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Abstract
The use of blood-circulating cell-free DNA (cfDNA) as a “liquid biopsy” in oncology is being explored for its potential as a
cancer biomarker. Mitochondria contain their own circular genomic entity (mitochondrial DNA, mtDNA), up to even
thousands of copies per cell. The mutation rate of mtDNA is several orders of magnitude higher than that of the nuclear
DNA. Tumor-specific variants have been identified in tumors along the entiremtDNA, and their number varies among and
within tumors. The high mtDNA copy number per cell and the high mtDNAmutation rate make it worthwhile to explore
the potential of tumor-specific cf-mtDNA variants as cancer marker in the blood of cancer patients. We used single-
molecule real-time (SMRT) sequencing to profile the entire mtDNA of 19 tissue specimens (primary tumor and/or
metastatic sites, and tumor-adjacent normal tissue) and 9 cfDNA samples, originating from 8 cancer patients (5 breast, 3
colon). For each patient, tumor-specificmtDNA variantswere detected and traced in cfDNA by SMRT sequencing and/or
digital PCR to explore their feasibility as cancer biomarker. As a reference, we measured other blood-circulating
biomarkers for these patients, including driver mutations in nuclear-encoded cfDNA and cancer-antigen levels or
circulating tumor cells. Four of the 24 (17%) tumor-specific mtDNA variants were detected in cfDNA, however at much
lower allele frequencies compared to mutations in nuclear-encoded driver genes in the same samples. Also, extensive
heterogeneitywasobservedamong theheteroplasmicmtDNAvariants present in an individual.Weconclude that there is
limited value in tracing tumor-specific mtDNA variants in blood-circulating cfDNA with the current methods available.
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Introduction
Mitochondria are organelles within our cells responsible for a variety
of functions, including energy production and initiating apoptosis.
Their small circular genome (mitochondrial DNA, mtDNA) encodes
for proteins essential in the oxidative phosphorylation system and the
tRNA and rRNA molecules of the mitochondrial translation
apparatus. Within a single cell, multiple copies of mtDNA exist
(mtDNA content), but due to its small size, the mtDNA represents
only a minor fraction of the total cellular DNA (b0.1%). In general,
cells with high energy demand (e.g., muscle cells) have a higher
mtDNA content than cells with lower energy demand (e.g., blood
,
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cells) [1]. In human cancer, changes in mtDNA content have been
reported when tumor specimens are compared to their normal
counterparts [2]. The polyploid nature of mtDNA invokes the concept
of only a single (homoplasmy) or two or more mitochondrial genotypes
(heteroplasmy) within a cell. It has been shown that heteroplasmy
patterns within an individual can differ between tissues, even in an
allele-specific manner [3–6]. Also within cancer, tumors harbor
mtDNA that is genetically different to their normal counterparts,
either at a homo- or heteroplasmic level, and their number and position
vary among tumors [7–9]. Interestingly, since the mutation rate of
mtDNA is several orders of magnitude higher than that of nuclear DNA
(nDNA) [10], it is very informative to assess phylogenetic distance not
only intra- and interspecies but also interindividual.

Within oncology, the use of blood-circulating cell-free DNA
(cfDNA) as a “liquid biopsy” is being explored for its potential as a
screening tool, to establish prognosis, or as a marker for response to
treatment. The origin of cfDNA is mainly from apoptotic cells, hence
its typical fragmentation pattern representing DNA cleavage between
nucleosomes or chromatosomes (~146-166 base pairs and multiples
thereof) [11]. The physical characteristics of cf-mtDNA have not
been studied as extensively as its nuclear counterpart. Since mtDNA
is packed into nucleoids [12], which are not fragmented during
apoptosis [13], the fragmentation pattern as seen for nDNA does not
apply to mtDNA. Indeed, the majority of the cf-mtDNA in human
plasma appears associated with particles of at least 0.45 μm in
diameter [14], and a fraction of it is severely fragmented down to at
least 30 base pairs [15–18]. If not fragmented, the circular nature of
mtDNA might render it less susceptible to enzymatic cleavage and
thus more stable within the circulation. The total amount of cfDNA
is often increased in cancer patients compared to healthy individuals,
for both DNA from the nucleus as well as mtDNA [16,19–23]. The
detection of tumor-specific cfDNA is aided by the aberrations present in
the cancer's genome and thus by the detection of tumor-specific
mutations within the cfDNA. A few studies have attempted to detect
mtDNA variants in blood-derived cfDNA [4,24–29] or other bodily
fluids [24,30–33]. However, in the studies on blood-derived cf-mtDNA,
used methods were either not very sensitive (i.e., conventional Sanger
sequencing), or the variants were not truly tumor-derived (i.e., already
present in matched normal specimens). Also, quantitative variant allele
frequencies were not reported in all assessed samples, making
interpretation of these results difficult. Nevertheless, the combination
of a high copy number per cell, a highmutation rate, and potentially high
stability within the circulation makes it worthwhile to explore the
potential of tumor-specific variants in cf-mtDNA as a cancer biomarker.

