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\Vitochondrial DNA is a major source of driver

mutations in cancer
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Mitochondrial DNA (mtDNA) mutations are among the most common genetic
events in all tumors and directly impact metabolic homeostasis. Despite the cen-
tral role mitochondria play in energy metabolism and cellular physiology, the role
of mutations in the mitochondrial genomes of tumors has been contentious. Until
recently, genomic and functional studies of mtDNA variants were impeded by a
lack of adequate tumor mtDNA sequencing data and available methods for mito-
chondrial genome engineering. These barriers and a conceptual fog surrounding
the functional impact of mtDNA mutations in tumors have begun to lift, revealing
a path to understanding the role of this essential metabolic genome in cancer ini-
tiation and progression. Here we discuss the history, recent developments, and
challenges that remain for mitochondrial oncogenetics as the impact of a major
new class of cancer-associated mutations is unveiled.

Introduction

mtDNA is among the most mutated regions of the cancer genome, undergoing somatic mutation
in approximately 50% of all tumors [1]. Mutations to mtDNA affect the small repertoire of protein-
coding genes, non-protein-coding tRNAs and rRNAs, and non-coding DNA that are essential for
oxidative phosphorylation (OXPHOS) (Box 1). That mtDNA mutations occur so commonly, and
affect genetic loci which are often under immense purifying selection in the human germline,
reflects a basic underlying paradox: how can mtDNA mutations confer a selective advantage to
cancer cells while simultaneously impairing a central node for ATP generation and maintenance
of redox balance? This question sits at the center of a historically controversial debate around
the selection and function of mtDNA mutations in cancer [1-3].

Distiling somatic mutations that endow cells with a selective advantage [driver mutations (see
Glossary)] from the vast reservoir of somatic mutations that do not (passenger mutations)
and delineating the mechanism by which driver mutations confer a selective advantage remains
a cornerstone of basic and translational cancer research. While an obvious place to search
for driver mutations is in genes or regions with high somatic mutation rates, such regions are
often as likely to be passengers (e.g., mutations to the extremely long gene TTN) as they are
to be drivers (KRAS) [4,5]. Historically, a combination of forward and reverse genetics has
been required to determine the function and fithess-modifying properties of potential drivers
in nuclear DNA. This advancement was achieved through production of model systems
where specific, cancer-relevant modifications to DNA are identified, inserted, and studied.
The hunt for nuclear drivers of cancer co-evolved with, and in some instances directly
advanced the capacity for, genetic engineering of nuclear DNA. Developments in engineering
mtDNA have been comparatively glacial [6,7]. However, recent years have seen the emergence
of key genome manipulation technologies, optimized for use in mitochondria, which are poised
to make an impact [8-11].
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Box 1. A primer on mitochondrial genetics and human disease

Mitochondria are double-membrane-bound organelles found in eukaryotic cells. These organelles evolved from a
proteobacterial ancestor [12] and retain a vestigial genome known as mtDNA. Most of the genes in human mtDNA have
been lost or transferred to the nuclear genome through evolution, resulting in a small, circular 16.5-kb genome, coding for
11 mRNAs, 22 tRNAs, and two rRNAs in humans [13,14]. The 11 mRNAs are translated into 13 essential subunits of Com-
plex |, lll, and IV of the electron transport chain and Complex V/ATP synthase, which are critical to oxygen-dependent cel-
lular metabolism [13,14]. mtDNA is genetically compact, with very few non-coding regions and no redundancy in the
encoded components. Intact expression of all genes is necessary for a functional mitochondrial respiratory chain [15].

mtDNA is a multicopy genome, typically found in the range of 100-10 000 molecules per cell, depending on the cell type
[16]. Consequently, when mutations arise in mtDNA, they do not affect every copy in a cell and instead produce a mixed
population of mutant and wild-type genomes, a phenomenon known as heteroplasmy [17]. Mutations of mtDNA have
been extensively studied in the context of rare metabolic diseases caused by hereditary transmission of deleterious mtDNA
alleles, affecting approximately 1 per 4000 people [18]. The clinical severity of these primary mitochondrial disorders crit-
ically depends on the heteroplasmy threshold effect. Mutation heteroplasmies of about 60-80% are mostly associated
with relatively mild juvenile or adult-onset pathologies, demonstrating limited mitochondrial dysfunction. However, muta-
tion heteroplasmies of >90% are generally associated with profound mitochondrial dysfunction that accompanies severe,
multisystem disorders with significant morbidity and mortality [19]. Such phenotypic thresholds in heteroplasmy levels are
highly variable and dependent on numerous factors, including the identity of the mutant allele and the tissue in which it
arises [20], as well as the presence of nuclear-DNA-encoded gene variants modifying penetrance of mtDNA alleles [21].
Such observations have, by default, drawn the field to a view that mutation heteroplasmies beneath clinical thresholds
or < 60% are not relevant to immediate disease processes and do not exert a significant effect on mitochondrial function,
as evidenced by the lack of impact on oxygen consumption [17,22,23]. However, given the emergence of mtDNA muta-
tions with a broader range of heteroplasmies in cancer (which we describe later), we contend that this historical perspec-
tive from the primary mitochondrial disease literature likely needs to evolve to reconcile recent data from the cancer
genomics field.

