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Abstract 
Mitochondria implement various cellular functions, including energy production through the electron transport chain 

by oxidative phosphorylation mechanism. These respiratory chains consist of several complexes and protein subunits 

which are encoded by nuclear and mitochondrial genes. Due to mutation susceptibility and repair limitation, more 

aberrations have occurred in mitochondrial DNA in comparison to nuclear DNA. Given the fact that mitochondrial 

DNA lacks introns, mutations almost occur in the coding sequence, which comprises a direct impact on its functions. 

Emerging evidence indicates that mutations in the mitochondrial DNA led to the production of reactive oxygen 

species, disrupted apoptosis, and tumor development. Studies reported various somatic and germline variants in 

mitochondrial DNA related to tumorigenesis. The D-loop region which is the starting point for replication and 

transcription of mitochondrial DNA is the most prevalent site of somatic mutations in solid tumors. The D-loop 

mutations also cause copy number variations which are gaining interest in studies of solid tumors including breast 

cancer, colon cancer, hepatocellular carcinomas, and prostate cancer. Most studies have reported a mitochondrial 

DNA reduction which subsequently prevents apoptosis and promotes metastasis. The mitochondrial DNA region-

specific haplogroups are also involved in the sequence variations due to processes such as genetic drift and adaptive 

selection. 

This review article discusses the biology and function of mitochondria and related genes. By explanation of 

mitochondrial dysfunction caused by different kinds of alterations, we attempt to elucidate the role of mitochondria 

in tumorigenesis. Prominently published articles in this field were reviewed and the role of germline and somatic 

mutations of mitochondrial DNA have been investigated in common cancers. 
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Introduction 
Mitochondria are the main center of energy 

production in the cell that also regulate reactive 

oxygen species (ROS) and apoptosis. In addition to 

these activities, mitochondria are involved in 

signaling, survival, immunity, and cell homeostasis. 

Healthy cells are made up of hundreds of 

mitochondria that supply energy by oxidative 

phosphorylation (OXPHOS) through their electron 

transport chain (ETC) (1, 2). Each mitochondrion 

contains several copies of the mitochondrial genome 

that encode proteins involved in the respiratory 

chain. Mitochondria have their specific and 

independent transcription, translation, and also 

protein assembly machinery (1). Diseases caused by 

mitochondrial dysfunction are either due to 

mutations in the nuclear genome (nDNA) or in the 

mitochondrial genome (mtDNA). Both somatic and 

germline mutations of the mtDNA have been 

detected in a variety of cancers including breast, 

prostate, and colorectal tumors. Cancer cells get 

energy from aerobic glycolysis and the 

accumulation of ROS due to mitochondrial 

dysfunction is their common phenomenon (3, 4). 

Mitochondrial dysfunctions also prevent apoptosis 

and further lead to cancer cell growth (5).  
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The study of mitochondrial function in the 

pathogenesis of cancer is of particular importance. 

In this review, we aimed to delineate the role of 

mitochondria in the development of cancer from 

different perspectives. 

1. Mitochondria 

1.1. Structure and function  

Structurally, mitochondria are double-membrane 

organelles. The inner membrane has a greater 

surface in comparison to the outer membrane, which 

can be diverse based on the tissue and cell types. 

Enzymes involved in the OXPHOS are located in 

the inner membrane (6).  

Adenosine triphosphate (ATP) and nicotinamide 

adenine dinucleotide phosphate (NADPH) are 

produced through the mechanism of OXPHOS in 

the ETC. Besides OXPHOS, mitochondria direct 

several other activities including fatty acid oxidation 

(FAO) and tricarboxylic acid cycle (TCA cycle). A 

variety of amino acids, lipids, carbohydrates, and 

nucleotides are produced by these organelles (7).  

The mitochondrial OXPHOS is controlled by four 

respiratory and one ATP synthase complexes 

including complex I (NADH dehydrogenase), 

complex II (succinate dehydrogenase), complex III 

(ubiquinone-cytochrome c oxidoreductase), 

complex IV (cytochrome C oxidase (COX)) and 

complex V (ATP synthase). All these complexes are 

located in the inner mitochondrial membrane. In 

addition to these complexes, two-electron carriers 

called coenzyme Q (CoQ or ubiquinone) and Cyt c 

is involved in OXPHOS (8).  

