UC Berkeley
UC Berkeley Previously Published Works

Title

High-performance detection of somatic D-loop mutation in urothelial cell carcinoma patients
by polymorphism ratio sequencing

Permalink

https://escholarship.org/uc/item/9xq788bqd

Journal
Journal of Molecular Medicine, 94(9)

ISSN
0946-2716

Authors

Duberow, David P
Brait, Mariana
Hoque, Mohammad O

Publication Date
2016-09-01

DOI
10.1007/s00109-016-1407-2

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9xq788bs
https://escholarship.org/uc/item/9xq788bs#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Mol Med (Berl). Author manuscript; available in PMC 2022 February 28.

Published in final edited form as:
J Mol Med (Berl). 2016 September ; 94(9): 1015-1024. doi:10.1007/s00109-016-1407-2.

-, HHS Public Access
«

High-performance detection of somatic D-loop mutation in
urothelial cell carcinoma patients by polymorphism ratio
sequencing

David P. Duberow!-8, Mariana Brait?, Mohammad O. Hoque?, Dan Theodorescu34, David

Sidransky?, Santanu Dasgupta®, Richard A. Mathies?!
1 Department of Chemistry, University of California, 307 Lewis Hall, Berkeley, CA 94720, USA

2 Department of Otolaryngology—Head and Neck Surgery, Head and Neck Cancer Research
Division, Johns Hopkins University School of Medicine, Baltimore, MD 21231, USA

3 Department of Pharmacology, University of Colorado Comprehensive Cancer Center, Aurora,
CO 80045, USA

4 Department of Surgery (Urology), University of Colorado Comprehensive Cancer Center,
Aurora, CO 80045, USA

5 Department of Cellular and Molecular Biology, The University of Texas Health Science Center at

Tyler, Tyler, TX, USA

6 Present address: Department of Chemistry, City College of San Francisco, 50 Phelan Ave., San

Francisco, CA 94112, USA

Abstract

Utilizing a polymorphism ratio sequencing platform, we performed a complete somatic mutation
analysis of the mitochondrial D-loop region in 14 urothelial cell carcinomas. A total of 28 somatic
mutations, all heteroplasmic, were detected in 8 of 14 individuals (57.1 %). Insertion/deletion
changes in unstable mono- and dinucleotide repeat segments comprise the most pervasive class

of mutations (9 of 28), while two recurring single-base substitution loci were identified. Seven
variants, mostly insertion/deletions, represent population shifts from a heteroplasmic germline
toward dominance in the tumor. In four cases, DNA from matched urine samples was similarly
analyzed, with all somatic variants present in associated tumors readily detectable in the bodily
fluid. Consistent with previous findings, mutant populations in urine were similar to those detected
in tumor and in three of four cases were more prominent in urine.
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Introduction

Historically known as the powerhouse of the cell, the mitochondrion (mt) plays a powerful
and paradoxical role in cell survival and proliferation. In addition to providing over 80 % of
the cell’s energy through oxidative phosphorylation (OXPHQS), the mt also participates in
the synthesis of such biomolecular building blocks as amino acids, phospholipids, and heme.
More morbidly, permeation of the outer mt membrane in response to intracellular signaling
cascades is a key step in apoptosis, the suicide pathway by which irreparably damaged cells
are eliminated and tissue proliferation is restricted [1]. Mitochondrial dysfunction has been
suspected as a major factor in tumor onset and progression since as early as Warburg [2],
and recent years have seen experimental confirmation of altered mt content and function in
human cancer [3].

In addition to harboring key metabolic machinery, the mt also contains its own compact,
circular genome of 16,569 bp. The mitochondrial DNA (mtDNA) encodes 22 tRNAs, 2
rRNAS, and 13 proteins, all of which form functional subunits in mitochondrial OXPHOS
structures [3]. Additionally, a non-coding control region contains promoters and other
factors regulating transcription [3]. In the past decade, somatic mutations in the mtDNA
have been uncovered in a wide range of cancers, including head and neck, breast, kidney,
liver, colorectal, pancreatic, bladder, and lung [3]. More recently, the functional role of these
mutations has begun to come into focus, with the demonstration of increased tumor growth
and metastasis in the presence of coding mutations [4-6].

