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Objectives

Adrenal tumors are common, but adrenocortical carcinomas (ACCs) are a rare and challenging form of cancer to diagnose and manage.This study aimed to explore the critical role of mitochondrial quality in maintaining cellular function and the implications of the abnormal expression of mitochondrial metabolism-related proteins observed in ACC patients. We focused on identifying the connection between mitochondrial quality and the development of ACC at molecular and genomic levels.





Methods

We compared mitochondrial quality-related genes (MQRGs) across ACC subtypes using overall survival (OS) and disease-free survival (DFS) as evaluation indicators. Furthermore, a novel MQRG score was developed to predict clinical prognosis and guide immunotherapy responses accurately.





Results

The majority of MQRGs were upregulated in the ACC samples, correlating to poor prognosis. The MQRG score was confirmed as an independent prognostic factor for ACC, with the high-risk MQRG score group showing a significantly shorter overall survival period.





Conclusions

Multilayer alterations in MQRGs are associated with patient prognosis and immune cell infiltration characteristics. This comprehensive analysis of MQRGs can contribute to a deeper understanding of potential differences in ACC patients' tumor microenvironment. This can influence clinical decision-making and advanced prognosis prediction, thereby offering new insights into personalized treatments in ACC.
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1 Introduction

Adrenal tumors are prevalent, but adrenocortical carcinomas (ACCs) pose as rare and formidable cancer types, presenting challenges in both diagnosis and management. The spectrum of clinical presentations in adrenal tumors spans from adrenal cortical adenomas (ACAs) to more severe manifestations like ACC. Treatment modalities for adrenal tumors encompass surgical excision, radiotherapy, chemotherapy, and targeted therapy (1). However, effective therapeutic strategies for ACCs remain elusive. A significant hurdle in addressing adrenal tumors lies in their frequent manifestation of hormone activity, leading to clinical symptoms such as hypertension and weight gain in patients (2). Furthermore, the molecular mechanisms underlying ACCs and their malignant progression are intricate, and our current understanding falls short, posing challenges in devising effective therapeutic interventions.

Conducting genetic research is imperative for advancing our comprehension of adrenocortical carcinomas (ACCs) and identifying more efficacious clinical treatment modalities. A study indicates a close correlation between the occurrence of adrenal cortical tumors and adenosine monophosphate-activated protein kinase A, adrenocorticotropic hormone (ACTH), and the Wnt pathway (3). In pediatric ACC patients in southern Brazil, the frequently observed R337H mutation in the oligomerization domain of the p53 protein constitutes a prevalent germ line mutation, resulting in the substitution of arginine with histidine at codon 337 (4). Furthermore, sporadic ACCs have been reported to manifest gene rearrangements, loss of heterozygosity (LOH) at the 11p15.5 locus (loss of one of the two alleles of a gene), and abnormal imprinting at the 11p15.5 locus. This leads to diminished expression levels of p57 kip2 and H19, coupled with elevated expression levels of IGF2 mRNA (5, 6). Increased IGF2 expression levels correlate with more malignant phenotypes, and IGF2 overexpression is associated with an elevated risk of ACC recurrence. Despite the potential diagnostic value of IGF2 and MIB1, the quest for new molecular markers in the domain of diagnostic medicine remains an urgent priority.

Both genetic and proteomic data consistently reveal the frequent overexpression of the insulin-like growth factor 2 (IGF2)-H19 locus in adrenocortical carcinomas (ACCs). Studies underscore a robust correlation between IGF2 overexpression and the expression of miR-483-3p and miR-483-5p, both originating from the IGF2 host (7). Moreover, ACCs exhibit alterations in various proteins associated with mitochondrial metabolism (7). Mitochondria play a pivotal role in supplying cellular energy and regulating diverse cellular processes, including redox balance, carcinogenic signal transduction, innate immunity, and cell apoptosis (8). They are indispensable for maintaining tissue homeostasis and programmed cell death. Mitochondrial quality and quantity are governed by mitochondrial dynamics (fusion and fission), mitochondrial autophagy (elimination of damaged mitochondria through autophagy), and mitochondrial biogenesis (9). Imbalances in mitochondrial functions are closely linked to the development of various human diseases, including tumors.

