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Abstract

:

Prostate adenocarcinoma (PRAD) is the second most common tumor associated with death. The role and mechanisms of the fragile X mental retardation 1 (FMR1) gene in PRAD remain unknown. We conducted an analysis of FMR1 expression in PRAD to determine its prognostic importance and connection to carcinogenic pathways such as PI3K_AKT_mTOR. Survival analyses were utilized to establish a correlation between FMR1 expression and patient outcomes. We used the integration of genomic data with bioinformatic predictions to predict the regulatory factors of the FMR1 gene in PRAD. Our data revealed that individuals with higher levels of FMR1 expression experience worse survival outcomes compared to those with lower expression (hazard ratio [HR] = 5.08, 95% confidence interval [CI] = 1.07 – 24, p = 0.0412). FMR1 expression was significantly higher in patients with advanced pathological tumor stages, particularly in the pT3 and pT4 combined stages and the pN1 nodal stage. Furthermore, patients with high Gleason scores (GSs) (combined GSs 8 and 9) exhibited increased levels of FMR1 expression. Our results further identify a possible regulatory link between FMR1 and key oncogenic pathways, including PI3K_AKT_mTOR, and predict the possible mechanism by which FMR1 is regulated in PRAD. Our data suggest that the FMR1 gene could serve as a biomarker for PRAD progression. However, in-depth investigations, including those with large patient samples and in vitro studies, are needed to validate this finding and understand the mechanisms involved.
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1. Introduction


PRAD is the second most common tumor associated with death. While screening and treatment for this type of tumor have made some progress in recent years, the molecular mechanisms involved in its progression remain largely unknown [1].



The fragile X mental retardation 1 (FMR1) gene was originally identified as a key player in fragile X syndrome [2]. It encodes the fragile X mental retardation protein (FMRP), which is critical for synaptic plasticity and neuronal development [3,4]. However, recent studies have revealed its involvement in various health issues, including cancer [5].



The loss or mutation of FMR1 leads to a variety of developmental and neurological issues, underscoring its importance in normal brain function. The FMR1 genotype affects synaptic connectivity, indicating the importance of FMRP in synapse formation and maintenance [6]. Another study found that the translation enhancement induced by the depolarization of nerve cells is mediated by the phosphorylation of the YTHDF1-binding protein FMRP [7,8]. These findings suggest that FMR1 may play a crucial role in regulating cellular responses that are essential in cancer [9].



It is well known that RNA-binding proteins can influence cancer progression, which could provide a framework for understanding FMR1’s potential roles in tumorigenesis [10]. On the other hand, Enokida et al. found a significant epigenetic modification in cancer progression involved FMR1’s expression as a potential regulator of cancer [11]. Circular RNAs (CircRNAs) act as miRNA sponges, regulating the availability and activity of miRNAs. Researchers reported that hsa_circ_0037858 regulates the activity of miR-5000-3p, which, in turn, controls the expression of the FMR1 gene, a protein associated with the spread of clear cell renal cell carcinoma [12]. Further evidence suggests that miR-323a-3p enhances clinical outcomes for patients with esophageal squamous cell carcinoma (ESCC) by inhibiting FMR1 [13].



The PI3K/AKT/mTOR pathway is essential in the biology of PRAD as it controls multiple cellular activities, including proliferation, survival, metabolism, and drug resistance. Genetic changes such as PTEN deletion frequently activate this pathway, promoting tumor development and advancement, leading to a negative prognosis and treatment difficulties [14,15]. Another study also highlights the importance of the pathway in controlling apoptosis, cell proliferation, metastasis, and invasion in PRAD and explores the connection between the PI3K/Akt/mTOR pathway and tumorigenesis [16]. The pathway’s prominence in PRAD is underscored by the finding that it is upregulated in 30–50% of cases, often due to genetic alterations identified in Genome-wide association studies (GWASs) [14].



A recent study found that FMR1 is upregulated in colorectal cancer (CRC) and promotes proliferation and metastasis [5,15]. Its expression patterns in other cancer types have suggested potential involvement in oncogenesis. Ding et al. identified FMR1 as one of seven N6-methyladenosine (m^6A) RNA methylation-related genes that act as cross-talk genes between PRAD and periodontitis (PD), emphasizing FMR1’s prognostic relevance in PRAD [17]. FMR1 has the potential to influence the infiltration of immune cells into the tumor microenvironment and the clinical prognosis of human cancer [18,19]. This insight may pave the way for further research on FMR1 as a target for therapeutic intervention and a marker for prognosis in PRAD. Nevertheless, the role and mechanisms by which FMR1 controls PRAD remain unknown.



In the current study, we hypothesize that the FMR1 gene may contribute to the aggressiveness of PRAD and modulate the efficacy of therapeutic interventions. This study aims to assess FMR1 expression levels in PRAD patients using TCGA PRAD data and examine their association with disease progression.




2. Results


2.1. Gene Expression Profile and Prognostic Implication of FMR1


We conducted a comprehensive investigation of the FMR1 gene in Pan-cancer, and the findings revealed that its expression profiles exhibited variability. The violin graphs in Figure 1A demonstrate substantial differences in FMR1 gene expression between tumor and normal samples in several types of cancer. Remarkably, the alteration in its expression level in PRAD was statistically significantly low, with a p value of p < 0.001. The PRAD prognosis results of the univariate Cox regression analysis were statistically significant, with a p value 0.04. The hazard ratio was 5.07969, with a 95% confidence interval (CI) ranging from 1.06712 to 24 (Figure 1B). These data further highlighted the possible potential role of FMR1 expression in PRAD and its relation to disease prognosis.




