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As part of a national effort to identify biomarkers for
the early detection of cancer, we developed a rapid
and high-throughput sequencing protocol for the de-
tection of sequence variants in mitochondrial DNA.
Here, we describe the development and implementa-
tion of this protocol for clinical samples. Heteroplas-
mic and homoplasmic sequence variants occur in the
mitochondrial genome in patient tumors. We identi-
fied these changes by sequencing mitochondrial DNA
obtained from tumors and blood from the same indi-
vidual. We confirmed previously identified primary
lung tumor changes and extended these findings in a
small patient cohort. Eight sequence variants were
identified in stage I to stage IV tumor samples. Two of
the sequence variants identified (22%) were found in
the D-loop region, which accounts for 6.8% of the
mitochondrial genome. The other sequence variants
were distributed throughout the coding region. In the
forensic community, the sequence variations used for
identification are localized to the D-loop region be-
cause this region appears to have a higher rate of
mutation. However, in lung tumors the majority of
sequence variation occurred in the coding region.
Hence, incomplete mitochondrial genome sequenc-
ing, designed to scan discrete portions of the ge-
nome, misses potentially important sequence vari-
ants associated with cancer or other diseases. (J Mol
Diagn 2005, 7:258–267)

Mitochondrial DNA instability has been reported in de-
generative diseases,1–4 neurodegenerative diseases,5,6

sudden infant death syndrome,7 aging and longevi-
ty,3,8–12 and cancer.13–25 Both solid tumors and hemato-
logical diseases including leukemias and lymphomas
have been reported to contain changes in the mitochon-
drial genome.26 The accumulation of sequence variants
indicates a possible function as a molecular clock for

organ degeneration.27 Mitochondria were first suggested
to contribute to carcinogenesis in 197328 when quantita-
tive and qualitative electron microscopy revealed struc-
tural differences in this organelle between cancer pa-
tients and normal controls. More detailed analyses of
patient specimens revealed mitochondrial microsatellite
instability associated with cancer.29–33 Specific point mu-
tations and deletions were subsequently found first by
DNA scanning technologies and further identification of
specific sequence variants34 were reported.

It is hypothesized that mitochondrial defects are
present in tumors due to damaged respiratory systems
and ATP production.25 Mitochondria play a fundamental
role in energy production and oxidative phosphorylation
(OXPHOS).35,36 As a byproduct of this process, toxic
reactive oxygen species are generated, resulting in DNA
damage. Because mitochondria are the sites of reactive
oxygen species production, its DNA is more likely to be
damaged than nuclear DNA.37 Mitochondria possess
less efficient DNA repair mechanisms than the nucleus,14

therefore, mutations are more likely to persist and be
representative of clonal expansion. The evolutionary mu-
tation rate is 17-fold higher compared to single copy
genes in the nuclear DNA.14

Advantages of using mitochondria DNA (mtDNA) as a
potential biomarker for cancer-specific mutation studies
are several. The genome is well characterized, with
�16,568 bp harboring 37 densely packed genes. Sec-
ondly, high copy number (hundreds to thousands of
mtDNA copies per cell) is a distinct advantage over
nuclear DNA for the detection of sequence variants and
translates into less tissue required for analysis. Hence, pre-
cious clinical samples are conserved. In addition, the mito-
chondrial genome is more resistant than nuclear DNA to
damage caused by isolation and storage due to the small
size and covalently closed, circular structure of mtDNA.
Repair is also less efficient in the mitochondrial than nuclear
genomes therefore, mutations are more quickly identified.
Because mitochondria lack introns, mutations that occur will
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accumulate in the coding regions and are more likely to
have biological consequences.26

Despite the extensive association of mutations with
human disease, the role of mitochondrial dysfunction in
tumors and the interplay between nuclear and mitochon-
drial encoded genes remains unclear. Mitochondrial mu-
tations have been observed in colorectal, breast, liver,
prostate, pancreatic, and lung cancers. Moreover, se-
quence variations have been detected in preneoplastic
lesions, which suggest mutations occur early in tumor
progression.16,19,22 For colorectal cancer, 70% of cell
lines examined harbored mitochondrial sequence varia-
tions in the coding and noncoding regions.21 DNA alter-
ations were also found in 45% of colorectal cancer spec-
imens. Mitochondrial genome instabilities were found in
48% of breast cancer tissues38 and 42% of breast cancer
specimens contained mitochondrial DNA sequence vari-
ants in the D-loop.19 The mononucleotide repeat (C-
stretch) at D303 to 310 was identified as a candidate
hotspot in these breast primary tumors as well as cervical
cancer. However, a rapid polymerase chain reaction
(PCR) analysis of the C-stretch region from 56 cervical,
bladder, and breast tumors, and endometrial neoplasia
resulted in the detection of only 13 sequence variants
(23%).39

