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Comprehensive next-generation sequence analyses of
the entire mitochondrial genome reveal new insights into
the molecular diagnosis of mitochondrial DNA disorders
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Purpose: The application of massively parallel sequencing technol-
ogy to the analysis of the mitochondrial genome has demonstrated
great improvement in the molecular diagnosis of mitochondrial
DNA-related disorders. The objective of this study was to investigate
the performance characteristics and to gain new insights into the
analysis of the mitochondrial genome.

Methods: The entire mitochondrial genome was analyzed as a sin-
gle amplicon using a long-range PCR-based enrichment approach
coupled with massively parallel sequencing. The interference of the
nuclear mitochondrial DNA homologs was distinguished from the
actual mitochondrial DNA sequences by comparison with the results
obtained from conventional PCR-based Sanger sequencing using
multiple pairs of primers.

Results: Our results demonstrated the uniform coverage of the
entire mitochondrial genome. Massively parallel sequencing of
the single amplicon revealed the presence of single-nucleotide

INTRODUCTION

The genetics of mitochondrial disorders is complex in that
disease can be caused by mutations in either nuclear-encoded
genes or maternally inherited mitochondrial DNA (mtDNA),
which are present in hundreds to thousands of copies per cell.'*
Pathogenic mtDNA mutations, ranging from point mutations to
large deletions, are often present in mixed proportions with wild-
type mtDNA molecules within the same cell, a biological phe-
nomenon termed heteroplasmy. The degree of mtDNA mutant
heteroplasmy can vary significantly across different tissues of the
same individual, and the percentage of a mutation is an impor-
tant contributor to the clinical phenotype.*® Determination of
the heteroplasmic status of any mtDNA mutation is clinically
important to providing a family with informative genetic coun-
seling regarding recurrence risk. Therefore, accurate measure-
ment of heteroplasmy is an essential component of the molecu-
lar diagnostic scheme for mtDNA-related disorders.

The diagnosis of an individual with suspected mtDNA-related
disorders begins with a thorough clinical evaluation and assess-
ment of family history If a disorder with matrilineal inheritance
can be established, common mtDNA point mutations and large

polymorphisms and nuclear homologs of mtDNA sequences that
cause the erroneous and inaccurate variant calls when PCR/Sanger
sequencing approach was used. This single amplicon massively
parallel sequencing strategy provides an accurate quantification
of mutation heteroplasmy as well as the detection and mapping of
mitochondrial DNA deletions.

Conclusion: The ability to quantitatively and qualitatively evaluate
every single base of the entire mitochondrial genome is indispen-
sible to the accurate molecular diagnosis and genetic counseling
of mitochondrial DNA-related disorders. This new approach may
be considered as first-line testing for comprehensive analysis of the
mitochondrial genome.
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deletions are typically analyzed using PCR-based targeted assays
and Southern blotting methodology. If the screening for common
point mutations and large deletions is negative, then the entire
mitochondrial genome is usually analyzed by a conventional
PCR-based Sanger sequencing approach with multiple pairs of
primers. When a mutation is identified, analysis of the degree of
heteroplasmy is carried out using various methods, including the
commonly used allele refractory mutation system-based quanti-
tative PCR (ARMS qPCR) for quantitative measurement.” Large
deletions are usually confirmed by PCR using primers encom-
passing the deletion break points followed by sequence analysis
to map the break points, or, alternatively, by oligonucleotide array
comparative genome hybridization.® These sequential approaches
are time consuming and costly. In an effort to improve efficiency
and sensitivity of mtDNA mutation detection, we recently devel-
oped a comprehensive one-step long range/massively parallel
sequencing (LR-PCR/MPS)-based approach that uses a single
pair of PCR primers to amplify the entire mitochondrial genome.
This method allows the simultaneous detection of point muta-
tions with quantified heteroplasmy as well as large mtDNA dele-
tions with accurately mapped break points.’
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In this report, we demonstrate the clinical utility of the
LR-PCR/MPS-based method, uncover unintended problems
embedded in the traditional PCR-based assays, and high-
light advantages of the new approach. Issues such as incorrect
base calls due to primer mismatch, apparent heteroplasmy
ascribed to the coamplification of nuclear homologs of mtDNA
(NUMTs), and inaccurate heteroplasmy quantification are
discussed. The enhanced performance of the LR-PCR/MPS
approach is evidenced by both the simultaneous measurement
of heteroplasmy at any nucleotide position of the entire mito-
chondrial genome and the detection and mapping of mtDNA
deletions.

