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Abstract
Mitochondrial DNA (mtDNA) variations affect the efficiency of the electron transport 
chain and production of reactive oxygen species, contributing to carcinogenesis. The 
D- loop region of mtDNA has emerged as a variation hotspot region in human neoplasia; 
however, the potential contribution of these variations in breast cancer risk prediction 
remains unknown. We investigated the relationship between germline single nucleotide 
polymorphisms (SNPs) in the entire D- loop region and breast cancer risk in Chinese 
women. Peripheral blood- isolated mtDNA from 2329 patients with breast cancer and 
2328 cancer- free controls was examined for SNPs. In the combined cohort, we used 
traditional risk factors, susceptibility germline polymorphisms, and logistic regression 
analysis to evaluate the predictive value of susceptibility variants for breast cancer risk. 
We calculated the area under the receiver operating characteristic curve (AUC) as a 
measure. We also measured the content of 8- hydroxy- 2′- deoxyguanosine (8- OHdG). 
Individual polymorphisms SNP573 were significantly associated with breast cancer risk 
in both the discovery and validation cohorts. In the combined cohort, the AUC of the 
traditional risk factors was 64.3%; after adding susceptibility variants, the AUC was 
64.9% (DeLong test, p = 0.007). 8- OHdG levels were significantly higher in patients with 
breast cancer than in controls and higher in individuals with SNP573 than in those nega-
tive for this variation. Overall, oxidative stress might be associated with the risk of breast 
cancer, and SNP573 might be associated with oxidative stress. Our results indicate the 
risk potential of polymorphisms in the D- loop region in breast cancer in Southern China.
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1  |  INTRODUC TION

Breast cancer (BC), a multifactorial and multistep disease, is one of 
the most common types of malignant neoplasm in women world-
wide.1 Genetic effects, environmental exposure, and gene–envi-
ronment interactions contribute to the risk of breast cancer.2–5 
In addition to highly penetrant rare variants, such as BRCA1 and 
BRCA2, low- penetrant but common breast cancer susceptibility 
single nucleotide polymorphisms (SNPs) are important predictors of 
disease risk.6–8

Cancer development involves the accumulation of various 
genetic alterations present in both mitochondrial and nuclear ge-
nomes. Mitochondria play vital roles in energy production and 
oxidative phosphorylation.9 Accordingly, defects in mitochon-
drial function are thought to contribute to the development and 
progression of cancer.10 The human mitochondrial genome is a 
multicopy closed- circular duplex molecule of 16.569 kb in length, 
containing 37 genes that encode 13 essential polypeptide sub-
units of the oxidative phosphorylation system, 2 ribosomal RNAs, 
and 22 transfer RNAs.11 Mitochondrial DNA (mtDNA) is believed 
to be more susceptible to DNA damage and mutates at a higher 
rate than nuclear DNA because of the lack of protection from his-
tones and chromatin structures, limited DNA repair mechanisms, 
and exposure to high levels of reactive oxygen species (ROS).12–14 
Increased ROS production and the resulting damage to both 
mtDNA and nuclear DNA have long been thought to play crucial 
roles in carcinogenesis.15,16 Variations in mtDNA are closely as-
sociated with degenerative diseases, aging, and cancer.17 Studies 
have suggested that mtDNA polymorphisms are associated with 
various disorders, including neuroblastoma,18 colorectal can-
cer,19 hepatocellular carcinoma,20 pancreatic cancer,21 and breast 
cancer.22

The D- loop is the main regulatory region of mitochondrial 
replication and transcription that encompasses the initial site of 
heavy chain replication and promoters for heavy and light chain 
transcription.12 The D- loop accumulates variations at a higher fre-
quency than other regions of the mitochondrial genome.23 SNPs in 
this region might affect mtDNA replication and lead to alterations 
in the electron transport chain, which is responsible for the release 
of ROS, thus contributing to cancer initiation and promotion.24 
Moreover, respiratory chain alterations might cause mitochondria- 
induced apoptotic dysfunction.25 Specific SNPs in the mtDNA D- 
loop region have been reported to be substantially associated with 
many types of tumors, including pancreatic cancer,26 hepatocel-
lular carcinoma,27 cervical cancer,28 renal cell carcinoma,29 non- 
Hodgkin lymphoma,30 epithelial ovarian cancer,31 and colorectal 
cancer.32 Polymorphisms in the D- loop have also been associated 
with breast cancer risk. Through genotyping a partial sequence 
of the D- loop in European and American populations, Bai et al.33 
reported that T16519C increased the risk of women developing 
breast cancer. Tipirisetti et al.34 screened the entire mitochondrial 
D- loop region in the South Indian population and found that the 
frequencies of 310‘C’ insertion (P = 0.018), T16189C (P = 0.0019) 