Maintaining mitochondrial quality is indispensable for normal cellular function, and compromised mitochondrial function may contribute to the development of various human diseases, including cancer (10). The energetic demands of proliferating cancer cells are primarily met through the mitochondrial oxidative phosphorylation system. Disruptions in energy production and alterations in mitochondrial oxidative metabolism, influencing mitochondrial quality, can consequently facilitate the initiation and progression of tumors. Additionally, changes in mitochondrial DNA, housing genes essential for oxidative phosphorylation, can impact both mitochondrial quality and cellular function, increasing susceptibility to cancer. Associations have been established between mitochondrial quality and the incidence of various cancer types, including liver cancer, breast cancer, colon cancer, and prostate cancer (11, 12). Therefore, a comprehensive understanding of the mechanisms governing mitochondrial quality control in tumor pathogenesis is paramount for devising innovative cancer treatment strategies.

Mitochondrial Quality Control (MQC) forms an intricate biological network that, through mechanisms like autophagy, fusion, fission, and dynamics regulation, contributes to maintaining normal mitochondrial function. Numerous studies have underscored the crucial role of MQC in various diseases. For example, Cai et al. delved into the impact of MQC in diabetic cardiomyopathy, revealing that disrupted MQC accelerates disease progression by impairing mitochondrial function (13). Similarly, Chang et al. explored therapeutic strategies for ischemic myocardial disease, highlighting MQC’s protective role against myocardial ischemic damage (14). Picca investigated how defective MQC mechanisms contribute to cardiac aging, exploring potential molecular pathways and drug treatments (15). Zhong studied the relationship between regulatory factors and AML biological characteristics, identifying SRSF10 as a potential target for AML treatment and biomarker (16). Finally, Zou demonstrated how empagliflozin enhances mitochondrial homeostasis, protects cardiac microvasculature, and alleviates myocardial ischemia/reperfusion injury (17). Aberrations in the structure and function of mitochondria observed in various tumor types lead to disruptions in quality control mechanisms, abnormalities in oxidative metabolism, and mitochondrial fission. Studies also indicate that mutations in genes involved in metabolic pathways lead to mitochondrial metabolic disorders, thereby promoting cancer development. A comprehensive understanding of the interplay between mitochondrial quality control and metabolic regulatory mechanisms in cancer development holds promise for developing innovative cancer treatment strategies.

Addressing various diseases arising from mitochondrial dysfunction has prompted intensive research into identifying actively present genes or proteins within mitochondria. In this context, Mitochondrial Quality-Related Genes (MQRGs), including PPARGC1A, PPARA, PPARG, NRF1, NFE2L2, TFAM, ESRRA, MFN1, MFN2, OPA1, MFF, FIS1, MIEF2, MIEF1, PINK1, PARK2, SQSTM1, MAP1LC3A, MAP1LC3B, MAP1LC3C, originated directly from the comprehensive mammalian mitochondrial protein inventory provided in MitoCarta 3.0, stand out as a promising research tool (18). Detailed insights into the methodology employed can be found in cited manuscript. MQRGs play a critical role in regulating mitochondrial function, and understanding their diverse expression patterns and their impact on organismal function is crucial. In this study, we provide a systematic description of MQRG expression in adrenocortical carcinoma (ACC) and assess their expression patterns in the TCGA-ACC dataset. Utilizing unsupervised clustering, we identified two distinct classes of ACC samples with significantly different overall survival rates and identified differentially expressed genes between these classes. Building upon this, we introduced a scoring system, the MQRG Gene-Mediated Scoring System (MQRG Score), which categorizes samples into high and low score groups associated with markedly different overall survival. Our model underwent validation using a validation set. Subsequently, we conducted a comprehensive analysis to explore the correlation between the MQRG score and various factors, including clinical features, levels of immune infiltration, immune characteristics, expression of immune checkpoints, and immune efficacy. The results underscore the multi-layered changes in MQRGs linked to patient prognosis and immune cell infiltration characteristics. This study aims to comprehensively depict the dysregulation of MQRGs in tumors, explore variations in MQRG regulation under different patterns, and elucidate the potential molecular mechanisms and drug responses of MQRGs under various regulatory modes.




2 Method



2.1 Data acquisition and processing

In this research, we assessed MQRGs through a comprehensive literature search. The selection of these genes was based on their established associations with potential biological mechanisms of the studied phenotype, as reported in previous studies (1). We obtained mRNA expression profile data and sample CNV information from the XENA database (https://xenabrowser.net/datapages). Clinical information was obtained using the R package cgdsr, and mutation data were acquired using the R package TCGA-biolinks. For the GSE10927 dataset, we downloaded expression data and sample survival information from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) and summarized the survival information for the samples. Additionally, we obtained immunotherapy data from IMvigor210CoreBiologies.




