
R E S E A R C H Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Zhang et al. BMC Cancer          (2023) 23:377 
https://doi.org/10.1186/s12885-023-10838-x

BMC Cancer

*Correspondence:
Chuan Wang
chuanwang1968@outlook.com
Fangmeng Fu
ffm@fjmu.edu.cn

Full list of author information is available at the end of the article

Abstract
Background Compelling evidence has indicated a significant association between leukocyte mitochondrial DNA 
copy number (mtDNAcn) and prognosis of several malignancies in a cancer-specific manner. However, whether 
leukocyte mtDNAcn can predict the clinical outcome of breast cancer (BC) patients has not been well investigated.

Methods The mtDNA copy number of peripheral blood leukocytes from 661 BC patients was measured using a 
Multiplex AccuCopy™Kit based on a multiplex fluorescence competitive PCR principle. Kaplan–Meier curves and Cox 
proportional hazards regression model were applied to investigate the association of mtDNAcn with invasive disease-
free survival (iDFS), distant disease-free survival (DDFS), breast cancer special survival (BCSS), and overall survival (OS) 
of patients. The possible mtDNAcn-environment interactions were also evaluated by the Cox proportional hazard 
regression models.

Results BC patients with higher leukocyte mtDNA-CN exhibited a significantly worse iDFS than those with lower 
leukocyte mtDNAcn (5-year iDFS: fully-adjusted model: HR = 1.433[95%CI 1.038–1.978], P = 0.028). Interaction analyses 
showed that mtDNAcn was significantly associated with hormone receptor status (adjusted p for interaction: 5-year 
BCSS: 0.028, 5-year OS: 0.022), so further analysis was mainly in the HR subgroup. Multivariate Cox regression analysis 
demonstrated that mtDNAcn was an independent prognostic factor for both BCSS and OS in HR-positive patients 
(HR+: 5-year BCSS: adjusted HR (aHR) = 2.340[95% CI 1.163–4.708], P = 0.017 and 5-year OS: aHR = 2.446 [95% CI 
1.218–4.913], P = 0.011).

Conclusions For the first time, our study demonstrated that leukocyte mtDNA copy number might influence the 
outcome of early-stage breast cancer patients depending on intrinsic tumor subtypes in Chinese women.
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Introduction
Breast cancer (BC) is the first common malignancy and 
the fifth leading cause of cancer death among women 
in China [1]. BC is highly heterogeneous at molecular 
and clinical levels [2]. Generally, some prognostic fac-
tors for early-stage breast cancer (EBC) survival include 
tumor size, lymph node involvement, tumor grade, and 
hormone receptor (HR) status. The survival rate has 
increased due to improved management strategies in the 
past few decades [3]. However, EBC patients with the 
same traditional stage often show different clinical out-
comes because of tumor heterogeneity.

Consequently, biomarkers are urgently needed to 
complement the traditional system for a more accurate 
prognostic prediction of EBC and thus benefit individu-
alized treatment. Some theories indicate that genetic 
background is an important determinant of metastatic 
potential. The theories also suggest that it might be pos-
sible to define metastasis susceptibility based on gene 
variation in readily accessible tissues (for example, blood) 
rather than tumors [4]. The study of mtDNA copy num-
ber variation in breast cancer is of particular interest, 
given the role of oxidative stress in the disease’s etiology.

Mitochondria are essential cellular organelles in 
eukaryotic cells and perform multiple cellular functions, 
notably in energy metabolism, reactive oxygen species 
(ROS) generation, and apoptosis [5]. Mitochondria con-
tain their DNA (mtDNA), which is susceptible to damage 
caused by high reactive oxygen species due to the lack 
of protective histones and its diminished DNA repair 
capacity [6]. There can be several 100 or even more than 
1000 copies of mitochondrial genomes in each eukary-
otic cell. Although mtDNA copy number is significantly 
varied among cells from different tissue origins [7], it has 
been observed that there is a good correlation between 
the number of mtDNA in various cell types within the 
same individual [8]. The mtDNA copy number may 
change significantly under different internal or external 
microenvironments, damaging the OXPHOS system and 
the enhanced ROS production. This scenario has been 
believed to contribute to the initiation and development 
of tumors [9].

