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Abstract:



A shift in glucose metabolism from oxidative phosphorylation to glycolysis is one of the biochemical hallmarks of tumor cells. Mitochondrial defects have been proposed to play an important role in the initiation and/or progression of various types of cancer. In the past decade, a wide spectrum of mutations and depletion of mtDNA have been identified in human cancers. Moreover, it has been demonstrated that activation of oncogenes or mutation of tumor suppressor genes, such as p53, can lead to the upregulation of glycolytic enzymes or inhibition of the biogenesis or assembly of respiratory enzyme complexes such as cytochrome c oxidase. These findings may explain, at least in part, the well documented phenomena of elevated glucose uptake and mitochondrial defects in cancers. In this article, we review the somatic mtDNA alterations with clinicopathological correlations in human cancers, and their potential roles in tumorigenesis, cancer progression, and metastasis. The signaling pathways involved in the shift from aerobic metabolism to glycolysis in human cancers are also discussed.
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1. Introduction


Mitochondria are cytoplasmic organelles that play a variety of important roles, including the generation of ATP through respiration and oxidative phosphorylation (OXPHOS), production of reactive oxygen species (ROS), and initiation and execution of apoptosis [1]. Compared with glycolysis, mitochondrial respiration and OXPHOS is a more efficient pathway to generate ATP from glucose in normal human cells. In contrast, a shift in glucose metabolism from OXPHOS to glycolysis has been frequently observed in cancer cells and represents an important biochemical hallmark of tumors.



As early as 1930, the German biochemist Otto Warburg first proposed that tumor cells, unlike normal cells, exhibit an increased utilization of glycolytic pathway for energy production, even when there is abundant oxygen for mitochondria to make ATP via respiration and OXPHOS [2]. This phenomenon is known as the Warburg effect. He further proposed that defects in energy metabolism, specifically in mitochondria, may play an important role in the initiation or progression of cancers [3]. Based on the fact that glucose uptake is increased in cancer cells, the positron emission tomography (PET) of 19F-glucose in affected tissues has been widely used in clinical diagnosis of cancers. However, the molecular and cellular mechanisms of the Warburg effect and its roles in cancer biology have not been fully elucidated.



Human mitochondrial DNA (mtDNA) is a 16,569 bp double-stranded circular DNA molecule, and several hundred to several thousand copies of mtDNA are present in each cell. The human mtDNA encodes 13 polypeptides, which are essential constituents of respiratory enzyme complexes, and 22 transfer RNAs and two ribosomal RNAs that are required for protein synthesis in mitochondria [4]. Mammalian mtDNA is more susceptible to oxidative damage and has a higher mutation rate compared with nuclear DNA due to a lack of protective histone proteins, limited DNA repair activities, and a high rate of generation of ROS in mitochondria [5]. Somatic mutation and damage to mtDNA can result in impairment of the OXPHOS system and enhanced ROS production, which in turn accelerates the rate of DNA mutation. This scenario has been proposed to be involved in the initiation of carcinogenesis [6].



One of the hypotheses, which may explain the Warburg effect, is that cancer cells accumulate mtDNA alterations and lead to defects in mitochondrial respiration and ATP generation by the OXPHOS system [7,8]. It has been established that some of the acquired mtDNA mutations can impair the function of OXPHOS, increase the production of ROS and thereby promote tumor cell proliferation. The other acquired mutations of mtDNA may confer tumor cells with the ability to adapt to the new microenvironment or cope with stress during progression and metastasis of the tumor.



In this article, we review recent findings of somatic mtDNA alterations and mitochondrial dysfunction in human cancers. Moreover, we examine the roles of mutation and depletion of mtDNA in the pathophysiology, initiation and progression of cancers. The signaling pathways that may be involved in the shift of aerobic metabolism to glycolysis in cancer cells are also discussed.




2. Somatic mtDNA alterations in human cancers


In the past decade, various types of mtDNA alterations have been identified in primary human cancers. These mtDNA alterations include point mutations, deletions, insertions, tandem duplications, and copy number changes.



2.1. Point mutations


Polyak et al. [9] first reported that somatic point mutations of mitochondrial genome occurred in human colorectal tumors. In this study, the entire mtDNAs of 10 human colorectal cancer cell lines were completely sequenced and seven were found to carry mutations in protein coding genes or rRNA genes. Importantly, the study further revealed that most of the mtDNA mutations were homoplasmic. On the basis of these findings, the authors suggested that mitochondria could rapidly become homogeneous in colorectal cancer cells. Moreover, some of these point mutations identified within protein-coding regions could lead to frame-shift or amino acid substitutions.



Fliss et al. [10] reported that 64% (9/14) of bladder cancers, 46% (6/13) of head and neck cancers, and 43% (6/14) of lung cancers harbored point mutations of mtDNA. It was confirmed that the majority of these somatic mutations of mtDNA were homoplasmic. In addition to mutations in the coding region of mtDNA, a high frequency of somatic mutation was located in the non-coding displacement loop (D-loop) region of mtDNA.



Table 1 summarizes the results of recent studies on primary tumors [9–25]. The data clearly indicate that high frequencies of somatic mutations of mtDNA occur in various types of cancers, and that many of the mtDNA mutations are located in the D-loop region of mtDNA. A number of extensive analysis of somatic mutation in the D-loop region of mtDNA revealed that base insertions or deletions at nucleotide position (np) 303–309, a polycytidine stretch (C-tract) termed D310, are the most common mutations of mtDNA in human cancers (Table 2) [10–16,18,19,21–23,25–46]. Some of the D310 variations have also been reported as common variants in normal human tissues [47].



Table 1. Somatic mutations in mtDNA of human cancers.







	
Cancer type and case number

	
Somatic mutations in mtDNA of cancers



	
Reference




	
Frequency (%)

	
% of mutations in the D-loop region

	
% of mutations in coding regions






	
Bladder cancer




	
N = 14

	
64

	
30

	
70

	
[10]




	


Brain tumor




	
N = 15

	
40

	
61

	
39

	
[11]




	


Breast cancer




	
N = 18

	
61

	
58

	
42

	
[12]




	
N = 19

	
74

	
81.5

	
18.5

	
[13]




	
N = 15

	
93

	
38

	
62

	
[14]




	


Colorectal cancer




	
N = 10

	
70

	
0

	
100

	
[9]




	


Head & neck cancer




	
N = 13

	
46

	
67

	
33

	
[10]




	
N = 83

	
49

	
25

	
75

	
[15]




	


Lung cancer




	
N = 14

	
43

	
70

	
30

	
[10]




	
N = 55

	
60

	
32

	
68

	
[16]




	


Nasopharyngeal cancer




	
N = 23

	
52

	
92

	
8

	
[17]




	


Oral cancer




	
N = 18

	
78

	
77

	
23

	
[18]




	


Ovarian cancer




	
N = 10

	
60

	
73

	
27

	
[19]




	


Pancreatic cancer




	
N = 5

	
80

	
0

	
100

	
[20]




	


Renal cancer




	
N = 8

	
62.5

	
17

	
83

	
[21]




	
N = 9

	
78

	
33

	
67

	
[22]




	
N = 15

	
47

	
29

	
71

	
[23]




	


Thyroid cancer




	
N = 13

	
23

	
0

	
100

	
[24]




	
N = 66

	
68

	
51

	
49

	
[25]










Table 2. Somatic mutations in the D-loop region of mtDNA of human cancers.







	
Cancer type and case number

	
Somatic mutations in the D-loop of mtDNA



	
Reference




	
Frequency (%)

	
% of mutations in D310






	
Bladder cancer




	
N = 14

	
36

	
17

	
[10]




	


Brain tumor




	
N = 15

	
40

	
45.5

	
[11]




	


Breast cancer




	
N = 18

	
39

	
71

	
[12]




	
N = 19

	
63

	
18

	
[13]




	
N = 15

	
53

	
29

	
[14]




	
N = 60

	
30

	
72

	
[26]




	
N = 59

	
42

	
45

	
[27]




	


Colorectal cancer




	
N = 13

	
23

	
33

	
[28]




	
N = 25

	
40

	
90

	
[29]




	


Cutaneous neurofibromas




	
N = 19

	
37

	
71

	
[30]




	


Esophageal cancer




	
N = 37

	
5

	
50

	
[31]




	
N = 20

	
40

	
54

	
[32]




	
N = 21

	
33

	
13

	
[33]




	


Gastric cancer




	
N = 8

	
37

	
25

	
[28]




	
N = 45

	
4

	
0

	
[34]




	
N = 31

	
48

	
67

	
[35]




	


Head & neck cancer




	
N = 13

	
23

	
17

	
[10]




	
N = 109

	
21

	
76

	
[36]




	
N = 83

	
29

	
0

	
[15]




	


Hepatocellular carcinoma




	
N = 19

	
68

	
61.5

	
[37]




	
N = 50

	
34

	
42

	
[38]




	
N = 61

	
39

	
41

	
[39]




	
N = 18

	
22

	
100

	
[40]




	


Lung cancer




	
N = 14

	
36

	
14

	
[10]




	
N = 202

	
17

	
0

	
[41]




	
N = 31

	
23

	
57

	
[29]




	
N = 55

	
31

	
22

	
[16]




	


Oral cancer




	
N = 30

	
57

	
22

	
[42]




	
N = 18

	
67

	
40

	
[18]




	


Ovarian cancer




	
N = 10

	
50

	
18

	
[19]




	
N = 35

	
26

	
10

	
[43]




	
N = 44

	
57

	
45.5

	
[44]




	


Plexiform neurofibromas




	
N = 18

	
50

	
18.5

	
[30]




	


Prostate cancer




	
N = 16

	
87.5

	
16.7

	
[45]




	
N = 10

	
50

	
50

	
[46]




	


Renal cancer




	
N = 8

	
12.5

	
0

	
[21]




	
N = 9

	
33

	
0

	
[22]




	
N = 15

	
27

	
0

	
[23]




	


Thyroid cancer




	
N = 66

	
48.5

	
36

	
[25]










An in vitro analysis revealed that the D-loop, and especially the D310 region, is more susceptible to oxidative damage and electrophilic attack as compared with other regions of mtDNA [48]. In addition to a high susceptibility to DNA damage and mutation, an inefficient DNA repair system in mitochondria has been suggested to contribute to the high frequency of homoplasmic D310 C-tract frame-shift mutations in many types of cancers [48]. Extensive oxidative damage to the poly C repeat may result in slipping and/or mis-incorporation during replication or repair of mtDNA by mitochondrial DNA polymerase γ, and in turn lead to mtDNA mutations in cancer cells. In many human cancers the decrease in the replication and DNA repair activities of DNA polymerase γ could contribute to the extremely high incidence of mutation in the D-loop of mtDNA [49,50].




