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Abstract

Background: Mitochondrial displacement loop (D-loop) is the hot spot for mitochondrial DNA (mtDNA) alterations which
influence the generation of cellular reactive oxygen species (ROS). Association of D-loop alterations with breast cancer has
been reported in few ethnic groups; however none of the reports were documented from Indian subcontinent.

Methodology: We screened the entire mitochondrial D-loop region (1124 bp) of breast cancer patients (n = 213) and
controls (n = 207) of south Indian origin by PCR-sequencing analysis. Haplotype frequencies for significant loci, the
standardized disequilibrium coefficient (D9) for pair-wise linkage disequilibrium (LD) were assessed by Haploview Software.

Principal Findings: We identified 7 novel mutations and 170 reported polymorphisms in the D-loop region of patients and/
or controls. Polymorphisms were predominantly located in hypervariable region I (60%) than in II (30%) of D-loop region.
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. Furthermore, strong LD was observed between nucleotide position 310
and 16189 in controls (D9= 0.49) as compared to patients (D9= 0.14).

Conclusions: Mitochondrial D-loop alterations may constitute inherent risk factors for breast cancer development. The
analysis of genetic alterations in the D-loop region might help to identify patients at high risk for bad progression, thereby
helping to refine therapeutic decisions in breast cancer.
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Introduction

Breast cancer is the most common non-cutaneous malignancy

among females in the Western world and ranked second after lung

cancer in mortality rates [1]. In India, it is the second most

common cancer in females [2]. Genetic background, environ-

mental exposures and gene-environment interactions contribute to

the development of breast cancer [3]. Although epidemiologic

investigations have identified numerous risk factors in the origin of

breast cancer, the etiology and pathogenesis remain unclear [4].

Previously, we demonstrated the correlation between single

nucleotide polymorphisms (SNPs) of various candidate genes and

risk of breast cancer in Indian women [5–8]. The emerging

evidence strongly suggests that the disease has polygenic and

multifactorial basis [9]. Recent investigations have shown the

potential involvement of reactive oxygen species (ROS) in breast

carcinogenesis [10–12]. Mitochondria are a major source for ROS

generation and mitochondrial DNA (mtDNA) alterations have

been found in a variety of human diseases including cancer [13–

17].

Mitochondria play an important role in energy metabolism,

aging and apoptosis [18]. Human mtDNA is a 16.569 kb circular

double-stranded DNA (dsDNA) molecule that encodes 13

polypeptide components of the electron transport chain (ETC),

22 tRNAs and 2 rRNAs [19]. mtDNA exhibits higher mutation

rate than nuclear DNA and is more vulnerable to oxidative

damage due to a lack of protective histone proteins, limited DNA

repair mechanisms and a high rate of ROS generation [20].

The displacement loop (D-loop) is the only non-coding region

[nucleotide position (np) 16024-576= 1124 bp] of mitochondrial

genome and is known to accumulate mutations at a higher

frequency than other regions [21]. It is a hot spot for mtDNA

alterations and comprises of two hypervariable regions (HVR1: np

16024–16383 and HVR2: np 57–333). The D-loop contains
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crucial elements for replication and transcription of mtDNA [22].

Hence, sequence alterations in D-loop region may contribute to

altered replication and/or transcription of mitochondrial genes

which may affect the overall mitochondrial function and cellular

ROS generation. Accumulation of D-loop alterations has been

reported in several complex human diseases [23–26] but studies

related to breast cancer are very few [27–30]. Since no reports are

available from Indian population, we conducted a case-control

study to investigate the association between entire D-loop

alterations and breast cancer risk.

Materials and Methods

Subjects and Sampling
Blood samples were collected from breast cancer patients

(n = 213) and age, sex matched healthy controls (n = 207) of south

Indian origin (Dravidian linguistic group) from Department of

oncology, Nizam’s Institute of Medical Sciences (NIMS), Hyder-

abad, India. All the patients recruited in this study were medically

confirmed primary breast cancer patients [diagnosed by mammo-

tome biopsy and/or fine needle aspiration cytology test (FNAC

test)] who had given written consent to participate in this study.

