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ABSTRACT

Defects of mitochondrial DNA (mtDNA) are an
important cause of disease and play a role in the
ageing process. There are multiple copies of the
mitochondrial genome in a single cell. In many
patients with acquired or inherited mtDNA muta-
tions, there exists a mixture of mutated and wild
type genomes (termed heteroplasmy) within indi-
vidual cells. As a biochemical and clinical defect is
only observed when there are high levels of mutated
mtDNA, a crucial investigation is to determine the
level of heteroplasmic mutations within tissues and
individual cells. We have developed an assay to
determine the relative amount of deleted mtDNA
using real-time fluorescence PCR. This assay
detects the vast majority of deleted molecules, thus
eliminating the need to develop specific probes. We
have demonstrated an excellent correlation with
other techniques (Southern blotting and three-
primer competitive PCR), and have shown this tech-
nique to be sensitive to quantify the level of deleted
mtDNA molecules in individual cells. Finally, we
have used this assay to investigate patients with
mitochondrial disease and shown in individual skel-
etal muscle fibres that there exist different patterns
of abnormalities between patients with single or
multiple mtDNA deletions. We believe that this tech-
nique has significant advantages over other
methods to quantify deleted mtDNA and, employed
alongside our method to sequence the mitochon-
drial genome from single cells, will further our
understanding of the role of mtDNA mutations in
human disease and ageing.

INTRODUCTION

Mitochondria contain the only non-chromosomal DNA in
human cells. The mitochondrial genome is a small (16.5 kb)
DNA molecule that is present in multiple copies in individual
mitochondria. It encodes 13 essential polypeptides of the
respiratory chain and the 24 RNAs required for intramito-

chondrial protein synthesis (1). Mutations in this genome are
recognised as an important cause of disease (2,3) and over 200
different pathogenic defects (point mutations or large-scale
rearrangements) have been identified (4,5). Pathogenic
mitochondrial DNA (mtDNA) mutations are frequently
heteroplasmic, with mutated and wild type mtDNA coexisting
in the same cell (6). Single cell and tissue culture studies have
shown that the ratio of wild type to mutated mtDNA is critical
in determining the expression of the genetic defect, with
mutant loads in excess of 60% required to cause respiratory
chain dysfunction within an individual cell (7-9).

Whilst the role of mtDNA defects in disease is well
established, the role of somatic mutations in human ageing
remains controversial (10,11). There is an age-dependent
increase in somatic mtDNA mutations presumably due in part
to mtDNA lacking both protective histones and many of the
DNA repair mechanisms of the nuclear genome (12-14).
However, the level of an individual mtDNA mutation within a
tissue is low (<1%) when compared with the level seen in
patients with inherited disease (15-17). An important finding
with increasing age is the accumulation of cytochrome c
oxidase (COX)-deficient cells in human tissues (18,19). These
COX-deficient cells are also present in patients with primary
mtDNA defects and are known to contain high levels of
mutated mtDNA (9,20). In ageing it has been shown that some
of the COX-deficient cells contain high levels of deleted
mtDNA (21).

We have speculated that the high level of mutated mtDNA
in COX-deficient cells is due to clonal expansion of an
individual deletion or point mutation. To test the hypothesis
that clonal expansion of mtDNA defects is a common
phenomenon in ageing, it is important to develop techniques
that will allow analysis of mtDNA in individual cells. We have
recently described a method to analyse the entire mtDNA
sequence from individual cells to detect clonal expansion of
individual point mutations (22) and there are well described
methods to quantify the level of heteroplasmic point mutations
within individual cells (23-25). The problem we address in
this paper is the detection of deleted mtDNA in individual
COX-deficient cells. We describe the development of a real-
time PCR technique to quantify the level of deleted mtDNA in
individual cells. We show the value of this technique both in
the investigation of patients with mtDNA deletions and in
studying the role of mtDNA mutations in the ageing process.
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MATERIALS AND METHODS

Patients

For the initial studies, DNA extracted from blood of a
control subject was used. Quadriceps muscle from 12
patients with known mitochondrial disease was studied.
These patients had clinical features and muscle biopsy
findings suggestive of mitochondrial disease, including
the presence of COX-deficient fibres. In all patients,
Southern blot and long-range PCR analysis was
performed on total muscle DNA homogenates to establish
the molecular defect as either a single deletion (patients
S1-S6) or multiple deletions (patients MI-M6) (26).
The size and site of each single deletion was mapped by
amplifying across the deletion, followed by sequencing of the
breakpoint (27).