MATERIALS AND METHODS

Patients and DNA

Patients were referred to the Mitochondrial Diagnostic
Laboratory at the Medical Genetics Laboratories of the Baylor
College of Medicine, for the molecular evaluation of mitochon-
drial disorders. Total DNA was isolated from either peripheral
blood lymphocytes or muscle biopsy using a commercially
available DNA isolation kit (Gentra Systems, Minneapolis,
MN) according to the manufacturer’s protocols.

Sanger sequencing

Sanger sequencing analysis of the mtDNA was per-
formed using 24 pairs of overlapping primers as described
previously.'*'? Purified PCR products were sequenced using
BigDye Terminator (Life Technologies, Green Island, NY)
chemistry on an ABI3730XL automated DNA sequencer (Life
Technologies).

LR-PCR and MPS

Mitochondrial whole-genome amplification by single-ampl-
icon LR-PCR and construction of Illumina indexed librar-
ies were preformed as previously described.” Twelve indexed
DNA libraries were pooled together at equal molar ratio and
sequenced in a single lane of one flow cell on HiSeq2000
(Illumina, San Diego, CA) with 76-bp single-end reads.

Mapping of large deletion junctions

Indicated by the size of the LR-PCR products and the sequence
coverage profile, single or multiple mtDNA large deletions were
characterized by further alignment of the unmapped sequence
reads, with modified parameters and reduced stringency, to
the mitochondrial reference sequence (NC_012920) using
NextGENe software (SoftGenetics, State College, PA). The dele-
tion junctions detected at coverage greater than 5x were recorded
and confirmed by targeted PCR followed by Sanger sequencing.

RESULTS
Single-amplicon, LR-PCR-based mtDNA enrichment avoids
NUMTs interference
NUMTs are homologous sequences of mtDNA present in
the nuclear genome.” Coamplification of both mtDNA and
NUMTs can potentially interfere with the accurate heteroplasmy
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quantification of many mtDNA regions.'*** To examine the
abundance of NUMTs computationally, mtDNA segments
generated from a sliding 175-bp window with 10-bp incre-
ments were used to search for homologous sequences in the
human nuclear haploid genome. Any identified region >100 bp
in size with a minimum of 80% sequence homology was plot-
ted against the mitochondrial genome. As shown in Figure
1a, these regions occur at different frequencies, with an aver-
age copy of 9.49 + 7.93, indicating that each 175-bp mtDNA
segment has an average of 9.5 copies of NUMTSs present in the
nuclear genome. Among these, multiple regions, including
m.500-m.1500, m.2000-m.2500, m.4200-m.4700, m.5400-
m.5700, and m.12000-m.12300, have more than 20 copies. The
estimated total size of NUMTs is ~1 Mb, which is 0.03% of the
size of human genome. This result is consistent with the value
derived from the MITOMAP database.'® Enrichment of mtDNA
using oligonucleotide probe hybridization will capture NUMTs
and contributes to the observed variation of sequence coverage
of mtDNA (Figure 1b). The relative amount of sequence cap-
tured in different regions of the mitochondrial genome largely
depends on probe design. The mtDNA sequence obtained as
a by-product of exome capture without using specific mtDNA
probes, although at much lower coverage, definitely contains
NUMT sequences (Figure 1c). Figure 1b,c show that different
regions of mtDNA are not uniformly represented in the NUMTs.