The information on age at onset (pre menopausal = 73; post

menopausal = 140), hormonal receptor status [estrogen receptor

positive (Er +ve) = 98, negative (Er –ve) = 115); progesterone

receptor positive (Pr +ve) = 104, negative (Pr –ve) = 109; human

epidermal growth factor receptor 2 positive (Her2+ve) = 87,

negative (Her2–ve) = 126], stage of the breast cancer [TNM

system; stage I = 21, stage II = 80, advanced stage (stage IIIA, IIIB

and IV) = 112], tumor size and linguistic background was

documented through personal interview and also by verification

of medical records. Peripheral blood samples (5 ml) were collected

from all the subjects in EDTA vacutainers and stored at 280uC
until further use. Ethical committee of department of Genetics,

Osmania University, Hyderabad and Institutional Review Board

of the Centre for Cellular and Molecular Biology (CCMB),

Hyderabad, approved the study.

DNA Extraction and Genotyping of Entire D-loop
Genomic DNA was extracted from peripheral blood samples

following method described elsewhere [31]. Both cases and

controls were genotyped in a randomized, blinded fashion.

Genotyping of entire D-loop was carried out by PCR-Sequencing

analysis as per the protocols described earlier [32]. PCRs were

carried out in a total volume of 25 ml, containing 50 ng genomic

DNA, 2–6 pmole of each primer, 1X Taq polymerase buffer

(1.5 mM MgCl2) and 0.25 U of Amplitaq DNA polymerase

(Perkin Elmer, USA). Two pairs of overlapping primers (Table 1)

were used to amplify the entire 1122 bp D-loop region of mtDNA.

The generated DNA fragments vary in size from 809 bp to 963 bp

with an average size of 886 bp. The total size of amplified

fragments was 1772 bp, 63.43% more than the whole D-loop

because of the overlapping regions. The PCR products were

sequenced with a Taq-Dye deoxy-terminator cycle sequencing kit

(Applied BioSystems, Foster City, USA) using an automated ABI

3770 DNA sequencer (Applied BioSystems, Foster City, USA).

Genotype calling was performed using Chromas V.2 software

(Technelysium Ltd., Australia).

Mutational Analysis of Entire D-loop
The individual mtDNA sequences were compared against the

Revised Cambridge Reference Sequence (rCRS) [33] using Auto

Assembler-Ver 2.1 (Applied Biosystems, Foster City USA).

Sequences were aligned using CLUSTAL X and mutations were

noted by using MEGA software ver 3.1. Independent sequencing

readings were performed by two different investigators (NRT and

SG). Sequence variations found in both cases and controls were

checked against the ‘mitomap database’. Those not recorded in

the database were categorized as novel mutations, and those that

appeared in the database were reported as polymorphisms.

Statistical Analysis
Statistical analysis was performed using SPSS statistical package

(V 11.0). The allele ratios and genotype distributions of cases and

controls were analyzed using Fisher’s exact test. The odds ratio

and 95% confidence interval (CI) values were calculated using the

online Vassar Stats Calculator (http://www.faculty.vassar.edu/

lowry/VassarStats.html). Haplotype frequencies for multiple loci

and the standardized disequilibrium coefficient (D’) for pair-wise

linkage disequilibrium (LD) were assessed by Haploview Software

[34]. P,0.05 was considered statistically significant. Bonferroni

correction was used to adjust the significance level of a statistical

test to protect against Type I errors when multiple comparisons

were being made.

Results

D-loop Variations in Breast Cancer
All the subjects were successfully sequenced (n= 420). The

average frequency of SNPs in breast cancer group was (1747/

213=8.2) comparatively higher than in controls (1395/

207=6.73). We identified 7 novel mutations in the D-loop region

of breast cancer patients (Figure 1; Table 2). Among them 2 were

nucleotide insertions and remaining 7 were base substitutions.