Histochemical assessment

Cryostat sections (20 wm) were cut from transversely
orientated muscle blocks. The blocks had been mounted
previously for sectioning and frozen in isopentane cooled
to —190°C in liquid nitrogen. Sequential assay of COX
and succinate dehydrogenase (SDH) activities identified
COX-deficient fibres (9). Type 1 (oxidative fibres) and type
2 (glycolytic fibres) were identified by the assay of COX
activity or by reacting sections for pH-dependent ATPase
activity.

Isolation of DNA from blood, skeletal muscle and single
muscle fibres

DNA was extracted from blood and whole muscle
homogenate using standard methods. Individual muscle
fibres were micro-dissected from 20 um transverse sections
using fine glass capillaries. The fibres were transferred to
sterile microfuge tubes, each containing 10 pl of cell lysis
buffer (50 mM Tris—HCl pH 8.5, 1 mM EDTA, 0.5% Tween-
20, 200 pg/ml proteinase K). The fibres were incubated at
55°C for 2 h and then at 95°C for 10 min to denature the
proteinase K (28).

Real-time PCR

Our aim was to develop a real-time PCR protocol that could
reliably quantify the amount of mtDNA in two different
regions of the mitochondrial genome, one which is rarely
deleted in patients, and another that is absent in the majority of
patients with large-scale deletions (Fig. 1). The size and
breakpoint positions of many mtDNA deletions have been
carefully mapped in a large number of patients with single and
multiple deletions (5). From these data, there is a region within
the ND1 gene that is rarely deleted in patients (present in the
genome remaining in 94% of cases with single deletions and
100% of those with multiple mtDNA deletions), and a region
of the ND4 gene that is deleted in the majority of patients
(82% of cases with a large-scale single deletion and 96% of
cases with multiple mtDNA deletions). Having identified
these regions we designed primers and probes using commer-
cially available software (Primer Express). PCR primers and
fluorogenic probes for regions of NDI (forward primer,
L3485-3504; reverse primer, H3532-3553; probe,
L3506-3529) and ND4 (forward primer, L12087-12109;
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Figure 1. Schematic representation of the mitochondrial genome. The sites
of the probes used for the real-time PCR are shown. The majority of
mtDNA deletions involve the major arc of the mitochondrial genome be-
tween the origin of heavy strand replication [Oy (nucleotides 110-441)] and
the origin of the light strand replication [Op (nucleotides 5721-5798)].
Thus, in many patients the ND4 gene is deleted whilst ND1 (which is out-
side this region) remains even in the deleted molecule.

reverse primer, H12140-12170; probe, L12111-12138) were
synthesised. Five microlitres of DNA lysate from a single
muscle fibre was amplified separately with the ND1 and ND4
primer/probe combinations. To each sample 4.22 pul nanopure
water and 12.5 pl TagMan Universal PCR MasterMix [2.50 pul
of 10X buffer A, 5.0 pl of 10 mM MgCl,, 0.5 ul of each dNTP
(10 mM), 0.25 ul of 1 U/ul AmpErase uracil-N-glycosylase
(UNG), 0.13 pl of 5 U/ul AmpliTaq Gold DNA polymerase
and 2.62 pl of nanopure water] were added. The concentration
of the PCR primers was 300 nM and the fluorogenic probes
100 nM. PCR and fluorescence analysis was performed using
the Perkin Elmer GeneAmp 5700 sequence detection system.
Amplification conditions were: 2 min at 50°C (for optimal
AmpErase UNG activity), 10 min at 95°C (for deactivation of
AmpFErase UNG and activation of AmpliTaq Gold) then 40
cycles of 15 s at 95°C and 1 min at 60°C (for probe/primer
hybridisation and DNA synthesis).