The exploitation of mtDNA sequence variation as a viable tool in cancer detection and
characterization presents a variety of unique benefits and challenges. The relative abundance
of the mtDNA, hundreds to thousands of copies per cell, makes the genome an attractive
target for genetic analysis, enabling the acquisition of high-quality data from minimal
sample. In addition, its proximity to the reactive oxygen species (ROS) generated as
by-products of electron transport renders the mtDNA more susceptible to damage and
subsequent mutation, providing a direct window for observing the cycle of oxidative
damage believed to be implicated in a variety of mitochondrial diseases [7-9]. More
problematic is the issue of heteroplasmy, the phenomenon by which multiple genetic
populations may exist within a single cell as a result of mitochondrial multiplicity [3]. While
tracking heteroplasmy shifts over time may ultimately prove useful in monitoring tumor
progression, assigning numerical significance to these changes is difficult with conventional
sequencing, hybridization, and PCR-based technology due to the nonlinearity and extensive
data processing associated with these techniques.

Earlier, we introduced polymorphism ratio sequencing (PRS), a Sanger sequencing-based
technique that allows for direct and quantitative determination of sequence variation [10].
Utilizing this technology, in this report, we detail the application of microchip-based PRS
analysis to the high-throughput detection of somatic mtDNA variants in a pool of 14
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primary tumor tissues samples obtained from urothelial cell carcinoma (UCC) patients. The
UCC provides a useful model system by virtue of its relatively high incidence, being the
seventh most common in the USA, with an estimated 74, 000 new cases and 16,000 deaths
in 2015 [11]. A high frequency of mtDNA mutations has also been established in UCC

(at least one somatic mutation in >50 % of all cases screened) [12, 13]. Additionally,

the relative ease with which an associated bodily fluid can be collected presents a

unique opportunity for routine screening and early detection, should reliable biomarkers be
detectable in urine. In all cases screened here, mtDNA extracted from matched lymphocytes
serves as a normal internal control by which tumor-associated mutations are differentiated
from germline polymorphisms. The analysis of available matched urine mtDNA is also
explored to investigate the use of bodily fluids as potential non-invasive indicators of tumor
infiltration or recurrence under a PRS analysis scheme. The results obtained here highlight
the advantages of PRS as a technique for sensitive, high-throughput mutation detection in
clinical samples.

Materials and methods

Microfabrication

The design and fabrication of the uCAE device have been described previously [14-16].
Briefly, the device consists of 96 separation capillaries arrayed radially on a 150-mm
Borofloat glass wafer and converging on a common anode. Each capillary is 17 cm long,
200 pm wide, and 30 um deep. Adjacent capillaries are coupled by common cathode

and waste reservoirs, forming 48 doublets, each with a common injection structure.
Microchannel features are formed by isotropic wet etching with concentrated HF and sealed
by thermally bonding a second blank wafer to the channel layer. Fluidic access ports are
diamond-drilled into the etched layer. A final layer of 1/8-in.-thick Borofloat rings replacing
the PMMA buffer moats previously employed [15] is attached to the top of the device in a
second thermal bonding step.

Sample acquisition and quantitation

After initial patient de-identification, all original histologic slides from 14 UCC tissue
specimens were reviewed by a senior pathologist to reconfirm the diagnosis. All histologic
slides were obtained from formalin-fixed, paraffin-embedded tissue. Prior to DNA
extraction, slides were microdissected to obtain >70 % neoplastic cells. Genomic DNA

was extracted from microdissected tumor tissues, matched lymphocytes, and urine sediments
using phenol/chloroform followed by ethanol precipitation, as described previously [17, 18].
Following transfer of fully extracted samples to UC Berkeley, all solutions were quantitated
using the PicoGreen assay (Invitrogen, Carlsbad CA) and the grouping by individual verified
by PowerPlex 16 STR genotyping analysis (Promega, Madison WI).