variants and 310‘C’ins/16189C (P = 0.00019) haplotype were 
significantly higher in cases than in controls. However, all of the 
above studies had common limitations, such as limited sample size, 
lack of validation studies, and mitochondrial functional analyses 
(e.g., evaluation of oxidative stress- associated biomarkers).

In this study, we aimed to completely investigate the relation-
ship between germline SNPs in the entire D- loop region of the mito-
chondrial genome and breast cancer risk in Chinese women. Direct 
DNA sequencing methods were used to genotype the entire D- loop 
region of mtDNA in a large sample and an independent validation 
cohort. Studies that analyze germline variations in the mtDNA D- 
loop region might provide additional insights into the role of mtDNA 
variations in breast cancer risk.

2  |  MATERIAL S AND METHODS

2.1  |  Study participants

All study participants were Chinese women from the Fujian 
Province. A total of 2329 patients with breast cancer and 2328 
healthy controls were enrolled in this hospital- based two- stage 
case–control study, including 720 patients and 724 controls 
in the training cohort from 2003 to 2013 and 1609 patients 
and 1604 controls in the validation cohort from 2014 to 2021. 
Patient eligibility criteria were as follows: (i) histopathological 
confirmation of invasive BC; and (ii) availability of complete data 
on potential breast cancer risk factors. Patients were enrolled 
in the Fujian Medical University Union Hospital, Fujian, China, 
and each case was histopathologically confirmed by at least two 
oncologists. After excluding participants with genotyping failures 
and missing raw data, the final analyses included 642 patients and 
630 controls in the training cohort and 1519 patients and 1580 
controls in the validation cohort.

Estrogen receptor (ER)/progesterone receptor (PR) positivity 
was determined by immunohistochemical analysis of the number 
of positively stained nuclei (≥10%), while HR positivity was de-
fined as being either ER+ or PR+ or both. Tumors were considered 
human epidermal growth factor- 2 (HER2)- positive if cells exhib-
ited strong membrane staining (3+). Expression of 2+ required fur-
ther in situ hybridization testing for HER2 amplification, whereas 
an expression of 0 or 1+ was regarded as negative. The subtypes 
were categorized as previously established35: 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 HER2−). Healthy controls were selected 
from among patients who underwent routine health examinations 
at the same hospital during the corresponding period. Controls 
were age- matched (±3 years) healthy individuals without breast or 
other cancers.

After written informed consent was obtained, each study partici-
pant was personally interviewed face to face by trained interviewers 
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for collecting information, including demographic data, menstrual, 
reproductive, and breastfeeding histories, as well as family history 
of breast cancer. Subsequently, a peripheral blood sample (3 mL) 
was collected from each participant. The study protocol was ap-
proved by the ethics committee of Fujian Medical University Union 
Hospital (2019KJTZD003), and written informed consent was ob-
tained from all individuals before their participation. All the proce-
dures performed adhered to the guidelines set by the World Medical 
Association (Declaration of Helsinki).

2.2  |  Single nucleotide polymorphism selection and 
genotyping

Genomic DNA was extracted from leukocytes isolated from 
ethylenediamine tetraacetic acid anti- coagulated whole blood 
using a Whole- Blood DNA Extraction Kit (Bioteke, Beijing, China) 
according to the manufacturer's protocol. DNA concentration 
was quantified using an Epoch Microplate Spectrophotometer 
(BioTek Instruments, Winooski, VT, USA), while DNA quality was 
determined via agarose gel electrophoresis. All samples were 
stored at −20°C. Qualified DNA samples were genotyped using 
Sanger sequencing.