Defects in the activity of the complex I due to 

mtDNA mutations play a role in cancer progression 

by increased ROS production. Since only 7 of 46 

polypeptides of complex I are encoded by mtDNA 

and the rest are encoded by nuclear genes, the defect 

in this complex could be due to the nDNA mutation, 

as well (6, 9). In addition to complex I, some 

subunits of the complexes III (1 mtDNA+ 10 

nDNA), IV (3 mtDNA+ 10 nDNA) and V (2 

mtDNA+ 14 nDNA) are encoded by both the 

mtDNA and nDNA, while all 4 subunits of complex 

ІІ are encoded by the nDNA. As a result, alterations 

in the mitochondrial genome disrupt the complexes 

of the mitochondrial respiratory chain except for 

complex ІІ (10).  

Table 1 indicates the nDNA encoded genes related 

to each OXPHOS complex. As presented, they are 

scattered throughout the human genome and vary in 

size and number of amino acids. 

Mitocheckpoint controls mitochondrial function 

and regulates apoptosis and anti-apoptosis signals. 

In the case of mitochondrial dysfunction, 

mitocheckpoint maintains normal mitochondrial 

function but prevents the production of defective 

mitochondria (11). 

The mitocheckpoint proteins interact synergically 

with cell cycle checkpoint proteins. It has been 

shown that in oxidative stress, cyclin B1 

translocated from the nucleus to the cytoplasm and 

mitochondria (12). One of the key mitocheckpoint 

proteins is p53, which plays an important role in 

mtDNA copy number (CN) and mitochondrial 

biogenesis (13). By RNA sequencing Nagano et al 

showed that p53 regulated dihydropyrimidinase-

like 4 (DPYSL4) which is involved in cancer 

invasion and tumor growth. DPYSL4 is linked to 

mitochondrial supercomplexes and is localized in 

mitochondria (14).  

1.2. Human mtDNA 

Exclusively transmitted maternally, the mtDNA 

genome is a circular double-stranded molecule. It 

comprises 16,569 bp and has 37 genes that encode 

12S and 16S ribosomal RNAs (rRNAs), 22 transfer 

RNAs tRNAs), and 13 essential proteins for 

respiration. As shown in Figure 1, 13 essential 

protein-coding genes are; 7 subunits of complex I 

(ND1, ND2, ND3, ND4L, ND4, ND5, and ND6), 1 

complex III subunits (cytochrome b (Cyt b)), 3 

subunits of complex IV (Cyt c oxidase, COXI, 

COXII and COXIII) and 2 subunits of complex V 

(ATP6 and ATP8).  All genes encoding rRNAs and 

proteins involved in the OXPHOS system are 

located on the H-strand except the ND6 gene (15). 

 

Table 1. Nuclear encoded genes related to each OXPHOS complexes. 

Complex Nuclear Genes (Chromosomal location, Amino acid number) 
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I 

NDUFS1(2q33.3, 727aa) ; NDUFS2(1q23.3 , 463aa ) ; NDUFS3(11p11.2 , 264aa) ; NDUFS4(5q11.2 , 

175aa ) ; NDUFS5(1p34.3 , 106aa ); NDUFS6(5p15.33 , 124aa) ; NDUFS7(19p13.3 , 213aa) ; 

NDUFS8(11q13.2 , 210aa) ;  NDUFV1(11q13.2  , 464aa) ;  NDUFV2(18p11.22 , 249aa)  ; 

NDUFV3(21q22.3 , 473aa) ; NDUFA1(Xq24 , 70aa) ; NDUFA2(5q31.3 , 99aa) ; NDUFA3(19q13.42 , 

84aa) ; NDUFA4(7p21.3 , 81aa) ;  NDUFA5(7q31.32, 116aa) ; NDUFA6(22q13.2 , 128aa) ; 

NDUFA7(19p13.2 , 113aa) ; NDUFA8(9q33.2 , 172aa) ; NDUFA9(12p13.32 , 377aa) ; 

NDUFA10(2q37.3 , 355aa) ; NDUFA11(19p13.3 , 141aa) ; NDUFA12(12q22 , 145aa) ; 