Template amplification

Generation of template for PRS extension was performed by PCR amplification of the entire
mitochondrial displacement loop (D-loop) in two overlapping fragments of lengths 765 and
954 bp. Total DNA template (10 ng) was combined with 7.5 pmol each of forward and
reverse PCR primer (Integrated DNATechnologies, Coralville 1A), 2.5 uL of 10x PCR buffer
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(-MgCly), 0.5 nmol of each dNTP, 37.5 nmol of MgCls,, and 1.25 U of Platinum TAQ DNA
polymerase (Invitrogen) and diluted to a total reaction volume of 25 pL with nuclease-free
water (ISC BioExpress, Kaysville, UT). PCR primer sets 23 and 24 from Rieder et al. [19].
were modified at the 5 end to include universal sequencing primer recognition (-40 M13
for forward and —28 M13 for reverse primers). PCR reactions were incubated in an MJ
Research PTC-200 thermal cycler for 30 cycles of denaturation (94 °C for 30 s), annealing
(61 °C for 45 s), and extension (72 °C for 90 s). The thermal program was initiated with a
60-s denaturation at 94 °C and terminated with a final extension at 72 °C for 180 s.

PCR products were purified enzymatically by incubation with 30 U of exonuclease | and

2 U of shrimp alkaline phosphatase (GE Healthcare, Piscataway, NJ) for 30 min at 37 °C,
followed by 15 min at 80 °C. Products were quantitated by PicoGreen and diluted to a final
concentration of 12 ng/uL.

PRS extension and pooling

Sanger extension is performed using energy transfer (ET) dye primer labeling chemistry and
has been reported previously in detail. For each uniquely labeled set of extension fragments,
4 UL (48 ng) of purified PCR product was combined robatically with 800 fmol (2 uL of

400 nM) of the appropriate universal ET sequencing primer (FAM-R110, FAM-R6G, FAM-
TAMRA, and FAM-ROX, with emission maxima 525, 555, 580, and 605 nm, respectively)
[20] and 2 pL of DYEnamic Direct Cycle Sequencing Mix (GE Healthcare). The reactions
were then diluted with water to a total volume of 10 pL. Thermal cycling consisted of 45
cycles of denaturation (95 °C for 30 s), annealing (52 °C for 15 s), and extension (72 °C

for 60 s). Extension fragments were pooled and purified by co-precipitation with 15 g

of glycogen (MP Biomedicals, Solon, OH) in 3 pL of 7.5 M ammonium acetate (Fisher,
Pittsburgh, PA) and 110 pL of 100 % ethanol (Rossville, Hayward, CA). After 60 min at —4
°C, the reactions were centrifuged at 3,700 rpm for 30 min and the pellets washed with 150
pL of 70 % ethanol. The pellets were recollected by a second 5-min centrifugation at 3,700
rpm and allowed to air dry before resuspension in 15 uL of 50 % HiDi Formamide (Applied
Biosystems, Foster City, CA).

Microchip preparation and operation

Prior to analysis, microchannels were coated using a modified Hjertén procedure [21].
Channels were primed with 1 mL of 1x TTE (50 mM tris, 50 mM TAPS, 1 mM EDTA,
pH 8.3), and the separation matrix (GenomeLab Separation Gel LPA-1, Beckman-Coulter,
Fullerton, CA) was loaded via the central anode using a high-pressure gel loader [22].
Excess matrix was evacuated from the sample reservoirs and 1.8 pL of the sample was
added to each well. The microdevice was then transferred to the Berkeley Confocal Rotary
Scanner [23], where a ring bearing 96 electrodes was affixed to the sample reservoirs.
Cathode, anode, and waste moats were filled with 5x TTE buffer and electrical connections
were applied to each. PRS fragments were injected electrokinetically at 30 VV/cm for 270
s, followed by separation at 150 V/cm for 30 min. Both the injection and separation were
performed at 67 °C.