DNA samples (1 μL) were subjected to 1% agarose electro-
phoresis for quality check and concentration estimation, and then 
each sample was diluted to a working concentration of 5–10 ng/μL 
based on the estimated concentration. Samples without obvious 
DNA banding on the agarose gel were not diluted. PCR primers 
were D- Loop- F, 5′- GCCGCAGACCTCCTCATTCT- 3′ and D- Loop- R, 
5′- GGCTGGCACGAAATTGACCA- 3′. The PCR reaction mixture 
was 20 μL in volume, including 1 × HotStarTaq buffer, 2.0 mM Mg2+, 
0.2 mM dNTP, 0.2 μM for each primer, 1 U HotStarTaq polymerase 
(Qiagen Inc), and 1 μL template DNA. The cycling conditions were: 
95°C for 2 min, 11 cycles at 94°C for 20 s, 66°C for 40 s, and 72°C 
for 2 min; 24 cycles at 94°C for 20 s, 60°C for 30 s, and 72°C for 
2 s; 72°C for 2 min; and 4°C hold. PCR purification was performed 
by adding 0.5 U shrimp alkaline phosphatase and 4 U Exonuclease 
I to 8 μL of PCR products. The mixture was incubated at 37°C 
for 60 min and then at 75°C for 15 min. The primers used for se-
quencing were: D- Loop- R, 5′- GGCTGGCACGAAATTGACCA- 3′; 
D- Loop- SEQF1, 5′- TCCAAGGACAAATCAGAGAAAAAG- 3′; D- 
Loop- SEQF2, 5′- TGAACTGTATCCGACATCTGGTTC- 3′; D- Loop- 
SEQF3, 5′- TGATGTGAGCCCGTCTAAACA- 3′; and D- Loop- SEQF4, 
5′- GGGATGCTTGCATGTGTAAT. The reaction mixture consisted of 
3 μL BigDye 3.1, 2 μL primers (1 μM), and 1–2 μL purified PCR prod-
ucts. The cycling conditions were: 96°C for 1 min; 28 cycles at 96°C 
for 10 s, 50°C for 5 s, and 60°C for 4 min; and 4°C hold.

The products were sequenced using an ABI3730XL sequencer. 
The sequencing files were analyzed using the CodonCode Aligner 
3.0.1 (CodonCode Corporation, Centerville, VA, USA) and the re-
sults were collated after manual proofreading. We sequenced the 
entire D- loop region, which was 1122 bp long (nucleotides 16,024–
16 569 and 1–576) and referred to the revised Cambridge Reference 

Sequence. In the training cohort, a total of 344 variants were iden-
tified in the D- loop of mtDNA in patients with breast cancer and 
healthy controls.

2.3  |  Measurement of 8- OHdG

We randomly selected 132 patients and 150 controls from the 
entire population. The levels of leukocyte 8- OHdG, a biomarker 
of oxidative DNA damage, was detected in this subset. Absolute 
levels of 8- OHdG were measured using the EpiQuik 8- OHdG 
DNA Damage Quantification Direct Kit (colorimetric) (no. P- 6003; 
Epigentek, Farmingdale, NY, USA) according to the manufacturer's 
instructions. The suggested amount (300 ng) of DNA was used for 
each sample. Samples were plated in duplicate, and a recommended 
standard curve was used for the measurements.

2.4  |  Statistical analysis

Differences between case and control participants in selected 
demographic characteristics and traditional risk factors were 
compared using Mann–Whitney U- tests (for nonnormally distributed 
continuous variables) or χ2- tests (for categorical variables). The 
association between polymorphisms and breast cancer risk was 
evaluated using logistic regression analysis, estimating the odds 
ratios (ORs) and 95% confidence intervals (CIs) with and without 
adjustment for age, body- mass index (BMI), education level, age at 
menarche, menopausal status, age at first live birth, number of live 
births, duration of breastfeeding, and family history of breast cancer. 
To account for multiple testing, Bonferroni correction was used. We 
also evaluated the relationships between statistically significant 
SNPs and subgroups of demographic and clinicopathological 
characteristics using stratification analyses. We evaluated the 
predictive value of susceptibility variants for breast cancer risk using 
logistic regression analysis in the combined cohort. For comparison 
of 8- OHdG contents, the Mann–Whitney U test was used. All the 
above tests were conducted using SPSS 25.0 (IBM, New York, NY, 
USA). Scatter plots, box plots, and violin plots were generated using 
GraphPad Prism 8.0.1 (Graph Pad Software, San Diego, CA, USA). 
Heterogeneity among subgroups was assessed using Stata 12.0 
(StataCorp, College Station, TX, USA). All statistical tests were two- 
sided, and p < 0.05 was considered statistically significant.