2.2 Information on the mutation and copy number variation, expression, and chromosomal location of MQRGs

Initially, we employed the Circos (R package) to visually represent the specific distribution of MQRGs on the chromosomal level. Subsequently, we conducted Wilcoxon tests to analyze the expression differences of MQRGs between normal and tumor samples, using adrenal tissue from GTEx as the control group (n=128). Utilizing the maftools (R package), we showcased the mutation landscape of MQRGs, offering a comprehensive visualization of the global mutation status of these genes. Likewise, we presented the copy number variations of MQRGs in the overall tumor samples. Following this, we conducted survival analysis of MQRGs expression and overall survival, exploring the correlation between MQRGs expression and overall survival using One-way cox regression analysis. Additionally, we utilized CIBERSORT to evaluate immune infiltration in tumor samples and analyzed the correlation between MQRGs expression and the abundance of immune cells (Pearson correlation).




2.3 Identifying subtypes based on MQRGs

To identify subtypes based on the expression of MQRGs, we performed Consensus Clustering analysis using the ConsensusClusterPlus package. We opted for the hc distance and Pearson clustering methods, conducting 1000 repetitions to ensure the stability of the classification. This not only addressed the survival situation of different subtype samples but also enabled accurate classification of tumor samples based on the similarity in the expression levels of MQRGs. This, in turn, contributes to a more profound understanding of the potential mechanisms and treatment options for each subgroup.




2.4 Gene set variation analysis

To investigate the expression pattern differences in biological processes among different sample types, we conducted Gene Set Variation Analysis (GSVA) enrichment analysis using the R package GSVA. This analysis utilized RNA-seq data from TCGA-ACC. GSVA, a non-parametric and unsupervised method, is primarily employed to estimate changes in the activity of pathways and biological processes within samples. We retrieved the gene set h.all.v7.4.symbols.gmt from the MSigDB database (https://www.gsea-msigdb.org) and employed it for GSVA analysis. This enabled us to compare the enriched biological processes in different sample types.




2.5 Identifying MQRG-related differential genes

Building upon the identified subtypes, we utilized limma to pinpoint genes exhibiting significant differential expression between subtypes. The analysis was conducted using TCGA-ACC RNA-seq data. We applied filtering criteria of |log2FC| > log2 (5) and an adjusted P-value< 0.05. After this, we subjected these differentially expressed genes to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, identifying significantly enriched biological processes and related pathways (P< 0.05). Following that, we employed the ConsensusClusterPlus package for consistency clustering analysis, incorporating hc distance and Pearson clustering methods. Through 1000 repetitions, we ensured the stability of the classification and addressed the survival situation of different categories. This comprehensive method enhances our understanding of molecular processes and pathways associated with different subtypes, potentially revealing novel insights into therapeutic strategies for each subtype.




2.6 MQRG score prognostic assessment system development and efficacy analysis

To establish a reliable prognostic assessment system, we amalgamated the differentially expressed genes identified in the previous steps and conducted univariate Cox regression analysis to identify genes significantly associated with overall survival (P< 0.001). Utilizing these prognostically relevant genes, we constructed a prognostic assessment system based on MQRG scores using Principal Component Analysis (PCA) for survival prediction. The formula for calculating MQRG scores is as indicated:

	

We obtained the PC and PC2…PCn for each sample using a PCA analysis of the expression spectrum of the aforementioned 10 genes. To validate the scoring system, we applied the same formula in the validation set, using the median as the grouping threshold for high and low MQRG score samples. Furthermore, we assessed the predictive capability of the scoring system using Kaplan-Meier survival analysis and receiver operating characteristic curve (ROC curves). To explore the potential of MQRG scores as independent prognostic factors, we conducted univariate and multivariate Cox risk analyses on both the training and validation sets. Additionally, we analyzed the distribution differences of clinical features among different MQRG score groups. Through these comprehensive analyses, our goal is to develop a robust prognostic scoring system with practical applications in clinical settings.




2.7 Differences in mutations and CNV between high and low scoring groups

To delve deeper into the genetic differences between high and low MQRG score groups, we employed GISTIC2 analysis on the GenePattern website to examine copy number variation (CNV) data in somatic cells. Based on the categorization of the aforementioned samples, we identified regions significantly amplified or deleted in the CNV data within each group. Furthermore, we assessed the frequency of mutated genes in high and low MQRG score groups to ascertain if there are notable differences. Through a comprehensive investigation of these genetic disparities, our objective is to gain a more profound understanding of potential biomarkers and potential therapeutic targets associated with each group.




