/2/3) and resistance to pharmacologically induced ferroptosis in lung cancer. In the pathway analysis, we found that AKR1C1 mainly participated in the regulation of EMT. Previous research has shown that aldo-keto reductases protect metastatic melanoma from estrogen receptor stress-independent ferroptosis due to the EMT-related gene expression reprogramming process[39]. 
ALOX12, an arachidonate 12-lipoxygenase-encoding enzyme, acts on diverse polyunsaturated fatty acid substrates to produce bioactive lipid mediators containing lipoxins and eicosanoids. Loss of one ALOX12 allele is sufficient to expedite tumorigenesis in Eμ-Myc lymphoma models. ALOX12 is not necessary for ferroptosis induced by GPX4 or erastin inhibitors, whereas ACSL4 is necessary for ferroptosis upon GPX4 inhibition but not necessary for TP53-mediated ferroptosis[40]. Inhibition of ALOX12 in SW620 cells or blood endothelial cells attenuated circular chemorepellent-induced defects[41]. In addition, genetic variation in ALOX12 could influence the risk of rectal cancer and an association may occur between nonsteroidal anti-inflammatory drug use and variants in ALOX12 on CRC risk[42]. 
CRYAB is a member of the small heat shock protein family and interacts with TP53 to isolate its translocation to mitochondria, thereby indirectly constraining its proapoptotic influence on apoptotic Bcl-2 molecules[43]. Previous reports indicated that CRC patients with high expression of CRYAB and positive distant metastasis showed significantly reduced OS. High CRYAB expression could promote tumor cell proliferation, invasion, and metastasis of CRC by EMT[44,45]. These results are consistent with our study, in which CRYAB, as a high-risk gene, is mainly associated with the regulation of EMT activity and higher expression of CRYAB is related to poor OS in COAD. 
FDFT1 encodes a membrane-associated enzyme located at a branch point in the mevalonate pathway. Weng et al[46] reported that the downregulation of FDFT1 is related to malignant progression and poor prognosis in CRC and that FDFT1 acts as an essential cancer suppressor in CRC, which is consistent with our result showing that high FDFT1 expression is associated with better OS in COAD. 
In summary, three of the genes (AKR1C1, AKR1C3, and ALOX12) in the prognostic signature have been clarified to protect cells from ferroptosis, whereas the relationship between the two surplus genes (CRYAB and FDFT1) and ferroptosis has not been reported. Whether these genes play a role in the prognosis of COAD patients by affecting the course of ferroptosis remains to be clarified because few associated studies on these genes (except for AKR1C1 and AKR1C3) have been reported.
Whether the expression level of FRGs can be applied as a prognostic marker is an essential subject for study. Our COAD prognostic signature based on five FRGs was discovered to be valuable, and the scores of 1-, 3-, and 5-year risk and the AUC value of the ROC curve were consistent with previous studies[47-50]. The prognoses were divided into high-risk and low-risk groups, and the five FRGs we selected may be ideal prognostic markers. In the high-risk group, the 5-year OS was approximately 43% and 85% in the low-risk group, which is consistent with previous research[51]. In addition, we constructed a nomogram to predict the clinical prognosis of individual COAD patients. A nomogram is a reliable and steady tool to quantify the risk of individual patients by integrating and describing risk elements, and this tool has been applied for tumor prognosis, including CRC[52,53]. Nomograms produce a graphical statistical forecasting model that can assign scores to every element. Risk scores based on genetic markers can be included in a predictive nomogram model to predict clinical prognosis. A combination of metabolism-related gene markers and a prognostic element has better prognostic value than an individual marker for CRC[52]. We were able to show that a nomogram, including the five FRGs signature, could better predict 1-, 3-, and 5-year survival possibility of COAD patients. These results showed that the five FRG prognostic model is of value in determining the treatment plan of COAD patients.
In recent years, the mechanisms underlying tumor susceptibility to ferroptosis have been a hot area of study; however, the potential regulatory role between tumor immunity and ferroptosis has not been clarified. Macrophages and neutrophils scored higher in the high-risk group, while Th2 cells scored higher in the low-risk group. Previous studies have indicated that tumor-associated macrophages correlate with shorter survival in colon cancer[54] because of their role in immune invasion. Neutrophils also promote the spread of tumor cells by using neutrophilic extracellular traps to capture circulating CRC cells and promote their distant migration[55]. Epithelial notch signaling recruits neutrophils to drive colon cancer metastasis[56]. In addition, higher risk scores related to impaired antitumor immunity included the activity of the type II IFN response. In addition, the type II IFN response is involved in the recurrence of lower grade glioma[57]. Therefore, weakened antitumor immunity in high-risk patients may be one of the reasons for their poor prognosis.
Based on the differentially expressed FRGs between the high- and low-risk groups, we performed a GO analysis and surprisingly found that several EMT-associated biological processes and pathways were enriched. Therefore, a rational assumption is that ferroptosis is closely related to EMT. Interestingly, there was a significant difference in the content of the antigen presentation process between the high-risk and low-risk groups in this research.
Although a prognostic model based on the five FRGs was constructed and the risk score was an independent prognostic marker for OS in COAD, our research still has some shortcomings. First, this research mainly focused on performing a bioinformatic analysis of retrospective data from public databases. In the future, more prospective real-world data are needed to confirm the clinical utility of the findings. Second, although FRG expression was discovered to be associated with the tumor immune cell infiltration level and patient survival, we were unable to identify whether FRGs affect patient survival through immune cell infiltration. Future prospective studies should focus on the expression of these FRGs and infiltration of immune cells in COAD, which may help provide more mechanistic insights associated with this problem.

