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Abstract. Alterations of mitochondrial DNA (mtDNA) have 
been identified in several types of solid tumor. However, to 
the best of our knowledge, the clinical significance of plasma 
mtDNA content in lung cancer remains unknown. Thus, the 
current study explored the diagnostic and prognostic value of 
plasma mtDNA quantification in patients with lung cancer. 
Plasma mtDNA copy numbers of patients with lung cancer 
(n=128) and healthy individuals (n=107) were quantified by 
quantitative polymerase chain reaction. Plasma mtDNA copy 
numbers in patients and healthy controls were 0.89x104 and 
1.37x104 copies/µl, respectively (P<0.0001). Furthermore, 
lower plasma mtDNA content was associated with tumor size, 
lymph node metastases, distant metastases and serum carci-
noembryonic antigen levels (P<0.05), but was not associated 
with pathological type, age, sex or main driver gene mutation 
status (P>0.05). Plasma mtDNA facilitated the detection 
of lung cancer at a threshold of 1.19x104 copies/µl with a 
sensitivity of 71.1% and specificity of 70.1%, as determined 
by receiver operating characteristic curve analysis. Advanced 
stage (III and IV) patients with a lower mtDNA copy number 
(cutoff: 1.02x104 copies/µl) tended to exhibit poorer prognosis 
(P<0.05). These results indicated that plasma mtDNA content is 
a promising and complementary candidate with tissue mtDNA 
for diagnosis and prognostic prediction for lung cancer.

Introduction

Mitochondria are pivotal organelles responsible for cellular 
energy metabolism, free radical formation, calcium 

homeostasis and the intrinsic apoptotic pathway (1). Each 
mitochondrion has its own extra‑chromosomal genome, 
termed mitochondrial DNA (mtDNA). The number of mtDNA 
copies is tightly controlled and remains relatively stable, 
which is important for maintaining homeostasis (2). However, 
mutations and alterations of mtDNA can lead to abnormali-
ties in energy metabolism and oxidative stress, which may be 
involved in carcinogenesis (3‑5).

Alterations of mtDNA content have been reported in human 
malignancies, but with contradictory findings. Increased 
mtDNA copy numbers have been identified in endometrial 
adenocarcinoma cells (�) and esophageal squamous cell carci‑ (�) and esophageal squamous cell carci‑(�) and esophageal squamous cell carci-
noma (7). By contrast, decreased mtDNA copy numbers have 
been identified in lung cancer (8,9), colorectal cancer (10), breast 
cancer (11) and renal cell carcinoma (12). Increased circulating 
mtDNA could be a compensatory response to decreased respi-
ratory function (13) and may be associated with increased tumor 
burden, increased mitochondrial damage, or release from apop-
totic and/or necrotic cancer cells in cancerous lesions (14,15). 
Conversely, decreased mtDNA content may be a consequence of 
exposure to excessive reactive oxygen species (1�).

Compared with nuclear DNA, the quantification of 
mtDNA has several advantages, including short length, simple 
molecular structure and abundance. However, assessing 
mtDNA in tumor tissues requires invasive techniques. For 
dynamic patient management, a non‑invasive diagnostic and 
prognostic biomarker is required (14). The monitoring of 
circulating mtDNA is non‑invasive, convenient and suitable 
for dynamic observation, which makes it an ideal candidate 
for clinical application. Circulating mtDNA has been consid-
ered a biomarker in numerous types of tumor. As with tissue 
mtDNA, serum mtDNA values vary among malignancies 
and are increased in patients with urologic malignancies (17), 
epithelial ovarian cancer (18), gastric cancer (19) and testicular 
cancer (20), but are decreased in patients with breast cancer (21) 
and Ewing's sarcoma (22).