Quantitative changes in mtDNA content have been 
observed in a variety of malignant tumors, such as BC 
[10], gastric cancer [11], head and neck cancer [12] and 
colorectal cancer [13]. Previous studies have also shown 
that changes in mtDNA content in tumor tissues were 
related to tumor staging, prognosis, and treatment 
response, again in a cancer type-specific manner [14, 15]. 
Yu et al. have found that reduced mitochondrial DNA 
copy number in tumor tissues was correlated with tumor 
progression and prognosis in Chinese BC patients [10]. 
There have been a series of reports on the relationship 
between mtDNA content in peripheral blood leukocytes 

and cancer susceptibility [16–19]. However, only a few 
studies have shown that higher mtDNA content in 
peripheral blood leukocytes is associated with poor prog-
nosis in colorectal cancer [20], hepatocellular carcinoma 
[21], and glioma [22]. In addition, Xia et al. have found 
that leukocyte mtDNA content is associated with the T 
stage of BC, indicating that high mtDNA content may 
facilitate cancer progression, but did not explore the rela-
tionship with the prognosis of BC [23]. Thus, the effect of 
mtDNA copy number in peripheral blood leukocytes on 
BC patient prognosis has not been explored.

This study measured the leukocyte mtDNA copy num-
ber in peripheral blood from EBC patients and analyzed 
the association between leukocyte mtDNA copy number 
and the survival of patients in Southeastern China with 
EBC. To the best of our knowledge, this is the first study 
to assess mtDNA content’s value in predicting the prog-
nosis of EBC patients.

Materials and methods
Study population
Our hospital-based study recruited 681 BC cases from 
Fujian Medical University Union Hospital between July 
2000 and October 2014. Patient eligibility criteria in this 
study were as follows: (i) histopathologically confirmed 
with invasive BC; (ii) subsequently treated with curative 
surgical resection and systemic therapy; (iii) availability 
of complete clinical and follow-up data, (iv) no history of 
other malignancy and (v) alive at least 1 month after sur-
gery. According to this screening criteria, we ruled out 20 
patients, containing 6 patients with breast carcinoma in 
situ and 14 patients with incomplete clinical information. 
Finally, 661 patients with resected BC were included in 
the present study for predictive analysis.

Clinicopathological and demographic information was 
collected from the hospital records, and survival data 
were obtained from the followed-up database renewed 
annually. The patients were staged according to the 7th 
version of the American Joint Commission on Cancer 
(AJCC) tumor-node-metastasis (TNM) staging system 
[24]. Estrogen receptor (ER)/progesterone receptor (PR) 
positivity was determined by IHC analysis of the num-
ber of positively stained nuclei (≥ 10%), and HR positiv-
ity was defined as being either ER + and/or PR+. Tumors 
were considered human epidermal growth factor-2 
(HER2) positive when cells exhibited strong membrane 
staining (3+). Expressions of 2 + would require further 
in situ hybridization testing for HER2 gene amplifica-
tion, while expressions of 0 or 1 + were regarded as nega-
tive. The subtypes were categorized [25]: luminal A (ER+, 
PR+ >20%, HER2-, Ki67<14% or grade I when Ki67 was 
unavailable), luminal B (HR+, HER2-, Ki67>14% or grade 
II/III when Ki67 was unavailable or HR+, HER2+); HER2 
enriched (HR-, HER2+) and triple-negative (HR- and 
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HER2-). The Institutional Ethics Committee approved 
the study, and all participants consented to the testing at 
the time of their participation and contributed data.