Sequence variants in the D-loop region of the mito-
chondrial genome are also present in lung cancer. In one
study of the noncoding region from 28 cell lines and 55
non-small cell lung cancer samples, sequence alter-
ations were detected in 61% of the cell lines and 20% of
the tumors.40 In further studies, lung cancer cell lines and
tumor tissues were demonstrated to contain sequence
variants at 70% and 43%, respectively.13,14 Sequence
variations in mitochondrial DNA may serve as early indi-
cators of lung cancer, thus enabling detection of cancer
in early stages when treatment is most effective.

The DNA Technologies Group at National Institute of
Standards and Technology (NIST), an Early Detection
Research Network Biomarker Validation Laboratory, con-
ducts measurements to validate the utility of genes and
gene products as biomarkers after their initial character-
ization by the Biomarker Discovery Laboratories. The
purpose of this study was to evaluate mitochondrial se-
quence variants as biomarkers of early lung cancer. Lung
cancer is the second most common cancer among men
and women and is the leading cause of death among the
most common cancers.41 The incidence is as great as
117 per 100,000 individuals.42 Reductions in cancer can
be expected if improved diagnostics and population
screening technologies are implemented. Improvement
in lung cancer prognosis can be primarily achieved via
the development and validation of accurate early detec-
tion assays, which include strategies for noninvasively
collected samples coupled with automation and sensitive
detection limits. Currently, no clinically applied DNA bi-
omarker exists for lung cancer. Initial pathological diag-
nosis is based on small bronchoscopic biopsy.43 Thus,
reliable, high-throughput assays are needed to deter-
mine the role of sequence variation in the mitochondrial
genome and the manifestation of cancer in clinical sam-
ples and bodily fluids.

In this study, 22 mitochondrial genomes were fully
sequenced from blood and tumor DNAs obtained from 11
individuals with lung cancer. Using a nested protocol and
M13 primers for sequencing, an automated capillary
electrophoresis protocol obtained 97 to 100% (average,
99.8%) sequence coverage for the forward strand and 90
to 100% (average, 98.4%) sequence coverage for the
reverse strand. Sequence variants were identified in the
tumor samples with respect to patient blood in 5 of 11
individuals (45%). Overall, eight sequence variants were
identified. Twenty-two percent of the sequence variants
identified were found in the D-loop region, which ac-
counts for only 6.8% of the genome. The other sequence
variants were spread throughout the coding region. De-
spite the reasonable assumption that heteroplasmies
should comprise multiple subpopulations of mutated
mtDNA molecules, the majority of the tumors were ho-
moplasmic for sequence variants. Our work describes
sequence variant detection by fluorescent capillary elec-
trophoresis and compares these results to previous stud-
ies using radiolabeled sequencing. Further, limited com-
parison between these results and those obtained using
DNA resequencing microarrays are described. In sum-
mary, a robust protocol for the identification of both het-
eroplasmic and homoplasmic sequence variants in clin-
ical samples (human tissues and bodily fluids) is
described.

Materials and Methods

Nucleic Acid Isolation

DNA was extracted from microdissected tissue obtained
from cryostat-embedded snap-frozen sections. DNA
from primary tumors and bodily fluids was evaluated.
Paired normal and tumor specimens were collected after
surgical resection with prior consent from patients in the
Johns Hopkins University Hospital. DNA from tumor sec-
tions was digested with 1% sodium dodecyl sulfate/Pro-
teinase K, extracted by phenol chloroform, and ethanol
precipitated. Tumor samples were obtained from males
and females and represented broncholoalveolar, squa-
mous cell, and adenocarcinomas. Samples were col-
lected from stage I and IV tumors (Table 1).