In this study, we used a targeted single-molecule real-time (SMRT)
sequencing approach to profile the entire mtDNA of the primary tumor
and/or metastatic sites, tumor-adjacent normal tissue, and cfDNA of
eight cancer patients. We have recently shown that the SMRT
sequencing approach is able to reliably detect unknown variants ≥1.0%
allele frequency and to trace known low-frequent variants down to at
least 0.1% allele frequency [34]. In our cohort, we observed tumor-
specific mtDNA variants for each patient and explored the feasibility to
trace these tumor-specific variants in cf-mtDNA as a cancer biomarker.

Materials and Methods

Patient Selection and Sampling
We used material from our biobank at the department of Medical

Oncology of the Erasmus MC Cancer Institute, Rotterdam, the
Netherlands. Patient selection was based on availability of a frozen
blood derivate (plasma or serum) to obtain cfDNA and fresh-frozen
resection material of tumor tissue (primary or metastasis). For all
except one case, fresh-frozen material of normal tissue originating
from the same resection material was available. Blood sampling was
done in either serum separation tubes according to routine procedures
in our hospital or in EDTA tubes followed by cell separation within
24 hours after blood draw (10 minutes at 800×g). Obtained serum or
plasma samples had been stored at −80°C until use. After thawing,
plasma samples underwent additional sedimentation at 1020×g for 10
minutes at 4°C, of which the supernatant was used. Use of the patient
material was approved by the medical ethics committee of the
Erasmus MC (MEC 02.953 and MEC 06.089) and conducted in
accordance to the Code of Conduct of the Federation of Medical
Scientific Societies in the Netherlands.

DNA Extraction
For fresh-frozen tissue specimens, a DNA extraction method that

enriches for mtDNA was performed as described before [34]. Briefly, 20
cryosections of 30 μm (average input of 30mg tissue, range of 16-59mg)
per specimen were lysed to solubilize cellular membrane and release all
cellular compartments (10 minutes, 1 ml of 0.5× TBE containing 0.5%
(v/v) Triton X-100). Cell nuclei were removed (10minutes 1020×g), and
DNA was extracted from the remaining supernatant using the QIAamp
Circulating Nucleic Acid Kit (Qiagen) according to the suppliers'
protocol. For four specimens, an additional sample was obtained by an
independent DNA extraction (as described above) with subsequent
enzymatic degradation for linear DNA as described before [34]. Briefly,
those DNA extracts (max. 250 ng) were incubated with ATP-dependent
exonuclease PlasmidSafe (Epicenter) (40 U, 3 hours at 37°C), heat-
inactivated (30 minutes 70°C), and purified (ethanol precipitation, 70%
ethanol). For some frozen tissue specimens, DNA extracts were already
available in our biobank and had been obtained by either the PureLink
Genomic DNA kit (Invitrogen) or the DNeasy Tissue Kit (Qiagen) as
described by the supplier. For each tissue sample, 5-μm sections were
obtained onmicroscopy slides and hematoxylin and eosin (HE) stained to
estimate the percentage of tumor cells within the sections used for DNA
extraction. For the blood derivates, after thawing at 4°C, DNA was
extracted using the QIAamp Circulating Nucleic Acid Kit (Qiagen)
according to the suppliers' protocol. Serum input ranged from 450 to
500 μl, and plasma supernatant input was 1000 μl. Specifications for
each sample are provided in Supplementary Table 1.

DNA Quantification and mtDNA Purity Assessment
All DNA extracts were quantified using the Qubit dsDNA HS

assay kit (Life Technologies) according to the suppliers' protocol.
Purity of mtDNA was measured in duplicate runs of a multiplex
qPCR assay targeting a nuclear and a mitochondrial encoded gene to
calculate the ratio of mtDNA molecules opposed to nDNAmolecules
by the relative quantitation method (2^ΔCq) as described before [35].

SMRT Sequencing
SMRT sequencing was performed as described before [34]. Briefly,

amplicons covering the complete mtDNA were generated by
singleplex (tissue DNA) or multiplex (cfDNA) PCR with initial
denaturation for 3 minutes at 98°C, 15 or 18 cycles of a three-step
PCR with 10-second denaturation (98°C), 30-second annealing
(67°C) and 90-second extension (72°C), followed by a final extension
(72°C) for 5 minutes. DNA input was set to contain at least 100,000



Table 1. Patient Characteristics and Number of Detected Heteroplasmic mtDNA Variants for Each Specimen by SMRT Sequencing

Patient Primary Tumor Type Sex Age at Diagnosis Stage Clinicopathological Specimen Heteroplasmic mtDNA Variants

P1 Breast Female 75 T4
cN+ → ypN0
Mx

ER: positive
PR: positive
HER2: not done
Primary tumor size: 2 cm

Primary tumor 4
Normal mammary 3
Serum 1 5
Serum 2 not done
Serum 3 not done
Serum 4 not done
Serum 5 3