Additionally, we observed 170 reported polymorphisms in the D-

loop region of cases and/or controls (Table 3; Table S1). Most of

them were single base substitutions (Y or R transitions). Overall,

among the identified 170 reported polymorphisms 147 were base

substitutions, 13 were nucleotide deletions and 10 were nucleotide

insertions. Polymorphisms were predominantly located in HVR1

(60%) than in HVR2 (30%) of D-loop region. Twenty six of the

170 reported polymorphisms have .5% minor allele frequency in

either patients and/or controls (Table 3). Two of these SNPs,

310‘C’ insertion (P=0.018) and T16189C (P=0.001) showed

significantly elevated frequency in breast cancer patients com-

pared to controls.

Genotype frequencies of significant D-loop SNPs were further

analysed based on the clinical parameters of breast cancer patients

(Figure 2). The 310‘C’ insertion showed significantly increased

frequency in Er –ve, Pr –ve and advanced stage breast cancer

patients. For the T16189C SNP, significantly increased ‘C’ allele

frequency was observed in Er –ve, Her2–ve and advanced stage

breast cancer patients.

Haplotype Analysis
To analyze the combined effect of significant D-loop SNPs on

breast cancer risk, the haplotype frequencies for significant loci

(310‘C’ insertion and T16189C) and the standardized disequilib-

rium coefficient (D’) for pair-wise linkage disequilibrium (LD) were

estimated (Table 4; Figure 3). Our results showed different pattern

of LD in patients and controls. Particularly, the 310‘C’ insertion

and T16189C showed strong LD in controls (D’ = 0.49) compared

to patients (D’ = 0.14).

Our haplotype analysis indicates the 310T/16189T as most

common haplotype in south Indian women. Hence, relative risk of

each haplotype was calculated by using this as reference.

Bonferroni correction was used to adjust the significance level of

a statistical test to protect against Type I errors. Since we have 4
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haplotypes, the Bonferroni correction should be 0.05/4= 0.0125.

Therefore, a P-value less than 0.0125 was considered significant.

Our results indicate that the 310‘C’ ins/16189C (P=0.00019)

haplotype significantly increases breast cancer risk while the

remaining haplotypes were not indicative for the disease risk.

Table 1. Primers used in this study for entire D-loop sequencing.

Serial number Primerset Primer sequence 59R39 Nucleotideposition Overlap(bp)
Ampliconsize
(bp) Tan1(uC)

1 1F TCATTGGACAAGTAGCATCC 15792 - 31 – 809 58

1R GAGTGGTTAATAGGGTGATAG

2 2F CACCATCCTCCGTGAAATCA 16401 - 794 199 963 58

2R AGGCTAAGCGTTTTGAGCTG

1Annealing temperature.
doi:10.1371/journal.pone.0085363.t001

Figure 1. Novel mutations observed in D-loop region of breast cancer patients: (A) 12 ‘C’ insertion; (B) A37G transition; (C) A238G
transition; (D) C463T transition; (E) C566G transversion; (F) T16445C transition; (G) G16485A transition.
doi:10.1371/journal.pone.0085363.g001

Mitochondrial D-Loop and Breast Cancer
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Table 2. Novel mutations detected in mitochondrial D-loop region of breast cancer patients.

Serial number Nucleotide position rCRS Base change IUPAC Code Frequency

1. 12 ins C – C – 1

2. A37G A G R 3

3. A238G A G R 1

4. C463T C T Y 2

5. C566G C G S 1

6. T16445C T C Y 4

7. G16485A G A R 2

rCRS: Revised Cambridge Reference Sequence.
IUPAC: International Union of Pure and Applied Chemistry.
doi:10.1371/journal.pone.0085363.t002

Table 3. Mitochondrial D-loop polymorphisms with .5% minor allele frequency observed in breast cancer patients and/or
controls.