PCR Amplification

PCR amplification primers selected were reported previ-
ously44 to specifically amplify mitochondrial encoded
DNA sequences. PCR amplification conditions were
modified to optimize these primers and to use PCR-ready
amplification microtiter plates. Briefly, primers were syn-
thesized by Operon/Qiagen (Alameda, CA) and were
shipped frozen at 100 �mol/L. Amplification was per-
formed in two steps: a primary amplification followed by a
nested, secondary amplification. For the primary amplifi-
cation, nine overlapping primer sets were used to amplify
the entire mtDNA genome from 20 ng of DNA template
(Table 2). These PCR products ranged in size from 1886
to 2075 bp. The DNA, primers (0.6 �mol/L of each), and
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deionized H2O were added to a Clontech BD Sprint
Advantage 96-well plate (Clontech Laboratories, Inc.,
Palo Alto, CA) containing lyophilized BD Sprint Advan-
tage polymerase mix, dNTPs, optimized PCR buffer, and
a mix of cryoprotectants for a total reaction volume of 25
�l. Thermal cycling conditions were as follows: preampli-
fication denaturation: (1 cycle), 95°C for 1 minute; ampli-
fication (30 cycles): 95°C for 30 seconds; annealing,
58°C for 1 minute; elongation, 68°C for 3 minutes; final
elongation (1 cycle), 68°C for 3 minutes; 4°C hold.

PCR amplification products were subsequently ana-
lyzed for both quality and quantity of DNA using the
Caliper AMS 90 SE electrophoresis system (Caliper
Technologies Corp., Mountain View, CA). To facilitate
sequencing, the nine amplicons were reamplified using
M13-tagged primers. The secondary amplification uses
28 primer pairs to amplify smaller fragments of the pri-
mary amplicons (482 bp and 775 bp, Table 2). Second-
ary amplification reactions were conducted using 2 �l
(0.6 to 45 ng) of the primary PCR product and the Clon-
tech 96-well plates and reagents used in the primary PCR
step. Thermal cycling conditions were as follows: pream-
plification denaturation: (1 cycle), 95°C for 1 minute; am-

plification (30 cycles): 95°C for 30 seconds; annealing,
58°C for 1 minute; elongation, 68°C for 1 minute; final
elongation (1 cycle), 68°C for 3 minutes; 4°C hold.

PCR Clean-Up

PCR clean-up protocols were optimized for high-through-
put sequencing using both Exo l-SAP and filtration. The
first method, Exo I-SAP, was used for partial plates and
individual reactions. The following reagents were added
to a final 25-�l reaction volume: 1.0 unit of SAP (USB
Corp., Cleveland, OH), 5.0 units of Exo I (USB), and 4.85
�l of deionized H2O. For multiple reactions, a master mix
of these reagents was made and dispensed in 6.25-�l
aliquots. Samples were then placed on the 9700 thermo-
cycler (Applied Biosystems, Foster City, CA) for 15 min-
utes at 37°C, then 30 minutes at 72°C. The samples were
then diluted with 40 �l of deionized H2O for analysis on
the AMS 90 SE.

The second method used for PCR clean-up was the
Montage PCR�96 plate (Millipore Corp., Billerica, MA).
This method was used for full 96-well plates containing

Table 1. Pathology and Staging of Clinical Samples

Sample Age Pathology Stage JHU sequence Sequence variants

1 59 Bronchioloalveolar I Complete 1
2 74 Adenocarcinoma I D-loop 0
3 62 Squamous cell I D-loop 0
4 84 Adenocarcinoma I D-loop 0
5 47 Adenocarcinoma IV Complete 1
6 78 Adenocarcinoma I Complete 0
7 67 Adenocarcinoma I D-loop 0
8 64 Bronchioloalveolar IV D-loop 1
9 82 Squamous cell I Complete 4
10 41 Adenocarcinoma I D-loop 1
11 66 Large cell undifferentiated IV D-loop 0

Table 2. Primary and Nested Primers for Full Mitochondrial Genome Sequence Analysis

Primer Set 1 NT Position
Product
Length Primer Set 2 NT Position

Product
Length Primer Set 3 NT Position

Product
Length

Tay-1 503–2484 1982 Tay-2 2384–4249 1886 Tay-3 4155–5220 2066
tay2-1* 516–1190 711 tay2-4 2395–3074 716 tay2-7 4184–4869 722
tay2-2 1138–1801 700 tay2-5 2995–3648 687 tay2-8 4832–775 775
tay2-3 1754–2444 725 tay2-6 3536–4239 740 tay2-9 5526–6188 699

