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Caution for simple sequence repeat number variation in the
mitochondrial DNA D-loop to determine cancer-specific variants
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Abstract. The mitochondrial DNA (mtDNA) displacement
loop (D-loop) is often altered in various cancer types, including
with regard to simple sequence repeat number variation
(SSRNYV), which includes the C-tract and CA-tract. However,
because of mitochondrial heteroplasmy and slippage errors by
the Tag DNA polymerase used in polymerase chain reaction
(PCR) analysis, it is difficult to precisely evaluate mtDNA
D-loop SSRNV experimentally. In this study, to precisely
determine cancer-specific variants in mtDNA SSRNV, various
microscopic portions of cancerous tissues and normal control
tissues were obtained from a patient with breast cancer,
followed by laser-capture microdissection of formalin-fixed
paraffin-embedded specimens. Regions containing (CA),
repeats (positions 514-523) and (C), repeats (positions 303-315)
of the mitochondria DNA D-loop were amplified and
sequenced. Variant signals of mtDNA SSRs of (CA), and
(C)g were observed in normal and cancerous tissues, with the
content of minor alleles (CA); and (C),/(C), differing among
samples. These results were confirmed by PCR using various
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primers and proofreading DNA polymerases. PCR of genomic
SSRs of (CA), in the NAALD?2 gene and (C); in the BMP6 gene
showed a simple repeat in all samples that was different from
the observed mtDNA SSRNYV. The present study suggests a
reliable procedure for determining cancer-specific variants in
mtDNA SSRNV: Using a proofreading DNA polymerase for
PCR, the background of slippage by PCR is determined by PCR
of the same genomic sequence as the target. Due to the varied
heteroplasmy level of mtDNA SSRNV among normal tissues,
the second background of polymorphic variations should be
determined by several normal tissue DNA as PCR templates.
Finally, the cancer-specific variant, including its variation
frequency, is determined by subtracting the two background
signals from the variant signals in cancer. However, care must
be taken, as normal heteroplasmy drifts observed in mtDNA
SSRNYV may complicate such estimations.

Introduction

Human mitochondrial DNA (mtDNA) is a 16,569-bp circular
double-stranded DNA molecule containing genes encoding
13 polypeptides that compose the oxidative phosphorylation
apparatus, 2 rRNAs, and a set of 22 tRNAs that are essential
for protein synthesis in mitochondria (1). In addition to
these coding regions, mtDNA contains a non-coding
region called the displacement loop (D-loop) and elements
that regulate mtDNA replication as well as promoters for
mtDNA transcription. There are many reports of D-loop
alterations in various cancers (2-9). In particular, it is well
known that a poly-C stretch (C-tract) located between nt
303 and nt 315 (denoted D310) within the D-loop is a hot
spot for mutations (2,3,5-8). In general, simple sequence
repeat number variation (SSRNV), such as the C-tract and
CA-tract, is observed in both sporadic and inherited cancers
and is referred to as the genetic instability characteristic
of cancer due to the dysfunction of the mismatch repair
system (10). Indeed, Lievre et al recently suggested that
mitochondrial SSRNV is useful for early cancer detection (5).
Chatterjee et al reviewed that it could not functionally impair
mitochondria but could be a molecular marker, not only for
early detection of cancer but also prevention, recurrence and
monitoring response to therapy (7). On the other hand, it
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has currently been used as a marker for cancer clonality to
determine the monoclonal or multicentric origin of cancer (9).
However, it is difficult to precisely evaluate cancer-specific
SSRNVs of the mtDNA D-loop experimentally because of
the following two issues. i) mtDNA can exist in a state of
heteroplasmy, even in normal cells, which involves a mixed
population of variant and wild-type mtDNAs. Furthermore,
the frequency of heteroplasmy varies among tissues within
an individual (11,12). Therefore, it is difficult to discriminate
variants in cancer from the background heteroplasmy
of SSRNVs. ii) Tag DNA polymerase, which is used for
amplification of sequencing templates, frequently generates
replication errors due to slippage because of the general lack
of proofreading capacity (13,14); such artifactual SSRN'Vs are
not distinguishable from the naturally occurring SSRNVs.

In this study, to discriminate between native SSRNVs
in vivo (including cancer variants and normal polymorphisms)
and artifactual variants in vitro, we used three validation
methods based on causative points of artifactual variants in
a case of breast cancer. We found that SSRNV results are
reproducible i) by PCR using different primers and ii) by PCR
using different proofreading DNA polymerases, and iii) we
confirmed the different SSRNV patterns in mtDNA D-loops
in different tissues from the same individual. The C-tract and
CA-tract in the genome sequence that are the same as a major
type of those in the mtDNA D-loop did not vary in all tissue
samples. Finally, we found different patterns of heteroplasmy
for the mtDNA D-loop in multiple normal tissues and cancer
lesions from a single patient, and we herein propose a new
validation method for SSRN'V.