In contrast, the single-amplicon LR-PCR approach not only
avoids NUMT amplification but also provides uniform mtDNA
coverage (Figure 1d). Enrichment of the mtDNA using mul-
tiple pairs of PCR primers has been widely used for the analysis

504 @
NUMTs >80% homology

1YV WTY VRO v

In solution capture with mtDNA probe

oo s sdaith mdadhodaids

In solution exome capture without mtDNA probe

gC

L e
ol A A —
d

[ Long-range PCR with single amplicon

o
S Frequency
o
o
o
X

Coverage ¢

oM Tk 2k 3k 4k Sk 6k 7k 8k Sk 10k 11k 12k 13k 14k 15k 16k
Figure 1 Long-range PCR overcomes nuclear mitochondrial DNA
homologs interference with the enrichment of mitochondrial
genome. (a) Frequency of mitochondrial DNA (mtDNA) homologs presented
in the nuclear genome. (b) Enrichment of mtDNA by solution capture with
mtDNA-specific probes before massively parallel sequencing (MPS) results in
uneven coverage of mMtDNA sequence. (c) Distribution of mtDNA sequences
nonspecifically captured by nuclear exome probes. (d) Long-range PCR
amplification of mtDNA before MPS provides uniform coverage of the entire
mitochondrial genome.
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of the mitochondrial genome.'”** However, multiplexed PCR
does not provide uniform coverage when these amplicons are
pooled and sequenced by MPS.? In addition, due to the highly
polymorphic feature of the mitochondrial genome, the greater
the number of primer pairs used for amplification, the higher
the likelihood of encountering single-nucleotide polymor-
phisms (SNPs) at the primer binding sites. Therefore, in the
presence of highly abundant NUMTs, the multiplexed PCR-
based assay will inevitably have decreased accuracy of variant
calls and heteroplasmy quantifications.

To illustrate the NUMTs interference in base calls, a rep-
resentative case is shown in Figure 2. Sanger sequencing of
the PCR product generated by primer pair m.4013_m.4031F
and m.4822 m.4804R detected m.4104A—G, m.4312C—T,
m.4318C—T, m.4456C—T, and m.4736T—C rare variants
(Figure 2a). However, the LR-PCR/MPS results derived from
the same individual did not detect these five variants, but clearly
detected the m.4216T—C and m.4232T—C variants instead
(Figure 2b). On close investigation, we found that this discrep-
ancy between the Sanger sequencing and MPS results occurred
because the individual’s mtDNA contains two additional private
variants, m.4017C—T and m.4029C—A, sitting at the forward
primer used for the Sanger sequencing (Supplementary Figure
Sla online). The two mismatches prevented proper mtDNA
amplification, and instead allowed the amplification of NUMT
sequence because as the primers have perfect homology within
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the NUMT sequence (Supplementary Figure S1b online).
Thus, the five rare variants detected in the Sanger PCR ampli-
con are false-positive calls derived from NUMT interference.

A single SNP at a primer site may also mildly affect ampli-
fication and cause a quantitative difference in base calls. As
shown in the Supplementary Figure S2 online, the presence
of a homoplasmic change (m.4020C—T) in the mtDNA from
another individual tolerated the binding of a mildly mismatched
primer and allowed the coamplification of both the mtDNA and
the NUMTs, leading to apparently low-level heteroplasmy of
m.4318C—T and m.4456C—T detected by Sanger sequencing.

As illustrated in Figure 2¢, nucleotide changes have been
reported at almost every single-nucleotide position of the
mtDNA with variable frequencies across different ethnic
groups.”” Similarly, mtDNA pathogenic mutations are distrib-
uted throughout the mitochondrial genome (Figure 2d).”* The
combination of highly polymorphic mtDNA and the presence
of NUMTS significantly increase the risk of misdiagnosis. The
results described here underscore the necessity of eliminating
NUMTs interference before sequencing.