In this review, we summarize our current understanding of the incidence, selection, and function
of mMtDNA variants in human cancers, and discuss how emerging technologies are positioned to
resolve open questions about the functional significance of mMtDNA mutagenesis. We also explore
single-cell sequencing and mtDNA editing systems as advanced, highly scalable platforms to
determine dosage and threshold effects associated with mtDNA mutations in tumors.

The landscape of mtDNA mutations across cancers

In 1956, Otto Warburg proposed that dysfunctional mitochondria are responsible for the fermen-
tative catabolism of glucose to lactate and lack of respiration in aerobic conditions in tumor cells
[24,25]. While decades of research have led to the discovery of numerous mechanistic causes for
aerobic glycolysis not mediated by mtDNA mutations [26], including somatic mutation of meta-
bolic regulators and selective expression/regulation of enzymes favoring lactate production
[27-31], these discoveries have gone hand in hand with the observation that apparently patho-
genic mtDNA mutations are abundant in tumors [32]. One of the earliest descriptions of mtDNA
mutations in tumors came from Polyak and colleagues [33], who reported the presence of seem-
ingly homoplasmic mutations in a small number of colorectal cancer cell lines. Since then, numer-
ous studies have described a plethora of somatic and predominantly heteroplasmic mutations in
MtDNA (reviewed in [2]). The most comprehensive studies analyzed whole-genome sequencing
from ICGC/Pan-Cancer Analysis of Whole Genomes (PCAWG) [32], whole-genome sequencing
of childhood tumors from St. Jude Children’s Hospital [34], and exome sequencing of diverse
adult cancers from the Cancer Genome Atlas (TCGA) [35]. The key findings of these analyses
converged on several discoveries.

First, these studies independently confirmed that most tumors (~50%) have readily detectable
somatic mutations in their mtDNA. These findings were largely reproducible across sequencing
cohorts with distinct disease compositions and thresholds for variant calling (from 5% in TCGA
[35] to as low as 1% in the PCAWG [32]). Most of these mutations likely originate from the
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Glossary

Clone: cluster of cells derived from a
common ancestor with a similarly
inherited nuclear genome.

Control region: approximately 1122-
bp long non-coding region within the
mitochondrial genome that includes one
of the origins of replication, promoter
sequences, and the D-loop. Itis a region
with the highest rate of polymorphisms
observed in the mitochondrial genome.
Cybrids: cells engineered by fusing
cytoplasm, containing mtDNA, from a
donor cell with an enucleated recipient
cell.

DdCBE: base editors that are capable
of inducing targeted C>T mtDNA point
mutations in a sequence-specific
manner.

dN/dS: the ratio of non-synonymous to
synonymous mutations, in which a value
greater than 1 suggests positive
selective pressure and a value less than
1 suggests negative selective pressure.
Driver mutation: a mutation that is
advantageous to the fithess of cancer
cells and can undergo positive selection.
Heteroplasmy: the fraction of the
mutant mitochondrial genomes in the
total MtDNA pool of a given tissue
specimen.

Heteroplasmy threshold effect: a
critical threshold in mutational load
beyond which a deleterious variant can
trigger mitochondrial and cellular
dysfunctions that ultimately lead to
emergence of diseases.
Meganuclease: monomeric enzymes
that recognize 22-bp sequences within
mtDNA to induce a double-strand
break.

mitoAPOBEC1: a cytosine deaminase
that can induce random C>T point
mutations across mtDNA without
inducing significant indels or persistent
depletions of mtDNA copy number.
mitoTALEN: nucleases engineered to
bind to specific regions of MtDNA via
their TALE domains to induce changes
in heteroplasmy.

mtRE: bacteria-derived restriction
enzymes directed to mitochondria that
can robustly induce changes in
heteroplasmy.