2.2. Deletions


Large-scale deletions of mtDNA have been detected in various types of cancers (Table 3) [25–27, 33, 35, 39, 40, 51–68]. The 4,977 bp deletion is one of the common mtDNA mutations detected in aging human tissues [69]. This deletion has 13-bp direct repeats flanking the 5’- and 3’-end breakpoints at np 8470/8482 and np 13447/13459, respectively. We first reported that this 4,977 bp deletion was largely accumulated in sun-exposed skin tissues and also occurred in the squamous cell carcinomas and precancerous skin tissues [63]. The 4,977 bp deletion of mtDNA was later detected in oral cancers and paired non-malignant oral tissues of patients with betel quid chewing history [60]. Although the 4,977 bp deletion of mtDNA has been frequently detected in various types of cancers (Table 3), the incidence and amount of the 4,977 bp-deleted mtDNA are significantly lower in the malignant tissues as compared with the paired normal tissues of cancer patients. We have suggested that during cancer progression the mtDNA with a deletion is decreased (diluted) as a result of clonal expansion of cell lineages that contain less or no mtDNA deletion. A study of micro-dissected tumor tissues further confirmed the lower incidence of 4977 bp mtDNA deletion in most tumors [51]. On the other hand, an increase in large-scale deletions of mtDNA was found in radiation-associated thyroid tumors [66].



Table 3. MtDNA deletions in human cancers.







	
Deletions

	
Nucleotide position

	
Cancer types

	
Reference






	
4977 bp

	
8470–13447 or 8482–13459

	
Breast cancer

	
[26,51,52]




	

	

	
Endometrial cancer

	
[53]




	

	

	
Esophageal cancer

	
[33]




	

	

	
Gastric cancer

	
[35,51,54]




	

	

	
Head and neck cancer

	
[51,55]




	

	

	
Hepatocellular carcinoma

	
[40,56–58]




	

	

	
Lung cancer

	
[59]




	

	

	
Oral cancer

	
[60,61]




	

	

	
Renal cell carcinoma

	
[62]




	

	

	
Skin cancer

	
[63–65]




	

	

	
Thyroid cancer

	
[25,62,66]




	
50 bp

	
298–348 or 306–356

	
Gastric cancer

	
[67]




	

	

	
Hepatocellular carcinoma

	
[39]




	
294 bp

	
3323–3588

	
Renal cell carcinoma

	
[68]










A 50-bp deletion flanked by a 9-bp direct repeat in the D-loop region of mtDNA was identified in the tumor tissues of four patients with gastric cancer [67] and in one patient with hepatocellular carcinoma (HCC) [39]. The mtDNA deletion appeared to be homoplasmic and was largely accumulated in tumors, but not detected in paired normal tissues. In addition, a 294-bp deletion in the ND1 gene of mtDNA was detected in a patient with renal cell carcinoma [68]. Approximately 50% of the mtDNA molecules in the primary renal cell carcinoma contained this deletion, but none of the metastatic sites and unaffected tissues had this deletion in the ND1 gene. Taken together, these observations indicate that mtDNA deletions of different sizes occur and distribute in a stochastic manner in cancer tissues and tend to become more homogeneous, as a result of clonal expansion, during the progression of tumors.




2.3. Insertions


We identified two small insertions (~260 bp and ~520 bp) in the D-loop region of mtDNA in the cancerous tissues of one patient with gastric cancer [35]. The two insertions were characterized as tandem duplication and tandem triplication and the replicated DNA sequence is approximately 260-bp in size and is flanked by two poly-C stretches at np 303–309 and np 568–573, respectively. Such tandem duplications in the D-loop of mtDNA have also been detected in patients with mitochondrial myopathy [70–72], in somatic tissues of elderly subjects [73, 74], and in a Caucasian population with a specific mtDNA haplogroup [47]. In a further survey using a more sensitive molecular biological technique, we detected tandem duplication or triplication of mtDNA in approximately 5% of the patients with different types of cancers [75]. Moreover, it was found that the occurrence of the tandem duplications or triplications was highly associated with the presence of length variation at np 568 of the poly-C stretch in the D-loop of mtDNA [75]. Because the tandem duplication or triplication was also detected in the non-cancerous tissues of cancer patients and in about 4% of peripheral blood cells of normal subjects, we contend that the occurrence of tandem duplication or triplication in the D-loop region of mtDNA is not specific to cancers [75]. It was suggested that this type of mtDNA mutation is associated with the instability in the number of Cs starting at np 568 in the D-loop of mtDNA [75].




2.4. Copy number changes


Alterations in the copy number of mtDNA in cancer have been frequently found in various human cancers (Table 4) [26, 27, 29, 35, 39, 76–81]. A decrease in the content of mtDNA in cancer tissues has been reported in most of renal carcinomas [78, 79, 82], HCCs [39, 40, 77, 83], gastric cancers [35], and breast cancers [26, 27, 76]. However, an increase in the copy number of mtDNA was found in the majority of renal oncocytomas [78, 82], salivary gland oncocytomas [82], head and neck cancers [84], papillary thyroid carcinomas [76], colorectal cancers [29, 80], endometrial cancers [85], ovarian cancer [86], and prostate cancers [80]. These findings suggest that a change in the content of mtDNA is related to the type of cancers.



Table 4. Alterations in mtDNA content of human cancers.







	
Cancer type

Case number

	
Alterations in mtDNA content



	
Reference




	
Increase or Decrease

	
Frequency (%)






	
Breast cancer




	
  N = 25

	
Decrease

	
80

	
[76]




	
  N = 60

	
Decrease

	
63

	
[26]




	
  N = 59



	
Decrease



	
78



	
[27]






	


Gastric cancer




	
  N = 31



	
Decrease



	
55



	
[35]






	


Hepatocellular carcinoma




	
  N = 38

	
Decrease

	
61

	
[39]




	
  N = 31



	
Decrease



	
77



	
[77]






	


Renal cancer




	
  N = 13

	
Decrease

	
61

	
[78]




	
  N = 37



	
Decrease



	
91



	
[79]






	


Colorectal cancer




	
  N = 25

	
Increase

	
40

	
[29]




	
  N = 153



	
Increase



	
39



	
[80]






	


Lung cancer




	
  N = 31



	
Increase



	
48



	
[29]






	


Papillary thyroid cancer




	
  N = 20



	
Increase



	
65



	
[76]






	


Prostate cancer




	
  N = 9

	
Increase

	
78

	
[81]










It was demonstrated that the decrease in mtDNA copy number is associated with the point mutations located near the replication origins in the D-loop of mtDNA in HCCs [39] and breast cancers [27]. In addition, it was revealed that altered mRNA expression of the genes involved in mitochondrial biogenesis, such as peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) and mitochondrial single strand DNA binding protein (mtSSB) may be related to or responsible for the decrease in mtDNA copy number in HCCs [40]. These results suggest that somatic mutations in the D-loop of mtDNA and impairment in mitochondrial biogenesis may contribute to the decrease of mtDNA copy number in human cancers [29].



On the other hand, the increase in mtDNA content in cancers could be related to an increase of oxidative stress. It was demonstrated that enhanced oxidative stress can induce increases in mitochondrial mass and the copy number of mtDNA [87]. Moreover, an increase in the content of mtDNA was found to associate with elevated oxidative stress in aging tissues and in late passages of diploid human skin fibroblasts [88, 89]. Therefore, an increase in oxidative stress could lead to the increase of mitochondrial mass and mtDNA content in human cancers. In addition, the increase of mtDNA copy number could be a result of the feedback response that compensates for mitochondria with impaired respiratory function or mtDNA mutation in human cells [89].





3. Clinical correlations of somatic mtDNA alterations in cancers


3.1. Point mutations


Matsuyama and coworkers [41] found that in 202 patients with non-small cell lung cancer examined, the average mutation rate in the D-loop of mtDNA of patients at stage IIIB or stage IV was significantly higher than that of patients at lower clinical stages. Moreover, the stage IIIB or stage IV cancer patients carrying point mutations in the D-loop of mtDNA exhibited poorer prognosis compared with those free of the mtDNA mutations [41].



Tamori et al. [89] observed a higher frequency of D-loop mutations of mtDNA in poorly differentiated HCCs. However, there was no relationship between the occurrence of D-loop mutations in mtDNA and the age of cancer patients or between mtDNA mutation and hepatitis virus infection [90].



A study of 365 colorectal cancer patients revealed that the presence of D-loop mutations is a factor of poor prognosis in patients with colorectal cancers [91]. In the subgroup of patients with stage III colon cancer receiving fluorouracil-based adjuvant chemotherapy, the three-year survival rate for patients with D-loop mutation of mtDNA was significantly lower than those without D-loop mutations [91]. It was suggested that D-loop mutations of mtDNA are related to the resistance to adjuvant chemotherapy in patients afflicted with stage III colon cancers.



Recently, we analyzed the association between the clinicopathological features and D-loop mutations of mtDNA in 60 patients with breast cancers and found that the occurrence of D-loop mutations of mtDNA is associated with old onset age (≥ 50 years) and with the tumors that lacked the expressions of estrogen receptor and progesterone receptor, respectively [26]. Moreover, we noticed that the breast cancer patients harboring D-loop mutations of mtDNA had significantly poorer disease-free survival compared with those without mtDNA mutations [26]. These observations suggest that somatic mutation in the D-loop of mtDNA can be considered as a new prognostic marker for some types of cancers, and that mtDNA mutations may play a role in cancer progression and in response to anticancer drug treatment.



In contrast, a study of 109 patients with head and neck cancers revealed that the presence of D-loop mutations of mtDNA was not associated with the prognosis or the response of patients to neoadjuvant chemotherapy [36]. Moreover, no significant association was found between somatic mtDNA mutations and clinicopathological characteristics in esophageal cancer [31, 92], gastric cancer [35], lung cancer [16], and ovarian cancer [44], respectively.




3.2. Copy number changes


Yin et al. [40] reported that the copy number of mtDNA was frequently reduced in HCCs. Moreover, reduction in the copy number of mtDNA was more frequently observed in female patients with HCCs as compared with male patients with HCCs. This finding suggests that the differential alterations in the mtDNA copy number of cancer tissues of male and female patients may contribute to the differences in clinical manifestation, progression, and mortality rate between male and female HCC patients [40]. Yamada et al. [77] reported that mtDNA copy number was reduced in HCCs compared with the corresponding non-cancerous liver tissues, and that low mtDNA content of HCCs was significantly correlated with large tumor size and liver cirrhosis. Moreover, patients with lower mtDNA content in HCCs tended to show poorer 5-year survival compared with the patients with higher mtDNA content in HCCs, which suggest that decrease in the mtDNA content may be associated with malignancy of HCCs [77].



