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Abstract

Introduction
While the role of nuclear DNA mutations in cancer has been
extensively characterized, the contribution of mitochondrial
DNA (mtDNA) mutations to carcinogenesis remains unclear.
For some time, the prevailing hypothesis was that mtDNA
mutations contribute to tumor progression by impairing oxidative phosphorylation and promoting aerobic glycolysis, a
feature of cancer cells known as the Warburg effect (1–3).
Mounting evidence, however, has challenged this idea by
revealing that cancer cells rely on oxidative phosphorylation
and functional mitochondria for ATP production and rapid cell
growth (4, 5). Recent studies also demonstrate that mtDNA
mutations accumulate randomly and clonally expand without
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genome. Clonal and subclonal mutations increased in number and pathogenicity in early dysplasia, but decreased in
number and pathogenicity in cancer. Most clonal, subclonal, and VLF mutations were C>T transitions in the heavy
strand of mtDNA, which likely arise from DNA replication
errors. A subset of VLF mutations were C>A transversions,
which are probably due to oxidative damage. VLF transitions and indels were less abundant in the non–D-loop
region and decreased with progression. Our results indicate
that mtDNA mutations are frequent in ulcerative colitis
preneoplasia but negatively selected in cancers.
Implications: While mtDNA mutations might contribute
to early ulcerative colitis tumorigenesis, they appear to be
selected against in cancer, suggesting that functional mitochondria might be required for malignant transformation
in ulcerative colitis.

selective pressure or, if deleterious, they are selected against
(6, 7). These results call into question a driving role of mtDNA
mutations in tumor progression and their contribution to the
Warburg effect.
Ulcerative colitis is an inﬂammatory bowel disease that
serves as an excellent model for studying mtDNA mutations
in preneoplastic progression. Ulcerative colitis causes chronic
inﬂammation of the colonic epithelium and affected patients
have an elevated risk for colorectal cancer (8–10). Tumorigenesis in this disease follows a distinct pattern of progression from
negative for dysplasia (Neg) to low-grade dysplasia (LGD),
high-grade dysplasia (HGD), and ﬁnally cancer. In patients
that develop colorectal cancer, molecular alterations are found
not only in dysplastic tissue but in histologically normal tissue
surrounding dysplasia (11–13) indicating the presence of a
ﬁeld effect, or ﬁeld cancerization (9, 14). These premalignant
ﬁelds offer a unique opportunity to study the early molecular
events that contribute to tumor progression, as well as their
evolution across all dysplastic stages into malignancy.
Mitochondrial dysfunction has been demonstrated in ulcerative colitis (15), but there is conﬂicting literature regarding
its contribution to cancer progression (14). The conﬂict might
arise from the fact that mitochondrial alterations could play
different roles in early and late disease. Using cytochrome
c oxidase subunit I (COXI) IHC, our group previously reported mitochondrial loss in premalignant lesions but a recovery
of normal levels of mitochondria in cancer (16). On the
basis of these observations, we hypothesized that while

Downloaded from http://aacrjournals.org/mcr/article-pdf/17/2/488/2188845/488.pdf by guest on 15 April 2022

The role of mitochondrial DNA (mtDNA) mutations in
cancer remains controversial. Ulcerative colitis is an inﬂammatory bowel disease that increases the risk of colorectal
cancer and involves mitochondrial dysfunction, making it
an ideal model to study the role of mtDNA in tumorigenesis. Our goal was to comprehensively characterize mtDNA
mutations in ulcerative colitis tumorigenesis using Duplex
Sequencing, an ultra-accurate next-generation sequencing
method. We analyzed 46 colon biopsies from non-ulcerative colitis control patients and ulcerative colitis patients
with and without cancer, including biopsies at all stages of
dysplastic progression. mtDNA was sequenced at a median
depth of 1,364x. Mutations were classiﬁed by mutant allele
frequency: clonal > 0.95, subclonal 0.01–0.95, and very low
frequency (VLF) < 0.01. We identiﬁed 208 clonal and subclonal mutations and 56,764 VLF mutations. Mutations
were randomly distributed across the mitochondrial
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ﬁdence. Our goal was to uncover the underlying mechanism
of mtDNA mutagenesis in ulcerative colitis and to clarify
the role of these mutations in cancer progression. We analyzed the mtDNA of 46 colon biopsies at all histologic stages
of progression and detected thousands of mutations. We
characterized these mutations by frequency, location, type,
pathogenicity, and mutational context, thus producing a comprehensive, high-resolution analysis of mtDNA mutations in
preneoplastic progression.

