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H I G H L I G H T S  

• We investigated the co-expression network of mitochondria-related genes and lncRNAs. 
• An accurate mitochondria-related lncRNA signature is proposed for osteosarcoma. 
• This lncRNA signature facilitates prognostic evaluation in osteosarcoma. 
• This lncRNA signature effectively predicts the immune landscape in osteosarcoma. 
• We highlight the multifaceted role of core mitochondria-related lncRNAs in pan-cancer.  
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A B S T R A C T   

Mitochondrial damage is related to the functional properties of immune cells as well as to tumorigenesis and 
progression. Nevertheless, there is an absence concerning the systematic evaluation of mitochondria-associated 
lncRNAs (MALs) in the immune profile and tumor microenvironment of osteosarcoma patients. Based on tran-
scriptomic and clinicopathological data from the TARGET database, MAL-related patterns were ascertained by 
consistent clustering, and gene set variation analysis of the different patterns was completed. Next, a MAL- 
derived scoring system was created using Cox and LASSO regression analyses and validated by Kaplan-Meier 
and ROC curves. The GSEA, ESTIMATE, and CIBERSORT algorithms were utilized to characterize the immune 
status and underlying biological functions in the different MAL score groups. MAL-derived risk scores were well 
stabilized and outperformed traditional clinicopathological features to reliably predict 5-year survival in oste-
osarcoma cohorts. Moreover, patients with increased MAL scores were observed to suffer from poorer prognosis, 
higher tumor purity, and an immunosuppressive microenvironment. Based on estimated half-maximal inhibitory 
concentrations, the low-MAL score group benefited more from gemcitabine and docetaxel, and less from thap-
sigargin and sunitinib compared to the high-MAL score group. Pan-cancer analysis demonstrated that six hub 
MALs were strongly correlated with clinical outcomes, immune subtypes, and tumor stemness indices in various 
common cancers. Finally, we verified the expression patterns of hub MALs in osteosarcoma with qRT-PCR. In 
summary, we identified the crosstalk between prognostic MALs and tumor-infiltrating immune cells in osteo-
sarcoma, providing a potential strategy to ameliorate clinical stratification management.   
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1. Introduction 

Osteosarcoma is the most common primary malignant bone tumor in 
adolescents and children, with a worldwide prevalence of four to five 
per million [1,2]. The initial symptoms of osteosarcoma commonly 
consist of pain, swelling, and the potential for local tenderness and 
inflammation [3–5]. In later stages, symptoms may include restricted 
mobility of the joint and the occurrence of pathologic fractures [6]. 
Unfortunately, in the early stages of osteosarcoma, symptoms are often 
mistaken for growing pains or intense exercise-induced discomfort in the 
adolescent population, thereby delaying diagnosis [7–9]. In addition, 
Osteosarcoma is a highly malignant and invasive disease, making it 
difficult for patients to capture the best opportunities for treatment [10]. 
It spreads easily through the bloodstream in its initial phases, and the 
resulting pulmonary metastases are a major cause of death for patients 
[11]. Although long-term survival rates for patients with situ lesions 
have been maintained above 60 % since the 1970 s through various 
treatment modalities such as surgical resection and chemotherapy, there 
has been no improvement in long-term survival rates for patients who 
have developed lung metastases [12,13]. Therefore, there is an urgent 
demand to develop accurate and reliable molecular biomarkers for early 
diagnosis and prognosis. 

The tumor microenvironment (TME) is a complex, highly heteroge-
neous, and dynamic integrated system, mainly composed of tumor cells, 
cancer-associated fibroblasts, tumor-infiltrating immune cells (TICs), 
and microvasculature [14,15]. During tumorigenesis and progression, 
strongly metabolically active cancer cells interfere with immune cell 
function in the TME by consuming nutrients and producing immuno-
suppressive metabolites [16]. Mitochondria are the targets and feedback 
centers of various energy metabolism regulators, where metabolic pro-
cesses such as oxidative phosphorylation (OXPHOS), tricarboxylic acid 
cycle, and lipid metabolism are located [17,18]. Reactive oxygen species 
(ROS) are unstable molecules produced by the NADPH oxidase and cy-
tochrome P450 system in mitochondria during OXPHOS with oxygen, 
providing another source of genomic instability [19,20]. Mitochondria 
are both the origin and target of ROS, and increased levels of ROS lead to 
mitochondrial dysfunction, which in turn further inflates ROS levels 
[21–23]. Moreover, as the site of energy production using oxygen, 
mitochondria are central to intracellular oxidative stress injury and the 
convergence point of numerous programmed cell death pathways [24]. 
Such as ferroptosis, a novel form of regulatory necrotic process triggered 
by the imbalance of iron-dependent lipid peroxidation, is closely related 
to the disruption of mitochondrial redox homeostasis [25,26]. Note-
worthy, during tumor metabolic reprogramming, structural and func-
tional alterations of mitochondria themselves affect tumor cell status 
and play a broad regulatory role in tumor proliferation, immune escape, 
invasion, migration, angiogenesis, and drug resistance [27]. As reported 
by Toki et al. viability and multiplication of osteosarcoma cells are 
dependent on the regulation of PARP-1/AIF pathway-dependent 
apoptosis by the mitochondrial BIG3-PHB2 complex [28]. Another study 
showed that a novel arsenic-based mitochondrial toxin, PENAO, could 
induce oxidative stress and mitochondrial membrane potential depo-
larization, which synergistically enhanced ROS production and 
mitochondrial-mediated apoptosis with the pyruvate dehydrogenase 
kinase inhibitor dichloroacetate, subsequently causing tumor cell pro-
liferation and cycle arrest [29]. Notably, impaired OXPHOS processes, 
abnormal mitochondrial metabolism, and autophagy drive the homeo-
static abnormalities and depletion programs of immune cells in the TME 
[30]. Mitochondria play a crucial role in altering the metabolic pattern 
of T cells to achieve the desired immune response. Mitochondrial 
disorder-causing defective T-cell activation could lead to immune sur-
veillance impairment and expedite tumor progress [31]. Tumor- 
infiltrating T lymphocytes frequently exhibit mitochondrial damage 
accompanied by a loss of redox balance, which limits their proliferation 
and self-renewal [32]. A major challenge for immune checkpoint 
blockade (ICB) and adoptive cell transfer (ACT) is the eventual 

development of T cell failure and senescence, and these restrictions can 
be overcome by metabolic stabilization improving T cell adaptability 
and lifespan in TME [33]. Therefore there is a need for an in-depth 
exploration of the crosstalk between mitochondria and immune cells 
to provide more possibilities for early diagnosis and treatment of 
osteosarcoma. 

Long non-coding RNAs (lncRNAs) are widely known as crucial gene 
regulators of cell biology, whose crosstalk with mitochondria is of 
mounting attention. As reported, lncRNA Tug1 affected mitochondrial 
Ca2 + transport and myogenesis-related transcriptional networks 
regulating skeletal muscle responses to motor stimuli [34]. Another 
study noted that lncDACH1 is highly expressed in high glucose-treated 
cardiomyocytes, which exacerbates diabetic cardiomyopathy by 
increasing ubiquitination-mediated sirtuin3 degradation to promote 
mitochondria-derived ROS levels and apoptosis [35]. LncRNA Punisher 
modulated H2O2-induced vascular smooth muscle cell apoptosis and 
mitochondrial dynamics via the miR-664a-5p/OPA1 axis, thereby 
attenuating the development of atherosclerosis [36]. Research by Wo 
et al. demonstrated that the lncRNA HABON interacted with the VDAC1 
to dampen mPTP opening and significantly enhanced mitochondrial 
activity, resulting in the inhibition of tumor cell apoptosis [37]. 
Furthermore, lncRNAs intimately interact with other molecules to 
regulate osteosarcoma invasion, metastasis, EMT, and prognosis [38]. 
The study of Li et al. demonstrated that lncSNHG14 overexpression 
competitively binds miR-206 to protect SLC7A11 from degradation, 
thereby inhibiting ferroptosis in osteosarcoma cells and then promoting 
chemoresistance of nutlin3a [39]. LINC00629 promotes osteosarcoma 
development and metastatic spread by regulating KLF4 stability and 
endoplasmic reticulum stress-induced apoptosis [40]. Notably, ever- 
increasing studies have addressed lncRNAs as biomarkers to predict 
therapeutic response in osteosarcoma, including m6A-associated, Fer-
roptosis-associated, and immune-associated lncRNA models [41–43]. 
However, it is poorly understood the implications of mitochondria- 
associated lncRNAs on clinical stratification management, immune 
response, tumor microenvironment, and fate regulation of osteosarcoma 
cells. 