DNA extraction
Blood samples were collected in EDTA anticoagulant 
tubes and were centrifuged within 30  min. Genomic 
DNA was extracted from blood samples by using the 
Whole-Blood DNA Extraction Kit (Bioteke, Beijing, 
China), according to the manufacturer’s protocol, and 
then the genomic DNA was aliquoted and stored at 
-80  °C for future analysis. The purity of the DNA sam-
ples was assessed before mtDNA copy number assess-
ment, and samples without sufficient DNA yield were not 
included in mtDNA copy number analysis.

MtDNA copy number assessment
Relative mtDNA content was measured by a custom-
by-design Multiplex AccuCopy™Kit (Genesky Biotech-
nologies Inc., Shanghai, China) based on a multiplex 
fluorescence competitive PCR principle as previously 
described [26] which can interrogate copy number varia-
tion (CNV) status at multiple genomic loci in the same 
assay reaction.

The methods below briefly describe the manufacturer’s 
process. A total of 2 target genomic segments within the 
ND1 gene and 6 reference segments (2, 10, 16, 18, 19, and 
20 p) were chosen for the AccuCopy assay. The primers 
for both target and reference segments were synthesized. 
The forward primers were fluorescent-labeled at Genesky 
Biotechnologies (Shanghai, China). The competitive 
DNAs for the ND1 and 6 reference segments were syn-
thesized in double-strand and provided a mixture from 
Genesky Biotechnologies (Shanghai, China). These com-
petitive DNAs are almost identical to their homologies in 
the human reference genome except for 1–2 base pairs 
deleted. The primers of target segments, reference seg-
ments, and probes information were shown in Table S1.

The PCR reaction was prepared in 20 µl for each sam-
ple, containing a mixture of 2 µl target genomic DNA (5 
ng/µl) with 2 µl reference segment DNA, 1 µl Multiplex 
PCR Fluorescence Primer Mix (AccuCopy™), 10  µl 2 × 
PCR Master Mix (Genesky Biotechnologies), and 5  µl 
ddH2O. 10 µl 2 × PCR Master Mix (Genesky Biotechnol-
ogies), and 5 µl ddH2O. The program used was an initial 
denaturation step of 95 °C for 10 min followed by the first 
11 cycles of denaturation at 94  °C for 20 s, annealing at 
60 °C for 40 s (the annealing temperature was decreased 
by 0.5  °C in each consecutive cycle), and elongation at 
72  °C for 1.5  min, followed by the second 24 cycles of 
denaturation at 94 °C for 20 s, annealing at 59 °C for 30 s, 
and elongation at 72  °C for 1.5  min, and a final exten-
sion step at 60 °C for 60 min and then at 4 °C forever. The 
PCR product was diluted in a 1:5 ratio, and 1 µl diluted 

products were mixed with 0.5 µl 500 (Liz) size standard 
and 8.5 µl Hi-Di formamide (both from Applied Biosys-
tems, Foster City, CA). The mixture was subjected to a 
denaturation step of 95 °C for 5 min and electrophoresed 
in a 3730XL genetic analyzer (ABI, Carlsbad, CA, USA). 
Raw data were analyzed by GeneMapper 4.0 (ABI). The 
height and area data for all specific peaks were exported 
into a Microsoft Excel file.

The sample/competitive (S/C) peak ratio was calcu-
lated for the 2 target and 6 reference segments. The S/C 
ratio for each target fragment was first normalized based 
on four reference segments, respectively. The 6 normal-
ized S/C ratios were further normalized to the median 
value in all samples for each reference segment, respec-
tively, and then averaged. If one of the six normalized S/C 
ratios deviated >25% from the average of the other five, it 
was excluded from further analysis. The copy number of 
each target segment was determined by the average S/C 
ratio times two, given that the copy numbers of four ref-
erence segments are two in the diploid genome. Twenty 
samples were randomly selected as blinded duplicates for 
quality assessment purposes, and excellent concordance 
was obtained.

