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Abstract

Mutations in mitochondrial DNA (mtDNA) have been linked to risk, progression, and treatment 

response of head and neck squamous cell carcinoma (HNSCC). Due to their clonal nature and 

high copy number, mitochondrial mutations could serve as powerful molecular markers for 

detection of cancer cells in bodily fluids, surgical margins, biopsies and lymph node (LN) 

metastasis, especially at sites where tumor involvement is not histologically apparent. Despite a 

pressing need for high-throughput, cost-effective mtDNA mutation profiling system, current 

methods for library preparation are still imperfect for detection of low prevalence heteroplasmic 

mutations. To this end, we have designed an ultra-deep amplicon-based sequencing library 

preparation approach that covers the entire mitochondrial genome. We sequenced mtDNA in 28 

HNSCCs, matched LNs, surgical margins and bodily fluids, and applied multiregional sequencing 

approach on 14 primary tumors. Our results demonstrate that this quick, sensitive and cost-

efficient method allows obtaining a snapshot on the mitochondrial heterogeneity, and can be used 

for detection of low frequency tumor-associated mtDNA mutations in LNs, sputum and serum 

specimens. These findings provide the foundation for using mitochondrial sequencing for risk 

assessment, early detection, and tumor surveillance.

Introduction

Head and neck squamous cell carcinoma (HNSCC) accounts for 650,000 new cases 

worldwide [1–5] and over 50,000 cases in the US alone [6]. HNSCC prognosis is poor, with 

a 5-year overall survival of ~50% [7–9]. The prognosis and treatment regiments vary 

dramatically depending on the presence or absence of lymph node (LN) metastasis. 

Detection of regional LN metastasis is usually based on the clinical examination and 

imaging, followed by post-operational histological analysis. Unfortunately, current tools for 

detection of tumor cells in surgically resected LN may, in some cases, miss the presence of 

micrometastasis. Novel strategies for detection of micrometastasis based on the analysis of 

tumor-derived genetic aberrations by next generation sequencing (NGS) offer new hope for 

improved risk assessment and better selection of the treatment regimen [10, 11]. However, 

detection of mutations in minuscule metastatic lesions comprised of only few neoplastic 

cells may still fall below the detection threshold of these highly sensitive techniques. 

Further, early disease and micrometastatic lesions have lower levels of neoplastic cells and 

therefore more likely to yield false negative results.

Current theories of tumorigenesis hold that HNSCCs are driven by the acquisition of genetic 

alterations, including changes in mitochondrial DNA (mtDNA) [12–16]. Due to the lack of 

protective histones and limited DNA repair mechanisms, mtDNA is susceptible to damage 

by environmental carcinogens as well as endogenous reactive oxygen species, a byproduct 

of the oxidative phosphorylation system [17]. As a result, the mutation rate in mtDNA is 

approximately 10 times higher than in nuclear genomic DNA [13, 17]. Numerous somatic 

mutations in both the coding and control regions of mtDNA have been extensively examined 

in a broad range of primary human cancers by us [13, 17–21] and others [22, 23]. These data 
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suggest that some mtDNA alterations may be directly involved in tumorigenesis and not 

merely epiphenomena [24, 25]. By virtue of their clonal nature, higher mutation rate and 

copy number, assessing tumor-specific mtDNA mutations in histologically clean LN and 

surgical margins may provide a more sensitive diagnostic tool and eventually reduce the 

false negative rate in patients. Additionally, due to its circular configuration, mtDNA thought 

to be more stable than genomic DNA, and may therefore be suitable for sequencing when 

isolated from low quality formalin-fixed paraffin-embedded (FFPE) or body fluid-derived 

(e.g. plasma, serum) samples.

Using an array-based sequencing platform (MitoChip) for high-throughput mtDNA 

sequencing [26], our group has showed that mtDNA alterations are valuable markers of head 

and neck tumorigenesis, and that mtDNA mutations and copy number increase with 

histopathologic grade in premalignant and malignant HNSCC lesions [27, 28]. While 

mitochondrial mutations could be extracted from whole-genome nuclear DNA sequencing 

data [29, 30], most current methods for mtDNA library preparation require pre-amplification 

and are imperfect for detection of low prevalence and heteroplasmic variants, especially in 

very small and highly degraded samples. Although recently reported PCR-based library 

construction approaches have increased the capacity to assess mutation across mitochondrial 

genome and demonstrate a substantial improvement in sequencing of the fresh frozen and 

FFPE specimens [31, 32], lack of multiplexing and workflow complexities increase their 

overall turnaround times and costs, posing a practical barrier to clinical translation. While 

several studies used early generation methods such as Sanger sequencing and Affymetrix 

MitoChip assays to map mtDNA mutations in head and neck neoplasms over the last decade, 

to the best of our knowledge, only two recent works have leveraged NGS sequencing to 

achieve higher sequencing resolution. One study extracted the mtDNA sequences from the 

off-target mitochondrial reads derived from the whole-exome sequencing (WES) of HNSCC 

samples and matched lymphocytes obtained from TCGA database [30]. However, as 

mentioned earlier, the lack of adequate mtDNA coverage depth in WES data limits detection 

of minor alleles of lower frequency. A second study used long-range PCR enrichment and 

Illumina HiSeq 2500 sequencing on 28 tumors, but without matched normal controls. Lack 

of matched controls confounds somatic mutation variant calling since mutations identified as 

putatively somatic may represent low-level germline heteroplasmies [33].