Considering the essential value of lncRNAs and mitochondria in os-
teosarcoma, bioinformatics analysis was deployed to mine potentially 
dysregulated lncRNAs involving mitochondria. We established a novel 
MAL prognostic index for predicting outcomes in osteosarcoma patients 
and probed more accurate molecular phenotypes and corresponding 
TME profiles in osteosarcoma. This study may provide a basis for 
investigating the crosstalk between mitochondria and its relevant 
lncRNAs in the molecular regulatory mechanisms of osteosarcoma. 

2. Materials and methods 

2.1. Sample data download and collation 

The osteosarcoma transcriptome data and clinical data were down-
loaded from the TARGET database (https://ocg.cancer.gov/progra 
ms/target) and included mRNAs and lncRNAs. The clinical data were 
sorted to include futime (survival time), fustat (survival status), sex, age 
at diagnosis in days, metastatic and non-metastatic. After excluding 
patients with unavailable gene expression matrices, we included data 
from 88 cases to ensure the reliability of the study results. A dataset of 
396 normal musculoskeletal samples was obtained from the GTEx 
database (https://www.gtexportal.org/home/) as the control [44,45]. 
We consolidated the above gene expression matrices into one expression 
matrix (457 samples in total) and bias-corrected the merged data using 
the “sva” package [44,46]. Transcriptome expression and clinical 
datasets of 33 tumor types were downloaded from the Cancer Genome 
Atlas (TCGA) cohort (https://portal.gdc.cancer.gov/). 
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2.2. Acquisition of hub MALs associated with prognosis in osteosarcoma 

The mitochondria-related genes (MRGs) as shown in Supplementary 
Table S1 were fetched from the MitoCarta3.0 database (https://www. 
broadinstitute.org/mitocarta), which provides 1136 genes encoding 
the mitochondrial proteome, including mitochondrial sub-organelle 
localization and pathway annotations [47]. Regarding the above gene 
list, we extracted the differential expression values of MRGs with the 
“limma” package. Following the “clusterProfiler” package, gene 
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses were performed to investigate the cellular and mo-
lecular functions of MRGs. In order to assess the correlation between the 
mitochondria-related genes and lncRNAs, we performed Pearson cor-
relation analysis using the “corrplot” package and defined lncRNAs with 
P value < 0.001 and absolute correlation coefficient > 0.4 as MALs 
[48,49]. The network of MRGs and their co-expression MALs was 
generated via the “igraph” package. Univariate Cox regression was un-
dertaken for further screening of prognostic MRGs or MALs using the 
“survival” package. Hazard ratio (HR) greater than 1 suggested an 
inferior prognosis and vice versa. 

2.3. Consensus clustering analysis and risk stratification system 
construction based on MALs 

With MALs screened by Cox regression, we implemented an unsu-
pervised clustering approach to identify the heterogeneity of MAL mo-
lecular patterns in osteosarcoma using the “ConsensusClusterPlus” 
package. Gene set variation analysis (GSVA) and single-sample gene set 
enrichment analysis (ssGSEA) were applied to quantify the pathway 
enrichment scores and levels of TICs for different MAL subtypes by the 
“GSVA”, “GSEABase”, “ggpubr”, and “reshape2″ packages. The least 
absolute shrinkage and selection operator regression (LASSO) was 
deployed to further screen pivotal MALs and refine the risk stratification 
system. MAL scores = Σ (coefi × Expi) (coef: coefficient, Exp: MAL 
expression level). Using the ”caret“ R package, the TARGET samples 
were randomly divided into training and test groups in a 1:1 ratio. The 
median MAL score was specified as the cut-off value for case classifi-
cation in each cohort. Kaplan-Meier (KM) survival analyses were carried 
out to estimate the overall survival (OS) of both cohorts with the 
”timeROC“ package. The reliability of the MAL scores was authenticated 
by receiver operating characteristic (ROC) curves and these analyses 
were repeated in the train, test, and entire cohorts. 

2.4. Independent prognostic analysis, stratified analysis, and clinical 
correlation analysis 

To exclude the influence of other clinical characteristics, we used 
COX regression to determine whether the MAL score was an indepen-
dent prognostic factor. We extracted clinical information from the 
TARGET dataset for osteosarcoma patients and subdivided it for each 
parameter. Specifically, two groups were classified according to age 
(≤18 and > 18 years), gender (female and male), and metastatic status 
(metastatic and non-metastatic). The nomogram was configured using 
the “rms” package in combination with clinical features and MAL score 
to assess the survival probability of osteosarcoma patients. The accuracy 
of the nomograms was also estimated with the corresponding calibration 
curves. KM analysis stratified by clinicopathological characteristics was 
subsequently performed. The chi-square was applied to appraise the 
relationship between the MAL score and clinical parameters. 

2.5. Comparative analysis of prognostic features and clinical variables 

The lncRNA prognostic models included in the comparative analysis 
were obtained from published studies, which we named according to the 
authors’ names as Yang [50], Gong [51], Wang [52], and Bu [53] 
scoring systems. We calculated the concordance index (C-index) and 

area under the ROC curve (AUC) values of different prognostic signa-
tures and clinical variables by the “Pec”, “timeROC”, and “dplyr” 
packages for superiority comparison. 

2.6. Application of MAL scoring system in predicting TME and response to 
chemotherapy/immunotherapy 

After computing TME scores and tumor purity between the high- and 
low-MAL score groups with the “estimation” package, the Wilcoxon rank 
sum test was availed to resolve the discrepancy between both groups. 
TICs and stromal cells are receiving increasing concern as major cellular 
components of TME influencing neoplastic progression [54]. Therefore, 
the CIBERSORT deconvolution algorithm was adopted to accurately 
quantify the proportions of TICs (22 different cell types) depending on 
the gene expression profiles of each osteosarcoma. The Spearman test 
was then carried out to investigate the correlation between the MAL 
score and immune cell content. Single sample gene set enrichment 
analysis (ssGSEA) was applied to explore the activation degree of TICs 
and immune-related pathways between two MAL score groups. To assess 
discrepancies in immunotherapy response, we compared the expression 
of human leukocyte antigen (HLA) genes and immune checkpoint genes 
(ICGs) in patients with high or low MAL scores. Since immunotherapy 
may achieve better efficacy in combination with targeted therapy or 
chemotherapy, we assessed the half-maximal inhibitory concentration 
(IC50) of several targeted agents or chemotherapeutic agents that may 
benefit osteosarcoma patients using information from the Cancer 
Genome Project (CGP) database (https://www.sanger.ac.uk/gene 
tics/CGP/) to predict the sensitivity of these drugs in diverse MAL 
score groups. In principle, lower IC50 values and higher ICG expression 
predicted better sensitivity to chemotherapy and immunotherapy, 
respectively [55–57]. The biological characteristics of the two MAL 
scoring groups were further elucidated using the GSEA algorithm with 
reference to genome collections (c2.cp.kegg.v7.4.symbols.gmt and c5. 
go.v7.4.symbols.gmt) obtained from the MSigDB database (https:// 
www.gsea-msigdb.org/gsea/index.jsp). 

2.7. Three-dimensional structure prediction and subcellular localization 
analysis 

AlphaFold, an artificial intelligence tool that applies deep learning to 
structural and genetic data, can accurately predict protein structures 
based on amino acid sequences while evaluating the confidence of its 
predictions [58]. We estimate the three-dimensional (3D) structure of 
core MRGs by AlphaFold to promote our understanding of the basic 
cellular composition. The Human Protein Atlas (HPA, https://www. 
proteinatlas.org/) and lncATLAS databases (https://lncatlas.crg.eu/) 
were instrumental in determining the subcellular localization of core 
MRGs and MALs, respectively. 