3  |  RESULTS

A total of 2161 patients with pathologically confirmed as having 
breast cancer, and 2210 tumor- free controls were included in the 
training and validation cohorts. The case and control participants 
were comparable with respect to age because of the age- and 
frequency- matched design of this study (Table 1). In the training co-
hort, validation cohort and combined cohort, the breast cancer case 
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group had lower education levels, a lower number of live births, and 
a higher proportion of family history of breast cancer than the con-
trol group. The distribution of age at menarche was statistically dif-
ferent in the validation cohort and the combined cohort (Figure S1). 
All the differences were statistically significant (p < 0.05).

The genotype distribution of 344 variants in the D- loop region 
was determined in the training cohort. Associations between all 344 
variants genotypes and breast cancer risk with and without adjustment 
for environmental factors in the training cohort are shown in Table S1, 
although none of these variants reached the Bonferroni- corrected sig-
nificance level (α = 0.000145 from 0.05/344). We excluded variants 
with a minor allele frequency (MAF) less than 0.01. Polymorphisms 
significantly associated with the breast cancer risk were SNP573, 
SNP16217, and SNP16335 (p = 0.003; p = 0.007; and p = 0.024) 
(Table 2). Interestingly, SNP573 was identified to be an insertion 
variation based on the detection of an insertion of poly C at nts573. 
SNP16217 and SNP16335 were identified to be substitution variations. 
Of note, SNP573 identified in the training cohort was replicated in an 
independent set, with the genotype C2- 8 in SNP573 being associated 
with significantly increased breast cancer risk after adjusting for age, 
BMI, education level, age at menarche, menopausal status, age at first 
live birth, number of live births, duration of breastfeeding, and family 
history of breast cancer (OR, 1.741; 95% CI, 1.232–2.459; Table 3), the 
remaining SNPs were not statistically significant (Table S2).

We combined the data from the training and validation cohorts 
and found that the genotype C2- 8 in SNP573 was significantly 
associated with increased breast cancer risk (OR, 1.910; 95% CI, 
1.406–2.595) even after adjusting for age, BMI, education level, age 
at menarche, menopausal status, age at first live birth, number of live 
births, duration of breastfeeding, and family history of breast cancer 
(OR, 1.955; 95% CI, 1.425–2.684; Table 3).

We further analyzed the effects of the SNP573 genotypes on 
the risk of breast cancer among different subgroups based on de-
mographic and clinicopathological characteristics. For SNP573 
(Figure 1), a significantly increased risk of breast cancer was con-
sistently observed for different ages, BMI, education levels, meno-
pausal statuses, number of live births, HR statuses, HER2 statuses, 
and subtypes. However, in the age at menarche subgroups, a sig-
nificantly increased risk of breast cancer was found in late men-
arche individuals (OR, 2.052; 95% CI, 1.431–2.943) but not in early 
menarche individuals (OR, 1.715; 95% CI, 0.881–3.34). In the age 
at first live birth subgroups, compared with the subgroup between 
20 and 25 years old and the subgroup over 25 years old or nullipara, 
breast cancer risk was not significantly increased in the subgroup 
under 20 years old (OR, 1.647; 95% CI, 0.35–7.754). In the subgroups 
of family history of breast cancer, a significantly increased risk of 
breast cancer was found in individuals without a family history (OR, 
2.011; 95% CI, 1.454–2.781) but not in individuals with a family his-
tory (OR, 1.014; 95% CI, 0.246–4.185). Considering the width of the 
confidence intervals for the non- significant categories observed in 
age at menarche, age at first live birth, and family history, the lack of 
significance might be due to small numbers. No significant heteroge-
neity was observed in any of the subgroups, indicating that SNP573 Va
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has consistent effects on different stratifications of different demo-
graphic and clinicopathological characteristics.

The levels of leukocyte 8- OHdG were quantified in a subset of 
132 patients and 150 controls to reflect the overall status of oxi-
dative stress. The levels of 8- OHdG in DNA from patients (n = 132) 
and controls (n = 150) were estimated to be 0.0058 (0.0054, 0.0064) 
and 0.0049 (0.0045, 0.0055), respectively. Of note, the levels of 8- 
OHdG were significantly higher in patients with breast cancer than 
in controls (p < 0.001; Figure 2).