NDUFA13(19p13.11 , 144aa) ; NDUFB1(14q32.12 , 58aa) ; NDUFB2(7q34 , 105aa) ; 

NDUFB3(2q33.1 , 98aa) ;     NDUFB4(3q13.33 , 129aa) ; NDUFB5(3q26.33 , 189aa) ; 

NDUFB6(9p21.1 , 128aa) ; NDUFB7(19p13.12 , 137aa) ; NDUFB8(10q24.31 , 186aa) ; 

NDUFB9(8q24.13 , 179aa) ; NDUFB10(16p13.3 , 172aa) ; NDUFB11(Xp11.3 , 163aa) ; 

NDUFAB1(16p12.2 , 156aa) ; NDUFC1(4q31.1 , 76aa) ; NDUFC2(11q14.1 , 119aa) 

II SDHA(5p15.33 , 664aa) ;  SDHB(1p36.13 , 280aa) ; SDHC(1q23.3 , 169aa) ; SDHD(11q23.1 ,159aa) 

III 

UQCRB(8q22.1 , 111aa) ; UQCRH(1p33 , 91aa) ; UQCRQ(5q31.1 , 82aa) ; 

UQCRC1(3p21.31 , 480aa) ; UQCRC2(16p12.2 , 453aa) ; UQCR10(22q12.2 , 63aa); 

UQCR11(19p13.3 , 56aa) ; UQCRFS1(19q12 , 274aa) ; CYC1(8q24.3 , 325aa) ; 

CYCS(7p15.3 , 105aa) 

IV 

COX4-1(16q24.1 , 169aa) ; COX5a(15q24.2 , 150aa) ; COX5b(2q11.2 , 129aa) ; 

COX6a(12q24.31 , 109aa) ; COX6b(19q13.12 , 86aa) ; COX6c(8q22.2 , 75aa) ; 

COX7b(Xq21.1 , 80aa) ; COX7C(5q14.3 , 63aa) ;   COX8a(11q13.1 , 69aa) ; 

COX8c(14q32.12 , 72aa) 

V 

ATP5F1A) 18q21.1   , 553aa) ; ATP5F1B(12q13.3 , 529aa) ; ATP8A2(13q12.13 , 1188aa) ; 

ATP5F1D(19p13.3 , 168aa) ; ATP5F1E(20q13.32 , 51aa) ; ATP5PB(1p13.2 , 256aa) ; 

ATP5MC1(17q21.32 , 136aa) ; ATP5PD(17q25.1 , 161aa) ; ATP5ME(4p16.3 , 69aa) ; 

ATP5MF(7q22.1 , 94aa) ; ATP5MG(11q23.3 , 103aa) ; ATP5PF(21q21.3 , 108aa) ; 

ATP5IF1(1p35.3 , 106aa) ; ATP5PO(21q22.11 , 213aa) 

.

 

Complex Mitochondrial Genes  (location, Amino acid number) 

I 

ND1 ( 3307-4262 , 318aa ) ; ND2 ( 4470-5511 , 347aa ) ; ND3 ( 10059-10404 , 115aa ) ; 

ND4L ( 10470-10766 , 98aa) ; ND4 ( 10760-12137 , 459aa ) ; ND5 ( 12337-14148 , 603aa ) ; 

ND6 ( 14149-14673 , 174aa ) 

III cyt b ( 14747-15887 , 380aa) 

IV COXI ( 5904-7445 , 513aa ) ; COXII ( 7586-8269 , 227aa ) ; COXIII ( 9207-9990 , 261aa) 

V ATP6 ( 8527-9207 , 226aa ) ; ATP8 ( 8366-8572 , 68aa) 

Figure 1: The mtDNA genes related to OXPHOS complexes. Numbers represent the region in the mitochondrial 

genome where the gene begins. The D-loop region is located at 16024–16569 and 1–576. The below table indicates 

the size of the encoded proteins. 
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The occurrence of mtDNA replication is completely 

independent of the cell cycle and nuclear DNA 

replication.  DNA polymerase γ (POLG1 and 

POLG2) and mitochondrial transcription factor A 

(TFAM) are proteins that are encoded by nuclear 

genes and are required for mtDNA replication. 