2.8. Pan-cancer analysis 

The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/) 
Database is a cancer research project established by the National Cancer 
Institute (NCI, National Cancer Institute) and National Human Genome 
Research Institute (NHGRI, National Human Genome Institute), which 
provides a large-scale reference database for cancer research by col-
lecting and organizing various cancer-related multi-omics data, 
including genomes, transcriptomes, epigenomes, and proteomes [59]. 
Transcriptome expression and clinical datasets of 33 tumor types were 
downloaded from the TCGA cohort. The abbreviations of 33 tumor types 
are shown in Supplementary Table S2. The MAL expression information 
between 33 tumor types and matched normal tissues was extracted and 
analyzed for significant differences with the Wilcoxon test by the 
“ggpubr” package. The association between MAL expression and OS of 
patients with 33 cancer types was subsequently examined with KM 
analysis and univariate cox regression. Correlations between critical 
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MALs and cancer immune subtypes were determined with Kruskal- 
Wallis tests. To investigate the relationship between MAL and tumor 
stemness in different cancer types, correlation analysis between key 
MAL and RNA stemness scores (RNAss) or DNA methylation stemness 
scores (DNAss) was applied by the Spearman correlation test. 

2.9. Cell culture and quantitative real-time polymerase chain reaction 
(qRT-PCR) 

Three osteosarcoma cell lines and one osteoblast cell line were used 
in this study: MG63, U2OS, MNNG/HOS, and hFOB1.19. All cell lines 
were obtained through the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China) and cultured according to the instructions. Total RNA 
was prepared using RNA-easyTM isolation reagent (Vazyme Biotech Co., 

Fig. 1. Flow chart of this study.  
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Ltd., Nanjing, China) and then reverse transcribed into cDNA with 
HiScript III RT SuperMix (Vazyme, China). Finally, qRT-PCR was per-
formed using the UltraSYBR Mixture Kit (CWBIO, China). GAPDH was 
set as internal control and relative gene expression was calculated by the 
2–ΔΔCt method. Primer sequences for relevant genes are described in 
Supplementary Table S3. 

2.10. Statistical analysis 

This study was based on R software (version 4.2.1) and GraphPad 

Prism 8.0 to analyze the data and generate graphs. All experiments were 
performed at least three times independently. Continuous variables 
were expressed using the mean ± standard deviation. Statistical differ-
ences between groups were calculated by t-test or one-way ANOVA. P <
0.05 was considered statistically significant. 

Fig. 2. Screening pivotal MRGs and corresponding functional enrichment analysis (A) Prognostic MRGs in osteosarcoma filtered by univariate Cox regression. (B) 
Determination of pivotal MRGs by intersecting differentially expressed MRGs with prognostic MRGs. (C-D) Boxplot (C) and heatmap (D) indicating differential 
expression levels of pivotal MRGs in osteosarcoma and normal tissues. (E) Interaction network of the 32 pivotal MRGs. (F) Locations of pivotal MRGs on the 
chromosome. (G-H) Gene Ontology enrichment analysis of pivotal MRGs. (I-J) Kyoto Encyclopedia of Genes and Genomes analysis of pivotal MRGs. MRGs, 
mitochondria-related genes; *p < 0.05; **p < 0.01; ***p < 0.001. 
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3. Results 

3.1. Identification of hub MRGs and functional enrichment analysis 

The flowchart of the integrated strategy was showed in Fig. 1. Under 
the cutoff criteria of |logFC| > 1 and FDR < 0.05, we collected 262 
differentially expressed MRGs (DEMRGs) between osteosarcoma and 
normal tissues, of which 46 were upregulated and 216 were down-
regulated (Supplementary Table S4). The prognostic value of MRGs was 
determined by Cox regression analysis, revealing 52 MRGs with HR 
greater than 1 as negative prognostic factors and 58 MRGs with HR less 
than 1 as favorable prognostic factors (Supplementary Table S5, 
Fig. 2A). Subsequently, 32 core MRGs were harvested by intersecting 
DEMRGs and prognostic MRGs (Fig. 2B), whose expressions are depicted 
in Fig. 2C, D. We focused on the linkage of these hub MRGs. According to 
the co-expression network, ADCY10, GLYAT, and ACSM1 were the 
highest correlative regulators, suggesting their potential co-interaction 
(Fig. 2E). Fig. 2F illustrates the location of these MRGs on chromo-
somes, with the majority localized on chromosomes 1, 12, and 16. GO 
enrichment analysis demonstrated that most of these MRGs are enriched 
in the mitochondrial matrix, mitochondrial inner membrane, and small 
molecule catabolic process and affect OXPHOS-related molecular func-
tions such as oxidoreductase activity, aldehyde dehydrogenase [NAD(P) 
+ ] activity, nucleotide diphosphatase activity (Fig. 2G, H). KEGG 
enrichment determined numerous underlying mechanisms related to 
amino acid metabolism, with “Butanoate metabolism”, “Propanoate 
metabolism” and “Valine, leucine, and isoleucine degradation” forming 

the first five significantly enriched pathways (Fig. 2I, J). 

3.2. Screening of mitochondria-related lncRNAs in osteosarcoma 

A total of 512 MALs were defined using Pearson correlations at strict 
screening criteria (correlation coefficient > 0.4 and P value < 0.001) 
(Fig. 3A, Supplementary Table S6), followed by the construction of a 
MAL-MRG co-expression network in osteosarcoma patients (Fig. 3B). 
After univariate Cox analysis, 58 MALs exerted a remarkable impact on 
patient outcomes, among which 11 were low-risk MALs, such as 
HOMER3-AS1, AC005332.4, and AC090559.1 (Fig. 3C). On the other 
hand, the remaining 23 were considered adverse indices, including 
SATB2-AS1, USP2-AS1, TBX2-AS1, and others (Fig. 3C). In exploring the 
MAL-PDL1 correspondence, varying degrees of positive or negative as-
sociations between HOMER3-AS1, LINC02298, LINC01549, 
AC010609.1, VPS9D1-AS1, AL161729.1, AC005332.4, AC090559.1 and 
PDL1 were detected (Fig. 3D). 

3.3. Determination of MAL-related clusters and the characteristics of TICs 

Based on the expression of prognostic-related MALs, we attempted to 
ascertain molecular subtypes of the TARGET cohort by applying 
consensus clustering analysis. The CDF graph reflected the ideal value of 
2 for cluster number, whereby all osteosarcoma samples are separated 
into two MAL patterns, designated MAL cluster C1 – C2 (Fig. 4A). We 
discovered that these two clusters differ significantly in terms of MAL 
expression as presented in Fig. 4B. The clustering of MALs in PCA 

Fig. 3. Identification of prognostic MALs in osteosarcoma (A) Sankey diagram of the relationship between MALs and hub MRGs. (B) Co-expression network of 
correlated MALs and MRGs. (C) Forest plot of Cox regression analysis for prognostic MALs. (D) Correlation between MALs and PDL1 expression. MALs, mitochondria- 
related lncRNAs; MRGs, mitochondria-related genes. *p < 0.05. 
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analysis revealed the heterogeneity of MAL patterns and effective dif-
ferentiation of patients (Fig. 4C). The crosstalk between tumor cells and 
their surrounding TME is fundamental to tumorigenesis and progression 
[60]. We managed to quantify the TME cell infiltration profile and im-
mune landscape disparities between the two MAL patterns by three 
different algorithms. The overall information on the content of 22 im-
mune cells in two molecular subtypes is presented in Fig. 4D, where the 
abundance of M0 macrophages, plasma cells, and naive CD4 + T cells 
varied significantly from each other according to the CIBERSORT 
method (Fig. 4E). Meanwhile, the ssGSEA scores of eight TME features 

were distinguished between MAL patterns. APC co-inhibition, promot-
ing inflammation, T cell co-inhibition, T cell co-stimulation, CD8 + T 
cells, Th1 cells, Th2 cells, and Type II IFN response pathways were 
activated in cluster C1 (Fig. 4F). In the ESTIMATE analysis, the two MAL 
clusters differed significantly in tumor purity, ESTIMATE, and stromal 
scores (Fig. 5A). In addition, we examined the relative expression of 
ICGs between MAL clusters C1 and C2. BTLA, LAIR1, CD200R1, 
CD40LG, VTCN1, PDCD1LG2, TNFRSF8, CD27, TNFRSF18, CD86, and 
CD44 were highly expressed in MAL cluster C1 samples, suggesting that 
MAL cluster C1 patients respond better to immunotherapy (Fig. 5B). 

