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ABSTRACT

Mitochondria in mammalian cells provide ATP through oxidative phosphorylation. The
overproduction of reactive oxygen species (ROS) in mitochondrial cells promotes cancer by modifying
gene expression or function. Mating introduces competing mitochondrial (MtDNA) and nuclear DNA
(nDNA) gene products, leading to biological differences between males and females for diseases and
disorders such as cancer. There is a significant sex bias in aging-related conditions. We aimed to
investigate whether sex and age affect mitochondrial protein-coding gene expression in cancer and, if
S0, to determine the prognosis value in survival outcomes, stemness, and immune cell infiltrates. We
compared normal versus primary tumor transcriptomes (bulk RNA-Seq) from The Cancer Genome
Atlas (TCGA), and the Genotype-Tissue Expression (GTEX) projects to test these hypotheses.
Correlations between gene expression, survival, protective or risk factor, stemness, and immune cell
infiltrate were performed in RStudio using UCSC Xena Shiny. Eleven mitochondrial protein-coding
genes were altered in brain cancer (MT-ND2, MT-ND1, MT-ATP8, MT-ATP6, MT-CO2, MT-CYB, MT-
CO3, MT-ND4L, MT-ND4, MT-ND3, MT-CO1). MT-ND5 and MT-ND6 are disproportionately
expressed in female brain tissues. Mitochondrial global polymorphic expression sites of variation were
more significant in the 50-59 and 60-79-year-old age groups than in the 20-49-year-old age groups.
Pan-cancer survival analysis revealed a 4-component gene signature (MT-CO1, MT-CO2, MT-ND5,
and MT-ND6) downregulated in low-grade glioma (LGG). This gene signature increased LGG overall
survival, disease-specific survival, and progression-free interval without sex-specific association.
However, the correlation with disease-free interval survival was female-specific. The 4-component
gene signature was protective in LGG but risky in thymoma cancer and uterine corpus endometrial
carcinoma. In LGG, the 4-component gene signature positively correlated with immune monocyte,
NK, and B cell infiltrates and negatively correlated with T cell CD4+ Th2, macrophage M1 and M2,
myeloid dendritic cell, and neutrophil. We identified a 13-component mitochondrial protein-coding
gene signature associated with stemness in kidney chromophobe. A sex-biased effect was observed in
mitochondrial protein-coding for brain tissues, with a female bias. However, an aging effect with higher
polymorphic site expression was observed in male tissues. We conclude that the differentially
expressed mitochondrial protein-coding genes provide new insights into carcinogenesis, helping to
identify new prognostic markers. The overexpression of the 4-component gene signature is associated
with a better prognosis in LGG, with positive and negative correlations with immune cell infiltrates.
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65 INTRODUCTION
66
67  The mammalian mitochondrial DNA (mtDNA) encodes 13 key proteins essential for the functioning
68  of the oxidative phosphorylation system (OXPHOS) (Larsson NG, 1998;Foster et al., 2006;Gustafsson
69 etal., 2016). The mitochondria are therefore considered a vital component of all cells with a nucleus,
70  so mtDNA-associated disorders or diseases can affect many tissues, and clinical features are variable.
71 Moreover, defects in mitochondrial metabolism cause a wide range of human diseases, such as cancer,
72 which include examples from all medical fields. Thus, mtDNA disorders are associated with a range
73 of multi-systemic diseases in humans, where the understanding of the spectrum of these diseases has
74 been expanded by the recognition of mutations in protein-coding genes in mitochondria caused by
75 reactive oxygen species (ROS), which cause not only several neurodegenerative diseases but also other
76  disorders as cancer (Harman, 1992b;Wallace, 1992;Geromel et al., 2001;Taylor and Turnbull,
77  2005;Schapira, 2006). Studies in the last ten years have shown that the human mtDNA of 13 protein-
78  coding acts in several more functions than was described (Faure et al., 2011;Lee et al., 2013;Breton et
79 al, 2014;Captet al., 2016). Thus, investigating these genes' expression using RNA-Seq experiments is
80  very useful in understanding the dynamics of expression in a population. It is also known that an RNA-
81  Seq analysis allows the identification of gene expression signatures, which can be altered by external
82  factors such as the environment, health status, or disease (da Silva Francisco Junior et al., 2019).
83
84  Using RNA-Seq analysis to investigate the extent of allelic specific expression (ASE) becomes a
85 challenging task for mitochondrial protein-coding genes, because mitochondria have a haploid
86 genome, and it is not possible to perform a genome-wide ASE, only for the detection of
87  microheteroplasmy. Since microheteroplasmy is a form of heteroplasmy, this would also damage the
88 mtDNA, but the levels of microheteroplasmy are about 2—5% in mitochondrial genomes. Moreover,
89  the microheteroplasmy and heteroplasmy are present in mitochondrial diseases but also in normal
90 individuals, where heteroplasmic variants without apparent functional consequences are observed in
91  samples from individuals without any overt mitochondrial disease (Calloway et al., 2000;Kirches et
92 al., 2001;Santos et al., 2008;He et al., 2010). Furthermore, there is a variation in pattern expression
93  between mtDNA and the nuclear DNA variants. Consequently, calculating the ASE for mitochondrial
94  protein-coding genes involves using a different methodology to calculate this specific expression in a
95  population (Gemmell et al., 2004;Kassam et al., 2016;da Silva Francisco Junior et al., 2019;Stenton
96  and Prokisch, 2020;Stewart and Chinnery, 2021).
97
98 The mtDNA is in the mitochondrial matrix and is closed to the respiratory chains, which are the primary
99  source of ROS from the OXPHOS system. ROS induce somatic mutations in mtDNA due to the lack
100  of protection by histones (Richter, 1995;Shokolenko et al., 2009). Thus, cumulative mutations in
101  mtDNA can result in dysfunction of the OXPHOS system, leading to diseases associated with
102  mitochondria, which is a hallmark of many diseases, such as cancer (van Oven and Kayser,
103 2009;Srinivasan et al., 2017). Additionally, the mitochondria are both producers and targets of
104  oxidative stress induced by exposure to ROS, resulting in mitochondrial dysfunction and interfering in
105 electron transfer activity in oxidative phosphorylation. Defects in electron transfer activity increase
106  ROS production, thus establishing a “vicious cycle” with aging that interferes with production and
107  target properties (Miquel et al., 1980;Linnane AW, 1989;Papa, 1996;0zawa, 1997).
108
109  Aging is a universal process whose manifestations are familiar and unmistakable, and old age in
110  humans and even animals can be readily recognized after a minimal assessment. Despite this, an
111  accepted definition of aging and a detailed understanding of the biological mechanisms underpinning
112 aging are elusive. So, aging is described as the progressive loss of function accompanied by decreased
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113  fertility and increased mortality and disability (Kirkwood, 2000). Thus, aging is associated with
114  evidence of deleterious changes in the molecular structure of DNA, proteins, lipids, and prostaglandins,
115  all markers of oxidative stress (Harman, 1992a;1993). It has been recognized that ROS also play a role
116 in normal signaling processes and that their generation is essential for maintaining homeostasis and
117  cellular responsiveness (Droge, 2002). Since mitochondria are involved in oxidative stress, a
118 mitochondrial theory of aging has been proposed, where an accumulation of somatic mutations in
119  mtDNA induced by exposure to ROS leads to errors in the mtDNA-encoded polypeptides, affecting
120  the electron transfer and oxidative phosphorylation system (Miquel et al., 1980;Linnane AW, 1989).
121 Declines in the activity of the mitochondrial respiratory system and its constituent enzymes have been
122  reported with advancing age, notably in cytochrome c oxidase, in several tissues, including skeletal
123 muscle, heart, and liver (Muller-Hocker, 1989). Thus, the integrity of mitochondrial DNA in these
124  tissues is gradually reduced with age, evidenced by the accumulation of deletions, duplications, and
125  some point mutations in the mtDNA (Nagley and Wei, 1998;Kopsidas et al., 2002).

126

127  Having this perspective on the mammalian mtDNA, which encodes 13 proteins essential for the
128  functioning of other systems, like the OXPHOS system, we considered building a computational meta-
129  analysis of the mitochondrial protein-coding genes to investigate the existence of differentially
130  expressed genes (DEG) in healthy tissues versus cancer tissues. We also consider exploring differences
131 in the expression of these 13 genes in different tissues, at different age groups, and between sexes
132 (females and males). In the same way, a possible punctual polymorphic point of variable expression of
133  these genes was also investigated. This study approach explores the possibility of sex bias in the
134  expression of the mitochondrial protein-coding gene expression and the impact on survival outcomes
135 in several cancers. Thus, we hypothesize that a sex-bias expression of the 13 mitochondrial protein-
136  coding genes may exist across different tissues and in the survival outcomes. Additionally, we
137  hypothesize that the polymorphic site expression in mitochondria protein-coding genes may differ
138  between the sexes at different age groups impacting pathologies such as cancer.


https://doi.org/10.1101/2022.11.22.517535
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.22.517535; this version posted November 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

139
140

141 MATERIAL AND METHODS

142

143 Analysis of Differential Expression of Mitochondrial Protein-Coding Genes in
144  Different Tissues

145

146 We used 19,131 RNA-Seq experiments samples from 18.972 donors (8516 Female and 10456 Male)
147  from The Genotype-Tissue Expression (GTEX) for 52 non-diseased tissue sites across nearly 1000
148  individuals and The Cancer Genome Atlas (TCGA) for over 20,000 primary cancer and matched
149  samples from healthy subjects spanning 33 cancer types, to search for a differential expressed genes
150 (DEG). We used the UCSC Xena browser (https://xena.ucsc.edu/) to construct the base of this analysis
151  and selected the TCGA TARGET GTEX cohort study and the phenotypic variables primary_site, study,
152  sample type, main category, and gender as our first variable to organize our data based on these
153  features. Posteriorly, we selected our second variable, genomic, using the mitochondrial protein-coding
154  genes as input. Here, we used a gene expression RNA-Seq - RSEM norm_count, to access the
155  expression of the 13 mitochondrial protein-coding genes. The RSEM was used because it relates to
156  gene abundances from single-end or paired-end RNA-Seq data; therefore, RSEM outputs abundance
157  estimates, 95% credibility intervals, and visualization files and can also simulate RNA-Seq data. After,
158  we analyzed the DEG sets (above 1.5 and below -1.5 log2Fold Change, FDR < 0.05) of each primary
159 health tissue compared to the same tissue in cancer (the primary tumor) to search if there is a tissue
160  with DEG in health samples against tumor samples. We used the pipeline from the Ma'ayan lab's
161  Appyter bulk RNA-Seq analysis and included the L1000FWD analysis, Limma-Voom Differential
162  Gene Expression. All this analyzed data was downloaded from the UCSC Xena browser and taken to
163  RStudio to organize the data.