The high morbidity and mortality of lung cancer (23) 
has prompted interest in the study of circulating mtDNA. 
Hou et al (24) have reported that serum mtDNA is increased 
in patients with lung cancer. However, associations between 
mtDNA content and tumor size, lymph node metastases, distant 
metastases, driver gene mutation status, chemo‑sensitivity 
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and prognosis are still largely unknown. Given the numerous 
potential interactions between mtDNA and carcinogenesis, the 
current study hypothesized that alterations of plasma mtDNA 
content may be a biomarker for the presence and develop-
ment of lung cancer. Thus, using quantitative polymerase 
chain reaction (qPCR) assays, the current study measured the 
copy number of plasma mtDNA in patients with lung cancer. 
Understanding the associations between plasma mtDNA 
content and the clinicopathological characteristics and prog-
nosis of lung cancer may allow for a non‑invasive and dynamic 
means of evaluating the disease.

Materials and methods

Patients, study design and sample collection. A total of 
128 patients with lung cancer and 107 well‑matched healthy 
controls from Medical Examination Center were included in 
the current study. In the lung cancer group, there are 72 males 
and 5� female patients with a median age of 55.2±7.8 years. In 
the healthy control group, there are 57 male and 50 female indi-
viduals with a median age of 53.5±8.8 years. The patients with 
lung cancer were diagnosed from January to December 2015 at 
the Hunan Cancer Hospital of China (Changsha, China). The 
present study was approved by the Ethics Committee of Hunan 
Cancer Hospital. Informed consent was obtained from healthy 
controls and each patient according to protocols approved by the 
hospital's Ethics Committees. None of the patients had received 
pre‑operative radiotherapy or chemotherapy. The exclusion 
criteria included autoimmune diseases, inherited diseases, 
mitochondrial‑related diseases, or patients who refused to 
provide informed consent. Whole blood was collected in 
EDTA anticoagulant tubes and samples were centrifuged at 
400 x g at 4˚C for 2 h. The plasma samples were collected and 
stored at -80˚C until use. A case‑control study was conducted 
to evaluate the associations between mtDNA copy number 
and clinical characteristics, and to retrospectively explore 
the diagnostic and prognostic value of mtDNA content. The 
central laboratory of Hunan Cancer Hospital measured serum 
tumor biomarkers. The TNM classification was according 
to National Comprehensive Cancer Network Classification 
Standard; Seventh Edition (25). The following categories of 
patients were enrolled for analysis of progression‑free survival 
(PFS): Advanced lung cancer (stage III and IV); Eastern 
Cooperative Oncology Group performance‑status score of 0 or 
1 (on a 5‑point scale) (2�); and measurable disease according 
to the Response Evaluation Criteria in Solid Tumors, version 
1.1 (27). Enrolled patients had received no primary systemic 
chemotherapy for advanced or metastatic disease. Epidermal 
growth factor receptor (EGFR) mutation was detected by 
direct sequencing and anaplastic lymphoma kinase (ALK) 
mutation was detected by immunohistochemistry as described 
previously (28). Patients with driver gene mutations who had 
received EGFR‑TKI or crizotinib were excluded from analysis 
of PFS. PFS was defined as the length of time during and 
following primary treatment of lung cancer when a patient 
lived with the disease but without progression, as demonstrated 
by radiological and clinical examinations.

DNA isolation and qPCR. Total plasma DNA was isolated 
with a QIAamp DNA Blood Mini kit (Qiagen, Inc., Valencia, 

