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Abstract: Mitochondrial DNA mutation will lead to a series of diseases, and Defective mitochondrial DNA will lead to organ dysfunction.The 

increase of mutation frequency caused by nuclear DNA repair defect, replication error, carcinogen exposure and aging is generally consid-

ered to drive the occurrence of cancer.In contrast, the status and role of mitochondrial genome mutation in cancer are not clear.We reviewed 

the variation in number and structure of mtDNA in colorectal cancer, liver cancer, breast cancer , aiming to illustrate the important role of 

mtDNA in the occurrence and development of cancer, and to provide some reference for early diagnosis, treatment and prognosis evaluation 

of cancer.
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Introduction

Mitochondria possess their own DNA, which encodes many key proteins used for the assembly and activity of mitochondrial respira-

tory complexes. The mtDNA does not bind to histones or form chromosomes, but instead forms a mtDNA-protein complex with many pro-

teins, forming a nucleoid uniformly distributed in the mitochondrial matrix, which is essential for mitochondrial function. Since the structural 

characteristics of mtDNA are different from nuclear DNA with more than ten times more than nuclear DNA, defects or mutations in mtDNA 

cause a series of diseases and damaged mtDNA can be eliminated by mitophagy[1]. Mitochondria have been shown to play an important role 

in apoptosis, a fundamental biological process in which cells die in a controlled manner, playing a key role in cancer development and the 

cellular response to anticancer drugs. Therefore, it is important to understand the biological characteristics of mtDNA and its role in tumor 

development and development. Otto Warburg The observation that cancer has acquired the unusual property of absorbing and fermenting 

glucose into lactate in the presence of oxygen raises defects in mitochondrial respiration as the underlying basis for aerobic glycolysis and 

cancer. However, not all tumors have this aerobic glycolytic property, and it is now clear that defects in mitochondrial respiration are gen-

erally not often the cause of aerobic glycolysis[2]. In recent years, the research on mtDNA in cancer has attracted much attention, and many 

studies explain the role of mtDNA mutations and mtDNA copy number variants in cancer occurrence[3,4]. Therefore, this paper outlines the 

variant characteristics of mtDNA in multiple cancers and its role in cancer development, aiming to further elucidate the complex relationship 

between mtDNA and cancer,It provides some reference basis for the early diagnosis, treatment and prognosis evaluation of cancer.

1. Basic knowledge of mitochondria:

Mitochondria is a bilayer membrane organelle that generates about 90% of its cellular energy in mammalian cells, by oxidative phos-

phorylation (OXPHOS), in the form of adenosine triphosphate (ATP). Mitochondria also play important roles in a range of signaling path-

ways, including the tricarboxylic acid cycle (TCA), β -oxidation of fatty acids, and cell death in cell apoptosis[5,6]And the cell cycle[7,8]Play an 

important role in the process.

Unlike other organelles in mammalian cells, mitochondria have their own genetic material, which encodes a range of key proteins as-

sociated with mitochondrial respiration. Each mitochondrion contains one or more copies of mtDNA, located in the mitochondrial matrix[9]. 

significantly different from the structure of nuclear DNA, mtDNA is closed circular duplex DNA, the outer ring is rich in purine, called heavy 

chain (H chain), and the inner ring is rich in pyrimidine, called light chain (L chain). Therefore, the component of mtDNA is highly asym-

metric. In human cells, mtDNA consists of 16,569 base pairs and encodes 37 genes, including 13 polypeptides, two ribosomal RNA, and 22 

transport RNA[10]. Most of the non-coding DNA of the human mitochondrial genome is located within an ~ 1 kb region called the non-coding 
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region (NCR). The NCR is the most strongly polymorphic site in the mtDNA, with several known polymorphic sites within the two hyper-

variable regions (HVR) of the NCR[11]. Non-coding regions (NCR) exert a regulatory function in the mtDNA, exerting control on transcrip-

tion and translation. The mtDNA control region contains the replication origin of one strand and the transcription origin of both strands, the 

control region is also the location of the mtDNA displacement loop (D-loop), and the mtDNA replication begins at the D loop, which also 

contains the promoter of the transcript adjacent to the D loop. Although the exact function of the D-loop is unknown, it is noteworthy that this 

region is highly sequence variability[12], And has been shown to be associated with the incidence of specific types of cancer[13]。