CONCLUSION
In summary, our research defined a new prognostic signature with five FRGs in COAD. The FRG signature proved to be independently related to OS in both the training and validation datasets, thus providing insights into prognostic predictions for COAD. The potential mechanisms between FRGs and tumor immunity in COAD are still poorly understood and need to be further investigated. These results provided a comprehensive perspective for further studies on the role of hub FRGs in the pathogenesis of COAD and identified underlying molecular markers for the diagnosis and treatment of COAD.

ARTICLE HIGHLIGHTS
Research background
Colon adenocarcinoma (COAD) is one of the most common and fatal malignant tumors, which increases the difficulty of prognostic predictions. Ferroptosis is a recently identified programmed cell death process that has the characteristics of iron-dependent lipid peroxide accumulation. However, the predictive value of ferroptosis-related genes (FRGs) for COAD still needs to be further clarified. Therefore, the screening of novel therapeutic targets or prognostic biomarkers based on FRGs could be an essential work for COAD therapy, which could contribute to the improvement of treatment schemes.

Research motivation
This article aims to identify critical FRGs and construct a COAD patient prognostic signature for clinical utilization. 

Research objectives
This research addressed the question of the novel FRG gene biomarkers and potential mechanism involved in the development of COAD.

Research methods
The Cancer Genome Atlas database (TCGA) and Gene Expression Omnibus databases were the data sources for mRNA expression and corresponding COAD patient clinical information. Differentially expressed FRGs were recognized using R and Perl software. We constructed a multi-FRG signature of the TCGA-COAD cohort by performing a univariate Cox regression and least absolute shrinkage and selection operator Cox regression analysis. COAD patients from the Gene Expression Omnibus cohort were utilized for verification. 

Research results
Most of the FRGs (85%) were differentially expressed between the corresponding adjacent normal tissues and cancer tissues in the TCGA-COAD cohort. Seven FRGs were related to overall survival (OS) in the univariate Cox analysis (all P < 0.05). A model with five FRGs (AKR1C1, AKR1C3, ALOX12, CRYAB, and FDFT1) was constructed to divide patients into high- and low-risk groups. The OS of patients in the high-risk group was significantly lower than that of the low-risk group (all P < 0.01 in the TCGA and Gene Expression Omnibus cohorts). The risk score was an independent prognosticator of OS in the multivariate Cox analysis (hazard ratio > 1, P < 0.01). The predictive capacity of the model was verified by a receiver operating characteristic curve analysis. In addition, a nomogram based on the expression of five hub FRGs and risk score can precisely predict the OS of individual COAD cancer patients. Immune correlation analysis and functional enrichment analysis results revealed that immunology-related pathways were abundant, and the immune states of the high-risk group and the low-risk group were different.