Threshold cycle calculations

Threshold cycle number (Ct) was calculated with GeneAmp
5700 SDS software v1.7 (Applied Biosystems). The threshold
was set at 10 times the standard deviation above the mean
baseline emission value for the first 15 cycles.

Southern blotting and competitive three-primer PCR

For comparison with other methods of analysing the level of
deleted mtDNA, we quantified the levels of the 4977 bp
common deletion, in which ND4 is deleted, by Southern blot
analysis and three-primer competitive PCR (9) using the
conditions and primers described by our group previously
21).



PAGE 3 0F 6

18 B
Cycle number

Nucleic Acids Research, 2002, Vol. 30 No. 14 e68

Cycle number

35, C
30
R?2=0.9948
5 25+
20+
15
10 T . 10 . : .
2 4 ] 2 4 6 8
Log Copy number Log Copy number

Figure 2. Sensitivity of real-time PCR to mtDNA copy number. Fluorescent intensity at decreasing copy number concentrations for ND1 (A) and ND4 (B)
are shown. There is an inverse linear relationship between the logarithm of the initial copy number and the threshold cycle (Ct) for ND1 (C) and ND4 (D).

Each value represents the mean * SD for four independent observations.

RESULTS

Sensitivity of the PCR in relationship to mtDNA copy
number

We wished to determine if it was possible to reliably detect
and quantify the number of copies of ND1 and ND4 genes
within single cells. For this we wished to determine the
linearity of the PCR over a wide range of template concen-
trations. We generated templates for ND1 (2992-3640) and
ND4 (11633-13595) by PCR. The concentration of each
fragment was determined spectrophotometrically and real-
time PCR amplifications over a copy number range of 2.5 X
102t02.5 X 107 and 1.5 X 10%to 1.5 X 107 for ND1 and ND4,
respectively, were performed (Fig. 2A and B). The relation-
ship between the Ct value and the logarithm of the initial copy
number was linear, with correlation coefficients of 0.9948 for
NDI1 and 0.9981 for ND4 (Fig. 2C and D). We determined
whether the technique was reproducible by determining the
intra-assay variability for each template (three separate
experiments with three independent observations) and the
variability was <2.5% for both templates. We then determined
the variability between assays by measuring Ct of the ND1 and
ND4 templates in three separate experiments; the maximum
variability for the ND1 template was 1.5% and for the ND4
template 5.2%. Using the standard curves generated from
these templates, the mtDNA copy number in a single muscle
fibre was calculated. The values for eight muscle fibres
isolated from 20 um sections ranged from 1.6 X 10* to 8.5 X
10*%. Thus, the amount of mtDNA in single muscle fibres is
well within the linear range for quantification of the level of
ND1 and ND4. We also determined the amount of mtDNA in

16 type 1 (oxidative) muscle fibres and 16 type 2 (glycolytic)
muscle fibres from the same individual. As expected, the
mean copy number was greater in the type 1 fibres (mean =
5.2 X 10*% compared with type 2 fibres (mean = 2.6 X 10%)
(P < 0.05).

The above experiment confirmed the linearity of each
template with copy number; we also wished to compare the
efficiency of each reaction with whole mitochondrial gen-
omes. DNA extracted from normal blood (500 ng/ul) was
diluted serially, 1:10 to 1:10 000, and amplified using the ND1
and ND4 primers. As can be observed from Figure 3, there is
an inverse linear relationship between the Ct values and the
logarithm of the input blood DNA. In addition, as the gradient
for amplification of ND1 and ND4 are the same, this shows
that each template is amplified with the same degree of
efficiency. Thus, the Ct values can be used as a measure of
input DNA and to quantify the relative amount of ND1 to ND4
with the following equation: R = 272Ct (29), where R is the
calculated relative copy number and ACt is the Ctyp; — Ctapa.