mtZFN: mitochondrially-targeted zinc-
finger nucleases are engineered to bind
to specific regions of MtDNA via their
zinc-finger domains inducing changes in
heteroplasmy levels through nucleolytic
cleavage.
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relatively high mtDNA background mutation rate, about 10-17-fold higher than nuclear DNA [36].
These studies reported that somatic mtDNA mutations in tumors largely obeyed a unique strand-
specific pattern of mutations (preferring C>T mutations on the heavy strand, and T>C mutations
on the light strand) [1]. This mutational pattern was initially attributed to oxidative damage via gen-
eration of reactive oxygen species (ROS) by the physically proximal electron transport chain
[37,38]. Emerging evidence [39,40], however, suggested that mutation rates do not necessarily
correlate with ROS levels, and concurrent genetic ablation of mitochondrial base excision repair
pathways alone or in combination with mitochondrial superoxide dismutase in mice did not lead
to elevated mutation rates [39]. A competing theory suggests that the accumulation of replicative
errors from differing modes of mtDNA strand replication is a likely source of mutations found in
cancer (for a review, see [41]) [42-44]. Accordingly, it has been proposed [41] that because
mtDNA replication is uncoupled from the cell cycle [45,46] or continually replicates over time in
the context of a proliferating cancer cell, this can lead to a considerable buildup of low-level rep-
licative errors [43] despite the mitochondrial replicative polymerase y (Poly) having one of the
highest processive fidelities across all domains of life [47].

Second, the analyses indicated that mtDNA mutation burden was highly lineage specific and that
certain cancer types were subject to a significantly higher burden of mtDNA mutations than
others [1,32,35] (Figure 1A). This lineage specificity manifests both in the total burden of muta-
tions in some diseases and in the functional effect of the mutation (i.e., in the preference for/
against protein-truncating variants). Analysis of both PCAWG and TCGA data suggested that
tumors of the colorectal tract and thyroid, and certain histological subtypes of kidney cancers,
such as chromophobe and papillary renal cell carcinoma, are enriched specifically for protein-
truncating variants, whereas hematological malignancies such as acute myeloid leukemia have
qualitatively low burdens of all somatic mitochondrial mutations [32,35]. A recent analysis of
mutant heteroplasmy in patients with the m.3243A>G variant [known to underlie the mitochon-
drial genetic condition mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS)] indicated that T cells undergo purifying selection against the mutant allele [48], consis-
tent with the apparent purifying selection in human acute myeloid leukemia tumors.

Third, these studies have found that the vast majority of somatic mtDNA mutations in cancer are
heteroplasmic, reaching allele frequencies well below 100% [1,32]. The prevalence of
heteroplasmy suggests that most mtDNA-mutant tumors retain some spare mitochondrial respi-
ratory capacity in the form of wild-type mtDNA. Experimental data from a mouse model with a
heteroplasmic mtDNA variant in tRNAAE support this hypothesis. There, an increase in mtDNA
copy number rescued the COX deficiency observed in cells with high heteroplasmy level [49].
These data suggest that the absolute copy number of wild-type mtDNA is an important determi-
nant of the pathological impact of these variants, and that at sufficiently high heteroplasmies, neg-
ative selection (potentially acting via compensation in wild-type mtDNA copy number) emerges to
resist further expansion of the mutant mtDNA pool. However, understanding these selective
pressures in the context of heterogeneous cell populations with potentially diverse mtDNA
genotypes requires a detailed quantification of heteroplasmy at the level of single cells.

Single-cell sequencing of mtDNA unmasks latent diversity in mtDNA heteroplasmy
Tumors are heterogeneous compositions of malignant, immune, and stromal cells with potentially
distinct mtDNA genotypes. Consequently, quantitative determination of heteroplasmy levels in
tumors using conventional bulk sequencing methods is confounded by the abundance of
malignant and non-malignant cell populations, and by cell-to-cell variation in heteroplasmy levels
within each cell population. Recently, the development of new sequencing approaches that
directly assay the genotype of individual cells (‘single-cell sequencing’ technologies) has enabled
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Passenger mutation: a mutation that
does not alter the fitness of cancer cells
and undergoes neutral selection.
Selective pressure: force that
provides growth advantage to cells with
genetic variation over other cells. It can
be negative, in which the variant is
disadvantageous (decreases the fitness
of the cell), or positive, in which the
variant is advantageous (increases the
fitness of the cell).