P2 Breast Female 81 T3
pN2
M0

ER/PR/HER2: not done
Primary tumor size: 8 cm

Primary tumor 7
Normal mammary 14
Serum 4

P3 Breast Female 57 T3
cN+ → ypN0
M0

ER: positive
PR: positive
HER2: balanced
Primary tumor size: 8.5 cm

Primary tumor 3
Normal mammary 4
Serum 0

P4 Breast Female 49 T3
pN1
M0

ER: positive
PR: positive
HER2: not done
Primary tumor size: 5.2 cm

Primary tumor 3
Normal mammary 4
Serum 2

P5 Breast Female 64 ND ER/PR/HER2: unknown Primary tumor 1
Serum 7

P6 Colon Male 68 T3
pN1
M1

Right hemicolon
Dukes: D
Differentiation: moderate
Primary tumor size: 3.3 cm

Primary tumor 5
Liver metastasis 1 4
Liver metastasis 2 7
Normal colon 6
Normal liver 7
Plasma 5

P7 Colon Female 63 T4
pN1
M1

Sigmoid
Dukes: D
Differentiation: moderate
Primary tumor size: 5.5 cm

Primary tumor 1
Omental metastasis 4
Normal colon 0
Plasma 1

P8 Colon Male 84 T3 and T3
pN0 and pN1
Mx

Sigmoid and distal colon
Dukes: B and C
Differentiation: moderate
Primary tumor size: 6 and 5 cm

Liver metastasis 3
Normal liver 5
Plasma 9
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but maximally 50,000,000 copies mtDNA/reaction based on the
mtDNA content. Each 50-μl reaction contained DNA and 1 U of
Hot-Start Q5 High Fidelity DNA polymerase (NEB) in 1× Q5
reaction buffer, 200 μM dNTPs, and 0.5 μM of 5′-M13 tailed
forward and reverse primer (Supplementary Table 2). Specificity of
the generated products was confirmed using microchip electropho-
resis (DNA-12000 reagent kit, Shimadzu). Amplicons were equimo-
lar pooled per sample and purified using AMPure PB paramagnetic
beads (Pacific Biosciences) with a 0.6 bead:sample ratio according to
the SMRTbell Template Prep Kit protocol and eluted in 10 mM
Tris-HCl pH 8.5. The 5′-M13 universal sequence tail of the primers
allowed barcoding of each sample by performing five amplification
cycles of the three-step PCR as described above but with an annealing
temperature of 58°C. Specificity of the generated products was
confirmed using microchip electrophoresis (BioAnalyzer High
Sensitivity DNA kit, Agilent). A final mix of barcoded fragments
was obtained by pooling of multiple samples and subsequently
purified using AMPure PB paramagnetic beads with a 0.6 bead:
sample ratio. Concentration of the final mix was determined using the
Qubit dsDNA HS assay kit, and SMRTbell library was generated
according to the Amplicon Template Preparation and Sequencing
guide (Pacific Biosciences). Sequencing was performed on Pacific
Biosciences RSII with P6-C4 sequencing chemistry and 360-minute
movie-time. For the tissue samples, a total of 15 SMRT cells were
used to reach a read depth estimated at 600× per sample, and for the
cfDNA samples, a total of 28 SMRT cells were used to reach a read
depth estimated at 3000× per sample. Specifications for each sample
are provided in Supplementary Table 1.
Digital PCR
Digital PCR (dPCR) was performed on the Quantstudio 3D

digital PCR system (Thermo Fisher) according to the supplier's
protocol. Detection of KRAS p.G12D, KRAS p.G12 V, TP53 p.
R248Q, TP53 p.R273H, and PIK3CA p.H1047R was done by
validated Taqman SNP genotyping assays (Thermo Fisher). Detection
of mtDNA variants 664G N A, 6255G N A, 1924 T N C, and 2305 T
N C was done by custom assays (Supplementary Table 2) and carried
out with an adaption to the DNA input due to high mtDNA copy
number (set to contain at least 1E+ 3 but maximally 2E+ 4 copies
mtDNA/reaction based on mtDNA content). Reactions contained
DNA in 1× dPCR mastermix v2, 0.9 μM of each primer and 0.2 μM
of each probe. After initial denaturation for 10 minutes at 96°C, the
40-cycle 2-step PCR was performed at 30-second denaturation
(98°C) and 120-second annealing/extension (56°C) followed by a
final 2-minute extension (56°C). To calculate allele frequency of the
alternative variant, the threshold for signal dots was set to at least two
dots per dye. For samples where the variant was not detected, the limit
of detection was calculated based on the total number of positive
wildtype dots and two mutant signal dots (e.g., 5000 wild-type dots
would correspond to a detection limit of 2 / 5000 = 0.04%).