2.2. Expression of FMR1 Decreases Overall Survival in PRAD Patients


We further examined the effects of the FMR1 gene on the survival rates of a TCGA PRAD cohort. Our data show a potential correlation between elevated FMR1 gene expression and reduced overall survival, which is associated with a less favorable survival outcome (Figure 2A). The log-rank test comparing the high and low groups yielded a p-value of 0.04, indicating a significant difference in the survival rates between the two groups. The hazard ratio (HR) for the high group is 5.08, indicating that the risk of the event occurring (often death or disease progression) is almost five times greater in the high group compared to the low group, as shown in Figure 2B. The high-risk category exhibits a diminished probability of survival. Figure 2C uses ROC curves to show how FMR1 expression levels can predict how long a patient will live at different time points. The ROC curve analysis is crucial to understanding the FMR1 function in PRAD; the curve closer to the top-left corner signifies a higher level of accuracy in the test measurement. With an area under the curve (AUC) of 0.9 for the 1-year survival prediction curve based on FMR1 expression level, the ROC curve accurately detects high-level positive expression of FMR1 and reliably predicts unfavorable survival outcomes for patients under evaluation within a year. An AUC value of 0.9 does not imply perfect discrimination; rather, it indicates a significantly high level of discrimination. A value of 1.0 for the AUC would indicate perfect discrimination.



These Figures collectively indicate that high FMR1 expression is associated with poorer survival outcomes in PRAD patients. The Kaplan–Meier plot shows a clear distinction in survival probability between the high and low expression groups, and the ROC curve supports the predictive power of FMR1 expression for short-term survival.




2.3. FMR1 Expression Is Correlated with Advanced Pathological Stages in PRAD


The FMR1 expression across different pathological stages (pTNM) presented by the violin plots in Figure 3 (left side) shows that the distribution of FMR1 expression levels varies between the different stages, and the Kaplan–Meier survival curve shows the overall survival and progression-free survival rates for patients in these stages (right side). Our data depict that locally advanced stages (combined pT3 and pT4) exhibit elevated FMR1 expression levels compared to the localized stage (pT1 and pT2) (p = 0.000032). Of interest, patients with localized prostate cancer (pT1 and pT2) have longer overall survival (p = 0.012) and progression-free survival (p < 0.0001) compared to those with advanced stages (pT3 and pT4) of the disease, as shown by the KM curves in Figure 3A (right side). This is indicated by the survival curves (red and blue lines) remaining highest over the time period, with most patients still alive even after 10 years in terms of overall survival and 15 years in terms of progression-free survival. The pT1 group (red line) has the longest overall survival. The pT2 group (blue line) has intermediate overall survival. Their survival curve is lower than that of the pT1 group but higher than the pT3 + pT4 group. The combined pT3 + pT4 group (orange line) has the shortest overall survival. This group’s survival probability drops significantly earlier and more steeply compared to the other groups (Figure 3A (right side)).



Additionally, patients with regional lymph node metastasis (pN1) shows higher FMR1 levels compared to those without regional lymph node metastasis (pN0), as determined by the Wilcoxon test (p = 0.0038), and as shown by the violin plot in Figure 3B (left side). Similarly, the pN1 group (blue line) shows a drop in overall survival at 5 years that continues to 10 years, while the pN0 group (red line) shows a drop at 10 years that continues to 15 years, as shown in Figure 3B’s KM curves (right side). However, the log-rank p-value is 0.107, indicating that the difference is not statistically significant.



The KM curves in Figure 3C show the results of using the best cutoff to separate FMR1 gene expression (high vs. low) as the main exposure and adjusting for pT2, and the combined pT3 and pT4 tumor stages, which are strong predictors of survival. The high level of FMR1 expression is associated with short overall survival (p = 0.705 and 0.036, respectively). Consistent with this, high levels are also associated with short overall survival in the pN0 (p = 0.172), pN1 (p = 0.400), and localized M0 (p = 0.036) tumor stages.



Our results also indicate that FMR1 expression is higher in the combined GS 8 and 9 tumors compared to grade 6 and 7 tumors. The box plot in Figure 3D presents the significant differences in expression among these grades. Additionally, when expression levels are split using the best cutoff into high and low groups, high FMR1 expression is associated with shorter overall survival in the combined advanced-GS group (8 and 9) (p = 0.012).




2.4. The Influence of the FMR1 Gene on Cancer Pathways Leads to Enhanced PRAD


To understand how the FMR1 gene might influence PRAD, we examined the relationship between FMR1 expression data and pathway signatures. The results are summarized in Table 1 and illustrated in Supplementary Figure S1 (plots A through R). We considered the strength and significance of the correlations presented in each plot. The expression levels of FMR1 show statistically significant positive relationships with critical biological pathways in PRAD. Notably, a moderate positive correlation (p = 0.018) between FMR1 and the cellular response to hypoxia highlights its potential involvement in hypoxic conditions. The G2M checkpoint pathway also shows a strong positive correlation with FMR1, suggesting a major role in controlling the cell cycle (p <0.00001). In addition, there is a strong link (p < 0.00001) between FMR1 and the PI3K_AKT_mTOR signaling pathway, which shows how important FMR1 is to this pathway. Various findings emphasize the possible connections between FMR1 and various pathways, indicating opportunities for additional research into their biological consequences. On the other hand, we also found positive but not statistically significant correlations (Table 1). In Supplementary Figure S1, the A, C, G, and Q pathway signatures show weak to moderate positive correlations, but none are statistically significant. D, E, F, and R indicate negative correlations, with none being statistically significant.



