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Abstract
The mitochondrial DNA (mtDNA) 4977-bp deletion (ΔmtDNA4977 mutation) is one of the most
frequently observed mtDNA mutations in human tissues, and may play a role in carcinogenesis.
Only a few studies have evaluated ΔmtDNA4977 mutation in breast cancer tissue, and the findings
have been inconsistent, which may be due to methodological differences. In this study, we
developed a quantitative real-time PCR assay to assess the level of the ΔmtDNA4977 mutation in
tumor tissue samples from 55 primary breast cancer patients and 21 patients with benign breast
disease (BBD). The ΔmtDNA4977 mutation was detected in all of the samples with levels varying
from 0.000149% to 7.0%. The ΔmtDNA4977 mutation levels were lower in tumor tissues than in
adjacent normal tissues in both breast cancer and BBD subjects. The differences, however, were
not statistically significant. No significant difference between breast cancer and BBD patients was
found in the ΔmtDNA4977 mutation levels of tumor tissues and adjacent normal tissues. The
ΔmtDNA4977 mutation levels were not significantly associated with clinicopathological
characteristics (age, histology, tumor stage, and ER/PR status) in breast cancer or BBD patients.
These results do not support the notion that the mitochondrial DNA 4977-bp deletion plays a
major role in breast carcinogenesis.

Keywords
benign breast disease; breast cancer; mtDNA 4977 mutation; quantitative real-time PCR assay

INTRODUCTION
The development of cancer involves the accumulation of various genetic alterations, which
are present both in the mitochondrial and nuclear genomes (1). Human mitochondrial DNA
(mtDNA) is a circular molecule consisting of 16,571 bp encoding 2 rRNAs, 22 tRNAs, and
13 polypeptides (2, 3). Mitochondria play a critical role in energy production and oxidative
phosphorylation. MtDNA is particularly susceptible to damage by environmental
carcinogens because it contains no introns, has no protective histones or non-histone
proteins, and is exposed continuously to endogenous reactive oxygen species (ROS) (4, 5).
Therefore, mtDNA may serve as a potential sensor for cellular DNA damage and marker for
cancer development. Moreover, susceptibility to mtDNA mutations may be particularly
important in breast cancer, because the normal metabolism of estradiol through redox-
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cycling intermediates may generate ROS and lead to oxidative injury that facilitates
neoplastic transformation in the breast (6).

The mitochondrial 4977-bp deletion (ΔmtDNA4977 mutation), also known as the common
deletion, is one of the most frequently observed mtDNA mutations. This deletion occurs
between nucleotides 8,470 and 13,447 of human mtDNA and spans five tRNA genes and
seven genes encoding subunits of cytochrome c oxidase, complex I, and ATPases (4). The
ΔmtDNA4977 mutation may contribute to respiratory defects in many types of human
malignancy such as colorectal, liver, lung, and prostate cancers, and may be associated with
tumor progression. To date, only few studies have evaluated the association between the
ΔmtDNA4977 mutation and breast cancer risk, and the findings from these studies have been
inconsistent (4, 7–9). The inconsistency in previous studies may be due, in part, to the use of
non-quantitative detection methods and/or failure in quantitative PCR strategies to identify,
and disqualify from use, pairs of primers which will also efficiently co-amplify nuclear
DNA. Further, none of these studies have assayed the ΔmtDNA4977 mutation in benign
breast disease (BBD).

In this study, we developed a new absolute quantitative PCR method, which is more
sensitive than other methods previously used. A substantial benefit of using this mtDNA-
specific assay design lies in significantly-decreased risk of quantitating genomic DNA
normally present in total-DNA preparations, and without the need for exhaustive mtDNA-
purification methods. We applied this method to quantify the level of the ΔmtDNA4977

mutation among 55 patients diagnosed with breast cancer and 21 patients diagnosed with
BBD.