CA, USA) according to the manufacturer's protocol. The 
mtDNA content was measured using qPCR as described previ-
ously (29). The mtDNA plasmid was constructed by YRBIO 
(Changsha, China) and a standard curve was generated using 
six dilutions of DNA (101-106 copies/µl). The ratio of mitochon-
drial ND1 to human 3�B4 was used. Forward ND1 primer: 
5'‑CCC TAA AAC CCG CCA CAT CT‑3'; reverse ND1 primer: 
5'‑GAG CGA TGG TGA GAG CTA AGG T‑3'; forward human 
3�B4 primer: 5'‑CAG CAA GTG GGA AGG TGT AAT CC‑3'; 
reverse human 3�B4 primer: 5'‑CCC ATT CTA TCA TCA ACG 
GGT ACA A‑3'. qPCR was applied to 20‑µl reaction volumes 
containing 2 µl DNA, 10 µl PCR Master Mix (Toyobo Life 
Science, Osaka, Japan), 4 µl primers, 3.6 µl double‑distilled 
water and 0.4 µl ROX dye (Qiagen, Inc., Valencia, CA, USA). 
PCR was performed as follows: 95˚C for 60 sec, followed by 
95˚C for 15 sec and 60˚C for 45 sec, repeated for 40 cycles. 
Relative gene expression was calculated using the comparative 
2=ΔΔCq method (30).

Statistical analysis. The SPSS statistical package was used 
for all analyses (version 22.0, IBM Corp., Armonk, NY, 
USA). Data are presented as the mean ± standard deviation. 
The Kolomogorov‑Smirnov test was used to check whether 
the samples independent exhibited a normal distribution. For 
normal distributions, a paired Student's t‑test was used for two 
groups, and one‑way analysis of variance followed by Tukey's 
post‑hoc test was used for comparison of multiple groups. For 
variables not in a normal distribution, unpaired samples were 
compared by use of the Mann‑Whitney U test, and multiple 
independent samples were compared with the Kruskall‑Wallis 
H test with Tukey's post‑hoc test. A receiver operating char-
acteristic (ROC) curve was used to analyze the diagnostic 
applicability of plasma mtDNA with the Youden index for 
identification of the optimal cut‑off point. The Kaplan‑Meier 
method was used for prognostic analysis. The log‑rank test was 
used. Spearman's correlation coefficient was used to calculate 
the correlation between carcinoembryonic antigen (CEA) and 
mtDNA copy number. It also was used to analyze the correla-
tion with age. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Characteristics of the study population. The characteristics of 
the study population are listed in Table I. A total of 128 patients 
with lung cancer and 107 healthy controls were enrolled, and 
they were well matched in terms of sex, age, and smoking 
history. The distributions of tumor size, lymph node metastases 
and distant metastases are listed. Of the cancer cases, 32 were 
TNM stage I, 20 were stage II, 34 were stage III and 42 were 
stage IV. Of the cancer cases, 54 were adenocarcinoma, 44 
were squamous cell carcinoma and 30 were small‑cell lung 
cancer. A total of 29 patients had epidermal growth factor 
receptor (EGFR) mutations and 9 had an anaplastic lymphoma 
kinase (ALK) fusion.

Distribution of plasma mtDNA content in patients with lung 
cancer and healthy controls. A qPCR assay was performed to 
explore the distribution of plasma mtDNA content in patients 
with lung cancer and healthy control subjects. As illustrated 
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in Fig. 1, plasma mtDNA content in patients with lung cancer 
was significantly lower compared with that in healthy controls 
(0.89x104 and 1.37x104 copies/µl, respectively; P<0.0001).

Associations between plasma mtDNA content and clinico-
pathological characteristics of lung cancer. The associations 
between plasma mtDNA content and clinicopathological char-
acteristics of lung cancers were also evaluated. As illustrated 
in Fig. 2A‑E, plasma mtDNA content was negatively associ-
ated with tumor size (T3 and T4 vs. T1, P<0.05), lymph node 
metastases (N1‑3 vs. N0, P<0.05), distant metastases (M1 vs. 
M0, P<0.0001) and TNM stage (III and IV vs. I, P<0.01; III/IV 
vs. I/II, P<00001). As illustrated in Fig. 2F, mtDNA contents 
were significantly higher in patients with smoking history 
compared with in non‑smokers (P=0.0029). However, mtDNA 
contents were not associated with pathological type (Fig. 3A) 

or sex (Fig. 3B), and were not correlated with age (Fig. 3C) 
(P>0.05).