Statistical analyses
Overall survival (OS) and BC-specific survival (BCSS) 
were our primary endpoints and defined as the time 
from cancer diagnosis to mortality for all causes and BC, 
respectively. Invasive disease-free survival (iDFS) and 
distant disease-free survival (DDFS) were our second-
ary endpoints and calculated separately from the date of 
diagnosis to the date of any recurrence and distant recur-
rence to follow-up cut-off time [27]. Survival data were 
analyzed using the Kaplan–Meier method with the log-
rank test. Survival analysis was discontinued at 5 years 
of follow-up because 5-year survival is an important 
prognostic indicator for BC and the survival data after 
five years is not yet mature. To adjust for possible con-
founders and evaluate the form of the relationship, Cox 
proportional hazards models were fitted using different 
adjustment parameters: model 1 adjusted for age at diag-
nosis; model 2 additionally adjusted for hormone recep-
tor status and HER2 status; model 3 was the same as 
model 2 plus an adjustment for tumor size, Lymph node 
involvement, and grade. The Cox proportional hazards 
model results showed the non-linearity in the effects of 
mitochondrial copy number on cancer progression.

Moreover, nonlinear p-splines with knots were cre-
ated to evaluate the functional form of the relationship 
between mtDNA copy number and BC patients’ sur-
vival as previously described [28, 29]. The splines’ knots 
were at the quintiles of the mtDNA copy number distri-
bution. The results of the splines and the estimates for 
quintiles 2, 3, 4, and 5 compared with quintile 1 revealed 
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that a categorical analysis of the data by combining the 
2nd, 3rd, 4th and 5th quintile of mtDNA copy number 
and set quintile 1 as a reference fits the data better than 
modeling the data on a continuous scale. The Chi-square 
test was used to examine differences in categorical vari-
ables between subgroups. The student’s t-test was used 
to analyze the difference of normally distributed con-
tinuous variables between two groups. The Cox regres-
sion model calculated the hazard ratios (HRs) and 95% 
confidence interval (CI) for each factor in multivariate 
analyses. The main analysis started with a full Cox regres-
sion model (including copy number and all prognostic 
factors). A global likelihood ratio test was carried out to 
test whether all factors together significantly influenced 
BC survival. In case of a nonsignificant result, no further 
analyses were carried out, to avoid false-positive results. 
If, however, the P-value was significant, mtDNA copy 
number and all prognostic factors will be further ana-
lyzed. A stratified multivariate analysis of clinical param-
eters was performed to evaluate the impact of mtDNA 

copy number on BC prognosis in specific patients. The 
possible mtDNAcn-environment interactions were also 
evaluated by the Cox proportional hazard regression 
models. All tests were 2-sided, and P-values < 0.05 were 
considered statistically significant. SAS 9.4 (SAS Institute 
Inc., Cary, NC) was used for all statistical analyses.

Results
Patient characteristics and clinical features
Participants in the 661 early BC cohort were female, and 
their mean age was 46.73 ± 10.28 years old at BC diagno-
sis. The clinical characteristics and survival of the 661 BC 
patients are summarized in Table 1. During a follow-up 
time of 5 years, 279 cases experienced recurrence (61 
locoregional and 254 distant), and 180 died (176 died of 
BC and 4 died of another disease). No significant differ-
ence in BC-iDFS, BC-DDFS, BCSS, and OS was shown 
in the subgroup of age at diagnosis 40 (P = 0.136, 0.331, 
0.754 and 0.934). Nevertheless, patients with a tumor 
size > 2 cm, lymph node-positive, grade III, clinical-stage 

Table 1 Patients’ clinicopathological characteristics and clinical outcome
Variables Patients 5-Year iDFS 5-Year 