2.8 Immunotherapy analysis

To validate the clinical applicability of the MQRG score prognostic assessment system, we applied it to an independent immune dataset, specifically the IMvigor210CoreBiologies dataset. By comparing the distribution of MQRG scores between responders and non-responders to immunotherapy, we assessed the predictive capacity of our scoring system in the immune dataset. We also incorporated the immune signature gene set, calculating enrichment scores for immune signatures across all tumor samples (19). Our aim is to showcase the universality and robustness of our scoring system across diverse cancer patient populations. In essence, we believe the successful validation of our scoring system in the immune dataset provides additional evidence supporting its potential clinical utility.




2.9 Statistical analysis

Statistical analyses were conducted using R software v4 and GraphPad Prism v9. In statistical plots, ns denotes P >= 0.05, * represents P< 0.05, ** indicates P< 0.01, *** signifies P< 0.001, and **** is used for P< 0.0001.





3 Results



3.1 Mutation and copy number variation of MQRGs, expression and chromosome location information

We observed substantial differences in the expression levels of most MQRG between tumor and normal tissues (P<0.05, Figure 1A). Our investigation into MQRG mutations and copy number variations revealed amplifications and deletions predominantly in ACC (Figure 1B). Furthermore, a noteworthy correlation between MQRG expression levels and the abundance of immune cells was observed (Figure 1C). To delve deeper, we evaluated the relationship between MQRG expression and overall survival (OS), identifying seven MQRG significantly associated with overall survival. Specifically, NRF1 and MFF exhibited a negative correlation with overall survival, while PARK2, MIEF2, PPARGC1A, SQSTM1, and PINK1 displayed a positive correlation (P<0.05, Figure 1D). Furthermore, we investigated the expression levels among MQRGs. A substantial number of MQRGs exhibit a pronounced and statistically significant positive correlation in their expression patterns (Figure 1E). These findings suggest that MQRG expression could serve as a valuable indicator for both ACC diagnosis and prognosis.




Figure 1 | (A) The Mitochondrial Quality-Related Genes (MQRGs) expression in tumor and normal tissues. Using the wilcoxon-test to analyze the differences of MQRGs expression between tumor and normal tissues. (B) The maftools package was used for MQRGs on the copy number variation of MQRGs in the tumor sample. Red, Amplification (Amp). Blue, Deletion (Del). Gray, No mutation (None). (C) CIBERSORT was used to calculate the immune cell abundance of tumor samples, and the correlation between immune cell abundance and MQRGs expression was performed using the psych package in conjunction with MQRGs expression. (D) One-way cox regression analysis was used for the analyze of the correlation between MQRGs and overall survival (OS). The node size reflects the significance associated with prognosis, with node color indicating the gene category. Green and black markers within the nodes denote positive and negative correlations with prognosis, respectively. Edge color is represented in red and blue, signifying positive and negative correlations, respectively. (E) The expression levels between MQRGs. Significant positive correlations are observed in the expression levels among the majority of MQRGs. *P < 0.05, **P < 0.01,  ***P < 0.001 and  ****P < 0.0001, Ns denotes P >= 0.05.






3.2 Identification of MQRG-related ACC subtypes

Utilizing MQRG expression (PPARGC1A, PPARA, PPARG, NRF1, NFE2L2, TFAM, ESRRA, MFN1, MFN2, OPA1, MFF, FIS1, MIEF2, MIEF1, PINK1, PARK2, SQSTM1, MAP1LC3A, MAP1LC3B, MAP1LC3C), we categorized ACC samples into two clusters (MQRG low, Cluster A, and high, Cluster B) and examined the significant differences in gene expression between these groups. Survival analysis unveiled noteworthy disparities in both overall survival (OS) and disease-free survival (DFS) between the clusters. Notably, samples expressing lower levels of MQRG exhibited significantly superior OS and DFS (Figures 2A, B). To delve into the alterations in biological pathways within MQRG-related subtypes, we conducted GSVA analysis, identifying 24 pathways with significant differences between the two groups (P<0.05). The MQRG low-expression group displayed notable enrichment in pathways related to interferon-alpha response, interferon-gamma response, and apoptosis. In contrast, the MQRG high-expression group showed significant enrichment in pathways associated with DNA repair, MYC target V1, and MYC target V2 (Figure 2C). Within the two MQRG-related subtypes, significant variations in the abundance of immune cells, including macrophages M0, macrophages M1, and T cells gamma delta, were observed (Figure 2D). Calculating the enrichment scores of immune features revealed significantly higher scores in the MQRG low-expression group for features such as CD8 T effector, immune checkpoints, and angiogenesis (Figure 2E). Furthermore, we also employed the Wilcoxon-test to analyze the expression differences of immune chemokine factors between two sample categories. The expression levels of 27 immune chemokine factor genes were significantly changed. It is evident that genes such as VAV3, CXCR6, and CCR5 show significantly higher expression in MQRG.clusterA (Figure 2F). Chi-square tests highlighted significant differences in the distribution of clinical features across distinct sample clusters, encompassing stage, Pathological Tumor (PT), Pathological Metastasis (PM) and Pathological Node (PN) (Figure 3A). These findings suggest a potential role for MQRG in regulating immune response and DNA repair pathways, thereby impacting tumor development and clinical prognosis.