Materials and Methods
Patients and biopsies
The study included 10 patients: 7 with ulcerative colitis and 3
non-ulcerative colitis controls. Four of the patients with ulcerative
colitis had progressed to HGD or cancer (Progressors) and the
remaining 3 were cancer and dysplasia free (Nonprogressors,
NP; Table 1, Supplementary Table S1; Supplementary Methods).
Fresh frozen samples were collected at colectomy (patients with
ulcerative colitis) or colonoscopy (controls) in accordance with
Human Subjects Guidelines and the appropriate Institutional
Review Board at the University of Washington (Seattle, WA). A
total of 46 colon biopsies were analyzed from these patients,
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dysfunctional mitochondria might contribute to early dysplasia, functional mitochondria are essential at the cancer
stage. Furthermore, this dual pattern might be mirrored in
mtDNA mutations, with an increase of mutations in early
dysplasia followed by negative selection of mtDNA mutations
in cancer.
Previous studies of the role of mtDNA in cancer have used
next-generation sequencing (NGS) technologies to analyze
mutations (6, 7, 17, 18). However, conventional NGS has an
error rate of 1 in 100–1,000 bp (19), which precludes the
accurate detection of mutations with mutant allele frequency
(MAF) < 0.01 (20). The detection of low frequency mtDNA
mutations is essential to characterize the underlying mutagenic
processes, as well as to detect small clones that might arise
during carcinogenesis. Thus, in this study, we have utilized a
double-strand molecular-tagging method called Duplex
Sequencing (Fig. 1A and B), which performs error correction
by scoring only mutations found on both strands of DNA
independently (21). The estimated error rate is less than 1 in
107, which enables the identiﬁcation of mutations at frequencies as low as 0.0001 (21, 22).
Here we have applied this highly accurate technology to
identify the presence of mutations in mtDNA with high con-