164

165  Selection of Mitochondrial Protein-Coding Genes and Polymorphic sites

166

167  The mitochondrial protein-coding genes used in this analysis were those already described in the
168 literature and validated by MITOMAP, a human mitochondrial genome database used as a reference
169  for mitochondrial analysis (Table S1), and by NCBI genes. Data collection was performed through the
170  RStudio interface, R programming language (https://cran.r-project.org/), using the data packages from
171  the “BiomaRt”, “Bioconductor,” and “BSgenome” libraries to filter the desired information. The
172 analysis involved extracting the physical positions of the 13 mitochondrial protein-coding genes and
173  global polymorphic sites in the population contained within the genes. For this analysis, we used the
174  UCSC Genome Browser of Santa Cruz, a public repository of databases, to construct a custom track
175  with information on the physical positions of genes and polymorphic sites in the mitochondrial genome.
176  The version genome used was the GRCh38/hg38 because it is the only one with data about genes and
177  global polymorphic sites mapped in a population for the mitochondrial genome. We performed a
178  computational meta-analysis to determine the physical position of each mitochondrial protein-coding
179  gene and the global polymorphic sites (in bp). After, we search for polymorphic sites in UCSC genome
180  browser Data base SNPs (dbSNPs151) to construct a site-specific expression based on polymorphic
181  sites of variation already known by the dbSNPs151. This data was downloaded, and this information
182  was integrated into the RStudio environment.

183

184
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185  Expression Analysis of Mitochondrial Protein-Coding Genes and Polymorphic
186  sites

187  For the analysis of polymorphic site expression at the mitochondrial protein-coding genes, a data
188  collection was built based on the physical positions of the mitochondrial genome, using samples from
189  public repositories of databases, such as UCSC (https://genome.ucsc.edu/). UCSC is an online genome
190  browser with an extensive collection of assemblies and annotations of data about various model
191  organisms, along with a large set of tools for visualizing, analyzing, and downloading data. In this
192 Browser, we work with the GRCh38/hg38 genome version. We accessed the clade option, for Mammal
193  and the genome option, for Human. We selected the group option to access GTEx RNA-Seq Signal
194  Hub, where we extract normalized transcript expression levels (RPKM - Reads Per Kilobase of
195  transcript, per Million mapped reads). Using the RPKM levels, we perform an intersection of these
196  expression data with a custom track, previously obtained, containing the physical position of the
197  polymorphic sites and the 13 mitochondrial protein-coding genes. Lastly, using the table option, we
198  cross all this information with each patient’s sample available in all 52 tissues (Table S2), going to the
199  option output format where data points were selected. The Signal hub data were also separated
200 according to other criteria, such as age groups, in 20-49 years, 50-59 years, and 60-79 years, by sex,
201  male and female.

202  After obtaining this data collection, some packages were used in RStudio, such as stringr, plyr,
203  rtracklayer, BSgenome, and XML, to perform another computational meta-analysis filtering the
204 mitochondrial protein-coding genes polymorphic sites. These points were correlated by their physical
205  positions within the protein-coding mitochondrial genes to use these polymorphic points as a filter to
206  obtain the RPKM of each patient sample that crossed the physical position of these points. We averaged
207  the expression of each signal hub in all tissues based on the physical position of the polymorphic sites
208  so that only the signal hubs contained within the physical position were selected. The final data set was
209  separated into two categories based on sex (Female or Male); and based on age, with three great groups,
210  20-49 years, 50-59 years, and 60-79 years, also considering the sex (Female or Male). We estimate the
211  RPKM mean of the genes and the polymorphic sites in each tissue sample. We also performed the
212  statistical Tukey test for multiple comparisons, using the mean expression of each gene or polymorphic
213  sites in each tissue for the three ages to calculate the RPKM mean of each age group. The False
214  Discovery Rate was also calculated to conceptualize multiple comparisons in the analyzed data.
215  Therefore, the FDR tests using the Benjamini-Hochberg method had a cut-off of < 0.05. This analysis
216  was performed for females and males separately.

217

218 Pan-Cancer Survival Analysis of Mitochondrial Protein-Coding Genes

219

220  We used data from the GEPIAZ2 (http://gepia2.cancer-pku.cn/#index), a platform containing public data
221  for interactive analysis of gene expression profiles in RNA-Seq samples from primary cancers from
222 the TCGA (The Cancer Genome Atlas Program  https://www.cancer.gov/about-
223  nci/organization/ccg/research/structural-genomics/tcga), a reference cancer genomics program,
224 covering 33 cancer types (Table S3), with a total of 9,736 samples. We also used data from samples
225 from RNA-Seq experiments available in nontumor primary tissues from the Genotype-Tissue
226  Expression (GTEX) project (8.587 samples) from 52 tissues (Table S2). A computational meta-analysis
227  was performed to determine a pan-cancer overall survival map of the mitochondrial genes in 33 cancer
228  types (Table S3). We set the following parameters: Survival Time Units: months, significance level:
229  0.05, P-Value Adjustment: False Discovery Rate (FDR), group cutoff: median, cutoff-high: 50% used.
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230  We define gene signatures as the additive expression profiles of at least three genes exhibiting the
231  prognostic value per tissue.

232

233
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234 Prognostic Factors of Pan-Cancer Survival Outcomes

235  The prognostic factor values of the 13 mitochondrial protein-coding genes were estimated by the
236  Kaplan-Meier method using a computational meta-analysis in RStudio, P (version 2022.02.3 build
237 492 for Windows) (Allaire, 2012) using the UCSC Xena Shiny standalone application (WANG
238 et al.,, 2021) (http://xena.ucsc.edu/). We queried the expression profiles of each gene using four
239  methods of survival outcomes: overall survival (OS), disease-specific survival (DSS), disease-free
240 interval survival (DFI), and progression-free interval (PFI). OS refers to the percentage of patients alive
241  after cancer diagnosis throughout the study period. DSS describes the percentage of patients who have
242  not died from a cancer type in a defined period, such as patients who died from causes other than the
243  specific cancer type is not counted in this measurement. DFI is the length of time after primary
244 treatment for cancer that the patient survives without any signs or symptoms of that cancer. PFI is the
245  length of time, during and after the treatment of a cancer type, that a patient lives with the disease but
246  does not worsen. We set the parameters s described in the prior session and did not categorize the
247  patients by age. We also investigated whether there is a sex-specific effect on survival outcomes.

248
249  Molecular Profile Analysis for Risk or Protective Effects in Different Cancers

250  For this analysis, we used mRNA data expression for 33 different types of cancer available through the
251  TCGA for all samples (Table S3). In this analysis, we constitute a gene signature that presents at least
252  three genes per tissue. Essentially, a statistical regression model commonly used in medical research,
253  the Cox model, was used to investigate the association between patient survival time and one or more
254  predictor variables, in this case, the risk or protective effect. Therefore, the effect of covariates
255  estimated by any proportional hazard model can be reported as a hazard ratio. In this way, we aim to
256 identify whether the mitochondrial protein-coding genes have risk or protective effects based on OS
257  (Overall Survivor) having an adjusted threshold of 0.5. We define genes as risky (log (Hazard Ratio)
258 > 0) or protective (log (Hazard Ratio) < 0), or NS (No statistical significance, P-value > 0.05)).

259  Analysis of the association of the molecular profile to immune response signatures

260 and Stemness

261

262  Subsequently, we investigated the association between the molecular profile of mitochondrial protein-
263  coding genes and stemness (the impact of a stem cell-like tumor phenotype). Here, we aim to obtain a
264  possible relationship, positive (+1), negative (-1), or neutral (0), between gene signatures and Stemness
265 inall available cancer types (Table S3). We also investigate the existence of a correlation between the
266  mitochondrial protein-coding genes and the immune infiltrate signatures. In both analyses, genetic
267  signatures presented at least three genes per tissue or at least three genes per tissue in each immune
268  cell. For both analyses, we used mMRNA expression data from patients of Pan-Cancer Atlas for 33
269  different types of cancer. Spearman's test was performed to assess the correlation of the signatures,
270  positive (>0.50) or negative (< -0.50). We also filter this data considering its p-value, admitting only
271  data with a p-value lower than 0.05.
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273 RESULTS

274

275 Differential Expression of Mitochondrial Protein-Coding Genes

276

277  We compared the RNA expression profiles of the 13 mitochondrial protein-coding genes in tumor
278  tissues from the TCGA project and matched (n=17) normal tissues from the GTEX project to identify
279  disease conditions in which the genes are differentially expressed. Eleven mitochondrial protein-coding
280  genes are DEG in brain tissue (MT-ND2, MT-ND1, MT-ATP8, MT-ATP6, MT-CO2, MT-CYB, MT-
281 CO3, MT-NDA4L, MT-ND4, MT-ND3, MT-CO1) with LogFC >1.5 (p <0.05). We also noticed other
282  differentially expressed genes with LogFC >1.5 in tissues like the breast (MT-ATP8, MT-ND1, MT-
283 ND2, MT-CYB, p <0.05), liver (MT-ND4, MT-ATP6, MT-ATP8, MT-ND4L, MT-CYB, MT-ND2, p
284  <0.05), pancreas (MT-ND2, p <0.05) and testis (MT-NDL1, p <0.05). We also observed a LogFC <-1.5
285 in tissues such as peripheral blood (MT-ND4, MT-ND5, MT-CO1, MT-NDA4L, p <0.05), ovary (MT-
286  ND6, MT-ND1, MT-CO1, p <0.05) and thyroid (MT-ND8, p <0.05) (Figure 1) (Table S4).