MATERIALS AND METHODS
Study subjects and control samples

This study examined surgically-resected tumor tissues and adjacent normal tissues of 55
patients with primary breast cancer and 21 patients with BBD, who are a subset of patients
recruited as part of the Shanghai Breast Cancer Study (10). These patients were diagnosed
with breast cancer or BBD between 1996 and 1998 and were identified through a network of
major hospitals that treat over 80% of breast cancer patients in urban Shanghai. All patients
provided written, informed consent to participate in the study, and the study protocols were
approved by the Institutional Review Boards of all institutes involved in the study. Medical
charts were reviewed using a standard protocol to obtain information on cancer treatment,
clinical stage, and cancer characteristics, such as estrogen and progesterone receptor status.
Two senior pathologists reviewed pathology slides to confirm the diagnosis for breast cancer
or BBD. BBDs were classified based on published criteria developed by Page and
colleagues (11). During surgery, tumor tissue samples were obtained from the tumor and the
adjacent normal tissue samples were obtained from the distal edge of the resection. These
samples were snap-frozen in liquid nitrogen as soon as possible, typically within 10 minutes.
Samples were stored at −70°C until the relevant assays were performed.

Total DNA was extracted using TRIzol® Reagent according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). The concentration of DNA was measured with a
TBS-380 Fluorometer (Turner Biosystems, Sunnyvale, CA) using the DNA-specific binding
dye Hoechst 33258 (Sigma, St Louis, MO) to stain the DNA. Four reference mitochondrial
DNA samples (SHE049i, SHE187i, SHE049v, and SHE145v), with known (ΔmtDNA4977

mutation):(total mtDNA) ratios were provided by Dr. Konrad Huppi (Cancer Prevention
Studies Branch, Center for Cancer Research, National Cancer Institute, Bethesda, MD).
SRM 2392, a human mtDNA standard reference material, was obtained from the National
Institute of Standards and Technology (Gaithersburg, MD) (12).
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Plasmid constructions for the standard curve
To identify two target regions in the mtDNA genome (a conserved control region present in
100% of all normal mtDNA and a mutated sequence produced only by the ΔmtDNA4977

mutation), published sequences for mtDNA (GenBank Accession No. NC001807 and the
MITOMAP database (http://www.mitomap.org)) were used. We conducted BLASTN
searches against dbEST and nr (the nonredundant set of Genbank, EMBL and DDBJ
database sequences) to confirm that the sequences chosen for the primers targeting both
regions should be single-copy in the mtDNA genome and not conserved within human
genomic DNA sequences recorded in those databases. The following primers were used to
amplify DNA fragments representing the normal mtDNA (mtDNAnormal) or the
ΔmtDNA4977 mutation respectively: mtDNAnormal forward primer 5′-acgccataaaactcttcaccaa
-3′, reverse primer 5′-ggttcggttggtctcgtcta -3′; ΔmtDNA4977 mutation forward primer 5′-
accactttcaccgctacacg -3′, reverse primer 5′-agggaggtagcgatgagagt -3′. The putative amplicon
sequences for both the wild-type and mutated targets had been previously screened by
BLASTn to eliminate any redundancies in human genome DNA and screened against both
the NCBI SNP database and the Japanese Mitochondrial SNP Database (13, 14). The PCR
products of mtDNAnormal and the ΔmtDNA4977 mutation yield 437 bp and 484 bp
amplicons, respectively.

The standard PCR reaction was carried out in the following mixture: 1× PCR Buffer; 4
mmol/l MgCl2; 200 mmol/L dATP, dCTP, dGTP and dTTP; 200 nmol/L each primers; and
1 U of HotStar Taq DNA polymerase (Qiagen, Valencia, CA). Five ng of mtDNA (SRM
2392 used for the mtDNAnormal, SHE049i for the ΔmtDNA4977 mutation) in 2μl H2O were
added to 18 μl of PCR mixture. Thermocycling conditions used were: initial denaturation
and hot start at 95°C for 15 min; 40 cycles consisting of 30 s at 92°C, 30 s at 60°C and 30 s
at 72°C, followed by a final extension at 72°C for 10 min. The PCR product was purified
using the Wizard PCR Preps DNA Purification System (Promega, San Luis Obispo, CA)
according to the manufacturer’s instructions. The purified PCR product was cloned into the
pCR 2.1-TOPO plasmid (Invitrogen, Carlsbad, CA) in accordance with manufacturer’s
instructions. Blue-white screening was performed before plasmids were isolated. Plasmids
were analyzed by EcoRI restriction and further confirmed by BigDye Terminator Chemistry
(Applied Biosystems, Foster, CA), performed by GenePASS, Inc. (Nashville, TN).
Confirmed clones were renamed pCR437 for the mtDNAnormal and pCR484 for the
ΔmtDNA4977 mutation. The recombinant plasmid DNA was isolated and purified using the
QIAprep Plasmid Miniprep Kit (Qiagen, Valencia, CA). The concentration of plasmid was
measured by Hoechst 33258 (Sigma, St Louis, MO) on a TBS-380 Fluorometer (Turner
Biosystems, Sunnyvale, CA), and the copy number calculated according to the known
molecular weight of the plasmid. Serial dilutions of each standard were made in the range of
101–107 copies per 2 μl for long-term use and storage (15, 16).