Primer Set 4 NT Position Product
Length

Primer Set 5 NT Position Product
Length

Primer Set 6 NT Position Product
Length

Tay-4 6113–8017 1905 Tay-5 7925–9884 1980 Tay-6 9167–11748 1982
tay2-10 6115–6781 703 tay2-13 7960–8641 718 tay2-16 9821–10516 732
tay2-11 6730–7398 705 tay2-14 8563–9231 705 tay2-17 10394–11032 675
tay2-12 7349–8012 697 tay2-15 9181–9867 723 tay2-18 10985–11708 760

Primer Set 7 NT Position Product
Length

Primer Set 8 NT Position Product
Length

Primer Set 9 NT Position Product
Length

Tay-7 11614–13638 2025 Tay-8 13539–15431 1893 Tay-9 15331–836 2075
tay2-19 11634–12361 765 tay2-22 13568–14275 745 tay2-25 15372–16067 732
tay2-20 12284–13007 758 tay2-23 142527–14928 738 tay2-D1 15879–16545 703
tay2-21 12951–13614 700 tay2-24 14732–15420 724 tay2-D2 16495–390 482

tay2-D3 213–803 525

*Nested primers contain M13 sequence (forward or reverse) for fluorescent sequencing.44
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the secondary PCR reactions. Seventy-five �l of deion-
ized H2O were added to each well of the secondary
amplification plate to a final volume of 100 �l/well. The
contents of each well were then transferred to the Milli-
pore filtration plate and placed on the vacuum manifold
for 30 to 45 minutes or until all of the wells were dry. Once
dry, 65 �l of deionized H2O were added to each well. The
plate was then placed on a shaker at high speed for 10
minutes. The samples were then transferred to a 96-well
plate compatible with the Caliper AMS 90 SE for
quantification.

DNA Quantification

After clean-up, samples were separated on the AMS 90
SE to size and quantify the DNA. Fifty ng of each sample
were then transferred to a new plate and dried in a
vacuum centrifuge. The samples were resuspended in 50
�l of deionized water to a final concentration of 1 ng/�L
for sequencing.

DNA Sequencing

Secondary products tagged with M13 forward and re-
verse primers, (tgtaaaacgacggccagt and ggaaacagctat-
gaccat, respectively) were sequenced using the Big Dye
Terminator (BDT) version 3.1 cycle sequencing kit (Ap-
plied Biosystems). A one-eighth cycle-sequencing reac-
tion was used for all sequencing. The 28 secondary PCR
amplicons for each sample were sequenced on both
strands with the M13 primers, for a total of 56 sequencing
reactions for each mitochondrial genome. Each reaction
contained 1 �l of each of the following reagents: BigDye
Terminator, DNA (1 ng/�l), M13 primer (forward or re-
verse; 5 pmol/�l), 5� dilution buffer (Applied Biosys-
tems), and dH2O to a final volume of 5 �l. Cycling se-
quencing conditions were as follows: (40 cycles): 96°C
for 10 seconds; annealing, 50°C for 5 seconds; elonga-
tion, 60°C for 4 minutes; 4°C hold. All separations were
performed using the ABI 3100 genetic analyzer using an
80-cm capillary and POP4 polymer system. Samples
were electrokinetically injected (30 seconds, 1 kV) and
separated at 14.6 kV. Sequences were aligned using the
DNA Star SeqMan II (5.05) program (DNASTAR, Inc,
Madison, WI) and scanned for polymorphisms and se-
quence variants. Both homoplasmic (identical mitochon-
drial genomes) and heteroplasmic (differences in mito-
chondrial DNA genomes present) sequence variants
were expected.13,14 The sensitivity of sequence variation
detection methods is a critical element to determining the
degree of heteroplasmy.

Sequencing Clean-Up

The Montage SEQ96 plate (Millipore) was used for
clean-up after cycle sequencing. Thirty �l of wash solu-
tion (Millipore) was added to each well of the cycle-
sequencing plate. The samples were transferred to the
clean-up plate and placed on the vacuum manifold for 15
to 20 minutes or until the wells were dry. A second wash

of 30 �l of wash solution was added and vacuumed dry
for an additional 25 to 30 minutes. Once dry, 20 �l of
injection solution (Millipore) were added to each well and
the plate was mixed vigorously on a plate shaker for 10
minutes. Resuspended samples were transferred to a
3100 optical plate (Applied Biosystems) and diluted with
15 �l of HI-DI formamide (Applied Biosystems).