287
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289 Figure 1. Balloon plot of the differential expressed mitochondrial protein-coding genes in normal versus cancer
290  tissues. Balloon size refers to the average expression (norm_counts); blue color intensity refers to the Log2FC.
291 Overexpression (+); underexpression (-). X-axis: the 13 mitochondrial protein-coding genes; Y-axis, FDR (-log10). The
292  tissues are indicated in each box.
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294  In Silico Consolidation of the Mitochondrial Protein-Coding Genes and

295  Polymorphic sites

296

297  From the names of the mtDNA genes, their physical positions, and to which chain within the
298  mitochondrial genome they belonged (H-heavy; L-light) were obtained, as well as the product of each
299  gene. Subsequently, still using the physical positions of the mtDNA genes, 2297 polymorphic sites
300  were obtained in the mitochondrial genome, of which only 1540 were within the 13 mitochondrial
301 genes (MT-ND1 =156, MT-ND2 = 126, MT-ND3 = 46, MT-ND4 = 157, MT-NDA4L = 39, MT-ND5
302 =230, MT-ND6 =81, MT-CO1 = 162, MT-CO2 = 82, MT-CO3 =108, MT-CYB = 191, MT- ATP6
303 =112, MT-ATP8 = 37) (Figure S1).

304

305 Expression Profile of Sex-specific Aging-related in Mitochondrial Protein-Coding

306 Genes and Polymorphic sites
307
308  We compared the expression profiles of the 13 mitochondrial protein-coding genes and polymorphic
309 sites in males and females according to three age groups (20-49-year-old, 50-59-year-old, and 60-79-
310  year-old) in 52 GTEX tissues. We used two query strategies: first, we used the physical coordinates of
311  each gene to extract the normalized transcript expression levels (RPKM) as a metric of the abundance
312  of each donor in the mitochondria genome, and second, we used the physical position of polymorphic
313  sites in population from the dbSNP151 database to capture site-specific abundance. We observed sex-
314  biased effects on expression profiles across different tissues.
315
316  Eleven genes (MT-ND6, MT-ND5, MT—ND4, MT-ND4L, MT—-ND3, MT—-ND2, MT—-NDI, MT—CYB,
317  MT-CO3, MT—COI, MT—ATP6; Tukey test, p<0.05) showed differences in expression profile of
318  males in thirty-four tissues across different ages (Figure 2) (Table S5-S6). The most significant male-
319  biased expression across different ages was noticed in MT-ND5 for Artery — Aorta, Brain — Substantia
320  Nigra, and Esophagus — Mucosa (Wilcox test, p <0.001) and in the MT-NDG6 for Brain — Hypothalamus
321 and Kidney — Cortex (Wilcox test, p <0.001) (Table S5-S6). For females, ten genes (MT—NDG6,
322  MT-ND5, MT—ND4, MT—ND2, MT—-ND1, MT—CYB, MT—CO3, MT—CO1, MT—ATP8, MT—ATPG6;
323 Tukey test, p<0.05) exhibited differences in expression profile for nineteen tissues across different ages
324  (Figure 3) (Table S5-S6). The most significant female-biased expression across different ages was
325  observed in MT-ATP6, MT-ATP8, and MT-COL1 for Artery — Coronary, and in MT-CO1, MT-CO3, and
326  MT-CYB for Adipose — Visceral (Omentum) (Wilcox test, p <0.05). We also noticed that MT-ND2
327  exhibit a highly significant female-biased expression in Brain — Frontal Cortex (BA9) and Brain —
328  Substantia Nigra across different ages (Wilcox test, p <0.001) and in MT-ND1 only for Brain —
329  Substantia Nigra (Wilcox test, p <0.001). Interestingly, the MT-ND5 also exhibited a female-biased
330  expression in Artery — Aorta, Brain — Frontal Cortex (BA9), and Colon — Transverse (Wilcox test, p
331 <0.001) at different ages, and the same was noticed in MT-ND®6 for Brain — Frontal Cortex (BA9) and
332  Brain — Substantia Nigra (Wilcox test, p <0.001) (Table S5-S6).
333
334  Considering possible differences in expression between the 52 different tissues analyzed for the 13
335  mitochondrial protein-coding genes in the three age groups, we observed sex-biased and age-group-
336  dependent effects on expression profiles (Figure 4-6). In the 20-49-year-old group, thirty-four different
337  tissues showed significantly different expression profiles for MT-ATP6, MT-ATP8, MT-ND1, MT-
338 ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5, MT-ND6, MT-CYB, MT-CO1, MT-CO2, MT-CO3
339  (Wilcox test, p <0.05). In this age group, eight genes exhibited the most significant expression profiles
340 in Artery - Coronary (MT-ATP6, MT-ATP8, MT-CO1, MT-CO2, MT-ND1, MT-ND2, MT-ND4, and
341  MT-ND5; Wilcox test, p<0.001). For the 50-59-year-old group, we noticed nineteen different tissues
10
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where 13 genes exhibited the same effect (Wilcox test, p<0.05). For this age group, the most significant
expression profile between the tissues occurred in MT-CO3, MT-CYB, and MT-ND6 in Adipose —
Subcutaneous (Wilcox test, p<0.001); MT-ATP6, MT-ATP8, MT-CO1, MT-CO3, and MT-ND5 in
Adipose — Visceral (Omentum) (Wilcox test, p<0.001); MT-ATP6, MT-ATP8, MT-CO1, MT-CO2, MT-
ND1, MT-ND2, MT-ND5, and MT-NDG6 in Brain — Cerebellar Hemisphere (Wilcox test, p<0.001); MT-
CO1, MT-ND4, MT-NDA4L, and MT-ND6 in Brain — Hippocampus (Wilcox test, p<0.001); MT-ATPS,
MT-CO1, MT-CO3, MT-CYB, MT-ND4 and MT-ND5 in Brain — Hypothalamus (Wilcox test, p<0.001);
MT-ND1, MT-ND4, and MT-ND6 in Brain — Nucleus accumbens (basal ganglia) (Wilcox test,
p<0.001); MT-ND1 in Brain — Substantia Nigra, (Wilcox test, p<0.001). The last age group, 60-79-
year-old, exhibited thirty-four tissues with differences in expression for the same 13 mitochondrial
protein-coding genes (Wilcox test, p <0.05). In this last age group, the most significant expression
profile between the tissues and the mitochondrial protein-coding genes happens in MT-CO1, MT-CO3,
MT-CYB, and MT-ND?5 in Adipose — Visceral (Omentum) (Wilcox test, p<0.001); MT-NDA4L and MT-
NDS5 in Artery — Coronary (Wilcox test, p<0.001); MT-ATP6, MT-ATP8, MT-CO1, MT-CO2, MT-ND1,
MT-ND2, MT-ND4, MT-ND4L, MT-ND5 and MT-ND6 in Brain — Amygdala (Wilcox test, p<0.01);
MT-ND4 and MT-ND5 in Brain — Putamen (basal ganglia) (Wilcox test, p<0.05); MT-CO1, MT-CO3,
MT-ND4 and MT-ND5 in Colon — Sigmoid (Wilcox test, p<0.01); MT-ATP6, MT-ATP8, MT-CO1, MT-
ND1, MT-ND2, MT-ND4 and MT-ND6 in Esophagus — Muscularis (Wilcox test, p<0.01); MT-ND1,
MT-ND2, MT-ND5 and MT-ND6 in Kidney — Cortex (Wilcox test, p<0.05); MT-ATP8, MT-CO1, MT-
CO2, MT-CYB, MT- ND1, MT-ND3, MT-ND4, MT-ND5 and MT-ND6 in Minor Salivary Gland
(Wilcox test, p<0.001); MT-CO1, MT-ND1, MT-ND5 and MT-ND6 in Small Intestine — Terminal Ileum
(Wilcox test, p<0.01); MT-CYB, MT-ND4 and MT-ND?5 in Thyroid (Wilcox test, p<0.01).
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365 Figure 2. Heatmap of significant mitochondrial protein-coding gene expression across different ages for each tissue
366 in males. The expression of all mitochondrial protein-coding genes was measured using RPKM (reads per kilobase million),
367  and the color scale denotes the level of significance of gene expression in each tissue. The different ages consisted of three
368 groups (20-49 years; 50-59 years, and 60-79 years). The significance level was measured based on the Tukey test and the
369  FDR adjustment, Benjamin-Hochberg.
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370
371 Figure 3. Heatmap of significant mitochondrial protein-coding gene expression across different ages for each tissue

372 in females. The expression of all mitochondrial protein-coding genes was measured using RPKM (reads per kilobase
373 million), and the color scale denotes the level of significance of gene expression in each tissue. The different ages consisted
374 of three groups (20-49 years; 50-59 years, and 60-79 years). The significance level was measured based on the Tukey test
375  and the FDR adjustment, Benjamin-Hochberg.
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Figure 4. Heatmap of significant mitochondrial protein-coding gene expression between sexes in 20-49-year-old
group. All mitochondrial protein-coding genes were measured between the sexes (female and male) using RPKM (reads
per kilobase million) across different tissues, and the color scale denotes the level of significance of gene expression in
each tissue. The sex-specific tissue samples were excluded, and the significance level was measured based on the Wilcox
test and the FDR adjustment, Benjamin-Hochberg.
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Figure 5. Heatmap of significant mitochondrial protein-coding genes expression between sexes in 50-59-year-old
group. All mitochondrial protein-coding genes were measured between the sexes (female and male) using RPKM (reads
per kilobase million) across different tissues, and the color scale denotes the level of significance of gene expression in
each tissue. The sex-specific tissue samples were excluded, and the significance level was measured based on the Wilcox
test and the FDR adjustment, Benjamin-Hochberg.
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392

393 Figure 6. Heatmap of significant mitochondrial protein-coding genes expression between sexes in 60-79-year-old
394  group. All mitochondrial protein-coding genes were measured between the sexes (female and male) using RPKM (reads
395 per kilobase million) across different tissues, and the color scale denotes the level of significance of gene expression in
396 each tissue. The sex-specific tissue samples were excluded, and the significance level was measured based on the Wilcox
397  testand the FDR adjustment, Benjamin-Hochberg.