Real-time quantitative PCR
Absolute DNA quantification was performed using the standard curve method (16). Initial
efforts to validate a relative quantitation approach (ΔΔCt) for this assay, as previously
described (17), were unsuccessful, due to inefficacy of a primer starvation strategy to
adequately modulate differences in amplification reaction efficiency (data not shown). The
primers and probes for the mtDNAnormal or the ΔmtDNA4977 mutation were designed by
and obtained from Applied Biosystems (Foster, CA) (Table 1). Submitted sequences for
both the wild-type and mutated targets had been previously screened by BLASTn to
eliminate any redundancies in human genome DNA and were screened against both the
NCBI SNP database and the Japanese Mitochondrial SNP Database (13, 14). Quantitative
real-time PCR was performed in a 96-well optical plate on an ABI PRISM® 7900HT
Sequence Detection System (Applied Biosystems), and the data were analyzed using SDS

Ye et al. Page 3

Breast Cancer Res Treat. Author manuscript; available in PMC 2013 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.mitomap.org


(Ver. 2.2) software. A total reaction volume of 50 μl containing 10 ng DNA template, 25 μl
1x TaqMan Universal PCR Master Mix (without UNG), 5 μl 5 μM primers, 1 μl 10 μM
probes. The thermal cycling conditions were as follows: 95°C for 10 minutes to activate the
AmpliTaq Gold enzyme, followed by 50 cycles of 95°C for 15 seconds and 60°C for 1
minute. Every sample was tested in triplicate. These positive controls were derived from
Centre d’Etude du Polymorphisme Human (CEPH) 1347-02 DNA, extracted from a single
human cell line, which was previously evaluated in this assay design at 2 ng, 4 ng, 6 ng, 8
ng, 10 ng, 12 ng and 14 ng per reaction. In that trial, DNA amount as low as 10 ng/reaction
were found to be consistently detectable. Thus 10 ng DNA per reaction was used in the
assay for all samples.

In each PCR run, standard reference curves containing serial dilutions of the corresponding
plasmid clones with known amounts of input copy number were included. Data generated by
these standard plasmids allowed the generation of two standard curves showing the absolute
number of copies of the mtDNAnormal or the ΔmtDNA4977 mutation. The threshold cycle
(Ct) is the cycle at which sufficient new amplification product is detectable as ambient
fluorescence from non-quenched probe. The higher the initial amount of available DNA
template, the faster the detection in the PCR process and the lower the Ct value. The Ct
values of the samples could then easily be converted to the number of DNA copies per
reaction, by integrating Ct values for each sample well onto the reference dilution curve
consisting of the respective standard reference plasmid at known concentrations (15, 16).
CEPH 1347-02 total DNA at fixed concentration was used in every assay plate amplified, as
a positive PCR quality control.

Statistical Analysis
The ΔmtDNA4977 mutation levels were calculated as the copy numbers of the ΔmtDNA4977

mutation molecules per total mtDNA molecules (ΔmtDNA4977 mutation/(mtDNAnormal +
ΔmtDNA4977 mutation)). The average mutation levels were estimated with the medians
(25th, 75th percentiles). The differences of the mutation levels between tumor tissues and
adjacent non-tumor tissues from the same individuals were evaluated using the Wilcoxon
signed rank test, and the difference of the mutation levels between breast cancer cases and
benign breast disease controls, as well as the differences between different histology types/
stages of breast cancer and benign breast disease were evaluated using the Wilcoxon rank
sum test.