DDFS
5-Year 
BCSS

5-Year OS

N = 661 Events LogRank P Events LogRank P Events LogRank P Events Lo-
gRank 
P

Age at diagnosis 0.136 0.331 0.754 0.934

 ≤ 40 207 97 86 56 56

 >40 454 182 168 120 124

Tumor size(cm) <0.001 <0.001 <0.001 <0.001

 ≤ 2 211 55 48 34 34

 >2 450 224 206 142 146

Nodal status <0.001 <0.001 <0.001 <0.001

 Negative 255 66 55 30 33

 Positive 406 213 199 146 147

Clinical stage <0.001 <0.001 <0.001 <0.001

 I 127 21 17 12 12

 II + III 534 258 237 164 168

Grade <0.001 <0.001 <0.001 <0.001

 I + II 500 190 172 118 121

 III 161 89 82 58 59

HR <0.001 <0.001 <0.001 <0.001

 Negative 235 129 121 99 100

 Positive 426 150 133 77 80

HER2 <0.001 <0.001 <0.001 <0.001

 Negative 467 170 152 103 106

 Positive 194 109 102 73 74

Subtype <0.001 <0.001 <0.001 <0.001

 LuminalA 123 18 17 8 8

 Luminal B 303 132 116 69 72

 HER2+ 101 64 59 48 48

 Triple negative 134 65 62 51 52
Abbreviations: iDFS, invasive disease-free survival; DDFS, distant disease-free survival; BCSS, breast cancer special survival; OS, overall survival; HR, Hormone 
receptor; HER2, human epidermal growth factor-2
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II + III, or HER2 positive had significantly shorter survival 
times, whereas HR positivity remarkably improved the 
survival of BC patients (log-rank P < 0.05, Table  1). Fur-
thermore, our intrinsic molecular subtypes (luminal A, 
luminal B, HER2-enriched, and triple-negative) were also 
associated with significantly different survival (log-rank 
P < 0.05, Table  1). Treatment characteristics of patients 
showed in Table S3.

Effects of mtDNA copy number on survival of BC
We performed a Cox regression analysis based on quin-
tile categorization of mtDNA copy numbers applying dif-
ferent adjustments for confounders. Since the estimates 
for quintiles 2, 3, 4, and 5 pointed in the same direction 
with no clear indication of a linear association, we set 
the first quintile as the reference category to illustrate 
the quintiles 2–5 values’ influence. Details for each quin-
tile and adjustment model can be found in Supplemen-
tary Table S2. In line with this observation, nonlinear 
splines showed an increased risk for patients within the 
2–5 quintiles of mtDNA copies, compared with quintile 
1 for all 4 outcome variables (Figure S1). For reasons of 

statistical power, we collapsed quintiles 2–5 and com-
pared them to quintile 1, which was a reference in all 
subsequent analyses. The detailed characteristics com-
paring combined quintiles 2–5 against quintile 1 showed 
in Table 2. Patients with higher copy numbers (quintiles 
2–5) have higher grades (P = 0.041). The Kaplan-Meier 
curves and log-rank tests comparing combined quintiles 
2–5 against quintile 1 (Fig.  1) showed significant differ-
ences concerning 5-year iDFS, DDFS, and OS, except for 
BCSS (P = 0.018 for iDFS, P = 0.042 for DDFS, P = 0.061 
for BCSS, and P = 0.043 for OS).

The global likelihood ratio test for the full Cox regres-
sion model (including copy number and all prognostic 
factors) showed that all factors together significantly 
affect breast cancer prognosis(P<0.0001). Cox regression 
analyses model 1 in Table 3 shows that a higher mtDNA 
copy number (quintile 2–5) was significantly associ-
ated with a 1.476-fold higher risk of 5-year BC-specific 
recurrence (HR = 1.476[95% CI 1.073–2.031], P = 0.016), 
1.418-fold higher risk of 5-year distant recurrence 
(HR = 1.412[95% CI 1.015–1.981], P = 0.040), and 1.522-
fold higher risk of 5-year overall death (HR = 1.522[95% 
CI 1.011–2.291], P = 0.044). However, after adjusting for 
age at BC diagnosis, tumor size, lymph node involve-
ment, grade, hormone receptor status, and HER2 sta-
tus, only association with iDFS remained significant. In 
model 3, quintile 2–5 was significantly associated with 
shorter iDFS (5-year iDFS: adjusted HR = 1.433[95% CI 
1.038–1.978], P = 0.028; Table 3).