Figure 2 | (A, B) Two subtypes were identified using consensus clustering based on Mitochondrial Quality-Related Genes (MQRGs) expression (MQRG.clusterA, MQRG.clusterB). The survival analysis showed significant differences in overall survival (OS) and disease free survival (DFS) between these two subtypes, with MQRG.clusterA showing significantly better OS and DFS. (C) GSVA analysis indicated a total of 24 significantly different pathways between the two subtypes. Heatmap depicting GSVA values for various Hallmark pathways after scaling. The color intensity of the scale bar illustrates the relative activity levels of each pathway, with darker colors indicating higher activity or greater inhibition compared to other pathways. (D) To assess the differences in immune cell abundance between samples belonging to different MQRG clusters, we employed the Wilcoxon test. Significant variations in the abundance of several immune cell types, including Macrophages M0, Macrophages M1, and T cells gamma delta, were observed between most pairs of samples from distinct MQRG clusters. (E) The immune signature gene set was used to calculate the 19 immune signature enrichment profiles for all tumor samples using single-sample gene set enrichment analysis (ssgsea). the MQRG.clusterA group exhibited significantly higher enrichment scores, particularly in CD8 T effector, immune checkpoint, and angiogenesis immune signatures. (F) The wilcoxon-test was used to resolve the differences in the expression of immune-chemokines between the two subtypes, and the expression of 27 highly significant immune-chemokine genes was shown. *P < 0.05, **P < 0.01,  ***P < 0.001 and  ****P < 0.0001, Ns denotes P >= 0.05.






Figure 3 | (A) We utilized the chi-square test to analyze the distribution of clinical feature categories among samples of different clusters. It is evident from our analysis that there are significant differences in the distribution of Stage, PT, PM, and PN among samples belonging to different categories. Pathological Tumor (PT), Pathological Metastasis (PM), Pathological Node (PN). (B) To construct the scoring system (MQRG score), we identified 35 differential genes from two subtypes. The clusterProfiler was used to perform functional enrichment analysis of the differential genes. (C) The box plots showed some MQRGs expression was significantly different in these two subtypes. (D) Wilcoxon test was employed to examine the differences in immune cell abundance between MQRG gene clusters. Our analysis revealed significant differences in the abundance of certain immune cell subtypes between the two subsets. Notably, immune cells such as Macrophages M0, M1, and Dendritic cells resting exhibited substantial variations. (E, F) A one-way cox regression model was used to screen genes that were significantly associated with OS using a threshold of P<0.001 as the trait genes, we obtained a total of 10 differential genes significantly associated with OS (FSCN1, NDRG4, SLC30A2, EMB, PRLR, CYP27A1, CSDC2, GSTA1, C3, GSTA2). The median MQRG score was utilized to stratify the samples into high and low-scoring groups. Subsequently, Kaplan-Meier (KM) curves were generated, unveiling significant differences in overall survival (OS) within the validation set. The receiver operating characteristic curve (ROC curves) also show that the model has good predictive performance, with an area under the curve (AUC) of 0.85 for 5-year survival in the training set and 0.87 for 1-year survival in the validation set. MQRG, Mitochondrial Quality-Related Gene. *P < 0.05, **P < 0.01,  ***P < 0.001 and  ****P < 0.0001, Ns denotes P >= 0.05.