RESULTS
We first determined whether it was possible to reliably detect and quantify the percentage of
copies of the mitochondrial genome harboring the ΔmtDNA4977 mutation. Calibration
curves for the mtDNAnormal and the ΔmtDNA4977 mutation were constructed. There was
excellent correlation between the cycle number and mtDNA copy number, across six log-
orders of magnitude from 10 copies to 107 copies, with correlation coefficients of 0.9997
and 0.9999 for the mtDNAnormal and the ΔmtDNA4977 mutation, respectively (Figure 1).
Similar results were observed using different amounts of CEPH1347-02 total DNA (from 10
to 14 ng DNA per reaction). To further validate the method, we prepared combinations of 4
different reference samples containing known amounts of ΔmtDNA4977 mutation to obtain
12 samples containing various proportions of mutant mtDNA. These 12 validation samples
were then quantified for levels of ΔmtDNA4977 mutation using our quantitative PCR
method. The data from this experiment were completely consistent with the predicted
values. As few as 10 copies of the target mtDNA was detectable by this method.
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The demographic characteristics of the breast cancer cases and BBD controls are shown in
Table 2. Compared to BBD subjects in this study, breast cancer cases were older at time of
interview, more likely to be post-menopausal, and had a higher waist-to-hip ratio.

The percentage of ΔmtDNA4977 mutation for samples in our study was detectable in a range
from 0.000149% to 7% of all DNA present per sample. Table 3 compares the ΔmtDNA4977

mutation levels in tumor tissues and adjacent non-tumor tissues. In primary breast cancer
subjects, the ΔmtDNA4977 mutation levels were lower in tumor tissue than in adjacent non-
tumor tissue, however, the differences were not statistically significant (median 4.28 vs 7.60,
p=0.093). This was also true for benign tumor tissues and their corresponding adjacent
tissues (median 3.89 vs 5.07, p=0.448) (Table 3). No significant difference between breast
cancer and BBD patients was found in the ΔmtDNA4977 mutation levels of tumor and
adjacent normal tissues (Table 3).

Table 4 compares the ΔmtDNA4977 mutation levels of tumor and adjacent normal tissue
across different clinicopathological characteristics (histology, tumor stage) of breast cancer
or BBD patients. Compared with breast cancer cases with early stage disease, breast cancer
cases with advanced stage disease had lower ΔmtDNA4977 mutation levels in both tumor
and adjacent normal tissues. The difference, however, was not statistically significant. In
BBD patients, on the other hand, ΔmtDNA4977 mutation levels in both tumor and adjacent
tissues were higher in those who were non-proliferative than those who were proliferative.
However, the differences did not reach statistical significance. In addition, we found no
association of the ΔmtDNA4977 mutation with age at diagnosis or ER/PR status (data not
shown)

DISCUSSION
In this paper, we describe a novel, sensitive, and convenient real-time PCR assay capable of
identifying the ΔmtDNA4977 mutation. The wide detection range (from 10 to 107 copies)
and continuous scale of quantification of this method suggests that this is a sensitive,
specific, reproducible, rapid, and convenient technique for the detection of the ΔmtDNA4977

mutation without post-PCR procedures. Such an assay could be a valuable tool for
performing rapid assessment of the mtDNA4977 mutation. Several methods have been used
previously to quantify the level of mtDNA4977 mutation. Long range PCR, primer-shift PCR
and semi-quantitative PCR are time-consuming and the results are sometimes not
reproducible (18–20). Furthermore, these PCR methods use an endpoint determination that
may not be truly quantitative because of plateau effects (21). There have been some reports
demonstrating the advantages of using the real-time PCR method and its potential clinical
value for the ΔmtDNA4977 mutation (8, 18–20, 22). However, only two of these reports used
the standard curve method, which is believed to be more reliable and sensitive (18, 19).
Compared to these previously described real-time PCR methods, the target primer sequence
regions we identified are single-copy in the mtDNA genome and not homologous to any
genomic DNA sequences. Therefore, this method has less potential for PCR contamination
during performance, without amplification of any sequence repeated within genomic DNA.