Our data indicate a significant positive correlation between the expression of the FMR1 gene and a substantial regulatory effect on the PI3K_AKT_mTOR and G2M checkpoint pathways, which suggests an influential role for FMR1 in cell division processes.




2.5. FMR1 Correlates with PI3K_AKT_mTOR_ Pathway Signature in PRAD


We further analyzed the RNA sequencing data to check PI3K_AKT_mTOR pathway genes and FMR1 in both normal PRAD samples. In normal prostate samples, FMR1 exhibited a weak positive correlation with PIK3CA (R = 0.17, p = 0.01) and no significant correlation with mTOR (R = 0.02, p = 0.82). It is interesting that the link between FMR1 and PIK3CA became stronger in PRAD samples (R = 0.37, p < 0.01), which points to a possible connection between FMR1 expression and PIK3CA activation in PRAD. Additionally, we observed a statistically significant but weak positive correlation between FMR1 and AKT1 in PRAD samples (R = 0.17, p = 0.01), which was not evident in normal samples (R = −0.12, p = 0.09). The results also showed a positive correlation between FMR1 and PDK1 in tumor samples (R = 0.16, p < 0.01) that was not significant in normal samples (R = 0.07, p = 0.32) (Figure 4). This indicates a potential modulatory role of FMR1 in PDK1 expression during prostate carcinogenesis.



We included PIK3CB and PIK3R1 in the expanded analysis of the PI3K/AKT/mTOR pathway’s interaction with FMR1 gene expression in prostate tissues to provide a more comprehensive view. In healthy/normal prostate tissue, the correlation coefficients for PIK3CB (R = −0.07, p = 0.31) and PIK3R1 (R = 0.07, p = 0.32) showcase that FMR1 expression is not significantly related. Both PIK3CB and PIK3R1 have a strong positive correlation with FMR1 expression in PRAD samples (Figure 4). PIK3CB has a correlation coefficient of R = 0.26 (p < 0.01), while PIK3R1 has a stronger correlation with a coefficient of R = 0.33 (p < 0.01).




2.6. Analysis of FMR1 Copy Number Variations and Their Impact on mRNA Expression in PRAD


We further explored the FMR1 CNVs distribution in PRAD tumor samples, which revealed negligible CNVs within the FMR1 gene. We observed instances of heterozygous deletions and amplifications, but they were relatively infrequent. Notably absent or exceedingly rare were homozygous deletions and amplifications, as presented in Figure 5A.



Additionally, the correlation between CNV and mRNA expression using the Spearman correlation coefficient was 0.05, which means there is not a strong link between FMR1 CNV and mRNA expression in PRAD. This means there is not any statistical significance. A false discovery rate (FDR) of 0.56 further substantiates this, suggesting that CNV does not significantly modulate FMR1 expression within PRAD tumors. Figure 5B graphically represents this finding.




2.7. MicroRNAs and Transcription Factors Networks Regulating FMR1 Gene Expression in PRAD


Our results revealed a network of miRNAs predicted to target the FMR1 gene, suggesting an intricate mechanism of post-transcriptional regulation, as shown in Figure 5C. We identified that MiR-323a-3p, among other miRNAs, may also target FMR1 in PRAD. This discovery aligns with Men’s findings in ESCC, suggesting a potentially broader role for MiR-323a-3p across different cancer types [13]. Finally, we postulate a multitude of transcription factors, such as JUN, FOXM1, and NFATC3, as regulators of the FMR1 gene. Figure 5D illustrates the varying influence of these TFs on the gene’s expression using word cloud visualization, where the size of each transcription factor’s representation corresponds to its degree of regulatory impact.





3. Discussion


Our investigation provides additional evidence to support the FMR1 gene’s importance in the field of cancer, beyond its historical significance as a gene initially identified in the context of Fragile X syndrome. In the current study, our data reveal a significant difference in FMR1 expression between patients with PRAD and the control group (p-value = 0.0412), which suggests a potential role of FMR1 in PRAD.



Furthermore, higher FMR1 expression is associated with a higher probability of worse prognosis, evident with disease progression or mortality in patients with PRAD. Surprisingly, the hazard ratio of 5, indicating a high FMR1 gene expression, may be considered a potential risk factor in PRAD. Salem et al. conducted a study that identified six genes associated with colon cancer progression that exhibited high hazard ratios. These genes correlated with an increased risk of colon cancer and worse outcomes [20]. Also, ME1 gene overexpression was highly related to poor disease-specific and disease-free survival, with hazard ratios of 1.65 and 1.57 [21]. Therefore, a high hazard ratio indicates that FMR1 may have a role in the pathological process that leads to more aggressive forms of PRAD, as well as serving as a predictor of a worse prognosis.