Uniform coverage of the entire mitochondrial genome
by single-amplicon LR-PCR/MPS allows the detection and
mapping of mtDNA deletions

Previous studies have shown that mtDNA target gene cap-
ture by oligonucleotide probe hybridization followed by MPS
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Figure 2 The presence of nuclear mitochondrial DNA homologs and single-nucleotide polymorphisms (SNPs) at primer binding sites produces
incorrect variant calls. (a) Targeted PCR/Sanger sequencing and (b) long-range PCR/massively parallel sequencing (MPS) rendered inconsistent results. The
m.4104A—G, m.4312C—T, m.4318C—T, m.4456C—T, and m.4736T—C homoplasmic changes were detected by Sanger sequencing but not by MPS,
whereas m.4216T—C and m.4232T—C homoplasmic changes were solely detected by MPS. (c,d) Highly polymorphic features of mitochondrial DNA.
Frequencies of MITOMAP-reported (c) SNPs and (d) mutations were plotted against mitochondrial genome.
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Figure 3 Identification of single and multiple mitochondrial large deletions with mapped break points. Coverage pattern of (a) single versus (b)
multiple mitochondrial large deletions (upper row) and their corresponding break points (lower row) analyzed by the long-range PCR/massively parallel

sequencing method.

provides nonuniform coverage, significantly reducing the pos-
sibility of detecting mtDNA deletions.” In addition, multiplexed
PCR/MPS exhibits variable coverage among different PCR frag-
ments; therefore, large mtDNA deletions cannot be detected
reliably and readily. In contrast, enrichment of the mitochon-
drial genome with single-amplicon LR-PCR amplification pro-
vides uniform coverage of the entire mitochondrial genome
(Figure 1d), allowing accurate detection of large deletions.

Figure 3a shows LR-PCR/MPS analysis of a DNA sample
from the blood specimen of a 10-year-old boy presenting with
encephalopathy, exercise intolerance, easy fatigability, and
sensorineural hearing loss. In addition to 43 homoplasmic
variants, the sharp decrease in read coverage from m.7638 to
m.15434 indicates a heteroplasmic large deletion of 7,797 bp.
The degree of deletion heteroplasmy was estimated by compar-
ing the coverage of deleted versus nondeleted regions. The dele-
tion break point at a single-base resolution is clearly revealed
by our LR-PCR/MPS method. Conventional PCR using prim-
ers flanking the deletion followed by Sanger sequencing of the
deletion junction confirmed the MPS result with exactly the
same break points.?

Another example is the coverage profile of a muscle sample
from a 70-year-old man with myopathy shown in Figure 3b.
Instead of sharp deletion junctions, an arch-shaped coverage
pattern was observed, suggesting multiple mtDNA deletions.
Realignment of the unmapped sequences to the reference
sequences with less stringent parameters revealed multiple
deletion junctions. A total of 48 junction sequences were iden-
tified. The exact deletion break points were confirmed by tar-
geted PCR followed by Sanger sequencing.

Low-level mutation heteroplasmy and its clinical and
genetic significance

In general, Sanger sequencing does not detect heteroplasmy
<15%.*" Although specific primers or probes can be designed
for the quantification of target positions,”? it is laborious to
validate the method for every novel mtDNA point mutation.
In addition, primers may contain modifications and probes
that are specific for either the wild-type or mutant allele,”*
thus, a difference in PCR amplification efficiency for these two
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Figure 4 Low-level heteroplasmy detected by massively parallel
sequencing (MPS) method in pedigree studies. MPS method was used
to quantify the levels of heteroplasmy for the mutations among different
families: (a) family 1, m.3243A—G; (b) family 2, m.5001dupA,; (c) family 3,
m.4296G—A,; (d) family 4, m.7222A—G. Additional results of allele refractory
mutation system—based quantitative PCR are shown in (b) following the star
sign inside parentheses.

alleles is expected, leading to inherent inaccuracies with the
measurement of the degree of heteroplasmy. Our group has
recently demonstrated that, for mtDNA analysis at 20,000
coverage, the experimental error rate of the MPS using the
[lumina HiSeq2000 platform was 0.326 + 0.335%, with a limit
of detection of 1.33%.° By applying LR-PCR/MPS-based analy-
sis, the level of minor allele heteroplasmy can be more accu-
rately detected with reproducibility (Supplementary Table
S1 online). The results from the following cases illustrate the
power of LR-PCR/MPS in providing information necessary for
more accurate risk assessment and genetic counseling.