Materials and methods

Samples. Tissue specimens were obtained from a female patient
with breast cancer. Four areas of breast cancer-containing tissues
were formalin-fixed and paraffin embedded (FFPE); normal
breast (NB) epithelia and two non-tumorous/non-mammary
tissues (NLN, Nskin), were obtained from FFPE tissues of the
same curative resected specimens for use as normal control
tissues of the same patient. Four breast cancers (BC1-BC4)
were histopathologically different and obtained by laser capture
microdissection. Ten-um-thick sections of NLN were directly
subjected to DNA extraction. Other FFPE tissues were subjected
to laser capture microdissection using an LMD6000 micro-
scope (Leica Biosystems, Wetzlar, Germany) to precisely obtain
cancer cells and normal epithelial cells. DNA was extracted
from these FFPE tissues as described previously (15,16); briefly,
a RecoverAll Total Nucleic Acid Isolation kit for FFPE (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) was used according
to the manufacturer's protocol with some modifications such as
heat treatment of the lysate at 95°C for 30 min and final puri-
fication of DNA by ethanol precipitation. As a control, a fresh,
frozen tissue of normal liver was obtained from a non-tumorous
portion of curative resected liver cancer, metachronous metas-
tasis of colorectal carcinoma; a patient was 75-year-old female
who had been affected with stage I (T3NOMO) colorectal
carcinoma. DNA was extracted as described previously (15,16).

The curative surgical operations were performed at Nihon
University School of Medicine Itabashi Hospital (Itabashi-ku,
Tokyo, Japan) in 2013-2014. The use of tumor and adjacent
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non-tumor tissues from the resected specimens to this study
was approved by the Ethics Committee of Nihon University
School of Medicine (approval nos. 147 and 115). Informed
consents were obtained from the patients prior to the start of
the study.

Polymerase chainreaction (PCR).PCR was performed in 20-u1
reactions using Takara EX Taq DNA polymerase Hot Start
Version (Takara Bio Inc., Shiga, Japan) and KOD-Plus-Neo
(Toyobo, Osaka, Japan) according to the manufacturer's
instructions. The former is a mixture of recombinant Tag DNA
polymerase and 3'-5' exonuclease, and the latter is an enzyme
possessing 3'-5' exonuclease activity; this enzyme is derived
from the KODI strain of Thermococcus kodakaraensis and
as described in the manufacturer's instructions, has 80-fold
fidelity compared to recombinant Taq DNA polymerase. The
thermal cycling protocol included 35 to 37 cycles of 98°C for
10 sec and 60°C for 30 sec. The PCR and sequencing primers
are shown in Table I. The BLASTN search as described by
Simone et al (17) resulted in no nuclear sequence of mitochon-
drial origin relevant to these PCR target sequences.

Sanger sequencing. PCR products were treated with Illustra
ExoProStar 1-Step kit (GE Healthcare Life Sciences, Little
Chalfont, UK) and subjected to a sequencing reaction using the
BigDye Terminator version 1.1 cycle sequencing kit (Thermo
Fisher Scientific, Inc.). The reaction products were purified
using the BigDye Xterminator kit (Thermo Fisher Scientific,
Inc.). Nucleotide sequences were determined by subjecting
the purified products to an ABI PRISM 310 Genetic Analyzer
(Thermo Fisher Scientific, Inc.) and analyzed using Sequencing
Analysis version 5.4 software. The difference in minor allele
content of SSRNV was semi-quantitatively determined around
the nucleotide position clearly indicating a variant signal in the
electropherograms by considering signal ratio to the major allele.

Results

(CA) repeat number variation. SSRNV of (CA), between nt
positions 514 and 523 (rCRS NC_012920.1) was determined
by PCR of a 237-bp fragment (F7/R5) (Fig. 1; Table I). The
major genotypes of normal tissues, NB and NLN were (CA),
in this patient (Fig. 2A). A small amount of the (CA), allele
was also observed in NB and NLN, whereas the 3 tumor
samples, BC1, BC3 and BC4, exhibited a significant amount
of the (CA), allele. The signal of the (CA), allele was as
high as that of (CA); in BC3 but was lower in BC1 and
BC4 (Fig. 2A). We performed three experiments to examine
whether these polymorphisms were due to artifactual slip-
page by Tag DNA polymerase in PCR. First, a PCR primer
was altered to confirm the reproducibility of the amplified
sequence. The PCR product using F5/R5 primers (Fig. 1;
Table I) revealed the same sequencing electropherogram for
all 5 samples, including the varied signal of the (CA), allele
(Fig. 2B). For the second experiment, Taqg DNA polymerase
(from EX Taq polymerase) was exchanged for another proof-
reading polymerase, KOD DNA polymerase, to confirm
the varied signal of the (CA), allele. Both enzymes have
proofreading activity, but the KOD DNA polymerase derived
from the KODI strain of 7. kodakaraensis naturally contains
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Table I. Primer sequences used in the present study.