J Mol Med (Berl). Author manuscript; available in PMC 2022 February 28.
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Data analysis

Results

Following data collection, electropherograms were processed using an automated
MATLAB-based data analysis program. Raw electropherograms were first truncated, leaving
only data between 7 and 27 min in the trace and removing primer and PCR runoff peaks.
Data were baseline-corrected with a dynamic top-hat algorithm, and spectral deconvolution
was performed using four-color peak intensities from a PCR-generated ET primer standard.
Following global normalization of signal intensities, a dynamic time warp algorithm was
employed to align normal and tumor traces temporally using maximal overlap in non-variant
regions to define a unique quality score at each data point. Squared difference maxima
exceeding three standard deviations were identified automatically as possible mutations.
Secondary inspection of these regions using sequence context and four-color peak signature
confirmed the presence of authentic variants. Genetic populations were quantified using
relative peak areas, with variants in low-resolution mononucleotide repeats estimated
assuming equal contribution of all bases in the repeat. All mutations were confirmed by
conventional sequencing.

In this study, we have utilized PRS technology with a modified coding and pooling

scheme depicted in Fig. 1. In separate reaction vessels, Sanger extension fragments
corresponding to the same terminating base are labeled with distinct dye primers identifying
the template. These fragments are then pooled and separated electrophoretically, yielding

an electropherogram that overlaps perfectly in all places, except in instances of variation.
Monitoring the squared difference between corresponding traces provides a direct indication
of variant location, producing a nonzero value only in regions of poor overlap. Moreover,
the inclusion of an internal control provides a standard for variant quantitation, with

peak ratios linear in genotype population to a detection limit of 5 % mutant frequency.

With four-color detection capabilities, two bases (by convention, A/C and G/T) may be
monitored simultaneously. The coupling of A/C and G/T requires multiple trace correlation
to confirm single-base transitions, the most common mutation class, building in a layer of
redundancy and reducing the effects of single-sample anomalies [10]. In initial validations,
labeled and pooled fragments were analyzed on a 96-lane microfabricated capillary array
electrophoresis (LCAE) bioprocessor. In addition, the microfabricated platform lends itself
well to integration [24—26] and parallelization [14, 15, 23, 27], thus decreasing operational
intensity while increasing throughput.

Utilizing this improvised platform, we have analyzed the D-loop mtDNA regions in

14 primary UCC tumors. Comprehensive variant data are compiled in Table 1. Of 14
individuals with verifiably complete sample sets, 8 (57 %) harbored at least one somatic
D-loop mutation (Table 1). As confirmed by MITOMARP, the online mtDNA database [28],
12 of these variants are novel somatic mutations previously unreported in the literature.
Consistent with previous D-loop mutation analyses, the most pervasive mutations between
individuals were insertion/deletion changes in unstable repeat segments, notably the D310
tract (base positions 303—-315) and the poly-C region from 16184 to 16193. Some degree of
heteroplasmy is evident in all 28 variants, appearing in both single-base substitutions and
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insertion/deletion variants. Among these, seven mutations occurring in samples 6 and 13
appear to be population shifts from an already heteroplasmic germline. Where detected in
the associated tumor, somatic mutations were also detected in urine, although to varying
degrees. In a majority of samples (three of four), these changes were more pronounced in
urine than in the tumor itself, appearing as heteroplasmies biased more strongly toward the
mutant genotype. The perfect correlation between mutation sites detected in the tumor and
urine in all four instances of available urine also serves as confirmation that these mutations
are authentic and not due to “field cancerization” effects arising from formalin fixation

[29]. With a total of 15 somatic variants, sample 6 was by far the most frequently mutated
individual (Table 1). Selected representative data from this set are illustrated in Fig. 2. In
addition to single-base deletions in both major poly-C tracts, 12 transition substitutions,

all heteroplasmic, are present. Of these variants, 10 occur in closely grouped mutation
clusters, forming three pairs of two adjacent transitions at TG152, AC225, and AG15927, as
well as four mutations within 21 bases of the poly-C tract at 16184. Shifts from germline
heteroplasmy toward a homoplasmic tumor account for all three non-transition mutations
(C303del, C16183—A, and C16187del). Notably, many of the mutation sites for this sample
(7 of 15) were germline polymorphic relative to the Revised Cambridge reference sequence
[30] and may be indicative of a high-risk mitochondrial haplotype.