Figure 1.
Experimental design. A, Schematic of the Duplex Sequencing method. Duplex Sequencing adapters contain a molecular tag consisting of a randomized
nucleotide sequence [represented as a (cyan) and b(orange)] and two universal priming sites (purple and green). DNA is fragmented (yellow) and
ligated to Duplex Sequencing adapters. B, Reads from the same strand of a DNA molecule are used to produce a single-strand consensus sequence (SSCS).
Then the two complementary SSCS generated from the same original DNA molecule are condensed into a double-strand consensus sequence. Only
mutations found on the two complementary SSCS are considered true mutations. C, Colon maps for each of the Progressor patients as diagrammed by
the pathologist after colectomy. Each box corresponds to an individual biopsy and is color-coded according to histologic ﬁndings: Neg, negative for
dysplasia; IND, indeﬁnite for dysplasia; LGD, low-grade dysplasia; HGD, high-grade dysplasia; and cancer. Biopsies are named on the basis of the coordinates
deﬁned by columns (letters) and rows (numbers). Columns correspond to the diameter of the colon divided into 3–4 sections and are approximately 2 cm
apart. Rows indicate colon levels and are evenly spaced approximately 2–5cm along the length of the organ. For each colon, the biopsies analyzed are
indicated with a box with the biopsy name.
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Duplex sequencing
For each sample, between 50 and 150 ng of colonic epithelium
DNA were processed for Duplex Sequencing of mtDNA as
described previously (refs. 21, 24; Fig. 1A and B). DNA was end
repaired, A-tailed, and ligated to Duplex Sequencing adapters
(Integrated DNA Technologies; Supplementary Methods). To
determine the optimal input of ligated DNA for ampliﬁcation,
samples were qPCR ampliﬁed with a Duplex Sequencing adapter
speciﬁc primer (MWS13, 50 -AATGATACGGCGACCACCGAG-30 )
and a primer from an internal mitochondrial sequence (MitoRev,
50 -GCGCTTACTTTGTAGCCTTCA-30 ; both by Integrated DNA
Technologies) and titrated against a standard DNA sample. DNA
was then captured using the NimbleGen SeqCap Target Enrichment Kit (Roche) or the xGen Lockdown Target Enrichment
Kit (IDT) with probes speciﬁc for the mitochondrial genome.
Samples were indexed, pooled, and sequenced using 2  100 bp
paired-end reads on the Illumina HiSeq 2500 or 2  150 bp
paired-end reads on the Illumina NextSeq 550.
Data processing
Raw data ﬁles were processed as in previous studies (refs. 24,
25; https://github.com/risqueslab/DuplexSequencingScripts)
with some modiﬁcations. First, consensus-making was performed prior to the alignment of reads. Second, paired read
information was retained. Finally, duplex consensus sequence
(DCS) reads were aligned using BWA-MEM with default parameters (bio-bwa.sourceforge.net) to a version of human reference genome v37 (GRCh37; ncbi.nlm.nih.gov/grc/human)
according to the revised Cambridge reference, which corrects
for an error at base 3,107 in previous versions. The Genome
Analysis Tool Kit (GATK) version 3.6 (software.broadinstitute.
org/gatk) Indel-Realigner was used to perform local realignment of each mapped read. GATK Clip-Reads was used to clip
10bp from both the 50 and 30 end of each read to remove low
quality reads and artifacts created during end repair and
A-tailing. DCS reads with more than 5% indeterminate bases
(Ns) were removed. Indeterminate bases occur when there is
no consensus. Positions with less than 100 DCS reads were
not considered for analysis. The fgbio (https://github.com/
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fulcrumgenomics/fgbio) tool ClipOverlappingReads was then
used to clip any overlapping bases from paired reads.
All samples were sequenced to an average depth of at least
600X. The frequency of Ns was calculated for each position
along the genome. For each sample, positions with N  0.1
were excluded from analysis, but this never represented more
than 0.5% of the mtDNA positions. The haplotype of each patient was identiﬁed with the Haplogrep Tool (http://haplogrep.
uibk.ac.at). To stratify the frequency of mutational events,
clonality cut-off values were established on the basis of MAF;
very low frequency (VLF) mutations, MAF < 0.01; subclonal
mutations, MAF  0.01 and <0.95; and clonal mutations, MAF
 0.95. Clonal/subclonal mutations represent different degrees
of clonal expansion within the colonic tissue. In contrast, VLF
mutations could represent small clones or unique de novo
events, because they were often supported by a single-mutated
DCS read. Of note, mutations identiﬁed in a single-DCS read
have very low probability of being artefactual (<107; ref. 20)
because they are independently identiﬁed in the two complementary strands of DNA and are produced by the consensus of
at least six raw reads (three for each DNA strand). Thus, VLF
mtDNA mutations capture the ongoing mutagenic processes at
the molecular level as well as small clonal expansions while
clonal/subclonal mutations quantify large clonal expansions.
Clonal and subclonal mutation analysis
Clonal and subclonal mutations were analyzed jointly and
compared across the spectrum of biopsy types in the study,
that is, normal, NP, Neg, LGD, HGD, and cancer. Mutations
found in all samples from a given colon and with >75% of
samples having a mutation frequency  0.80 were considered
constitutional to the patient and removed from consideration.
For colons where only one sample was analyzed, mutations
with a frequency  0.99 that were commonly identiﬁed polymorphisms in the human population were also considered
constitutional and thus removed. Clonal and subclonal mutation location was visualized using the Circlize package in R
(https://CRAN.R-project.org/package¼circlize). Clonal and
subclonal mutations were compared across samples based on
D-loop mutation frequency, clonality, number of mutations
per biopsy, pathogenicity based on MitImpact (26), and mutational signature (Supplementary Methods). The mutational
signature analysis was based on the substitution rate, which
calculated the number of observed mutations of each type (e.g.,
C>A, C>G, C>T, T>A, T>C, and T>G) in each mtDNA strand and
divided it by the number of expected mutations assuming equal
probability for all substitutions.
VLF mutation analysis
Mutations with a MAF < 0.01 were considered VLF. Different
mutations identiﬁed at the same nucleotide position were
independently counted. Similar to clonal/subclonal mutations,
VLF mutations were compared across the six biopsy types in the
study. However, there were three major differences in the
analysis. First, to calculate the frequency of MAF < 0.01 mutations in each biopsy, the number of mutations was divided by
the total amount of mtDNA nucleotides sequenced in each
biopsy. This was critical to correct for sequencing depth
because higher depth results in ﬁnding more VLF mutations.
Second, to calculate the frequency of each mutation type, the
number of mutations for each possible nucleotide substitution
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including 36 biopsies that represented all histologic grades in
ulcerative colitis Progressors (Fig. 1C; Supplementary Table S1;
Supplementary Fig. S1). Thus, we considered six biopsy types in
total: normal, NP, Neg, LGD, HGD, and cancer (the last four
corresponding to biopsies from Progressors). The biopsies from
ulcerative colitis Progressors were selected on the basis of the
colon maps generated upon colectomy (Fig. 1C) with the criteria
of covering different histologic grades and different areas of
progression. Formalin-ﬁxed, parafﬁn-embedded biopsies adjacent to the frozen biopsies used for analysis were stained with
hematoxylin and eosin and examined under a light microscope
for acute inﬂammation (cryptitis and the presence of neutrophils
in the epithelium) and chronic inﬂammation (lymphocytes
in the lamina propria). For acute inﬂammation, scores were
assigned the following numeric equivalents: none, 1; mild, 2;
and moderate, 3. For chronic inﬂammation, scores were assigned
the following numeric equivalents: none, 1; low, 2; and high, 3.
Epithelial isolation and DNA extraction were performed as
part of prior studies via EDTA shake-off, which yields approximately 90% enrichment for epithelial cells (refs. 13, 23; Supplementary Methods).
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was divided by the number of times that nucleotide was
sequenced in each given sample. This takes into consideration
the depth of sequencing of each sample, as well as the nucleotide composition of the mtDNA. This calculation was done
separately for mutations in the D-loop and non–D-loop. Third,
due to the much larger number of VLF mutations than clonal/
subclonal mutations, the mutational signature analysis could
be performed taking into consideration not only the six possible nucleotide substitutions in the heavy and light strand of
DNA, but also the trinucleotide context of each substitution, for
a total of 96 substitution types in each strand.

Data access
Sequencing data that supports the ﬁndings of this study have
been deposited in the Sequence Read Archive (SRA: SRP139857,
BioProject ID: PRJNA449763).