Fig. 4. Determination of MAL-related patterns in osteosarcoma by consensus clustering (A) Two MAL clusters were identified by consistent clustering analysis (k =
2). (B) The discrepancies in the abundance of MALs between the two clusters. (C) PCA analysis for two MAL patterns. (D) Heatmap of the 22 immune cell proportions 
in two MAL patterns by CIBERSORT analysis. (E) The distinction in 22 immune cell proportions between the two MAL clusters. (F) Comparison of immune cells and 
pathways in diverse MAL clusters by ssGSEA algorithm. MAL, mitochondria-related lncRNA; *p < 0.05; **p < 0.01; ***p < 0.001. 
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Supportively, the clinical outcome analysis also showed that MAL 
cluster C2 had a better OS rate (Fig. 5C). To identify the underlying 
mechanisms contributing to the divergence between the two MAL pat-
terns, we also conducted GSVA analysis. As shown in Fig. 5D, cluster C2 
presented enriched pathways related to organic compound anabolism, 
such as steroid biosynthesis, terpenoid backbone biosynthesis, folate 
biosynthesis, pyrimidine metabolism, phenylalanine, glycine, serine, 
and threonine metabolism, compared to MAL cluster C1. These findings 
effectively demonstrate the validity and potential application of MAL- 

based clustering analysis in risk stratification of osteosarcoma patients. 

3.4. Construction of the MAL scoring system 

The MAL-based clustering analysis elucidated the general profile of 
MAL patterns in the osteosarcoma patient population, and the MAL 
scoring system was developed for application to specific individuals. 
After the LASSO regression of 58 prognostic MALs, six MALs were 
filtered for the construction of the MAL scoring system (Supplementary 

Fig. 5. ESTIMATE analysis, Kaplan-Meier survival analysis, and GSVA analysis for diverse MAL patterns (A) The distinction in ESTIMATE, stromal and immune 
scores, and tumor purity among diverse MAL patterns. (B) Discrepancies in immune checkpoint gene expression between diverse MAL patterns. (C) Kaplan-Meier 
survival curves of osteosarcoma patients with different MAL patterns. (D) GSVA enrichment analysis of osteosarcoma patients with different MAL patterns for 
ascertaining the activation status of biological pathways. MAL, mitochondria-related lncRNA; GSVA, gene set variation analysis; *p < 0.05; **p < 0.01. 
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Fig. S1). MAL scores = (ELFN1-AS1 * 0.350813) + (HOMER3-AS1 * 
− 0.160669) + (LINC01549 * 0.055383) + (IL10RB-DT * − 0.052315) +
(AC011442.1 * 0.551401) + (AC090559.1 * − 0.040253). Each osteo-
sarcoma sample from the train, validation, or entire cohort was sub-
jected to a MAL score and stratified into high- and low-MAL scoring 
groups (Fig. 6A–C). We observed that ELFN1-AS1, LINC01549, and 
AC011442.1 were enriched in the high MAL scoring group, while the 
opposite was true for HOMER3-AS1 (Fig. 6A–C). Survival analysis was 

then undertaken for these three cohorts. As shown in Fig. 6D–F, the 
patients with high-MAL scores presented discouraging results with 
higher mortality than those with low-MAL scores. ROC curve analysis 
reflected the accuracy of the MAL scoring system in the training cohort; 
with AUC greater than 0.85 for 1-, 3-, and 5-year OS (Fig. 6G). As ex-
pected, the ROC curve analysis for the test or entire cohort also sug-
gested that the MAL score was a reliable prognostic indicator for 
osteosarcoma (Fig. 6H, I). 

Fig. 6. Development and validation of the MAL scoring system (A-C) The MAL score distribution and MAL expression of osteosarcoma patients in the train (A) and 
validation (B), and entire (C) cohort. (D-F) Kaplan-Meier survival curves for osteosarcoma patients in the train (D) and validation (E), and entire (F) cohort. (G-I) ROC 
curves for 1-, 3-, and 5-year survival in train (G) and validation (H), and entire (I) cohort. MAL, mitochondria-related lncRNA. 
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3.5. Function annotation and clinical application of the MAL score 

We also explored potential divergent mechanisms and activation 
pathways in patients with distinct MAL scores by GSEA analysis. 
Numerous crucial functions pertaining to immune development were 
significantly enhanced in the low MAL score subgroup, including acti-
vation of immune response, adaptive immune response, complement 
activation, humoral immune response, and phagocytosis, which may 
provide some evidence to substantiate the prognostic superiority of the 
low MAL score group (Fig. 7A). On the other hand, the pivotal 

enrichment functions in the elevated MAL score group were “dien-
cephalon development”, “intermediate filament organization”, “muscle 
hypertrophy in response to stress”, and others (Fig. 7B). Furthermore, 
the KEGG pathway specialized among the different scoring groups, with 
a prominently active hedgehog signaling pathway in the high MAL score 
group (Fig. 7C). In contrast, osteosarcoma patients with depressed MAL 
scores were more enriched with complement and coagulation cascades, 
hematopoietic cell lineage, and NOD-like receptor signaling pathway, 
among others (Fig. 7D). 

The variation of clinicopathological parameters between the two 

Fig. 7. MAL score-based functional annotation, clinical correlation analysis, and Nomogram construction (A-B) Gene Ontology enrichment in the low (A) and high 
(B) MAL score group by GSEA. (C-D) Kyoto Encyclopedia of Genes and Genomes enrichment in high (C) and low (D) MAL score group by GSEA. (E-G) Discrepancies 
in gender (E), age (F), and metastatic status (G) between different MAL score subgroups. (H) Discrepancies in MAL score between two MAL clusters. (I) Construction 
of a MAL-based nomogram by various parameters. (J) Calibration curve of the MAL-based nomogram. (K–P) Kaplan-Meier survival curves of overall survival 
stratified by age, gender, and metastasis status between low- and high-MAL score groups. MAL, mitochondria-related lncRNA; GSEA, Gene sets enrichment analysis. 
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MAL score groups was investigated. Notably, there were no significant 
disparities in age as well as gender between the diverse MAL score 
groups, but the probability of metastasis was higher in patients with 
high MAL scores (Fig. 7E–G). This suggests that the MAL score may be 
associated with metastasis in osteosarcoma. Interestingly, the risk score 
for cluster C1 was significantly lower than that for cluster C2 and cor-
responded to a better survival outcome, demonstrating that MAL pat-
terns and scoring system could be mutually validated (Fig. 7H). We then 
created a nomogram combining MAL score and clinicopathological 
variables for osteosarcoma patients, allowing convenient prediction of 
OS at 1, 3, and 5 years (Fig. 7I). The conformity between the predicted 
and actual OS probabilities was assessed by calibration curves (Fig. 7J). 
In addition, stratified survival analysis revealed a greater survival 
discriminatory value of the MAL scoring system in multiple clinical 
subgroups including different age, gender, and metastasis groups, with 
significantly inferior OS in the high MAL score group (Fig. 7K–P). 

3.6. Independent prognostic analysis and comparative evaluation of MAL 
scores 

Cox regression was employed to appraise the independent prognostic 
value of MAL scores, and the results declared that metastasis status and 
MAL scores were independent prognostic elements in osteosarcoma 
patients with p-values < 0.05 (Fig. 8A, B). In estimating the prognosis of 
individual osteosarcoma patients, the AUC of the MAL scores was 0.905, 
which was superior to the clinical factors (Fig. 8C). The C-index was 
used to characterize the discriminatory ability of the MAL scores, which 
was likewise elevated over the clinical factors (Fig. 8D). To further 

confirm the distinguishability of the MAL scores, we carried out a ROC 
analysis of MAL scores versus four published prognostic models in the 
same osteosarcoma cohort and concluded that the AUC values of the 
MAL scores were not inferior to those of the other signatures (Fig. 8E). 