Stratification and interaction analysis
The associations between mtDNA copy number and 
BC survival were then evaluated by stratified analysis of 
age at diagnosis, tumor size, lymph node involvement, 
grade, hormone-receptor status, and HER2 status, while 
interaction analysis was also performed between these 
covariates and mtDNAcn on BC survival. Statistically sig-
nificant multiplicative interactions on BC survival were 
found between mtDNA copy number and hormone-
receptor status (adjusted p for interaction: 5-year BCSS: 
0.028, 5-year OS: 0.022).

Prognostic analysis in HR + patients
As shown in Table 4, we found that higher mtDNA copy 
numbers (quintile 2–5) were associated with shorter 
survival of the patients who were positive hormone-
receptor status (HR+: 5-year BCSS: aHR = 2.340[95% CI 
1.163–4.708], P = 0.017 and 5-year OS: aHR = 2.446[95% 
CI 1.218–4.913], P = 0.011). However, compared with 
HR-positive patients, the performance of mitochondrial 
copy number in HR-negative patients is the opposite 
and has no significance (Table 4). We further conducted 
a stepwise Cox proportional hazard analysis to evaluate 
the effects of clinical variables and mtDNA copy number 

Table 2 Associations between mtDNA copy number and 
clinicopathological characteristics in BC patients
Characteristics Quintile 

1(n = 132)
Quintile 
2–5(n = 529)

P-
value

Age at diagnosis 0.753

 ≤ 40 43 (32.6%) 164 (31.0%)

 >40 89 (67.4%) 365 (69.0%)

Tumor size(cm) 0.348

 ≤ 2 47 (35.6%) 164 (31.0%)

 >2 85 (64.4%) 365 (69.0%)

Nodal status 0.272

 Negative 45 (34.1%) 210 (39.7%)

 Positive 87 (65.9%) 319 (60.3%)

Clinical stage 0.622

 I 23 (17.4%) 104 (19.7%)

 II + III 109 (82.6%) 425 (80.3%)

Grade 0.041

 I + II 109 (82.6%) 391 (73.9%)

 III 23 (17.4%) 138 (26.1%)

HR 0.186

 Negative 40 (30.3%) 195 (36.9%)

 Positive 92 (69.7%) 334 (63.1%)

HER2 0.749

 Negative 95 (72.0%) 372 (70.3%)

 Positive 37 (28.0%) 157 (29.7%)

Subtype 0.393

 Luminal A 28 (21.2%) 95 (18.0%)

 Luminal B 64 (48.4%) 239 (45.2%)

 HER2+ 20 (15.2%) 81 (15.3%)

 Triple-negative 20 (15.2%) 114 (21.5%)
Abbreviations: mtDNA, mitochondrial DNA; HR, Hormone receptor; HER2, 
human epidermal growth factor-2
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on BCSS and OS in HR-positive patients. Three variables 
(node status, grade, mtDNAcn) were selected for the 
final regression model of BC-specific survival, while four 
variables (node status, mtDNAcn, grade, HER2) were 
selected for the final regression model of overall sur-
vival (Table 5). In the HR-positive subgroup final model, 
the mtDNAcn was an independent risk factor for 5-year 
BCSS with a 2.240-fold (95% CI, 1.204–4.863) increased 
risk for 5-year OS with a 2.464-fold (95% CI, 1.227–
4.948) increased risk.