Proposed mechanisms for the role of the ΔmtDNA4977 mutation in carcinogenesis remain
unclear. The ΔmtDNA4977 mutation affects genes encoding 7 polypeptide components of the
mitochondrial respiratory chain and 5 of the 22 tRNAs necessary for mitochondrial protein
synthesis (23). Thus, the mutated ΔmtDNA4977 may represent a strong functional
disadvantage, possibly thereby repressing the growth of cancer cells harboring deleted
mtDNA. It was recently demonstrated in transmitochondrial cybrid cells that the common
mtDNA deletion sensitized the cells to apoptosis at low heteroplasmy levels (8, 24). A
significant increased proportion of the ΔmtDNA4977 mutation has been reported in various
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type of cancer, including nasopharyngeal, esophageal cancer, stomach, thyroid, salivary
glands, hepatocellular and oral cancers (5, 18, 25–28). However, in more recent studies, a
decreased proportion of the ΔmtDNA4977 mutation in tumor tissue as compared with
corresponding non-tumorous tissue has been observed in gastric, hepatocellular, oral, and
skin cancers (29–32). This phenomenon has been explained as being either the result of a
dilution effect due to rapid cytoplasmic division or from the result of a selective effect via an
unknown mechanism by which cancer cells harboring mtDNA with the large-scale deletion
are eliminated because of apoptosis or selective purification during growth (30).

The role of ΔmtDNA4977 mutation has not been adequately investigated in relation to breast
cancer risk, and existing studies have reported conflicting results. The ΔmtDNA4977

mutation was first reported as occurring in one out of seven breast cancer samples (7). Later,
three studies reported a different pattern of ΔmtDNA4977 mutation in tumors compared to
normal tissue. In a study conducted using samples from 39 breast cancer patients and 23
women without breast cancer, the ΔmtDNA4977 mutation was not specific to breast cancer
and was present in 17% of normal breast tissues, 31% of adjacent normal tissues from a
cancerous breast and 44% of breast cancers (9). Two more recent studies found lower levels
of the ΔmtDNA4977 mutation in breast tumor tissues compared to normal control tissue. In a
study conducted among 17 Brazilian women, lower levels of ΔmtDNA4977 mutation were
observed in breast cancer tissue than in either the normal control tissue or adjacent normal
tissue of breast cancer patients, suggesting that cancer cells are essentially free of this
mutation (4). In the second study, a hospital-based study of 60 Taiwanese women with
breast cancer, the ΔmtDNA4977 mutation was detected in 28 non-tumorous breast tissue
samples (47%) and only three of the breast cancer samples (5%) (8). In our study, we found
the ΔmtDNA4977 mutation to be ubiquitous in both tumor and non-tumor tissues. In primary
breast cancer subjects, the ΔmtDNA4977 mutation levels were lower in tumor tissues than in
adjacent non-tumor tissues, however, the differences were not statistically significant. This
pattern of mutation levels was also found in benign tumor tissues and their corresponding
adjacent tissues. No significant difference was found between breast cancer and BBD
patients for the ΔmtDNA4977 mutation levels of tumor and adjacent normal tissues. We
believe the higher detection rate for the ΔmtDNA4977 mutation in our study is a result of the
increased sensitivity and specificity of the quantitative assay we employed, in contrast to the
methods used in previous studies (long PCR or semi-quantitative PCR methods). Our
finding is also biologically plausible, due to the fact that cancer cells are metabolically
adapted for rapid growth and proliferation under conditions of low pH and oxygen tension,
solid cancer cells generate energy by glycolysis in strong preference to oxidative
phosphorylation (33–35). Furthermore, previous in vitro studies have suggested that
mitochondrial protein synthesis is defective and the activity of cytochrome oxidase
decreases when the proportion of the ΔmtDNA4977 mutation was greater than 60% in the
cancer cell (23). The amount of the ΔmtDNA4977 mutation that accumulates may not be
sufficient, by itself, to cause a significant defect or dysfunction in breast cancer cells.