In gastric cancers, we analyzed the association between the clinicopathological features and the mtDNA content and found that a decrease of mtDNA content is significantly associated with ulcerated and infiltrating type (Borrmann’s type III) and diffusely thick type (Borrmann’s type IV) of gastric carcinomas [35]. Most patients with types III and IV gastric cancers, respectively, were found to have poor prognosis and lower 5-year survival rate after gastric resection. These results suggest that the reduction in the content of mtDNA may contribute to the malignancy and progression of gastric cancers [35].



A decrease in mtDNA copy number was also found to associate with an older onset age (≥ 50 years old) and a higher histological grade of breast cancer [27]. In addition, patients with reduced mtDNA content had significantly poorer disease-free survival and overall survival rate [27]. These results suggest that reduction in the content of mtDNA may be involved in neoplastic transformation or progression of breast cancers. However, no similar association was found in other studies of breast cancer patients [26,76].



The mtDNA content in ovarian carcinomas was found to be significantly higher than that in normal ovaries [86]. However, it was shown that the mtDNA content in the pathologically high-grade (poorly differentiated) ovarian cancer was lower than that of the low-grade (well differentiated) ovarian cancer [86]. These findings suggest that a decrease in the mtDNA content is associated with the progression of ovarian cancer.



Recently, a study of 153 colorectal cancer patients revealed that mtDNA content in colorectal cancers was higher than that in the corresponding non-cancerous colon tissues [80]. However, the mtDNA content was decreased in colorectal cancers with higher TNM stages and poorer differentiation [80]. The decrease in mtDNA content was correlated with a lower expression level of mitochondrial transcription factor A (mtTFA) or β subunit of the mitochondrial ATP synthase (β-F1-ATPase). It was suggested that mitochondrial dysfunction is associated with poor prognosis of colorectal cancer [80].



In contrast, it was observed in head and neck cancers that mtDNA content was increased with histopathologic grade from normal, moderate, dysplasia, severe dysplasia to invasive tumors [84]. The increase in mtDNA content was thought to be a feedback mechanism that compensates for a decline in respiratory function. In addition, Jiang et al. [93] reported that the mtDNA content in saliva from patients with primary head and neck squamous cell carcinoma was significantly higher than that of controls, and that an increase in the mtDNA content was associated with advanced tumor stage [93].



Based on the clinicopathologic correlations with somatic mtDNA alterations of cancers, these mtDNA alterations can potentially be used as a molecular prognostic indicator of cancers. Their correlations with poorer prognosis suggest that somatic mtDNA alterations in cancers may contribute to tumor recurrence and drug resistance in the process of cancer progression.





4. Reduced content of mitochondrial respiratory enzyme complexes in cancers


Simonnet et al. [94] reported that the contents of mitochondrial respiratory enzyme Complexes II, III, IV, and V in renal cell carcinoma were significantly lower than those in normal kidney tissues. In addition, the decrease in mitochondrial respiratory enzyme complexes was correlated with the aggressiveness of renal cell carcinoma, suggesting that a decrease in the OXPHOS capacity favors faster growth or increased invasiveness of cancers [94]. It was also found that the contents of the subunits of mitochondrial respiratory enzyme Complexes II and III were decreased in HCCs [40]. A concomitant reduction in the copy number of mtDNA and the content of mitochondrial respiratory enzymes was observed in HCCs, which suggests that the biogenesis of mitochondria may be repressed in HCCs.



The protein level of β-F1-ATPase was reduced in carcinomas of human liver, kidney, colon, breast, stomach, squamous esophagus and lung, which suggests that alteration of the bioenergetic function of mitochondria is a hallmark of these types of cancers [83,95]. Moreover, a reduction in the protein level of β-F1-ATPase in colon cancers was significantly correlated with both the time of recurrence of the disease and the survival of the patients [83]. These observations have led us to suggest that the metastases and recurrence of cancers may be linked to the down-regulation of the mitochondrial OXPHOS system.




5. mtDNA mutations/mitochondrial dysfunction in cancer formation/progression


Because β-F1-ATPase expression is down-regulated frequently in many types of cancers [83,95], pathogenic mutations in ATP synthase subunit 6 gene (ATPase 6) of mtDNA has provided a model to evaluate the role of defective mitochondrial ATPase in tumorigenesis and progression of cancers [96]. Petros et al. [97] introduced a pathogenic T8993G mutation in the ATPase 6 gene of mtDNA into the PC3 prostate cancer cell line through cytoplasmic transfer. They found that the tumor generated by transplantation of the cybrid carrying T8993G mutation was much larger than that produced by the transplantation of wild-type (T8993T) cybrid into the nude mice. Moreover, the tumors bearing the T8993G mtDNA mutation generated significantly more ROS. This study further substantiated that mtDNA mutation increased tumor growth in the prostate cancer.



Using similar cybrid transfer technique, Shidara et al. [98] constructed cybrids containing HeLa nucleus and the T8993G or T9176C mutation in the ATPase 6 gene of mtDNA. They found that the mtDNA mutations conferred an advantage in the early stage of tumor growth in nude mice. By transplanting a mixture (1:1) of mutant and wild type cybrids into the nude mice, they observed that the proportion of mutant mtDNA in the tumor was increased progressively, and eventually the mutant mtDNA entirely replace the wild-type mtDNA [98]. These findings provide an explanation of the observation that most of somatic mtDNA mutations in many tumors tend to become homoplasmic during progression. In addition, apoptosis was found to occur less frequently in the mutant cybrids in cultures as compared with wild-type cybrids, which suggests that the pathogenic mtDNA mutations might promote the growth of tumors by preventing apoptosis [98]. The mutant mtDNA in cybrids also exhibited resistance to cisplatin-induced apoptosis [98]. These results suggest that pathogenic mtDNA mutations may contribute to the progression of cancers and tolerance against anticancer drugs.



Enhanced resistance to anticancer drugs was also observed in cultured cancer cells upon depletion of mtDNA and in cancer cells with mitochondrial respiratory chain defects [99–104]. Park et al. [100] reported that mtDNA-depleted human SK-Hep1 hepatoma cells are resistant to ROS generated by menadione, paraquat, and doxorubicin treatments, respectively. They suggested that an adaptive increase in the expression of manganese superoxide dismutase (MnSOD) and other antioxidant enzymes renders cancer cells harboring mtDNA mutation to counteract oxidative stress or chemotherapeutic agents [100]. Li et al. [102] found that pretreatment of human hepatoma HepG2 cells and non-small cell lung cancer H1299 cells with chloramphenicol, an inhibitor of mitochondrial translation, rendered the cells resistant to mitomycin-induced apoptosis. The chloramphenicol- induced mitochondrial stress was shown to increase the expression of p21 and cause resistance to apoptosis through the p21-dependent pathway [102]. Shin et al. [103] investigated human colon cancer cells with 5-fluorouracil (5-FU) resistance and found that the 5-FU-resistant cells exhibited lower expression of the α subunit of ATP synthase and lower ATP synthase activity in the mitochondria of cancers. These findings suggest that down-regulation of ATP synthase in colorectal carcinomas may lead to 5-FU resistance. Moreover, Pelicano et al. [104] observed that mitochondrial respiration defects induced by mtDNA deletion or chemical inhibitors led to the activation of the Akt survival pathway through a NADH-mediated PTEN inactivation. The activation of the Akt pathway in cancer cells may contribute to the observed resistance to drugs.



MtDNA has also been shown to determine the hormone dependence in prostate or breast cancer cell lines [105,106]. Higuchi et al. [105] reported that an androgen- independent cell line, established by inoculation of the androgen-dependent LNCaP cell line into castrated mice, had greatly reduced content of mtDNA and an accumulation of large-scale deletions of mtDNA. The depletion of mtDNA from androgen-dependent LNCaP cells resulted in a loss of androgen dependence [105]. These results suggest that mtDNA defects play an important role in the development of androgen independence, which may contribute to the progression of prostate cancer. Moreover, Naito and colleagues [106] established hydroxytamoxifen-resistant breast cancer cells by growing human breast cancer cells MCF-7 in the presence of hydroxytamoxifen. They found that the mtDNA content was significantly reduced in the hydroxytamoxifen-resistant breast cancer cells. The mtDNA-depleted MCF-7 cells were established by long-term treatment with ethidium bromide and were also shown to be resistant to hydroxytamoxifen and ICI182780, respectively [106]. They further demonstrated that depletion of mtDNA induced by hormone therapy or other independent insults could trigger a shift to acquired resistance to hormone therapy in breast cancers.



In addition, the development of multidrug resistance (MDR) phenotype could be enhanced by mtDNA depletion [107,108]. Lee et al. [107] demonstrated that human HCT-8 colon cancer cells with decreased mtDNA content exhibited higher tolerance to doxorubicin or vincristine, and that mtDNA depletion induced an increase in the expression level of mRNA of multidrug resistance 1 (MDR1) gene and its translated P-glycoprotein [107]. These results suggest that mtDNA depletion may induce drug resistance through up-regulation of MDR1 gene expression in cancer cells. Ferraresi et al. [108] reported that when compared to parental cells, mtDNA-depleted human osteosarcoma 143B cells are less sensitive to apoptotic drugs including staurosporine, doxorubicine, daunomycin, and quercetin, respectively. Moreover, it was suggested that an increase in the content of reduced form of glutathione and overexpression of P-glycoprotein in the mtDNA-depleted cells may contribute to drug resistance [108].



In contrast, the mtDNA content in head and neck cancers appeared to increase with histopathologic grade from normal, moderate, dysplasia, severe dysplasia to invasive tumors [84]. Mizumachi et al. [109] created docetaxel-resistant cells from human laryngeal cancer HEp2 cells and found that the docetaxel-resistant cells had higher mtDNA contents. They also showed that an increase in the mtDNA content could induce acquired docetaxel resistance in head and neck cancer cells, and that mtDNA plays an important role in developing docetaxel resistance through the reduction of ROS generation by regulating the function of Fo-ATPase [109].



Human mtDNA mutations or mitochondrial dysfunction may contribute to tumor progression by enhancing the metastatic potential of cancer cells. Amuthan et al. [110] showed that partial depletion of mtDNA or treatment with mitochondrial specific inhibitors induced invasive phenotypes in non-invasive C2C12 myoblasts and human lung cancer A549 cells. It was also reported that OXPHOS dysfunction could modulate the invasive phenotype by transcriptional regulation of extracellular matrix-remodeling genes [111]. Using hybrid technology to replace the endogenous mtDNA in tumor cells, Ishikawa et al. [112] demonstrated that ROS-generating mtDNA mutation can enhance metastatic potential of tumor cells. It was also reported that mtDNA-depleted LNCaP and MCF-7 cells exhibited invasive phenotype by epithelial-mesenchymal transition during depletion of mtDNA [113].