Research conclusions
Our research constructed a new prognostic signature with five FRGs in COAD. The FRG signature proved to be independently related to OS in both the training and validation datasets, thus providing insights into prognostic predictions for COAD. Targeting ferroptosis may be a treatment option for COAD. 

Research perspectives
In this study, we identified five FRGs signatures in COAD, and this signature proved to be independently related to OS, suggesting that the five FRG signatures might be novel therapeutic targets for COAD. In our subsequent work, the potential mechanisms between FRGs and tumor immunity in COAD will be investigated, which might contribute to the improvement of treatment schemes.
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Figure 1 A flow chart of the study design and analysis. TCGA: The Cancer Genome Atlas; COAD: Colon adenocarcinoma; LASSO: Least absolute shrinkage and selection operator; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; ssGEA: Single-sample gene set enrichment analysis; PCA: Principal component analysis; GEO: Gene Expression Omnibus. 
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Figure 2 Identification of the candidate prognostic ferroptosis-related genes in the Cancer Genome Atlas-colon adenocarcinoma cohort. A: Venn diagram to confirm differentially expressed genes between corresponding adjacent normal tissue and tumor tissue related to overall survival; B: Heatmap of the seven prognostic ferroptosis-related gene expression profiles in the Cancer Genome Atlas-colon adenocarcinoma cohort; C: Forest plots demonstrated the results of the univariate Cox regression analysis between the expression of the seven prognostic ferroptosis-related genes and overall survival; D: PPI network obtained from the STRING database indicated the interactions among the candidate genes; E: Correlation network of candidate genes. The correlation coefficients are shown using different colors. DEGs: Differentially expressed genes. 
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Figure 3 Establishment of a prognostic ferroptosis-related gene signature by least absolute shrinkage and selection operator Cox regression analysis. A-C: Process of constructing the signature including five ferroptosis-related genes. A coefficient profile plot (C) was generated against the log (lambda) sequence (A); B: Selection of the optimal parameter (lambda) in the least absolute shrinkage and selection operator model for colon adenocarcinoma; D: Genetic alteration of the five genes in colon adenocarcinoma using Gene Set Cancer Analysis. The X axis represents the cancer type, and sky blue indicates colon adenocarcinoma. The left Y axis represents the ratio of gene mutations, and the right Y axis represents the gene names. Different-colored small rectangles indicate the type of gene mutation; E: Four ferroptosis-related genes involved in the regulation of signaling pathways using Gene Set Cancer Analysis. The green pathway names indicate the pathway with the highest proportion of regulation of each gene; F: Single-gene survival analysis of the five ferroptosis-related genes based on the web database GEPIA2. COAD: Colon adenocarcinoma; EMT: Epithelial-mesenchymal transition; AR: Androgen receptor; ER: Estrogen receptor.
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Figure 4 Prognostic analysis of the five ferroptosis-related gene models in the Cancer Genome Atlas-colon adenocarcinoma cohort. A: Distribution and median value of the risk scores in the Cancer Genome Atlas-colon adenocarcinoma (TCGA-COAD) cohort. The black dotted line is the optimum cut-off dividing patients into high-risk and low-risk groups. The red curve represents high risk, and the blue curve represents low risk; B: Kaplan-Meier survival curves for the overall survival of patients in the high-risk group and low-risk group in the TCGA-COAD cohort; C: Principal component analysis plot of the TCGA-COAD cohort; D: t-distributed stochastic neighbor embedding analysis of the TCGA-COAD cohort; E: Distributions of overall survival status, overall survival, and risk score in the TCGA-COAD cohort. The red dot indicates patient death, and the blue dot indicates patient survival; F: Area under the curve values of time-dependent receiver operating characteristic curves verified the prognostic performance of the risk score in the TCGA-COAD cohort. PC: Principal component analysis; t-SNE: t-distributed stochastic neighbor embedding; AUC: Area under the curve. 