For family 1, the proband had a history of hearing loss and
vision problems (Figure 4a). Screening for mtDNA common
point mutations by allele-specific oligonucleotide hybridiza-
tion detected the m.3243A—G mutation in the tRNAM (VR
gene.” This mutation was too low to be detected by Sanger,
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but was measured as 7% heteroplasmy by LR-PCR/MPS
(Supplementary Figure S3 online). Her daughter inherited
this mutation at 9.3% heteroplasmy in her blood sample, as
determined by MPS. This case illustrates that Sanger sequenc-
ing would have missed the detection of this low heteroplasmic
mutation, whereas it is readily detected by MPS. Although these
levels of heteroplasmy are low, it is well established that there
is selection against the m.3243A—G mutation in the rapidly
dividing blood cells.?”*® Thus, these findings prompt examina-
tion of mutation heteroplasmy levels in other tissues.

The 2-year-old proband in family 2 presented with devel-
opmental delay, seizures, cardiomyopathy, and lactic acide-
mia. MPS detected an m.5001dupA (p.1178NfsX22, ND2)
mutation at 99.5% and 16% heteroplasmy in the muscle and
blood, respectively. Because this mutation was not detected in
a blood specimen from the proband’s asymptomatic mother
(Figure 4b), it probably occurred de novo in the proband; how-
ever, germline mosaicism cannot be excluded. The determina-
tion of whether an mtDNA mutation is inherited or sporadic
is clearly dependent on the sensitivity of the detection method
used. Accurate detection of low-level heteroplasmy therefore
plays an important role in the molecular diagnosis and coun-
seling of mtDNA-related disorders.

In family 3, the proband is a 4-year-old child with devel-
opmental delay, hypotonia, encephalopathy, peripheral neu-
ropathy, and elevated lactate. This patient was found to har-
bor a nearly homoplasmic novel mutation, m.4296G—A,
in the tRNA™ gene by Sanger sequencing (Supplementary
Figure S4a online).” Her asymptomatic mother also had the
same mutation detected in blood by Sanger sequencing, but
the signal on the electrophoretic chromatogram was only a
fraction of the wild-type peak, suggesting low-level hetero-
plasmy (Supplementary Figure S4a online). To obtain more
quantitative results, ARMS qPCR was performed on blood
samples from both individuals. The ARMS qPCR analyses
showed 78% and 4% heteroplasmy in the affected child and her
mother, respectively (Figure 4c). These results were not con-
sistent with the detection limit of Sanger sequencing, in which
homoplasmic changes above 85% are expected to be quanti-
fied and heteroplasmic changes under 15% cannot be clearly
identified. Subsequently, LR-PCR/MPS analyses revealed
97.9% and 27.8% heteroplasmy in the proband and the mother
(Supplementary Figure S4b online), respectively, which are
consistent with Sanger sequencing results. Thus, LR-PCR/MPS
outperformed ARMS qPCR in this instance. These results
illustrate the limitations of current PCR-based methods for the
quantification of mtDNA heteroplasmy.

In family 4 (Figure 4d), the proband is a 65-year-old woman
with peripheral neuropathy, muscle weakness, ptosis, abnor-
mal muscle histological findings, and abnormal electromyo-
graphy.*® A heteroplasmic mutation, m.7222A—G (p.Y440C in
COI protein), was detected in this patient’s muscle specimen by
Sanger sequencing. LR-PCR/MPS analyses indicated 37% muta-
tion heteroplasmy in her muscle sample, but did not detect the
mutation in her blood or in blood samples from her sister and
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daughter. The collective results thus suggest that the mutation
most likely arose sporadically in the proband’s muscle tissue.
Therefore, the risk of passing this likely somatic mutation to her
children is very low.

These four examples illustrated the power of MPS-based anal-
yses in detecting low-level heteroplasmy and assessing whether
a mutation is inherited, de novo, or somatic.