Results from the above-mentioned studies support that mtDNA mutations or mitochondrial dysfunction in cancer cells may play an important role in tumorigenesis, development of drug resistance, and metastasis of cancers. However, it should be noted that in creating cybrids with an mtDNA mutation or in the depletion of mtDNA of some cancer cell lines, diminished tumorigenic phenotypes were observed. These include slow cell proliferation, loss of anchorage-independent growth and increased sensitivity to cytotoxic chemotherapy [114–117]. Mitochondrial dysfunction induced by mtDNA mutation (e.g., A8344G) or inhibitors of respiratory chain was shown to impair proliferation of some cancer cells [118]. The molecular mechanisms by which mtDNA alterations or mitochondrial OXPHOS impairment affect tumor formation and cancer progression warrant further investigation.




6. Potential Roles of Mitochondria-to-Nucleus Signaling in Human Cancers


The expression of nuclear genes can be modulated in response to changes in the mitochondrial respiratory function in human cells. Mitochondrial dysfunction may induce the activation of nuclear transcription factors in a response called “retrograde response” [119,120]. The mitochondria-to- nucleus retrograde signaling pathways have been described in yeast and mammalian cells [119,120]. In yeast, numerous studies have shown that a retrograde signaling pathway can act as a homeostatic or stress response mechanism to adjust metabolic activities according to the state of mitochondrial function [120]. The retrograde signaling in mammalian cells, also known as mitochondrial stress signaling, has been demonstrated in C2C12 skeletal myoblasts and in human lung carcinoma A549 cells [121,122]. Partial depletion of mtDNA or treatment with inhibitors of mitochondrial respiratory chain resulted in elevated cytosolic free Ca2+ and activation of different nuclear transcription factors, which in turn induced the expression of specific nuclear genes that are involved in the progression of cancers [110,122]. Moreover, the mitochondria-to-nucleus retrograde signaling could induce aggressive and invasive phenotypes and resistance to apoptosis [101,110].



On the other hand, mtDNA mutation-elicited respiratory chain deficiency could result in over-production of ROS. ROS-induced oxidative stress is involved in the expression and regulation of nuclear genes related to carcinogenesis [123]. Recent studies showed that a pathogenic point mutation in the ATPase 6 gene of mtDNA led to over-production of ROS and enhanced tumor growth [97, 98]. Moreover, it was demonstrated that ROS over-production caused by mtDNA mutation can increase the metastatic potential of tumor cells [112]. These observations support a mechanism by which ROS mediate mitochondria-to-nucleus retrograde signaling that contributes to cancer progression and metastasis.



A host of mtDNA mutations and mitochondrial dysfunction have been observed in various human cancers. It has been shown that mitochondrial stress signaling in different types of human cells can modulate the expression of nuclear genes involved in carcinogenesis and cancer progression. Communication between mitochondria and the nucleus may play an important role in the regulation of initiation and progression of cancers. Therefore, mitochondria and mtDNA may be good targets for development of drugs for treatment of cancers with certain metabolic alterations.




7. Metabolic Shift in Cancers


Although Warburg reported more than seven decades ago that an increase in the utilization of glucose for energy production is one of the distinct biochemical features of cancer cells, this phenomenon was not fully appreciated until 1990’s. In the past two decades there has been reemerging interest in the investigation of the mechanisms by which mitochondrial dysfunction and mtDNA mutations get involved in the pathophysiology and progression of cancers [124].



Pedersen’s group found that tumors that exhibited the most pronounced “Warburg effect” had functional mitochondria with the capacity to make ATP, but the mitochondrial content was reduced in cancer cells resulting in a decrease of net oxygen consumption capacity [125]. They further demonstrated that mitochondria-bound form of hexokinase (hexokinase 2, HK-2) plays a pivotal role in the “Warburg effect” [126]. In addition, the binding of HK-2 to voltage-dependent anion channel (VDAC) in the outer mitochondrial membrane facilitated the increase of glucose metabolism [127] and the inhibition of apoptosis [128,129] by allowing preferred access of HK-2 to ATP synthesized on the inner membrane of mitochondria.



The other lines of studies showed that the hypoxia microenvironment of tumor cells and the hypoxia-inducible factor (HIF) could contribute to the increase of gene expression and activities of some glycolytic enzymes [130,131]. Recently, it was further demonstrated that HIF-1-mediated expression of pyruvate dehydrogenase (PDH) kinase, which phosphorylates and inhibits the activity of PDH, is involved in the down-regulation of mitochondrial respiration [132,133]. These findings suggest that the hypoxic microenvironment of tumor cells and the activation of HIF-1 are involved in the enhanced utilization of glucose for energy production and reduced mitochondrial respiration.



It was reported that mutations in the genes encoding subunits of succinate dehydrogenase (SDH) and fumarate hydratase of the tricarboxylic acid (TCA) cycle were associated with pheochromocytoma, paraganglioma or renal cell carcinoma, and that SDH down-regulation was observed in gastric and colon carcinoma [134]. Recent evidence revealed that succinate, a TCA cycle metabolite, is accumulated due to SDH down-regulation and transmits an “oncogenic” signal from mitochondria to the cytosol [135]. Succinate may inhibit HIF-1α prolyl hydroxylase and lead to stabilization of HIF-1α under normoxic conditions. Thus, succinate can increase the expression of genes that facilitate glycolysis in cancer cells [134,135].



Several recent studies revealed that the products of some oncogenes (e.g., ras, src, c-myc, or akt) can up-regulate the gene expression and activities of some glycolytic enzymes [136–139]. The p53 protein was recently shown to regulate mitochondrial respiration [140] and glucose metabolism [141]. In addition, Dang et al. [142] have also systemically investigated the mechanism by which some oncogenes or tumor suppressor genes get involved in the modification of energy metabolism and confer a preference for glucose utilization on human cancers. They and other investigators showed that the tumors with greater metastatic potential tend to rely more on glycolysis for supply of energy. These findings are consistent with the observations that a wide spectrum of mtDNA alterations and mtDNA depletion occur in the pre-cancerous as well as cancerous tissues in patients with various types of cancers [26,29,35,39]. We believe that the decrease in mtDNA copy number and/or expression of genes involved in mitochondrial biogenesis will cause impairment in the mitochondrial OXPHOS system. It is easily rationalized that a decrease in mtDNA copy number may also lead to a low abundance and/or decreased activity of mitochondria in cancer tissues. Under such circumstances, the rapidly growing cancer cells will have to shift the energy supply from aerobic metabolism to glycolysis. This indeed happens in many cancers, especially in the highly metastatic cancers. We found a decrease in the mtDNA copy number and lower ROS-triggered damage to mtDNA in lung cancer tissues [143]. We suggest that the decrease in oxidative DNA damage might be the result of a decrease in the metabolic activity and less production of ROS in the mitochondria of cancer cells. The other reason is the increase of production of NADPH, the reducing equivalent for maintenance of the GSH pool, through the pentose phosphate pathway that is enhanced by increased utilization of glucose. The decrease in the copy number of mtDNA and oxidative DNA damage may indicate that cancer cells shift their energy supply from aerobic metabolism in mitochondria to glycolysis in the cytosol. The molecular mechanism underlying this phenomenon is under intensive studies.




8. Concluding Remarks


In the past decade, we and many other groups of investigators have demonstrated that mtDNA mutations occur in both cancerous and non-cancerous tissues of patients with various cancers. The sequence variations in the D-loop region, especially the D310 variations, are the most abundant point mutations of mtDNA in human cancers. The 4977 bp deletion is the most common large-scale deletion of mtDNA that occurs and accumulates in human cancers. Thus, mtDNA instability is a molecular hallmark of many types of human cancers. It was demonstrated that somatic D310 variations and alteration of the mtDNA copy number are correlated with the clinicopathological features or prognosis of some types of human cancers. Besides, it was found that a heterplasmy-to- homoplasmy shift of mtDNA generally occurs in the process of tumor progression. This may be caused by clonal expansion of cancer cells bearing certain mtDNA mutation(s) during the carcinogenesis and progression of cancers from the viewpoint of the replication and segregation of mtDNA. These mtDNA mutations as a whole may result in mitochondrial dysfunction due to decreased expression of mtDNA-encoded polypeptides and compromised function of respiratory enzyme complexes. Under such conditions, the affected cells will shift the reliance of ATP supply from aerobic metabolism to glycolysis, even in the presence of ample supply of oxygen. The cancer cells with defective mitochondria (and mutated mtDNA) also produce larger amounts of ROS and are thus exposed to higher oxidative stress. The mitochondria with higher oxidative stress may utilize the so-called retrograde signaling pathways to modulate the expression of nuclear genes involved in glycolysis and mitochondrial respiration and OXPHOS. This scenario, termed Warburg effect, may explain the observed increase in glucose utilization and higher lactate production in the formation and progression of cancers. Therefore, development of drugs that target to mitochondria or mtDNA may improve treatment of some types of human cancers in the future. In addition, it was recently shown that transformation of human mesenchymal stem cells is associated with an increase of OXPHOS [144]. Bioenergetic changes during transformation of stem cells might be quite different from those occur during the transformation of somatic cells. This may suggest that the mechanisms involved in the transformation of stem cells are different from that involved in differentiated cells transformation. The roles of the bioenergetic alterations of mitochondria in different types of cancers and cancer stem cells warrant further investigation.







Acknowledgments


The work described in this article was partly supported by research grants from the National Science Council NSC96-2320-B-010-006, NSC97-2320-B-010-013-MY3, and NSC97-2320-B-010- 022 -MY3, Taiwan.




Abbreviations used:








	ATPase6
	
ATP synthase subunit 6 gene in mtDNA;





	β-F1-ATPase
	
the β-subunit of the mitochondrial ATP synthase;





	HCC
	
hepatocellular carcinoma;





	HIF
	
hypoxia-inducible factor;





	HK-2
	
hexokinase 2;





	MDR
	
multidrug resistance;





	MnSOD
	
manganese superoxide dismutase;





	mtDNA
	
mitochondrial DNA;





	mtSSB
	
mitochondrial single strand DNA binding protein;





	mtTFA
	
mitochondrial transcription factor A;





	np
	
nucleotide position;





	OXPHOS
	
oxidative phosphorylation;





	PET
	
positron emission tomography;





	PGC-1α
	
peroxisome proliferator-activated receptor γ coactivator-1α;





	ROS
	
reactive oxygen species;





	SDH
	
succinate dehydrogenase;





	TCA
	
tricarboxylic acid.