In addition, the levels of 8- OHdG in DNA from individuals with and 
without the SNP573 variation were estimated to be 0.0060 (0.0057, 
0.0065) and 0.0054 (0.0049, 0.0060), respectively. Interestingly, the 
levels of 8- OHdG in individuals with SNP573 were higher than those 
in individuals negative for this variation (p = 0.037; Figure 3).

In the combined cohort, we used traditional risk factors, suscep-
tibility germline polymorphisms (SNP573), and logistic regression 
analysis to evaluate the predictive value of susceptibility variants 
for breast cancer risk (Figure 4). We calculated the area under the 
receiver operating characteristic curve (AUC) as a measure. The AUC 
of the traditional risk factors was 0.643 (95% CI, 0.627–0.660); after 
adding SNP573, the AUC was 64.9% (95% CI, 0.633–0.665) (DeLong 
test, p = 0.007). Our data indicated that the risk value of SNP573 in 
the D- loop region in breast cancer in southern China.

4  |  DISCUSSION

In this two- stage case- control study, we investigated the relation-
ship between germline SNPs in the entire D- loop region and the 
risk of breast cancer in Chinese women. We provided evidence that 

SNP573 in the D- loop region is a risk factor for breast cancer. Our 
data showed that oxidative stress might be associated with the risk 
of breast cancer, and SNP573 might be associated with oxidative 
stress. Our data also indicated the risk value of SNP573 in the D- 
loop region in breast cancer in southern China.

The polymorphism at 568–573 (SNP573) in the mtDNA D- loop 
was first identified by Torroni et al.36 in 1994. They found that the in-
sertion, which incorporated two to six additional Cs, occurred within 
a stretch of six Cs between np 568 and np 573, suggesting that 
mtDNAs with different numbers of Cs are very unstable and can be 
rapidly fixed at the somatic and germline levels. SNP573 has been 
detected in individual samples of certain cancers, such as gastric 
cancer,37 oral cavity squamous cell carcinoma,38 ovarian cancer,39 
hepatocellular carcinoma,40 and thyroid tumors41; however, no as-
sociation with disease risk has been reported. In a study conducted 
using stored blood samples from 36 patients with breast cancer and 
20 controls, Tommasi et al.42 described length variations at 514–
523 nt and 568–573 nt with a higher frequency than that in healthy 
individuals, at 16.7% and 5% versus 1% and 0%, respectively. This 
finding suggested that length variation at 568–573 (SNP573) in the 
mtDNA D- loop region might be involved in breast carcinogenesis.

In our study population, SNP573 was significantly associated 
with breast cancer risk. We included a larger sample size and an in-
dependent validation cohort, which provided more evidence for the 
crucial role of this polymorphism in breast cancer. To gain further 
insight into the relationship between SNP573 and oxidative damage, 
we measured the levels of the DNA damage marker 8- OHdG. In nu-
clear DNA and mtDNA, 8- OHdG is one of the predominant forms of 
free radical- induced oxidative lesions and has, therefore, been widely 
used as a biomarker for oxidative stress and carcinogenesis.43,44 

SNPs Genotype

Cases 
(n = 642) no. 
(%)

Controls 
(n = 630) no. 
(%) OR (95% CI) p

573 C 615 (95.8) 621 (98.6) 1.000

C2–8 27 (4.2) 9 (1.4) 3.443 (1.512–7.840) 0.003

16,217 T 585 (91.1) 540 (85.7) 1.000

C 57 (8.9) 90 (14.3) 0.587 (0.397–0.867) 0.007

16,335 A 627 (97.7) 599 (95.1) 1.000

G 15 (2.3) 31 (4.9) 0.459 (0.233–0.902) 0.024

Abbreviations: CI, confidence interval; OR, odds ratio; SNP, single nucleotide polymorphism.

TA B L E  2  Associations between SNP 
genotypes and breast cancer risk in the 
training cohort.

TA B L E  3  Associations between SNP573 genotypes and breast cancer risk in the validation and combined cohorts.