3.7. MAL scores and tumor-infiltrating immune cells 

For examining the impact of MAL scores on the immune landscape, 
TICs in distinct MAL score groups were first characterized using the 
ssGSEA algorithm. We uncovered that the TICs correlated with adaptive 
immunity were abundant in the low-MAL score group, including B cells, 
CD8 + T cells, T follicular helper (Tfh) cells, tumor-infiltrating lym-
phocytes (TIL), T helper type 1 cell (Th1 cells), Th2 cells, and regulatory 
T cells (Treg) (Fig. 9A). Meanwhile, APC co-inhibition, check point, 
cytolytic activity, inflammation − promoting, T cell co − inhibition, and 
co − stimulation pathways were significantly enhanced in the low-MAL 
score group (Fig. 9B). The ESTIMATE algorithm revealed significant 
differences in immunological subtypes between MAL score groups, with 
increasing MAL scores accompanying elevated tumor purity, but the 
reverse for ESTIMATE score and stromal score (Fig. 9C). The CIBER-
SORT algorithm discerned that the MAL scores were significantly posi-
tively correlated with M0 macrophages (R = 0.24, p = 0.026), but 
negatively correlated with plasma cells (R = − 0.26, p = 0.016), acti-
vated memory CD4 + T cells (R = − 0.22, p = 0.041), and CD8 + T cells 
(R = − 0.23, p = 0.037) (Fig. 9D). Intriguingly, among the six MALs, the 
expression of AC090559.1 manifested a strong positive correlation with 
infiltrated M2 macrophages. On the other hand, LINC01549 was 
inversely linked to the infiltration of three immune cells, including CD8 

Fig. 8. Independent prognostic value and Comparative analysis of MAL scores (A-B) Univariate (A) and multivariate (B) independent prognostic analysis of MAL 
score and clinical variables. (C) Comparison of the predictive performance of MAL score and different clinical features by ROC analysis. (D) Comparison of the C- 
index between MAL score and clinical variables. (E) Comparison of MAL score with published lncRNA scoring systems. MAL, mitochondria-related lncRNA. 
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Fig. 9. Extended application of MAL score in the immune landscape (A-B) Comparison of immune cell infiltration and immune-related functions in diverse MAL 
score subgroups by single-sample gene-set enrichment analysis. (C) ESTIMATE analysis of diverse MAL score subgroups. (D) Correlation analysis between MAL score 
and immune infiltrating cells based on the CIBERSORT algorithm. (E) Correlation analysis between core MALs and immune infiltrating cells based on the CIBERSORT 
algorithm. (F) Heatmap for visualization of differences in the immune score, stromal score, ESTIMATE score, tumor purity, immune cells, and function in distinct 
MAL score subgroups. MAL, mitochondria-related lncRNA; *p < 0.05; **p < 0.01; ***p < 0.001. 
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+ T cells, plasma cells, and memory B cells (Fig. 9E). Fig. 9F details the 
distribution of MAL scores, immune functions, TICs, immune scores, 
stromal scores, ESTIMATE scores, and tumor purity among individual 
osteosarcoma patients. As expected, significant distinctions in the im-
mune landscape were observed in the different MAL score groups, which 
is consistent with the prognostic analysis. These findings suggested that 
an activated immune status may account for better OS outcomes in the 
low-MAL score group. 

3.8. ICB response metrics and drug sensitivity analysis 

We calculated the IC50 values of several commonly prescribed tar-
geted compounds and chemotherapeutic agents to further investigate 
the underlying merits of the MAL scoring system in clinical application. 
As described in Fig. 10A–I, bexarotene, bortezomib, docetaxel, gemci-
tabine, midostaurin, obatoclax mesylate, pazopanib, shikonin, and 
vinorelbine had lower IC50 values in the low MAL scoring group, indi-
cating that low MAL score group was connected with a higher sensitivity 
to these agents. On the other hand, the relative likelihood of response to 
elesclomol, lenalidomide, methotrexate, pyrimethamine, sunitinib, and 
thapsigargin was elevated in the high MAL scoring group (Fig. 10J–O). 
Immune checkpoint analysis demonstrated that BTLA, LAIR1, LAG3, 
CD200R1, TMIGD2, PDCD1LG2, TNFSF9, KIR3DL1, TNFSF14, CD27, 
CD48, HAVCR2, CD274, HHLA2, CD44, TNFRSF9, and CD40LG were 
downregulated in the low MAL scoring group, reflecting the potential 
greater clinical benefit of ICB implementation in the low MAL subgroup 
(Fig. 10P). In addition, 16 immune checkpoints (TNFSF15, BTLA, CD27, 
CD40LG, CD44, CD200R1, CD274, HHLA2, LAG3, LAIR1, LGALS9, 
PDCD1LG2, TMIGD2, TNFRSF9, TNFSF4, and HAVCR2) were all 
strongly negatively correlated with MAL score (P < 0.05, Supplementary 
Fig. S2). Structural and functional variation in HLA underlies an effec-
tive adaptive immune response to tumor antigens, with individual 
variation in HLA genotype patterns potentially affecting the clinical 
outcome of ICB therapy [61,62]. Increased expressions of HLA class I 
genes (including HLA − A, HLA − E, and HLA − B) and HLA class II 
genes (including HLA − DMA, HLA − DMB, HLA − DPA1, HLA − DQA2, 
HLA − DQB1, HLA − DRB1, and HLA − DRB6) were observed to be 
associated with low MAL scores (P < 0.05, Supplementary Fig. S3). Our 
results indicated that patients in different scoring groups have divergent 
immunogenomic patterns and may be differentiated between immuno-
therapy responders and non-responders based on the MAL scoring 
system. 

3.9. lncRNA-mRNA network, immunofluorescence localization and 3D 
structure prediction of MRGs 

Based on Pearson correlation (|R| >0.4 and p < 0.001), a lncRNA- 
mRNA co-expression network involving six MALs of the scoring sys-
tem was created using Cytoscape (Fig. 11A). ELFN1-AS1 was co- 
expressed with HPDL, and HOMER3-AS1 was co-expressed with 
LYRM1. LINC01549 was co-expressed with 2 MRGs (AADAT and 
ETFBKMT), while IL10RB-DT was co-expressed with 3 MRGs 
(ALDH4A1, MLYCD, and ADCK1). AC011442.1 was co-expressed with 
ADCY10, and AC090559.1 was co-expressed with ABCB6. As shown in 
Fig. 11B–J, 3D protein structure predictions were applied for the nine 
MRGs mentioned above to facilitate the understanding of their func-
tions. Based on the HPA database, the subcellular localization of HPDL, 
LYRM1, AADAT, ADCK1, and ABCB6 in U2OS was acquired using nu-
cleus, microtubule, and endoplasmic reticulum (ER) markers. In U2OS 
cells, AADAT localized not only to the plasma membrane but also to the 
vesicles (Fig. 11K). ABCB6 and HPDL were primarily located in mito-
chondria (Fig. 11L, M), while ADCK1 and LYRM1 were mainly localized 
in the nucleoplasm (Fig. 11N, O). 

3.10. Pan-cancer analysis of core MALs 

As pan-cancer analysis of the six MALs in the scoring system has not 
been undertaken, it remains uncertain whether they conferred contri-
bution to the pathogenesis of different tumors through specific or 
common molecular mechanisms. We executed pan-cancer analysis to 
investigate biomarkers suitable for broad-spectrum cancer diagnosis. 