Bioinformatics
RS bax.h5 files were converted to Sequel BAM files, of which

circular consensus reads (CCS) were generated using the CCS2
algorithm, and attributed to each sample using the sample-specific
barcode [36]. Next, a minimum quality threshold of 99% and at least
five passes of the SMRTbell were applied to select for highly accurate



Figure 1.HeteroplasmicmtDNA variants in tumor and normal tissue.HeteroplasmicmtDNA variants (vertical) detected by SMRT sequencing
of tumor and normal tissue (horizontal) of eight cancer patients (P1 to P8). Ubiquitous, normal-only, and tumor-only variants in, respectively,
gray, blue, and red, cfDNA variants of unknown tissue origin in green.Within the squares, allele frequency (%) of the variant is indicated. The
percentageof tumor cells in the analyzedsectionsbasedonmorphological estimations inHE-stained slidesbetweenbracketsbehind tissues.
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single-molecule reads. Selected CCS reads were trimmed (Cutadapt [37]
for primers tails) and subsequently aligned against a reference sequence
(BWA-MEMparameters -k17 -W40 -r10 -A1 -B1 -O1 -E1 -L0 [38]). As
reference sequence, we used an extended version of rCRS to compensate
for mapping bias due to circularity of the mitochondrial genome.
Positions alternative to the reference sequence in pileup files
(Bioconductor Rsamtools 1.26.2 pileup function with pileupParam
min_base_quality = 30, min_mapq = 0, min_nucleotide_depth = 5,
min_minor_allele_depth = 0, distinguish_strands = TRUE, distin-
guish_nucleotides = TRUE, ignore_query_Ns = TRUE, include_dele-
tions = FALSE, include_insertions = FALSE) were converted back to
rCRS positions and used for analyses. Allele frequency was calculated
based on the alternative variant (alternative reads / total reads). First, all
homoplasmic and high heteroplasmic alternative variants (N50% allele
frequency) were used for haplotyping (HaploGrep2 v2.1.0) to
determine patient specificity for each sample (Supplementary Figure 1).
Then, initial variant selection was performed on the pileup files using a
threshold of 1% to 99% alternative allele frequency. Those variants were
manually inspected in Integrative Genomics Viewer (IGV, Broad
Institute) [39] to exclude mapping artifacts (as elaborated on in [34]).
Of the remaining variants, their presence within the initial pileup file was
determined in all examined samples of that patient to generate a final list

Image of Figure 1


Figure 2. Schematic of phylogenetic relationship between the
sequenced colorectal cancer specimens of P6.

Table 2. Heteroplasmic mtDNA Variants Detected by dPCR in Two Patients

Patient Tumor Type Specimen Variant 664G N A
(Allele Frequency)

Variant 6255G N A
(Allele Frequency)

P1 Breast Primary tumor-a 12.9% 46.2%
Primary tumor-b 5.4% 35.9%
Normal mammary-a 0.01% 0.9%
Normal mammary-b 0.05% 0.5%
Serum 1 nd nd
Serum 2* nd 0.03%
Serum 3* 0.06% 0.3%
Serum 4* nd nd
Serum 5 nd nd

Patient Tumor Type Specimen Variant 1924 T N C
(Allele Frequency)

Variant 2305 T N C
(Allele Frequency)

P6 Colon Primary tumor 0.9% 10.4%
Liver metastasis 1 36.2% 40.1%
Liver metastasis 2 46.2% 34.2%
Normal colon 0.3% 1.1%
Normal liver 0.08% 0.05%
Plasma nd nd

Asterisks indicate the samples that had not been analyzed by SMRT sequencing. nd, not detected.
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of detected variants (Supplementary Table 3). Also, the detected
heteroplasmic variants were used in a nucleotide BLAST against the
human reference sequence (NCBI's nucleotide web blast, https://blast.
ncbi.nlm.nih.gov) with the surrounding reference sequence (30 bases 5′
and 30 bases 3′) to uncover potential NUMT events, but none were
recovered. For the samples in which variants were not called within the
final list, limit of detection at that position was calculated based on the
read depth at that position and an alternative variant read depth of 5 (e.g.,
a positionwith 5000× read depthwould correspond to a detection limit of
5 / 5000 = 0.1%).
Results
We sequenced the entire mtDNA of 19 tissue specimens and 9 cfDNA
samples originating from 8 cancer patients, including at least 1 tumor
and 1 cfDNA sample for each patient. For 4 tissue specimens (primary
tumor of P1, P2 and P3, and normal tissue of P1), we performed
independent resequencing of another (nearby) section of the specimen.
For one patient (P1), a total of five consecutive cfDNA samples were
profiled for mtDNA variants by dPCR. The study cohort consisted of
two cancer types— breast and colon cancer— at variable disease stages.
Patient characteristics are summarized in Table 1. After haplotyping the
mtDNA of each specimen for each individual tomake sure that samples
were matched correctly (Supplementary Figure 1), the heteroplasmic
mtDNA variants present in each sample were evaluated.

Heterogeneity in Heteroplasmic mtDNA Variants between
Tumor and Normal Tissue
In the tumor and normal tissue specimens, the number of