398

399

400  The polymorphic profile of the variation points in population for the 13 mitochondrial protein-coding
401  genes was clustering in 52 tissues from the GTEX project comprising three different ages (20-49-year-
402  old, 50-59-year-old, 60-79-year-old), which allowed building a landscape of these polymorphic sites
403  related to sexes (males and females) (Figure 7 and 8). This landscape will provide information about
404  the variation of polymorphic points along the transcripts and whether this variation is global or
405  sustained at all points in the population by using the RPKM transcript. We identify an age-group-
406  dependent sex-biased effect on the polymorphic sites in females in ten different tissues among the three
407  age groups (Adipose — visceral (Omentum), Adrenal Gland, Artery Coronary, Brain — Amygdala, Brain
408 - Frontal cortex (BA9), Brain — Hippocampus, Brain — Putamen (basal ganglia), Brain — Spinal cord
409  (cervical c-1), Brain — Substantia nigra, Breast — Mammary tissue, Cervix — Ectocervix; Tukey test, p
410  <0.05). In the same way, an age-male-biased of polymorphic sites was found in eight tissues (colon—
411  sigmoid, colon —transverse, esophagus — gastroesophageal junction, liver, lung, muscle-skeletal, nerve
412  tibial, prostate; Tukey test, p <0.05).

413
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416 Figure 7. Boxplot of mitochondrial polymorphic site expression in females across tissues at different age groups. The
417 polymorphic site expression at the mitochondrial protein-coding genes was measured using RPKM (reads per kilobase
418 million) in three age groups, 20-49 years (red), 50-59 years (green), and 60-79 years (blue). The Tukey test and the FDR
419  adjustment, Benjamini-Hochberg assessed significant differences between age groups.
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422 Figure 8. Boxplot of mitochondrial polymorphic site expression in males across tissues at different age groups. The
423 polymorphic site expression at the mitochondrial protein-coding genes was measured using RPKM (reads per kilobase
424 million) in three age groups, 20-49 years (red), 50-59 years (green), and 60-79 years (blue). The Tukey test and the FDR
425  adjustment, Benjamini-Hochberg assessed significant differences between age groups.

426
427  Pan-Cancer Survival Map Analysis Based on the Expression Status of the 13

428  Mitochondrial Protein-coding Genes

429

430  We estimated the overall survival outcome for each of the molecular expression profiles of the 13
431  mitochondrial protein-coding genes in 33 cancer types to map the hazard risk based on the Cox
432  proportional-hazards model for overexpression and under-expression patient groups. The under-
433  expression of the MT-CO1, MT-CO2, MT-ND5, and MT-ND6 genes is a hazard risk in lower-grade
434  glioma (hazard ratio range 0.41-0.51, Logrank p <0.00026, p(HR) <0.00033), while the under-
435  expression of the MT-CO3 gene is a hazard risk in pancreatic adenocarcinoma (PAAD) (hazard ratio
436  0.45, p(HR)=0.00022, Log-rank p=0.00017), Figure 9 (Table S10).
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Figure 9. Overall survival heatmap for the 13 mitochondrial protein-coding genes. Squares denote overall survival
associated with overexpression (red) or under-expression (blue). Highlighted frames indicate significant associations with
overall survival outcomes based on hazard ratios (logarithmic scale log10). Y-axis: mitochondrial genes (Ensemble
transcripts and UCSCXena names), X-axis: pan-cancer types. The under-expression profiles of the MT-CO1, MT-CO2,
MT-ND5, and MT-ND6 genes have a significant overall survival risk in LGG (hazard ratio range 0.41-0.51, Logrank p
<0.00026, p(HR) <0.00033), while the under-expression of the MT-CO3 gene is a hazard risk in PAAD (hazard ratio 0.45,
p(HR)=0.00022, Logrank p=0.00017).

The 4-component gene signature is a Prognostic Factor of Survival Outcomes in
LGG

We estimated the prognostic factor value of the 4-component gene signature (MT-CO1, MT-CO2, MT-
ND5, and MT-ND6) by correlating the molecular expression profile with rates of survival outcomes in
LGG patients (n=521). We used four methods of survival outcomes: overall survival (OS) and disease-
specific survival (DSS), disease-free interval (DFI), and progression-free-interval (PFI).
Overexpression of the 4-component gene signature was significantly correlated with OS (Log-rank p
< 0.0001) (Figure 10, Table S11), DSS (Log-rank p < 0.0001) (Figure 11, Table S12), and PFI (Log-
rank p =2e—04) (Figure 12, Table S13). The favorable prognostic factor of the overexpression was not
sex-specific since, in either males or females, the overexpression was significantly correlated with OS,
DSS, and PFI (Log-rank p < 0.0076) (Figure S2-S7; Tables S14-S19). However, for the DFI outcome,
we observed a sex-specific association in that the downregulation of the 4-component gene signature
in female patients exhibited a greater prognostic factor value (Log-rank p= 0.019) compared to males
(Log-rank p=0,14), Figure S8 and Figure S9 (Tables S20 and S21). There are no sufficient data (n <10
samples) about the clinical-pathologic stages (Stages I-1V) in LGG subjects. Therefore, we could not
estimate the prognostic values with the clinical staging.
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Figure 10. Kaplan-Meier plot of overall survival outcome in low-grade glioma. The curves denote the contribution
of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®6) to the overall survival outcome in patients
from the low (blue — downregulated) and high (red — upregulated) expression groups. The censoring number refers to
patients who did not suffer the outcome of interest during the specified study period. The overexpression of the signature
has a more significant prognostic factor value.
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Figure 11. Kaplan-Meier plot of disease-specific outcome in low-grade glioma. The curves denote the contribution of
the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6) to the disease-specific outcome in patients
from the low (blue — downregulated) and high (red — upregulated) expression groups. The censoring number refers to
patients who did not suffer the outcome of interest during the specified study period. The overexpression of the signature
has a more significant prognostic factor value.
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Figure 12. Kaplan-Meier plot of progression-free-interval outcome in low-grade glioma. The curves denote the
contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®6) to the progression-free-interval
outcome in patients from the low (blue — downregulated) and high (red — upregulated) expression groups. The censoring
number refers to patients who did not suffer the outcome of interest during the specified study period. The overexpression
of the signature has a more significant prognostic factor value.

21


https://doi.org/10.1101/2022.11.22.517535
http://creativecommons.org/licenses/by/4.0/

490
491

492
493
494
495
496

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.22.517535; this version posted November 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Strata == group=Low == group=High

1.00

e
o
o

Log-rank

p < 0.0001 lI

0 2000 4000 6000
Duration overall survival (days)

Survival probability
[—]
S

el
[
o

Number at risk

T —

T — 3

E = 2 2 !
0 2000 4000 6000

Duration overall survival (days)

= Number of censoring

§ 2

g o1 osebboalown v (110000101 |

< 0 2000 4000 6000

Duration overall survival (days)

Figure S2. Kaplan-Meier plot of overall survival outcome in low-grade glioma. The curves denote the contribution
of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®6), in females, to the overall survival outcome
in patients from the low (blue — downregulated) and high (red — upregulated) expression groups. The censoring number
refers to patients who did not suffer the outcome of interest during the specified study period. The overexpression of the
signature has a more significant prognostic factor value.
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Figure S3. Kaplan-Meier plot of overall survival outcome in low-grade glioma. The curves denote the contribution
of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6), in males, to the overall survival outcome
in patients from the low (blue — downregulated) and high (red — upregulated) expression groups. The censoring number
refers to patients who did not suffer the outcome of interest during the specified study period. The overexpression of the
signature has a more significant prognostic factor value.
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Figure S4. Kaplan-Meier plot of disease-specific survival outcome in low-grade glioma. The curves denote the
contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®6), in females, to the disease-
specific survival outcome in patients from the low (blue — downregulated) and high (red — upregulated) expression groups.
The censoring number refers to patients who did not suffer the outcome of interest during the specified study period. The
overexpression of the signature has a more significant prognostic factor value.
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Figure S5. Kaplan-Meier plot of disease-specific survival outcome in low-grade glioma. The curves denote the
contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6), in males, to the disease-specific
survival outcome in patients from the low (blue — downregulated) and high (red — upregulated) expression groups. The
censoring number refers to patients who did not suffer the outcome of interest during the specified study period. The
overexpression of the signature has a more significant prognostic factor value.
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521 Figure S6. Kaplan-Meier plot of progression-free-interval outcome in low-grade glioma. The curves denote the
522 contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®), in females, to the progression-
523 free-interval outcome in patients from the low (blue — downregulated) and high (red — upregulated) expression groups.
524 The censoring number refers to patients who did not suffer the outcome of interest during the specified study period. The
5%2 overexpression of the signature has a more significant prognostic factor value.
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528 Figure S7. Kaplan-Meier plot of progression-free-interval outcome in low-grade glioma. The curves denote the
529 contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®6), in males, to the progression-
530 free-interval outcome in patients from the low (blue — downregulated) and high (red — upregulated) expression groups.
531 The censoring number refers to patients who did not suffer the outcome of interest during the specified study period. The
532 overexpression of the signature has a more significant prognostic factor value.
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Figure S8. Kaplan-Meier plot of disease-free interval outcome in low-grade glioma in females. The curves denote
the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®6) to the disease-free interval
outcome in female patients from the low (blue — downregulated) and high (red — upregulated) expression groups. The
censoring number refers to patients who did not suffer the outcome of interest during the specified study period. The
downregulation of the signature has a more significant prognostic factor value.
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Figure S9. Kaplan-Meier plot of disease-free interval outcome in low-grade glioma in males. The curves denote the
contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND®6), in males, to the disease-free
interval outcome in patients from the low (blue — downregulated) and high (red — upregulated) expression groups. The
censoring number refers to patients who did not suffer the outcome of interest during the specified study period. The
overexpression of the signature has a more significant prognostic factor value.
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Protective or Risk Effects of the 4-component Gene Signature in Different
Cancers