Comparative analysis of the MAL expression in pan-cancer and 
normal tissues revealed that ELFN1-AS1 was differentially expressed in 
14 cancers and upregulated in 11 of them, including rectum adenocar-
cinoma (READ), stomach adenocarcinoma (STAD), colon adenocarci-
noma (COAD), head and neck squamous cell carcinoma (HNSC), liver 
hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), 
bladder urothelial carcinoma (BLCA), breast invasive carcinoma 
(BRCA), lung squamous cell carcinoma (LUSC), prostate adenocarci-
noma (PRAD), and uterine corpus endometrial carcinoma (UCEC) 
(Fig. 12A). HOMER3-AS1 was highly expressed in the majority of can-
cers, such as BLCA, cholangiocarcinoma (CHOL), esophageal carcinoma 
(ESCA), STAD, glioblastoma multiforme (GBM), HNSC, kidney renal 
clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma 
(KIRP), LIHC, and LUSC, and was decreased in COAD, kidney chromo-
phobe (KICH), and thyroid carcinoma (THCA) (Fig. 12B). LINC01549 
expression levels were detectable but low in most tumors and adjacent 
normal tissues, with no significant discrepancies between BLCA, CHOL, 
ESCA, GBM, HNSC, KIRP, THCA, and matched normal tissues (Fig. 12C). 
IL10RB-DT was upregulated in 10 cancers and downregulated in 4 
cancers compared to normal tissues (Fig. 12D). AC090559.1 was 
decreased in most cancers, including BLCA, BRCA, COAD, KIRP, LIHC, 
LUAD, LUSC, PRAD, READ, and UCEC (Fig. 12E). The expression level of 
AC011442.1 was tumor specificity, with relatively elevated expression 
in BLCA, CHOL, ESCA, KIRC, LIHC, LUAD, PRAD, STAD, and THCA, and 
relatively reduced expression in BRCA, HNSC, and KICH (Fig. 12F). 

Survival analysis of the pan-cancer cohort demonstrated that ELFN1- 
AS1 expression affected OS in patients with adrenocortical carcinoma 
(ACC), COAD, KIRC, KIRP, acute myeloid leukemia (LAML), PAAD, 
UCEC, and uveal melanoma (UVM) and those patients with high levels 
of ELFN1-AS1 expression had a poorer prognosis than those with 
depressed levels of ELFN1-AS1 expression (Fig. 13A). KIRC and brain 
lower grade glioma (LGG) Patients with low AC011442.1 expression 
exhibited significantly increased OS, while HNSC patients with low 
AC011442.1 expression experienced inferior clinical outcomes 
(Fig. 13B). In ACC, KIRC, and UVM, patients with low IL10RB-DT 
expression levels had more favorable outcomes, but the converse 
occurred in BLCA, LUAD, and thymoma (THYM) (Fig. 13C). There were 
disparities in OS between patients with high and low LINC01549 
expression in HNSC, KICH, KIRC, and uterine carcinosarcoma (UCS) 
(Fig. 13D). AC090559.1 expression was linked to prognosis in five 
cancers, namely ACC, LGG, LUAD, SKCM, and testicular germ cell tu-
mors (TGCT) (Fig. 13E). Upregulated HOMER3-AS1 expression was 
substantially associated with unfavorable OS in KIRC, LIHC, and OV, but 
corresponded to better OS in BLCA and LAML (Fig. 13F). 

Examination of cancer stemness highlighted six MALs with varying 
degrees of association with RNAss and DNAss in different cancer types 
(Fig. 14A, B). In general, AC090559.1 was negatively linked to RNAss or 
DNAss, with the strongest connection to RNAss in THYM (r = − 0.71) 
(Fig. 14A, B, Supplementary Table S7). In opposition, ELFN1-AS1 was 
positively affiliated with RNAss in 12 cancers (including BRCA, cervical 
squamous cell carcinoma and endocervical adenocarcinoma (CESC), 
COAD, HNSC, LUAD, ovarian serous cystadenocarcinoma (OV), 
pancreatic adenocarcinoma (PAAD), PRAD, READ, skin cutaneous 
melanoma (SKCM), STAD, and UCEC), with the strongest association 
with RNAss in PAAD (r = 0.44) (Fig. 14A, Supplementary Table S7). 
Immunogenomic-based analysis identified six immune subtypes for 
defining differential immune response patterns affecting prognosis [63]. 
As illustrated in Fig. 14C, the six MALs were differentially expressed in 
the pan-cancer immune subtypes. Concretely, there was overexpression 
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Fig. 10. Characteristics of MAL score in immune checkpoint expression and chemotherapy (A-O) Discrepancies in drug sensitivity between diverse MAL score 
subgroups, including bexarotene (A), bortezomib (B), docetaxel (C), gemcitabine (D), midostaurin (E), obatoclax.mesylate (F), pazopanib (G), shikonin (H), 
vinorelbine (I), elesclomol (J), lenalidomide (K), methotrexate (L), pyrimethamine (M), sunitinib (N), thapsigargin (O). (P) Discrepancies in immune checkpoint gene 
expression between diverse MAL score subgroups. MAL, mitochondria-related lncRNA. 
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Fig. 11. Three-dimensional structure prediction and subcellular localization analysis of co-expressed MRGs (A) Network analysis of MALs with the nine most 
critically co-expressed MRGs. (B-J) Three-dimensional protein structure of nine most critically co-expressed MRGs. (K-O) Immunofluorescence staining of the 
subcellular localization of co-expressed MRGs, including AADAT, ABCB6, HPDL, ADCK1, and LYRM1. MAL, mitochondria-related lncRNA. 
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of AC090559.1 and IL10RB-DT in the C6 immune subtype (TGF-beta 
dominant); ELFN1-AS1 and AC011442.1 in the C1 immune subtype 
(wound healing); and HOMER3-AS1 and LINC01549 in the C5 immune 
subtype (immunologically quiet). 

In summary, the expression levels of the six MALs are dysregulated in 
multiple TCGA cancer types, with additional linkages to cancer prog-
nosis, immune subtypes, and tumor stemness. 

3.11. Subcellular localization and biological validation of core MALs 

To further elucidate the possible mechanisms of core MALs, their 
subcellular localization was investigated using the lncATLAS database. 
HOMER3-AS1 was primarily localized in the nucleus (Fig. 15A). ELFN1- 

AS1 was mainly located in the cytoplasm of HUVEC and NCI.H460 cells 
and the nucleus of GM12878, HepG2, and K562 cells (Fig. 15B). IL10RB- 
DT was predominantly situated in the cytoplasm of GM12878 and SK.N. 
SH cells, as well as in the nucleus of HeLa.S3 and MCF.7 cells (Fig. 15C). 
The results of qRT-PCR further disclosed that the expression of ELFN1- 
AS1 and AC011442.1 was higher in all three osteosarcoma cell lines 
than in hFOB1.19 (Fig. 15D, E). In contrast, HOMER3-AS1 and IL10RB- 
DT were expressed inferiorly in osteosarcoma than in the human oste-
oblast cells (Fig. 15F, G). AC090559.1 was expressed higher in U2OS 
and MG63 cell lines, but not significantly different in the MNNG/HOS 
cells compared to the hFOB1.19 (Fig. 15H). Note that the CT values for 
LINC01549 were too high out of the RT-qPCR detection limit in 
hFOB1.19 and osteosarcoma cells, denoting a paucity of its 

Fig. 12. Pan-cancer expression analysis of core MALs (A-F) Pan-cancer expression analysis of ELFN1-AS1 (A), HOMER3-AS1 (B), LINC01549 (C), IL10RB-DT (D), 
AC090559.1 (E), and AC011442.1 (F) in TCGA dataset. MAL, mitochondria-related lncRNA; *p < 0.05; **p < 0.01; ***p < 0.001. 
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corresponding transcripts. Similarly in the pan-cancer analysis, we 
observed that LINC01549 exhibited extremely poor expression in 
various tumor and control samples (Fig. 12C). 

4. Discussion 

Osteosarcoma is the most common primary malignant bone cancer 
with severe morbidity and mortality [64,65]. The pathogenetic features 
of osteosarcoma are diverse and complex, including karyotypic insta-
bility, genomic disorders, disability of DNA restoration, DNA methyl-
ation, histone modifications, and immune escape [66,67]. The current 
therapeutic strategies were not ideal, especially for patients with 
advanced osteosarcoma and metastatic events [68]. Thus, further 

investigation of the underlying mechanisms from a new perspective and 
seeking effective systematic therapies to improve patients’ prognoses is 
warranted. Recently, lncRNA signatures of various metabolic, pro-
grammed cell death and methylation modifications in osteosarcoma 
have been established. Given the lack of systematic analysis for crosstalk 
between MAL and the osteosarcoma microenvironment and prognosis, 
we performed a comprehensive assessment of MAL and co-expressed 
MRG using multi-omics data. 