Frequency

Serial
number Nucleotide position rCRS Base change IUPA Code CS CT P- value1 x 2 value Association

1. G66T G T K 11 8 0.521 0.41

2. A73G A G R 168 152 0.190 1.715

3. A93G A G R 13 8 0.292 1.107

4. T146C T C Y 31 42 0.120 2.405

5. T152C T C Y 39 32 0.435 0.607

6. T195C T C Y 23 16 0.278 1.174

7. T195A T A W 13 18 0.309 1.032

8. A263G A G R 176 181 0.167 1.905

9. T310 ins C T C ins 75 51 0.018 5.589

10. C316 ins C C C ins 141 128 0.351 0.867

11. T489C T C Y 83 67 0.158 1.992

12. CA522-3 del CA – 41 33 0.373 0.791

13. C525 del C – 17 9 0.122 2.386

14. A16051G A G R 25 21 0.601 0.273

15. G16129A G A R 30 19 0.117 2.452

16. T16172C T C Y 11 8 0.521 0.41

17. T16189C T C Y 38 16 0.001 9.579 Type 2 Diabetes;
Cardiomyopathy

18. C16223T C T Y 97 98 0.711 0.137 Endo carci

19. G16274A G A R 27 21 0.415 0.664

20. C16278T C T Y 11 9 0.694 0.154

21. T16304C T C Y 16 12 0.481 0.496

22. T16311C T C Y 31 22 0.225 1.467

23. A16318T A T W 16 11 0.358 0.843

24. G16319A G A R 15 11 0.462 0.54

25. T16362C T C Y 23 27 0.477 0.505

26. T16519C T C Y 143 122 0.081 3.031

1Fisher’s exact test (262 table at 1 df); P,0.05.
rCRS: Revised Cambridge Reference Sequence; CS: Cases; CT: Controls.
IUPAC: International Union of Pure and Applied Chemistry.
doi:10.1371/journal.pone.0085363.t003
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Figure 2. Graphical representation of minor allele frequencies of significant D-loop SNPs in breast cancer patients with different
clinical parameters: (A) breast cancer stage; (B) menopausal status; (C) estrogen receptor status; (D) progesterone receptor status; (E) human
epidermal growth factor receptor 2 status. Asterisk (*) indicates the significant difference (P,0.05, as determined by the Student’s t-test) between
patient groups with different clinical parameters. Percentage values were used for statistical analysis.
doi:10.1371/journal.pone.0085363.g002
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Discussion

In the present study, we investigated the prevalence of

mitochondrial D-loop variations in breast cancer patients. Recent

investigations revealed a key role of ROS induced oxidative stress

in breast carcinogenesis [10]. Mitochondria are major source for

cellular ROS generation [16–17]. Mitochondrial D-loop is a hot

spot for mtDNA alterations and is important for regulation of

mitochondrial genome replication and expression [22]. Hence, D-

loop variations may lead to alterations in ETC there by enhances

cellular ROS production. This directed our attention on this

mtDNA region. Previously, some investigators have reported

somatic/noninheritable D-loop variants in breast cancer [27].

However, the strong familial tendency of the disease suggests a

possible inheritable genetic susceptibility. The inheritance pattern

of the mitochondrial genome (maternal) leads to the gradual

accumulation of mutations in successive generations. Hence, the

altered mitochondrial alleles may act as inheritable predisposing

factors for several diseases. In addition to the germline/congenital

mutations that may predispose to breast cancer, somatic mutations

may arise during the cancer development which may be cause or

consequence of the disease. Therefore, in this study we mainly

focused on the identification of germline D-loop variants in the

breast cancer patients.

D-loop polymorphisms have been extensively investigated in

various human diseases [23–26]. Few scientific groups have also

reported association of D-loop polymorphisms with breast cancer

risk in different ethnic groups including Indians [28–30]; however,

none of the investigators have reported entire D-loop variations in

breast cancer patients of Indian origin. In this study, for the first

time, we reported the entire D-loop variations in breast cancer

patients of south Indian origin. SNPs appear to be common in

population with an average of 6 to 8 per each individual in

reference to rCRS. The actual number of SNPs may be less if the

reference sequence was of Indian origin. When compared with

control, higher frequencies of SNPs in breast cancer patients

indicate that a high SNP frequency in D-loop seems to result in

predisposition to breast cancer. Furthermore, our results showed a

significant association between D-loop SNPs at np 310 (‘C’

insertion), 16189 (T/C) and breast cancer risk. Interestingly, these

two significant SNPs are located in microsatellite loci of

mitochondrial genome.