The current study has several strengths. We included both tumor tissue and adjacent normal
tissue samples from patients diagnosed with breast cancer or BBD, which enabled a
systematic evaluation of the ΔmtDNA4977 mutation based on the types of tissue and disease.
To our knowledge, no study has examined the ΔmtDNA4977 mutation content in breast
tumor tissue or adjacent normal tissue from BBD patients. Since it is difficult to obtain
breast tissue from women without any breast disease, we were unable to evaluate
ΔmtDNA4977 mutation in normal individuals. Because of a relatively small sample size, we
are unable to analyze the relationship of the ΔmtDNA4977 mutation with outcomes of breast
cancer.
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In summary, this study describes the development of a rapid, sensitive, and practical real-
time PCR method to quantify the ΔmtDNA4977 mutation in tissue samples. Our results show
that the ΔmtDNA4977 mutation was ubiquitous in both tumor and non-tumor tissues of both
breast cancer and BBD subjects. Our results do not support the notion that the ΔmtDNA4977

mutation plays a major role in breast carcinogenesis.
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Figure 1.
Sensitivity of real-time PCR to template copy number. Threshold cycle (i.e. Ct, vertical axis)
at decreasing concentrations of template DNA (horizontal axis) for the mtDNAtotal (A) or
the ΔmtDNA4977 mutation (B) are shown. There is a linear relationship between template
concentration and the threshold cycle number (Ct) for both amplifications.
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Table 2

Selected demographic characteristics and known breast cancer risk factors in patients diagnosed with breast
cancer or benign breast diseases (BBD)

Breast cancer (n = 55) BBD (n = 21) p-valuea

Age (mean) 46.9 42.8 0.034

Education>=high school (%) 38.2 57.1 0.134

Age at menarche (mean) 14.2 14.7 0.184

Post-menopause (%) 32.7 14.3 0.108

Body mass index (mean) 24.4 22.4 0.009

Waist-to-hip ratio (mean) 0.79 0.79 0.951

Regular physical activity (%) 20.0 9.5 0.278

Family history of BC among first degree relatives 7.3 4.8 0.693

a
The p-values were derived from t-test for continuous variables and Chi-squared test for categorical variables.
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Table 3

ΔmtDNA4977 mutation levels in tumor and tumor-adjacent normal tissue from patients diagnosed with breast
cancer or benign breast diseases (BBD)

Median (25th, 75th percentile)a

p-valueb

Tumor tissue Adjacent normal tissue

Breast cancer patients (n = 55) 4.28 (2.05, 25.50) 7.60 (1.43, 47.10) 0.093

BBD patients (n = 21) 3.89 (1.01, 21.10) 5.07 (1.57, 33.70) 0.448

p-valuec 0.486 0.844

a
The ratios of ΔmtDNA4977/mtDNATotal have been multiplied by 100,000

b
p-value derived from Wilcoxon signed rank test for the comparison between tumor tissues and adjacent normal tissues.

c
p-value derived from Wilcoxon rank sum test for the comparison between breast cancer and BBD.
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Table 4

Histology, tumor stage and the ΔmtDNA4977 mutation (Median, 25th and 75th percentile) of tumor and
adjacent tissue in patients with breast cancer and benign breast disease

Tumor tissue Adjacent tissue

No. of patients Median (25th, 75th percentile) Median (25th, 75th percentile)

Benign breast diseases

 Non-proliferative lesions 9 6.7 (2.0, 7.7) 14.6 (5.1, 67.4)

 Proliferative lesions 9 1.3 (0.9, 21.1) 2.9 (1.1, 15.9)

 p-valuea 0.723 0.185

Breast cancer (by TNM stage)

 I, IIa 30 5.1(1.9, 28.4) 12.3(2.0, 77.1)

 IIb, III 25 4.0(2.1 13.7) 4.6(1.2, 33.5)

 p-value a 0.966 0.343

a
p-value derived from Wilcoxon rank sum test
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