Therefore, mutations in these genes can alter mtDNA 

content and ultimately disrupt their mitochondrial 

function (16, 17). However, mtDNA has a higher 

rate of mutation frequency due to the lack of repair 

system and/or histone proteins. The number and type 

of the mutations can influence various aspects of 

cellular bioenergetics (18).  

Less than 3% of the mtDNA is non-coding which 

mainly located in the displacement loop (D-loop) at 

16024–16569 and 1–576 (Figure 1). This area is 1.1 

kb in size and is associated with the replication and 

transcription of mtDNA which is regulated by 

transferred nuclear-encoded proteins (19). D-loop 

region is composed of two hyper-variable areas 

(HV1 and HV2) which are positioned at 16024-

16383 and 57-372, respectively (15, 20). Single 

nucleotide polymorphisms (SNPs) of the D-loop 

region including HV1 and HV2 were connected to 

the development of various cancers (20, 21). 

 

2. Variation aspects of mtDNA 

Polyplasmia is a fundamental characteristic of 

mtDNA which arises from its high CN compared to 

nDNA in the cell (10-10000 copies). Based on the 

distribution of normal or abnormal mtDNA between 

daughter cells, it results in homoplasmy (identical 

mtDNA variants) or heteroplasmy (different mtDNA 

variants) (18, 22). 

The ultimate dominant phenotype of the cell depends 

on both features of the mutation and the proportion 

of the heteroplasmy (23, 24). The heteroplasmy 

explains the diverse phenotypes between members of 

a family bearing an identical pathogenic mutation. 

Not only homoplasmic but also heteroplasmic 

mutations have been contributed to cancer cell 

progression (25, 26). Notably, pathogenic mtDNA 

mutations are mainly heteroplasmic, while benign 

polymorphisms usually represent homoplasmic 

status (27, 28). 

In addition to heteroplasmy, other essential 

variations are seen in mtDNA. Haplogroups are 

genetic groups with one or more specific mutations 

in mtDNA. They involve funder mutations inherited 

from a common ancestor (29). As it is presented in 

Figure 2, haplogroups M and N are derived from an 

African haplogroup called L3 and are known as the 

founders of all Eurasians. The most common 

haplogroups in modern African are L0-6, while HV 

and X are dominantly found in modern European. In 

the modern Asian populations, B, F, C, M, D and CZ 

haplogroups are mostly reported (30, 31). 

 

 

Figure 2: Human mtDNA haplogroups. Each 

haplogroup originates from a preceding haplogroup and 

remains part of it. Mitochondrial Eve is the matrilineal 

most recent common ancestor of all humans. 

 

3. mtDNA mutations and copy number variation 

in cancer 

Based on previous researches, mtDNA is ten times 

more susceptible to mutations than nDNA. Lack of 

the introns, histone proteins, and repair machinery in 

mtDNA could explain this finding. Both somatic and 

germline mtDNA substitutions are involved in a 

variety of cancers. Mutational mtDNA evaluation in 

1675 tumor samples revealed that C > T and A > G 

largely occur on the H-strand (3).  

The mtDNA mutations are either point mutations 

(deletions, insertions, substitutions) or mtDNA copy 

number variations (CNV) (32). The mutations that 

occur in the D-loop sequence cause changes in the 

CN of mtDNA. mtDNA CNV has been seen in many 

cancers, including breast cancer, colon cancer, 

hepatocellular carcinomas, and prostate cancer (33-

35). Factors that reduce mtDNA content include 

mutations in the D-loop region of the mtDNA and 
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mutations in the POLG which is encoded by the 

nuclear gene. These proteins are essential for the 

replication of the mitochondrial genome (36). Most 

cancers have some form of mtDNA-depleted or 

reduced status, although an increase in mtDNA CNV 

has also been reported (32). Environmental 

interfering factors can be the cause of this deviation. 

A recent study revealed that mtDNA CNV was 

significantly higher in HPV-positive cervical cancer 

patients than controls. HPV stimulates chronic ROS 

and mtDNA damage that implicate mitochondrial 

replication and CN in cervical cells (37). Using an 

array-based digital polymerase chain reaction (PCR) 

in ulcerative colitis-associated colorectal cancer 

(CRC), an increased mtDNA CNV was reported 

(38). 