Truncating mutations: mutations that
introduce a stop codon within a protein
sequence producing a truncated variant.
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Figure 1. Hierarchy of variation in mitochondrial DNA (mtDNA) genotypes. (A) At the resolution of tissues, renal, thyroid, and colorectal cancer types have
enrichment of truncating mutations with higher heteroplasmy levels, suggestive of positive selection in those tumor types. (B) At the resolution of individual cells, tumors
are composed of genetically diverse cell populations with distinct mtDNA genotypes. Changes in bulk mtDNA heteroplasmy over time thus reflect both changes in
clonal composition and intracellular shifts in heteroplasmy. Both processes may be subject to evolutionary selection. (C) At the resolution of mtDNA genotypes,
mutations nonrandomly accumulate in specific regions of the genome. Protein-truncating mutations, which have been the primary subject of interest in genomic
studies, account for only 27% of variants observed in genomes. Such truncating mutations preferentially accumulate in Complex | subunits, suggesting that the
function of truncating mutations is shaped by their impact on respiratory function. The figures represent data from [35].
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a direct interrogation of mtDNA genotype and parallel measurement of cellular phenotypes (e.g.,
transcriptional profiles via RNA sequencing, or DNA accessibility profiles via ATAC profiling;
Figure 1B,C). Thus, single-cell sequencing technologies, together with computational methods
for identifying mtDNA variants [50] and experimental methods for recovering low heteroplasmic
mtDNA variants with targeted deep sequencing of mtDNA [51], allow for the precise measurement
of both per-cell heteroplasmy level and corresponding changes in transcriptional phenotype.

The earliest single-cell studies on mtDNA used the high copy number of mitochondrial genomes
and the high mutation rate of mtDNA as an endogenous barcode; paired with the stable propa-
gation of mtDNA variants to daughter cells, this allowed for lineage tracing and subclonal recon-
struction of distinct clones in hematopoietic cells (Figure 2A,B) [52]. Subsequent work using
diverse single-cell RNA and DNA sequencing technologies demonstrated the capability to assess
heteroplasmy levels across cell types [48], and define the evolutionary and phylogenetic relation-
ships between clones in primary tumors and patient-derived xenografts. These studies collec-
tively highlighted that even genetically related clones often acquired individual mtDNA variants
and clone-specific heteroplasmy levels (suggestive of founder effects) that tracked with phyloge-
nies derived from expression data [52] and/or chromatin accessibility profiles [53,54] (Figure 2C).

Cell-to-cell variation in mtDNA heteroplasmy also has significant implications for the functional
interpretation of mMtDNA variants in non-cancer settings. When studying the heteroplasmy level
of m.8344A>G, a known pathogenic variant associated with myoclonic epilepsy with ragged-
red fibers, in a lymphoblastoid cell line [55], it was reported that while the bulk heteroplasmy
level (44%) and the median per-cell heteroplasmy (38%) were comparable, the per-cell
heteroplasmy level varied extensively from total absence to complete homoplasmy. This finding
suggests that variants with low heteroplasmy based on bulk sequencing could attain high
heteroplasmy in rare subsets of cells, and in turn might show exceptionally high fitness in certain
conditions, such as under therapeutic treatment.

Selective pressure for cancer-associated mtDNA mutations

There is ongoing controversy as to whether somatic mtDNA variants in cancer constitute bona
fide driver mutations, contributing to the fithess of the tumor, or if instead they simply represent
passenger alterations with neutral or non-fithess-modifying effects on tumor physiology
[2,33,35,41]. In the following sections, we attempt to disentangle this controversy by discussing
(i) the evidence for and against selective pressure for somatic mtDNA mutations, and (i) the evi-
dence for the functional significance of mtDNA mutations in cancer.

Selective pressure for somatic mtDNA mutations

Prior studies have largely focused on three complementary pieces of evidence when assessing
the extent of positive and negative selective pressures for somatic mutations in cancers affecting
protein-coding genes in mMtDNA.: (i) the ratio of non-synonymous to synonymous mutations (dN/
dS), (i) the allele frequency of non-synonymous and truncating mutations, and (ji) the identifi-
cation of recurrent mutations or ‘hotspots’. At least three independent analyses have examined
dN/dS, a quantitative measure of selection whose value exceeds 1 in instances of positive selec-
tive pressure and is below 1 in instances of negative selective pressure [56-58]. The apparent dN/
dS of protein-coding mtDNA mutations was initially determined to be high (~4), suggesting a
strong and positive selective pressure for mutations [34]. However, another study cautioned
that because mtDNA has faced a strong C>T/T>C mutational bias over an extended evolutionary
period, the number of admissible silent mutations has been systematically eliminated [1]. Only a
weak positive selection for missense mutations (95% confidence interval 1.015-1.434) and neu-
tral selection for nonsense mutations (95% confidence interval 0.699-1.443) were found when
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controlling for this background mutation signature. Conversely, a subsequent analysis that
utilized a Bayesian approach to simulate the expected dN/dS to account for the strong C>T/
T>C mutational bias found the dN/dS of the mtDNA mutations in adult and pediatric malignancies
to be significantly higher than expected by chance [34]. By contrast, blood from healthy individ-
uals demonstrated a significantly lower dN/dS than expected by chance. These results highlight
the ongoing uncertainty surrounding selective pressure for mtDNA mutations in cancer and em-
phasize that the background mutational process is an important confounder in directly assessing
selective pressure with dN/dS.