In nearly all cases of insertion/deletion in the poly-C tract at 16184, conventional sequencing
reveals a range of up to five genetic populations, each differing by a single C insertion, in

all biological sources including blood. Although these individual populations are invisible

to PRS, the average differences between normal, tumor, and urine appear clearly as a

single variation followed by a perfect overlap between subsequent regions in the trace,

as illustrated in Fig. 3. Curiously, such vast population distributions were typically not
observed in D310 alterations: conversely, heteroplasmic insertion/deletions were distributed
between a single normal and single mutant genotype.

Also noteworthy among mutated individuals is sample 13, in which a germline-
heteroplasmic two-base insertion/deletion between the CA514 dinucleotide repeat and the
D310 tract is corrected almost perfectly in the tumor. The PRS traces containing the double
indel are illustrated in Fig. 4, the mutation appearing as a series of minor normal pre-peaks
occurring before the more intense dominant peaks, traceable by the tumor tracks between
the CA insertion at 514 and the CC deletion at 303. This variant is particularly difficult

to detect and characterize even by PRS, as complete data analysis requires the recognition
and extraction of a systematic trend relative to the expected track, which in this example is
represented by a homoplasmic tumor.

Discussion

The observation of heteroplasmy in 100 % of detected mutants is perhaps the most striking
result of this study. The phenomenon of mt heteroplasmy presents unique opportunities

for understanding the acquisition of mutations in a greater pathological scheme; however,

it also presents similarly unique challenges to reliable detection and quantitation [3].
Beyond the prevalence of heteroplasmy, the recurrence of several mutation sites in the
results obtained here is noteworthy. By far, single- or double-C insertion/deletion mutations

J Mol Med (Berl). Author manuscript; available in PMC 2022 February 28.
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in the poly-C repeat at 16184 (five individuals) and the D310 tract (three cases), most

likely due to polymerase error accumulation during replication, were the most common
recurring variants. The observation of multiple genetic populations at C16184, even in
germline DNA, is curious, especially considering the lack of such complexity at the

highly variable D310 tract. This asymmetry may be related to the presence of a common
T16189—C polymorphism in most mutated individuals, producing the longest uninterrupted
mononucleotide repeat in the D-loop (10C compared to 7C and 5C in the D310 tract). In
addition, two single-base substitutions, A16183—C and T16223—C, each appear in two
individuals. It is noteworthy that A16183—C represents the lone transversion observed in
these results; however, its adjacency to the repeat at C16184, also mutated in both cases, is a
more likely contribution to its relatively high mutation frequency. Of note, compared to our
previous study [12], we have detected higher frequency of mtDNA mutation (57 vs. 30 %)
using the PRS technology.

Owing to its uncommonly high mutation frequency and the variety in detected alterations,
sample 6 represents an interesting, singular example of the nature of mitochondrial
mutations observed in UCC. In addition to the sheer number of variants (1 % mutation