Results
Duplex sequencing identiﬁes abundant mtDNA mutations in
ulcerative colitis biopsies
Mutations in mtDNA were identiﬁed by performing Duplex
Sequencing on DNA extracted from colonic epithelium from
46 biopsies covering different stages of preneoplastic and
neoplastic progression (Table 1). Samples were sequenced at
a median depth of 1,364x with a minimum depth of 600x
(Supplementary Table S2). Because Duplex Sequencing enables
ultra-accurate deep sequencing (21), we were able to detect
and classify mtDNA mutations in three groups according to
their MAF: clonal  0.95; subclonal  0.01 and <0.95; and VLF
mutations <0.01. We used Haplogrep2 (haplogrep.uibk.ac.at)
to identify each patient's haplotype (Supplementary Table S1),
which allowed us to discount haplotype-speciﬁc polymorphisms and constitutional polymorphisms. In total, we
identiﬁed 208 clonal/subclonal mutations and 56,764 VLF
mutations (Table 1).
Clonality increases with progression
The overall distribution of clonal and subclonal mutations
across the mitochondrial genome as well as their MAF is shown
in Fig. 2A. While most mutations were low frequency
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Statistical analysis
To account for the possibility of correlation between observations from the same individual (or biopsy), we applied the
method of generalized estimating equations (GEE). However,
GEE relies on large sample theory for the validity of the estimates,
particularly the SE estimates. Because the sample size here is
modest, we also applied resampling with GEE (see Supplementary Methods).

(0.01 < MAF < 0.1), a subset of mutations appeared at larger
frequencies (MAF > 0.1). The proportion of these large frequency mutations as well as their MAF increased with progression (Fig. 2B), consistent with larger clones progressively
expanding during tumorigenesis. A detailed analysis of these
mutations revealed that in the colons from ulcerative colitis
Progressors, some mutations were shared at different frequencies in adjacent and relatively distant biopsies (25 cm), often
spanning colonic epithelium of different histologic grades
(Supplementary Fig. S2). These ﬁndings conﬁrm the clonal
nature of the expansions and the presence of large ﬁelds of
cancerization in ulcerative colitis (14). The analysis of individual biopsies (Supplementary Fig. S3A) indicated that the
majority of ulcerative colitis Progressor biopsies (29/36 ¼
80.5%) harbored a clonal expansion in which a mtDNA mutation was present at MAF > 0.1, whereas these expansions were
less frequent in colon from ulcerative colitis NPs or nonulcerative colitis colon (1/10 ¼ 10%; P ¼ 9  105 by Fisher
exact test). Importantly, the number of mutations within both
the MAF > 0.1 and MAF > 0.01 categories did not correlate with
the total amount of DCS nucleotides sequenced (Supplementary Fig. S4A), indicating that differences in sequencing depth
did not explain the variation in number of subclonal mutations
observed across biopsies. Clonal/subclonal mutations were
slightly higher in older patients with ulcerative colitis (Supplementary Fig. S5A) however, at all ages, they were more frequent
in ulcerative colitis Progressors than in NPs. There were no
associations between clonal and subclonal mutations and sex,
disease duration, active inﬂammation, and chronic inﬂammation (Supplementary Fig. S5B–S5E). Within histologic grades,
the number of mutations was not associated to inﬂammation
scores (Supplementary Fig. S5F).
Clonal and subclonal mutations are randomly distributed in
the coding region but tend to cluster in the D-loop with
advanced disease
Clonal and subclonal mutations appeared randomly distributed across the mtDNA coding region (Fig. 2A), an observation
that was conﬁrmed by plotting the number of mutations in
each mtDNA encoded gene sorted by ascending size (Fig. 2C).
Larger genes had more mutations and no signiﬁcant clustering
by gene was observed (P ¼ 0.36 by c2 test of homogeneity). The
proportion of D-loop mutations, however, increased with
progression (Fig. 2D). The D-loop is a noncoding region that
represents 6.7% of the mitochondrial genome, but as much as
19%, 14%, and 26% of clonal/subclonal mutations in LGD,
HGD and cancer, respectively, were found in the D-loop.
Mutations in tRNA and rRNA did not signiﬁcantly change with
progression, but the percentage of mutations in the coding

Table 1. Study design and mutation counts
Patient type
Normal
Ulcerative colitis NP
Ulcerative colitis Progressor