Patients with the localized PRAD (pT1/2 and pN0) generally have a longer survival time compared to those with locally advanced PRAD (pT3/4 and pN1) [22,23,24]. In our data, the FMR1 gene is linked to advanced stages of PRAD.



Our results demonstrated substantial stage-specific variation in FMR1 expression throughout the pTNM PRAD stages. Compared to the localized stages (pT1 and pT2), the expression levels were increased in the later stages (combined pT3 and pT4). The Kruskal–Wallis test verified this with a p-value of 0.00032. Overall survival (p = 0.012) and progression-free survival (p < 0.0001) were significantly longer in localized pT2 patients compared to advanced stages (combined pT3 and pT4). This was reflected in the survival curves, which showed that the majority of patients remained alive over the study period, with survival rates staying high even after 10 years. This is consistent with the expected progression, where earlier stages have better outcomes. S. Lundstam et al. reported that individuals diagnosed with localized renal cell carcinoma (pT1b) demonstrated an increased five-year overall survival rate in comparison to those affected by more advanced stages [25]. Accordingly, FMR1 expression may be a measure of the severity and progression of the disease.



Furthermore, compared to patients without metastasis (pN0), patients with regional lymph node metastases (pN1) showed significantly elevated FMR1 levels (p = 0.0038). Sood et al., in their study, noted that advanced-stage disease is typically associated with poorer disease-free outcomes [26]. Although the overall survival rate was not statistically significant, the progression-free survival emphasizes the potential of FMR1 as a biomarker for disease progression in PRAD. Therefore, it may indicate the necessity for larger sample sizes or the inclusion of other factors that influence long-term survival results [27,28]. These results suggest that FMR1 expression could serve as a predictive tool in clinical practice, but further validation and research are necessary.



In contrast to patients with lower GSs (6 and 7), those with higher grades (combined 8 and 9) exhibited higher levels of FMR1 expression. In addition, we discovered a correlation between higher levels of FMR1 expression and decreased overall survival in combined high GSs of 8 and 9 (p = 0.012). Guo et al. discovered similar results with different biomarkers, where higher expression levels corresponded with advanced stages and higher GSs, affecting progression-free survival but not overall survival [29]. This study suggests that FMR1 expression may be a marker for aggressive PRAD prognosis.



GWAS and expression profiling studies demonstrate that the upregulation of this pathway, often due to PTEN loss, is a frequent event in PRAD, contributing to tumor formation and resistance to therapy [15]. According to the data we collected, the evidence strongly suggests that the expression level of the FMR1 gene has a significant positive link with the regulation of the PI3K_AKT_mTOR pathway. The cell cycle represented in G2M checkpoint genes also shows a significant positive correlation, indicating that FMR1 may have a role in regulating cell division processes [30,31,32,33]. The PI3K_AKT_mTOR pathway is known for its role in regulating cell growth, proliferation, survival, and angiogenesis, which are all critical processes in the development and progression of cancers, including PRAD [15,16,30]. The significant correlation between FMR1 gene expression and this pathway suggests that the FMR1 gene may exert its influence on PRAD development or progression, at least in part, by modulating this pathway. The current report found that FMR1 gene expression is associated with high-grade GSs and worse overall survival. Additionally, FMR1 expression is associated with high tumor stages, indicating that higher stages of PRAD are associated with an increase in FMR1 expression. This finding supports the hypothesis that FMR1 may play a role in tumor development and may also function as a biomarker for advanced stages of disease. A study of gene expression has also shown that the PI3K/AKT/mTOR pathway helps create precursor lesions like high-grade prostatic intraepithelial neoplasia (HGPIN). This demonstrates the significance of this pathway in both the beginning stages of PRAD and its progression [34]. Previous studies have suggested the involvement of various genes in PRAD pathogenesis, but the role of the FMRI gene has been less clear [35,36,37,38].



Our data suggest that FMR1 interacts with mTOR, a crucial mTOR complex regulator, significantly impacting cell growth, proliferation, and survival, making it a hub gene in PRAD progression [39]. Moreover, our findings are in agreement with those published by Shorning et al., demonstrating that alteration in PI3K/AKT/mTOR pathway expression plays a significant role in PRAD development [15]. In line with current tendencies, we found an increase in PIK3CA when FMR1 is present. Both the catalytic subunit p110α and the regulatory subunit p85α of PI3K are encoded by PIK3CA. These subunits have a direct impact on pathway activation and are associated with PRAD development and resistance to therapy [40,41]. In addition, details about the correlation between FMR1 and AKT1 encode the AKT kinase, which plays a crucial role in various signaling pathways, including those associated with cell proliferation, apoptosis, and glucose metabolism [42]. This pathway activation plays a critical role in cancer [15,43].



These results showed that while PIK3CB and PIK3R1 do not correlate significantly with FMR1 in normal PRAD tissue, their expression levels become more closely associated with FMR1 in the context of PRAD. This shift in the correlation pattern may reflect the altered regulatory mechanisms in the tumor microenvironment. The high p-values in the tumor samples show how important it might be for these genes to interact with FMR1 in the disease, pointing to a possible role in the development of tumors or the progression of cancer. In particular, the stronger correlation of PIK3R1 with FMR1 could suggest that it is a more influential player in PRAD than PIK3CB. Establishing the PI3K/AKT/mTOR pathway in expression profiling and the GWAS study greatly improves the findings we acquired by providing a thorough understanding its involvement in PRAD biology.