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Figure 5 Prognostic analysis of the five ferroptosis-related gene models in the GSE39582 cohort. A: Distribution and median value of the risk scores in the GSE39582 cohort. The black dotted line is the optimum cut-off dividing patients into high-risk and low-risk groups. The red curve represents high risk, and the blue curve represents low risk; B: Kaplan-Meier survival curves for the overall survival of patients in the high-risk group and low-risk group in the GSE39582 cohort; C: Principal component analysis plot of the GSE39582 cohort; D: t-distributed stochastic neighbor embedding analysis of the GSE39582 cohort; E: Distribution of overall survival status, overall survival, and risk score in the GSE39582 cohort. The red dot indicates patient death, and the blue dot indicates survival; F: Area under the curve values of time-dependent receiver operating characteristic curves verified the prognostic performance of the risk score in the GSE39582 cohort. PCA: Principal component analysis; t-SNE: t-distributed stochastic neighbor embedding; AUC: Area under the curve. 
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Figure 6 Independent prognostic value analysis of the five ferroptosis-related gene signatures. A: Univariate Cox regression analyses in the Cancer Genome Atlas training cohort; B: Multivariate Cox regression analyses in the Cancer Genome Atlas training cohort; C: Gene Expression Omnibus validation cohort; D: Gene Expression Omnibus validation cohort. TCGA-COAD: The Cancer Genome Atlas database-colon adenocarcinoma; GEO: Gene Expression Omnibus. 
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Figure 7 Nomogram for predicting the prognostic ability of The Cancer Genome Atlas database-colon adenocarcinoma. A: Nomogram for predicting 1-, 3-, and 5-year overall survival of colon adenocarcinoma by the expression of the five ferroptosis-related genes; B-D: 1-, 3-, and 5-year calibration curves of the Cancer Genome Atlas database-colon adenocarcinoma. The X axis represents the predicted survival time, and the Y axis demonstrates the actual survival time. 
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Figure 8 Comparison of the single sample gene set enrichment analysis scores between different risk groups in the Cancer Genome Atlas-colon adenocarcinoma database cohort and GSE39582 cohort. A and C: Scores of 16 immune cells; B and D: 13 immune-related functions are shown in boxplots. Adjusted P values are indicated as follows: aP < 0.05; bP < 0.01; cP < 0.001. ns: Not significant. aDC: Activated dendritic cell; DC: Dendritic cell; iDC: Immature dendritic cell; NK: Natural killer; pDC: Plasmacytoid dendritic cell; TIL: Tumor infiltrating lymphocyte; Treg: Regulatory T cell; APC: Antigen presenting cell; CCR: CC chemokine receptor; HLA: Human leukocyte antigen; MHC: Major histocompatibility complex; IFN: Interferon.
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Figure 9 Validation of the expression of five core ferroptosis-related genes and corresponding proteins in colon adenocarcinoma tissues and corresponding adjacent normal tissues. The gene expression levels of AKR1C1 (A), ALOX12 (B), CRYAB (C), AKR1C3 (D), and FDFT1 (E) in colon adenocarcinoma and the corresponding normal tissues of Genotype-tissue expression and the Cancer Genome Atlas database by GEPIA2 (F). The protein expression levels of AKR1C1 (G and H), ALOX12 (I and J), CRYAB (K and L), AKR1C3 (M and N), and FDFT1 (O and P) in colon adenocarcinoma and the corresponding normal tissues by the Human Protein Atlas database. COAD: Colon adenocarcinoma; HPA: Human Protein Atlas.
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Figure 10 Representative results of the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses. The most significant Gene Ontology enrichment (A) and Kyoto Encyclopedia of Genes and Genomes pathways (B) in the Cancer Genome Atlas-colon adenocarcinoma cohort.
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Table 1 Clinicopathological features of the colon adenocarcinoma patients in two databases, n (%)
	