To address these limitations, we have developed a novel amplicon-based approach for ultra-

deep sequencing of the entire mitochondrial genome specifically suited for micro-sized low 

quality specimens. This multiplexing amplicon-based library preparation approach allows 

running up to 48 samples (for both sequencing and copy number analysis) in a single 

amplification reaction, allowing for efficient and accurate library preparation. Using this 

approach, we performed whole mtDNA sequencing of 28 HNSCC tumors and multiple 

matched metastatic or histologically clean lymph nodes (LN). For a subset of patients, we 

also sequenced matched sputum, serum and histological clean surgical margins. 

Furthermore, to assess intra-tumor mitochondrial heterogeneity, we have applied a 

multiregional sequencing approach on 14 primary tumor specimens. This method allowed us 

to obtain a snapshot on the extent of mitochondrial heterogeneity of these lesions, including 

detection of low frequency tumor-associated mtDNA mutations in LN, surgical margins and 

bodily fluids.
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Materials and Methods

Schematic of workflow for sequencing and analysis of somatic mitochondrial mutations in 

HNSCC samples

Samples and DNA extraction

Samples were collected from the Johns Hopkins Head & Neck Database (HAND) following 

Institutional Review Boards (IRB)-approved protocols. Informed written consent was 

obtained from all patients before sampling. All samples were reviewed by a senior 

pathologist to reconfirm the diagnosis and were processed for analysis by the Johns Hopkins 

Pathology Core. Lesions with a low neoplastic cellularity (<70%) were additionally 

macrodissected to remove contaminating normal cells before DNA extraction. Neoplastic 

cellularity was estimated from the sequential slides, which highly reflect cellularity of the 

section used for DNA sequencing. Genomic DNA was isolated from fresh frozen samples 

(tumors, margins and lymph nodes) by the QIAamp DNA Kit (Qiagen) and quantified with 

the Nanodrop system (Thermo Scientific). As a control, matched lymphocyte DNA were 

used in each case. Plasma and sputum DNA was extracted by digestion with 50 μg ml−1 

proteinase K (Boehringer Mannheim) in the presence of 1% SDS at 48 °C overnight 

followed by phenol/chloroform extraction and ethanol precipitation.

Assay design and mitochondrial genome amplification

Amplicon-based library preparation approach, consisting of 148 primers pairs that cover the 

entire mitochondrial genome (with 86.2% of the mt-genome regions are covered by two 

different amplicon sets) was designed to be used on Fluidigm Access Array platform 

(Supplementary Table 1). To enhance the coverage of degraded material the amplicon size 

was limited to ~ 170 base pairs. Access Array System creates amplicon libraries using a 

unique tagging protocol, in which primers attach sample-specific barcodes and sequencer-

specific tags to each PCR product, allowing to run 48 samples in one multiplex sequencing 

reaction. In brief, 10ng of genomic DNA was used for mtDNA amplification using a 

microfluidic chip according to the manufacturer’s instructions. Each sample was combined 

with primer pairs in a microfluidic chip and thermal cycling on a Fluidigm FC1 Cycler was 

performed. PCR products were then collected using the IFC controller and transferred to a 

96-well plate. In a separate PCR, Illumina sequence-specific adaptors and barcodes were 

attached. Raw NGS data has been uploaded to the NCBI Sequence Read Archive repository. 

Accession code for deposited data is PRJNA592200. Any interested reader is also welcome 

to contact us for receiving the original raw data as FASTQ-files.

Sequencing and variant calling

Pooled and indexed PCR products were sequenced on the Illumina MiSeq instrument 

following standard protocols with the following modifications: Illumina-specific sequencing 

primers were substituted with a mixture of two Fluidigm-specific primers pairs (FL1 and 

FL2). The sequences were aligned to the revised Cambridge Reference Sequence (rCRS) 

using Bowtie2. Assessment of quality control (using Phred scores) and detection of somatic 

mutations was performed using MitoSeek [34]. Tumor samples, margins, lymph nodes, 

sputum and serum were compared pairwise with lymphocyte controls. Preparation of 
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pairwise sample input and batch processing of output data was performed using R. Prior to 

statistical analyses, the data cleaning was performed by: i) checking for missing values, ii) 

calculation and verification of minor allele frequencies and iii) removing mutations called 

using insufficient (<100) reads. The following conditions were applied for each position: an 

event was identified as a somatic mutation only when (i) the position is covered with at least 

100 reads in both the tumor and normal; (ii) distinct paired reads contain the mutation in the 

tumor; (iii) the number of distinct paired reads containing a particular mutation in the tumor 

is at least 3% of the total distinct read pairs and (iv) the mismatched base is not present in 

>0.5% of the reads in the matched normal sample. For TCGA-HNSC WES data the 

following variant calling criteria were used: an event was identified as a somatic mutation 

when (i) the position is covered with at least 10 reads in both the tumor and normal; (ii) at 

least 3 unique reads supporting variants in tumor sample with at least 3% variant allele 

fraction; (iii) the mismatched base is not present in the matched normal sample.

Copy number estimation

For copy number estimation, primer pairs targeting three nuclear genes (RPP30, RPPH1 and 

TERT) were incorporated into the Access Array mtDNA primers set, and relative rate of 

amplification of mtDNA encoded TRNL1 sequence was compared to a reference sequence 

of each one of these three nuclear genes. For each sample, the consensus sequences from 

each of the paired end reads were obtained using flash. The consensus sequences was then 

aligned to the genome consisting only of the three genes (RPP30, RPPH1, TERT) using 

bowtie2. Finally, the total number of reads aligning to either of the three genes was 

calculated using bedtools. Relative abundance of mitochondrial DNA was measured as a 

ratio of mtDNA/nDNA (calculated by dividing the mtDNA signal for TRNL1 gene by each 

one of the corresponding nuclear reference genes).