In addition to dN/dS, variant allele frequency of non-synonymous or protein-truncating mutations
has been used as a surrogate measure of selection [1,32,42]. The distribution of heteroplasmies
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of a given class of mutations (often nonsense/frameshift mutations or missense mutations) was
compared with a reference class under putatively neutral selection (i.e., silent mutations). The
findings of these analyses have proven reproducible and illuminating. Frameshift indels and non-
sense mutations demonstrate consistently lower heteroplasmies than silent mutations, whereas
missense mutations show a largely indistinguishable heteroplasmy distribution compared with
silent mutations [1]. These data collectively suggest that highly disruptive mutations to mtDNA
are under a distinct form of dosage-dependent negative selection that prevents their expansion
to higher dosages. Subsequent analysis revealed that heteroplasmy levels of truncating
mutations are dependent on cancer tissue lineage [35]. Tissues from the colorectal tract, the
kidney, and the thyroid are not only distinguished by an enrichment of protein-truncating variants,
but also by high heteroplasmy levels of these truncating mutations. Truncating mutations in these
three tumor lineages affect 20-30% of all samples, rendering them as common as mutation to
canonical tumor suppressors in these diseases. A complementary approach to studying
selection with heteroplasmy is to compare expansions of heteroplasmic variants in normal and
malignant tissue. Doing so, a subset of somatic mtDNA mutations was identified in normal tissue
adjacent to tumors but absent in normal blood [58]. Non-synonymous substitutions increased in
bulk heteroplasmy to a median allele frequency of 58.8% in the tumor compared with 18.8% for
synonymous substitutions when focusing on heteroplasmic expansions in variants present at
very low allele frequency in normal adjacent tissues (<5%) and elevated heteroplasmy in tumors.
These findings suggest that positive selection may act on pre-existing somatic mtDNA mutations
by promoting the expansion of otherwise low-level heteroplasmic variants.

Further supporting a role for positive selection in mtDNA is the appearance of recurrent mutations
in specific genomic loci and respiratory complexes, which likely reflects locus-specific alterations
in cellular fitness and preferential retention in the tumor [59] (Figure 1C). Truncating mutations in
the kidney, colorectal tract, and thyroid were not randomly distributed across the mtDNA, but
preferentially affected subunits of Complex | (in contrast to missense variants, which typically
occur in Complex Ill, and silent variants, which show no preference) [35]. Conversely, truncating
mutations affecting Complex V were depleted and showed characteristically lower
heteroplasmies. The kidney, thyroid, and adrenal glands develop oncocytomas, metaplasia char-
acterized by a high cytoplasmic density of mitochondria. Such oncocytomas possess high
heteroplasmy (or even homoplasmy) truncating mutations in mtDNA that preferentially affect
Complex | [60-62].

Truncating mtDNA mutations demonstrate patterns of recurrence not only within specific respira-
tory complexes, but also at specific genetic loci. Certain mutant mtDNA alleles, especially those
associated with truncating variants, seem to recurrently arise at the same genomic position,
akin to cancer-associated hotspot somatic mutations in nuclear-DNA-encoded genes commonly
referred to as hotspots [63]. Such hotspot alleles in nuclear-DNA-encoded genes can be associ-
ated with either gain-of-function (more common, e.g., KRAS G12D) or loss-of-function events
(less common, e.g., TP53 and APC alleles). Early studies of hotspot alleles in mtDNA were,
given the extent of recurrence, comparatively underpowered to detect them and to determine
whether their recurrence exceeded what would be expected by chance. Six hotspot alleles, all
arising in Complex | subunits, have been recently identified using a suitably powered cohort of
about 6000 tumors and a background statistical model of mutation incidence [35]. These
hotspots are represented throughout most cancer types with variable and occasionally high fre-
quency. For example, truncating hotspots in mtDNA are represented in 24% of all colorectal
tumors, though these recurrent mutations are not detectable in prostate cancers. In total, these
observations suggest that there is differential selection for mutations across mtDNA that is
shaped by a combination of tissue lineage, gene function, and mutant allele outcome.
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Unresolved functional significance and dark matter in mtDNA mutations

What is the functional consequence of somatic mtDNA mutations once they emerge? Relative to
the abundant data on the patterns of mtDNA mutations, data on the functional consequences of
these same mutant alleles are comparatively scarce.