References


	1. 
Wallace, DC. Mitochondria as chi. Genetics 2008, 179, 727–735. [Google Scholar]

	2. 
Warburg, O. The Metabolism of Tumors; Arnold Constable; London, 1930; pp. 254–270. [Google Scholar]

	3. 
Warburg, O. On respiratory impairment in cancer cells. Science 1956, 124, 269–270. [Google Scholar]

	4. 
Anderson, S; Bankier, AT; Barrell, BG; De Bruijn, MHL; Coulson, AR; Drouin, J; Eperon, IC; Nierlich, DP; Roe, BA; Sanger, F; Schreier, PH; Smith, AJH; Staden, R; Young, IG. Sequence and organization of the human mitochondrial genome. Nature 1981, 290, 457–465. [Google Scholar]

	5. 
Croteau, DL; Bohr, VA. Repair of oxidative damage to nuclear and mitochondrial DNA in mammalian cells. J. Biol. Chem. 1997, 272, 25409–25412. [Google Scholar]

	6. 
Penta, JS; Johnson, FM; Wachsman, JT; Copeland, WC. Mitochondrial DNA in human malignancy. Mutat. Res. 2001, 488, 119–133. [Google Scholar]

	7. 
Brandon, M; Baldi, P; Wallace, DC. Mitochondrial mutations in cancer. Oncogene 2006, 25, 4647–4662. [Google Scholar]

	8. 
Chatterjee, A; Mambo, E; Sidransky, D. Mitochondrial DNA mutations in human cancer. Oncogene 2006, 25, 4663–4674. [Google Scholar]

	9. 
Polyak, K; Li, Y; Zhu, H; Lengauer, C; Willson, JK; Markowitz, SD; Trush, MA; Kinzler, KW; Vogelstein, B. Somatic mutations of the mitochondrial genome in human colorectal tumours. Nat. Genet. 1998, 20, 291–293. [Google Scholar]

	10. 
Fliss, MS; Usadel, H; Caballero, OL; Wu, L; Buta, MR; Eleff, SM; Jen, J; Sidransky, D. Facile detection of mitochondrial DNA mutations in tumors and bodily fluids. Science 2000, 287, 2017–2019. [Google Scholar]

	11. 
Wong, LJ; Lueth, M; Li, XN; Lau, CC; Vogel, H. Detection of mitochondrial DNA mutations in the tumors and cerebrospinal fluid of medulloblastoma patients. Cancer Res. 2003, 63, 3866–3871. [Google Scholar]

	12. 
Parrella, P; Xiao, Y; Fliss, M; Sanchez-Cespedes, M; Mazzarelli, P; Rinaldi, M; Nicol, T; Gabrielson, E; Cuomo, C; Cohen, D; Pandit, S; Spencer, M; Rabitti, C; Fazio, VM; Sidransky, D. Detection of mitochondrial DNA mutations in primary breast cancer and fine-needle aspirates. Cancer Res. 2001, 61, 7623–7626. [Google Scholar]

	13. 
Tan, DJ; Bai, RK; Wong, LJ. Comprehensive scanning of somatic mitochondrial DNA mutations in breast cancer. Cancer Res. 2002, 62, 972–976. [Google Scholar]

	14. 
Zhu, W; Qin, W; Bradley, P; Wessel, A; Puckett, CL; Sauter, ER. Mitochondrial DNA mutations in breast cancer tissue and in matched nipple aspirate fluid. Carcinogenesis 2005, 26, 145–152. [Google Scholar]

	15. 
Zhou, S; Kachhap, S; Sun, W; Wu, G; Chuang, A; Poeta, L; Grumbine, L; Mithani, SK; Chatterjee, A; Koch, W; Westra, WH; Maitra, A; Glazer, C; Carducci, M; Sidransky, D; McFate, T; Verma, A; Califano, JA. Frequency and phenotypic implications of mitochondrial DNA mutations in human squamous cell cancers of the head and neck. Proc. Natl. Acad. Sci. USA 2007, 104, 7540–7545. [Google Scholar]

	16. 
Jin, X; Zhang, J; Gao, Y; Ding, K; Wang, N; Zhou, D; Jen, J; Cheng, S. Relationship between mitochondrial DNA mutations and clinical characteristics in human lung cancer. Mitochondrion 2007, 7, 347–353. [Google Scholar]

	17. 
Pang, LJ; Shao, JY; Liang, XM; Xia, YF; Zeng, YX. Mitochondrial DNA somatic mutations are frequent in nasopharyngeal carcinoma. Cancer Biol. Ther. 2008, 7, 198–207. [Google Scholar]

	18. 
Tan, DJ; Chang, J; Chen, WL; Agress, LJ; Yeh, KT; Wang, B; Wong, LJ. Somatic mitochondrial DNA mutations in oral cancer of betel quid chewers. Ann. N.Y. Acad. Sci. 2004, 1011, 310–316. [Google Scholar]

	19. 
Liu, VW; Shi, HH; Cheung, AN; Chiu, PM; Leung, TW; Nagley, P; Wong, LC; Ngan, HY. High incidence of somatic mitochondrial DNA mutations in human ovarian carcinomas. Cancer Res. 2001, 61, 5998–6001. [Google Scholar]

	20. 
Jones, JB; Song, JJ; Hempen, PM; Parmigiani, G; Hruban, RH; Kern, SE. Detection of mitochondrial DNA mutations in pancreatic cancer offers a “mass”-ive advantage over detection of nuclear DNA mutations. Cancer Res. 2001, 61, 1299–1304. [Google Scholar]

	21. 
Nagy, A; Wilhelm, M; Sükösd, F; Ljungberg, B; Kovacs, G. Somatic mitochondrial DNA mutations in human chromophobe renal cell carcinomas. Gene. Chromosome. Cancer 2002, 35, 256–260. [Google Scholar]

	22. 
Nagy, A; Wilhelm, M; Kovacs, G. Mutations of mtDNA in renal cell tumours arising in end-stage renal disease. J. Pathol. 2003, 199, 237–242. [Google Scholar]

	23. 
Meierhofer, D; Mayr, JA; Fink, K; Schmeller, N; Kofler, B; Sperl, W. Mitochondrial DNA mutations in renal cell carcinomas revealed no general impact on energy metabolism. Br. J. Cancer 2006, 94, 268–274. [Google Scholar]

	24. 
Yeh, JJ; Lunetta, KL; van Orsouw, NJ; Moore, FD, Jr; Mutter, GL; Vijg, J; Dahia, PL; Eng, C. Somatic mitochondrial DNA (mtDNA) mutations in papillary thyroid carcinomas and differential mtDNA sequence variants in cases with thyroid tumours. Oncogene 2000, 19, 2060–2066. [Google Scholar]

	25. 
Máximo, V; Soares, P; Lima, J; Cameselle-Teijeiro, J; Sobrinho-Simões, M. Mitochondrial DNA somatic mutations (point mutations and large deletions) and mitochondrial DNA variants in human thyroid pathology: a study with emphasis on Hürthle cell tumors. Am. J. Pathol. 2002, 160, 1857–1865. [Google Scholar]

	26. 
Tseng, LM; Yin, PH; Chi, CW; Hsu, CY; Wu, CW; Lee, LM; Wei, YH; Lee, HC. Mitochondrial DNA mutations and mitochondrial DNA depletion in breast cancer. Gene. Chromosome. Cancer 2006, 45, 629–638. [Google Scholar]

	27. 
Yu, M; Zhou, Y; Shi, Y; Ning, L; Yang, Y; Wei, X; Zhang, N; Hao, X; Niu, R. Reduced mitochondrial DNA copy number is correlated with tumor progression and prognosis in Chinese breast cancer patients. IUBMB Life 2007, 59, 450–457. [Google Scholar]

	28. 
Alonso, A; Martin, P; Albarran, C; Aquilera, B; Garcia, O; Guzman, A; Oliva, H; Sancho, M. Detection of somatic mutations in the mitochondrial DNA control region of colorectal and gastric tumors by heteroduplex and single-strand conformation analysis. Electrophoresis 1997, 18, 682–685. [Google Scholar]

	29. 
Lee, HC; Yin, PH; Lin, JC; Wu, CC; Chen, CY; Wu, CW; Chi, CW; Tam, TN; Wei, YH. Mitochondrial genome instability and mtDNA depletion in human cancers. Ann. N.Y. Acad. Sci. 2005, 1042, 109–122. [Google Scholar]

	30. 
Kurtz, A; Lueth, M; Kluwe, L; Zhang, T; Foster, R; Mautner, VF; Hartmann, M; Tan, DJ; Martuza, RL; Friedrich, RE; Driever, PH; Wong, LJ. Somatic mitochondrial DNA mutations in neurofibromatosis type 1-associated tumors. Mol. Cancer Res. 2004, 2, 433–441. [Google Scholar]

	31. 
Hibi, K; Nakayama, H; Yamazaki, T; Takase, T; Taguchi, M; Kasai, Y; Ito, K; Akiyama, S; Nakao, A. Mitochondrial DNA alteration in esophageal cancer. Int. J. Cancer 2001, 92, 319–321. [Google Scholar]

	32. 
Miyazono, F; Schneider, PM; Metzger, R; Warnecke-Eberz, U; Baldus, SE; Dienes, HP; Aikou, T; Hoelscher, AH. Mutations in the mitochondrial DNA D-Loop region occur frequently in adenocarcinoma in Barrett’s esophagus. Oncogene 2002, 21, 3780–3783. [Google Scholar]

	33. 
Abnet, CC; Huppi, K; Carrera, A; Armistead, D; McKenney, K; Hu, N; Tang, ZZ; Taylor, PR; Dawsey, SM. Control region mutations and the ‘common deletion’ are frequent in the mitochondrial DNA of patients with esophageal squamous cell carcinoma. BMC Cancer 2004, 4, 30. [Google Scholar]

	34. 
Tamura, G; Nishizuka, S; Maesawa, C; Suzuki, Y; Iwaya, T; Sakata, K; Endoh, Y; Motoyama, T. Mutations in mitochondrial control region DNA in gastric tumours of Japanese patients. Eur. J. Cancer 1999, 35, 316–319. [Google Scholar]

	35. 
Wu, CW; Yin, PH; Hung, WY; Li, AF; Li, SH; Chi, CW; Wei, YH; Lee, HC. Mitochondrial DNA mutations and mitochondrial DNA depletion in gastric cancer. Gene. Chromosome. Cancer 2005, 44, 19–28. [Google Scholar]

	36. 
Lièvre, A; Blons, H; Houllier, AM; Laccourreye, O; Brasnu, D; Beaune, P; Laurent-Puig, P. Clinicopathological significance of mitochondrial D-Loop mutations in head and neck carcinoma. Br. J. Cancer 2006, 94, 692–697. [Google Scholar]

	37. 
Nomoto, S; Yamashita, K; Koshikawa, K; Nakao, A; Sidransky, D. Mitochondrial D-loop mutations as clonal markers in multicentric hepatocellular carcinoma and plasma. Clin. Cancer Res. 2002, 8, 481–487. [Google Scholar]