Given that may influence the PI3K/AKT/mTOR pathway, which is involved in cell cycle progression, survival, and metabolism, more in vitro research is required to determine the prognostic significance of FMR1 in PRAD [44]. These connections make it possible to assume that the FMR1 gene might impact PRAD by working with and possibly controlling the PI3K_AKT_mTOR and G2M checkpoint pathways.



The relationship between miRNA, TFs, and the FMR1 gene in the context of a disease other than cancer is a complex involving the regulation of gene expression and cellular processes [45,46]. The FMR1 gene typically shows minimal variation in copy numbers. When variations exist, they do not seem to significantly impact FMR1’s mRNA expression levels. This observation suggests that copy number variations may not be critical in regulating FMR1 expression in PRAD. Instead, regulation might involve a complex interaction with miRNAs and certain transcription factors. Our bioinformatics analyses of miRNAs targeting the FMR1 gene in PRAD further validate the finding in ESCC, a likely conserved target of MiR-323a-3p in terms of cancer type [13]. While interesting, this form of validation is no substitute for experimental data confirming the interactions and their biological roles. Our finding lays the groundwork for future investigations into the clinical relevance of inhibiting the MiR-323a-3p-FMR1 regulatory axis in vivo in PRAD. Thus, our study provides insight into the broader context of miRNA, TFs, and their roles in regulation and targeting FMR1 in PRAD. Prospective studies to further validate the FMR1 gene as a therapeutic target are needed. Exploring the molecular mechanisms underpinning the function of the FMR1 gene in PRAD is essential for uncovering new therapeutic opportunities.




4. Materials and Methods


4.1. Pan Cancer Analysis of FMR1 Gene


RNA-sequencing expression (level 3) profiles for the FMR1 gene of 33 cancers and normal samples (total 10,228 samples) were analyzed from the TCGA dataset and GTEx, respectively, using the Home for Researchers online public tool (https://www.home-for-researchers.com) (accessed on 1 March 2024). The clinical data included the attributes age, sex, stage of tumor, survival status, and recurrence information. These data are generally tabular CSV (Comma-Separated Values) or TSV (Tab-Separated Values) data.



PanCancer data included ACC (adrenocortical carcinoma), BLC (bladder urothelial carcinoma), BRCA (breast invasive carcinoma), CESC (cervical squamous cell carcinoma and endocervical adenocarcinoma), CHOL (cholangiocarcinoma), COAD (colon adenocarcinoma), DLBC (lymphoid neoplasm diffuse large B-cell lymphoma), ESCA (esophageal carcinoma), GBM (glioblastoma multiforme), HNSC (head and neck squamous cell carcinoma), KICH (kidney chromophobe), KIRC (kidney renal clear cell carcinoma), and KIRP (kidney renal papillary cell carcinoma). These cancers also include LAML (acute myeloid leukemia), LGG (brain lower-grade glioma), LIHC (liver hepatocellular carcinoma), LUAD (lung adenocarcinoma), LUSC (lung squamous cell carcinoma), MESO (mesothelioma), OV (ovarian serous cystadenocarcinoma), PAAD (pancreatic adenocarcinoma), PCPG (pheochromocytoma and paraganglioma), and PRAD (prostate adenocarcinoma). The analysis included READ (rectum adenocarcinoma), SARC (sarcoma), SKCM (skin cutaneous melanoma), STAD (stomach adenocarcinoma), TGCT (testicular germ cell tumors), THCA (thyroid carcinoma), THYM (thymoma), UCEC (uterine corpus endometrial carcinoma), UCS (uterine carcinosarcoma), and UVM (uveal melanoma).



The analyses was conducted using R version 4.0.3. Since the test required was a non-parametric test, a Wilcoxon test was conducted, which does not assume a normal distribution of data. This becomes extremely useful when dealing with non-normal biological data, e.g., gene expression levels.



We used the Wilcoxon test to assess expression differences between tumor tissues and normal tissues, which included 245 nonadjacent tissues and 52 adjacent tissues. The violin plot represents how FMR1 expression levels are differentially expressed in normal and tumor tissues (in blue and red, respectively), and clearly illustrates the distribution of expression values across these two groups. The normal sample data were obtained from the current-release (V8) GTEx datasets available at the GTEx data portal (https://www.gtexportal.org/home/datasets) (accessed on 1 March 2024).



Overall survival was analyzed across these cancers, and hazard ratios (HRs) were calculated using a univariate Cox regression model provided in the R package. We chose the Cox regression model for its ability to analyze time-to-event data, which revealed a significant association between high FMR1 expression and shorter overall survival, as indicated by hazard ratios, confidence intervals, and p-values displayed in a forest plot. p-values less than 0.05 were considered statistically significant (* p < 0.05).




4.2. Study the Prognostic Impact of FMR1 Gene on PRAD Patients


Once again, we looked into the FMR1 gene’s predictive value in PRAD samples using the Home for Researchers program. We ranked the samples according to their gene expression levels, using the median as a criterion. In addition to its survival time and status, the figure also shows the relative expression of the FMR1 gene.