rate due to the cancer alone), the mutations detected in this sample are universally
heteroplasmic, with three representing shifts in germline heteroplasmy to a homoplasmic
tumor. The high proportion of heteroplasmic drift observed in this sample is consistent
with a model of mtDNA mutation accumulation originating from enhanced ROS generation
by a damaged electron transport chain. This model has garnered recent support through
functional studies establishing the contribution of somatic mutations in complexes | and 11
to ROS production and enhanced tumorigenic phenotypes in cell culture models [4, 6, 31,
32]. Additionally, the presence of multiple mutation clusters at TG152, AC225, AG15927,
and the poly-C tract at 16184 may be indicative of particular damage events, possibly from
these endogenous mutagens, affecting multiple bases locally. While insufficient to establish
functional relevance, the detection of five alterations within the heavy-strand origin—three
in highly conserved regions—suggests a potential effect on replication efficiency. More
interestingly, the double transition at AG15927 occurs in the tRNA threonine gene, 96 bp
outside of the control region. The detection of these variants in the modest fraction of coding
sequence (450 bp) spanned by the PCR amplicons employed here corroborates previous
findings of somatic mtDNA-coding mutations in cancer [33—-42] and suggests their presence
at a reasonably high frequency. Complete mtDNA sequencing in coding regions may thus
uncover an even greater number of mutations while providing insight into the biomolecular
mechanism of respiratory chain failure. It should be noted that full-mtDNA PRS is possible
using the 24-amplicon scheme of Rieder et al. and can be performed handily for a single
individual on a single 96-lane pCAE device [10].

The observation of higher mutant populations in urine than in paired tumor, though not
universal, is a common theme in these results. Intuition suggests that any cancer-associated
mutation should be more readily detected in a carefully microdissected tumor sample than
in the random collection of cells shed by the total urothelium, of whose cross-section the
tumor presumably comprises only a small fraction. Nonetheless, equal or greater mutant
representation in urine has been observed in our previous sequencing studies of matched
tumor and bodily fluid [12, 13].
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While mainstream sequencing techniques possess the ability to generate sequencing

data in high volume, the sheer expanse of data and the lack of quantitative controls

limit their performance in mutation detection, particularly in the context of genetically
heterogeneous samples. Despite valiant efforts to address these concerns through high-
performance quality-based data analysis [43], considerable hurdles remain in applying

such conventional methodologies to high-sensitivity mutation analysis. In contrast, PRS
employs a normal internal control to highlight differences in sequence character, thereby
allowing for direct variant detection without the need for multiple trace analysis and manual
sequence comparison. Moreover, the internal control affords heightened sensitivity to subtle
differences in sequence, as evidenced by the heteroplasmic transition at G200 in sample

2. While striking in urine, this particular variation is weak in the tumor and would likely
have been missed by conventional sequencing, in which a 25 % signal intensity cutoff is
commonly employed for base calling purposes. Additionally, PRS requires minimal data
processing, thereby preserving a maximal amount of raw data while eliminating the need
for statistical modeling. The use of an internal standard derived from the individual’s own
germline also circumvents comparison to an arbitrary sequence standard such as the revised
Cambridge reference mtDNA sequence, an algorithm commonly built into microarray
analysis scripts. Consequently, authentic somatic mutants are identified cleanly without the
confounding influence of deviation from an “expected” germline.

As cancer therapy enters an age of personalized healthcare, the requirement of accuracy

in comparative sequencing technology will be paramount in ensuring proper diagnosis and
treatment. The common PHRED-20 standard in conventional sequencing corresponds to
99 % confidence in a particular base call. Translated to sequence accuracy, this standard
permits an unacceptable 17 errors per individual in the span of sequence analyzed here.
Indeed, these concerns rise in concurrence with recent phylogenetic studies indicating high
error rates in published sequencing-based mutation studies [44]. In addition to addressing
these concerns through rigorous controls and quantitation, PRS presents the opportunity

to interpret genetic heterogeneity, either in the context of mitochondrial heteroplasmy, as
observed here, or in the analysis of potentially heterogeneous tissue, as is observed in
tumor margins. A somatic mutation reliably linked to a particular cancer may therefore be
exploited by PRS as an indicator of tumor invasion and used to define margins either prior
to or during excision. Such an approach is applicable to any variant for which flanking
primers are known, enlisting a library of thousands of potential markers. Coupled with the
small sample sizes and rapid analysis times enabled by microchip analysis, a variety of key
genes may be analyzed in parallel, elucidating the complete and unique genetic signatures
of individual cancers at minimal cost. Integration of massively parallel uCAE separation
technology with upstream PRS labeling and purification processes [44-46] will ultimately
foster more rapid and facile analyses, while further integration with emerging technology for
single-copy genetic analysis [47] may ultimately enable real-time cancer pathology at the
individual cellular level.
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Key messages

. PRS accurately detects high mtDNA mutations in UCCs and their body fluids.