We observed a protective effect of the 4-component gene signature in LGG (hazard ratio -0.17), kidney
chromophobe (KICH — hazard ratio -0.32), kidney renal papillary cell carcinoma (KIRP - hazard ratio
-0.10), adrenocortical carcinoma (ACC - hazard ratio -0.19), pancreatic adenocarcinoma (hazard ratio
-0.08) and hepatocellular liver carcinoma (LIHC - hazard ratio -0.05) (Figure 12) (Table S12). In
contracts, the signature has a risk effect on thymoma (THYM — hazard ratio 0.25) and uterine corpus
endometrial carcinoma (UCEC — hazard ratio 0.06) (Figure 13; Table S22).
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Figure 13. Boxplot of the protective or risk effects of the 4-component gene signature based on hazard ratio. Cox
model analysis for the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6) in 33 cancer types. The
signature is protective (red) in LGG, ACC, KICH, KIRP, LIHC, and PAAD cancers (p-value < 0.0113), but it has a risk
effect (blue) in THYM and UCEC cancers (p-value < 0.0465).
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561  Correlation Analysis Between Molecular Profiles and Immune Infiltrates

562

563 We estimated the degrees of the correlation between the mRNA expression levels of the 13
564  mitochondrial protein-coding genes and the molecular expression profiles indicative of immune cell
565 infiltrates in 33 cancer types (Table S23). For this analysis, we defined a gene signature as the
566  molecular expression profile of a minimum of three genes exhibiting the same direction of correlation.
567  The most extended, 13-component gene signature occurred in lymphoid neoplasm diffuse large B-cell
568 Lymphoma (DBLC), being positively correlated (rho > 0.50 p-value < 0.0003) with neutrophil, NK,
569  T-cell CD4 memory, M1, /M2 macrophages, T-cell CD8+/CD4+, and B-cell memory cells (Figure 14).
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572 Figure 14. Heatmap of the correlations between the expression profiles of the 13-component gene signature and
573 immune cell infiltrates. The red-blue heatmap scale shows the significance levels of Spearman correlation coefficients
574 (***, **, *). In DBLC, he 13-component gene signature is positively correlated with infiltrates of neutrophil, NK, T-cell
575  CD4 memory, M1/M2 macrophages, T-cell CD8+/CD4+, and B-cell memory cells (rho > 0.50 p-value < 0.0003).

576

577  The second-longest signature is a 7-component gene signature (MT-ND4L, MT-CYB, MT-ND1, MT-
578 ND4, MT-ND5, MT-ND6, MT-ATP8), positively correlated (rho >0.50, p-value <0.001) with the
579  following cell immune infiltrates in thymoma (THY M): endothelial cell, neutrophil, myeloid

580  dendritic cell, T cell CD4+, and macrophage M2 (Figure S10) (Table S24).

581

582

583
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586 Figure S10. Heatmap of the correlations between the expression profiles of the 7-component gene signature and
587 immune cell infiltrates. The red-blue heatmap scale shows the significance levels of Spearman correlation coefficients
588 (***, **, *). In THYM, the 7-component gene signature is positively correlated with infiltrates of endothelial cells,
589  neutrophils, myeloid dendritic cells, T cell CD4+, and macrophage M2 (rho >0.50, p-value < 0.001).

590

591

592  In THYM, an 8-component gene signature (MT-ATP8, MT-CO1, MT-CYB, MT-ND1, MT-ND2, MT-
593 ND4, MT-NDA4L, MT-ND5) showed an inverse correlation with molecular profiles for the following
594  cell infiltrates T cell CD4+ Th1, T cell, T cell regulatory (Tregs) (rho <-0.5, p-value < 3.05e-10),
595  Figure S11 (Table S25).

596
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597
598 Figure S11. Heatmap of the correlations between the expression profiles of the 8-component gene signature and

599 immune cell infiltrates. The red-blue heatmap scale shows the significance levels of Spearman correlation coefficients
600  (*** ** *).In THYM, the 7-component gene signature is negatively correlated with infiltrates of T cell CD4+ Th1, T cell,
601  and T cell regulatory (Tregs) (rho < -0.5, p-value < 3.05¢-10).

602

603

604  We also estimated the degrees of the correlation between the mRNA expression levels for the 4-
605 component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-NDG6) associated earlier with survival
606 risk in LGG and the gene profiles indicative of immune cell infiltrates in 33 cancer types. The 4-
607  component gene signature was positively correlated (rho ranging 0.06-0.6 p-value < 0.05) with 111
608 profiles of immune cell infiltrates and negatively correlated (rho ranging -0.56 to -0.059 p-value <
609  0.05) with 113 profiles of immune cell infiltrates in 33 cancer types. In LGG, the most significant
610  positive correlation (rho > 0.3, p-value < 2.01e-12) was with monocyte, NK, and B cells (Figure 15),
611 whereas the negative correlation (rho < 0.3, p-value < 2.26E-12) were with T cell CD4+ Th2,
612 macrophage M1 and M2, myeloid dendritic cell, neutrophil, and activated myeloid dendritic cell
613  activated cell infiltrates (Figure 16) (Table S26).
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Figure 15. Heatmap of the correlations between the expression profiles of the 4-component gene signature and
immune cell infiltrates. The red-blue heatmap scale shows the significance levels of Spearman correlation coefficients
(***, **, *). In LGG, he 4-component gene signature is positively correlated with infiltrates of monocyte, NK, and B cells
(rho > 0.3, p-value < 2.01e-12).
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621 Figure 16. Heatmap of the correlations between the expression profiles of the 4-component gene signature and
622 immune cell infiltrates. The red-blue heatmap scale shows the significance levels of Spearman correlation coefficients
623  (***, ** *). In LGG, the 4-component gene signature negatively correlates with T cell CD4+ Th2, macrophage M1 and
624 M2, myeloid dendritic cell, neutrophil, and activated myeloid dendritic cells cell activated cell infiltrates (rho < 0.3, p-value
625  <2.26E-12).

626

627
628 Correlation Analysis between Molecular Expression Profiles and
629 Stemness

630

631  The molecular expression profiles of the 13 mitochondrial protein-coding genes exhibited positive (rho
632  ranging 0.08-0.55, p < 0.045 in 27 cancer types) and negative correlations (rho ranging -0.51 to -0.06,
633  p <0.046 in 24 cancer types) with stemness (Table S27). The most extended signatures with 13 and 12
634  components positively correlated with stemness in KICH (rho = 0.50 p-value = 0) and LAML (rho
635 =0.28 p-value = 0), respectively (Figure 17) (Table S18). The 13-component signature negatively
636  correlated with stemness in 19 cancer types, with the most significant inverse coefficient in uterine
637  corpus endometrial carcinoma, UCEC (rho =-0.41, p =0).

35


https://doi.org/10.1101/2022.11.22.517535
http://creativecommons.org/licenses/by/4.0/

638
639

640
641
642

643
644

645
646
647
648
649
650
651
652

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.22.517535; this version posted November 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

uvm ACC  BLcA

ucs BRCA
UCEC 1 CESC
THYM CHOL
THCA COAD
TGCT DLBC
STAD ESCA
SKCM GBM
SARC HNSC
READ KICH
PRAD KIRC
PCPG KIRP
PAAD LAML
oV LGG
MESO LIHC

LUSC LUAD

Figure 17. Radar plot for the correlation coefficients between the 13-component gene signatures and
stemness in 33 cancer types. Shown is the distribution of the breadth of the Spearman correlation coefficients,
where the association can be positive (+1), negative (-1), or neutral (0). The more significant positive
correlation with stemness occurred in KICH and LAML.

DISCUSSION

Here, we showed differential RNA expression of the 13 mitochondrial protein-coding genes in 33
cancer types and normal tissues, where eleven genes (MT-ND2, MT-ND1, MT-ATP8, MT-ATP6, MT-
C0O2, MT-CYB, MT-CO3, MT-ND4L, MT-ND4, MT-ND3, MT-CO1) exhibited an under-expression
profile in brain cancer. Moreover, the 13 mitochondrial protein-coding genes also demonstrated a sex
effect in expression profiles in different tissues. A male-biased expression across ages occurred in MT-
ND5 for Artery — Aorta, Brain — Substantia Nigra, and Esophagus — Mucosa (Wilcox test, p <0.001),
and in the MT-ND6 for Brain — Hypothalamus and Kidney — Cortex (Wilcox test, p <0.001). A female-
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653  biased across ages was also noticed in MT-ATP6, MT-ATP8, and MT-CO1 for Artery — Coronary; MT-
654 COl, MT-CO3, and MT-CYB for Adipose — Visceral (Omentum); MT-ND2 in Brain — Frontal Cortex
655 (BA9) and Brain — Substantia Nigra; MT-ND1 for Brain — Substantia Nigra. Interestingly, the MT-ND5
656 also exhibits a biased expression across ages in Artery — Aorta, Brain — Frontal Cortex (BA9), and
657  Colon — Transverse, but for females across different age groups. The same was noticed for MT-ND6 in
658  Brain — Frontal Cortex (BA9) and Brain — Substantia Nigra. The mitochondrial protein-coding genes
659 exhibited a possible aging effect in expression profiles for the different age groups (20-49-year-old,
660  50-59-year-old, and 60-79-year-old) in different tissues, where the expression was higher in the 60-79-
661  year-old group. In this group, we observed three genes (MT-CO1, MT-NDS5, and MT-ND6, MT-ND3;
662  Wilcox test, p <0.01) with the most significant expression profile in different tissues (Artery —
663  Coronary, Brain — Amygdala, Colon — Sigmoid, Esophagus — Muscularis, Minor Salivary Gland, and
664  Small Intestine — Terminal lleum). Furthermore, a possible age-group-dependent sex-biased effect was
665  observed across the 52 tissues analyzed for the 13 mitochondrial protein-coding genes and polymorphic
666  site expression. A female age-group-dependent sex-biased effect was noticed for ten different tissues
667  between the three age groups (20-49-year-old, 50-59-year-old, and 60-79-year-old; Tukey test, p
668  <0.05), and a male age-group-dependent sex effects was observed for seven different tissues also
669  between the three age groups (Tukey test, p <0.05). Thus, the polymorphic site expression of 13
670  mitochondrial protein-coding genes exhibited a sex-age-biased between the three age groups. The
671  difference was higher in the last group (60-79-year-old).