Mitochondrial dysfunction, often characterized by the loss of oxidative phosphorylation efficiency, is a hallmark of aging and various 

chronic diseases[14]. Mitochondrial dysfunction leads to inefficient cellular energy production and increased levels of reactive oxygen species 

(ROS), which may damage lipids, proteins, and nucleic acids[15]. Mitochondrial dysfunction also affects the expression of nuclear genes in-

volved in metabolism, growth, differentiation, and apoptosis[16]. A major limitation of the routine assessment of mitochondrial dysfunction 

in clinical practice is the lack of reliable measures of mitochondrial dysfunction that can be used in the clinic. And mitochondrial DNA copy 

number (mtDNA-CN) is a promising biomarker of mitochondrial dysfunction and is likely to be widely used in clinical practice.

2. Mitochondrial DNA variants and cancer:

During cancer development, tumor cells not only undergo metabolic changes to support cell growth, but also other types of mtDNA 

damage. The mtDNA mutations have been identified in all types of human tumors, including the non-coding and coding regions of mtDNA. 

Larman et al studied different cancer types and found that the frequency of somatic mtDNA mutations ranged from 13% in glioblastoma to 

63% in rectal adenocarcinoma[17]. There are data suggesting that at least one observed tumor mtDNA mutation can confer a selective advan-

tage to cancer cells, further supporting the hypothesis that mtDNA somatic mutations play an important role in promoting tumor cell prolifer-

ation[18]. In addition to the structural abnormalities in mtDNA, mtDNA copy number changes have also been frequently described in cancer. 

For example, elevated mtDNA content was found in primary head and neck squamous cell carcinoma, papillary thyroid carcinoma, and 

endometrial carcinoma, while gastric cancers exhibited mtDNA depletion. The mtDNA copy number in a cancer may depend on the specific 

mutation site associated with this cancer. Thus, increased mtDNA copy number can serve as a compensatory response to mitochondrial dys-

function or mutations in nuclear genes indirectly involved in the control of mtDNA copy number. Conversely, mutations in the D loop region 

that controls mtDNA replication are expected to result in copy number reduction. In many cases, fewer mtDNA copies were accompanied by 

a reduction in mitochondrial gene expression, suggesting an inhibition of mitochondrial activity in these tumor types. The mtDNA damage 

causes not only mtDNA copy number changes, but also new point mutations and deletions in mtDNA, impaired mitochondrial function, and 

changes in cellular and tissue functions. Indeed, Reznik et al found that mtDNA copy number is associated with the incidence of key driver 

mutations leading to cell carcinogenesis[19]. It is noteworthy that although mtDNA copy number affects the transcript level of mtDNA genes, 

not all cancer types exhibit a correlation between mitochondrial gene expression and mtDNA copy number.

3. Molecular characterization of mtDNA in intestinal cancer:

Although colonoscopy is widely used for early detection and resection of colorectal adenomas, a precursor to most colorectal cancers, 

colorectal cancer remains a cause of cancer death and is the only major cancer that affects essentially equally in men and women[20]. Oxi-

dative stress of reactive oxygen species (ROS) is believed to have an important role in colorectal cancer. In addition, several studies have 

identified oxidative stress as an important risk factor for colorectal adenoma, suggesting that abnormal oxidative stress may be important in 

early colorectal carcinogenesis. ROS are mainly derived from mitochondria, and they are by-products of aerobic respiration. Under physi-

ological conditions, the amount of cellular mitochondrial DNA remains relatively stable, and it has been found that qualitative and quanti-

tative mtDNA changes, such as somatic mitochondrial mutations and mtDNA copy number changes in colorectal tumor tissue, may play an 

important role in colorectal carcinogenesis[21,22]. Similarly, changes in mtDNA copy number in non-neoplastic tissues (e. g., peripheral blood) 

may reflect the end result of interactions between genetic and environmental factors that may increase oxidative stress and colorectal cancer 

risk. In support of this hypothesis, some studies have found an association between mtDNA copy number in peripheral blood and multiple 
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cancers[23,24]. In particular, a case-control study in the Singapore Chinese Health cohort[25]And a prospective nested case cohort study[26], Both 

found that mtDNA copy number in the peripheral blood was associated with an increased risk of colorectal cancer. Despite the association 

between mtDNA copy number and CRC, it is unclear whether the altered mtDNA copy number is a risk factor for CRC or a biomarker for a 

confirmed diagnosis of CRC.