Total

www.aacrjournals.org

Number of patients
3
3
4

10

Dysplastic grade
Negative
Negative
Negative
Low grade
High grade
Cancer

Number of biopsies
3
7
15
9
4
8
46

Number of mtDNA mutations
MAF > 0.01
MAF < 0.01
5
6,790
14
25,495
77
7,384
59
5,026
22
5,417
31
6,652
208
56,764
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region decreased in cancers. Individual analysis of all the
biopsies in the study conﬁrmed that these results were not
driven by a single biopsy or by biopsies from a single colon
(Supplementary Fig. S3B). These results suggest that mtDNA
mutations in the coding region are selected against in ulcerative
colitis cancer progression.
Clonal and subclonal mutations display a mutational signature
indicative of mtDNA replication errors
Previous studies have demonstrated that most mtDNA mutations that accumulate with aging and cancer correspond to C>T
transitions that occur almost exclusively in the heavy strand of
the mtDNA (6, 7, 27). These mutations are attributed to
mtDNA replication errors. To determine whether the same
mutational mechanisms are operative in the inﬂammatory
setting of ulcerative colitis, we quantiﬁed the mutation substitution rate for each of the six possible mutation types in each of
the two strands of mtDNA. The mutation substitution rate was
calculated as the ratio of the number of observed mutations
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divided by the number of expected mutations. Indeed, C>T
transitions in the heavy strand were the most predominant type
of mutation across all six biopsy types, observed between 8- to
16-fold times more than what would be expected by chance
(Fig. 2E). Of note, clonal and subclonal mutations did not
show a signiﬁcant contribution from C>A transversions, the
signature of oxidative damage.
The number of clonal/subclonal mutations spikes in early
stages of progression but decreases in later stages
To better characterize the role of mtDNA mutations in
ulcerative colitis clonal expansions, we performed a detailed
analysis of the number, MAF, and mutational consequence of
mtDNA mutations by biopsy type (Supplementary Fig. S6). We
observed that normal colon biopsies had low frequency subclonal mutations that were either noncoding or synonymous.
Ulcerative colitis NPs also featured low frequency subclonal
mutations, but they were often nonsynonymous. The number
and the frequency of mutations dramatically increased in
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Figure 2.
Clonal and subclonal mtDNA mutations A, Genomic positions of clonal and subclonal mtDNA mutations. Biopsy types are color-coded. MAF from
0.01–1.0 is indicated by position along the vertical axis. B, Distribution of clonal and subclonal mutations by MAF in each biopsy type. C, Association
between number of mutations and gene size (bp). Biopsy types are color-coded. D, Distribution of clonal and subclonal mutations by region compared
with the expected distribution based on composition of the mitochondrial genome. E, Substitution rate for clonal and subclonal mutations shown by
biopsy type.
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negative for dysplasia biopsies from ulcerative colitis Progressors compared with normal and NPs. However, with advanced
progression, the proportion of mutations with high MAF
increased (Fig. 2B) but the overall number of mutations
appeared to decrease. To better quantify this ﬁnding, we compared the mean number of mtDNA mutations for each biopsy
type (Fig. 3A). While biopsies from normal and ulcerative
colitis NP colons only harbored, on average, about two mtDNA
mutations (MAF > 0.01), this number increased to ﬁve and six
in biopsies from ulcerative colitis Progressors negative for
dysplasia and LGD, respectively. However, the number of
mutations decreased in HGD and even more in cancers. This
decrease was statistically signiﬁcant [P ¼ 0.014 for linear effect
over LGD, HGD, and CA; P ¼ 3.6  105 for a quadratic effect
(inverse V-shape) over all biopsy types, by GEE permutation
tests]. Overall these results indicate that (i) clonal expansions
that carry mtDNA mutations are a feature of ulcerative colitis
preneoplastic progression, (ii) the maximum number of mutations is achieved in LGD and decreases in HGD and cancer,
showing an inverse V-shape that is in agreement with prior
ﬁndings of mitochondrial alterations in ulcerative colitis (16).
Clonal and subclonal mutations are enriched for
nonsynonymous and pathogenic mutations in LGD but not
in cancer
We next quantiﬁed the frequency of nonsynonymous mutations for each biopsy type (Fig. 3B). Interestingly, for all
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Figure 3.
Comparison of clonal and subclonal
mutations by biopsy type. A, Mean
number of clonal and subclonal
mtDNA mutations for each biopsy
type. Error bars indicate SE of the
mean. P value corresponds to the
linear effect by GEE permutation tests.
B, The proportion of synonymous and
nonsynonymous clonal and subclonal
mutations is shown by biopsy type.
Dashed line indicates expected
percentage of nonsynonymous
mutations in the mtDNA in the
absence of selection. Proportion of
clonal and subclonal mutations of each
biopsy type predicted to have
pathogenic impact by Polyphen 2 (C)
and FatHmmW (D) algorithms. P
values were calculated using GEE
permutation tests.

ulcerative colitis biopsy types except LGD the frequency of
nonsynonymous mutations was less than 71%, which is the
expected frequency given the composition of the mitochondrial
genome. For LGD, however, the frequency was 81%. While the
test for a decreasing linear trend from LGD to HGD to cancer
was not signiﬁcant (P ¼ 0.11), there was a nominally signiﬁcant
difference when comparing the frequency for LGD, 81%, to
nonsynonymous frequency over all other grades, 62% (P ¼
0.026, n ¼ 109 total mutations). These results suggest that
damaging mtDNA mutations might be positively selected in
LGD, but they appear to be selected against at other stages.
While nonsynonymous mutations are a ﬁrst indication of
potential for pathogenicity, they often lead to amino acid
changes that are inconsequential. Thus, a better estimate of
pathogenicity can be achieved by utilizing computational algorithms to predict the functional impact of a speciﬁc missense
variant. To comprehensively address this issue, we used MitImpact 2.9 (mitimpact.css-mendel.it; ref. 26), which is a collection
of precomputed pathogenicity predictions for all possible
nucleotide changes that cause nonsynonymous substitutions
in human mitochondrial protein–coding genes. We interrogated six different algorithms (Polyphen2, Fathmmw, CADD,
Mutation Assessor, SIFT, and Provean) that categorized missense clonal and subclonal mutations into different pathogenicity groups. Two of the algorithms, Polyphen2 (28) and
FatHmmW (29), identiﬁed signiﬁcant differences with progression (Fig. 3C and D; P ¼ 0.025 and P ¼ 0.006 for decrease in
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pathogenicity from LGD to CA by GEE permutation tests,
respectively). The six algorithms measure different aspects of
pathogenicity using different mathematical approaches and,
thus, they vary in their predictions. Polyphen2 predicts structural and functional impact of missense mutations using a
probabilistic classiﬁer whereas FatHmmW predicts functional
impact by combining sequence conservation with hidden Markov models. Interestingly, both algorithms showed increased
pathogenicity in early stages of progression and decreased
pathogenicity in cancer (Fig. 3C and D). These ﬁndings complement our previous observations based on number of mutations (Fig. 3A) and frequency of nonsynonymous mutations
(Fig. 3B). Overall, these data indicate that the clones in early
progression tend to carry more mtDNA mutations and these are
more pathogenic. However, the clones that eventually evolve to
cancer tend to carry mutations that are not coding or nonpathogenic, suggesting selection against deleterious mtDNA
mutations.