heteroplasmic mtDNA variants ranged from 0 up to 14 per specimen
(Table 1), with allele frequencies between 0.2% and 99.4% (Figure 1)
(Supplementary Table 3). Good concordance was observed in
detected variants between different sections of a specimen (P1, P2,
and P3; Figure 1), with 2 of the 18 variants missed due to coverage
and thus limit of detection (6255G N A at 0.8% allele frequency in P1
normal mammary tissue and 9058A N G at 0.2% allele frequency in
P2 primary tumor tissue Supplementary Table 3). Heterogeneity
was observed between the tumor and normal tissues: majority of
the variants (80%) were present either only within the tumor tissue
(n = 24) or only within the normal tissue (n = 27) (Figure 1).
Generally, tumor-only variants had higher allele frequency than
normal-only variants [respectively, median (interquartile range) of
9.7% (23.7%) versus 1.9% (1.6%), Mann–Whitney U test P b
.001]. Also, two of the ubiquitous variants (n = 13) showed
heteroplasmic expansion between the normal and the tumor tissue
(variants 6255G N A and 2305 T N C in, respectively, P1 and P6;
Figure 1). Note that some of the ubiquitous variants at low
heteroplasmy might not be present in the tumor cells but in normal
cells residing at the tumor tissue (i.e., variants 189A N G and 16390G
N A in P2, 60 T N C and 66G N T in P6, and 12302C N T in P8). A
phylogenetic relationship based on the tumor-specific mtDNA
variants was evident between the primary and the two metastatic
tumor sites of P6 (Figure 2).

Due to the long read length of our sequencing approach — in the
order of 2000 nucleotides — the detected variants could be grouped
based on their presence on the same read or on separate reads, and
thus, we could decipher if they originated from the same or another
mtDNA molecule (phasing of variants). A total of 65 combinations of
variants were close enough for phasing (Supplementary Table 4), of
which 19 phased (partly) together and 46 were mutually exclusive.
Interestingly, in tumor tissue, the heteroplasmic variants 10657 T N
C and 11040 T N C in P2 and variants 9398A N G and 10407G N A
in P3 phased together, but variants 1924 T NC and 2305 T NC in P6
were mutually exclusive.

Heteroplasmic mtDNA Variants within cfDNA
In the cfDNA samples, the number of heteroplasmic mtDNA

variants (cf-mtDNA) ranged from 0 up to 9 per sample (Table 1),
with detected allele frequencies between 0.04% and 99.4% (Figure 1)
(Supplementary Table 3). Majority of the detected cf-mtDNA
variants (59%) were not detected in the corresponding tissues we
evaluated and thus are of unknown tissue origin (n = 20). Some of the
variants were detected within only the normal tissue (n = 5) or both
the tumor and normal tissue (n = 8), indicating that these are
heteroplasmic patient-specific but not tumor-specific heteroplasmic
mtDNA variants present as cf-mtDNA in the circulation. Of the 24

Image of Figure 2


Table 3. Blood-Based Markers in Sera or Plasma of the Eight Evaluated Cancer Patients

Patient Blood
Draw

Tumor Sites In Situ at Blood Draw Cancer Antigen Circulating
Tumor
Cells

Tumor cf-nDNA
[Allele Frequency]

Tumor cf-mtDNA
[Allele Frequency]

CA15.3 CA125

P1 (breast) 1 Primary 20 kU/L not done not done not done 0%
2 Metastases (bone, lung, liver) 96 kU/L not done not done not done 0.03%
3 Metastases (bone, lung, liver) 883 kU/L not done not done 0% a 0.06%-0.3%
4 Metastases (bone, lung, liver) 587 kU/L not done not done not done 0%
5 Metastases (bone, lung, liver) 129 kU/L not done not done not done 0%

P2 (breast) 1 Metastases (bone, lung) 30 kU/L not done not done 0.06% 1.1% (?)
P3 (breast) 1 Metastases (colon, spleen, pancreas, omentum) not done 97 kU/L not done 0.3% a 0%
P4 (breast) 1 Primary and metastasis (lymph nodes) not done 9 kU/L not done 0% 0%
P5 (breast) 1 Metastasis (bone) 34 kU/L not done not done 47.5% 0%
P6 (colon) 1 Primary and metastases (lymph nodes, liver) not done not done 2 / 7.5 mL 2.4% 0%
P7 (colon) 1 Primary and metastases (lymph nodes, liver, small intestine, omentum) not done not done 0 / 7.5 mL 13.4%-18.5% 0.04%
P8 (colon) 1 Metastasis (liver) not done not done 35 / 7.5 mL 7.8%-15.0% 3.8% (?)

a Note that for these samples, not the entire nDNA was evaluated, but only the subset of driver genes covered by the Oncomine Breast cfDNA assay.
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tumor-specific and 2 tumor-expanded heteroplasmic mtDNA
variants present in the tumor specimens, only 3 were detected by
sequencing the cfDNA (Figure 1): in P2 variant, 9058A N G was
present at 0.2% allele frequency in one of the two replicates of the
primary tumor and 1.1% allele frequency in the cfDNA; in P7
variant, 16278C N T was present at 64.7% allele frequency in the
liver metastasis and 0.04% allele frequency in the cfDNA; and in P8
variant, 16183A N C was present at 0.7% allele frequency in the liver
metastasis and 3.8% allele frequency in the cfDNA (Supplementary
Table 3). Note that in P2 and P8, the heteroplasmy level of the
variant in the tumor tissue was very low. We confirmed by dPCR
(orthogonal technique) the absence of one high-frequent tumor-
specific or one high-frequent tumor-expanded variant in the
sequenced cfDNA samples for both P1 and for P6 (Table 2). Note
that the variant allele frequency of those variants in the tissue samples
was comparable between SMRT sequencing and dPCR detection.
For P1, we extended the number of cfDNA samples by three sera at
different time points. The cancer antigen level in these three sera was
extremely high (Figure 1, Table 3), indicative for a high tumor load at
that point in time. In this patient, we detected by dPCR at low variant
allele frequency the tumor-expanded cf-mtDNA variant prior to start
of hormonal therapy (6255G N A 0.03% allele frequency) and both
the tumor-expanded and tumor-specific cf-mtDNA variants prior to
start of chemotherapy (6255G N A 0.3%, 664G N A 0.06% allele
frequency) (Table 2, Figure 3).