Colorectal cancer is the result of the accumulation of multiple genetic alterations, for example point mutations, copy number variations 

and epigenetic modifications[27]. To date, two major pathways of colorectal carcinogenesis have been precisely described. The first pathway 

involves chromosomal instability (CIN) and is mainly characterized by the continuous accumulation of genetic alterations in APC, KRAS, 

and p53[28], The second pathway is the microsatellite instability (MSI)[29]. There is increasing evidence for the functional role of mtDNA ab-

normalities (including point mutations, deletions, inversions, and copy number alterations) in mitochondrial dysfunction and colorectal car-

cinogenesis. However, it is unclear whether these mutations initiate or promote tumorigenesis, or whether they are simply a result of genomic 

instability. Peripheral blood mitochondrial DNA content is associated with risk of colorectal cancer and is proposed as potential biomarkers, 

however, some studies have failed to confirm this association, suggesting that relative mtDNA copy number in peripheral blood is more like-

ly to be considered as markers of early CRC occurrence than a biomarker that can be used to assess CRC risk[30]。

The molecular mechanisms leading to mtDNA copy number changes are still under investigation. In a study of 65 colorectal cancers, it 

has been proposed that hypomethylation of the D-loop region may be involved in the regulation of mtDNA copy number[31]. Recently, it has 

been reported that polymorphisms within the nuclear-encoded polymerase γ gene (POLG) may contribute to reducing a key component of 

the mitochondrial genome maintenance machinery, resulting in mitochondrial copy number changes[32]. The D loop region contains essential 

transcription and replication elements and is a well-known somatic mutation hotspot in colorectal tumors. This region is formed by two hy-

pervariable regions, the HV-I (nt.16024-16383) and HV-II (nt.57-333)[33]. MtDNA variants in the D-Loop region are associated with risk and 

survival in colorectal cancer patients and, therefore, they are proposed as valuable markers for assessment of colorectal cancer outcome[34]. 

Mitochondrial microsatellite instability (mtMSI), the change in the length of the D loop repeat between normal and tumor tissues, has been 

described as a common molecular event in colorectal carcinogenesis (approximately 30% of colorectal tumors), but its prognostic value re-

mains controversial[35]。

4. Molecular characterization of mtDNA in liver cancer:

Hepatocellular carcinoma (HCC) is one of the most common cancers worldwide, with the third highest mortality rate[36,37]. About 

434000 new cases of HCC each year[38]. Several risk factors have been proposed to participate in the development of HCC, including aflatox-

in exposure, alcohol consumption, viral hepatitis, etc.

Several types of somatic mtDNA alterations have been identified in human HCC, and these mtDNA alterations include point muta-

tions, deletions, insertions, and copy number changes. Screening for somatic point mutations in the whole mitochondrial genome of HCC 

samples indicates that approximately 52% of HCC patients carry at least one homogenous or heterogeneous point mutation in their tumor 

tissue mtDNA. Of the identified point mutations, 76% are located in the D-loop regions, 2% in rRNA genes, 3% in tRNA genes, and 19% in 

mRNA genes[39]. The D-loop region is a hot spot for somatic mtDNA mutations in HCC and other cancers. That the D loop regions of mtD-

NA, especially mononucleotide repeats in the np 303-309 poly-C sequence, are the sites most susceptible to oxidative damage compared to 

other regions of mtDNA, implies that oxidative damage contributes to point mutations in the D loop and the instability of mononucleotide or 

dinucleotide repeats in mtDNA. And because the D-loop region controls mtDNA replication and transcription, mutations in the D-loop region 

may affect mtDNA copy number and expression of the mitochondrial genome. Thus, somatic mutations in the mtDNA D-loop region may 

affect mitochondrial function by reducing mtDNA copy number and transcription in HCC, thus leading to HCC progression. The reduction 

in mitochondrial DNA copy number is a common event in HCC, with more than 60% of HCC having lower mtDNA copy numbers than their 

corresponding normal liver tissue.