ddPCR for mutation validation: Four selected somatic variants identified by NGS were 

technically validated by ddPCR using BioRad QX100 platform. All ddPCR assays used in 

this study were designed and optimized to work in the ddPCR system by Bio-Rad. Cross-

reactivity with nuclear DNA was considered upon assays design. The Bio-Rad assays IDs 

are summarized in Supplementary Table 13. Briefly, the ddPCR mixture contains 8 μl of 2 X 

ddPCR Supermix (Bio-Rad), 400nM of forward and reverse primers, 125nM mutant and 

wild-tube probe and 2 μl template DNA (10 to 20ng) in each 20 μl reaction. The reactions 

were loaded into a droplet cartridge and placed in the droplet generator, where vacuum is 

applied to the cartridge. This draws both the PCR reagents and oil through a flow-focusing 

nozzle where around 20,000 individual droplets ≈ 1 nl in size are formed, suspended in an 

emulsion. The emulsion was transferred into a 96 well plate, sealed using a thermal plate 

sealer and cycled using a C-1000 thermal cycler (Bio-Rad) under the manufacturer’s 

recommended conditions. Annealing temperature was optimized for each assay. After 

amplification, the plate was transferred to a droplet reader from which raw fluorescence 

amplitude data is extracted to the Quantasoft software for downstream analysis.
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Results

mtDNA sequencing assay design

For tracking mitochondrial mutagenesis across body sites and within tumor samples, an 

ultra-deep PCR-based next-generation sequencing (NGS) of the entire mitochondrial 

genome was established (see Methods section). A schematic of workflow for sequencing and 

data analysis is shown in Supplementary Figure 1. Primers pairs (149) were designed to 

cover the entire mitochondrial genome with a dual coverage of 86.2% (Figure 1A, 

Supplementary Table 1). We used this method to sequence mtDNA from 28 primary 

HNSCC samples (Table 1). These samples were obtained from patients who did not receive 

chemotherapy or radiation prior to tumor biopsy. For each patient, matched lymphocyte 

DNA was used as a control. To assess intra-tumor heterogeneity and spatial distribution of 

mtDNA mutations in HNSCCs, a multiregional sequencing approach was applied to 

different zones of histologic progression (superficial zone; mid-zone; deep invasive tumor 

front) in 14 of the 28 tumor specimens where such specimens were available. 

(Supplementary Table 2). Overall, we obtained over 97% coverage with a median average 

depth of 7903 × and 5133 × for HNSCCs or lymphocyte DNA respectively (Supplementary 

Table 3). A custom bioinformatics workflow (based on MitoSeek [34]) was designed with 

the following variant calling criteria: an event was identified as a somatic mutation only 

when (i) the position is covered with at least 100 reads in both the tumor and normal; (ii) the 

number of reads containing a particular mutation in the tumor is at least 3% of the total 

distinct read pairs and (iii) the mismatched base is not present in >0.5% of the reads in the 

matched normal sample. Mutations arising from misplaced genome alignments, including 

paralogous sequences, were identified and excluded by searching the reference genome. 

Indels were removed from the analysis, as detecting heteroplasmic indels is unreliable using 

short-read sequencing [35].

Somatic mutations of the mitochondrial genome in primary HNSCC tumors

166 somatic point mutation (132 unique) were detected in 14 (50%) of 28 tumors 

(Supplementary Table 4). Sixty one of the codon specific mutations detected in this study 

were reported in various hematopoietic and solid malignancies including HNSCC by several 

large pan-cancer NGS analyses (Supplementary Table 5), supporting their status as 

legitimate somatic mutations with potential functional implications [30, 36, 37]. In 

agreement with the previous report, most of the mutations were G > A (47%) and C > T 

(37%) base transitions [33]; these mtDNA substitutions are known to be common in solid 

malignancies and are associated with DNA damage due to increased mitochondrial reactive 

oxygen species (mtROS) (Supplementary Table 6) [29, 38]. The mutations were largely 

heteroplasmic in nature; allelic frequency greater than 50% was only observed in 4% of 

mutations (Figure 1B). Although the distribution of the mutations spanned the entire 

mitochondrial genome and no obvious hot spots were detected (Figure 1C), we identified 10 

specific positions (5 in RNR2 and 5 in the D-Loop) mutated in two (7%) patients each 

(Supplemental Table 7). Eight of these mutations were not reported as known 

polymorphisms in mtDB and mitomap databases and 4 were previously identified in 

multiple solid neoplasms (Supplemental Table 7). While further validation in larger HNSCC 

cohorts is required, this observation may suggest that at least some of these revolving clonal 
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events are not random, but influenced by cancer specific mutational process. Within 

functional regions, 63, 47, 12 and 44 mutations were located in protein coding (68% non-

synonymous mutations including 2 stop codons), rRNA coding, tRNA coding and regulatory 

regions (D-loop) respectively (Figure 1D, Supplementary Figure 2). Within the coding area, 

higher mutation accumulation was found in RNR2, followed by ND4, ND6, ND1, ND3, 

ND4L and ATP6. Taking the different region lengths into account, mutation to base pair 

ratio was highest in the D-Loop, RNR2 and ND4L, followed by ND3 (Figure 1E).