Specifically, in the top scatterplot, blue indicates low expression and red indicates high expression; the scale runs from low to high. The survival status of patients at different time nodes is shown in the middle scatter plot, which is a time-dependent distribution plot. The red dot indicates an alive patient, and the blue dot represents a dead patient. The bottom Figure shows a heatmap of the z-score of FMR1 expression (blue, low; red, high). A Kaplan–Meier plot shows the time-to-event survival function for patients divided into high-expression and low-expression groups of FMR1 with a significant difference in overall survival probability (p <= 0.05).



HR (high exp) represents the hazard ratio of the low-expression sample relative to the high-expression sample. HR > 1 indicates that the gene is a risk factor, and HR < 1 indicates that the gene is a protective factor. The median survival time (LT50) for both the low and high groups is represented by HR (95% Cl). The receiver operating characteristic (ROC) curve measures how accurately FMR1 expression levels predict 1-year, 3-year, and 5-year survival outcomes. We implemented the analysis methods and R packages in R version 4.0.3.




4.3. Clinicopathology of FMR1 in PRAD


We conducted an assessment of FMR1 expression in relation to overall survival and disease progression in independent pathological and clinical samples of PRAD patients. The TCGA PRAD dataset has 498 total samples. The TCGA dataset revealed a median follow-up period of 30.5 months for patients undergoing PRAD. Specifically, the median follow-up times are as follows: for overall survival, the median time to event is 36.2 months and the median time to censor is 30.5 months. For progression-free survival, the median time to event is 18.4 months and the median time to censor is 28.2 months [47].



The analysis encompassed the following samples: 476 samples of pathological T, 425 samples of pathological N, and 456 samples of clinical M.



We chose the Kruskal–Wallis test, a non-parametric method, to compare more than two groups because it does not assume a normal data distribution. This enabled the comparison of FMR1 expression levels across several pathological T stage subgroups, including localized pT1 and pT2, and the combined locally progressed pT3 and pT4, with a significant p-value indicating statistically significant differences. We used the Wilcoxon rank-sum test (Mann–Whitney U test) to assess FMR1 expression between the pathological N-stage subgroups (localized pN0 and advanced pN1).



This test works well with non-normal data distributions, and the significant p-value reveals that these groups express FMR1 differently. Nevertheless, a comparison with the localized M0 subgroup was not practicable because there were only three individuals categorized as metastatic M1 in the clinical M stage. Violin plots display the distribution of FMR1 expression levels between different pathological stages (localized pT1 and pT2, and locally advanced combined pT3 and pT4) and pathological N stages (localized pN0 and advanced pN1).



We conducted an additional prognosis analysis using the median cutoff, encompassing both the overall survival rate and the prognostic survival rate of different categories. Comparing the survival distributions of two or more groups was accomplished through the use of a log-rank test. The purpose of our application of this test was to determine whether or not there was a correlation between the levels of FMR1 expression among the disease categories and overall survival. A significant log-rank test result is expected to indicate that high FMRI expression is statistically significant and linked to advanced stages.



Additionally, we used a log-rank test to analyze the prognostic differences in FMR1 gene expression (high vs. low) as the main exposure, adjusting for tumor stages. Specifically, we tested FMR1 expression in the pT subgroups (localized pT1 and pT2, and locally advanced combined pT3 and pT4) with high vs. low FMR1 and evaluated FMR1 expression in the localized pN0 (high vs. low FMR1) and advanced pN1 (high vs. low FMR1) subgroups, as well as in the clinical localized M0 subgroup (high vs. low FMR1). Although the metastatic M1 subgroup had prognostic information, the small number of cases (only 3) made it challenging to draw reliable comparisons. The Kaplan–Meier survival curves show that a significant log-rank test result supports the statistically significant correlation between high FMRI expression and poor survival in these subgroups’ advanced stages.



We also examined the differences in FMR1 gene expression among tumors with different GSs and tested the differences in prognostic FMR1 gene expression (high vs. low) as the main exposure across these GSs. The Kruskal test distribution of FMR1 expression levels across different GSs (GS 6, GS 7, and GSs 8 and 9 together) is shown in violin plots. We further used a log-rank test to analyze the prognostic differences in FMR1 gene expression (high vs. low) as the main exposure, adjusting for GS. Specifically, we tested FMR1 expression for GS 7 and combined GG8 and GG9 with high vs. low FMR1. The log-rank test result was used to assess whether there is a statistically significant correlation between high FMRI expression and poor survival at a high-grade GS, excluding GS 6 due to its normality and lack of prognostic information. The Wilcoxon test was applied to test the difference in the expression of the gene in the two groups [48].




4.4. Analysis of FMR1 Gene Expression and Pathway Signature Correlations in PRAD


To explore relevant pathways of associated gene sets. We used Home for Researchers webtool feature (accessed on 15 March 2024) to conduct a full analysis using twenty separate scatter plots, labeled A through R, to look at the connections between the levels of FMR1 gene expression and different biological pathway signatures using the methods from previously published article [49]. Each scatter plot displays data points from different datasets along the X and Y axes. Each graph has the same layout, with the X-axis always showing the expression levels that were normalized and log2-transformed (in transcripts per million, or TPM + 1). These levels came from RNA sequencing data.



These figures represent the expression levels of the FMR1 gene, as labeled on the axes. The Y-axis in each plot refers to a different variable, which changes from one plot to another, covering a variety of biological pathway signatures and processes relevant to our research.



The single-sample Gene Set Enrichment Analysis (ssGSEA) algorithm’s capacity to assess pathway activity at the single-sample level and the Spearman correlation’s resilience against non-linear and non-normally distributed data were the deciding factors in our choice of these two methods.