672

673 The RNA profiles of the 13 mitochondrial protein-coding genes also exhibited a 4-component gene
674  signature (MT-CO1, MT-CO2, MT-ND5, and MT-NDG6) with under-expression in LGG (hazard ratio
675 range 0.41-0.51, Logrank p <0.00026, p(HR) <0.00033). This signature was associated with survival
676  outcomes in LGG for different categories, where the overexpression was associated with OS, DSS, and
677  PFI (Log-rank p <0.0076). The 4-component gene signature was not affected by sex, OS, DSS, or PFI.
678 Only for DFI outcome, we observed a sex-specific association in female patients, with a greater
679  prognostic factor value (Log-rank p= 0.019) compared to males (Log-rank p= 0,14). The 13
680  mitochondrial protein-coding genes demonstrated a protective effect for the 4-component gene
681  signature in LGG (hazard ratio -0.17) and a risk effect on THYM — hazard ratio 0.25 and UCEC —
682  hazard ratio 0.06. We noticed different component gene signatures for the 13 mitochondrial protein-
683  coding genes in the immune cell infiltrates. The most extended, 13-component gene signature occurred
684  in DBLC, positively correlated with neutrophil, NK, T-cell CD4 memory, M1 and M2 macrophages,
685  T-cell CD8+/CD4+, and B-cell memory cells. Moreover, the 4-component gene signature's most
686  significant positive correlation in LGG (rho > 0.3, p-value < 2.01e-12) was with monocyte, NK, and B
687  cells, whereas the negative correlation (rho < 0.3, p-value < 2.26E-12) were with T cell CD4+ Th2,
688 macrophage M1 and M2, myeloid dendritic cell, neutrophil, and activated myeloid dendritic cell
689 activated cell infiltrates. The molecular expression profiles of the 13 mitochondrial protein-coding
690  genes exhibited positive and negative correlations in 24 cancer types with stemness. The most extended
691  signatures with 13 and 12 components were positively correlated with stemness in KICH (rho = 0.50
692  p-value =0) and LAML (rho =0.28 p-value = 0), respectively. The 13-component signature negatively
693  correlated with stemness in 19 cancer types, with the most significant inverse coefficient in UCEC (rho
694 =-0.41, p =0). The differentially expressed profiles of the 13 mitochondrial protein-coding genes in
695 cancer have prognostic factor values in clinical studies. The correlation between the differentially
696  expressed gene signatures and tumor stemness in LGG and immune cell infiltrates suggests that the
697  reported signatures are proxies of oncogenic dedifferentiation.

698

699  Genome-wide screening of normal versus cancer transcription provides knowledge about the molecular
700 information of cancer progression. It enables identifying transcriptional changes in differentially
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701  expressed genes (DEGS) to determine their prognostic role in clinical outcomes. The gene-by-gene
702  analysis studies in most of the 13 mitochondrial protein-coding genes demonstrated that their RNA
703  expression is significantly suppressed in several cancer types, such as breast, colon, kidney, and liver,
704  the exception being KICH, with all genes overexpressed (Reznik et al., 2017;Kim et al., 2020).
705  However, these studies considered the full range of logFC values and significant FDR values. In our
706 analysis, we used a more restrictive method accepting only magnitudes of differential expression logFC
707  values (> 1.5 or < - 1.5) with genome-wide FDR values < 5e-5. Thus, our restrictive methods allowed
708 the identification of eleven genes downregulated in brain cancer (MT-ATP6, MT-ATP8, MT-CO1, MT-
709 CO2, MT-CO3, MT-CYB, MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-NDA4L), six in liver cancer (MT-
710  ATP6, MT-ATP8, MT-CYB, MT-ND2, MT-ND4, MT-NDA4L) and four in breast cancer (MT-ATP8, MT-
711  CYB, MT-ND1, MT-ND?2). In contrast, overexpression happens in AML (MT-ND4, MT-ND5, MT-CO1,
712  MT-NDAL) and ovary cancer (MT-ND6, MT-ND1, MT-CO1).

713

714  The sex differences in gene expression have already been observed in different tissues, but nowadays,
715  the mechanism behind the tissue-specific sex differences in gene expression is not understood (Rinn
716  and Snyder, 2005;Ellegren and Parsch, 2007;Parsch and Ellegren, 2013). Thus, the sexual dimorphism
717  in gene expression is still hard to describe, partly because the sex-related differences in the autosomal
718  gene expression occur in various tissues (Mele et al., 2015). Additionally, gene expression during aging
719  has already been studied between the sexes for several tissues (Tower, 2017). However, there are few
720  references in the literature regarding the effects of aging on the expression of different tissues. A few
721  reports demonstrated a low level of gene expression in older tissues, such as muscle, epicardial adipose
722  tissue, and brain (Welle et al., 2003;Berchtold et al., 2008;lacobellis, 2021). Thus, we wished to
723 investigate whether there are sex-specific differences in the expression of the 13 mitochondrial protein-
724 coding genes and if there is a difference in the expression of these genes between the tissues at different
725  ages. Here, in males, two genes exhibited a male-biased expression in different tissues (MT-ND5 for
726  Artery — Aorta, Brain — Substantia Nigra, and Esophagus — Mucosa, and in the MT-ND6 for Brain —
727  Hypothalamus and Kidney — Cortex). Other nine genes showed a female-biased expression in different
728  tissues (MT-ATP6, MT-ATP8, and MT-CO1 for Artery — Coronary, MT-CO1, MT-CO3 and MT-CYB
729  for Adipose — Visceral (Omentum); MT-ND2 for Brain — Frontal Cortex (BA9) and Brain — Substantia
730  Nigra; MT-ND1 for Brain — Substantia Nigra). MT-ND5 also exhibits a biased expression in Artery —
731  Aorta for females and in other tissues (Brain — Frontal Cortex (BA9) and Colon — Transverse). In
732  agreement, Tower has reported that gene expression during aging has already been studied between
733  the sexes for several tissues, such liver, which exhibits high sex-specific tissue expression with changes
734  during aging (Tower, 2017).

735

736  Considering the evidence of a differential expression with age in coding genes (Frenk and Houseley,
737  2018), we decided to investigate possible differences in the expression of our mitochondrial protein-
738  coding genes between 52 different tissues in the three age groups. Thus, we observe thirty-four tissues
739  (n=34) have significantly different expression profiles (Wilcox test, p <0.05) in 20-49-year-old and 60-
740  79-year-old groups for the 13 mitochondrial protein-coding genes. However, when we look more
741  specifically at the tissue-specific expression for the different ages, we observe significant differences
742  in different tissues' expression. The artery — Coronary tissue exhibited more significant expression in
743  the 20-49-year-old group (Wilcox test, p <0.001) than other tissues in this group. For the 50-59-year-
744 old group (Wilcox test, p <0.01), the most significant differences in tissue expression occurred in the
745  Brain — Cerebellar Hemisphere, Adipose — Visceral Omentum, and Bladder. This difference in
746  expression of tissues also occurred in the group 60-79-year-old for Colon -Sigmoid, Artery — Coronary,
747  Adipose — Visceral Omentum, and Minor Salivary Gland (Wilcox test, p <0.05). In accordance, Frenk
748  and colleagues discuss that the aging effect in gene expression may occur for reasons not necessarily
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749  equivalent to programmed aging. Thus, gene expression changes may be reactive to physiological or
750  cellular changes (Frenk and Houseley, 2018). Other studies also demonstrated that the most association
751  of aging transcriptome is a consistent change of mitochondrial protein mRNAs, which was also
752  observed in humans (de Magalhaes et al., 2009;van den Akker et al., 2014;Peters et al., 2015). No other
753  evidence was found about the age-biased or sex-biased effect in humans' 13 mitochondrial protein-
754  coding genes.

755

756  Although most aging-related changes are correlated with declining mitochondrial function and ROS
757  overproduction, oxidative damage, and accumulation of mtDNA mutations in somatic tissues, it’s
758  necessary to emphasize the relationship between aging and defects of a wide range of proteins encoded
759 by mtDNA (Poyton and McEwen, 1996;Scarpulla, 2008). In this context, we investigated the sex-
760  dependent polymorphic site differences for mitochondrial protein-coding genes in different tissues. In
761  this way, we observe a possible age-group-dependent sex effects expression in ten different tissues for
762  females and seven for males between the three tested age groups. In agreement, another study reports
763  evidence that aging occurs differently among males and females as expected from the phenotypic
764  differences associated with aging (Mele et al., 2015;Kim et al., 2016;Gershoni and Pietrokovski,
765  2017;Naqvi et al., 2019). Other studies still report that breast tissue has the most sexual differentiation
766  (Meleetal., 2015;Gershoni and Pietrokovski, 2017;Lopes-Ramos et al., 2020), but interestingly, in our
767  study, we notice a sex-biased gene expression for breast tissue related to age groups. Thus, human
768  aging phenotypes may be not only sex-specific but, in a more complex way, age-group-dependent.
769

770 Inthe last ten years, the sequencing and bioinformatic approaches expanded the possibility of accessing
771  and handling gene signature data. This improves the analysis of survival outcomes for patients with
772  several cancers (Rao et al., 2011;Gao et al., 2019;L.i et al., 2019;Zhang et al., 2020;Pawar et al., 2022).
773  Thus, investigating gene signature expression from mitochondrial protein-coding genes related to
774 cancer survival outcomes was possible, which led us to perform additional analysis of these approaches
775 in this study. In this context, Schopf and colleagues performed an analysis of gene-expression
776  signatures of tumor sample transcriptomes that allowed the identification of several tumors associated
777  with a shorter survival time (Schopf et al., 2020). Here we investigate whether 13 mitochondrial
778  protein-coding genes exhibit a gene signature for survival outcomes in 33 different cancer types across
779  donors of the TCGA cohort and whether the sex-specific differences are risk factors in cancer. We
780 identified a novel 4-component mitochondrial protein-coding gene signature (MT-CO1, MT-CO2, MT-
781  ND5, MT-ND6) whose molecular expression profile has a prognostic factor value for survival outcomes
782 in LGG. Xiao and colleagues demonstrate that other gene signatures, such as CD44-related genes, with
783  high-risk expression in LGG, are associated with greater survival rates in OS and disease-free survival
784  (Log-rank p<0.0001) (Xiao et al., 2020b). Here, we observe the 4-component gene signature exhibiting
785  an over-expression profile in OS and DSS for LGG with elevated survival rates in the high-risk group
786  (Log-rank p < 0.0001). In contrast, Xiao and colleagues showed that patients in the high-risk group
787  had significantly poorer survival results (Log-rank p= 0.000012) in not mitochondrial gene signatures
788  for LGG (Xiao et al., 2020a). Other studies have already demonstrated a better prognosis in survival
789  results for the low-risk group using gene signatures (Log-rank p <0.0001) (Chen et al., 2021;Guo et
790 al., 2021). Additionally, the low-risk group related to the 4-component gene signature exhibits a poor
791  prognosis compared to the high-risk group in OS, DSS, and PFI survival outcomes.