To validate the reproducibility of variant calling, new libraries were prepared from DNA 

collected from all zones of the 4 tumors with high (patients 2, 4, 5 and 6) and 1 tumor with 

low (patient 3) number of mutations. These libraries were sequenced and mtDNA variants 

were assessed independently. The analysis has confirmed 89.3 % of the unique variants, and 

the prevalence of the mutant reads were very consistent between the two independent 

sequencing runs, supporting the reproducibility of this high-throughput library preparation 

approach (Figure 1F, Supplementary Table 8). Out of 14 tumors with multiregional 

sequencing, mtDNA aberrations were detected in 10 neoplasms. Interestingly, while 

sequencing of samples collected from different zones within the same HNSCC tumor 

revealed a large degree of heterogeneity among mutated mitochondrial foci, clonal events 

(mutations present in more than one zone) were detected in 8 patients with multi-regional 

collections (Figure 2, Supplementary Table 4), suggesting that they may occur early in 

tumor evolution, likely even before tumorigenesis. Interestingly, tumors with highest 

mutations number (such as patient 2, 4, 5 and 6) showed a progressive increase in mutation 

numbers from superficial to deep invasive tumor zone, with one zone demonstrably sub-

clonal to the other (Figure 2).

Comparing the landscape of heteroplasmic mtDNA mutations with TCGA-HNSC dataset

Although most of the currently available whole-exome capture kits do not target mtDNA 

genes, it was previously reported that due to the abundance of mtDNA in human cells, off-

target reads derived from the mitochondrial genome could be used to identify mtDNA 

mutations in WES data obtained from TCGA [30]. To validate the distribution of mutations 

across genetic regions observed in our study, we analyzed off-target mtDNA sequences 

extracted from the WES data of tumors and matched lymphocytes obtained from 

TCGAHNSC database. Confirming previous report [30], the off-target coverage was not 

uniform across the mitochondrial genome in exome studies (mean coverage - 69%) and 

significantly lower than coverage from our in-house platform (>95%) (Supplementary 

Figure 3A). Expectedly, the average read depth was quite low (67X) compared to our 

targeted sequencing approach. Thus, the variant calling criteria was modified for WES 

analysis. An event was identified as a somatic mutation when (i) the position is covered with 

at least 10 reads in both the tumor and normal; (ii) at least 3 unique reads supporting variants 

in tumor sample with at least 3% variant allele fraction; (iii) the mismatched base is not 

present in the matched normal sample (see Methods for more details). Using these criteria, 

we have detected 376 somatic mutations in 60 of 521 TCGA-HNSC cases. Although the 

direct comparison of the WES and targeted sequencing data should be approached with 

caution, the dispersion of somatic mutations across the mitochondrial functional regions and 

base transitions in our samples was similar to that seen in TCGA tumors by our 
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(Supplementary Figure 3B and C) and other’s [33, 37] analysis, providing validation of our 

local cohort results. That said, it is important to note that decreased depth in the WES data 

may also lead to some degree of MAF overestimation; lower number of total reads would 

cause large changes in MAF even with small increases in mutant allele read number. We 

believe that this further emphasizes the need for the new high-depth mtDNA sequencing 

technologies that may accurately detect low-level heteroplasmies.

Spatial distribution of mtDNA abundance in HNSCC

Although changes in mtDNA content is a useful clinical biomarker for various types of 

cancers including HNSCC [27, 39, 40], results are controversial as several analytical factors 

can affect accurate copy number (CN) measurement. mtDNA is commonly quantified by 

calculating a ratio between a target mitochondrial gene and a reference nuclear gene using 

quantitative real time PCR. Often, these measurements are made in separate experiments. To 

overcome these technical limitations, we validated and optimized primer pairs for three 

nuclear housekeeping genes located at a highly conserved region of the genome (RPP30, 

RPPH1 and TERT) and incorporated these primers to the mtDNA primers set, allowing for 

quantitative copy number analysis. To test the reproducibility of the three targets, relative 

abundance of mtDNA was calculated in 28 HNSCC cases by dividing the signal for mtDNA 

encoded TRNL1 (MT-TL1) gene by each one of the corresponding nuclear reference genes 

(mtDNA/nDNA ratio). The TRNL1 was chosen because of the rarity of deletions in this 

region and absence of nuclear pseudogenes [41–44]. Since all samples have been processed 

in identical manner, the sample with a higher mtDNA/nDNA value contains more copies of 

mtDNA. This approach eliminates the variability that results from assaying nuclear and 

mitochondrial targets separately. In our HNSCC dataset, all 3 ratios produced consistent 

values in each individual sample and comparable distribution of relative mtDNA abundance 

(Figure 3A), suggesting that these assays are equally suitable for assessing mtDNA copy 

number changes. Based on these results, the average of 3 mtDNA/nDNA ratios was used for 

further analysis.

We next applied this method to estimate the relative mtDNA abundance in 42 matched 

histologically negative surgical margin specimens available for 18 of the 28 tumors 

analyzed. We observed a significant increase in mtDNA/nDNA ratios in invasive tumors 

compared to margins/lymphocytes (Figure 3B), supporting previous reports that increase in 

mitochondrial content is associated with HNSCC progression [28]. Although analysis of 

spatial heterogeneity in 14 tumors with multiregional sequencing revealed that mtDNA 

abundance did not differ substantially between the different zones in most of the patients 

(besides patient 3 and 6), a trend towards mtDNA content increase was seen in deep invasive 

tumor front section in 8 (# 1, 2, 3, 4, 5, 6, 8, and 25) of 14 patients (Figure 3C).