The 310‘C’ insertion, the most common microsatellite instability

(MSI) of mitochondrial genome, has been associated with various

multifactorial disorders [25,35]. The np 310 was located within a

homopolymeric C-stretch between np 303–315 interrupted by

thymine (HVR II: np 57-333) and was reported to be a mutational

hotspot [36]. Moreover, it is the replication primer binding site of

mtDNA and is located in the ‘conserved sequence block II’ (CSB

II) of heavy strand which contributes to the formation of a

persistent RNA-DNA hybrid to initiate the mtDNA replication

[37]. The RNA-DNA hybrid formation is dependent on this GC-

rich element and the efficiency of hybrid formation is influenced

by sequences 59 to the hybrid, including the CSB II element [38].

In addition, exact CSB II sequence is crucial for proper mtDNA

transcription [39]. Premature transcriptional termination or

reduced transcription occurs if particular MSI arise in np 282-

300 or 304-300 of the mtDNA sequences respectively, whereas

complete transcriptional termination occurs in the 289–319

mutants [39]. Thus alterations in this repeat could lead to

functional impairment of mitochondria and may result in a pro-

tumorigenic phenotype of the carrier. Furthermore, elevation of

310‘C’ insertion frequency in the advanced stage, Er –ve and Pr –

ve groups supports the significance of this mitochondrial variant in

conferring breast cancer risk. Some of the earlier studies have

reported association between 315‘C’ insertion and breast cancer

risk (instead of 310‘C’ insertion) [30]. This discrepancy could be

due to the genetic and ethnic variability among populations

studied.

The T16189C is another strong mutational hotspot of

mitochondrial D-loop [38] and has been associated with several

multifactorial disorders [26,40]. It generates an uninterrupted

poly-C tract (np 16180–16195) in the D-loop region and may also

lead to heteroplasmic length variation of the poly-C tract (.10

cytosines) in different mtDNA molecules of a single person [41].

Mitochondrial single-strand DNA-binding protein (mtSSB) bound

Table 4. Haplotype frequencies of significant D-loop polymorphisms observed in breast cancer patients and controls.

Haplotypes Haplotype frequency

310 16189 Cases Controls P value1 x 2 value Odds ratio 95% CI

T T 117 142 Reference

T C 21 14 0.09904 2.721 1.8099 0.8933 to 3.6668

C ins T 58 49 0.11567 2.475 1.4347 0.9145 to 2.2508

C ins C 17 2 0.00019 13.914 5.8586 2.3101 to 14.8581

1Fisher’s exact test (262 table at 1 df) P,0.0125 (after Bonferroni correction).
CI: Confidence Interval.
doi:10.1371/journal.pone.0085363.t004

Figure 3. Linkage disequilibrium (LD) analysis of significant D-
loop SNPs in cases and controls: Haploview plots are presented
along the single nucleotide polymorphisms studied. The pair-wise
linkage disequilibrium values (D9= 0–100) of all significant SNPs are
given in each diamond. A value of 100 represents maximum possible
linkage disequilibrium.
doi:10.1371/journal.pone.0085363.g003
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efficiently to interrupted poly-C compared to the uninterrupted

poly-C variant [26]. In addition, np 16184–16193 region was

located in the 7S DNA binding site which is crucial for the

regulation of mtDNA synthesis [42]. Thus, uninterrupted poly-C

variant might reduce mtDNA replication and content. Reduced

mtDNA content could affect the efficiency of the ETC, lower the

ATP:ADP ratio, and enhance the ROS generation [18]. Increased

ROS and decreased ATP:ADP ratio could contribute to the onset

of several multifactorial diseases [35,43]. In our study, the

uninterrupted poly-C variant showed significantly high frequencies

in breast cancer patients compared to controls (P=0.0019).