Associations between plasma mtDNA content and driver 
gene mutation status and serum tumor biomarkers. There 
is a strong association between driver gene mutations and 
the progression of lung cancer (31). The current study 
analyzed plasma mtDNA content in patients with or without 
epidermal growth factor receptor/anaplastic lymphoma kinase 
(EGFR/ALK) mutations. The results revealed that plasma 
mtDNA content in patients with EGFR/ALK mutations was 
not significantly different compared with patients without 
EGFR/ALK mutations (P=0.0777). As demonstrated in 
Fig. 4B, CEA levels were negatively correlated with plasma 
mtDNA copy number (r=‑0.3820, P<0.0001). Serum tumor 
biomarkers, neuron‑specific enolase, carbohydrate antigen‑125 
and carbohydrate antigen‑199, were not correlated with plasma 
mtDNA content (data not shown).

Diagnostic value of mtDNA in patients with lung cancer. 
An ROC curve was used to analyze the diagnostic applica-
bility of plasma mtDNA. As demonstrated in Fig. 5, plasma 
mtDNA facilitated the detection of lung cancer at a cutoff 
value of 1.19x104 copies/µl with a sensitivity of 71.1% and 
specificity of 70.1%. With this cutoff value, the diagnostic 
accuracy of plasma mtDNA is 71.1%, the positive predictive 
value is 74.2%, and the negative predictive value is �7.�%. 
This finding suggests promise for mtDNA as a reliable test 
for lung cancer.

Prognostic value of mtDNA in advanced lung cancer patients. 
mtDNA content has previously been associated with prog-
nosis in patients with colon cancer and gastric cancer at an 
advanced stage (32,33). To explore the prognostic value of 
mtDNA in patients with lung cancer, the current study deter-
mined the PFS in patients with advanced stage (III and IV) 
cancer divided into two groups based on mtDNA cutoff point 
of 1.02x104 copies/µl. As illustrated in Fig. �, PFS was longer 
in patients with mtDNA content higher than the cutoff point 
compared with patients with mtDNA content lower than the 

Figure 1. Distribution of plasma mtDNA content in patients with lung cancer 
and healthy controls. Quantitative polymerase chain reaction was used 
to determine plasma mtDNA copy number. Each circle represents plasma 
mtDNA content of each case. The horizontal lines represent the median and 
interquartile range and were compared with Student's t‑test. mtDNA, mito-
chondrial DNA.

Table I. Characteristics of study population.

 Lung Healthy
 cancer control
Characteristics (n=128) (n=107) P‑value

Sex, n   0.�94
  Male 72 57 
  Female 5� 50 
Age, years (mean ± SD)  55.2±7.8 53.5±8.8 0.125
Smoking history, n   0.703
  Yes �9 55 
  No 59 52 
Tumor size, n   
  T1 32  
  T2 44  
  T3 22  
  T4 30  
Lymph node metastasis, n   
  N0 38  
  N1 22  
  N2 20  
  N3 48  
TNM stage, n   
  I 32  
  II 20  
  III 34  
  IV 42  
Pathology type, n   
  Adenocarcinoma 54  
  Squamous cell carcinoma 44  
  Small cell lung cancer 30  
  Main driver gene mutation   
EGFR 29  
ALK 9 

EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma 
kinase.
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cutoff point, as assessed by Kaplan‑Meier curve analysis 
(7.8 vs. �.9 months; P<0.05).

Discussion

The morbidity and mortality of lung cancer are still 
extremely high for patients with malignant tumors. There 
were an estimated 222,500 new cases and 155,870 deaths 
in the United States in 2017 (34). Lack of methods for 
early diagnosis and effective treatment are at least partly 
responsible for the low 5‑year survival rate (35). Although 
quantitative analyses have focused on the identification of 
biomarkers for lung cancer, there is still a need for novel, 

specific biomarkers for early detection, prognosis and 
dynamic observation.