3.3 Construction of the MQRG scoring system

To delve deeper into the functional roles of the identified MQRG subtypes, we pinpointed 35 differentially expressed genes (S1PR3, FSCN1, NDRG4, NFATC4, SLC30A2, UGCG, COL14A1, ASB4, EMB, PRLR, SLPI, CYP27A1, FABP3, MC2R, CSDC2, QPCT, LDLR, HSPB7, G0S2, PEG10, ALPL, NPTX1, SNRPN, GSTA1, PDE2A, PCP4, NDN, CYP21A2, CYP17A1, BIRC7, HSD3B2, C3, KLK1, GSTA2, SPRR1A), observing enrichment in steroid metabolic processes, steroid biosynthetic processes, and responses to fatty acids (Figure 3B). We utilized the Wilcoxon test to examine the significant differences in the expression of certain MQRG members between MQRG.gene.clusterA and MQRG.gene.clusterB, confirming the presence of substantial differences in expression (Figure 3C). Grouping the subtypes into MQRG.gene.clusterA and MQRG.gene.clusterB based on gene expression values revealed significant disparities in immune cell populations (especially macrophages M0, M1, and resting dendritic cells) (Figure 3D). The identification of the 10 trait genes was conducted through a univariate Cox regression model, with a significance threshold set at P<0.001. Genes exhibiting a significant correlation with Overall Survival (OS) were selectively chosen as candidate trait genes. Consequently, a total of 10 genes (FSCN1, NDRG4, SLC30A2, EMB, PRLR, CYP27A1, CSDC2, GSTA1, C3, GSTA2) were identified as being significantly associated with OS. Subsequent survival analysis highlighted significant differences in OS and DFS between high and low MQRG scoring groups, with an area under the curve (AUC) of 0.87 for 1-year survival (Figures 3E, F).

Utilizing an Alluvial diagram, we illustrated the intricate relationship between MQRG scoring, immune categories, TCGA categories, and OS (Figure 4A). Immune subtypes and TCGA subtypes could be found in cited manuscript (20). Noteworthy differences in MQRG scoring emerged across samples in different categories, with clusterB exhibiting significantly higher MQRG scores (Figures 4B, C). Additionally, a substantial correlation was unveiled between MQRG scoring and hallmark pathways, particularly the WNT β-catenin signaling pathway, G2M checkpoint, and E2F targets (Figure 4D). In order to further explore whether the MQRG score could serve as an independent prognostic factor, we conducted joint univariate and multivariate Cox regression analyses on the training and validation sets. In the training set (including Age, Sex, PT, PN, PM, Weiss, and MQRG score), univariate Cox regression analysis revealed significant associations of PT, PM, Weiss, and MQRG score with overall survival (OS). Similarly, in the multivariate Cox regression analysis with these features, PT and MQRG score remained significantly associated with OS, indicating that in the training set, the MQRG score can function as an independent prognostic factor (Figure 4E). Likewise, in the validation set (including Age, Sex, Stage, and MQRG score), univariate Cox regression analysis showed a significant association between MQRG score and OS. Moreover, the multivariate Cox regression analysis, incorporating the aforementioned four features, revealed a sustained significant association between MQRG score and OS, demonstrating the independent prognostic capability of the MQRG score in the validation set (Figure 4F).




Figure 4 | (A) Alluvial diagram was used for their corresponding with immune categories, TCGA categories, and overall survival (OS). Immune subtypes: wound healing (C1), IFN-g dominant(C2), inflammatory(C3), lymphocyte depleted(C4), immunologically quiet(C5), and TGF-b dominant(C6). TCGA subtypes: CpG island methylator phenotype-high (CIMP-High), CpG island methylator phenotype-intermediated (CIMP- intermediated), CpG island methylator phenotype-low (CIMP-low). (B-C) By comparing the MQRG scores between different subtypes, we found that the MQRG scores were significantly different among the samples of different categories, with clusterB having a significantly higher MQRG score. (D) Differences in hallmark pathway enrichment scores between MQRG score groups were resolved using the wilcoxon-test. (E, F) To explore whether the MQRG score could be used as an independent prognostic factor, we evaluated the MQRG score in the training and validation sets by combining single-factor cox and multi-factor cox regression analyses, respectively. The TNM staging system, a universally recognized method for malignancy staging, categorizes primary tumors (T), lymph node involvement (N), and metastasis (M). Tumor size and extent, lymph node status, and the presence of distant metastasis are respectively represented by T stages (T0, T1-T4, Tis, Tx), N stages (N0, N1-N3, Nx), and M stages (M0, M1). Pathological Tumor (PT), Pathological Metastasis (PM), Pathological Node (PN). *P < 0.05, **P < 0.01,  ***P < 0.001 and  ****P < 0.0001, Ns denotes P >= 0.05.