	38. 
Okochi, O; Hibi, K; Uemura, T; Inoue, S; Takeda, S; Kaneko, T; Nakao, A. Detection of mitochondrial DNA alterations in the serum of hepatocellular carcinoma patients. Clin. Cancer Res. 2002, 8, 2875–2878. [Google Scholar]

	39. 
Lee, HC; Li, SH; Lin, JC; Wu, CC; Yeh, DC; Wei, YH. Somatic mutations in the D-loop and decrease in the copy number of mitochondrial DNA in human hepatocellular carcinoma. Mutat. Res. 2004, 547, 71–78. [Google Scholar]

	40. 
Yin, PH; Lee, HC; Chau, GY; Wu, YT; Li, SH; Lui, WY; Wei, YH; Liu, TY; Chi, CW. Alteration of the copy number and deletion of mitochondrial DNA in human hepatocellular carcinoma. Br. J. Cancer 2004, 90, 2390–2396. [Google Scholar]

	41. 
Matsuyama, W; Nakagawa, M; Wakimoto, J; Hirotsu, Y; Kawabata, M; Osame, M. Mitochondrial DNA mutation correlates with stage progression and prognosis in non-small cell lung cancer. Hum. Mutat. 2003, 21, 441–443. [Google Scholar]

	42. 
Prior, SL; Griffiths, AP; Baxter, JM; Baxter, PW; Hodder, SC; Silvester, KC; Lewis, PD. Mitochondrial DNA mutations in oral squamous cell carcinoma. Carcinogenesis 2006, 27, 945–950. [Google Scholar]

	43. 
van Trappen, PO; Cullup, T; Troke, R; Swann, D; Shepherd, JH; Jacobs, IJ; Gayther, SA; Mein, CA. Somatic mitochondrial DNA mutations in primary and metastatic ovarian cancer. Gynecol. Oncol. 2007, 104, 129–133. [Google Scholar]

	44. 
Bragoszewski, P; Kupryjanczyk, J; Bartnik, E; Rachinger, A; Ostrowski, J. Limited clinical relevance of mitochondrial DNA mutation and gene expression analyses in ovarian cancer. BMC Cancer 2008, 8, 292. [Google Scholar]

	45. 
Chen, JZ; Gokden, N; Greene, GF; Mukunyadzi, P; Kadlubar, FF. Extensive somatic mitochondrial mutations in primary prostate cancer using laser capture microdissection. Cancer Res. 2002, 62, 6470–6474. [Google Scholar]

	46. 
Gómez-Zaera, M; Abril, J; González, L; Aguiló, F; Condom, E; Nadal, M; Nunes, V. Identification of somatic and germline mitochondrial DNA sequence variants in prostate cancer patients. Mutat. Res. 2006, 595, 42–51. [Google Scholar]

	47. 
Torroni, A; Lott, MT; Cabell, MF; Chen, YS; Lavergne, L; Wallace, DC. mtDNA and the origin of Caucasians: identification of ancient Caucasian-specific haplogroups, one of which is prone to a recurrent somatic duplication in the D-loop region. Am. J. Hum. Genet. 1994, 55, 760–776. [Google Scholar]

	48. 
Mambo, E; Gao, X; Cohen, Y; Guo, Z; Talalay, P; Sidransky, D. Electrophile and oxidant damage of mitochondrial DNA leading to rapid evolution of homoplasmic mutations. Proc. Natl. Acad. Sci. USA 2003, 100, 1838–1843. [Google Scholar]

	49. 
Graziewicz, MA; Day, BJ; Copeland, WC. The mitochondrial DNA polymerase as a target of oxidative damage. Nucleic Acids Res. 2002, 30, 2817–2824. [Google Scholar]

	50. 
Wanrooij, S; Luoma, P; van Goethem, G; van Broeckhoven, C; Suomalainen, A; Spelbrink, JN. Twinkle and POLG defects enhance age-dependent accumulation of mutations in the control region of mtDNA. Nucleic Acids Res. 2004, 32, 3053–3064. [Google Scholar]

	51. 
Dani, MA; Dani, SU; Lima, SP; Martinez, A; Rossi, BM; Soares, F; Zago, MA; Simpson, AJ. Less Delta mtDNA4977 than normal in various types of tumors suggests that cancer cells are essentially free of this mutation. Genet. Mol. Res. 2004, 3, 395–409. [Google Scholar]

	52. 
Ye, C; Shu, XO; Wen, W; Pierce, L; Courtney, R; Gao, YT; Zheng, W; Cai, Q. Quantitative analysis of mitochondrial DNA 4977-bp deletion in sporadic breast cancer and benign breast diseases. Breast Cancer Res. Treat. 2008, 108, 427–434. [Google Scholar]

	53. 
Futyma, K; Putowski, L; Cybulski, M; Miotla, P; Rechberger, T; Semczuk, A. The prevalence of mtDNA4977 deletion in primary human endometrial carcinomas and matched control samples. Oncol. Rep. 2008, 20, 683–688. [Google Scholar]

	54. 
Máximo, V; Soares, P; Seruca, R; Rocha, AS; Castro, P; Sobrinho-Simões, M. Microsatellite instability, mitochondrial DNA large deletions, and mitochondrial DNA mutations in gastric carcinoma. Gene. Chromosome. Cancer 2001, 32, 136–143. [Google Scholar]

	55. 
Poetsch, M; Petersmann, A; Lignitz, E; Kleist, B. Relationship between mitochondrial DNA instability, mitochondrial DNA large deletions, and nuclear microsatellite instability in head and neck squamous cell carcinomas. Diagn. Mol. Pathol. 2004, 13, 26–32. [Google Scholar]

	56. 
Fukushima, S; Honda, K; Awane, M; Yamamoto, E; Takeda, R; Kaneko, I; Tanaka, A; Morimoto, T; Tanaka, K; Yamaoka, Y. The frequency of 4977 base pair deletion of mitochondrial DNA in various types of liver disease and in normal liver. Hepatology 1995, 21, 1547–1551. [Google Scholar]

	57. 
Kotake, K; Nonami, T; Kurokawa, T; Nakao, A; Murakami, T; Shimomura, Y. Human livers with cirrhosis and hepatocellular carcinoma have less mitochondrial DNA deletion than normal human livers. Life Sci. 1999, 64, 1785–1791. [Google Scholar]

	58. 
Wheelhouse, NM; Lai, PB; Wigmore, SJ; Ross, JA; Harrison, DJ. Mitochondrial D-loop mutations and deletion profiles of cancerous and noncancerous liver tissue in hepatitis B virus-infected liver. Br. J. Cancer 2005, 92, 1268–1272. [Google Scholar]

	59. 
Dai, JG; Xiao, YB; Min, JX; Zhang, GQ; Yao, K; Zhou, RJ. Mitochondrial DNA 4977 bp deletion mutations in lung carcinoma. Indian J. Cancer 2006, 43, 20–25. [Google Scholar]

	60. 
Lee, HC; Yin, PH; Yu, TN; Chang, YD; Hsu, WC; Kao, SY; Chi, CW; Liu, TY; Wei, YH. Accumulation of mitochondrial DNA deletions in human oral tissues – effects of betel quid chewing and oral cancer. Mutat. Res. 2001, 493, 67–74. [Google Scholar]

	61. 
Shieh, DB; Chou, WP; Wei, YH; Wong, TY; Jin, YT. Mitochondrial DNA 4,977-bp deletion in paired oral cancer and precancerous lesions revealed by laser microdissection and real-time quantitative PCR. Ann. N.Y. Acad. Sci. 2004, 1011, 154–167. [Google Scholar]

	62. 
Tallini, G; Ladanyi, M; Rosai, J; Jhanwar, SC. Analysis of nuclear and mitochondrial DNA alterations in thyroid and renal oncocytic tumors. Cytogenet. Cell Genet. 1994, 66, 253–259. [Google Scholar]

	63. 
Pang, CY; Lee, HC; Yang, JH; Wei, YH. Human skin mitochondrial DNA deletions associated with light exposure. Arch. Biochem. Biophys. 1994, 312, 534–538. [Google Scholar]

	64. 
Yang, JH; Lee, HC; Chung, JG; Wei, YH. Mitochondrial DNA mutations in light-associated skin tumors. Anticancer Res. 2004, 24, 1753–1758. [Google Scholar]

	65. 
Kamenisch, Y; Wenz, J; Metzler, G; Bauer, J; Neubauer, H; Garbe, C; Röcken, M; Berneburg, M. The mitochondrial DNA common deletion is present in most basal and squamous cell carcinoma samples isolated by laser capture microdissection but generally at reduced rather than increased levels. J. Invest. Dermatol. 2007, 127, 486–490. [Google Scholar]

	66. 
Rogounovitch, TI; Saenko, VA; Shimizu-Yoshida, Y; Abrosimov, AY; Lushnikov, EF; Roumiantsev, PO; Ohtsuru, A; Namba, H; Tsyb, AF; Yamashita, S. Large deletions in mitochondrial DNA in radiation-associated human thyroid tumors. Cancer Res. 2002, 62, 7031–7041. [Google Scholar]

	67. 
Burgart, LJ; Zheng, J; Shu, Q; Strickler, JG; Shibata, D. Somatic mitochondrial mutation in gastric cancer. Am. J. Pathol. 1995, 147, 1105–1111. [Google Scholar]

	68. 
Horton, TM; Petros, JA; Heddi, A; Shoffner, J; Kaufman, AE; Graham, SD, Jr; Gramlich, T; Wallace, DC. Novel mitochondrial DNA deletion found in a renal cell carcinoma. Gene. Chromosome. Cancer 1996, 15, 95–101. [Google Scholar]

	69. 
Lee, HC; Wei, YH. Oxidative stress, mitochondrial DNA mutation, and apoptosis in aging. Exp. Biol. Med. 2007, 232, 592–606. [Google Scholar]

	70. 
Brockington, M; Sweeney, MG; Hammans, SR; Morgan-Hughes, JA; Harding, AE. A tandem duplication in the D-loop of human mitochondrial DNA is associated with deletions in mitochondrial myopathies. Nat. Genet. 1993, 4, 67–71. [Google Scholar]

	71. 
Manfredi, G; Servidei, S; Bonilla, E; Shanske, S; Schon, EA; DiMauro, S; Moraes, CT. High levels of mitochondrial DNA with an unstable 260-bp duplication in a patient with a mitochondrial myopathy. Neurology 1995, 45, 762–768. [Google Scholar]

	72. 
Bouzidi, MF; Poyau, A; Godinot, C. Co-existence of high levels of a cytochrome b mutation and of a tandem 200 bp duplication in the D-loop of muscle human mitochondrial DNA. Hum. Mol. Genet. 1998, 7, 385–391. [Google Scholar]

	73. 
Lee, HC; Pang, CY; Hsu, HS; Wei, YH. Ageing-associated tandem duplications in the D-loop of mitochondrial DNA of human muscle. FEBS Lett. 1994, 354, 79–83. [Google Scholar]