In this study, we first selected 32 crucial MRGs based on their 
expression levels and prognostic impact on patients with osteosarcoma, 
which have extensive interconnections. Further functional enrichment 
analysis revealed that as expected MRGs were enriched in substance 
metabolism, mitochondrial composition, and oxidative stress-related 

Fig. 13. Pan-cancer survival analysis of core MALs (A-F) Pan-cancer survival analysis of ELFN1-AS1 (A), HOMER3-AS1 (B), LINC01549 (C), IL10RB-DT (D), 
AC090559.1 (E), and AC011442.1 (F) in TCGA dataset. MAL, mitochondria-related lncRNA. 
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pathways. Reprogrammed metabolic demands and altered energy 
metabolism are crucial hallmarks of cancer, and mitochondria are the 
predominant organelles modulating cellular anabolism and signaling 
[69,70]. Cell fate is heavily implicated by mitochondrial activity, from 
ATP production to lipid metabolism, Ca2 + homeostasis, apoptosis, and 
oxygen radical stabilization [71]. Mitochondria within carcinoma cells 
tend to overproduce ROS, leading to a vicious cycle between mito-
chondria, ROS, genomic instability, and cancer progression [72]. These 
central MRGs may be potential molecular targets for revealing mito-
chondrial function in osteosarcoma, and further validation of their 
utility would be a bold and promising attempt. 

To our knowledge, there is a surprising link between mitochondria 
and epigenetic regulation in cancer, as mitochondria could achieve 
modulation of epigenetics through cellular metabolites or Warburg ef-
fects [73]. Targeting epigenetics and mitochondrial metabolism has 
been proven as prospective therapeutic strategies to restrain tumor 
growth, which typically demonstrates synergistic benefits in conjunc-
tion with classical cytotoxic agents [73–75]. In turn, non-coding RNAs 
likewise serve indispensable components as in mediating cellular ROS 

release, mitochondrial function, and metabolic reprogramming [76]. 
Since lncRNAs affect oxidative stress and mitochondrial function 
through multiple mechanisms, which may have distinct effects on spe-
cific neoplastic phenotypes. Liu et al. reported that lncRNA ANRIL, an 
oncogenic factor upregulated in hepatocellular carcinoma, led to 
enhanced mitochondrial function and cell proliferation by driving 
increased ARL2 expression in a miR-199a-5p-dependent manner [77]. In 
another study, the hypoxia-induced elevation of LINC00294 could 
trigger the cAMP signaling pathway, depress mitochondrial function, 
and accelerate apoptosis in glioma cells through direct interaction with 
miR-21-5p, whereas silencing LINC00294 reversed mitochondrial 
dysfunction [78]. As part of our investigation, Pearson correlation 
analysis and univariate Cox regression were employed to recognize the 
58 MALs with significant impact on the outcome of osteosarcoma pa-
tients from the TARGET dataset. In the following, two MAL subtypes 
were ascertained by unsupervised clustering and presented notable 
distinctions in patient survival time, immune characteristics, ICG 
abundance, and biological pathways. Specifically, each subtype showed 
separate enrichment patterns of mitochondrial function-related 

Fig. 14. Relationship of core MALs with immune subtype and tumor stemness score in pan-cancer (A) The correlation of core MALs expression with RNA stemness 
score. (B) The correlation of core MALs expression with DNA stemness score. (C) Differential expression of core MALs in six pan-cancer immune subtypes. MAL, 
mitochondria-related lncRNA; *p < 0.05; **p < 0.01; ***p < 0.001. 
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features, with folate biosynthesis, pyrimidine metabolism, phenylala-
nine, glycine, serine, and threonine metabolism significantly active in 
cluster C2. The complex and dynamic interactions between tumor- 
infiltrating immune cells and TME are responsible for tumor progres-
sion, including tumor escape, invasion, metastasis, and resistance to 
immunotherapy [79]. We analyzed the TME and the content of 22 im-
mune cells in two osteosarcoma populations, and cluster C1 had a higher 
immune infiltration status, ESTIMATE scores, stromal scores, and a 
lower tumor purity while corresponding to a good prognosis. Upon the 
immunological background of the tumor, the immune-desert phenotype 
is defined as the absence of immune cell infiltration in tumor paren-
chyma or stroma [80], and we speculate that cluster C2 may be classified 
as an immune-desert phenotype. Characteristic molecular typing using 
MALs as the basis could facilitate new insights into the connections 
between classification and outcome in osteosarcoma patients. 

For individual osteosarcoma patients, we determined six risk MALs 
(ELFN1-AS1, HOMER3-AS1, LINC01549, IL10RB-DT, AC011442.1, and 
AC090559.1) by lasso-penalized Cox regression analysis to construct a 
MAL scoring system. ROC curves and C-index curves suggested that the 
MAL score was reliable (even more robust than other published prog-
nostic signatures) and could accurately predict the clinical outcomes of 
patients with osteosarcoma. Our study also examined the correlation 
between MAL scores and clinical characteristics of osteosarcoma 

patients. The patients with high MAL scores had a higher probability of 
developing metastases, in line with their poor outlook. Importantly, 
multivariate regression analysis indicated that the MAL score could be 
an independent prognostic factor for patients with osteosarcoma. We 
further observed that cluster C2 with unfavorable survival status scored 
much higher than cluster C1, demonstrating that MAL patterns and 
scoring system mutually validated each other’s survival results. 
Numerous cancer types suffer from a complicated interconnection be-
tween mitochondrial dysfunction and the immune microenvironment 
[81]. Tumor-infiltrated T cells manifested diminished mitochondrial 
capacity and quality, which is linked to the inhibition of T cell mito-
chondrial biosynthesis and oxidative metabolism caused by TME [82]. 
In addition, suppression of OXPHOS and lipid metabolism in Treg cells 
exacerbated mitochondrial dysfunction and mtDNA release, followed by 
shaping the immunosuppressive environment [83]. Converting the 
phenotypes of immune cells from anticancer to carcinogenic decreases 
the ROS levels in the TME enabling the maintenance of tumor expansion 
[76]. Overall, it was necessary to further evaluate the interaction be-
tween MAL scoring systems with the tumor microenvironment and im-
mune response. Three different algorithms revealed that the immune 
microenvironment was more favorable in low-scoring patients than in 
high-scoring patients, as reflected by the abundance of TICs relevant to 
adaptive immunity along with the activation of immune pathways such 

Fig. 15. Subcellular localization and expression levels of core MALs (A) The Subcellular localization of HOMER3-AS1 in the lncATLAS database. (B) The Subcellular 
localization of ELFN1-AS1 in the lncATLAS database. (C) The Subcellular localization of IL10RB-DT in the lncATLAS database. (D-H) The expression levels of ELFN1- 
AS1 (D), AC011442.1 (E), HOMER3-AS1 (F), IL10RB-DT (G), and AC090559.1 (H) in osteosarcoma and hFOB1.19 cell lines. MAL, mitochondria-related lncRNA; *p 
< 0.05; **p < 0.01; ***p < 0.001. 
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as check point, cytolytic activity, inflammation-promoting, T cell co- 
inhibition in the low MAL score group. Also, the MAL scores of indi-
vidual osteosarcoma patients were negatively correlated with the level 
of CD4 + and CD8 + T lymphocyte infiltration. CD4 + and CD8 + T 
lymphocytes with specificity for tumor-associated antigens could trigger 
the body’s immune response to mediate apoptosis and cancer regression 
through ACT immunotherapy [84]. In clinical trials for melanoma pa-
tients, chimeric antigen receptor (CAR) T-cell immunotherapy has 
demonstrated outstanding efficiency in inducing complete and durable 
regression of metastatic melanoma [85]. Wu et al. proposed superior 
progression-free survival and OS in osteosarcoma patients infused with 
more CD8 + TIL [86]. HER2-targeted CAR-T therapy inhibited tumor- 
initiating cells and sarcosphere formation capacity in osteosarcoma 
revealing promising antitumor activity [87]. On the other hand, with the 
advent of ICB agents, curative options for cancer patients have 
dramatically widened. We observed that the expression levels of im-
mune checkpoints were generally increased in the low MAL score sub-
group than in the high MAL score subgroup, implying that the efficacy of 
ICB therapy may be better in patients with lower MAL scores [88]. The 
evolution of drug resistance in cancer patients is a principal challenge 
for clinical management. Augmented mitochondrial biogenesis and its 
dynamic alterations facilitate the development of chemoresistance by 
mechanisms ranging from altered metabolism, maintenance of stem cell 
properties, induction of autophagy, and activation of anti-apoptotic 
pathways [89]. Currently, therapeutic strategies targeting mitochon-
drial dysfunction against chemoresistance are receiving widespread 
attention [90]. Our study also extended the utility of the MAL scoring 
system in predicting osteosarcomas’ susceptibility to various drugs. The 
high- and low-MAL scoring groups presented strikingly divergent re-
sponses to several chemotherapeutic agents (Bexarotene, Docetaxel, 
Gemcitabine, Midostaurin, Shikonin, and Vinorelbine). Although some 
of them are newly developed, we could screen chemotherapeutic agents 
suitable for osteosarcoma patients to guide future clinical administra-
tion. Overall, we systematically examined the relationship between the 
MAL scoring system and TME, immune cell infiltration, drug sensitivity, 
and immunotherapy response, which may assist in the prognostic 
assessment and treatment determination in osteosarcoma. Indeed, 
obtaining more data from osteosarcoma patients with previous immu-
notherapy or chemotherapy will enable us to characterize the effec-
tiveness of different therapies, which is the direction of our future 
research. 