SNP573 Genotype Cases no. (%) Controls no. (%) OR (95% CI) p

Validation cohort N = 1519 N = 1580

C 1426 (93.9) 1523 (96.4) 1.000

C2–8 93 (6.1) 57 (3.6) 1.741 (1.232–2.459) 0.002

Combined cohort N = 2161 N = 2210

C 2041 (94.4) 2144 (97.0) 1.000

C2–8 120 (5.6) 66 (3.0) 1.955 (1.425–2.684) 0.000033

Abbreviations: CI, confidence interval; OR, odds ratio.
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F I G U R E  1  Associations between SNP573 and the risk of breast cancer among different subgroups based on demographic and 
clinicopathological characteristics. ORs and their 95% CIs for age, BMI, education level, age at menarche, menopausal status, age at first live 
birth, number of live births, duration of breastfeeding, and family history of breast cancer. Pb for heterogeneity test. BMI, body mass index; 
CI, confidence interval; OR, odds ratio.
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The accumulation of 8- OHdG in DNA has predictive significance in 
breast cancer risk assessment and is conceivably a major contrib-
utor to the development of breast neoplasia.45,46 In our study, the 
higher levels of 8- OHdG in patients with breast cancer compared 
with those in healthy controls strongly supported the role of oxida-
tive stress in breast cancer. Higher levels of oxidative stress mark-
ers in individuals carrying the SNP573 pathogenic variation further 
implied an association between this variation and oxidative stress. 

Overall, our data also showed that oxidative stress might be associ-
ated with the risk of breast cancer, and SNP573 might be associated 
with oxidative stress. Extensive studies exploring the role of mtDNA 
damage and mitochondrial dysfunction in these disorders might 
provide molecular targets for the development of pharmacological 
agents for treating these diseases.

Previous studies on mtDNA D- loop variations have focused on 
SNPs, and only a few studies have evaluated the association be-
tween germline mtDNA variations in the D- loop region and cancer. 
Ye et al.47 used data from a case- control study conducted among 
Chinese women in Shanghai that included 1058 cases and 1129 age 
frequency- matched community controls and found no association be-
tween breast cancer risk and mtDNA D- loop polymorphisms. Given 
that these studies only sequenced partial fragments of the D- loop 
region, the number of mtDNA sequence variants that are potentially 
related to breast cancer susceptibility might far exceed that observed. 
By genotyping the partial sequence of the D- loop in European and 
American women, Bai et al.33 suggested that SNP T16519C in the D- 
loop region increases breast cancer risk (OR, 1.98; 95% CI, 1.25–3.12; 
p = 0.0030, adjusted p = 0.0366). Tipirisetti et al.34 screened the entire 
mitochondrial D- loop region in a South Indian population and found 
that the frequencies of 310“C” insertion and T16189C variants were 
substantially higher in patients compared with those in controls. This 
discrepancy might be due to genetic and ethnic variability among the 
populations studied. Notably, all of the above studies had common 

F I G U R E  2  The difference in 8- OHdG between patients with 
breast cancer and healthy controls. The middle horizontal line 
in the scatter plot represents the median, and the upper and 
lower horizontal lines represent the upper and lower quartiles, 
respectively. p for Mann–Whitney U- test. BC, breast cancer.

F I G U R E  3  The difference in 8- OHdG between individuals with 
SNP573 and individuals without SNP573. The individuals including 
both cases and controls. The middle horizontal line in the scatter 
plot represents the median, and the upper and lower horizontal 
lines represent the upper and lower quartiles respectively. p for 
Mann–Whitney U- test.

F I G U R E  4  The predictive value of traditional risk factors and 
SNP573 for the risk of breast cancer in combined cohort. The 
blue curve included traditional risk factors and SNP573; the red 
curve only included traditional risk factors. Traditional risk factors 
included age, body- mass index (BMI), education level, age at 
menarche, menopausal status, age at first live birth, number of 
live births, duration of breastfeeding, and family history of breast 
cancer. The shaded part indicates the 95% confidence interval for 
the AUC. p for Delong test. AUC, area under curve; ROC, receiver 
operating characteristic.
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limitations, such as limited sample size and lack of validation studies 
and mitochondrial functional analyses.

To conclude, we found that the germline SNP573 in the D- loop 
region of mtDNA is an independent risk factor for breast cancer in 
southern Chinese population, and oxidative stress might be associ-
ated with the risk of breast cancer, and SNP573 might be associated 
with oxidative stress. Our results indicate the risk potential of poly-
morphisms in the D- loop region in breast cancer in southern China, 
and SNP573 should be included in a panel of molecular biomarkers 
for breast cancer susceptibility. Future studies with larger sample 
sizes and more mitochondrial function indicators are required to ex-
plore the potential functional mechanisms and validate the predic-
tive values of the polymorphisms identified in this study. The utility 
of these polymorphisms in predicting breast cancer risk is promising 
for breast cancer prevention.
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