Moreover, the frequency of the ‘C’ allele is also elevated in breast

cancer patients with advanced stage, Er –ve and Her2–ve status.

Since Er –ve and Her2–ve statuses are considered to develop in to

a more aggressive form of cancer, the 16189C allele might also be

associated with increased metastasis in the patients.

Furthermore, the 310‘C’ ins/16189C (P=0.00019) haplotype

may have increased risk for breast cancer. Interestingly, the

310‘C’ins/16189C haplotype has mutated alleles at both of the loci.

Although it is a rare haplotype, its relative frequency was

significantly higher in cases than in controls (Table 4). The

mutant alleles may alter the replication and/or transcription of

mitochondrial genome which may lead to enhanced ROS

generation. Increased ROS generation has been reported in

several human diseases including cancer [18]. Susceptibility to

estrogen-inducible diseases like breast cancer is known to be

influenced by mitochondrial dysfunction, because the normal

metabolism of estradiol through redox-cycling intermediates may

also generate local ROS and oxidative damage that facilitates

neoplastic transformation [44]. ROS has been shown to be

involved in aggressive growth and metastatic spread of breast

cancer cells [11]. Higher endogenous oxidative stress and ROS

detoxification pathways have been reported in breast cancer cells

[10,12]. All these observations strongly link the mitochondrial

dysfunction with the breast cancer risk.

In conclusion, mitochondrial D-loop alterations may constitute

inherent risk factors for breast cancer risk in south Indian

population. The analysis of D-loop alterations might help to

identify patients at high risk for disease outcome. To the best of

our knowledge, this is the first report demonstrating the

correlation between entire D-loop alterations and breast cancer

risk in Indians. However our findings should be validated in

independent cohort studies with large sample size to reduce the

chance of confounding factors affecting study outcome.

Supporting Information

Table S1 Mitochondrial D-loop polymorphisms with
,5% minor allele frequency observed in breast cancer
patients and/or controls.

(DOC)

Acknowledgments

We are most grateful to all of the patients who participated in the present

study.

Author Contributions

Conceived and designed the experiments: VS MB NRT SG. Performed

the experiments: NRT SG. Analyzed the data: PP SM MKT SP PG.

Contributed reagents/materials/analysis tools: LRK RRD VN. Wrote the

paper: SG NRT VN MB VS.

References

1. Parkin DM, Bray F, Ferlay J, Pisani P (2001) Estimating the world cancer
burden: Globocan 2000. Int J Cancer 94: 153–156.

2. Chopra R (2001) The Indian scene. J Clin Oncol 19: 106S–111S.

3. Pherson KMc, Steel CM, Dixon JM (2000) ABC of breast diseases: Breast
cancer epidemiology, risk factors, and genetics. Brit Med J 321: 624–628.

4. Schwartz GF, Hughes KS, Lynch HT, Fabian CJ, Fentiman IS, et al. (2008)
Proceedings of the international consensus conference on breast cancer risk,

genetics, & risk management, April, 2007. Cancer 113: 2627–2637.

5. Tipirisetti NR, Rao KL, Govatati S, Govatati S, Vuree S, et al. (2013)

Mitochondrial genome variations in advanced stage breast cancer: A case-
control study. Mitochondrion 13: 372–378.

6. Tipirisetti NR, Govatati S, Govatati S, Kandukuri LR, Cingeetham A, et al.

(2013) Association of E-cadherin single nucleotide polymorphisms with the

increased risk of breast cancer: A study in south Indian women. Genet Test Mol
Biomarkers 17: 494–500.

7. Surekha D, Sailaja K, Rao DN, Padma T, Raghunadha Rao D (2011) Codon 72

and G13964C intron 6 polymorphisms of TP53 gene in relation to development

and progression of breast cancer in India. Asian Pac J Cancer Prev 12: 1893–
1898.