792

793  Inastudy restricted to lung squamous cell carcinoma (LUSC) and lung adenocarcinoma (LUAD) (Li
794 et al., 2018), the two major subtypes of lung cancer, the 13 mitochondrial respiratory genes were
795  reported to be downregulated in tumor tissues compared with matched control tissues. The under-
796  expression of MT-ND5 or MT-ND6 genes was associated with overall survival outcomes and tumor
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797  progression in LUAD and LUSC. Our gene-by-gene analysis confirmed the above associations with
798  overall survival outcomes in LUAD (MT-ND6 Log-rank test statistics = 10.04, p-value = 0.001529;
799  MT-NDS5 Log-rank = 4.186, p-value = 0.04076), when the samples were clustered into two expression
800  groups (Figures S10-S11), as well in LUSC, both MT-ND6 and MT-ND5 (Figure S18 and S25) was
801  not significant for the overall survival patients (MT-ND6 Log-rank p-value = 0.4; MT-ND5 Log-rank
802  p-value =0.19). However, we extended the association with three other survival outcomes: DSS, DFl,
803  and PFI (Figure S10-S25).

804

805 ldentifying gene signatures as risk effect factors may be relevant for proposing personalized treatment
806  of several cancers, such as hepatocellular carcinoma, colon cancer, and gliomas (Li et al., 2020;Liu
807 and Li, 2021;Zhao et al., 2021). We aimed to identify a correlation between protective or risk effects
808  associated with survival outcome for the 13 mitochondrial protein-coding genes in 33 different cancer
809  types by using the TCGA cohort. Concerning the protective effect associated with survival outcome in
810 this study, we found and 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6) with
811  the association in six different cancer types (ACC, KICH, KIRP, LIHC, LGG, PAAD; hazard ratio
812 ranging -0.08 to -032). Regarding the risk effects, two tissues exhibited associations (THYM and
813 UCEC; hazard ratio ranging from 0.06 to 0.25). To LGG, Zhang and colleagues showed a
814  protective/risk effect using gene signatures (non- mitochondrial) correlation (Zhang et al., 2019).
815  Accordingly, autophagy gene signature also exhibited a risk effect factor for LGG patients (Lin and
816  Lin, 2021). Equally, Wang and colleagues demonstrate evidence of risk signatures genes (Wang et al.,
817  2022). In the same way, other gene signatures, extracellular matrix related, exhibited a risk effect for
818 gliomas in the TCGA cohort but also demonstrated an association with immune infiltrates (Liu and Li,
819  2021). In contrast, we observed a protective effect factor in LGG patients to four mitochondrial
820 components gene signature, which is not shown in the literature now.

821

822  Studying gene signatures associated with immune infiltrates may provide a potential clinical
823  implication for cancer treatment and prognosis (lglesia et al., 2016;Yan et al., 2020). Thus, we use the
824 13 mitochondrial protein-coding genes in the context of gene signature to correlate with immune cell
825 infiltrates in 33 cancer types from the TCGA cohort. Studies already show evidence about gene
826  signatures, such as autophagy genes related, strongly associated with six immune cell infiltrates
827  (macrophages MO and M1, Neutrophils, T cells CD8, T cells follicular helper, T cells reg) in LGG
828  (Quan et al., 2021). Additionally, other gene signatures, such as immune-related genes, demonstrate
829  positive and negative correlations with several immune cell infiltrates in LGG (macrophages, dendritic
830 cells, B cells, and CD4 T cells) (Pan et al., 2021). In the same way, our study showed positive and
831  negative correlations with immune infiltrates in LGG, with monocyte, NK, and B cells, T cell CD4+,
832  macrophage (M1 and M2), and myeloid dendritic cells.

833

834 In this way, our mitochondrial protein-coding gene signature positively correlates with M1 and M2
835 macrophages from immune cells infiltrated in LGG. Similarly, in DLBC the 13-component gene
836  signature show a positive correlation for six cells including neutrophils. In agreement, M2 macrophage
837  has been confirmed to promote immunosuppression and proliferation of LGG; on the other hand, T
838  cells and natural killer (NK) cells can be associated with poorer OS and DSS in LGG, both in non-
839  mitochondrial gene signature (Ye et al., 2021;Zhu et al., 2022). Concerning DLBC prognosis, the
840  tumor-associated neutrophils show a poor prognostic, in the same way, Manfroi and colleagues
841  demonstrated that in DLBC patients with a higher ratio of neutrophils had a worse prognosis, both in
842  non-mitochondrial gene signature (Manfroi et al., 2018;Mu et al., 2018). In other studies, it is also
843  possible to observe T-lymphocyte signatures impacting the prognosis of patients with DBLC,
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844  demonstrating the importance of survival gene signatures in aggressive B-cell lymphomas (Ansell et
845 al., 2001;Keane et al., 2013;Keane et al., 2015).

846

847  Using gene signatures to study tumor stem cells has provided new insights about stemness for
848  measuring the degree of oncogenic dedifferentiation. A correlation between stemness signatures and
849  unfavorable outcome for some cancers, including gliomas, was observed in the literature for the TCGA
850 cohort (Malta et al., 2018). In agreement, there is evidence of gene signatures, such as the 5--mRNA
851  signature, that correlate with stemness in melanoma and hepatocellular carcinoma, which exhibit a
852  negative correlation for these cancers (Cai et al., 2021;Zhang et al., 2021). Furthermore, cancer
853  stemness has been demonstrated to be associated with kidney cancers, such as KIRC, but not for KICH,
854  and negatively correlates with immune infiltrates (Xiao et al., 2021). Additionally, other studies
855 demonstrated a stemness-related gene signature expression in cancers such as hepatocellular
856  carcinoma, pancreatic ductal adenocarcinoma, and endometrial cancer as a novel prognostic marker
857  forsurvival (Hong et al., 2021;Huang et al., 2021;Xu et al., 2021). In this study, we report a significant
858  positive correlation between the expression profiles of the 13 mitochondrial gene signatures and
859  stemnessin KICH and LAML, as well as a negative correlation in THYM and UCEC. Thus, identifying
860  gene signatures with prognostic models based on stemness provides a powerful tool for cancer
861  treatment.

862

863 CONCLUDING REMARKS

864

865 LGG downregulates mitochondrial protein-coding genes. The downregulated 4-component gene
866  signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6) exhibits good OS, DSS, and PFI predictive value,
867 and DFI and PFI survival were female-biased. The expression of MT-ND5 and MT-ND6 is female-
868  biased in brain tissues. Age-dependent sex bias occurs in brain tissues, with higher gene expression in
869 the 50-59 and 60-79-year-old populations. Distinct immune cell infiltrates were associated with
870  mitochondrial protein-coding gene signature in LGG. We found a stemness-related gene signature for
871  all 13 mtDNA genes in KICH. This study identifies mitochondrial prognostic genes.

872

873

874

875  WEB RESOURCES

876

877  The URLSs for data presented herein are as follows:

878  UCSC Genome Browser, https://genome.ucsc.edu/

879  UCSCXenaShiny, https://cran.r-project.org/web/packages/UCSCXenaShiny/index.html
880  GTEX Portal, https://www.gtexportal.org/

881 GEPIA2, http://gepia2.cancer-pku.cn/#index

882  MITOMAP, https://mitomap.org/foswiki/bin/view/MITOMAP/WebHome

883 R software package, http://www.R-project.org
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. The landscape of Mitochondrial Protein-Coding Genes and
Polymorphic Sites distribution Across all Samples and Tissues.

Supplementary Figure 2. Kaplan-Meier plot of overall survival outcome in low-grade glioma. The
curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-
ND6) to the overall survival outcome in patients from the low (blue — downregulated) and high (red —
upregulated) expression groups. The censoring number refers to patients who did not suffer the outcome
of interest during the specified study period. The overexpression of the signature has a more significant
prognostic factor value.

Supplementary Figure 3. Kaplan-Meier plot of overall survival outcome in low-grade glioma. The
curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-
ND®6), in males, to the overall survival outcome in patients from the low (blue — downregulated) and high
(red — upregulated) expression groups. The censoring number refers to patients who did not suffer the
outcome of interest during the specified study period. The overexpression of the signature has a more
significant prognostic factor value.

Supplementary Figure 4. Kaplan-Meier plot of disease-specific survival outcome in low-grade
glioma. The curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-
ND5, MT-ND®6), in females, to the disease-specific survival outcome in patients from the low (blue —
downregulated) and high (red — upregulated) expression groups. The censoring number refers to patients
who did not suffer the outcome of interest during the specified study period. The overexpression of the
signature has a more significant prognostic factor value.

Supplementary Figure 5. Kaplan-Meier plot of disease-specific survival outcome in low-grade
glioma. The curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-
ND5, MT-ND®6), in males, to the disease-specific survival outcome in patients from the low (blue —
downregulated) and high (red — upregulated) expression groups. The censoring number refers to patients
who did not suffer the outcome of interest during the specified study period. The overexpression of the
signature has a more significant prognostic factor value.

Supplementary Figure 6. Kaplan-Meier plot of progression-free-interval outcome in low-grade
glioma. The curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-
ND5, MT-ND6), in females, to the progression-free-interval outcome in patients from the low (blue —
downregulated) and high (red — upregulated) expression groups. The censoring number refers to patients
who did not suffer the outcome of interest during the specified study period. The overexpression of the
signature has a more significant prognostic factor value.