Several types of somatic mtDNA alterations have been identified in HCC, but the role of these mtDNA alterations in HCC progression 
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is still unclear, and some studies confirm the pathological role of mtDNA mutations and mitochondrial dysfunction in HCC. Most somatic 

point mutations in mtDNA copy number and reduction in the mitochondrial coding region may contribute to mitochondrial dysfunction in 

HCC, and these findings provide a molecular basis for the Warburg effect. Furthermore, it has been shown that low mtDNA copy number 

in HCC is significantly associated with large tumor size, liver cirrhosis, and poor 5-year survival[40]. Thus, mtDNA mutations and reduced 

mtDNA copy number and mitochondrial dysfunction may alter the progression of HCC. However, the presence of somatic mtDNA point mu-

tations in HCC does not seem to be associated with patient age or sex, tumor size or grade, hepatitis virus infection, or survival of patients[41]. 

Furthermore, heterogeneous or homogeneous levels of the same mtDNA mutation may lead to different consequences of tumorigenesis. 

Therefore, the role of specific mtDNA mutations and their levels during HCC progression warrants further investigation.

5. Molecular features of mtDNA in breast cancer:

With regard to breast cancer, multiple studies have investigated the effect of mtDNA content on phenotype, prognosis, and drug re-

sponse. Lower mtDNA content was observed in approximately 70% of breast cancer specimens when compared to the surrounding normal 

epithelium[42,43]. There are indications that low mtDNA content in breast cancer may produce a more aggressive phenotype and altered treat-

ment response. Depletion of mtDNA in in vitro models affects the mRNA and protein expression levels of several genes involved in epithelial 

stromal transition (EMT)[44,45], The transition to a mesenchymal phenotype has been recognized as an important mechanism for promoting 

cancer metastasis[46]. Thus, the low mtDNA content used as a marker of the mesenchymal phenotype may identify tumor aggressiveness.

Somatic mtDNA variation is frequently observed in primary breast tumors[47]. Most of these variants are single-nucleotide variants 

rather than small insertions or deletions, which are distributed along the entire mitochondrial genome and show great heterogeneity between 

cases. To date, no somatic mtDNA mutations have been described that clearly affect breast cancer tumorigenesis or progression. With more 

somatic mtDNA variants in the primary tumors of patients diagnosed at a higher age. Furthermore, there is substantial heterogeneity in so-

matic mtDNA variants within primary breast tumors. Although mtDNA content in primary breast tumors is not associated with any traditional 

clinicopathological marker, low mtDNA levels in primary breast tumors indicate that cancers are more aggressive[48]。

6. Summary and Outlook:

Mutations in mtDNA affect tumor development and progression, which makes the presence of the mitochondrial genome add to both 

the unique and complex biological properties of this organelle. In recent years, with the vigorous development of next-generation sequencing 

technology and single-cell sequencing technologies, the biological characteristics of mtDNA in tumors have been gradually elucidated. The 

structure of mtDNA, mtDNA copy number and others have unique changes in the development of cancer. The mtDNA abnormalities (including 

point mutations, deletions, inversion, and copy number alterations) have a role in mitochondrial dysfunction and colorectal carcinogenesis, 

The mtDNA copy number in the peripheral blood is associated with an increased risk of colorectal cancer, The D loop region contains essen-

tial transcriptional and replication elements, Is a well-known hotspot of somatic mutations in colorectal tumors, Variation in this region is as-

sociated with risk and survival in colorectal cancer patients; Several types of somatic mtDNA alterations have been identified in human HCC, 

These mtDNA alterations include point mutations, deletions, insertions, and copy number changes, Somatic mutations in the mtDNA D-loop 

region may affect mitochondrial function by reducing mtDNA copy number and transcription in HCC, Thus leading to the HCC progression, 

besides, Low mtDNA copy number in HCC was associated with tumor size and cirrhosis of the liver; Single-nucleotide variants in somatic 

mtDNA are frequently observed in primary breast tumors, Low mtDNA content can be used as a mesenchymal phenotype marker, And then 

identify the aggresnature of the tumor. As mtDNA has certain clinical significance in many kinds of cancers, this paper reviews the features 

of mtDNA variation in cancer, and provides relevant basic information for clinical and scientific research staffIt provides some reference ba-

sis for the early diagnosis, treatment and prognosis evaluation of cancer.
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