Detection of tumor-specific mtDNA alterations in matched LNs, margins and bodily fluids

High copy number per cell and low degradation level make mtDNA mutations a promising 

tool for assessing the presence of tumor-specific genetic aberrations in non-cancerous tissues 

such as surgical margins, LNs and bodily fluids. As most of the tumor-specific mtDNA 

mutations are heteroplasmic in nature, new high-throughput approaches that may accurately 

detect low-level heteroplasmic variants are eminently needed. To deploy our mtDNA 
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sequencing workflow to non-cancerous specimens, we carefully reviewed the surgical 

pathology files at Johns Hopkins Hospital and identified matching LNs, surgical margins 

and bodily fluids collected at the time of surgery from 14 patients with at least one mtDNA 

mutation in their primary tumor. We used the same library preparation platform and 

mutation calling criteria to sequence mtDNA from 73 LNs (21 histologically metastatic and 

52 clear nodes) isolated from 10 patients, 15 histologically uninvolved margins from 7 

patients, as well as 10 sputum and 12 serum specimens from 10 and 12 patients respectively 

(Supplementary Table 9). Similarly to the primary tumor samples, we have focused on 

variants called with an allele fraction of ≥3%, to reduce potential false-positive calls of 

mtDNA somatic mutations. Overall, 98% of reads mapped to the target mtDNA genome and 

average depth was 3396X across all samples tested, ranging from 4146X for LNs and 1556 

for sputum specimens (Supplementary Table 3). The somatic mutations detected in these 

samples are summarized in Supplementary Table 10. Tumor-specific mtDNA mutations 

were detected in 6 (29%) histologically metastatic LNs resected from 4 patients (Figure 

4A,Supplementary Table 11). Notably, of these nodes, 5 (83%) were positive for 

extracapsular spread (ECS), whereas only 3 of 15 (20%) postoperative metastatic LN 

specimens in which tumor-specific mtDNA was not detected were positive for ECS, 

suggesting that increased spreading of the tumor cells may contribute to higher detection 

rate of the tumor associated mutations. As routine analyses for metastases within LNs from 

neck dissection specimens is typically limited to histologic examination of one or only a few 

sections of each node, the failure to detect presence of tumor-associated mutations in all 

involved lymph nodes may be due to irregular dissemination of tumor cells in the specimens 

available for the analysis. Four patients carried tumor-specific mutations in 19 (36%) LNs 

(often multiple) that were histologically free of atypical cells (Figure 4A, Supplementary 

Table 11), suggesting that involvement of these specimens could have been undetected by 

routine diagnostic methods. Furthermore, tumor-derived mutations were detected in 4 (27%) 

histologically uninvolved margins from 3 patients (even though margins specimens were 

only available for patients with low number of mtDNA mutations in their primary 

malignancy), as well as in 3 (25%) serum specimens. No tumor-associated mutations were 

detected in sputum specimens, which may be attributed to the presence of high-DNase 

activity and subsequent DNA degradation in the sputum [45]. Of note, somatic mutations 

that were not seen in the primary tumors were detected in a subset of the sequenced LNs, 

serum and sputum specimens Supplementary Table 10. While the nature of these mutations 

remains to be investigated, these variants could have been missed due to the undersampling 

of the heterogeneous primary tumor, or may result from the clonal evolution within the 

secondary site. Notably, we have detected a substantially higher number of tumor-specific 

mutations when detection threshold for somatic variants in LNs, margins and serum 

specimens was lowered to 1% (Figure 4B, Supplementary Table 12). Additionally, tumor 

specific mutations were detected in 2 sputum samples. While it is possible that these 

mutations represent alignment artifacts and workflow errors, given the high average 

sequencing depth of mtDNA (4146X in LNs), a 1% minor allele frequency represents a 

mutant allele read count of at least 40. Thus, we hypothesize that these mutations are likely 

true and not a sequencing artifact.
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Validation of selective mtDNA mutations with ultra-sensitive ddPCR

As the detection of true heteroplasmic variants requires a high degree of sensitivity, we next 

utilized ultra-sensitive ddPCR to further validate the accuracy of the mtDNA sequencing 

approach. Due to its high sensitivity, ddPCR can detect heteroplasmies with minor allele 

frequency (MAF) > 0.2% [46], and might be considered as a gold-standard method for 

detecting the tumor-associated mutations in research settings [47]. Four ddPCR assays were 

designed by Bio-Rad laboratories to probe cancer-associated mtDNA substitutions detected 

by NGS in 3 different patients (substitution at the positions 5540 and 10569 in patient 2, 

position 16103 in patient 4 and position 16082 in patient 5) (Supplementary Table 13). MAF 

of the selected mutation detected in these patients by NGS ranged from 1.3% to 94.8%. 

Eleven of 12 (91.6%) of the mtDNA mutations detected by NGS (including variants reported 

in LNs and one serum sample) were correspondingly confirmed by ddPCR (Figure 5A and 

5B, Supplemental Table 14). Altogether, of the 52 samples assessed by both NGS and 

ddPCR, 44 (84.6%) were detected as either positive or negative by both platforms. Notably, 

despite the high concordance (Figure 5B), ddPCR detected low-frequency mtDNA 

mutations in 8 additional specimens that were considered wild-type by NGS analysis, 

probably due to the overall higher sensitivity of the ddPCR assay.

Discussion

mtDNA mutations have been increasingly reported in a wide variety of cancers, including 

HNSCC [13, 17–21]. While the potential role of cancer associated somatic mutations of the 

mitochondrial genome is poorly understood, it is becoming apparent that some genetic 

alterations in the mtDNA contribute to tumorigenesis. Moreover, multiple studies indicated 

that alterations in mtDNA copy number also correlate with increased cancer risk [27, 48, 

49], contributing to a growing acknowledgment of cancer as a mitochondrial metabolic 

disease.