1885

Gene Repeat Primer Sequence (5'-3") PCR (Product bp)
mtDNA D-loop (CA), F5 TCCCCCCGCTTCTGGCCACA F5R5 (293)
F7 GAACCCTAACACCAGCCT F7RS5 (237)
RS GCTTTGAGGAGGTAAGCTAC
(C)q F3 ACCCTATGTCGCAGTATCTG F3R5 (492)
R5 GCTTTGAGGAGGTAAGCTAC
R10 AGGCTGGTGTTAGGGTTC
NAALAD? (CA), F AGTCCACAATGTTTTCACCA FR (244)
R CGCTGGGACTATTCTTTTAGA
BMP6 (C)g F TCATTTGAACTGGCTAGGGT FR (135)
R CTCTCATGGAAGTACACATGGT

PCR, polymerase chain reaction; mtDNA, mitochondrial DNA; D-loop, displacement loop; NAALAD2, N-acetylated a-linked acidic dipepti-

dase 2; BMP6, bone morphogenetic protein 6; F, forward; R, reverse.
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Figure 1. Simple sequence repeat regions of the mtDNA D-loop. Poly-C tract,
termed D310 (nt 303 to 315), and (CA), (nt 514 to 523) were amplified with
primer pairs F7/R5, F5/RS5, and F3/R10. Sequencing primers are shown by
one-sided arrows.

3'-5' exonuclease activity as well. KOD PCR produced a
similar electropherogram (Fig. 2C) as that of EX Taq PCR
(Fig. 1). Although the signal of the (CA), allele in NLN was
slightly decreased when using KOD, a minor (CA), allele was
clearly present in NLN. Normal liver DNA (NL16) from a
different patient showed a (CA), allele, and no polymorphic
electropherogram was observed for the PCR using KOD.
Thus, the polymorphic (CA) repeat of the mtDNA D-loop
in our study of a breast cancer patient was confirmed.
NLN and NB exhibit mtDNA heteroplasmy and contain
(CA),>>(CA),; the content of the (CA), allele increased as
follows: NLN=NB<BC1=BC4<BC3.

The third experiment was performed to disprove the poten-
tial sample-dependent manner of artifactual amplification and
to confirm the variable content of a minor (CA), allele among
the samples. The (CA), repeat-containing genomic sequence
was amplified in the same way, and the amplicons were
compared to those of the samples. The N-acetylated a-linked
acidic dipeptidase 2 (NAALAD?2) gene displays (CA), at nt
position chrll: 89906355-89906369 (hgl9), with no repeat
number polymorphisms reported to date. A minor (CA), signal
was observed at the same level in all electropherograms of

5 samples, including NL16 DNA (fresh-frozen tissue DNA
but not FFPE DNA) (Fig. 2D). This minor allele was due to
artifactual slippage by EX Taq DNA polymerase not in vivo
slippage. Thus, different frequencies of a minor (CA); allele of
the mtDNA D-loop in different BC samples were confirmed
but were not due to artifacts of in vitro PCR.

(C) repeat number variation. Another polymorphic poly-C tract
termed D310 (nt 303 to 315, rCRS NC_012920.1) was examined
in a similar way using EX Taq DNA polymerase followed by
Sanger sequencing (Fig. 1; Table I). The patient had (C)g as a major
allele, but a polymorphic (C), variant was observed in normal
tissues, NB, NLN and Nskin (Fig. 3A). Nskin showed the second
minor variant (C),. In contrast, NB and BC2 contained a signifi-
cant amount of the (C), allele, with the highest level. BC3 showed
aminor amount of the (C), allele at the lowest level, and the order
of the (C), allele content was BC3<NLN=Nskin<<NB=BC2
(Fig. 3A). Both BC1 and BC4 also exhibited low (C), allele
frequencies, similar to NLN (data not shown).