We used the GSVA program in R software with ssGSEA as the technique parameter to analyze the data, expecting to find statistically significant associations (p-value < 0.05) between FMR1 expression and pathway activity, suggesting a potential role for this gene in PRAD progression.




4.5. FMR1 Gene Expression and PI3K_AKT_mTOR_Pathway Correlations in PRAD


We looked at the link between the expression of the FMR1 gene and the activity of key genes in the PI3K_AKT_mTOR_pathway signaling network using TCGA PRAD data utilizing the TNMplot webtool (accessed on 18 March 2024) [50,51]. The data analysis employed Pearson correlation coefficients to determine the degree of association between the FMR1 gene expression levels and the expression levels of genes that play a crcial role in the PI3K_AKT_mTOR signaling cascade. The statistical significance of these associations was assessed using p-value computations, with the significance threshold set at p < 0.05. Pearson correlation was chosen for its ability to measure the linear relationship between continuous variables, its suitability for normally distributed log-transformed data, and its straightforward interpretability. The scatter plots show that there is a significant correlation between the log10 expression levels of FMR1 and PI3K_AKT_mTOR_pathway signaling pathway hub genes. This method allows us to postulate FMR1’s potential biological relevance in the context of normal prostate physiology and its dysregulation in PRAD, with a particular focus on its interaction with the PI3K_AKT_mTOR_pathway signaling pathway, which is critical for cellular growth and proliferation.




4.6. Exploring the Complex Regulation of the FMR1 Gene in PRAD


To evaluate the regulatory factors that impact the expression of the FMR1 gene in TCGA PRAD, we employed a combination of GSCALite [50,51] and GSCA [20] bioinformatic and statistical analysis tools (accessed on 20 March 2024). We began by analyzing the distribution of copy number variations (CNVs) in FMR1 using genomic data from PRAD tumor samples. The bar plot illustrates the distribution of CNVs of the FMR1 gene in PRAD tumor samples. The scatter plot with a linear regression line displays the Spearman correlation between FMR1 CNV and mRNA expression levels in PRAD.



To predict potential post-transcriptional regulation, we constructed a network diagram of microRNAs (miRNAs) and transcription factors (TFs) targeting FMR1. The interaction network visually represents the interactions between different miRNAs and FMR1.



KnockTF 2.0 aims to provide a comprehensive dataset of TF knockdown and knockout experiments across multiple tissue and cell types from different species [52]. This resource facilitates the understanding of TFs’ functions and their regulatory networks by offering extensive data on how the disruption of specific TFs affects gene expression and cellular processes. We used it to predict the TFs that could target and regulate FMR1 expression in PRAD. The word cloud displays the names of various genes, each represented by a word whose size indicates its significance or relevance in the context of FMR1-targeted genes in PRAD.





5. Conclusions


The study reveals that FMR1 gene expression correlates with PRAD progression, with possible links to advanced disease stages and poorer survival rates. This suggests that FMR1 activity may influence targeted therapies, particularly those involving the PI3K-AKT-mTOR pathway. Thus, study also suggests that copy number variations may not be critical in regulating FMR1 expression in PRAD, but rather, involve a complex interaction with miRNAs and TFs. As a result, our study indicates a possible relationship between miRNA and TFs, their functions in PRAD regulation, and their roles in targeting FMR1.
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Figure 1. Pan-cancer data assessment of FMR1 gene expression and its prognostic relevance. (A) Violin plots show the FMR1 gene expression data distribution of tumors (red) and normal samples (blue). Among other cancers, FMR1 expression is high in normal tissues compared to PRAD tissues (T = 498; N = 297). (B) The pan-cancer prognosis results of univariate Cox regression analysis. The ‘forest plot’ R package displays FMR1’s p value, HR, and 95% CI in each cancer in the forest plot. Distinct colors correspond to the functions of genes in various types of cancer. The color red and HR 5.07969 (95% CI (1.06712,24.18013) are used to indicate risk factors, indicating that greater FMR1 gene expression is associated with a worse prognosis. Statistically significant differences between tumor and normal samples are indicated with asterisks above the plots (*** for p < 0.001, ** for p < 0.01, and * for p < 0.05). 
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Figure 2. Kaplan–Meier survival curves for patients with high vs. low FMR1 gene expression. (A) At the top of the image, scatter plot shows the survival rates of two groups, “high groups” and “low groups,” based on FMR1 expression. The middle scatter plot shows the correlation between FMR1 expression and patient survival status, and a heatmap shows in detail the variation in gene expression across samples in the bottom part. (B) Kaplan–Meier (KM) survival curves show how the risks are different for two groups of patients whose FMR1 levels change over time. (C) ROC curves show that FMR1 expression levels can predict patient outcomes over different time periods. It provides the AUC values for 1 year (0.912), 3 years (0.537), and 5 years (0.569), along with their corresponding 95% confidence intervals. (D,E) KM curves of patients’ data obtained from TCGA and analyzed using GEPIA demonstrate the effect of FMR1 expression on patients’ outcomes. 