VLF transitions and indels are more common in the D-loop
than non–D-loop and decrease with progression
Because of the prominent role of C>A mutations in some
biopsies, the comparison of mutation frequency between biopsies
and within D-loop and non–D-loop regions was best performed
by separating transitions and transversions (Fig. 5). We observed
that in NPs, not only transversions were disproportionally high,
so were transitions, pointing to an excessive mutational load
beyond oxidative damage. For all biopsy types, the frequency of
transitions was lower in the non–D-loop region than in the
D-loop (Fig. 5A; mean difference ¼ 7.8  106; P < 1  109).

Figure 4.
VLF (MAF < 0.01) mtDNA mutational signature. The substitution rate of each of the 96 possible substitution classes is shown for mtDNA mutations with MAF < 0.01.
Substitution rate is calculated as the ratio of the number of observed mutations to the number of expected mutations. Black arrows indicate CpG and TpC
trinucleotides, which are among the most frequently mutated in the heavy strand and light strand of mtDNA, respectively.
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VLF mutations display mutational signatures corresponding to
mtDNA replication errors and oxidative damage
In contrast to clonal and subclonal mutations, VLF mutations were very abundant in all biopsies (Table 1) and their
number was highly associated with the total amount of sequenced nucleotides (Supplementary Fig. S4B). Thus, to compare
between biopsies we calculated the VLF mutation frequency as
the number of VLF mutations divided by the total DCS nucleotides sequenced. A subset of biopsies showed a disproportionately large number of VLF mutations, which corresponded
mostly to C>A transversions, the signature caused by oxidative
damage (Supplementary Fig. S7). All the biopsies from ulcerative colitis NPs, the normal biopsy with Hirschprung disease,
and 7 of 10 biopsies from one of the ulcerative colitis Progressors harbored a high frequency of C>A mutations in both
the heavy and the light strand of mtDNA (Supplementary Fig.
S7). VLF mutations were not associated with age, sex, disease
duration, acute inﬂammation, or chronic inﬂammation (Supplementary Fig. S8A–S8E). Importantly, within NPs, the high

level of C>A mutations was not associated with higher levels of
inﬂammation in those biopsies (Supplementary Fig. S8F).
To further investigate the mutational signatures operative in
VLF mutations, we analyzed the trinucleotide context in which
each of the six possible substitutions occurred in the heavy or
light strand of the mtDNA. This analysis generates 96 possible
mutational events (six substitutions  16 ﬂanking nucleotide
combinations) and has been extensively used to elucidate
mutagenic processes in both nuclear and mitochondrial tumor
DNA (6, 7, 30). The combined analysis of all samples revealed
two overlapping mutational signatures (Fig. 4): (i) C>A transversions in both strands of DNA and independent of nucleotide
context; and (ii) C>T transitions in the heavy strand of DNA and
T>C transitions in the light strand of DNA, both with markedly
increased frequency in certain trinucleotide contexts. Speciﬁcally, C>T in the heavy strand were enriched in NpCpG contexts
and T>C in the light strand were enriched in NpTpC contexts.
These mutational events correspond to the ones previously
identiﬁed in mtDNA from cancer samples (6, 7) and have been
attributed to DNA replication errors. Mutational signature analysis by biopsy type (Supplementary Fig. S9) demonstrated that
the mtDNA "replication error" signature is not exclusive to
cancers but is also found in preneoplastic biopsies and normal
colon. In biopsies from ulcerative colitis NPs, the signature was
also present but overshadowed by an excess of C>A transversions (Supplementary Fig. S9).

Mitochondrial DNA Mutations in Ulcerative Colitis Carcinogenesis

Remarkably, in the non–D-loop, C>T transitions in the heavy
strand and T>C transitions in the light strand, which correspond
to the predominant mtDNA mutational signature, signiﬁcantly
decreased with progression (Supplementary Fig. S10C; P ¼ 6.6 
104). Transversions (Fig. 5B) displayed a much smaller difference in frequencies in the D-loop and non–D-loop over all biopsy
types (mean difference ¼ 2.3  106; P ¼ 0.04) and did not show
any changes with progression. Indels (Fig. 5C) showed a similar
pattern to transitions, presenting at higher frequency in D-loop
than in non–D-loop (P < 1  106). They were highest in NPs and
decreased with progression both in the non–D-loop (P ¼ 0.0017)
as well as in the D-loop (P ¼ 0.014).
To further investigate the mutational pattern by biopsy type
within the D-loop and non–D-loop region, we separated transitions and transversions into the corresponding nucleotide substitutions in each strand of DNA (Supplementary Fig. S10). This
analysis allowed us to determine that the C>T and T>C strand
biases were exclusive of the non–D-loop region, in agreement
with prior ﬁndings in aging and cancer (ref. 6, 27; Supplementary
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Figure 5.
Quantiﬁcation of very low frequency mutations (MAF < 0.01) in D-loop versus non–D-loop and by progression. The total frequency of mutations for
variants with MAF < 0.01 is shown for transitions (A), transversions (B), and indels (C) for each biopsy type and by D-Loop or non–D-Loop regions.
P values were calculated using GEE permutation tests.