For these lncRNAs included in the MAL scoring system (ELFN1-AS1, 
HOMER3-AS1, LINC01549, IL10RB-DT, AC090559.1, and 
AC011442.1), it is still unclear whether they contribute to the patho-
genesis of different tumors through specific or common molecular 
mechanisms, so we further investigated their research progress. ELFN1- 
AS1 has been proven to participate in tumorigenesis and development as 
an oncogenic driver in colorectal cancer, retinoblastoma, ovarian can-
cer, pancreatic cancer, non-small cell lung cancer, and others [91–95]. 
Ge et al. found that ELFN1-AS1 displayed markedly elevated levels in 
advanced osteosarcoma patients and osteosarcoma cells, while the ma-
lignant phenotypes of osteosarcoma were inhibited after knocking down 
ELFN1-AS1 [96]. Mechanistically, the osteosarcoma cell-derived exo-
some ELFN1-AS1 promoted M2 macrophage polarization by serving as 
ceRNA to upregulate CREB1 expression [96]. In our study, ELFN1-AS1 
was overexpressed in MG63, U2OS, and MNNG/HOS, following previ-
ous reports. LINC01549 expression was exceedingly depressed in most 
tumors and adjacent normal tissues and correlated with OS in patients 
with HNSC, KICH, KIRC, and UCS. According to Wang et al. LINC01549 
may be engaged in necroptosis as a negative prognostic element in os-
teosarcoma patients [97]. Similarly, our study demonstrated that 
LINC01549 was upregulated in the high-MAL scoring group, corre-
sponding to inferior clinical outcomes. Moreover, LINC01549 was 
negatively correlated with tumor-infiltrating CD8 + T cells, plasma cells, 
and memory B cells in the TME of osteosarcoma. As the main immune 
cells against cancer, CD8 + cytotoxic T lymphocytes (CTL) gradually 

lose their function and differentiate into an exhausted condition due to 
immune tolerance and immunosuppressive mechanisms [98]. Depleted 
CD8 + TILs manifest diminished mitochondrial fitness and excessive 
mitochondrial ROS, a phenomenon particularly exacerbated in TME 
[99]. Therapeutic enhancement of mitochondrial mass and morphology 
may allow for improved TIL performance [100]. TIL-B and plasma cells 
situated in tumors or tumor-associated tertiary lymphoid structures 
probably exert an aggressive part in antitumor immunity, but their po-
tential utility as agents or targets for cancer immunotherapy demands 
further elucidation [101]. In GBM tissue, IL10RB-DT was markedly 
upregulated than in normal brain tissue and was an adverse prognostic 
biomarker independent of other clinical factors [102]. Another study 
illustrated that IL10RB-DT was overexpressed in clear cell renal cell 
carcinoma, especially in advanced T stages [103]. Yang et al. proposed 
that IL10RB-DT inhibited tumor antigen presentation and induced CD8 
+ T-cell depletion to suppress tumor immune responses, which was 
strongly negatively associated with the clinical efficacy of ICB and sur-
vival in melanoma and breast cancer [104]. Consistent with the results 
of Zhang et al [105], we demonstrated that IL10RB-DT was down-
regulated in MG63, U2OS, and MNNG/HOS. Co-expression analysis 
predicts that IL10RB-D may interact with three MRGs (ALDH4A1, 
MLYCD, and ADCK1), so further investigation of its specific function is 
warranted. Transcriptome data analysis of AC011442.1 revealed that it 
was differentially expressed in 12 tumors and significantly correlated 
with OS in patients with HNSC, KIRC, and LGG. According to Yi et al. 
AC011442.1 may act as an oncogenic driver in osteosarcoma regulating 
AMPK and hedgehog signaling pathways [106]. We investigated that 
AC011442.1 was highly expressed in high-MAL scoring subgroups and 
upregulated in MG63, U2OS, and MNNG/HOS. Notably, AC011442.1 
has not been reported to be associated with biological functions in os-
teosarcoma, and its molecular mechanisms in osteosarcoma deserve 
additional characterization.AC090559.1 reportedly participated in the 
construction of ferroptosis, autophagy, and Pyroptosis-related prog-
nostic models in LUAD, as well as serving as an independent favorable 
prognostic factor for OS [107–109]. Concordant with the published 
literature, LUAD patients with advanced levels of AC090559.1 expres-
sion had a more favorable outcome by pan-cancer analysis. Tumor 
progression is characterized by progressive loss of the differentiated 
phenotype and acquisition of stem cell-like features. Stem cell indices 
help stratify undifferentiated cancers, and assessment of tumor stemness 
based on RNA expression and DNA methylation characteristics is widely 
available [110]. Examination of cancer stemness suggested that 
AC090559.1 was adversely correlated with RNAss in most tumors, 
underscoring the necessity for further exploration of potential mecha-
nisms. The tumor-promoting properties of HOMER3-AS1 have been 
adequately characterized in hepatocellular carcinoma, where HOMER3- 
AS1 upregulates CSF-1 and activates Wnt/β-catenin signaling to pro-
mote the malignant phenotype, while concurrently inducing macro-
phage recruitment and M2-like polarization [111]. Our study disclosed 
that HOMER3-AS1 negatively correlated with M0 macrophage infiltra-
tion in the TME of osteosarcoma and positively correlated with activated 
memory CD4 + T cells and gamma delta T cells. Multiple investigations 
have demonstrated that gamma delta T cells could directly target tumor 
cells through granule extravasation pathways, antibody-dependent 
cytotoxic effects, and secreted cytokines, as well as indirectly affect 
antitumor immunity by activating other immune cells and coordinating 
downstream immune responses [112,113]. M0 macrophages are pre-
cursors of polarized macrophages, while M2-polarized tumor-associated 
macrophages have pronounced tumor-promoting and immunosuppres-
sive effects [114,115]. In contrast, classically activated macrophages 
with the M1 phenotype participate in antitumor immune responses by 
presenting antigens to adaptive immune cells [116]. Taken together, the 
six core MALs constituting this scoring system may be influential in 
tumor progression and prognosis, providing a reliable basis for further 
experiments. 

However, there are some unavoidable limitations. First, due to the 
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insufficient sample size and retrospective character of the osteosarcoma 
cohort, the MAL scoring system still remains to undergo evaluation in 
various clinical cohorts (including prospective cohorts) to ensure its 
robustness. Second, more data on osteosarcoma patients who have 
received immunotherapy need to be mined in the future to analyze the 
exact relationship between the MAL score and immune response. In 
addition, further experiments are warranted to understand the detailed 
functional mechanisms of MALs. 

5. Conclusion 

In this research, we probed more accurate molecular phenotypes and 
systematically evaluated the value of MALs in predicting survival, TME 
cell infiltration, and response to immunotherapy and chemotherapy, 
which helped us in clinical stratification management. 
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