Due to their clonal nature, high copy number, and circular structure, mitochondrial 

mutations could provide a powerful molecular marker for detection of cancer cells in 

surgical margins, and other minute cellular samples such as biopsies and micrometastatic 

lesions. Detecting micrometastasis and margin involvement is a major challenge using 

traditional histopathologic examination, and inadequate detection of tumor in these samples 

may be contributing to increased morbidity/mortality due to inadvertent down-staging of the 

underlying tumor. The small volume of the biopsied tissue and limited number of 

histopathological samples might reduce the rate of accurate diagnosis even by highly 

sensitive molecular technologies. Therefore, there is a pressing need for a rapid and cost-

effective mtDNA mutation profiling system in patient specimens, which would also allow 

tracing the changes in cell-free mitochondrial DNA (cfmtDNA) in bodily fluids during the 

course of the disease or cancer treatment. Although recently emerged NGS-based 

approaches offer promising capabilities in detecting heteroplasmic mtDNA changes, their 

use as a modality for routine application has recognized limitations. Enrichment of mtDNA 

by long-range PCR generates large amplicons and impedes the analysis of fragmented 

specimens such as FFPE and bodily-fluids samples [50]. Amplification of amplicon libraries 

with several primer pools in separate reactions increases workflow complexity and elevates 
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the cost [31, 32]. Whereas probe capture enrichment methodology is more expensive, labor-

intensive and requires longer turnaround time [51]. These challenges motivated us to 

develop an ultra-deep amplicon-based multiplex approach for rapid sequencing of the entire 

mitochondrial genome and simultaneous assessment of mtDNA copy number that 

overcomes these complications and enables analysis of micro-sized biopsies and highly 

degraded material (see Materials and Method).

To test this technology, we applied it on DNA extracted from the 165 tissue samples 

(including primary tumors, metastatic and histologically clear lymph nodes, resection 

margins, blood and sputum) collected from 28 HNSCC cancer patients, disease notorious for 

poor prognosis and high locoregional recurrence rate [52]. DNA extracted from matched 

frozen lymphocytes was used as a control. Overall, 98% of reads mapped to the mtDNA 

reference sequence and average depth was over 2000X across all tested specimens. Notably, 

sequencing of the paraffin-embedded specimens that were available for 2 HNSCC 

neoplasms, demonstrated only a slight elevation in mutation load compared to the DNA 

extracted from the fresh frozen material (not shown). Furthermore, nearly 98% of mutations 

were concurrently detected in two parallel sequencing runs, supporting the high 

reproducibility of this library preparation method.

Analysis of large datasets, such as the International Cancer Genome Consortium and TCGA, 

suggested that approximately 60% of all solid tumors bear at least one mtDNA mutation 

[30]. Consistently with these observations, we have identified mtDNA mutation in 50% of 

HNSCC tumors sequenced in our study. Of the 166 somatic mutations detected across 

patients in this study, the majority (38%) were located in protein coding area and were 

enriched for the non-synonymous aberrations, supporting previous observations in multiple 

cancer types including HNSCC [29, 33]. These pathogenic coding alterations may 

potentially result in respiratory chain deficiency, promoting tumorigenesis [29, 53]. Indeed, 

somatic mutations in multiple mitochondrial genes have been strongly linked with tumor 

formation [13, 15, 18, 21, 54–56]. For instance, the majority of somatic mutations in the 

coding regions in this work and other studies occurred in subunits of complex-I (NADH 

dehydrogenase; genes ND1–6 and ND4L) [57, 58]. This complex serves as an entry point 

for electrons donated from NADH to the electron transport chain (ETC), and is critical for 

proper ATP production via oxidative phosphorylation. Loss of ND function may promote 

mtROS production and decrease electron flux via the ETC, which has been associated with 

an oncogenic phenotype [57–59]. Similarly, mutations in the cytochrome oxidase and ATP 

synthase proteins found in our dataset could also be effecting tumorigenesis by exacerbating 

mitochondrial dysfunction via loss of ETC efficiency [57]. However the exact functional 

role these mutations play in cancerogenesis is still incomplete. This is in part due to 

technical limitations; the efficacy of nucleic acid delivery into the mitochondria is low [60], 

making manipulation of the mitochondrial genome very difficult. Several recent approaches 

developed to improve DNA import into mammalian mitochondria [60] or to manipulate 

mitochondrial genes inside the organelle (such as mitochondria-adapted CRISPR/Cas9 

platform) [61] are promising but still require validation and optimization. As the current 

technical limitations of these methods are overcome [62], our understanding of the 

biological role of mtDNA mutations in tumorigenesis will grow. Somatic mutations in non-

coding regulatory D-loop region (which play role in mitochondrial replication) and RNA 
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coding genes (which play role in translation of all 13 proteins encoded by the mitochondrial 

genome) may also result in altered mitochondrial function and have an impact on head and 

neck cancer progression [21, 28, 63, 64]; however their clinicopathological significance is 

still controversial [12, 63, 65–68] and the exact mechanism of how alterations in these 

domains contribute to malignant transformation remains to be elucidated.

Heteroplasmic somatic changes in mitochondrial genome might also serve as a sensitive tool 

for deciphering spatial tumor evolution. Several recent studies have used multiregional 

sequencing approach to analyze the spatial heterogeneity of mtDNA in lung, hepatocellular 

and colorectal cancer [69, 70]. Similar to the observations obtained in our study, there was a 

substantial inter-tumor variability, with the majority of discovered somatic mutations 

restricted to specific areas of the heterogeneous lesions, and only a fraction of variants 

detected across all segments collected from the same tumor. Though limited by sample size, 

an association between higher mutational burden and mtDNA content in invasive tumor 

front sections was observed in our study. This is supportive of the branched evolutionary 

growth of HNSCC [71]. It is also important to note that the majority of prior studies 

investigating cancer associated mtDNA mutations have used data derived from the bulk 

tumor sequencing, which may result in potential underestimation of the true mutational 

spectrum in heterogeneous lesions. Larger confirmatory studies using longitudinal samples 

(that allow tracking a clonal population over time) and precise calculation of the percentage 

of abnormal cells containing each variant are warranted to validate our observations and 

provide further insight into mechanisms of evolutionary tumor growth.