Thus, out of the 12 cfDNA samples, a total of 4 contained cf-
mtDNA variants that were also present in the tumor tissue evaluated,
as detected by either sequencing or dPCR. To put these results into
perspective, we evaluated the levels of other blood-based cancer
biomarkers in these samples. Tumor-specific mutations in nuclear-
encoded driver genes were detected in the cfDNA (cf-nDNA) of three
sera and three plasma samples (Supplementary Table 5), mostly at
much higher allele frequencies than the detected tumor-specific cf-
mtDNA variants (Table 3, Supplementary Figures 2 and 3). Also, the
level of cancer antigen was increased in the blood of P1, P2, P3, and
P5 (≥ 30 kU/l) (Table 3, Figure 3, Supplementary Figure 2), and
circulating tumor cells were detected in the blood of P6 and P8
(Table 3, Supplementary Figure 3).
Discussion
In this work, we show that there is extensive heterogeneity in mtDNA
variants between tumor and tumor-adjacent normal tissue and that
tumor-specific cf-mtDNA variants are hardly detectable in the
circulation of cancer patients.

To detect mtDNA variants, we used a SMRT sequencing approach
to evaluate the whole mitochondrial genome [34] and included dPCR
as an orthogonal method to evaluate a subset of the detected variants.
The limit of detection for variants by our sequencing approach is
mainly dependent on the sequencing depth at a position, with
variants called based on at least five highly accurate single-molecule
reads containing the variant at that position. We have recently shown
that the SMRT sequencing approach is able to trace known low-
frequent variants ≥0.1% allele frequency (sensitivity) and to reliably
detect unknown variants ≥1.0% allele frequency (specificity) [34].
Therefore, we start with calling variants with at least 1.0% allele
frequency in the evaluated samples (detection of unknown variants) and
subsequently evaluate the presence of those called variants in the
complete dataset (tracing of known variants). For some variants, we
obtained a sequencing depth that allowed for tracing down to 0.04%
allele frequency (Supplementary Table 3). Note that false positives due
to random PCR errors are unlikely to be detected: we used minimally
100,000 input molecules (Supplementary Table 1) corresponding to a
0.001% allele frequency of random PCR errors (1 / 100,000), a high
fidelity polymerase (error rate of ~10-7), and the number of PCR cycles
was limited. To simultaneously evaluate the specificity of the method as
well as the interference of nuclear insertions of mitochondrial origin
(NUMTs), independent resequencing of four tissue specimens was
performed after exonuclease treatment of the DNA to specifically
degrade linear DNA and thus increase the circular mtDNA fraction.
The latter is important sinceNUMTs can interfere with accurate variant
detection due to their sequence similarity to mtDNA and thus
complicate investigation of mitochondrial heteroplasmy. Good con-
cordance was observed: independent resequencing revealed that of the
18 variants, 16 variants were confirmed. Two variants could not be
confirmed: variant 6255G N A in P1 was detected first at 0.8% allele
frequency but was below the limit of detection (b0.9% allele frequency)
in the resequenced specimen, and variant 9058A N G in P2 was not
detected at first (limit of detection b0.2% allele frequency) but was
detected at 0.2% allele frequency in the resequenced specimen. These
variants were called because they were present ≥1.0% allele frequency in
the cfDNA samples of the corresponding patients. Both variants are not
at putative knownNUMTpositions as evaluated by nucleotide BLAST.
From this, we concluded that the limiting factor in tracing variants by
our approach is the sequencing depth, which influences the limit of
detection.