3.4 Evaluation of immunotherapy efficacy with MQRG score

To explore differences between high and low MQRG scoring subgroups, we analyzed immune checkpoint genes. The results unveiled that the subgroup with higher MQRG scores exhibited significantly lower gene expression of immune checkpoint genes (Figure 5A). These findings reinforce the potential crucial role of MQRG gene in regulating the immune response and its potential as a valuable prognostic marker for ACC patients. To assess the impact of immunotherapy on high and low MQRG scoring subgroups, we delved into the IMvigor210CoreBiologies dataset. Initially computing MQRG scores, we subsequently categorized samples into two groups based on these scores. Throughout the analysis, no significant differences were observed between the complete response (CR)/partial response (PR) group and the progressive disease (PD) group. Moreover, within the high and low MQRG scoring groups, no notable changes were noted in the distribution of immune response categories. However, survival analysis pointed to a significantly poorer prognosis in the high-scoring group compared to the low-scoring group (Figure 5B). These findings underscore that this model serves as a reliable prognostic indicator for overall survival in immunotherapy data.




Figure 5 | (A) Immune Checkpoint Gene Expression in High and Low MQRG Score Groups. Wilcoxon test identified 15 genes with significantly lower expression in high MQRG score group. (B) To study the effect of immunotherapy in high and low scoring groups, the KM survival curve illustrates overall survival outcomes, while the distribution of immunotherapy response categories in high and low MQRG score groups is depicted. Additionally, boxplots highlight MQRG score variations among different efficacy groups. These findings underscore the robust predictive capacity of the MQRG model in analyzing immunotherapy data, with a particular emphasis on predicting overall survival outcomes. CR, Complete Response. PR, Partial Response. PD, Progressive Disease. SD, Stable Disease. MQRG, Mitochondrial Quality-Related Gene. CR, Complete Response. PR, Partial Response. PD, Progressive Disease. SD, Stable Disease. MQRG, Mitochondrial Quality-Related Gene. *P < 0.05, **P < 0.01,  ***P < 0.001 and  ****P < 0.0001, Ns denotes P >= 0.05.







4 Discussion

Adrenocortical carcinoma (ACC) is a complex and heterogeneous disease, with its underlying mechanisms and treatment options still being inadequately understood. The identification of novel pathogenic mechanisms and treatment targets is indispensable for formulating more efficacious management and treatment approaches for ACC. Despite advancements, there remains an insufficient comprehension of the pathways involving MQRGs, emphasizing the need to explore new pathogenic mechanisms and treatment targets. Such research plays a pivotal role in advancing the development of more effective strategies for the management and treatment of ACC.

The pivotal role of mitochondria in the survival and growth of cancer cells cannot be overstated. Additionally, ensuring mitochondrial quality control (MQC) is indispensable for cancer cells, and the engagement of mitochondrial dynamics and the mitochondrial autophagy pathway in this process is crucial for developing effective cancer treatments targeting specific aspects of mitochondrial dynamics and autophagy (21). The significance of abnormal mitochondrial metabolism in adrenocortical carcinoma (ACC) has garnered attention, with research highlighting that energy metabolism stands out as a notable hallmark of the ACC phenotype. Mitochondrial metabolism is critical for normal cells and is governed by MQC (22). However, the disruption of MQC may contribute to the pathogenesis of ACC. As more information on abnormal mitochondrial metabolism surfaces, it opens the doors to novel and more effective treatments for ACC.

Several studies propose that mitochondrial quality control (MQC) holds promise as a crucial area in cancer treatment. Mitochondrial autophagy, a pivotal MQC mechanism, efficiently eliminates damaged mitochondria, enhancing overall mitochondrial function. Enhancing MQC function may lead to the suppression of tumor growth and heightened sensitivity to chemotherapy or radiotherapy (23). Conversely, compromising MQC may induce mitochondrial dysfunction, initiating tumor development. In cancer, mitochondrial autophagy experiences impairment, affecting mitochondrial autophagy receptors and adapters, including PINK1, Parkin, BNIP3, BNIP3L/NIX, and p62/SQSTM1, along with associated signaling pathways (24). Hence, targeting the MQC pathway emerges as a promising strategy for managing adrenal tumors. MitoCarta3.0 serves as an updated and comprehensive resource, offering researchers a repository of mitochondrial proteins. This repository is accompanied by detailed annotations, providing in-depth descriptions of protein functions, expression patterns, and subcellular localization, facilitating the comprehensive characterization of these proteins (18). In our study, we’ve demonstrated the pivotal role of Mitochondrial Quality-Related Genes (MQRGs) in regulating mitochondrial function and their potential to differentiate ACC patients. The significant expression differences of most MQRGs between tumor and normal tissues, along with frequent observations of copy number variations involving amplifications and deletions, underscore their relevance. Additionally, the positive/negative correlation between MQRG expression and immune cell abundance, along with the substantial positive correlations among most MQRGs, suggests that abnormal MQRG expression may contribute significantly to the development of ACC.