. mtDNA mutations are universally heteroplasmic and often appear at low
levels.

. The PRS technology could be a viable approach to develop mitochondrial
biomarkers.
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Sanger
Extension
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PRS labeling and pooling scheme for the detection of tumor mutations. Like-terminating
bases from normal and tumor samples are independently Sanger-extended and labeled with
differing dye primers to identify the template. Extension fragments are then pooled in

two four-color-compatible mixtures (by convention, A/C and G/T) and separated, yielding
electropherograms with perfect two-color overlap, except in regions of variation. Mutations
are readily detected as single peaks in a squared difference plot and characterized based

on the four-color peak signature. In this case, a T—C transition is identified as a lone “T
normal” (green) peak in the G/T trace and a corresponding lone “C tumor” (red) peak in the

A/C trace
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Fig. 2.

Segiected PRS data from the highly mutant sample 6 (normal/tumor). Mutations detected

in this sample were universally heteroplasmic and largely grouped into mutation clusters,
such as those illustrated here. Mutant locations are identified by the difference traces for

the affected bases, while the combined four-color peak signatures of A/C and G/T traces
indicate the specific nature and degree of the change
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Fig. 3.

a Representative PRS data from sample 3 containing both the A—C transversion at 16183
and the C insertion at 16184. b Conventional sequencing confirms heteroplasmic changes at
both positions, with all C-insertion character distributed among five distinct populations in
normal and three in tumor and urine. These genetic populations are traceable by the rise and
fall in green A16194 peaks following the repeat
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Fig. 4.
Double heteroplasmic insertion/deletion in sample 13. A two-base splitting of all normal

traces after C514 indicates a heteroplasmic germline, with 79 % of lymphocyte mtDNA
harboring a two-base insertion at this position (514: 21%C—CAC). The absence of splitting
in the tumor traces indicates a somatic shift toward the dominant germline population,
producing near-homoplasmy in the tumor. Normal and tumor traces are almost perfectly
realigned at C303 by a heteroplasmic two-base deletion in the tumor (303: CCC—63%C)
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Table 1
Compiled D-loop mutation results

Sample  Nucleotide position  Normal (lymphocyte) Tumor Urine
1 16184 ¢ 2wcc?  e2wcc?
2 200 G 6% A 2% A

303 cc 36%c?  80%C?
3 16183 A 779 G2 62 % C7

16184 ¢ 3wcc?  21%cc?
4 16184 ¢ 509 ccc?  62% ccc?
6 152 T 38%C -

153 G 2% A -

225 A 63% G -

226 c 19%T -

303 139 co? c -

15927 A 46 %G -

15928 G 38% A -

16126 T 51%C -

16163 A 2% 6% -

16183 - A -

16186 c 56 % T -

16187 389 cC? c -

16223 T 5196 G2 -

16278 45%C -

16294 0% T¢ -
8 16223 95% C -
10 16184 12mcec? ~
13 303 cce 63 % 7 -

514 21%C CAC -

16092 5% C -

16189 24%C -

16192 27%C -

Unquantified base calls are 100 % within detection sensitivity
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a_ . . . Lo . ! . . .
Estimated populations for mutations occurring in low-resolution mononucleotide repeat regions. A total of 28 somatic variants were detected
in 8 of 14 samples. All variants exhibit some degree of heteroplasmy, and seven represent population shifts from a heteroplasmic germline. All

mutations detected in individuals with available urine DNA were readily detected in the bodily fluid
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