Figure 3. Timeline of patient 1The allele frequency of detectedmtDNA variants (squares), levels of CA15-3 (triangles), and ratio ofmtDNA:nDNA
molecules (asterisks) on log-scale in the cfDNA samples (vertical) at five time points (horizontal). The table provides the specifics per variable
(color coded). At the top of the graph, treatment is indicated (Sx, surgery; RTx, radiotherapy;HTx, hormone therapy;CTx, chemotherapy), where
time = 0 corresponds to the surgery of the primary tumor. A gray background indicates that the patient was receiving systemic therapy. Note
that allele frequency in the first and last serawas evaluated by SMRT sequencing, whereas in the second, third, and fourth sera, it was by dPCR.
ND, not done.
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The extensive heterogeneity we observe between tumor and tumor-
adjacent normal tissue is in line with the observation by others that
heteroplasmy patterns can differ in an allele-specific manner between
tissues within an individual [3–6]. This is also evident from the high
fraction of cf-mtDNA variants we detect that are of unknown tissue
origin. Since the number of cell generations of epithelial tumor cells
greatly exceeds that of nontumor epithelial cells, it is likely that the
intraindividual genetic drift observed between tissues within an
individual likely also applies to tumor cells and their founder cells.
Similarly, our observation that allele frequencies of tumor-specific
variants are much higher than those observed in normal tissue
corresponds to the hypothesis that more cell generations equal more
opportunity for either loss or expansion of a heteroplasmic mtDNA
variant [40]. In line with this, only a low fraction of variants phased
together in our work (19 of the 65 variant combinations, 30%),
indicative that extensive heterogeneity is present among hetero-
plasmic variants within an individual. Remarkably, P2 shows an
exceptional high number of heteroplasmic variants detected in only
the normal specimen (n = 11), and the tumor of this patient also
contained the highest number of heteroplasmic variants (n = 5). Note
that the primary tumor specimens of P6 and P8 did not contain
tumor cells on the morphological level as evaluated by HE-stained
slides (Figure 1, Supplementary Table 1), but on the molecular level,
the primary tumor specimen of P6 did contain tumor cells as
evaluated by the presence of KRAS mutated nDNA (Supplementary
Table 5). Uncertainty in estimating tumor cell percentage in HE
slides has been pointed out in literature [41], and fresh-frozen tissue
sections are of lower morphological quality compared to formalin-
fixed, paraffin-embedded tissue sections, hampering tumor cell
percentage estimation. Notably, whereas in P6 also the normal
colon and normal liver appeared nontumorous by morphological
evaluation, mutated KRAS was present at the molecular level
(Supplementary Table 5), indicating tumor cells are present in
these specimens as well. Thus, some of the variants defined as
ubiquitous might actually be tumor-specific in P6 — especially
variant 2305 T N C. Additionally, it is interesting to see in this case
that even variants at high allele frequency can be present on different
mtDNA molecules (1924 T N C and 2305 T N C in P6,
Supplementary Table 4).

With regard to the number of tumor-specific mtDNA variants per
tumor, we observe a higher number compared to other studies.
Specifically, other studies using large sample sizes showed that 75% of
the breast cancer patients and 60% of the colon cancer patients
harbor at least one mtDNA variant in their primary tumor based on
massive parallel sequencing studies [7–9], whereas we observe in
100% (8/8) of the patients at least one tumor-specific mtDNA
variant. Those studies applied a threshold on variant allele frequency
between ≥3% and ≥ 15% allele frequency. We used an initial
threshold at ≥1.0% and no threshold on allele frequency when the
variant was called within another sample of the same patient. Based
on our previous work, it is unlikely that this is due to false-positive
calls since those appeared with ≤1.0% variant allele frequency [34].
The higher number may thus be due to the higher sensitivity of our
SMRT sequencing approach or statistical coincidence due to the
relatively small series we analyzed. Noteworthy is that whereas other
studies have reported on (near-)homoplasmic tumor-specific mtDNA
variants [7–9], we only observed heteroplasmic tumor-specific
mtDNA variants with b50% allele frequency. This is likely due to
the nontumor cells present in our specimens (i.e., infiltrating immune
cells or tissue of origin): it would not be possible to reach 100% allele
frequency for a tumor-specific mtDNA variant since nontumor
mtDNA will be present as well.

Importantly, despite the presence of tumor-specific mtDNA
variants for each tumor tissue analyzed, we were unable to detect
the majority of these variants in blood-circulating cfDNA (83% not
detected). The few cf-mtDNA variants we detected were present at

Image of Figure 3
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extremely low heteroplasmy levels (P1 and P7) or questionable in
their true tumor-specific nature given the low heteroplasmy levels in
the tumor tissue (P2 and P8). Specifically, in P2 variant, 9058A N G
was detected at 1.1% allele frequency in the cfDNA, whereas it was
present at 0.2% allele frequency in one of the two replicates of the
primary tumor. In P2, the primary tumor also contained tumor-
specific variants between 2% and 10% allele frequency (2724G N C,
10657 T N C, 11040 T N C and 16141A N G, Figure 1), but those
were not detected as cfDNA in the circulation (Figure 1)
(Supplementary Table 3). This would mean that — since the
primary tumor was not in situ when blood was drawn — the
metastases in this patient originated from a clone that contained only
9058A N G but not the other variants present in the primary tumor.
Also, in P8 variant, 16183A N C present at 0.7% allele frequency in
the liver metastasis was detected at 3.8% allele frequency in the
cfDNA. In this patient, the liver metastasis was still in situ when
blood was drawn, but the tumor-specific variants present at 2% and
14% allele frequency (8102G N A and 9196G N A, Figure 1) are not
detected as cfDNA (Figure 1) (Supplementary Table 3). When
comparing the detection of tumor-specific cf-mtDNA with other
blood-based markers — including CTCs, cancer antigens, and
mutations in cf-nDNA — the latter outperform cf-mtDNA since
these could be detected in nearly all blood samples (Table 3).