Energy metabolism reprogramming is an important char-
acteristic of cancer (3�). One of the underlying mechanisms 
is mitochondrial dysfunction caused by disorders of struc-
ture and of the mitochondrial genome (3�). Abnormalities 
of mtDNA may lead to increased reactive oxygen species, 
disrupted calcium homeostasis, reprogramed metabolism 
and resistance to apoptosis (37). Changes in mtDNA content 
have been reported in malignancies, with both down‑ and 
upregulation of mtDNA content in solid tumors. Decreased 
mtDNA content has been associated with renal cell carci-
noma (38), hepatocellular carcinoma (39) and esophageal 

Figure 2. Associations between plasma mtDNA content and (A) tumor size, (B) lymph node metastases, (C) distant metastases, (D) TNM stage I‑IV, 
(E) TNM stage I/II vs. III/IV, and (F) smoking history in patients with lung cancer. Each circle represents the plasma mtDNA content of each case. The 
horizontal lines represent the median and interquartile range. Student's t‑test was used for two groups and analysis of variance followed by the Tukey's post 
hoc test was used for comparison of multiple groups. *P<0.05 vs. T1 (A) and vs. N0 (B); **P<0.01 vs. N0 (B) and vs. stage I (D). mtDNA, mitochondrial 
DNA. 
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adenocarcinoma (40). By contrast, increased mtDNA content 
in pancreatic cancer (41), colorectal cancer (42) and breast 
cancer (43) has been reported. Since mtDNA may be involved 
in carcinogenesis, oncologists and pulmonologists have been 
motivated to monitor its dynamic alterations in patients with 
lung cancer. Hou et al (24) reported increased serum mtDNA 
content, while others have revealed significantly reduced 
mtDNA content in lung cancer tissues (8,9). In the current 
study, it was identified that circulating mtDNA content was 
significantly lower in patients with lung cancer compared 
with healthy subjects. The lower mtDNA content may reflect 
the reduced capacity of compensatory responses to oxidative 
stress damage (44). The decrease in mtDNA may also be a 
consequence of mutation or depletion in the mtDNA D‑loop 
caused by reactive oxygen species (45).

Alterations in somatic mtDNA copy number have been 
revealed to strongly correlate with clinicopathological 

characteristics, early diagnosis, progression, and radiotherapy 
and chemotherapy efficacy in malignancies (14). The current 
study identified that lower plasma mtDNA contents were 
negatively associated with tumor size, lymph node metastases, 
distant metastases and serum CEA level, but were not asso-
ciated with age, sex, pathological type or main driver gene 
mutation status. The incidence of D‑loop mutations of mtDNA 
in advanced cancer stages has been revealed to be higher 
when compared with patients in the early stage of disease (8), 
which may lead to lower mtDNA copy numbers in patients 
with late‑stage cancer. These observations may account for the 
current findings that plasma mtDNA content was negatively 
associated with tumor size, lymph node metastases and distant 
metastases.

Serum tumor biomarkers including CEA have been widely 
used to monitor the progression of tumors (4�). In the current 
study, a negative correlation between plasma mtDNA content 
and serum CEA level was revealed, which to the best of our 
knowledge, is the first time this correlation has been recorded. 
Both serum CEA levels and plasma mtDNA can be dynami-
cally monitored for chemotherapeutic effects and disease 
progression (4�). Thus, the combined determination of CEA 
and mtDNA content may improve the efficacy and prognostic 
ability of these tests in lung cancer. In related work, no rela-
tionship between mtDNA content and serum prostate‑specific 
antigen levels has been identified in prostate cancer and 
epithelial ovarian cancer (18,47). Further studies should be 
performed to explore the predictive value of the combination 
of dynamic monitoring of CEA level and circulating mtDNA 
alteration during chemotherapy. However, the efficacy of 
chemotherapy in multiple solid tumors is affected by a number 
of factors (48). A perspective study, with these relevant factors 
well matched, is required to explore the predictive value of 
dynamic circulating mtDNA content. 