	74. 
Wei, YH; Pang, CY; You, BJ; Lee, HC. Tandem duplications and large-scale deletions of mitochondrial DNA are early molecular events of human aging process. Ann. N.Y. Acad. Sci. 1996, 786, 82–101. [Google Scholar]

	75. 
Hung, WY; Lin, JC; Lee, LM; Wu, CW; Tseng, LM; Yin, PH; Chi, CW; Lee, HC. Tandem duplication/triplication correlated with poly-cytosine stretch variation in human mitochondrial DNA D-loop region. Mutagenesis 2008, 23, 137–142. [Google Scholar]

	76. 
Mambo, E; Chatterjee, A; Xing, M; Tallini, G; Haugen, BR; Yeung, SC; Sukumar, S; Sidransky, D. Tumor-specific changes in mtDNA content in human cancer. Int. J. Cancer 2005, 116, 920–924. [Google Scholar]

	77. 
Yamada, S; Nomoto, S; Fujii, T; Kaneko, T; Takeda, S; Inoue, S; Kanazumi, N; Nakao, A. Correlation between copy number of mitochondrial DNA and clinico-pathologic parameters of hepatocellular carcinoma. Eur. J. Surg. Oncol. 2006, 32, 303–307. [Google Scholar]

	78. 
Selvanayagam, P; Rajaraman, S. Detection of mitochondrial genome depletion by a novel cDNA in renal cell carcinoma. Lab Invest. 1996, 74, 592–599. [Google Scholar]

	79. 
Meierhofer, D; Mayr, JA; Foetschl, U; Berger, A; Fink, K; Schmeller, N; Hacker, GW; Hauser-Kronberger, C; Kofler, B; Sperl, W. Decrease of mitochondrial DNA content and energy metabolism in renal cell carcinoma. Carcinogenesis 2004, 25, 1005–1010. [Google Scholar]

	80. 
Lin, PC; Lin, JK; Yang, SH; Wang, HS; Li, AF; Chang, SC. Expression of β-F1-ATPase and mitochondrial transcription factor A and the change in mitochondrial DNA content in colorectal cancer: clinical data analysis and evidence from an in vitro study. Int. J. Colorectal Dis. 2008, 23, 1223–1232. [Google Scholar]

	81. 
Mizumachi, T; Muskhelishvili, L; Naito, A; Furusawa, J; Fan, CY; Siegel, ER; Kadlubar, FF; Kumar, U; Higuchi, M. Increased distributional variance of mitochondrial DNA content associated with prostate cancer cells as compared with normal prostate cells. Prostate 2008, 68, 408–417. [Google Scholar]

	82. 
Heddi, A; Faure-Vigny, H; Wallace, DC; Stepien, G. Coordinate expression of nuclear and mitochondrial genes involved in energy production in carcinoma and oncocytoma. Biochim. Biophys. Acta 1996, 1316, 203–209. [Google Scholar]

	83. 
Cuezva, JM; Krajewska, M; de Heredia, ML; Krajewski, S; Santamaría, G; Kim, H; Zapata, JM; Marusawa, H; Chamorro, M; Reed, JC. The bioenergetic signature of cancer: a marker of tumor progression. Cancer Res. 2002, 62, 6674–6681. [Google Scholar]

	84. 
Kim, MM; Clinger, JD; Masayesva, BG; Ha, PK; Zahurak, ML; Westra, WH; Califano, JA. Mitochondrial DNA quantity increases with histopathologic grade in premalignant and malignant head and neck lesions. Clin. Cancer Res. 2004, 10, 8512–8515. [Google Scholar]

	85. 
Wang, Y; Liu, VW; Xue, WC; Tsang, PC; Cheung, AN; Ngan, HY. The increase of mitochondrial DNA content in endometrial adenocarcinoma cells: A quantitative study using laser-captured microdissected tissues. Gynecol. Oncol. 2005, 98, 104–110. [Google Scholar]

	86. 
Wang, Y; Liu, VW; Xue, WC; Cheung, AN; Ngan, HY. Association of decreased mitochondrial DNA content with ovarian cancer progression. Br. J. Cancer 2006, 95, 1087–1091. [Google Scholar]

	87. 
Lee, HC; Yin, PH; Lu, CY; Chi, CW; Wei, YH. Increase of mitochondria and mitochondrial DNA in response to oxidative stress in human cells. Biochem. J. 2000, 348, 425–432. [Google Scholar]

	88. 
Lee, HC; Yin, PH; Chi, CW; Wei, YH. Increase in mitochondrial mass in human fibroblasts under oxidative stress and during replicative cell senescence. J. Biomed. Sci. 2002, 9, 517–526. [Google Scholar]

	89. 
Lee, HC; Wei, YH. Mitochondrial biogenesis and mitochondrial DNA maintenance of mammalian cells under oxidative stress. Int. J. Biochem. Cell Biol. 2005, 37, 822–834. [Google Scholar]

	90. 
Tamori, A; Nishiguchi, S; Nishikawa, M; Kubo, S; Koh, N; Hirohashi, K; Shiomi, S; Inoue, M. Correlation between clinical characteristics and mitochondrial D-loop DNA mutations in hepatocellular carcinoma. J. Gastroenterol. 2004, 39, 1063–1068. [Google Scholar]

	91. 
Lièvre, A; Chapusot, C; Bouvier, AM; Zinzindohoué, F; Piard, F; Roignot, P; Arnould, L; Beaune, P; Faivre, J; Laurent-Puig, P. Clinical value of mitochondrial mutations in colorectal cancer. J. Clin. Oncol. 2005, 23, 3517–3525. [Google Scholar]

	92. 
Tan, DJ; Chang, J; Liu, LL; Bai, RK; Wang, YF; Yeh, KT; Wong, LJ. Significance of somatic mutations and content alteration of mitochondrial DNA in esophageal cancer. BMC Cancer 2006, 6, 93. [Google Scholar]

	93. 
Jiang, WW; Masayesva, B; Zahurak, M; Carvalho, AL; Rosenbaum, E; Mambo, E; Zhou, S; Minhas, K; Benoit, N; Westra, WH; Alberg, A; Sidransky, D; Koch, W; Califano, J. Increased mitochondrial DNA content in saliva associated with head and neck cancer. Clin. Cancer Res. 2005, 11, 2486–2491. [Google Scholar]

	94. 
Simonnet, H; Alazard, N; Pfeiffer, K; Gallou, C; Béroud, C; Demont, J; Bouvier, R; Schägger, H; Godinot, C. Low mitochondrial respiratory chain content correlates with tumor aggressiveness in renal cell carcinoma. Carcinogenesis 2002, 23, 759–768. [Google Scholar]

	95. 
Isidoro, A; Martínez, M; Fernández, PL; Ortega, AD; Santamaría, G; Chamorro, M; Reed, JC; Cuezva, JM. Alteration of the bioenergetic phenotype of mitochondria is a hallmark of breast, gastric, lung and oesophageal cancer. Biochem. J. 2004, 378, 17–20. [Google Scholar]

	96. 
Ohta, S. Contribution of somatic mutations in the mitochondrial genome to the development of cancer and tolerance against anticancer drugs. Oncogene 2006, 25, 4768–4776. [Google Scholar]

	97. 
Petros, JA; Baumann, AK; Ruiz-Pesini, E; Amin, MB; Sun, CQ; Hall, J; Lim, S; Issa, MM; Flanders, WD; Hosseini, SH; Marshall, FF; Wallace, DC. mtDNA mutations increase tumorigenicity in prostate cancer. Proc. Natl. Acad. Sci. USA 2005, 102, 719–724. [Google Scholar]

	98. 
Shidara, Y; Yamagata, K; Kanamori, T; Nakano, K; Kwong, JQ; Manfredi, G; Oda, H; Ohta, S. Positive contribution of pathogenic mutations in the mitochondrial genome to the promotion of cancer by prevention from apoptosis. Cancer Res. 2005, 65, 1655–1663. [Google Scholar]

	99. 
Singh, KK; Russell, J; Sigala, B; Zhang, Y; Williams, J; Keshav, KF. Mitochondrial DNA determines the cellular response to cancer therapeutic agents. Oncogene 1999, 18, 6641–6646. [Google Scholar]

	100. 
Park, SY; Chang, I; Kim, JY; Kang, SW; Park, SH; Singh, K; Lee, MS. Resistance of mitochondrial DNA-depleted cells against cell death: Role of mitochondrial superoxide dismutase. J. Biol. Chem. 2004, 279, 7512–7520. [Google Scholar]

	101. 
Biswas, G; Guha, M; Avadhani, NG. Mitochondria-to-nucleus stress signaling in mammalian cells: nature of nuclear gene targets, transcription regulation, and induced resistance to apoptosis. Gene 2005, 354, 132–139. [Google Scholar]

	102. 
Li, CH; Tzeng, SL; Cheng, YW; Kang, JJ. Chloramphenicol-induced mitochondrial stress increases p21 expression and prevents cell apoptosis through a p21-dependent pathway. J. Biol. Chem. 2005, 280, 26193–26199. [Google Scholar]

	103. 
Shin, YK; Yoo, BC; Chang, HJ; Jeon, E; Hong, SH; Jung, MS; Lim, SJ; Park, JG. Down-regulation of mitochondrial F1Fo-ATP synthase in human colon cancer cells with induced 5-fluorouracil resistance. Cancer Res. 2005, 65, 3162–3170. [Google Scholar]

	104. 
Pelicano, H; Xu, RH; Du, M; Feng, L; Sasaki, R; Carew, JS; Hu, Y; Ramdas, L; Hu, L; Keating, MJ; Zhang, W; Plunkett, W; Huang, P. Mitochondrial respiration defects in cancer cells cause activation of Akt survival pathway through a redox-mediated mechanism. J. Cell Biol. 2006, 175, 913–923. [Google Scholar]

	105. 
Higuchi, M; Kudo, T; Suzuki, S; Evans, TT; Sasaki, R; Wada, Y; Shirakawa, T; Sawyer, JR; Gotoh, A. Mitochondrial DNA determines androgen dependence in prostate cancer cell lines. Oncogene 2006, 25, 1437–1445. [Google Scholar]

	106. 
Naito, A; Carcel-Trullols, J; Xie, CH; Evans, TT; Mizumachi, T; Higuchi, M. Induction of acquired resistance to antiestrogen by reversible mitochondrial DNA depletion in breast cancer cell line. Int. J. Cancer 2008, 122, 1506–1511. [Google Scholar]

	107. 
Lee, W; Choi, HI; Kim, MJ; Park, SY. Depletion of mitochondrial DNA up-regulates the expression of MDR1 gene via an increase in mRNA stability. Exp. Mol. Med. 2008, 40, 109–117. [Google Scholar]