The mtDNA variations have been studied from 

different aspects in tumorigenesis. A new study 

examined the response to chemotherapy medication 

in different mtDNA haplogroups by using 

transmitochondrial cybrids.  Transmitochondrial 

cybrids are cellular models to study the role of 

mitochondria in the same nuclear genome 

background with different mtDNA. They showed 

that following cisplatin treatment haplogroup J had 

lower levels of ROS than haplogroup H. In addition, 

haplogroup J was more sensitive to cisplatin, 

indicating that mtDNA is involved in the expression 

of genes influencing the resistance and side effects 

of cancer drugs (39). 

 

3.1. Breast cancer 

Breast cancer is one of the most prevalent cancers 

and the second factor of cancer mortality among 

women (40, 41). Estrogen receptor-negative (ER-) 

and progesterone receptor-negative (PR-) breast 

tumors exhibited more somatic mutations in the D-

loop region than estrogen receptor-positive (ER+) 

and progesterone-receptor positive (PR+) tumors 

(42). 

Earlier studies linked several large deletions of 

mtDNA including 4977bp and 4576bp deletions, to 

breast cancer pathogenesis (43). It has been shown 

that the majority of the mutations related to breast 

cancer are somatic mutations located in the D-loop 

region. The other reported mutations were in the 

ND1, ND4, ND5, and Cyt b genes (44). 

In 2011, a research study showed that two types of 

mtDNA mutations, the 12084C > T  in the ND4 and 

the 13966 A > G in the ND5 gene, reduce the activity 

of the complex І in the highly invasive MDA-MB-

231 cell line of breast cancer and ultimately impair 

mitochondrial function (9). 

Canter et al. reported that 10398A germline SNP 

located at ND3 gene along with other risk factors can 

be important in the case of breast cancer (45). Some 

additional studies confirmed 10398A > G SNP as a 

risk factor, while others have found no significant 

association between this SNP and breast cancer. A 

study by Darvishi et al. reported the mitochondrial 

allele 10398A as a risk factor for sporadic breast 

cancer as it elevates electron leakage rate and the 

overproduction of ROS (46). Czarnecka et al. found 

a higher frequency of the mitochondrial allele 

10398G in the Polish breast cancer patients than the 

control population and identified it as a risk factor 

(47). Contrary to these studies, Pezzotti et al. found 

no link between 10398A > G SNP and breast cancer 

susceptibility (48).  

Jiang et al. also reported no association between 

10398 A > G substitution and breast cancer. 

However, they observed decreased mtDNA content 

in premenopausal women with breast cancer (49). It 

had also been previously reported that a reduction in 

the mtDNA CN increased the production of ROS and 

mitochondrial impairment in breast tumors (42). 

Contrary to these results, in a prospective cohort with 

6-years separate blood sampling, higher mtDNA CN 

was associated with increased breast cancer risk (35). 

 

3.2. Gastric cancer 

Various genetic and epigenetic alterations such as 

microsatellite instability (MSI) are responsible for 

the development of gastric cancer which is the third 

cause of cancer mortality (50). It has been identified 

that the majority of mitochondrial somatic mutations 

were associated with increased MSI of the nDNA in 

gastric cancers (51). One of the earliest pieces of 

evidence indicating mtDNA involvement in gastric 

cancer was provided in 1995 by demonstrating a 

somatic 50-bp deletion in the D-loop region (52). 

Research study conducted by Wang et al. showed a 

significant association between gastric cancer and 

SNPs in D-loop including, 73G > A, 235A > G, 324C 
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> G, 16362T > C and 16519C > T (53). By analyzing 

peripheral blood leukocytes (PBL) Liao et al. 

observed no association between leukocyte mtDNA 

content and risk of gastric cancer. However, they 

identified that mtDNA CN can be important in the 

early stage of cancer progression (54).  

In late-stage tumors, increased mtDNA content 

showed a significant link to poor prognosis and 

worse survival of gastric cancer patients (55). These 

results were confirmed by the observation of the 

association between high mtDNA CN and increased 

gastric cancer risk in a Chinese population (56). 