Results

DNA Amplification

Minimum quantities of DNA required to fully sequence a
mitochondrial genome were determined for the amplifi-
cation of DNA from both tumor and blood. Reproducible
results were obtained with 10 to 20 ng of DNA obtained
from the clinical laboratory. The best results were ob-
tained with a previously described44 nested PCR proto-
col, in which nine overlapping amplicons ranging in size
from �1.9 to 2.1 kb were first generated spanning the
entire mitochondrial genome (Table 2). These PCR prod-
ucts were then reamplified to generate 28 secondary PCR
products with M13 primers attached to facilitate sequenc-
ing (Table 2). Because core sequencing laboratories re-
quest that common primer sequences, such as the M13
forward and reverse primers, be used in their facilities, our
protocol allows research and clinical laboratories to send
their amplified clinical samples to core laboratories for se-
quencing. An illustration of the amplification and sequenc-
ing methodology is shown in Figure 1.

Primer Compatibility for Haplotyping

Further, the primers used in this study were carefully
examined to ensure their ability to be used for determin-
ing the haplogroup status of the three major ethnic
groups in humans, which are represented by seven sin-
gle nucleotide polymorphisms (Table 3). Although single
nucleotide polymorphism T14783C is contained within
primer 17F, primer set 16 has overlapping coverage for
this single nucleotide polymorphism. The other six single
nucleotide polymorphisms defining the three major ethnic
groups were not present in either the primary or second-
ary primer sets, therefore could easily be detected in our
study design. Our 11 patients were haplotyped in both
blood and tumor DNA samples to ensure that the sam-
ples were matched, thereby assuring the traceability of
the sequence data to the patient specimens. In all cases,
the haplogroup association of blood and tumor se-
quences matched (data not shown).

PCR Product Quality Control

The quality and quantity of amplicons from both primary
and secondary amplification reactions were determined
with a Caliper AMS-90 SE instrument. Representative
results for both primary and secondary amplifications are
in Figure 2, A and B, respectively. In general, 40 �l of
primary amplicons varied from 11.6 to 892 ng generated.
In some cases, low quantities of nonspecific products
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were also observed. The samples were reamplified with
the nested primers if the specific target amplicons rep-
resented the majority product. Secondary PCR products
varied between 72 ng and 2.7 �g. These products were
examined by AMS 90 analysis, and high-quality prod-
ucts, those in which the expected amplicon was the
majority product, were used for sequencing.

DNA Sequencing

By using M13-tagged primers, the cycle sequencing
conditions were reduced to two reactions (forward and

reverse), thus streamlining the assay and reducing costs
for clinical laboratories requiring full genome sequenc-
ing. The Applied Biosystems (80 cm � 50 �m) capillary
for long sequence reads (800 to 1000 nucleotides) was
used for sequencing the 482- to 775-bp secondary am-
plicons. The minimum required quantity of DNA and cy-
cle sequencing reagents were determined for these long
reads. Overall, sequencing coverage for DNAs obtained
from both tumor and blood approached 100%, with for-
ward strand coverage generally higher than reverse (Ta-
ble 4). In only one genome was sequence coverage of
more than one strand lower than 98%. In those samples
with gaps in sequence coverage on both strands (sample
10, blood; sample 11, blood and tumor), the gaps oc-
curred in the same positions. Hence, complete coverage
was not achieved for these samples; the forward gap in
all three samples represents the number of nucleotides
missing to attain full coverage on at least one strand.

Analysis of Variants

In this study, a robust fluorescent sequencing protocol
was developed for the identification of both heteroplas-

Figure 1. Validation scheme. Strategy for amplifying and sequencing entire mitochondrial genome. Each sample is individually amplified and sequenced.
Mitochondrial genomes isolated from primary lung tumors and blood were initially amplified with nine overlapping primer sets that cover the entire genome. They
were divided for reamplification and incorporation of M13 tags (Table 2). The quantity of every amplicon is determined and normalized. The 28 secondary PCR
products are sequenced with M13 forward and reverse primers.