DISCUSSION

The interference of NUMTs: an old problem with a new
solution

mtDNA exists as a multicopy molecule within cells and is
highly polymorphic. These unique characteristics challenge
both the traditional stepwise analytical methods and various
newly developed MPS-based approaches for the detection
of mtDNA mutations at all levels. Oligonucleotide probe-
hybridization has been used for enrichment of mtDNA
in various MPS-based studies.'””! However, our compu-
tational in silico search has identified more than 1,000
NUMT sites with >80% mtDNA sequence homology, simi-
lar to the findings in a recent report.** The scope of NUMT
signal is obvious by mapping capture-enriched sequencing
data from a mtDNA-depleted p zero cell line. It is estimated
that 0.1% of sequence reads from the total genomic DNA
mapped to the mtDNA reference sequence. The presence
of NUMTs resulted in many false-positive variant calls and
numerous low heteroplasmic calls. Even after the removal
of NUMTs using in-house developed software that distin-
guishes low-level heteroplasmy from sequencing error,”
the false-negative and false-positive rates were still signifi-
cantly above levels acceptable for use in clinical diagnostic
laboratories.*>** Although reads generated from NUMT
regions can be partially deselected by a stringent alignment
algorithm, regions that are nearly identical to mtDNA, such
as fragments in the regions of 9p24.3 and 12q11, are practi-
cally impossible to remove. Therefore, regardless of strin-
gency, exome capture will inevitably cocapture NUMTs,
which will then confound mutational analyses and lead to
errant clinical diagnosis.

Another strategy of mtDNA enrichment using multiple
amplicons not only fails to address the problem of contami-
nating NUMTs but also introduces additional problems. These
problems include the increased probability of one or more
SNPs sitting within primer binding sites, which results in
reduced amplification efficiency, masked SNP data, and pos-
sibly preferential amplification of NUMTs. For instance, the
m.4456C—T variant (Figure 2a) has also been reported as a
polymorphic change in MITOMAP* This variant was identi-
fied within one of the 36 short PCR amplicons tiled to cover the
entire mtDNA. Close examination revealed that the mtDNA
primers used for the amplification of the fragment encompass-
ing the m.4456C—T variant were completely homologous to a
NUMT sequence on chromosome 1. Thus, further investiga-
tion is warranted to confirm that this variant is an authentic
mtDNA variant and not part of the NUMT.
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Our approach of using one pair of primers to amplify the
entire mitochondrial genome can effectively resolve the prob-
lems associated with NUMTs. The LR-PCR primers were care-
fully designed to avoid any reported SNPs. Moreover, the primer
sites are also sequenced by Sanger sequencing for each sample
to ensure that no SNPs are sitting at the primer sites. When this
happens, alternative LR-PCR primers that are clear of SNPs are
used to repeat LR-PCR/MPS. Our current and previous studies
demonstrated that the MPS-based method offers several advan-
tages over conventional Sanger sequencing.’ This is mainly
achieved by the unbiased enrichment of the entire mitochon-
drial genome and avoiding the interference of NUMTs and SNPs
that are embedded in other enrichment approaches. Adherence
to these measures may abrogate current limitations of MPS-
based mtDNA analysis in forensic studies.*

In addition to forensic applications, heteroplasmic mtDNA
variants have been considered useful genetic markers for
genetic disease diagnosis, cancer prognosis, and other research
studies.'”!**”% Knowing the limitation of the MPS technologies
and the interference of NUMTs and SNPs, evaluation and inter-
pretation of mtDNA sequence results should be carried out with
caution. When paraffin-fixed tumor tissues are used and target
enrichment is limited to the use of multiple pairs of primers for
PCR enrichment,'® interference of NUMTs and SNPs is signifi-
cant, and cautious interpretation of results derived from these
approaches is indicated.