Tumor classification stands as a pivotal method for determining the malignancy and heterogeneity of tumors. The personalized classification of tumors based on individual patient characteristics can significantly assist in clinical diagnosis, treatment planning, and prognosis assessment. In our study, we conducted clustering analysis utilizing the expression profiles of Mitochondrial Quality-Related Genes (MQRGs). Survival analysis revealed noteworthy differences in both overall survival (OS) and disease-free survival (DFS) between two distinct sample clusters, with the MQRGs low-expression group exhibiting significantly better OS and DFS. Consequently, the characteristic high expression of MQRGs serves as an indicator of aberrant changes in carcinogenic pathways. Furthermore, we observed significant variations in immune cell abundance. The higher expression of MQRGs correlated with lower enrichment scores for immune features and the expression of 27 immune chemokine factor genes, signifying the presence of a tumor microenvironment characterized by the development of chronic inflammation and immune suppression. These findings offer crucial insights into understanding the potential mechanisms of mitochondrial function in adrenocortical carcinoma (ACC) and lay the groundwork for developing novel treatment strategies aimed at improving patient prognosis. However, the correlation analysis presented in the manuscript highlights the complexity of the relationship between MQRGs and ACC patient survival. It is crucial to clarify that the correlation does not imply causation, and the impact of individual MQRGs on patient outcomes may vary. These findings underscore the nuanced role of MQRGs in ACC, and further analyses are needed to elucidate the specific mechanisms underlying these associations.

To further reveal the functional roles of Mitochondrial Quality-Related Genes (MQRGs), we identified 35 differentially expressed genes encoding proteins. Employing a univariate Cox regression model, we screened for genes significantly associated with overall survival (OS) to select feature genes. This analysis pinpointed a total of 10 differentially expressed genes significantly correlated with OS. Following this, we computed MQRG scores in both the training and validation sets using a scoring system formula. Samples were subsequently categorized into high and low-score groups based on the median MQRG score. Our MQRG score model emerges as a valuable prognostic factor for patients with adrenal tumors. It encapsulates the overall quality of mitochondrial function and structure in the context of adrenocortical carcinoma (ACC), elucidating its connection with patient prognosis. This study sheds light on the role of mitochondrial quality control (MQC) in tumor initiation and development, offering crucial insights for the development of novel therapies for ACC.

The MQRG score proves valuable in classifying patients with adrenocortical carcinoma (ACC) and gaining insights into the patients’ pathological conditions and tumor microenvironment characteristics. In our pursuit of enhancing personalized treatment plans and prognosis assessments for ACC patients, we assessed the treatment sensitivity of patients with varying MQRG scores. Utilizing univariate and multivariate Cox regression analyses, we evaluated MQRG scores in both the training and validation sets. Significantly, we discovered a correlation between MQRG scores and overall survival (OS). Demonstrating independence as a prognostic factor, the MQRG score exhibited substantial differences in the expression of immune checkpoint genes between high and low-score groups. Notably, the group with high MQRG scores displayed significantly lower expression of immune checkpoint genes, suggesting the potential of our model as a prognostic tool for immune therapy. This model can be a valuable asset for clinicians in better predicting patient prognosis.

In-depth research is necessary to comprehensively grasp the potential mechanisms linking mitochondrial quality control (MQC) to the occurrence of adrenal tumors. These discoveries hold crucial clinical implications, offering valuable insights for the development of novel therapies for adrenocortical carcinoma (ACC) and setting the stage for more personalized treatments. This, in turn, has the potential to significantly enhance patient prognosis.




5 Conclusion

In summary, our investigation revealed the aberrant expression of proteins related to mitochondrial metabolism in patients with adrenocortical carcinoma (ACC), shedding light on the connection between mitochondrial quality and the development of ACC. Additionally, we clarified the correlation between MQRG expression and significant differences in overall survival (OS) and disease-free survival (DFS) across different ACC subtypes. Moreover, we introduced a novel MQRG score designed to assist in clinical prognosis and evaluate the response to immune therapy. This MQRG score was validated as an independent prognostic factor for ACC.
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