Table 3. Coding Region SNPs that Identify Major Human
Haplogroups

European/Asian
(haplogroup N)

Asian
(haplogroup M)

African
(haplogroup L)

A8701 A8701G
T9540 T9540C
A10398 A10398G
T10873 T10873C
C10400 C10400T
T14783 T14783C
G15043 G15043A
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mic and homoplasmic mitochondrial sequence variants
in small quantities of human tissues and bodily fluids. To
determine whether changes in the human mitochondrial
genome are associated with lung tumors, we compared
the sequences of primary lung tumor samples with
matched blood samples from the same individual. Tumor
mtDNA sequences were further compared to the revised
human mitochondrial DNA Cambridge sequence45,46

found at Mitomap (http://www.mitomap.org). Twenty-two
mitochondrial genomes were fully sequenced at NIST.
High-quality sequence data were obtained from as little
as 1.0 ng of amplified DNA.

Sequence variants were identified in the tumor sam-
ples from 5 of 11 individuals, An overall summary of the
sequencing data are shown in Table 5. Sample 5 con-
tained a single sequence change within the D-loop re-
gion, and samples 1, 8, and 10 contained single se-
quence changes within the coding region. Sample 9
contained four sequence changes, both in coding and
noncoding regions.

Comparison to Previous Results

Samples provided to NIST for this study had been previ-
ously sequenced, in part, at The Johns Hopkins Univer-
sity (JHU) using a radiolabeled sequencing protocol.13,14

After full mitochondrial sequencing was completed at
NIST, the presence and positions of sequence variants
between tumor and matched blood were compared to
previous JHU results.

Complete mitochondrial genome sequence data from
JHU was available for 4 of the 11 paired samples. Incom-
plete sequence was obtained for the remaining 7. As
shown in Table 5, the sequence data from JHU agreed
fully with the sequence data from NIST for 7 of the 11

Figure 2. A: Gel images of primary and secondary amplification primers.
Nine primer sets were used to amplify clinical samples. Primary amplicon
products are shown as 1905-bp migration products. One of the nine primer
pairs (primer pair no. 4 shown here) was used to amplify the mtDNA from
clinical samples. B: Twenty-eight primer sets were used to add tags to
facilitate DNA sequencing. Secondary amplicon products are shown as 711,
699, 675 and 732 for primer pairs 1, 9, 17, and 25, respectively.

Table 4. Sequencing Coverage for Clinical Samples

Normal (blood) Tumor

% Forward coverage % Reverse coverage % Forward coverage % Reverse coverage

Sample 1 100 99.4 100 99.7
No. nt* missing 99 60
Sample 2 100 99.91 100 100
No. nt missing 29
Sample 3 100 100 100 99.96
No. nt missing 24
Sample 4 100 99.7 100 99.71
No. nt missing 49 48
Sample 5 100 99.81 100 100
No. nt missing 31
Sample 6 100 95.35 100 97.13
No. nt missing 772 476
Sample 7 100 98.25 100 93.49
No. nt missing 290 1079
Sample 8 100 100 100 100
No. nt missing
Sample 9 100 99.11 100 99.53
No. nt missing 168 79
Sample 10 99.98 98.09 100 97.54
No. nt missing 26 329 392
Sample 11 98.48 97.98 97.33 90.42
No. nt missing 289 335 458 1588

*Nucleotides.
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paired samples; 5 of these contained no sequence vari-
ants within the entire genome. The other two samples in
full agreement both had single point mutations within the
mitochondrial genome; one within the hypervariable 2
region of the D-loop in the C stretch at D303 to 310, the
second within the 16S ribosomal RNA gene at Mitomap
position 2664.

For the four paired samples (samples 3 and 8 to 10) in
which differences were identified between JHU and
NIST, samples 3, 8, and 10 harbored single sequence
variants within the coding region. JHU reported a ho-
moplasmic mutation in sample 3 at nucleotide position
16,519 (within the D-loop) that was not confirmed at NIST.
In samples 8 and 10, single heteroplasmic mutations
were detected within the coding region of the mitochon-
drial genome using the fluorescent sequencing protocol
described herein. In these samples, JHU sequenced only
the hypervariable region, and would therefore not have
observed these mutations.

The results obtained for sample 9, the fourth sample in
which discrepancies were noted between NIST and JHU,
are shown in Table 6. Sample 9 was fully sequenced at
both JHU and NIST. Four mutations were observed at
JHU, two within the coding region at positions 5521 and
12,345, and two within the D-loop region at nucleotide
positions 16,183 and 16,187. Analysis at NIST confirmed
the two coding region variants, but failed to identify the
two D-loop variants. In this sample, NIST detected two
new sequence variants at nucleotide positions 1463 and
16,274.

The electropherograms illustrating the discrepant se-
quence variants discussed above are shown in Figure 3.