With the increased use of cytoplasmic hybrid (cybrid) cells, clonal chimeras resulting from the
fusion of MtDNA-free p,, cells with cytoplasm containing mutant mtDNA, many studies have
tried to experimentally validate the function of mtDNA mutations in cancer. For example,
pathogenic mutations in the MT-ATP6 gene of mtDNA generated ROS and enhanced tumor
growth [64]. mtDNA mutations were also found to result in increased ROS levels and metastatic
potential. However, the enhanced growth rate of primary tumors did not correlate with high
metastatic potential, suggesting that metastatic potential was regulated indirectly through in-
creased ROS levels [65,66]. Increased ROS levels and tumorigenicity because of mtDNA muta-
tion were further confirmed when an increase in cell survival under stress resulted in enhanced
tumorigenicity with heteroplasmic mutation in MT-ND5 [67]. However, the authors also high-
lighted the importance of heteroplasmy levels in the function of these mutations because
homoplasmic MT-ND5 mutation at the same locus resulted in increased rate of apoptosis and
inhibited tumorigenicity. This finding was attributed to limited ATP production, which resulted in
increased apoptotic potency. However, this is likely dependent on several factors such as muta-
tion type, tissue distribution, and tissue type [17]. For example, homoplasmic mtDNA mutations
are a common occurrence in renal, thyroid, and other oncocytomas, linking mitochondrial dys-
function with increases in mitochondrial biogenesis [61,62,68,69], a compensatory phenomenon
that is observed in mitochondrial disease [19]. A link between mtDNA mutations, in this case
homoplasmic mutation of MT-CYB, and altered tricarboxylic acid cycle fluxes favoring reductive
carboxylation of glutamine in support of lipid synthesis and cell proliferation, was also demon-
strated for the first time using cybrid cells [70]. A related and more recent study demonstrated
that complete loss of Complex IIl impaired tumor growth, but that this phenotype could be res-
cued through introduction of ectopic expression of an enzyme capable of oxidizing ubiquinol
[71]. Finally, the presence of increased mtDNA mutational burden (produced through constitutive,
non-tissue-restricted expression of mutant Poly) enhanced tumor growth through upregulation of
the de novo serine biosynthesis pathway in mouse models of colorectal carcinogenesis [72].

There have also been efforts to associate the presence of MtDNA mutations in tumors with clinical
outcomes. In prostate cancer, mutations in the HV1 segment in the control region are associ-
ated with better patient outcome, adjusting for age, pretreatment prostate-specific antigen
(PSA), T-category, and GS levels [73]. By contrast, a seemingly more important regulatory region,
H-strand origin of replication (OHR), and the protein-coding gene MT-ATPS8 are associated with
inferior patient outcome. Another study directly measuring bioenergetics of mitochondrial mutant
prostate tumors associated missense mutations in Complex | with increases in succinate oxida-
tion and inferior patient outcome [74]. Similarly, the presence of truncating mutations was asso-
ciated with a lineage-agnostic transcriptional phenotype characterized by the upregulation of
OXPHOS genes and the downregulation of numerous innate immune pathways [35]. However,
these analyses fail to delineate the mechanistic link connecting the presence of mtDNA mutations
to their (potential) functional outcomes.

While limited progress has been made in understanding the function of a small number of select
mutant alleles, the vast majority of somatic mtDNA mutations in cancer are variants of an entirely
unknown functional significance. Adding to the complexity of interpreting these variants is that
nearly 25% of them occur in non-protein-coding regions including tRNAs (8%) and rRNA (16%)
[35]. Mutations to tRNA and rRNA represent particularly exotic mutations that, because of the
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broad impact a disruptive variant would have on all translated genes, are uniquely tolerated in the
mitochondrial genome, where the effects of their mutation are likely limited to the 13 protein-
coding genes in MtDNA. Mutations to tRNAs are a well-known and common cause of inherited
mitochondrial disease, and similar mutations, including both m.3243A>G and the adjacent
m.3244G>A, are observed in human tumors as recurrent hotspots [68,69]. Data suggest that
cancer-associated mutations to tRNAs may arise at specific secondary structure elements [35].
rRNA mutations in the germline are not common causes of mitochondrial disease, with
the exception of two partially penetrant variants known to produce deafness in patients with
MT-RNR1, m.1555A>G, and m.1494C>T [75]. Understanding the functional outcome of such
‘dark matter’ rRNA and tRNA mutations, which likely have broad effects on all OXPHOS com-
plexes, is of significant biological interest.