Comparison of real-time PCR with other methods to
determine the relative amount of deleted mtDNA

Southern blot analysis and three-primer competitive PCR
methods are established methods for determining the amount
of deleted mtDNA. Muscle DNA samples with varying
concentrations of the 4977 bp common deletion were analysed
by real-time PCR, Southern blot and three-primer competitive
PCR. For real-time PCR, each sample was analysed in
triplicate for both ND1 and ND4. There was a significant
correlation of the level of deletion detected by real-time
PCR, compared with Southern blotting and three-primer
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Figure 3. Relationship of DNA concentration to threshold cycle. Total
blood DNA was serially diluted and the amplification of ND1 (A) and ND4
(B) compared at different concentrations of the original DNA (range of dilu-
tions from 1 in 10 to 1 in 10 000).
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Figure 4. Comparison of the percentage of deleted mtDNA detected by
real-time PCR to either Southern blot (A) or three-primer competitive PCR
(B). DNA was extracted from patients and the different techniques com-
pared. For the comparison between the real-time PCR and Southern blotting,
the experiment was repeated on three separate occasions and the means *
SD are shown.

Patients with

S1 82 S3 S4 S5 S6

% single mtDNA deletion multiple mtDNA deletions
o
100 - . . .
[} n [ ]
g ok W OB e K h LD I o 2w
:(.“ L) ngn ™ " I:. ... L] " - . L
0] i u L [ ] n
; 80 " - ] - " 1]
Q0 » "L " s
> - ]
5 601 © -t .
: T
g 401
< - !
<z( AN
a ] A
£ 20
©
3 5 1
< 0 LY R e -

MI M2 M3 M4 M5 M6 (Patient)

Figure 5. Real-time PCR of respiratory-deficient fibres from patients with mitochondrial myopathies. The figure shows the calculated percentage of deleted
mtDNA (squares) in individual cells from COX-deficient fibres from patients with either single (S1-S6) or multiple (M1-M6) deletions. The values for 15
individual COX-deficient fibres for each patient are shown. The means * SD for the COX-positive fibres are also shown for each patient (triangles).

competitive PCR (Fig. 4). Furthermore, we confirmed
reproducibility of this technique by repeating the comparative
experiments with Southern blot on three separate occasions
(Fig. 4).

Application of real-time PCR to samples from patients

with single or multiple mtDNA deletions

Fifteen fibres with normal COX activity and 15 COX-deficient
fibres from each patient were isolated, lysed and amplified by

real-time PCR. All COX-deficient fibres from patients with a
known single mtDNA deletion had high ACt values, corres-
ponding to high levels of deletion (>60%) (Fig. 5). This result
was expected as in all cases ND4 was deleted. The COX-
normal fibres also contained deleted mtDNA, but at a
substantially lower level than the COX-deficient fibres
[COX-deficient fibres, 90.7 = 8.9% (mean * SD); COX-
normal fibres, 21.2 £ 25.1%]. In patients with multiple
mtDNA deletions the COX-deficient fibres gave a different
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result to that seen in patients with a single deletion. The
majority of fibres had high ACt values corresponding to high
levels of deletion (>60%), but in all patients there were some
COX-deficient fibres with normal ACt values, indicating the
deletion in these fibres did not encompass ND4. Again there
was a clear difference in the level of deletion between COX-
deficient and COX-normal fibres [COX-deficient fibres, 72.1
+ 35.2% (mean + SD); COX-normal fibres, 22.1 = 27.8%].

DISCUSSION

Our studies have shown that real-time PCR is a valuable
technique in determining the level of deleted mtDNA
molecules in single cells. In our hands the technique is
reproducible even using very low quantities of mtDNA. The
technique will be of value not only in the diagnosis of patients
with suspected mtDNA deletions, but also investigating the
role of clonal expansion of mtDNA deletions in ageing. These
studies have been performed using a real-time PCR machine
that is capable of detecting the amplification of a single target
template in each tube. A further increase in sensitivity will be
possible using a real-time PCR machine capable of detecting
two such reactions in the same tube by the use of different
fluorescent dyes.