In Gastroenteropancreatic Neuroendocrine 

Neoplasm (GEP-NEN), Er et al. identified survival 

SNPs including 16257C > A, and 150C > T located 

in the D-loop (57).  In a separate previous study by 

the same team, 73G, 150T, 151T, 492C, 16257A, 

16261T, and 16399G were recognized as the risk 

evaluation markers for GEP-NEN. They revealed the 

role of SNPs located in the D-loop region including 

7C > T in disease susceptibility (58). Moreover, an 

association between mitochondrial ND3 SNPs such 

as rs28358278 (10400C > T), rs2853826 (10398A > 

G), rs41467651 (10310G > A) and elevated risk of 

gastric cancer in Korean population has been shown 

(59). Interestingly, it has been identified that 

haplogroup N has a survival role in gastric cancer 

patients in comparison to haplogroup M (60). 

 

3.3. Prostate cancer 

Numerous studies have been performed to find 

diagnostic biomarkers in prostate cancer which is the 

second cause of cancer death in men, worldwide 

(61).  Earlier evidence showed that germline 

mutations of the COXI, the core catalytic subunit of 

cytochrome c oxidase (complex IV), were associated 

with the risk of prostate cancer. They reported COXI 

conserved amino acid mutations in 12% of prostate 

cancer samples. They also showed that 8993T > G 

mutation in ATP6 led to the accumulation of ROS 

and the progression of prostate cancer (62).  

mtDNA whole-genome sequencing (WGS) in 

prostate tumors revealed more than 40 somatic 

mutations in COXII, COXIII, ATP6, and ND6 

genes. The tRNAs gene alterations were linked to 

increased Prostate-specific antigen (PSA) (63).   

In 2013, Koochekpour and colleagues showed lower 

mtDNA in African American men compared to 

Caucasian American men, which could contribute to 

a higher risk and poor prognosis of prostate cancer 

(64). Further evidence confirmed that low mtDNA 

CN in PBL was involved in the invasive form of 

prostate cancer (65).  

The mtDNA WGS of 384 prostate cancer samples 

revealed at least one mitochondrial single nucleotide 

variant (mtSNV) for each patient, some of them 

related to the aggressive form of the tumor. This 

phenomenon was more detected in older patients. 

They also reported co-occurrence between mtDNA 

and nDNA profiles (66).  

In a paired benign/malignant prostate cancer survey, 

Schöpf et al. showed higher mtDNA mutations 

including complex I-encoding genes. Tumor 

transcriptome analysis revealed a significant link 

between mtDNA mutations and shorter patient 

survival (67). 

 

3.4 Colorectal cancer 

Another cancer associated with gene alterations in 

mtDNA is CRC which is the third most prevalent 

cancer in the world. One of the earliest proofs of 

mtDNA involvement in CRC was exhibited by an 

Iranian research study. They identified that 

individuals with a higher level of mtDNA variants 

are more susceptible to CRC (68).  In another article 

published by the same research group, 4216T > C in 

the ND1 gene has also been linked to CRC 

pathogenesis (69).  

In 2010, Theodoratou et al. reported that 752G > A, 

1440G > A variants located on the 12SrRNA gene 

and 4770G > A located on the ND2 gene were 

associated with the CRC prognosis and mortality 

(70).  

In a case-control study conducted on CRC, common 

SNPs of D-loop were investigated.  73G > A, 146T 

> C, 195T > C, 324C > G, 16261C > T, 16304T > C 

and 309C/C (insert) were showed significant 

correlation to the disease susceptibility (71).  

The mRNA expression levels of ND1, ND6, Cyt b, 

COXI, 12SrRNA, and ATP6 were tested by Reverse 

transcription (RT) PCR in CRC. The results indicate 

increased mRNA levels of all six genes with a more 

prominent elevation in COXI in late malignant 
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tissues (72). By sequencing the entire 1124 bp D-

loop region of CRC tumors, Govatati et al. found that 

most CRC-related SNPs are located in the HV1. 

They concluded that mutations in the D-loop region 

disrupt mitochondrial function and lead to increased 

production of ROS and oxidative stress (73). In 

2018, Thyogarajan et al. pointed out that SNPs 

including 16294C > T, 16296C > T, 16278C > T and 

16069C > T which are located in the HV1, were 

associated with the colorectal adenoma risk (74).  