Discussion
This study evaluated the possible relation between 
mtDNA copy number in peripheral blood and BC clini-
cal outcome in a cohort of 661 EBC cases. We found 
that patients with high mtDNA copy numbers showed 
significantly shorter iDFS than those with low mtDNA 
(5-year iDFS: adjusted HR = 1.433[95% CI 1.038–1.978], 
P = 0.028). The most significant and novel result of this 
study is that, in the HR + subgroup, patients with high 
copy number have a worse prognosis than those with low 
mtDNA (HR+: 5-year BCSS: aHR = 2.340[95% CI 1.163–
4.708], P = 0.017 and 5-year OS: aHR = 2.446[95% CI 

Table 3 Results of Cox model on breast cancer risk for the quintile 2 to 5 of mtDNA copy number versus quintile 1 (as reference 
category)

5-Year iDFS 5-Year DDFS 5-Year BCSS 5-Year OS

Quintile 2–5 versus 
quintile 1

Quintile 2–5 versus 
quintile 1

Quintile 2–5 versus 
quintile 1

Quintile 2–5 versus 
quintile 1

Adjust model* HR (95%CI) P HR (95%CI) P HR (95%CI) P HR (95%CI) P
Model1 1.476 

(1.073–2.031)
0.016 1.418 

(1.015–1.981)
0.040 1.477 

(0.980–2.226)
0.062 1.522 

(1.011–2.291)
0.044

Model2 1.431 
(1.040–1.970)

0.028 1.355 
(0.970–1.894)

0.075 1.378 
(0.914–2.078)

0.126 1.420 
(0.942–2.140)

0.094

Model3 1.433 
(1.038–1.978)

0.028 1.355 
(0.966-1.900)

0.078 1.406 
(0.928–2.130)

0.108 1.440 
(0.951–2.179)

0.084

Abbreviations: iDFS, invasive disease-free survival; DDFS, distant disease-free survival; BCSS, breast cancer special survival; OS, overall survival; CI, confidence 
interval; mtDNA, mitochondrial DNA; HRs: hazard ratios
* Model 1: adjusted for age at diagnosis; Model 2: same as model 1, plus hormone receptor status. HER2 status; Model 3: same as model 2, plus tumor size, Lymph 
node involvement, grade

Fig. 1 Kaplan-Meier curves for iDFS (a), DDFS (b), BCSS (c), and OS (d) due to BC by Quintile 2–5 AND Quintile 1 of mitochondrial DNA copy number. Ab-
breviations: iDFS, invasive disease-free survival; DDFS, distant disease-free survival; BCSS, BC special survival; OS, overall survival
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1.218–4.913], P = 0.011). In short, the high mtDNA copy 
number in peripheral blood led to a worse prognosis for 
EBC patients, especially in the HR-positive subgroup 
patients.

Previous studies have proposed that high leukocyte 
mtDNA copy number in patients may impair the immune 
defense against tumor cells and lead to poor prognosis. 
MtDNA content is regulated by a wide range of environ-
mental and genetic factors. For example, raised mtDNA 
content has altered oxidative stress, aging, immune 
response activation, and environmental exposures [30–
32]. Several studies have demonstrated that high leuko-
cyte mtDNA content is associated with a worse prognosis 
for patients with glioma [22], HCC [21], and colorec-
tal cancer [20]. These studies have reported that cancer 
patients with high leukocyte mtDNAcn may be in an 
immunosuppressive state. Furthermore, mitochondrial 
ROS, generally increased with mtDNA copy number, can 
inhibit the expansion and functions of helper T cells and 
killer cells in peripheral blood [33, 34]. In line with these 
findings, our study demonstrated that a higher leukocyte 
mtDNA copy number was associated with poor progno-
sis in HR-positive EBC patients.

However, several reports showed that lower mtDNAcn 
in breast tumor tissues was associated with a worse prog-
nosis [10, 35, 36]. Only one previous study evaluated the 
progression role of mtDNA copy number in peripheral 
blood leucocytes in BC patients. Xia et al. reported that 
leukocyte mtDNA content is associated with the T stage 
of BC, indicating that high mtDNA content may facilitate 
cancer progression [23]. Nevertheless, the relationship 
between tumor size and prognosis is unstable, and Xia et 
al. did not have any follow-up data. We are the first and 
only study to explore the relationship between the mito-
chondrial DNA copy number of peripheral blood cells 
and the prognosis of BC patients. We mainly found that 

higher leukocyte mtDNA content was associated with 
poor BCSS and OS in HR-positive EBC patients.