Figure 2. Kaplan–Meier survival curves for patients with high vs. low FMR1 gene expression. (A) At the top of the image, scatter plot shows the survival rates of two groups, “high groups” and “low groups,” based on FMR1 expression. The middle scatter plot shows the correlation between FMR1 expression and patient survival status, and a heatmap shows in detail the variation in gene expression across samples in the bottom part. (B) Kaplan–Meier (KM) survival curves show how the risks are different for two groups of patients whose FMR1 levels change over time. (C) ROC curves show that FMR1 expression levels can predict patient outcomes over different time periods. It provides the AUC values for 1 year (0.912), 3 years (0.537), and 5 years (0.569), along with their corresponding 95% confidence intervals. (D,E) KM curves of patients’ data obtained from TCGA and analyzed using GEPIA demonstrate the effect of FMR1 expression on patients’ outcomes.



[image: Ijms 25 07290 g002]







[image: Ijms 25 07290 g003] 





Figure 3. FMR1 gene expression across different stages of PRAD. (A) Violin plot displays the relationship between FMR1 gene expression and the pathological T stages in PRAD (left side), and Kaplan–Meier survival curve shows overall survival and disease-free survival rates for patients in these stages (right side). (B) Violin plot displays the relationship between FMR1 gene expression and the pathological N stages in PRAD (left side). It also displays the Kaplan–Meier survival curve that shows the overall survival and progression-free survival rates for patients in these stages (right side). (C) Data of FMR1 expression of patients with different PRAD stages (pT2, combined pT3 and pT4, pN0, pN1, and M0) were split using best cutoff median to study its effect on outcomes (overall survival and progression-free survival). (D) The box plot shows the correlation between FMR1 gene expression and pathological GS in PRAD, as well as the Kaplan–Meier survival curves associated with overall survival. * p < 0.05, ** p < 0.01, **** p < 0.0001. 






Figure 3. FMR1 gene expression across different stages of PRAD. (A) Violin plot displays the relationship between FMR1 gene expression and the pathological T stages in PRAD (left side), and Kaplan–Meier survival curve shows overall survival and disease-free survival rates for patients in these stages (right side). (B) Violin plot displays the relationship between FMR1 gene expression and the pathological N stages in PRAD (left side). It also displays the Kaplan–Meier survival curve that shows the overall survival and progression-free survival rates for patients in these stages (right side). (C) Data of FMR1 expression of patients with different PRAD stages (pT2, combined pT3 and pT4, pN0, pN1, and M0) were split using best cutoff median to study its effect on outcomes (overall survival and progression-free survival). (D) The box plot shows the correlation between FMR1 gene expression and pathological GS in PRAD, as well as the Kaplan–Meier survival curves associated with overall survival. * p < 0.05, ** p < 0.01, **** p < 0.0001.



[image: Ijms 25 07290 g003]







[image: Ijms 25 07290 g004] 





Figure 4. Correlation analysis of FMR1 expression with PI3K/AKT/mTOR pathway genes in prostate tissue. This figure illustrates the correlation between FMR1 gene expression and genes in the PI3K/AKT/mTOR pathway in normal and PRAD samples. The normal panel depicts the correlation in normal prostate samples, while the tumor panel displays the correlation in PRAD samples. Each scatter plot shows the log10 expression of FMR1 on the x-axis against the log10 expression of a specific pathway gene on the y-axis, with the Pearson correlation coefficient (R) and p-value (p) indicating the strength and significance of each correlation. This analysis shows substantial correlations between FMR1 expression and various PI3K/AKT/mTOR pathway genes, revealing how FMR1 may affect or be affected by this mechanism in normal and malignant prostate tissues. 
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Figure 5. Unraveling the complex gene regulation mechanisms of FMR1 expression in PRAD. (A) CNV distribution of FMR1 in PRAD tumor samples; (B) Spearman correlation between FMR1 CNVs and mRNA expression in PRAD; (C) predicted miRNA targets of FMR1 in PRAD from GSCALite tool; (D) predicted TFs that regulate FMR1 in PRAD were obtained from knockTF tool. 
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Table 1. Correlation between FMR1 gene expression and molecular signatures in PRAD.
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	Pathway
	Spearman Correlation Coefficient (r_Spearman)
	p-Value (p_Spearman)





	A
	Tumor inflammation signature
	0.11
	0.440



	B
	Cellular response to hypoxia
	0.34
	0.018



	C
	Tumor proliferation signature
	0.22
	0.126



	D
	EMT signature
	−0.14
	0.356



	E
	ECM related genes
	−0.29
	0.048



	F
	Angiogenesis
	−0.01
	0.949



	G
	Apoptosis
	0.33
	0.023



	H
	DNA repair
	−0.04
	0.806



	I
	G2M checkpoint
	0.56
	3.55 × 10−5



	J
	Inflammatory response
	0.10
	0.517



	K
	PI3K_AKT_mTOR pathway
	0.66
	3.53 × 10−7



	L
	P35
	0.06
	0.680



	M
	MYC targets
	0.19
	0.188



	N
	TGFB
	0.44
	0.002



	O
	IL_10_Anti-inflammatory signature
	0.19
	0.187



	P
	Gene upregulated by reactive oxygen (ROS)
	0.16
	0.263



	Q
	DNA replication
	0.23
	0.116



	R
	Collagen formation
	−0.16
	0.290







This table represents different measures of FMR1 gene expression correlation with various pathways. Positive significance is indicated by a statistically significant p-value (p < 0.05) and a positive correlation coefficient.
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