In 2016, the mtDNA CNV association with the 

expression of P53 and TFAM were examined in 

CRC, precancerous tissues and 9 colorectal cancer 

cell lines. A significant correlation was observed 

between p53 and TFAM co-expression and 

clinicopathological characteristics of the patients. 

They also observed that p53 could increase TFAM 

expression by binding to the TFAM promoter, and 

their co-expression regulates the mtDNA CN (75). 

 

3.5 Renal cell carcinoma 

Research on Renal cell carcinoma (RCC) the most 

prevalent kidney cancer in adults identified the role 

of mtDNA mutations in cancer for the first time. 

Studies on Tumor samples of patients showed a 

heteroplasmic 294 bp deletion in the ND1 gene (76).  

In 2013, Xu et al. demonstrated that 16293A > G D-

loop variant linked to increased risk of early-onset 

RCC. The minor allele G was significantly correlated 

with the lower onset of the disease (77). Further 

investigation suggested some D-loop SNPs such as; 

16293A > G, 262A > G, 488T > C, 16298T > C and 

16319G > as the potential markers for RCC 

diagnosis and subgroups identification (78). The 

same research team further emphasized the role of 

262C > T SNP in the HV2 associated with poor RCC 

outcome (79). They also reported that mtMSI of the 

CCCCCTCTA at position 8272 was associated with 

the incidence of RCC (80).  

By a quantitative real-time PCR assay on PBL, 

Purdue et al. found a significant link between lower 

mtDNA CN and RCC susceptibility (81). They 

further conducted a nested case-control study and 

evaluated leukocyte mtDNA up to 13 years before 

diagnosis of CRC.  Interestingly, the results revealed 

high pre-diagnostic leukocyte mtDNA CN 

associated with an increased risk of the disease (82). 

3.6 Lung cancer 

Based on WHO report in 2020, lung cancer, with 

2.21 million cases, is the second most common, and 

with 1.80 million deaths is the most common cause 

of cancer mortality (https://www.who.int/news-

room/fact-sheets/detail/cancer).  

By analyzing the early-stage Non-Small Cell Lung 

Cancer (NSCLC), it has been shown that the 

haplogroup D/D4 were hotspots for somatic 

mutations linked to the disease survival (83). Ding et 

al. identified polymorphisms at 235A> G and 

324A/G correlated to increased risk of lung cancer 

and considered them as informant factors in a high-

risk population. They also reported 16298T> C 

located in the D-loop region is associated with small-

cell lung cancer (84). 

The Efficiency of plasma mtDNA copy number 

content as a biomarker for lung cancer was estimated 

in a recent study. The receiver operating 

characteristic (ROC) curve analysis revealed that 

plasma mtDNA content could detect lung cancer 

with a sensitivity and specificity of 71.1% and 

70.1%, respectively (85).  

By whole mitochondrial genome sequencing of 

NSCLC, Kazdal et al. found numerous non-

repetitive mtDNA somatic mutations. Largely 

variable mtDNA CN was also observed in different 

tumor segments with significantly lower load in solid 

predominant segments (86). This is while in a 

simultaneous study in NSCLC, increase and 

decreased total mtDNA CN was shown in the non-

tumor and tumor segments, respectively. They 

concluded that mtDNA plays a prominent role in the 

human NSCLC progression (87). 

Conclusion 
During the last decade, the contribution of mtDNA 

in cancer has been vastly investigated. Emerging 

evidence now supports the concept that mtDNA 

changes result in oxidative stress, free radical 

generation, and cancer progression. mtDNA 

mutations were considered the main cause of 

mitochondrial function abnormalities and inherited 

susceptibility to the diseases. Subsequent alterations 

in expressed proteins were noticed in the vast variety 

of solid tumors. Although cancer cells need 

mitochondria as the source of energy, the 
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mitochondrial dysfunction somehow acts in the 

direction of tumorigenesis. The accurate 

mechanisms of these manners are not clear yet; 

however, mtDNA molecular analysis may lead to 

discovering the driver mutations, functional 

perspectives and involved pathways. 

Future studies on mtDNA in the context of tumor 

development would be promising in cancer 

prevention and therapeutic approaches. 
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