Detection and mapping of mtDNA deletions

The nonuniform coverage profile produced by capture enrich-
ment (Figures 1b,c) or multiplex PCR amplification makes the
detection of heteroplasmic mtDNA deletions unreliable, if not
impossible. Enrichment of the entire mitochondrial genome by
single-amplicon LR-PCR allows accurate detection of mtDNA
large deletions with unequivocally mapped break points
(Figure 3). Southern blot analysis is not sensitive enough to
reliably detect low heteroplasmic mtDNA deletions. By apply-
ing LR-PCR/MPS, the detection sensitivity of mtDNA multiple
deletions is enhanced, leading to an increased clinical diagnostic
yield. mtDNA multiple deletions are associated with aging and
oxidative damage, or more importantly, secondary to primary
mutations in nuclear genes responsible for mtDNA biosynthe-
sis and integrity maintenance, such as POLG, TWINKLE, and
OPA 1. Fifteen DNA samples from muscle showing mtDNA
multiple deletions on MPS-based analysis were subjected to
sequence analysis of a panel of nuclear genes responsible for the
maintenance of mtDNA integrity. POLG mutations were identi-
fied in three patients and RRM2B and OPAI mutations in one
patient each (unpublished data). All 15 patients with mtDNA
multiple deletions were adults. Among them, nine were more
than 50 years old, suggesting that the accumulation of mtDNA
multiple deletions may be secondary to both nuclear gene defects
and aging. Clearly, MPS-based analysis of the entire mitochon-
drial genome is useful for the diagnosis of mtDNA multiple-
deletion-related mitochondrial disorders that are caused by the
nuclear-encoded genes.
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Quantification of mtDNA heteroplasmy

The degree of mutant heteroplasmy, its tissue distribution, and
threshold significantly contribute to disease phenotype and
severity. Before the availability of MPS technologies, mtDNA
heteroplasmy was typically measured by various PCR-based
methods, including ARMS qPCR and pyrosequencing’* for a
limited number of common point mutations. If a variant is novel
and target quantification is not available, Sanger sequencing of
the target region can be used to detect the high levels of hetero-
plasmy. However, due to the high frequencies of mtDNA SNPs
distributed along the entire mitochondrial genome and assay
limitations, accurate quantification of heteroplasmy by these
methods can be problematic.

LR-PCR/MPS-based analysis not only provides accurate
quantification of nucleotide heteroplasmy, but it is also sensitive
enough to detect heteroplasmy as low as 1.5% at every single-
nucleotide position of the entire mitochondrial genome without
the interference of NUMTs and SNPs. As illustrated in Figure 4,
as compared with Sanger sequencing and/or PCR-based quanti-
fication methods, heteroplasmy measurements via LR-PCR/MPS
for various tissues of the proband and matrilineal relatives will
better distinguish between inherited and de novo mutations, and
therefore improve diagnosis and recurrence risk estimates. The
presence of nonspecifically enriched NUMTs either by capture or
short PCR amplification may result in false-positive assignment
of carrier status. In general, the consequence of NUMT interfer-
ence is less severe than that of the SNPs due to the excessive copy
number of mtDNA relative to NUMTs. However, depending on
the position and the number of rare mtDNA variants residing
within PCR primer binding sites, suboptimal annealing condi-
tions may cause preferential amplification of the NUMTS to vari-
ous extents, potentially leading to complete dropout of authentic
mtDNA variants. By comparing the data generated from tradi-
tional Sanger sequencing and LR-PCR/MPS described in this
report, the false-positive calls by Sanger sequencing are mostly
due to private SNPs residing within the PCR primer binding
sites and previously unrecognized skewed amplification of the
NUMTs. These results clearly demonstrate that LR-PCR/MPS
has better analytic performance than the traditional Sanger
sequencing or PCR-based targeted quantification assay.

Conclusion

Sanger sequencing has long been considered as the gold standard
for molecular diagnosis of mtDNA-based disorders. Our results
demonstrated that single-amplicon LR-PCR amplification of
the entire mitochondrial genome not only eliminates potential
NUMTs and SNP interference but also renders a uniform cover-
age of the entire 16.6-kb mitochondrial genome, which is essen-
tial for reliable and accurate detection of single and multiple large
mtDNA deletions. Coupled with MPS, the accurate detection of
low-level heteroplasmy at <15% also becomes possible. With
the higher sensitivity, specificity, and accuracy in the detection
of a wider spectrum of mutation types, we propose that single-
amplicon LR-PCR/MPS be adopted as the new standard for the
comprehensive analysis of the mitochondrial genome.
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