	TCGA-COAD
	GSE39582

	Number of patients 
	385
	566

	Survival status
	
	

	Alive 
	306 (79.5)
	371 (65.5)

	Dead 
	79 (20.5)
	191 (33.7)

	Unknown 
	
	4 (0.8)

	Survival time in d
	
	

	Range for OS days
	0-4502
	0-2412

	OS days, median
	670
	612

	Age in yr
	67.00 ± 12.76
	66.87 ± 13.28

	Range
	31-90
	22-97

	Median
	69
	68

	Sex
	
	

	Female
	180 (46.7)
	256 (45.2)

	Male
	205 (53.2)
	310 (54.8)

	Stage
	
	

	I 
	66 (17.1)
	33 (5.8)

	II 
	151 (39.2)
	264 (46.6)

	III
	103 (26.8)
	205 (36.2)

	IV
	54 (14.0)
	60 (10.6)


TCGA-COAD: The Cancer Genome Atlas database-colon adenocarcinoma; OS: Overall survival.
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Table 2 Baseline features of the colon adenocarcinoma patients in different risk groups, n (%)
	Features
	TCGA-COAD cohort
	GEO-GSE39582 cohort

	
	High-risk
	Low-risk
	P value
	High-risk
	Low-risk
	P value

	Age
	
	
	0.795
	
	
	0.862

	< 65 yr
	70 (39.5)
	68 (38.2)
	
	105 (37.4)
	107 (38.1)
	

	≥ 65 yr
	107 (60.5)
	110 (61.8)
	
	176 (62.6)
	174 (61.9)
	

	Sex
	
	
	0.265
	
	
	0.351

	Female
	86 (48.6)
	76 (42.7)
	
	132 (47.0)
	121 (43.1)
	

	Male
	91 (51.4)
	102 (57.3)
	
	149 (53.0)
	160 (56.9)
	

	TNM-stage
	
	
	P < 0.001
	
	
	P = 0.002

	I and II
	83 (46.9)
	114 (64.0)
	
	134 (47.7)
	170 (60.5)
	

	III and IV
	89 (50.3)
	58 (32.6)
	
	145 (51.6)
	109 (38.8)
	

	Unknown
	5 (2.8)
	6 (3.4)
	
	2 (0.7%)
	2 (0.7%)
	


TCGA-COAD: The Cancer Genome Atlas database-colon adenocarcinoma; GEO: Gene Expression Omnibus.

image1.tmp
g GEO -
«cohort alidatio
=
—r——
e =
o e T (;.‘.(
genes (n=60)

Tnivariate Cox analysis
LASSO Cox analysis

entification of involved
‘pathways of ferroptosis-related.
genes

P
Filted out
five prognosis-related
ferroptosis genes.

GO KEGG

Univariate Cox analysis Multvariate Cox analysis

isk score was independent
‘prognostic factor




image2.png
nostic genes

AT \w %g'"o’f »lm
MH' ‘ Il il i

e -

s oo G asa R \‘1 T
P \—c %- \ -
s oo oomasamn s i
o e e Lk
v 0w smsnien =

o a sonpns

.E fﬂ




image3.png
A« ... B erssiiiisssiiiisisa C Coefficients
H JE—
; i AT
. | g aicr 05325
. : |
H i I E AKRIC 02695
§ : 1l | T 2 aoxe 03471
2
f H 1| g orme 041274
) : L8 eoeme 05013
B H 5
! H
J— . 40 05 00 05 10
D Altered in 15 (100%) of 15 samples.