To ascertain the variable content of the (C), allele in
different tissues from a single patient, the same (C)sT
(C)¢ sequence-containing genomic sequence was ampli-
fied and sequenced. The bone morphogenetic protein 6
(BMP6) gene contains a (C);T (C), sequence at nt position
chr6:7801139-7801153 (hg19), with no repeat number polymor-
phisms reported. Although some slight noise was observed in
all 4 samples, the signals were clearly different from slippage
signals (Fig. 3B). Thus, the different pattern and frequency
of D310 variations were validated in normal and cancerous
regions of tissue from the examined breast cancer patient.
Differential heteroplasmy of the mtDNA D-loop was observed
in different normal tissues, and enhancement of heteroplasmy
and homoplasmy was observed in various cancerous regions
of a single patient.

Discussion

We clearly demonstrate in this study that SSRNV of the mtDNA
D-loop is present in normal tissues and that the variant pattern
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Figure 2. Sequencing electropherogram of (CA),. PCR of the mtDNA D-loop (CA), was performed using EX Taq DNA polymerase and F7/RS5 primer pairs (A) or
F5/RS primer pairs (B). The sequencing electropherogram using the F5 primer is the same as Fig. 2B (data not shown). (C) PCR was performed using a different
proofreading DNA polymerase KOD and F7/RS5 primer pairs. (D) PCR of genomic (CA), of the NAALAD?2 gene was performed using EX Taq DNA polymerase.
An arrow indicates a representative position used to evaluate a variant allele. PCR, polymerase chain reaction; mtDNA, mitochondrial DNA; NB, normal breast
epithelia; NLN, normal lymph node; BC, breast cancer; NL16, normal liver; F, forward; R, reverse. NL16 is a different patient with a (CA), repeat.

and frequency vary in both normal and cancerous tissues. In
particular, to avoid the artifactual slippage generated by Taq
DNA polymerase during pre-amplification of the SSR region,
we used two different proofreading DNA polymerases for PCR
in this study. In fact, these enzymes reproducibly resulted in
the same variant signal patterns of mtDNA SSRs of (CA), and
(C) in individual samples. When amplifying genomic SSRs of
(CA), in the NAALD?2 gene (Fig. 2D) and (C)g in the BMP6 gene
(Fig. 3B) using the same proofreading DNA polymerase as for
the mtDNA D-loop, a slight or no slippage signal was observed,
and cancer-specific mtDNA variant signals were confirmed.
In general, most variant signals in cancer are so weak that it
is difficult to determine if there is a real variant. Moreover, the
heteroplasmy issue of mtDNA in normal tissues complicates
determination of the presence of a cancer-specific variant.
Howell and Smejkal also validated mtDNA SSRNYV in Leber
hereditary optic neuropathy using a proofreading enzyme: Pfu
polymerase (18). However, it remains to be examined whether
background slippage actually occurred via amplification of
the same SSR sequence in the genome, as in the present study.
Based on our results, we suggest a reliable procedure for deter-
mining cancer-specific variants in mtDNA SSRNV: i) use of a
proofreading DNA polymerase for PCR; ii) assessment of back-
ground slippage by PCR using the same genomic sequence as

the target; iii) determination of the second background of poly-
morphic variations using DNA from several normal tissues as
PCR templates; iv) and evaluation of the cancer-specific variant,
including the variation frequency, by subtracting the two back-
ground signals from the variant signals in cancer. According to
this procedure, the present case of breast cancer is summarized
and considered as follows: When four cancer lesions were
compared with three normal tissues, the minor allele of (CA),
was found to be increased in three of the cancer tissue samples
(BC1, BC3, BC4), with the highest level in BC3 (Fig. 2). BC2
exhibited the low level, similar to three normal tissues (data not
shown). In contrast, the minor allele of (C), was increased only
in BC2 (Fig. 3A). Compared to NB epithelial cells, the minor
allele was decreased in the other three cancer samples (BCl,
BC3, BC4) (Fig. 3A) (data not shown). These results suggest
that cancer cell mtDNA is variable in individual cancer lesions,
and interestingly that the minor allele frequencies are inversely
correlated between the two SSR regions.