Existing and emerging opportunities for functional interrogation of mtDNA
mutations through mitochondrial genome engineering

A key limitation to studying mitochondrial genetics has been a lack of reliable and robust mtDNA
editing tools [6]. Much of our understanding of nuclear oncogenes and tumor suppressors in
the modern era derives from the ability to perform both forward and reverse genetics to deter-
mine the function of a given cancer-associated gene. While targeting some nuclear genome-
editing tools, such as CRISPR, to mtDNA has proven unsuccessful due to differences in mito-
chondrial mechanisms of RNA import and mtDNA repair [6], the past 5 years have yielded an
mtDNA editing toolkit of engineered enzymes that can shift heteroplasmies or induce mutagen-
esis both in vitro and in vivo [7,8,76-79]. While manipulation of any mtDNA sequence at will
remains elusive, these tools hold great potential for enhancing our knowledge of mtDNA in can-
cer (Figure 3).

Enzymes designed to shift heteroplasmy began as a curiosity in a field with no better options.
These were initially a small selection of mitochondrially targeted restriction enzymes (mtREs)
[9,10,76,80-83] able to target only canonical RE target sites. While such enzymes were pro-
foundly limited in their scope, the approach inspired further developments in heteroplasmy
shifting with engineerable DNA target specificities, yielding mitochondrially targeted zinc-finger
nucleases (mtZFNs), mitochondrially targeted transcription activator-like effector nucleases
(mitoTALENSs), and meganucleases [9,10,76,80-83]. These chimeric enzymes work by bind-
ing to a target site and inducing a double-strand break. Linearized mtDNA is then rapidly
degraded through combined exonucleolytic processing by MGME1 and the replicative mitochon-
drial Poly [84-86]. The remaining mtDNA molecules, a majority of which will be wild type, replicate
to recover steady-state copy number, thereby shifting heteroplasmy. Although limited by their
capacity to manipulate existing heteroplasmies, shifting heteroplasmy in pre-existing model sys-
tems of mitochondrial mutation has proven useful in the study of cancer metabolism. Indeed,
mtZFNs have been used to alter the mutant load in m.8993T>G osteosarcoma cells [9], produc-
ing isogenic cell lines with different levels of mutant heteroplasmy, termed mTUNE [87]. This
model system allowed the identification of a cellular metabolic strategy employed by cells with
high levels of mitochondrial dysfunction, whereby cytosolic reductive carboxylation of glutamine
acts through malate dehydrogenase to enable NAD+ recycling and support glycolytic flux,
enhancing cell proliferation and migration [87]. Thus, manipulating mtDNA illuminated how
mitochondrial dysfunction ultimately altered growth and movement of cancer cells.

A major limitation of heteroplasmy shifting methods is their capacity to manipulate only pre-existing
heteroplasmies. Methods for ab initio introduction of mtDNA alleles are still required to allow a
thorough assessment of mitochondrial genetics in cancer. In recent years, the cytosine deami-
nases mitoAPOBEC1 and DddA-derived cytosine base editors (DdCBEs) have been employed
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Figure 3. Current approaches for editing mitochondrial DNA (mtDNA) in animals. (A) Random mutators of mtDNA,
based on the defective mtDNA Poly (PolgA™") or the mitochondrially targeted monomeric cytosine deaminase APOBECH
[88,89], allow generation of abundant, low heteroplasmy mutations of mtDNA resulting in nonphysiological forms of
mitochondrial dysfunction. Heteroplasmy shifting exploits the tendency for mitochondria to rapidly degrade genomes
containing DNA double-strand breaks. If allele-specific double-strand breaks can be introduced in the context of a cell
bearing a pre-existing mtDNA mutation, the heteroplasmy of that mutation can be amplified or diminished. Several
approaches to heteroplasmy shifting, with robust effects in vitro and in vivo, have been developed, including but not
limited to mitochondrially targeted restriction enzymes [81,82,91], zinc-finger nucleases [8,77], and transcription activator-
like effector nucleases [76,78]. Base editing, at present consisting exclusively of engineered, dimeric DddA.« cytosine
deaminase base editor (DdCBE) domains fused to TALE DNA-binding domains, permits a degree of selective mutation
introduction into mtDNA, in situ, for the first time. These chimeric enzymes are limited in terms of targetable sites (based
on TALE DNA-binding constraints, need for 5TC'3 context, immediate off-target considerations) and the mutations they
can produce (C>T or G>A only, no indels), but allow for the production of many previously unobtainable genotypes at
relevant levels of heteroplasmy. (B) Depiction of the impact of cumulative heteroplasmies shown in (A) on mitochondrial
function. Abbreviations: mitoTALEN, mitochondrially targeted transcription activator-like effector nuclease; mtZFN,
mitochondrially targeted zinc-finger nuclease.