Real-time PCR is only one of several methods that can be
used to quantify the level of rearranged mtDNA molecules,
but we believe it has significant advantages over other
techniques. Southern blotting is the standard method to
measure the level of the deletion in DNA extracted from
tissues. The major disadvantage of Southern blotting is the
large amount of DNA required for analysis, and it certainly is
not a technique that can be used to investigate mtDNA
deletions in single cells. In contrast, three-primer competitive
PCR is a semi-quantitative method used to determine the level
of a deletion in a single cell. The major disadvantage of this
technique is that it is specific to an individual deletion and
fresh primers and conditions have to be devised for each
deletion to be detected. This may be possible when a patient
has a single deletion but it is not possible to use this technique
for the investigation of patients with multiple deletions or in
the investigation of mtDNA deletions in ageing cells. For both
Southern blotting and three-primer competitive PCR, we
obtained a good correlation with the results using real-time
PCR. The identification of deleted molecules in individual
cells is also possible using techniques such as long-range PCR
(30,31) and primer-shift PCR (20,32). These techniques are
not quantitative and the value of simply detecting a deletion is
limited. Whilst other workers have previously described a
real-time PCR method to detect a common mtDNA deletion in
blood DNA (33), our specific aim was to apply this technique
to the study of mtDNA rearrangements in individual cells, the
level of the biochemical defect, and to confirm the validity of
this approach using patient samples.

Although our original idea was merely to use the samples
from patients to validate the technique of quantitative PCR,
the technique has shown some very interesting differences
between patients with single and multiple deletions. In all our
patients with single deletions the COX-deficient cells had high
levels of deletion removing ND4. In patients with multiple
deletions this was not the case and all patients had COX-
deficient cells that did not contain high levels of mitochondrial
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genome with a deletion removing ND4. Thus, this technique
can rapidly differentiate between these two conditions. Whilst
long-range PCR is also a very helpful technique for deter-
mining if there are single or multiple deletions, this technique
can give misleading results when amplifying samples from
older individuals due to the non-quantitative nature of the
PCR.

Our findings in the patients with multiple mtDNA deletions
were a little surprising. These are an interesting group of
patients whose primary genetic defect is not in the
mitochondrial genome. In these patients the defect is inherited
in an autosomal manner and genetic defects have been
identified in a number of genes involved in the maintenance of
mtDNA, including ANT1 (34), POLG (35) and Twinkle (36),
a mitochondrial helicase. In these patients, different deletions
clonally expand within individual cells to high levels, and thus
result in COX deficiency. It has been stated that in patients
with multiple mtDNA deletions ~96% of the deletions involve
ND4; this was not found in our patients, which suggests that
previous studies have underestimated the percentage of
molecules in which the deletion involves other parts of the
genome. Alternatively, as the primary defect often involves
enzymes involved in mtDNA maintenance, it is possible that
some of the other COX-deficient muscle fibres contain
clonally expanded mtDNA point mutations. In none of the
fibres without deleted mtDNA did we detect mtDNA deple-
tion, as the mtDNA copy number was the same between fibres
that contained deleted mtDNA species and those that did not.

There is a similarity between the situation in patients with
multiple mtDNA deletions and the normal ageing process. In
both groups there is the presence of COX-deficient cells. In
ageing, somatic mutations occur, presumably due to a
combination of DNA damage with inadequate repair. It is
speculated that each COX-deficient cell should represent the
clonal expansion of an individual mtDNA mutation (37). Our
development of single cell sequencing of the mitochondrial
genome will allow us to detect clonal expansion of mtDNA
point mutations. We believe real-time PCR will provide a
technique to investigate for the possibility of clonal expansion
of partially deleted mtDNA molecules.
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