---.- [ 1 | e g

anrics u

crRyAB

-

Frame_Shift_Del - Splice_Site
= Nonsense_RNutation = Multi_Hit
= Missense Mutation

FDFT1 . -6
L crvAB 4 . [¢] . o
o3
(6]
AKR1C3
oo o+ B [
~ NS

oF 20 oF 20 oF @0 <5
& 88 o e
W

-30-20-10 0 10
Percent

OvraSurnal





image4.png
Risk score.

Survva tme years)

o 5 30

s

® High risk
© low Risk

P=8.2166-06

Risk = High risk 5 Low risk

T2 3 4 5 6 7 8 8 1011 2
Time(years)

W w0 2

Patints (rceasing ok soce)

Risk
g o non
-2
F
z 8-
£
S AUC at 1 years: 0.681
. AUC at 2 years: 0.699
s — AUC at 3 years: 0.700

T T T T T
02 04 06 08 10

1-Specificity




image5.png
Risk soore.

‘Survival time (years)

B Risk S High risk B Low risk

® Hign risk
© low Risk

p=4.581e-03

[ T B 3 13 5 3
Time(years)

D
L
H o non
F
£ s
2
3 3
=7 ~—— AUC at 1 years:
— AoShzyean o5
s — ARianese
S P A 00 0z os o6 o8 10

Pasonts (ncroasig ok socre) 1-Specificity




image6.png
Prae  Hazadrato '

]
Ao (<BEpoar VO05ya) 0050 164809502009 et

Gondor (Femalo VS Male) 0470 0.836(0514-1.359)

Stage (IKIVSHEN) <0001 36842 161-6222)

Univariate analysis (TCGA-COAD)

FH

Sge (1&NVSIEN)

Riskcare (Hgh VS Low) <0001

—_—

RiskScore (High VS Low) <0001 28131 857-4.239) ——
61 2 3 4 5 8

Univariate analysis (GEO)
P ——
1

Age (<Goyoor VS 265y0m) 0014 147201082-2002) )
1

o7810560-1017) 8

Gonder Female VS Mse) 0065

swsmctivsuEns ooor 17z b
P
'

RiskScore (Hgh VS Low
o 1

Hazard ratio

D

Mulivariate analysis (TCGA-COAD)

GanderFomlo VS Male) 0003 03690152-0712) 0!
1

Stape (&11VS HEN)

rsrScore (4gh VS Low)

0002 12.008(2.410-50 504) i
2 30 40 50
Hazard ratio

P !
. e
P T T pe—
'
'
'
Sessaanr-e 69
R
Hazad rao
Multvariate anlysis (GEO)
|
!
[P R, s——

0002 318109 ) bt

oz 4 & 8
Hazard rato




image7.png
Points
AKR1CT

5 o5 i s 1 25 3
AKR1C3

5 7 5 s 2 3 H 7 o
ALOX12

CRYAB ———————

FDFT1
75 7 o5 3 55 1 a5 H 35
Total Points.
G 20 40 60 80 100 120 140 160 180 200 220 240 260
1-year survival —
o's o8 o7 o's
3-year survival
oo o8 o7 os  os
5-year survival
o o8 o7 os  oa o

-





image8.png
Risk B3 o 3 non

fing

Risk 5 1w E3 on

i

.

£

‘g}f v

&

100f s - e

ms%

4

©
PSS AT T TG E
#’,%_5, & #";-‘@‘*“ i‘ KA

o L

Risk B3 1o £ ngn

Wiy

JEEE

P S s P
& &
G

g

bl

#ééﬁ%

BN

SIS TSGE s F T 2
Ve J@“';@s }‘/’ Jok & ¢

53}:“" yf

S oS ey
3 Af*’;{\ {};

&

&

KGR
FF




image9.png
K

CRYAB (Normal) CRYAB (Tumor) AKRIC3 (Normal) AKRIC3 (Tumor)
P

e
e el
Cam(14TH0)
Kacnora NS
(1405)
Pt 6

Tumor els

FDFT1 (Normal) FDFT1 (Tumor)




image10.png
W o o o
Gose