In contrast to mtDNAcn reduction in breast tumor tis-
sues, the studies of leukocyte mtDNAcn of BC patients 
and its association with prognosis have been heteroge-
neous. Rai et al. showed an inverse relation in blood vs. 
tissue samples in BC patients [37]. Our results were con-
sistent with a meta-analysis that summarized the results 
of 18 studies involving 3961 cancer patients and con-
cluded that elevated mtDNAcns in peripheral blood leu-
kocytes and tumor tissues predict the opposite outcome 
of cancer [38]. Biologically, mtDNAcn is specific to differ-
ent tissue types, reflecting differing energy requirements 
[39, 40]. Collectively, these findings support the point of 
view that changes in mtDNA content are involved in the 
progression of BC.

High mtDNA content was significantly associated with 
poor prognosis, mainly in the HR-positive subgroup but 
not in the HR-negative subgroup, indicating host char-
acteristics’ modulating effects through unknown mecha-
nisms. HR positivity was either ER + and/or PR+. After 
binding to estrogen or progesterone, HR can interact with 
the mtDNA to maintain mitochondrial function, inhibit 
cell apoptosis, and overcome oxidative damage [41, 42]. 
The different performance of mtDNA copy numbers in 
the HR + and HR-subgroups may be due to this interac-
tion. Gao et al. found that estrogen indirectly regulated 
mitochondrial DNA replication and repair functions [43, 
44]. Previous studies have identified that the instability of 
mtDNA due to exposure to estrogen induces cancer cell 
metastasis [45]. As a result, we proposed that in HR-pos-
itive patients, the oxidative damage in the tumor caused 
by estrogen or progesterone and the immunosuppression 
of the high copy number in the peripheral blood cells 
together lead to a significantly worse prognosis.

As the first exploration of a possible relationship 
between leukocyte mtDNAcn and survival in EBC 
patients, our study has several strengths, including long-
term follow-up, more cases than previous studies, and 
comprehensive clinical data. There are several limitations 
to our study. First, as all patients were of Chinese origin, 
it is unclear whether our findings are Chinese Han popu-
lation-specific or common in other populations. Second, 
we only performed association analyses between mtDNA 
content and the prognosis of BC patients. The underly-
ing mechanisms through which mtDNA content affects 
immune functions need further investigation. Lastly, 
future correlation analysis of mtDNAcn in different tis-
sues (e.g., leukocytes vs. tumor tissues) would help us 
better understand the relationship between mitochon-
drial biology and carcinogenesis.

Table 5 Results of stepwise Cox regression analysis on breast 
cancer-specific survival and overall survival in HR-positive breast 
cancer patients
Factor (in order of entry) HR (95%CI) P (in 

final 
modal)

5-Year Breast Cancer-Specific Survival

1. Nodal status(positive vs. negative) 4.148 (2.186–7.783) <0.001

2. Grade(III vs. I + II) 1.859 (1.138–3.035) 0.013

3. mtDNAcn(Quintile 2–5 vs. Quintile 
1)

2.420 (1.204–4.863) 0.013

5-Year Overall Survival

1. Nodal status(positive vs. negative) 3.454 (1.900-6.279) <0.001

2. mtDNAcn(Quintile 2–5 vs. Quintile 
1)

2.464 (1.227–4.948) 0.011

3. Grade(III vs. I + II) 1.705 (1.046–2.777) 0.032

4. HER2(positive vs. negative) 1.537 (0.959–2.463) 0.073
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Conclusions
For the first time, we proposed that the prognostic 
value of leukocyte mtDNA content in EBC patients may 
depend on intrinsic tumor subtypes. Our study reminds 
us that we should pay special attention to HR-positive 
BC patients with high peripheral blood mitochondrial 
copy numbers when treating them because the progno-
sis of HR-positive BC patients may be worse. Once con-
firmed, leukocyte mtDNA content can serve as a useful 
biomarker to improve the prognosis prediction for BC 
patients.
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