Our group and others have reported that mtDNA-CN levels, a critical component of overall 

mitochondrial health, was increased with stages of HNSCC progression and negatively 

correlated with patient survival [27, 40]. While these observations suggest that mtDNA-CN 

is a useful clinical biomarker for disease risk stratification, the current methods for relative 

mtDNA content assessment employ calculation of a ratio between mitochondrial and nuclear 

encoded genes measured in two separate PCR experiments, which can affect the accurate 

quantification. In contrast, the method optimized in this study allows sequencing of the 

entire mtDNA genome as well as simultaneous quantification of target and reference genes 

in a single amplification reaction, thus improving correct quantification and ensuring 

scalability and translational ability of the assay. In agreement with previous reports [28], our 

method revealed higher level of relative mtDNA content in invasive HNSCC tumors 

compared to matched histologically negative surgical margin specimens, confirming the 

success of our multifunctional sequencing approach. Interestingly, in a subset of samples 

with multi-regional sequencing we have observed a trend towards progressive increase in 

relative mtDNA-CN level from superficial to deep invasive tumor zone, which coincided 

with a trend towards higher mutational load in these specimens. While we could not conduct 

statistically meaningful association analyses due to the relatively small number of samples 

with multiregional sequencing, it is tempting to hypothesize that defects in the intrinsic 

DNA repair machinery or loss of efficient clearance of disease mitochondria (i.e. mitophagy) 

could lead to increased copies of defective mtDNA nucleoids per cell, thus increasing copy 

number. Alternatively, a higher mtDNA-CN may also be a consequence of cell 

compensation for defective oxidative phosphorylation and lower ATP production per 

mitochondria. While our results may be indicative of the potential role of mtDNA content 
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increase in the transition to invasive disease, further studies in larger patients’ cohorts are 

necessary to confirm the biological relevance of this observation.

In order to accurately call low-level somatic mtDNA variants, paired lymphocyte DNA has 

been used as a source of normal DNA control for the analysis of our “in house” and TCGA 

HNSC samples, since these cells are assumed to be the authentic germline mitochondrial 

genome free of tumor-specific genetic changes. Matched tumor adjacent tissues have been 

used as ‘normal DNA’ reference in several recent studies analyzing mitochondrial genome 

extracted from TCGA [30, 37]. However such histologically normal material may sustain 

somatic mtDNA changes (field cancerization), thus confounding somatic mutation calling. 

For instance, using lymphocyte controls, our analysis detected evidence of somatic 

mutations in several histologically “clean” samples. Longitudinal studies are needed to 

determine whether detection of such mutations in histologically normal specimens portends 

recurrence at nearby sites at a future timepoint. Therefore, comparison to the mtDNA profile 

of a distant, uninvolved source (blood lymphocytes) is necessary to accurately call somatic 

heteroplasmy mutations. Supporting previous reports in various solid malignancies including 

HNSCC [30, 33], only a fraction of the somatic variants among the tumor samples in our 

cohort were high-level heteroplasmies. As the current hypothesis is that the emergence of 

discernible effect on mitochondrial physiology requires mutant allelic frequency to exceed 

50%, only a minority of somatic mtDNA variants in HNSCC are likely to be bona fide 

cancer drivers. Although the phenotypic consequences of low-level heteroplasmies is 

controversial and remains to be experimentally validated, recent evidence indicate that 

accumulation of low level heteroplasmic mutations may be associated with tumorigenesis 

[37, 72]. Furthermore, due to their high number, presence in bodily fluids and rapid 

development of highly sensitive sequencing techniques, these low-level tumor-specific 

mtDNA mutations may serve as an early indication of potential cancer development and 

may represent a means for tracking tumor progression and monitoring treatment response 

non-invasively [72].

Ultra-sensitive ddPCR method was recently used for detecting rare heteroplasmic mutations 

in mtDNA [46, 73]. Therefore, to further evaluate the NGS accuracy we used ddPCR assays 

to assess 52 specimens collected from 3 patients for the presence of 4 mtDNA mutations 

detected by NGS. While ddPCR confirmed presence or absence of the mutant allele with 

82.7% concordance, NGS approach appears to be more prone to false negatives, as 8 

specimens (15.4%) discovered as positive by ddPCR were reported as wild-type by NGS. As 

both assays were performed using the same DNA extraction aliquot to minimize effects of 

intratumoral heterogeneity, these differences may be attributed to the higher sensitivity of 

the ddPCR approach. However, despite its very high sensitivity, ddPCR platforms include 

two fluorescence filters which support only duplex reactions. While multiplexing up to 10-

plex is possible with some optimization and specific reaction setups, ddPCR platform is not 

yet suitable for screening of a large number of mtDNA mutations due to its high cost and 

difficulties associated with assays design for multiplex purposes. On the other hand, the 

NGS method described here allows rapid sequencing of the 48 samples in one multiplex 

reaction at relatively low cost. Furthermore, we have recently adjusted our protocol for ultra-

deep mtDNA sequencing using the Fluidigm Juno microfluidics platform, allowing parallel 

sequencing of up to 192 samples. Although further analyses using larger sample cohorts are 
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warranted to better assess sensitivity, specificity and reproducibility of the assay as a 

function of the heteroplasmy level, these results demonstrate the potential of amplicon based 

NGS method to detect low-prevalence heteroplasmies in primary tumors, LNs and bodily 

fluids down to the 1% level.