8. Surekha D, Sailaja K, Nageswara Rao D, Raghunadha Rao D, Vishnupriya S

(2009) Estrogen receptor Beta (ERb) polymorphism and its influence on Breast

cancer risk. J Genet 88: 261–266.

9. Peng S, Lu B, Ruan W (2011) Genetic polymorphisms and breast cancer risk:
evidence from meta-analyses, pooled analyses, and genome-wide association

studies. Breast Cancer Res Treat 127: 309–324.

10. Young CD, Anderson SM (2009) Rah, rah, ROS: metabolic changes caused by

loss of adhesion induce cell death. Breast Cancer Res 11: 307.

11. Tas F, Hansel H, Belce A, Ilvan S, Argon A, et al. (2005) Oxidative Stress in

Breast Cancer. Medical Oncol 22: 11–15.

12. Ray G, Batra S, Shukla NK, Deo S, Raina V (2000) Lipid peroxidation, free
radical production and antioxidant status in breast cancer. Breast Cancer Res

Treat 59: 163–170.

13. Govatati S, Deenadayal M, Shivaji S, Bhanoori M (2013) Mitochondrial

NADH:ubiquinone oxidoreductase alterations are associated with endometri-
osis. Mitochondrion 13: 782–790.

14. Govatati S, Tipirisetti TR, Perugu S, Kodati VL, Deenadayal M, et al. (2012)
Mitochondrial genome variations in advanced stage endometriosis: A study in

South Indian population. PLoS ONE 7: e40668.

15. Lu J, Sharma LK, Bai Y (2009) Implications of mitochondrial DNA mutations
and mitochondrial dysfunction in tumorigenesis. Cell Res 19: 802–815.

16. Wallace DC (1999) Mitochondrial diseases in man and mouse. Science 283:

1482–1488.

17. Wallace DC (2005) A mitochondrial paradigm of metabolic and degenerative

diseases, aging, and cancer: a dawn for evolutionary medicine. Annu Rev Genet

39: 359–407.

18. Chan DC (2006) Mitochondria: dynamic organelles in disease, aging, and

development. Cell 125: 1241–1252.

19. Anderson S, Bankier AT, Barrell BG, De Bruijn MHL, Coulson AR, et al.

(1981) Sequence and organization of the human mitochondrial genome. Nature

290: 457–465.

20. Croteau DL, Bohr VA (1997) Repair of oxidative damage to nuclear and

mitochondrial DNA in mammalian cells. J Biol Chem 272: 25409–25412.

21. Michikawa Y, Mazzucchelli F, Bresolin N, Scarlato G, Attardi G (19920 Aging

dependent large accumulation of point mutations in the human mtDNA control

region for replication. Science 86: 774–779.

22. Clayton DA (2000) Transcription and replication of mitochondrial DNA. Hum

Reprod 2: 11–17.

23. Govatati S, Deenadayal M, Shivaji S, Bhanoori M (2013) Mitochondrial

displacement loop alterations are associated with endometriosis. Fertil Steril 99:

1980–1986.e9.

24. Chen JB, Yang YH, Lee WC, Liou CW, Lin TK, et al (2012) Sequence-Based

Polymorphisms in the Mitochondrial D-Loop and Potential SNP Predictors for

Chronic Dialysis. PLoS ONE 7: e41125.

25. Wang C, Zhang F, Fan H, Peng L, Zhang R, et al (2011) Sequence

polymorphisms of mitochondrial D-loop and hepatocellular carcinoma outcome.

Biochem Biophys Res Commun 406: 493–496.

26. Mueller EE, Eder W, Ebner S, Schwaiger E, Santic D, et al (2011) The

mitochondrial T16189C polymorphism is associated with coronary artery

disease in Middle European populations. PLoS ONE. 6: e16455.

27. Alhomidi MA, Vedicherla B, Movva S, Rao PK, Ahuja YR, et al (2013)

Mitochondrial D310 instability in Asian Indian breast cancer patients. Tumour

Biol 34: 2427–2432.