Taq DNA polymerase slippage has often been documented
in microsatellite analysis for genetic instability in cancer (19-21).
For example, Shinde et al thoroughly investigated Taqg DNA
polymerase slippage variant rates by PCR and quasi-likelihood
analysis (14). Slippage is dependent on the repeat number: The
more the repeat number increases, the higher the slippage rate
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Figure 3. Sequencing electropherogram of (C)s. (A) PCR of the mtDNA
D-loop (C)s was performed using EX Taq DNA polymerase and F3/RS primer
pairs. Inner reverse primer R10 and PCR forward primer F3 were used for
sequencing. (B) PCR of genomic (C)gof the BMP6 gene was performed using
EX Taq DNA polymerase. The sequencing electropherogram using the F
primer is the same as Fig. 3B (data not shown). An arrow indicates a repre-
sentative position used to evaluate a variant allele. PCR, polymerase chain
reaction; NB, normal breast epithelia; NLN, normal lymph node; Nskin,
normal skin; BC, breast cancer; F, forward; R, reverse.
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becomes. The threshold for detecting slippage products is 4-5
repeats of (CA), tracts and 8 repeats of (A), tracts, and the ratio of
contractions to expansions is 14-fold for (CA), tracts and 5-fold
for (A), tracts. Thus, a decrease in repeat number is preferred
to an increase in slippage events of any type of microsatellite
repeat. Although similar slippage events occur during DNA
replication in vivo, most replication errors are repaired by the
mismatch repair system in both the nucleus and mitochon-
dria (22-24). DNA polymerase vy carries out mtDNA replication
with proofreading exonuclease activity and functions in the
mismatch repair system (22,24). However, polymerase vy is prone
to replication errors when copying homopolymeric sequences
longer than 4 nt (22). Given the markedly increased number of
mtDNA molecules compared to that of the nuclear genome, such
variations lead to the coexistence of polymorphic mtDNA mole-
cules. Therefore, heteroplasmy of mtDNA is likely to be present
even in normal cells (25). Deep sequencing also revealed more
universal heteroplasmy than expected in normal cells (25-27).
Nonetheless, malfunction of the mismatch repair system occurs
in cancer cells, which results in mitochondrial genome insta-
bility, i.e., an increase in the error frequency of mtDNA SSRNV;
however, this is not distinguishable from a shift in heteroplasmy
levels via segregation of heteroplasmic mtDNA during cancer
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cell division. Accordingly, it may also be due to a heteroplasmic
shift and not necessarily to mitochondrial genome instability
that the proportion of major and minor mtDNA SSRNVs differ
in different cancerous tissues, as shown in the present study.

Thus, based on the difference in heteroplasmy level of mtDNA
in normal somatic cells, it is difficult to estimate mtDNA genome
instability in cancer. The mtDNA D310 SSRNV has been used
for assessing mtDNA genome instability in multiple cancers;
compared to normal tissues, cancer variants are homoplasmic
or heteroplasmic (3,4,7-9,28). Because homoplasmy and various
degrees of mtDNA heteroplasmy exist in normal cells within
a given individual and because cancer can originate from any
normal cell, a cancer-specific variant is difficult to delineate.
To determine mitochondrial genome instability in cancer, it
will be helpful to apply multiple single-cell next-generation
sequencing to analyze whether normal and cancerous tissues
with mtDNA heteroplasmy consist of a mixture of cells with
different homoplasmic mtDNAs or a mixture of cells with
heteroplasmic mtDNA. When we analyzed mtDNA D310 by
deep sequencing using a database of single-cell sequencing of
a breast cancer cell line and a matched normal B-lymphoblast
cell line from a patient (29), three cells each of the two cell lines
showed (C),/(C)g heteroplasmy. The ratio of the minor (C), allele
was 0.2, 0.15, and 0.15 in three B-lymphoblasts and 0.05, 0.15,
and 0.11 in three cancer cells. These results suggest that mtDNA
heteroplasmy of both normal and cancer cells occurs at the
single-cell level but does not involve a mixture of homoplasmic
cells; the proportion of heteroplasmy level is relatively constant
among cell lines, but that of cancer cells can be reduced during
cell division, even in a single clone. Considering the results of
the present study and single-cell analyses, mtDNA SSRNYV is
not suitable for estimating genetic instability in cancer. Although
the mtDNA D310 variant is currently used to determine clonal
assessment of clinical multiple cancers, either synchronous or
metachronous (9), it appears to be helpful but not definitive.

In conclusion, the present study proposes a reliable proce-
dure for determining mtDNA SSRNV and cancer-specific
variants. Using a proofreading DNA polymerase for PCR,
the background of slippage by PCR is determined via PCR of
the same genomic sequence as the target. Due to the varied
heteroplasmy level of mtDNA SSRNV among normal tissues,
the second background of polymorphic variations should be
determined by using DNA extracted from several normal
tissues as PCR templates. Finally, the cancer-specific variant,
including its variation frequency, is determined by subtracting
the two background signals from the variant signals in cancer;
regardless, normal heteroplasmy drifts appear to complicate
such estimation. To further evaluate the procedure and to
confirm the cancer heterogeneity, there remains to study in
multiple cases of cancer.
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