Sequence variants detected by fluorescent sequencing in
samples 8 and 10 are shown in Figure 3, A and B, respec-
tively. Note that both of these sequence variants appear to
be heteroplasmic for the tumor sample and that the variant
in sample 8 is heteroplasmic in both tumor and blood. The
electropherograms for the sequence positions in samples 3
and 9 reported by JHU to contain sequence variants are
shown in Figure 3, C and D, respectively. No sequence
variants were observed by fluorescent sequencing.

Discussion

NIST has focused on metrics for the identification of
mutations for the early detection of cancer. Currently,
there is no universal standard method for detecting dis-
ease-specific mitochondrial sequence variations. Our
goal was to develop a standard capillary electrophoresis
method and assist the Early Detection Research Network
to clinically evaluate whether mtDNA sequencing could
serve as a biomarker for lung cancer. Our high-through-
put capillary electrophoresis analysis of mitochondrial
DNA from lung cancer patients detected sequence vari-
ants in stage I and IV tumors, suggesting that mitochon-
drial mutation(s) could serve as a biomarker for early
detection. The capillary electrophoresis protocol can be
reliably used by other laboratories to detect cancer in
asymptomatic patients, make a diagnosis once symp-
toms appear, or monitor cancer patients for recurrence or
individuals known to be at high risk. Further, in addition to
clinical applications, the full mitochondrial genome-se-
quencing protocol was able to determine the haplo-
groups of the patients in this study, suggesting that this
protocol would be useful for human identification.

The analysis of the entire mitochondrial genomes from
22 patient samples resulted in the detection of eight
sequence variants identified in 5 of 11 (45%) matched
lung tumor samples. Our observed 45% is consistent with
other lung tumor studies that report a detection range of
20 to 43% in lung cancer.13,14,40 Of the eight sequence
variants identified in this study, two (22%) were detected
in the D-loop region, which accounts for 6.8% of the
mitochondrial genome. Six variants were found in the

Table 5. Summary of Sequence Variants Detected

Sample number Nucleotide position Reference* Blood Tumor Consensus†

1 2664 T T Y Agree
2 No sequence variants Agree
3 16519 T T C JHU only†

4 No sequence variants Agree
5 302 7 C’S 8 C’S 7 C’S Agree
6 No sequence variants Agree
7 No sequence variants Agree
8 15229 T Y Y NIST only
9 6

Variants‡
2 NIST only
2 JHU only

10 7734 T T C NIST only
11 No sequence variants Agree

*Reference sequence is the revised Cambridge human mitochondrial sequence (http://www.mitomap.org).
†Consensus sequence is the consensus between the JHU-radiolabeled protocol and the NIST fluorescent-sequencing protocol.
‡Four variants reported for radiolabeled sequencing,14 four reported for fluorescent sequencing, two overlap for both methods.

Table 6. Sequence Variants Detected in Sample 9

Position Reference

NIST JHU

Blood Tumor Blood Tumor

1463 C C T C C
5521 G G A G A
12,345 G A R G A
16,183 A A A C A
16,187 C T T C T
16,274 G G A G G
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Figure 3. Discrepant sequence variants. A: Sequence data from mitochondrial sample no. 8 illustrating low-level heteroplasmy between DNAs obtained from
tumor and blood (control) samples. Sequence data are shown for both forward (top) and reverse (bottom) sequence reactions. The black line underscores the
nucleotide position 15,229. B: Sequence data from mitochondrial sample no. 10 illustrating heteroplasmic sequence variation between DNAs obtained from tumor
and blood (control) samples. Sequence data are shown for both forward (top) and reverse (bottom) sequence reactions. The black line underscores the
nucleotide position 7734. C: Sequence data from mitochondrial sample no. 3 illustrating no sequence variation between DNAs obtained from tumor and blood
(control) samples, previously reported.14 Sequence data are shown for both forward (top) and reverse (bottom) sequence reactions. The black line underscores
the nucleotide position 16,519. D: Sequence data from mitochondrial sample no. 9 illustrating no sequence variation between DNAs obtained from tumor and
blood (control) samples using the described fluorescent sequencing method. Sequence data are shown for both forward (top) and reverse (bottom) sequence
reactions. The black lines underscore the nucleotide positions 16,183 and 16,187, previously reported to contain sequence variants.14
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coding region; three within RNA-encoding regions and
two of the remaining three were silent mutations.