28. Ye C, Gao YT, Wen W, Breyer JP, Shu XO, et al (2008) Association of

Mitochondrial DNA Displacement Loop (CA)n Dinucleotide Repeat Polymor-

phism with Breast Cancer Risk and Survival among Chinese Women. Cancer

Epidemiol Biomarkers Prev 17: 2117–2122.

29. Ye C, Shu XO, Pierce L, Wen W, Courtney R, et al (2010) Mutations in the

mitochondrial DNA D-loop region and breast cancer risk. Breast Cancer Res

Treat 119: 431–436.

Mitochondrial D-Loop and Breast Cancer

PLOS ONE | www.plosone.org 7 January 2014 | Volume 9 | Issue 1 | e85363



30. Yacoubi Loueslati B, Troudi W, Cherni L, Rhomdhane KB, Mota-Vieira L

(2010) Germline HVR-II mitochondrial polymorphisms associated with breast

cancer in Tunisian women. Genet Mol Res 9: 1690–1700.

31. Govatati S, Chakravarty B, Deenadayal M, Kodati VL, Latha M, et al (2012)

p53 and risk of endometriosis in Indian women. Genet Test Mol Biomarkers 16:

865–873.

32. Govatati S, Tangudu NK, Deenadayal M, Chakravarty B, Shivaji S (2012)

Association of E-cadherin single nucleotide polymorphisms with the increased

risk of Endometriosis in Indian women. Mol Hum Reprod 18: 280–287.

33. Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN, Turnbull DM, et al

(1999) Reanalysis and revision of the Cambridge reference sequence for human

mitochondrial DNA. Nat Genet 23: 147.

34. Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and

visualization of LD and haplotype maps. Bioinformatics 21: 263–265.

35. Liou CW, Lin TK, Chen JB, Tiao MM, Weng SW, et al (2010) Association

between a common mitochondrial DNA D-loop polycytosine variant and

alteration of mitochondrial copy number in human peripheral blood cells. J Med

Genet 47: 723–728.

36. Stoneking M (2000) Hypervariable sites in the mtDNA control region are

mutational hotspots. Am J Hum Genet 7: 1029–1032.

37. Kang D, Miyako K, Kai Y, Irie T, Takeshige K (1997) In vivo determination of

replication origins of human mitochondrial DNA by ligation-mediated
polymerase chain reaction. J Biol Chem 272: 15275–15279.

38. Xu B, Clayton DA (1996) RNA-DNA hybrid formation at the human

mitochondrial heavy-strand origin ceases at replication start sites: an implication
for RNA-DNA hybrids serving as primers. EMBO J 15: 3135–3143.

39. Wang Y, Liu VW, Ngan HY, Nagley P (2005) Frequent occurrence of
mitochondrial microsatellite instability in the D-loop region of human cancers.

Ann N Y Acad Sci 1042: 123–129.

40. Pham XH, Farge G, Shi Y, Gaspari M, Gustafsson CM, et al (2006) Conserved
sequence box II directs transcription termination and primer formation in

mitochondria. J Biol Chem 281: 24647–24652.
41. Berger C, Hatzer-Grubwieser P, Hohoff C, Parson W (2011) Evaluating

sequence-derived mtDNA length heteroplasmy by amplicon size analysis.
Forensic Sci Int Genet 5: 142–145.

42. Fernandez-Silva P, Enriquez JA, Montoya J (2003) Replication and transcription

of mammalian mitochondrial DNA. Exp Physiol 88: 41–56.
43. Pelicano H, Carney D, Huang P (2004) ROS stress in cancer cells and

therapeutic implications. Drug Resist Updat 7: 97–110.
44. Yeager JD, Liehr JG (1996) Molecular mechanisms of estrogen carcinogenesis.

Annu Rev Pharmacol Toxicol. 36: 203–232.

Mitochondrial D-Loop and Breast Cancer

PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e85363