Supplementary Figure 7. Kaplan-Meier plot of progression-free-interval outcome in low-grade
glioma. The curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-
ND5, MT-ND6), in males, to the progression-free-interval outcome in patients from the low (blue —
downregulated) and high (red — upregulated) expression groups. The censoring number refers to patients
who did not suffer the outcome of interest during the specified study period. The overexpression of the
signature has a more significant prognostic factor value.
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Supplementary Figure 8. Kaplan-Meier plot of disease-free interval outcome in low-grade glioma
in females. The curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2,
MT-ND5, MT-ND6) to the disease-free interval outcome in female patients from the low (blue —
downregulated) and high (red — upregulated) expression groups. The censoring number refers to patients
who did not suffer the outcome of interest during the specified study period, and the downregulation of
the signature has a more significant prognostic factor value.

Supplementary Figure 9. Kaplan-Meier plot of disease-free interval outcome in low-grade glioma.
The curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5,
MT-NDG6), in males, to the disease-free interval outcome in patients from the low (blue — downregulated)
and high (red — upregulated) expression groups. The censoring number refers to patients who did not
suffer the outcome of interest during the specified study period. The overexpression of the signature has
a more significant prognostic factor value.

Supplementary Figure 19. Heatmap of the correlations between the expression profiles of the 7-
component gene signature and immune cell infiltrates. The red-blue heatmap scale shows the
significance levels of Spearman correlation coefficients (***, ** *). In THYM, the 7-component gene
signature is positively correlated with infiltrates of endothelial cells, neutrophils, myeloid dendritic cells,
T cell CD4+, and macrophage M2 (rho >0.50, p-value < 0.001).

Supplementary Figure 11. Heatmap of the correlations between the expression profiles of the 8-
component gene signature and immune cell infiltrates. The red-blue heatmap scale shows the
significance levels of Spearman correlation coefficients (***, ** *). In THYM, the 7-component gene
signature is negatively correlated with infiltrates of T cell CD4+ Th1, T cell, and T cell regulatory (Tregs)
(rho <-0.5, p-value < 3.05e-10).
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1033  Figure Legends

1034

1035 Figure 1. Balloon plot of the differential expressed mitochondrial protein-coding genes in normal
1036  versus cancer tissues. Balloon size refers to the average expression (norm_counts); blue color
1037  intensity refers to the Log2FC. Overexpression (+); underexpression (-). X-axis: the 13 mitochondrial
1038  protein-coding genes; Y-axis, FDR (-log10). The tissues are indicated in each box.

1039

1040  Figure 2. Heatmap of significant mitochondrial protein-coding gene expression across different
1041  ages for each tissue in males. The expression of all mitochondrial protein-coding genes was measured
1042  using RPKM (reads per kilobase million), and the color scale denotes the level of significance of gene
1043  expression in each tissue. The different ages consisted of three groups (20-49 years; 50-59 years, and
1044  60-79 years). The significance level was measured based on the Tukey test and the FDR adjustment,
1045  Benjamin-Hochberg.

1046

1047  Figure 3. Heatmap of significant mitochondrial protein-coding gene expression across different
1048 ages for each tissue in females. The expression of all mitochondrial protein-coding genes was
1049 measured using RPKM (reads per kilobase million), and the color scale denotes the level of
1050 significance of gene expression in each tissue. The different ages consisted of three groups (20-49
1051  years; 50-59 years, and 60-79 years). The significance level was measured based on the Tukey test and
1052  the FDR adjustment, Benjamin-Hochberg.

1053

1054  Figure 4. Heatmap of significant mitochondrial protein-coding gene expression between sexes in
1055  20-49-year-old group. All mitochondrial protein-coding genes were measured between the sexes
1056  (female and male) using RPKM (reads per kilobase million) across different tissues, and the color scale
1057  denotes the level of significance of gene expression in each tissue. The sex-specific tissue samples
1058  were excluded, and the significance level was measured based on the Wilcox test and the FDR
1059  adjustment, Benjamin-Hochberg.

1060

1061  Figure 5. Heatmap of significant mitochondrial protein-coding gene expression between sexes in
1062  50-59-year-old group. All mitochondrial protein-coding genes were measured between the sexes
1063  (female and male) using RPKM (reads per kilobase million) across different tissues, and the color scale
1064  denotes the level of significance of gene expression in each tissue. The sex-specific tissue samples
1065  were excluded, and the significance level was measured based on the Wilcox test and the FDR
1066  adjustment, Benjamin-Hochberg.

1067

1068  Figure 6. Heatmap of significant mitochondrial protein-coding gene expression between sexes in
1069  60-79-year-old group. All mitochondrial protein-coding genes were measured between the sexes
1070  (female and male) using RPKM (reads per kilobase million) across different tissues, and the color scale
1071  denotes the level of significance of gene expression in each tissue. The sex-specific tissue samples
1072  were excluded, and the significance level was measured based on the Wilcox test and the FDR
1073  adjustment, Benjamin-Hochberg.

1074

1075  Figure 7. Boxplot of mitochondrial polymorphic site expression in females across tissues at
1076  different age groups. The polymorphic site expression at the mitochondrial protein-coding genes was
1077  measured using RPKM (reads per kilobase million) in three age groups, 20-49 years (red), 50-59 years
1078  (green), and 60-79 years (blue). The Tukey test and the FDR adjustment, Benjamini-Hochberg assessed
1079  significant differences between age groups.

1080
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1081 Figure 8. Boxplot of mitochondrial polymorphic site expression in males across tissues at
1082  different age groups. The polymorphic site expression at the mitochondrial protein-coding genes was
1083  measured using RPKM (reads per kilobase million) in three age groups, 20-49 years (red), 50-59 years
1084  (green), and 60-79 years (blue). The Tukey test and the FDR adjustment, Benjamini-Hochberg assessed
1085 significant differences between age groups.

1086

1087

1088 FIGURE 9. Overall survival heatmap for the 13 mitochondrial protein-coding genes. Squares
1089  denote overall survival associated with overexpression (red) or under-expression (blue). Highlighted
1090 frames indicate significant associations with overall survival outcomes based on hazard ratios
1091  (logarithmic scale 1og10). Y-axis: mitochondrial genes (Ensemble transcripts and UCSCXena names),
1092  X-axis: pan-cancer types. The under-expression profiles of the MT-CO1, MT-CO2, MT-ND5, and MT-
1093  NDG6 genes have a significant overall survival risk in LGG (hazard ratio range 0.41-0.51, Logrank p
1094  <0.00026, p(HR) <0.00033), while the under-expression of the MT-CO3 gene is a hazard risk in PAAD
1095 (hazard ratio 0.45, p(HR)=0.00022, Logrank p=0.00017).

1096

1097

1098 FIGURE 10. Kaplan-Meier plot of overall survival outcome in low-grade glioma. The curves
1099 denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6)
1100 to the overall survival outcome in patients from the low (blue — downregulated) and high (red —
1101  upregulated) expression groups. The censoring number refers to patients who did not suffer the
1102  outcome of interest during the specified study period. The overexpression of the signature has a more
1103  significant prognostic factor value.

1104

1105

1106 FIGURE 11. Kaplan-Meier plot of disease-specific outcome in low-grade glioma. The curves
1107  denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6)
1108 to the disease-specific outcome in patients from the low (blue — downregulated) and high (red —
1109  upregulated) expression groups. The censoring number refers to patients who did not suffer the
1110  outcome of interest during the specified study period. The overexpression of the signature has a more
1111  significant prognostic factor value.

1112

1113  FIGURE 12. Kaplan-Meier plot of progression-free-interval outcome in low-grade glioma. The
1114  curves denote the contribution of the 4-component gene signature (MT-CO1, MT-CO2, MT-ND5, MT-
1115 ND®6) to the progression-free-interval outcome in patients from the low (blue — downregulated) and
1116  high (red — upregulated) expression groups. The censoring number refers to patients who did not suffer
1117  the outcome of interest during the specified study period. The overexpression of the signature has a
1118  more significant prognostic factor value.

1119

1120

1121 FIGURE 13. Boxplot of the molecular profile of mitochondrial protein-coding genes for
1122  protective or risk effects based on hazard ratio. Cox model analysis for the 4-component gene
1123  signature (MT-CO1, MT-CO2, MT-ND5, MT-ND6) in 33 cancer types. The signature is protective (red)
1124  in LGG, ACC, KICH, KIRP, LIHC, and PAAD cancers (p-value < 0.0113) or risk (blue) in THYM and
1125  UCEC cancers (p-value < 0.0465).

1126

1127 FIGURE 14. Heatmap of the correlations between the expression profiles of the 13-component
1128 gene signature and immune cell infiltrates. The red-blue heatmap scale shows the Spearman
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1129  correlation coefficients' significance levels (***, **, *). In DBLC, the 13-component gene signature is
1130  positively correlated with infiltrates of neutrophil, NK, T-cell CD4 memory, M1/M2 macrophages, T-
1131  cell CD8+/CD4+, and B-cell memory cells (rho > 0.50 p-value < 0.0003).

1132

1133

1134 FIGURE 15. Heatmap of the correlations between the expression profiles of the 4-component
1135 gene signature and immune cell infiltrates. The red-blue heatmap scale shows the Spearman
1136  correlation coefficients' significance levels (***, **, *). In LGG, the 4-component gene signature is
1137  positively correlated with monocyte, NK, and B cell infiltrates (rho > 0.3, p-value < 2.01e-12).

1138

1139

1140 FIGURE 16. Heatmap of the correlations between the expression profiles of the 4-component
1141  gene signature and immune cell infiltrates. The red-blue heatmap scale shows the Spearman
1142  correlation coefficients' significance levels (***, **, *). In LGG, the 4-component gene signature is
1143  negatively correlated with T cell CD4+ Th2, macrophage M1 and M2, myeloid dendritic cell,
1144  neutrophil, and activated myeloid dendritic cell activated cell infiltrates (rho < 0.3, p-value < 2.26E-
1145  12).

1146

1147 FIGURE 17. Radar plot for the correlation coefficients between the 13-component gene
1148  signatures and stemness in 33 cancer types. Shown is the distribution of the breadth of the Spearman
1149  correlation coefficients, where the association can be positive (+1), negative (-1), or neutral (0). The
1150  more significant positive correlation with stemness occurred in KICH and LAML.

1151

1152

1153

1154

1155

1156
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RPKM mean
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