The quantification of plasma mtDNA may be used to 
recognize patients with poor prognosis, similar to the lower 
mtDNA copy number in patients who have advanced breast 
cancer, glioma and prostate cancer (32,33,49,50). Lower 
mtDNA content has been identified to be associated with 
tumor progression in lung cancer tissues following chemo-
therapy (51). Variations in mtDNA have been reported to be 
associated with radiation‑induced toxicity (52). The change of 
mtDNA content can also improve the cytotoxicity of chemo-
therapeutic agents. DNA damage in mitochondria alters the 
mitochondrial apoptotic signaling pathway, thereby promoting 
the survival of cancer cells and even changing their resistance 
to anticancer drugs (53). Radiotherapy and chemotherapy 
are the most important treatments for advanced lung cancer. 
Clinically, sensitivity to radiotherapy and chemotherapy are 
determining factors for prognosis. Given that mtDNA deple-
tion affects radiotherapy and chemotherapy sensitivity (5), the 
current study further explored the prognostic value of lower 
plasma mtDNA content in advanced lung cancer patients. 
As previously reported (54), the current study revealed that a 
lower mtDNA copy number was associated with poor prog-
nosis in patients with advanced stage cancer, which suggests 
that plasma mtDNA copy number is a promising prognostic 
candidate for lung cancer.

Further studies are required to elucidate the mechanisms 
and consequences of decreased mtDNA content in lung cancer 

Figure 3. Associations between plasma mtDNA content and (A) pathological 
type, (B) sex, and age (C) in patients with lung cancer. Each circle represents 
the plasma mtDNA content of each case. The horizontal lines represent the 
median and interquartile range. Student's t‑test was used for two groups 
and analysis of variance followed by the Tukey's post hoc test was used for 
comparison of multiple groups. Correlation analysis between mtDNA content 
and age was performed by Spearman's correlation coefficient. mtDNA, mito-
chondrial DNA.
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carcinogenesis. The lower mtDNA copy number may alter 
mitochondrial gene expression and lead to decreased mito-
chondrial function and energy metabolism and cause increased 
generation of reactive oxygen species (55,5�), enhanced 
glycolysis, and even alterations in mitochondrial bioener-
getic and biosynthetic states (57). Decreased mtDNA may 
also promote epithelial‑mesenchymal transition (58‑�0) and 
apoptosis‑resistant cancer cells through the phosphoinositide 
3‑kinase/Akt signaling pathway (�1). Changes in mtDNA copy 
number may explain the persistent deficiency in mitochondrial 
activity. Thus, the mtDNA‑depleted ρ0 cell line may be used to 
further explore the consequences and mechanism of mtDNA 
deficiency in lung cancer carcinogenesis.

To the best of our knowledge, the current study is the 
largest that has explored the diagnostic, predictive and 
prognostic clinical application of plasma mtDNA content 
in patients with lung cancer. The current study is also the 
most comprehensive study of plasma mtDNA alteration 
in patients with lung cancer. However, further studies of 
specific subgroups with large sample sizes are still required 
to further confirm the subgroup conclusions made by the 
current study.

In conclusion, decreased plasma mtDNA content was 
associated with tumor metastatic potential and unfavorable 

prognosis in patients with lung cancer. Monitoring circulating 
mtDNA content is a promising approach for diagnosis and 
prognosis of lung cancer. Further studies of the epigenetic 
alterations of mtDNA are required to understand its down-
stream effectors and role in lung cancer pathogenesis. Although 
translating plasma mtDNA quantification into routine clinical 
practice may take several steps, knowledge regarding the 
potential applicability of circulating mtDNA quantification 
in the diagnosis and prognosis of lung cancer has progressed 
considerably.
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