Although not every tumor possessed sequence vari-
ants, one sample contained a number of variants, sample
9. The presence of multiple variants in tumors is in agree-
ment with previous observations. In Fliss and col-
leagues,14 two lung tumors were reported with more than
one sequence variant (nos. 2 and 4, respectively). Fur-
ther, multiple variants were found in head and neck and
bladder cancers as well (three to five variants per tumor).
Sample 9, obtained from a stage 1 squamous cell carci-
noma, contains four to six sequence variants, as reported
by the two laboratories using different sequencing tech-
nologies.14 Although fluorescent sequencing detected
four variants in this sample, only two of these variants,
found within the coding region, were previously report-
ed.14 Two additional variants were found by fluorescent
sequencing at nucleotide positions 1463 and 16,274
within the human mitochondrial genome. Two other vari-
ants previously reported14 at positions 16,183 and
16,187 were not detected in this study.

During this study, a redesigned Affymetrix mitochon-
drial DNA array was used to sequence a subset of the
same lung cancer samples reported here.47 The results
obtained using this chip were very promising; it detected
the majority of those sequence variants detected at NIST,
as well as others present as heteroplasmies at low levels
(under the 10 to 20% detection limit of the fluorescent
sequencing protocol). The MitoChip results confirmed
our results for samples 3 and 8, in which no sequence
variants were found. Further, the MitoChip confirmed all
of the coding region variants detected at NIST for sample
9, and confirmed that the sequence variant at position
12,345 was heteroplasmic (G � R), previously reported
as a G � A transition by radiolabeled sequencing.14

Moreover, because of the greater sensitivity, the Mito-
Chip detected a fourth variant at position 12,308. Al-
though we detected a nearby heteroplasmic variant at
12,345, fluorescent sequencing was not able to detect
this additional heteroplasmy. As reported in the MitoChip
study, mixed populations (ie, heteroplasmies) were de-
tected at a 49:1 mixture.47 This suggests that the muta-
tion at position 12,308 was a heteroplasmy present at a
level lower than the detection limits of fluorescent se-
quencing (10 to 20%). The limit of detecting heteroplas-
mic variants with the MitoChip is unknown and further
studies to address this question are ongoing. The remain-
ing three variants reported by NIST and JHU are found
within the D-loop region, which is not tiled on the
MitoChip.

It is a reasonable assumption that heteroplasmies
should comprise multiple subpopulations of mutated
mtDNA molecules. Consistent with this hypothesis, het-
eroplasmy was detected in three of the eight sequence
variants (37.5%) in this study. The fluorescent sequence
technology used in this study is only capable of detecting
heteroplasmies (or mixed samples) present at 10 to 20%
of the population. As reported, the MitoChip was capable
of detecting a sequence variant present at the 2% level (1
in 49),47 and detected an additional heteroplasmic vari-
ant in sample 9. Because heteroplasmy was found in

three of eight variants, the MitoChip may confer a real
advantage in cancer diagnostics. Further studies are
needed to determine the overall sensitivity of the Mito-
Chip for heteroplasmy detection.

As the mitochondrial genome becomes fully charac-
terized across healthy and diseased human popula-
tions,48 the differences between normal and disease-
linked variations should become clear. The relative
mutation rates for each mitochondrial nucleotide have
been studied49 and recent haplogroup data suggest that
mitochondrial sequence variations are a nonrandom pro-
cess.50 Little is known about the aging effects on lung
mitochondria, although sequence variants have been
found to accumulate with aging in other tissues.2 Al-
though the sample set is small, we note that no correla-
tion could be made with respect to presence of sequence
variants and patient age from which the tumor sample
was derived. For example, one individual, age 82, con-
tained four to seven sequence variants whereas two oth-
ers, ages 78 and 84, contained no sequence variation
(Table 1). Similarly, no correlation was found with respect
to the presence of sequence variants and either tumor
classification or stage of tumor progression.

In summary, the comparison of sequencing results
from three platforms showed that there was a general
agreement in the presence or absence of sequence vari-
ations in matched lung primary cancer samples (8 of 11).
As NIST fully sequenced all 22 mitochondrial genomes,
we were able to detect more coding region variants than
previously reported for lung cancer.14 Our study extends
the findings that lung cancer, as well as other diseases,
contain sequence variants spanning the entire mitochon-
drial genome and therefore full genome sequencing pro-
vides the cancer diagnostic community with a useful
biomarker assay.51
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