Fig. S10A–S10C). Transitions in the D-loop had no strand bias
and did not change in frequency with progression. However,
transitions in the non–D-loop were strongly biased according to
the "replication error" signature described previously (Fig. 4) and
sharply declined with progression. In contrast, transversions,
which were almost exclusively C>A, were found at similar frequencies in the heavy and light strand and in the D-loop and
non–D-loop region (Supplementary Fig. S10D–S10F), consistent
with the widespread effect of oxidative damage.
VLF mutations are randomly distributed in the coding region
and tend to be enriched for synonymous mutations during
progression
The mean frequency of nonsynonymous and synonymous
mutations was constant across all genes indicating that mutations accumulated randomly, without any detectable clustering
by gene (Fig. 6A). The same was true when tested for each
biopsy type (Supplementary Fig. S11) indicating no preferential incidence of VLF mutations in any given gene during

Figure 6.
VLF (MAF < 0.01) mutation selection A, Nonsynonymous and synonymous mutation frequency for each mtDNA encoded gene plotted by gene size.
Mutation frequency was calculated as the number of mutations with MAF < 0.01 (nonsynonymous or synonymous) within each given gene divided
by the total number of DCS nucleotides sequenced. B, Proportion of nonsynonymous mutations (MAF < 0.01) for each biopsy by histologic grade. P values
were calculated using a GEE permutation test.

www.aacrjournals.org

Mol Cancer Res; 17(2) February 2019

495

Baker et al.

progression. Regarding the percentage of nonsynonymous
mutations, we observed a decreasing trend during progression
(P ¼ 0.017; Fig. 6B), although there was substantial variability
within biopsy type.

Discussion
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The contribution of mtDNA mutations to tumorigenesis has
been an area of controversy for some time. The work presented
here helps to explain this contribution in the context of ulcerative colitis–associated colorectal tumorigenesis: mtDNA mutations increase in early ulcerative colitis carcinogenesis, but
appear to be selected against in cancer. Previous studies of
mtDNA mutations have been limited by the sensitivity issues
inherent to standard NGS (20) and few have been able to detect
mutations with MAF < 0.1 (6). The accuracy of Duplex Sequencing allowed us to obtain reliable estimates of MAF ranging from
1 down to 0.0005. This provided a comprehensive analysis of
mtDNA mutations with progression because we could accurately quantify not only the number of mutations but their
clonality. In addition, because VLF mutations are extremely
frequent in the mitochondrial genome, in spite of the relatively
low number of biopsies in the study, we identiﬁed thousands of
mutations that enabled us to perform detailed mutational
signature analyses.
The main ﬁnding of our study is the selection against mtDNA
mutations in cancer compared with early stages of progression,
which was supported by multiple lines of evidence. In cancers,
we observed: (i) fewer mtDNA mutations, both subclonal and
VLF, (ii) decreased proportion of distinct subclonal and VLF
mutations (transitions and indels) in the coding region, (iii)
fewer nonsynonymous mutations, and (iv) fewer subclonal
pathogenic mutations. Although our ﬁndings are derived from
ulcerative colitis–associated cancer, they are in agreement with
a prior report of decreased mtDNA mutagenesis in sporadic
colorectal cancer (18) and with the detailed mutational analysis of mtDNA from TCGA data, which demonstrated negative
selection of deleterious mitochondrial mutations in cancers
(6, 7). Collectively, these results support the notion that cancer
cells require functional mitochondria. This notion is consistent
with a novel view of mitochondria as essential organelles in
cancer (4, 5), which not only supply energy and intermediate
metabolites, but are critical to enable the metabolic reprogramming characteristic of cancer cells (31).
A limitation of our study is the small number of patients with
ulcerative colitis. However, multiple biopsies were included
from each patient and a large number of mutations were
analyzed, enabling a detailed characterization of the mutational proﬁle of mtDNA in ulcerative colitis tumorigenesis. Importantly, our results are in agreement with our previous work in
ulcerative colitis. We previously demonstrated the widespread
loss of mitochondrial function in ulcerative colitis via IHC
staining for mitochondrial proteins (16). In ulcerative colitis
Progressors, we identiﬁed a V-shaped pattern with maximum
mitochondrial loss in LGD and a recovery of normal levels in
cancer. This pattern was conﬁrmed by mtDNA copy number
quantiﬁcation (16). On the basis of these ﬁndings, we hypothesized an initial increase and a later decrease in the burden of
mtDNA mutations over the course of dysplastic progression.
Our results have now conﬁrmed this hypothesis, strongly
suggesting that, while mitochondrial dysfunction might be