	108. 
Ferraresi, R; Troiano, L; Pinti, M; Roat, E; Lugli, E; Quaglino, D; Taverna, D; Bellizzi, D; Passarino, G; Cossarizza, A. Resistance of mtDNA-depleted cells to apoptosis. Cytometry A 2008, 73, 528–537. [Google Scholar]

	109. 
Mizumachi, T; Suzuki, S; Naito, A; Carcel-Trullols, J; Evans, TT; Spring, PM; Oridate, N; Furuta, Y; Fukuda, S; Higuchi, M. Increased mitochondrial DNA induces acquired docetaxel resistance in head and neck cancer cells. Oncogene 2008, 27, 831–838. [Google Scholar]

	110. 
Amuthan, G; Biswas, G; Zhang, SY; Klein-Szanto, A; Vijayasarathy, C; Avadhani, NG. Mitochondria-to-nucleus stress signaling induces phenotypic changes, tumor progression and cell invasion. EMBO J. 2001, 20, 1910–1920. [Google Scholar]

	111. 
van Waveren, C; Sun, Y; Cheung, HS; Moraes, CT. Oxidative phosphorylation dysfunction modulates expression of extracellular matrix–remodeling genes and invasion. Carcinogenesis 2006, 27, 409–418. [Google Scholar]

	112. 
Ishikawa, K; Takenaga, K; Akimoto, M; Koshikawa, N; Yamaguchi, A; Imanishi, H; Nakada, K; Honma, Y; Hayashi, J. ROS-generating mitochondrial DNA mutations can regulate tumor cell metastasis. Science 2008, 320, 661–664. [Google Scholar]

	113. 
Naito, A; Cook, CC; Mizumachi, T; Wang, M; Xie, CH; Evans, TT; Kelly, T; Higuchi, M. Progressive tumor features accompany epithelial-mesenchymal transition induced in mitochondrial DNA-depleted cells. Cancer Sci. 2008, 99, 1584–1588. [Google Scholar]

	114. 
Cavalli, LR; Varella-Garcia, M; Liang, BC. Diminished tumorigenic phenotype after depletion of mitochondrial DNA. Cell Growth Differ. 1997, 8, 1189–1198. [Google Scholar]

	115. 
Liang, BC; Ullyatt, E. Increased sensitivity to cis-diamminedichloroplatinum induced apoptosis with mitochondrial DNA depletion. Cell Death Differ. 1998, 5, 694–701. [Google Scholar]

	116. 
Akimoto, M; Niikura, M; Ichikawa, M; Yonekawa, H; Nakada, K; Honma, Y; Hayashi, J. Nuclear DNA but not mtDNA controls tumor phenotypes in mouse cells. Biochem. Biophys. Res. Commun. 2005, 327, 1028–1035. [Google Scholar]

	117. 
Yu, M; Shi, Y; Wei, X; Yang, Y; Zhou, Y; Hao, X; Zhang, N; Niu, R. Depletion of mitochondrial DNA by ethidium bromide treatment inhibits the proliferation and tumorigenesis of T47D human breast cancer cells. Toxicol. Lett. 2007, 170, 83–93. [Google Scholar]

	118. 
Arnould, T; Vankoningsloo, S; Renard, P; Houbion, A; Ninane, N; Demazy, C; Remacle, J; Raes, M. CREB activation induced by mitochondrial dysfunction is a new signaling pathway that impairs cell proliferation. EMBO J. 2002, 21, 53–63. [Google Scholar]

	119. 
Butow, RA; Avadhani, NG. Mitochondrial signaling: the retrograde response. Mol. Cell 2004, 14, 1–15. [Google Scholar]

	120. 
Liu, Z; Butow, RA. Mitochondrial retrograde signaling. Annu. Rev. Genet. 2006, 40, 159–185. [Google Scholar]

	121. 
Biswas, G; Adebanjo, OA; Freedman, BD; Anandatheerthavarada, HK; Vijayasarathy, C; Zaidi, M; Kotlikoff, M; Avadhani, NG. Retrograde Ca2+ signaling in C2C12 skeletal myocytes in response to mitochondrial genetic and metabolic stress: A novel mode of inter-organelle crosstalk. EMBO J. 1999, 18, 522–533. [Google Scholar]

	122. 
Amuthan, G; Biswas, G; Ananadatheerthavarada, HK; Vijayasarathy, C; Shephard, HM; Avadhani, NG. Mitochondrial stress-induced calcium signaling, phenotypic changes and invasive behavior in human lung carcinoma A549 cells. Oncogene 2002, 21, 7839–7849. [Google Scholar]

	123. 
Klaunig, JE; Kamendulis, LM. The role of oxidative stress in carcinogenesis. Annu. Rev. Pharmacol. Toxicol. 2004, 44, 239–267. [Google Scholar]

	124. 
Kroemer, G; Pouyssegur, J. Tumor cell metabolism: Cancer’s Achilles’ heel. Cancer Cell 2008, 13, 472–482. [Google Scholar]

	125. 
Schreiber, JR; Balcavage, WX; Morris, HP; Pedersen, PL. Enzymatic and spectral analysis of cytochrome oxidase in adult and fetal rat liver and Morris hepatoma 3924A. Cancer Res. 1970, 30, 2497–501. [Google Scholar]

	126. 
Arora, KK; Pedersen, PL. Functional significance of mitochondrial bound hexokinase in tumor cell metabolism. Evidence for preferential phosphorylation of glucose by intramitochondrially generated ATP. J. Biol. Chem. 1988, 263, 17422–17428. [Google Scholar]

	127. 
Nakashima, RA; Mangan, PS; Colombini, M; Pedersen, PL. Hexokinase receptor complex in hepatoma mitochondria: evidence from N,N’-dicyclohexylcarbodiimide-labeling studies for the involvement of the pore-forming protein VDAC. Biochemistry 1986, 25, 1015–1021. [Google Scholar]

	128. 
Gottlob, K; Majewski, N; Kennedy, S; Kandel, E; Robey, RB; Hay, N. Inhibition of early apoptotic events by Akt/PKB is dependent on the first committed step of glycolysis and mitochondrial hexokinase. Genes Dev. 2001, 15, 1406–1418. [Google Scholar]

	129. 
Majewski, N; Nogueira, V; Bhaskar, P; Coy, PE; Skeen, JE; Gottlob, K; Chandel, NS; Thompson, CB; Robey, RB; Hay, N. Hexokinase-mitochondria interaction mediated by Akt is required to inhibit apoptosis in the presence or absence of Bax and Bak. Mol. Cell 2004, 16, 819–830. [Google Scholar]

	130. 
Dang, CV; Semenza, GL. Oncogenic alterations of metabolism. Trends Biochem. Sci. 1999, 24, 68–72. [Google Scholar]

	131. 
Gatenby, RA; Gillies, RJ. Why do cancers have high aerobic glycolysis? Nat. Rev. Cancer 2004, 4, 891–899. [Google Scholar]

	132. 
Kim, JW; Tchernyshyov, I; Semenza, GL; Dang, CV. HIF-1-mediated expression of pyruvate dehydrogenase kinase: A metabolic switch required for cellular adaptation to hypoxia. Cell Metab. 2006, 3, 177–185. [Google Scholar]

	133. 
Papandreou, I; Cairns, RA; Fontana, L; Lim, AL; Denko, NC. HIF-1 mediates adaptation to hypoxia by actively downregulating mitochondrial oxygen consumption. Cell Metab. 2006, 3, 187–197. [Google Scholar]

	134. 
Gottlieb, E; Tomlinson, IP. Mitochondrial tumour suppressors: a genetic and biochemical update. Nat. Rev. Cancer 2005, 5, 857–866. [Google Scholar]

	135. 
Selak, MA; Armour, SM; MacKenzie, ED; Boulahbel, H; Watson, DG; Mansfield, KD; Pan, Y; Simon, MC; Thompson, CB; Gottlieb, E. Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell 2005, 7, 77–85. [Google Scholar]

	136. 
Birnbaum, MJ; Haspel, HC; Rosen, OM. Transformation of rat fibroblasts by FSV rapidly increases glucose transporter gene transcription. Science 1987, 235, 1495–1498. [Google Scholar]

	137. 
Shim, H; Dolde, C; Lewis, BC; Wu, CS; Dang, G; Jungmann, RA; Dalla-Favera, R; Dang, CV. c-Myc transactivation of LDH-A: Implications for tumor metabolism and growth. Proc. Natl. Acad. Sci. USA 1997, 94, 6658–6663. [Google Scholar]

	138. 
Osthus, RC; Shim, H; Kim, S; Li, Q; Reddy, R; Mukherjee, M; Xu, Y; Wonsey, D; Lee, LA; Dang, CV. Deregulation of glucose transporter 1 and glycolytic gene expression by c-Myc. J. Biol. Chem. 2000, 275, 21797–21800. [Google Scholar]

	139. 
Elstrom, RL; Bauer, DE; Buzzai, M; Karnauskas, R; Harris, MH; Plas, DR; Zhuang, H; Cinalli, RM; Alavi, A; Rudin, CM; Thompson, CB. Akt stimulates aerobic glycolysis in cancer cells. Cancer Res. 2004, 64, 3892–3899. [Google Scholar]

	140. 
Matoba, S; Kang, JG; Patino, WD; Wragg, A; Boehm, M; Gavrilova, O; Hurley, PJ; Bunz, F; Hwang, PM. p53 regulates mitochondrial respiration. Science 2006, 312, 1650–1653. [Google Scholar]

	141. 
Bensaad, K; Tsuruta, A; Selak, MA; Vidal, MN; Nakano, K; Bartrons, R; Gottlieb, E; Vousden, KH. TIGAR, a p53-inducible regulator of glycolysis and apoptosis. Cell 2006, 126, 107–120. [Google Scholar]

	142. 
Kim, JW; Dang, CV. Cancer’s molecular sweet tooth and the Warburg effect. Cancer Res. 2006, 66, 8927–8830. [Google Scholar]

	143. 
Lin, CS; Wang, LS; Tsai, CM; Wei, YH. Low copy number and low oxidative damage of mitochondrial DNA are associated with tumor progression in lung cancer tissues after neoadjuvant chemotherapy. Interact. Cardiovasc. Thorac. Surg. 2008, 7, 954–958. [Google Scholar]

	144. 
Funes, JM; Quintero, M; Henderson, S; Martinez, D; Qureshi, U; Westwood, C; Clements, MO; Bourboulia, D; Pedley, RB; Moncada, S; Boshoff, C. Transformation of human mesenchymal stem cells increases their dependency on oxidative phosphorylation for energy production. Proc. Natl. Acad. Sci. USA 2007, 104, 6223–6228. [Google Scholar]















© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  ijms-10-00674


  
    		
      ijms-10-00674
    


  




  





media/file0.png