There is evidence that lower levels of heteroplasmy of certain mtDNA mutations modulates 

DNA replication, glucose metabolism and lifespan in mice [74] and significantly increases 

the risk of age-related chronic diseases [75, 76]. However, to date, little is known about the 

role of mtDNA heteroplasmies in human cancer. Current research on mtDNA heteroplasmy 

is significantly hindered by the lack of sensitive high throughput methods capable to 

accurately detect low-level mtDNA variants. Therefore, development of sensitive sequencing 

approaches for heteroplasmy detection are necessary for studying the association between 

mitochondrial mutations and malignant diseases.

Taken together, our results indicate the potential of the amplicon-based NGS platform 

described in this study as an accurate, simple, rapid and cost-effective method suitable for 

high throughput mtDNA analysis in primary tumor tissues, lymph nodes as well as in highly 

degraded bodily fluids. These observations provide a foundation for further advancing its 

development for risk assessment, early cancer detection, and tumor surveillance in HNSCC 

and other solid malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• We develop an ultra-deep approach for sequencing of the mitochondrial 

genome.

• We sequenced 28 HNSCC tumors and matched lymph nodes, margins, blood 

and sputum.

• Somatic mutation were detected in 50% of the tumors.

• Clonal events were detected in patients with multi-regional sequencing.

• mtDNA content was increased in invasive tumor front section in a subset of 

patients.

• Tumor-specific mutations were detected in matched LNs, margins and bodily 

fluids.

• Selective mtDNA mutations were validated with ultra-sensitive ddPCR.
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Figure 1. Somatic mutations of the mitochondrial genome in primary HNSCC tumors.
A. Schematic presentation of the assay design. Tracks on the circos plot: blue – annotation 

of the mtDNA genes, red -expected amplicons. B. Table depicting percentage of detected 

somatic mtDNA mutations with indicated allelic frequency. C. Circos plot showing the 

landscape of detected somatic mtDNA mutations across the mitochondrial genome. Each 

tick represents a mutation at a specific genome location. D. Dot plot depicting minor allele 

frequency across the functional elements of mt genome. E. Number of somatic mutations in 

functional regions of the mitochondrial genome (grey bars - absolute numbers; red line - 

mutations per base pair). F. Venn diagram summarizing mtDNA mutations concurrently 

detected by two independent sequencing runs.
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Figure 2. Intratumor heterogeneity of mtDNA mutations in primary HNSCC lesions.
Eight tumors with multi-regional sequencing (3 or 5 zones per tumor) in which clonal events 

(mutations present in more than one zone) were detected are shown. Each color quadrant 

represents somatic mutation detected in a particular gene (see color code on the right side of 

the panel). Genomic position of each mutation in indicated on axis Y. Axis X - white 

quadrants indicate tissues collected form superficial zone, up-pointed triangles indicate 

tissues collected from the tumor mid zone, down-pointed triangles indicate specimens 

collected from the deep invasive front. Number of mutations detected in each specimen are 

indicated beneath each zone. Asterisks indicate mutations detected in the same genomic 

position.
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Figure 3. Spatial distribution of mtDNA abundance in HNSCC.
A. Comparison of mtDNA copy number index calculated using three nuclear-encoded 

housekeeping genes. All 3 ratios produced comparable (non-significant) distribution of 

relative mtDNA abundance. B. Relative mtDNA abundance (calculated as average of 3 

mtDNA/nDNA ratios) in tumor samples (black circles), matched histologically negative 

surgical margin specimens (brown up-pointed triangles) and lymphocytes (blue down-

pointed triangles). C. mtDNA copy number index in 14 HNSCC tumors with multiregional 

sequencing. White circles indicate tissues collected form superficial zone, blue circles 

indicate tissues collected from the tumor mid zone, red circles indicate specimens collected 

from the deep invasive front.
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Figure 4: Detection of tumor-specific mtDNA alterations in matched LNs, margins and bodily 
fluids.
A. Figure summarizes cancer-associated mutations among different lesions collected form 

the same patient (only tumors in which cancer associated mutations were found in LNs, 

margins or bodily fluids are shown). From top to bottom - rectangular shapes indicate 

patient’s number, magenta number beneath the rectangular shape indicates a number of 

unique somatic mutations detected in this HNSCC malignancy, ovals represent different 

zones collected for this patient, purple numbers beneath the ovals depict the amount of 

mutations detected in each distinct tumor zone. Small quadrats indicate different specimens 

collected from the same patients: white – pathologically clear LNs, red – pathologically 

involved LNs, cyan – serum, yellow – sputum, brown – surgical margins. Numbers beneath 

the small quadrats indicate the positions of tumor associated mutation detected in this 

specimens (the color code indicates the zonal origin of this mutation. Black numbers 

indicate clonal mutations). Asterisk indicates metastatic LNs positive for extracapsular 

spread. 3% detection cutoff was used for mutations calling in all samples (primary HNSCC 

tumors, LNs, margins, serum and sputum. B. Same as (A), however 1% cutoff was used for 

variants calling in LN, margins, serum and sputum.
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Figure 5. Validation of selective mtDNA mutations with ultra-sensitive ddPCR.
A. ddPCR validation of 2 mutations (at positions 2240 and 10569) detected in primary 

tumor of patient #2 is shown as an example. DNA samples extracted from all specimens 

collected form patient #2 (3 distinct primary tumor zones, 7 LNs, serum and lymphocytes) 

were probed with two different ddPCR assays specifically designed for detecting each of the 

above substitutions. Only specimens were mutation was detected are shown. Blue dot 

clusters indicate mutation detected by the specific assay. Black dot cluster indicates empty 

droplets. Green clusters indicate droplets containing wild-type alleles. Brown clusters 

indicate droplets containing both wild-type and mutant alleles. B. Contingency table depicts 

the concordance between selected mutation detection by NGS and ddPCR.
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