associated with the earlier stages of the disease, cancer cells
tend to feature functional mitochondria. Several nonexclusive
mechanisms are possible: (i) mitochondria with damaged DNA
might be removed by autophagy and mitochondrial biogenesis
activated via PGC1a (16); (ii) a genetic bottleneck might be
bypassed only by premalignant cells with intact mitochondria;
or (iii) cells with damaged mtDNA might acquire whole functional mitochondria by horizontal transfer from neighboring
tissue (32).
We detected signs of positive selection for mtDNA mutations
in LGD, including enrichment for nonsynonymous and pathogenic mutations. Others have reported mtDNA mutations in
precancerous lesions, suggesting a potential contribution to
early transformation (1). It is well known that the carcinogenic
process in ulcerative colitis is histologically and genetically
different from sporadic colorectal cancer (14) and is possible
for mitochondria to play differential roles in these processes.
However, it is remarkable that in sporadic colorectal carcinogenesis, mtDNA mutations have also been observed to increase
in adenomas and decrease in colon cancer (18), in agreement
with our data. Thus, it appears that the opposite role of mtDNA
mutations in early and late cancer might occur in sporadic
carcinogenesis as well and might explain some of the contradictions in the ﬁeld.
Regarding the causes of mtDNA mutations, our results
support mtDNA replication as the major mechanism of mutation, in agreement with previous results from cancer (6, 7, 33)
and aging (27). The resemblance of the mutational signature
reported here to those reported by Ju and colleagues is striking
(6) and indicates that the same mutational processes operative
in the mitochondria of tumors take place in the mitochondria
of normal, inﬂamed, and preneoplastic colon. Although the
exact mechanism of mutagenesis is unknown, based on the
exclusive non–D-loop location of the strand bias (also
observed here), Ju and colleagues proposed three explanations: (i) the parent heavy strand might be more prone to
cytosine and adenine deamination while being single-stranded during replication, (ii) endogenous POLG errors might
occur on the leading strand preferentially, and (iii) different
repair mechanisms might be at play in the leading versus
lagging strand (6). A major difference with Ju and colleagues
is that in a subset of samples in our study we did observe an
important contribution from oxidative damage, although only
at the level of VLF mutations. In the presence of reactive
oxygen species (ROS), guanine oxidizes to 8-oxo-guanine,
which results in C>A transversions (34). Oxidative damage is
an important pathogenic factor in ulcerative colitis (35, 36),
and, thus, we expected to observe this mutational signature.
Surprisingly, C>A mutations were not widespread among all
biopsies from ulcerative colitis patients, but were restricted to
biopsies from ulcerative colitis NPs, most biopsies (negative,
LGD, and cancer) from a single Progressor patient, and the
non-ulcerative colitis colon that had Hirschprung disease.
These results were not explained by variability in inﬂammation levels because C>A mutations, as well as mtDNA mutations in general, were not associated with acute or chronic
inﬂammation. However, these results might be explained by
interindividual or interregional variations in the generation of
ROS or in the production of antioxidant defenses, an interesting hypothesis that deserves further investigation with a
larger number of patients.

Mitochondrial DNA Mutations in Ulcerative Colitis Carcinogenesis

(16) and to determine to what extent this model is applicable
to other cancer types.
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In the context of ulcerative colitis Progressors, a critical
ﬁnding is the presence of large clonal expansions in nondysplastic epithelium. mtDNA mutations with MAF > 0.1 were
abundant in nondysplastic biopsies from ulcerative colitis
Progressors, but were rare in NPs. While these clonal expansions might be driven by a pathogenic mtDNA mutation that
confers a selective advantage, in many cases mtDNA mutations
might be carried as passengers and arrive to homoplasmy by
genetic drift (6, 37). In any case, these mutations could be used
as markers of clonal expansions, which are an essential component of preneoplastic ﬁelds in ulcerative colitis (9, 14). This
study was not designed to assess differences between Progressors and NPs and the number of cases in each group is
insufﬁcient to make these group comparisons. However, we
have previously demonstrated the potential value of clonal
expansions to detect ulcerative colitis cancer progression
(23, 38) and the utility of mtDNA for this purpose warrants
further investigation.
Our ﬁndings support a model in which mtDNA mutations
accumulate and clonally expand in early tumorigenesis but are
subject to purifying selection in cancer (Supplementary Fig.
S12). During normal aging, mtDNA mutations accumulate and
clonally expand in the colon epithelium (39), but this process
might be accelerated in ulcerative colitis due to the increased
cellular proliferation necessary to regenerate the ulcerated epithelium. This increased cellular proliferation would lead to
extensive replication of the mtDNA, which appears to be the
main cause of mutation not only in ulcerative colitis tumorigenesis, but also in most cancers (6). Cells with pathogenic
mtDNA mutations might clonally expand in early progression,
leading to multiple small clones. However, progression to
malignancy appears to be characterized by a decrease in the
number and pathogenicity of mtDNA mutations, possibly due
to the outgrowth of one or few clones carrying nonpathogenic
mtDNA mutations that drift to homoplasmy. Further research
is necessary to elucidate the role of mitochondrial epigenetic
regulation and metabolic reprogramming during this process
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