Our hypothesis was that mutated cf-mtDNA would be easily
detectable in the circulation due to high stability (if circular) and high
copy number per cell and thus would require less sensitive methods to
detect them. However, the fact that nuclear-encoded mutations are
detected at much higher allele frequencies in the cfDNA could
indicate either that more mtDNA from nontumor cells is released in
the circulation or that the cf-mtDNA has a higher turnover than its
nuclear counterpart, rendering it undetectable by the techniques we
applied. Because the mtDNA content is variable per cell, it could be
that tissues (nontumor) with higher mtDNA content than the tumor
are shedding DNA into the circulatory system. This could in part be
the tumor-adjacent normal tissue: three-quarters of the breast tumors
harbor a reduction in tumor mtDNA content compared to adjacent
normal mammary tissue [2,42–47], whereas approximately half of the
colorectal tumors have a reduction in tumor mtDNA content when
compared to adjacent normal colon or rectum tissue [2,48–52].
Another likely source of nontumor cf-mtDNA in blood are
thrombocytes, which do not contain a nucleus but do contain
mitochondria. Before being frozen, our plasma samples were obtained
via a centrifugation force that should be enough to remove 90% of the
thrombocytes [53]. After thawing, an additional centrifugation step
was applied to obtain thrombocyte-poor plasma, but it could be that
part of the thrombocytes had been damaged by freezing-thawing and
thus released their mtDNA already into the plasma. Especially when
comparing the mtDNA content of serum and plasma (order of
hundred versus order of thousands, Supplementary Table 1), it seems
evident that the capture of thrombocytes in the fibrin clot of serum
results in less release of their mtDNA in the blood derivate. Another
probability is that cf-mtDNA is so severely fragmented that it is not
detectable by our applied methods, which require DNA of at least
108 base pairs in length for dPCR and of at least 1700 base pairs in
length for SMRT sequencing (see amplicon sizes in Supplementary
Table 2). A study on the physical characteristics of plasma-derived cf-
mtDNA indicates that the majority is associated with particles
between 5 μm and 0.45 μm in size since filtering the plasma reduces
the amount of cf-mtDNA whereas cf-nDNA is retained (note that the
diameter and length of mitochondria range from, respectively, 0.5 to
1 μm and 5 to 10 μm) [14]. Treatment of serum-derived cfDNA with
an exonuclease that digests linear DNA but leaves circular DNA
intact resulted in undetectable levels of nDNA, whereas mtDNA
concentrations were reduced 5× to 10× (unpublished data), indicative
that at least a fraction of the cf-mtDNA is in its circular form within
serum. Other studies, based on whole genome sequencing of plasma-
derived cfDNA without prior fragmentation of the DNA (thus, only
short fragments smaller than ~600 base pairs are efficiently
sequenced), indicate that part of cf-mtDNA is severely fragmented
[15–18]. In our own hands, such a whole genome sequencing
approach applied to plasma-derived cfDNA of cancer patients
resulted in median 0.85× coverage (range 0.35-1.73×) of the
mitochondrial contig, whereas the nuclear DNA was covered by
~1× (unpublished data). Taking into account the mtDNA content of
cells (in the order of thousands in our plasma samples, Supplementary
Table 2), this indicates that the largest proportion of cf-mtDNA is not
sequenced by such a whole genome sequencing approach. This is in
line with observations in hepatocellular cancer patients [16] and lung
transplant recipients [17], where the fractional concentration of
sequenced plasma cf-mtDNA was lower than expected. In the study
on lung transplant recipients [17] and in another study on sepsis
patients [18], the use of sequencing protocols that also include smaller
DNA fragments (40-100 base pairs) increased the fraction of cf-
mtDNA reads by 8- to 15-fold but still cannot fully explain the low
abundance of mtDNA in those experiments. Thus, it seems that a
large proportion of the mtDNA is not sequenced in these studies,
likely due to the fact that intact mtDNA is not efficiently sequenced
during such approaches. It must be kept in mind that those results
apply to plasma and not necessarily to serum. Another possibility why
cf-mtDNA was rarely detectable might not be related to physical
characteristics but due to genetic drift: the tumor-specific variants
present in the primary tumor are not present in the (micro-)
metastases anymore. Especially when the elapsed time is large (e.g.,
N40 weeks in P2, N 240 weeks P3 andN 400 weeks P5), it might be
possible that the genetic makeup of the mtDNA in the tumors has
changed, similar to the heterogeneity we observed between the tumor
and tumor-adjacent normal tissue. Given the heterogeneity in
mtDNA variants between tissues within an individual [3–6], it is
not possible to evaluate all cf-mtDNA variants present in the
circulation of a patient as tumor-specific ones, as illustrated by the
number of cf-mtDNA variants from tumor-adjacent and of unknown
origin in our study. Noteworthy, it could be that the total number of
heteroplasmic cf-mtDNA variants present in the circulation is
increased for (advanced) cancer patients, but this potentially is also
the case for a patient affected with other morbidities (e.g., liver
cirrhosis resulting in liver-specific cf-mtDNA variants or colitis
resulting in colon-specific cf-mtDNA variants).

Conclusions
Our results demonstrate that extensive mtDNA heterogeneity is
evident within an individual. We conclude that there is limited value
in tracing tumor-specific cf-mtDNA variants as a blood-circulating
biomarker with the current methods available.
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