to address this issue. mitoAPOBECT is a mitochondrially targeted form of rat APOBECH1, a potent
cytosine deaminase capable of introducing C:G>T:A transitions within mtDNA [88]. Expression of
mitoAPOBEC1 induces point mutations at random, with no significant impact on mtDNA copy
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number, and these mutations negatively impact organismal fithess in Drosophila due to mitochon-
drial dysfunction. As such, mitoAPOBEC1 holds the potential for use to study the effects of mtDNA
point mutations in disease [42]. However, mitoAPOBECH is a random mutator, similar to the error-
prone MtDNA Poly [89], and is therefore limited to use in forward screening approaches.
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Figure 4. A model for selection of deleterious heteroplasmies in cancer cells. (A) Unlike nuclear DNA, mitochondrial
DNA (mtDNA) is replicated both during S phase and throughout all stages of the cell cycle. While the misincorporation rate of
the mitochondrial replicative polymerase y (Poly) is considered very low, the impact of continuous replication is such that
mitochondrial mutational heterogeneity is seeded throughout the body in a time-dependent fashion, in agreement with
both the strand asymmetric distribution of mutations (due to mode of mtDNA replication) and type of mutations found in
cancers. Cells bearing mtDNA mutations in proliferative neoplasms acquire a fithess advantage due to increased capacity
for anabolism and proliferation due to enhanced mitochondrial mass, a common response to mitochondrial dysfunction.
The coupling of MtDNA mutations to increases in mitochondrial mass and consequent cellular fitness provides a rational
framework for the consistent selection of mitochondrial mutations by cancer cells. (B) A visual representation of the
proposed framework for selection of MtDNA mutations in cancer.
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Recently, the first reliable, targeted approach for mtDNA mutagenesis was reported [90]. This
system utilizes DACBEs, which are composed of a split interbacterial toxin DddAox, TALE
DNA-binding domains, and a uracil glycosylase inhibitor. Owing to substrate preference of the
DddAiox enzyme, DACBEs can induce C>T point mutations in a sequence-specific context
where a T must be 5' of the target C. In a proof-of-concept study, m.11 922G>A mutations
were induced in MT-ND4 to mimic the mutations seen in Complex | of rare tumors of the kidney
and thyroid. These cells with high mutational load showed a reduction in Complex | assembly and
in OXPHOS, due to reduced activity. DACBEs have also been applied in vivo where the mutations
m.12 539C>T and m.12 542G>A were separately introduced into Complex | to create mouse
embryos with a silent mutation [7]. The embryos maintained these mutations up to 50 days
after birth and were transferable to offspring. However, the same transmission for deleterious
mutations is yet to be shown. DACBEs have also recently been used to edit mtDNA in target or-
gans via adeno-associated virus [7]. While being of major utility, DACBEs are limited by a number
of constraints, including (i) the efficiency with which they can bind target DNA via TALE domains,
(i) sequence-specific mutational biases, and (iii) off-target mutagenesis, both within the target site
and throughout the mitochondrial genome, although these limitations may be addressed through
subsequent evolution and optimization [11]. Nevertheless, as the sole platform capable of
inducing targeted mtDNA mutations, they can begin to be applied to create model systems
that may shed light on the role of mtDNA mutations in cancer.

Concluding remarks

The field of mitochondrial oncogenetics today stands at a crossroad: while the case for a func-
tional role for mtDNA mutations found in most cancers has strengthened in the past decade
(Figure 4), it primarily rests on patient genomics and clinical data. To tease apart potential mech-
anisms that underlie patterns of recurrence and selection observed at a population level, these
increasingly rich observational data need to be complemented with rigorous experimental
approaches. The experimental support for a functional role of mtDNA mutations in cancer
(reviewed previously, see [41]) has not kept pace with the genomic developments of the past
decade, still suffering from a lack of well-controlled model systems. Some recent experimental re-
ports that suggest altered cancer cell characteristics in the context of mtDNA mutations are en-
couraging [72,74], although these remain some distance from determining relevant mechanisms
or vulnerabilities. The synergy between two evolving technologies, one for the direct editing of
mtDNA and the other for high-resolution phenotypic interrogation of heteroplasmic mtDNA alleles
at single-cell level, will herald the dawn of a new era in mitochondrial oncogenetics, as the varied
impacts of mitochondrial mutational processes are determined and a world of untapped
therapeutic opportunities is revealed (see Outstanding questions).
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How does tissue lineage modulate the
phenotype of a given mtDNA allele?

How does heteroplasmic dosage
mediate the phenotype of a mutation?

What are the pan-cancer and lineage-
specific impacts of mtDNA mutations
on tumor formation?

What is the full spectrum of non-

metabolic phenotypes produced by
mtDNA mutations?
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