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Abstract

Alterations in mitochondrial DNA (mtDNA) were once
thought to be predominantly innocuous to cell growth. Recent
evidence suggests that mtDNA undergo naturally occurring
alterations, including mutations and polymorphisms, which
profoundly affect the cells in which they appear and contribute
to a variety of diseases, including cardiovascular disease, dia-
betes, and cancer. Furthermore, interplay between mtDNA and
nuclear DNA has been found in cancer cells, necessitating
consideration of these complex interactions for future studies
of cancer mutations and polymorphisms. In this issue of Cancer
Research, Vivian and colleagues utilize a unique mouse model,
called Mitochondrial Nuclear eXchange mice, that contain the

Mitochondrial DNA and Cancer

Despite substantial progress in understanding cancer etiol-
ogy, improved methods of detection, prevention strategies, and
treatment modalities, cancer remains a leading cause of death,
second only to heart disease (1). This is due, in part, to the
complexity of genomic changes within cancer cells. In addition
to the nuclear genome (nDNA), each human cell contains a
mitochondrial genome composed of thousands to tens of
thousands of copies of mitochondrial DNA (mtDNA) that are
capable of replicating independently of nDNA (2). As early as
1956, Otto Warburg suggested that defects in mitochondrial
function may contribute to the development and progression
of cancer (3). Since then, alterations in mtDNA content, copy
number, mutations, and polymorphisms involved in cancer
have been identified and characterized.

mtDNA mutations and polymorphisms have been increas-
ingly reported in a wide variety of cancers, including breast,
prostate, and colorectal cancers (4, 5). These data have been
supported by epidemiologic studies indicating that alterations
in mtDNA copy number correlate with increased cancer risk
(6). Although it is evident that these alterations exist within the
human population, methods to study their biology are limited,
technically challenging, and difficult to interpret at best. Fur-
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nuclear DNA from one inbred mouse strain, and the mtDNA
from a different inbred mouse strain to examine the genome-
wide nuclear DNA methylation and gene expression patterns
of brain tissue. Results demonstrated there were alterations
in nuclear DNA expression and DNA methylation driven by
mtDNA. These alterations may impact disease pathogenesis.
In light of these results, in this review, we highlight altera-
tions in mtDNA, with a specific focus on polymorphisms
associated with cancer susceptibility and/or prognosis,
mtDNA as cancer biomarkers, and considerations for investigat-
ing the role of mtDNA in cancer progression for future studies.
Cancer Res; 77(22); 6051-9. ©2017 AACR.

thermore, there is no model available that permits the study of
a "pure" mitochondrial genome uncontaminated by fragments
of the nuclear genome to study the specificity and pathogenesis
of mtDNA involvement in cancer. Thus, few resources are
available to investigate important questions pertaining to the
impact of mtDNA alterations in cancer initiation, growth, and
progression.

Nevertheless, some recent advances have made progress toward
achieving this goal. To that end, we discuss current approaches to
study the role of mtDNA in cancer, with a specific focus on
understanding mtDNA polymorphisms present in different
populations (as opposed to somatic mutations that have been
recently reviewed in refs. 7, 8). Furthermore, we highlight mouse
models for studying mtDNA in cancer, including a relatively
new mouse model as described by Vivian and colleagues in this
issue of Cancer Research (9).

Mitochondrial Structure and Function in
the Human Genome

Mitochondrial structure

To understand the impact of mtDNA in cancer, one must
consider mitochondrial structure and function. The mitochon-
drial chromosome is a closed circular, double-stranded DNA
molecule. At 16,569 base pairs in length, the human mitochon-
drial genome is 1.8 x 107> times smaller than the nuclear
genome. As such, there is little room for nonfunctional DNA,
and the vast majority of the human mitochondrial genome
encodes 13 protein subunits of the electron transport chain, two
rRNA genes, and 22 tRNAs genes (10). The only segment of
mtDNA that is mostly noncoding is the displacement loop (D-
loop) region. The two DNA strands comprising mtDNA differ in
their nucleotide content: the heavy (H) strand contains more
guanines and the light (L) strand contains more cytosines. Most
mtDNA transcription occurs off the H strand, because the L strand
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encodes only 8 tRNA genes and one protein-coding gene (11).
However, the vast majority (1,500+) of proteins within mito-
chondria are encoded by the nuclear genome and imported into
the mitochondria.

As mitochondria are maternally inherited (solely from the
oocyte), most cells have identical copies of mtDNA (termed
homoplasmy; ref. 11). However, if there is a change in the
sequence of mtDNA within a cell (such as from deficiencies in
DNA replication and repair), and if those changes are propagated
within the same cell, the cell now contains more than one type of
mtDNA (termed heteroplasmy; ref. 11). For any given disease
caused by a mutation in mtDNA, the ratio of normal to mutant
mtDNAs within the cells of the body can substantially impact
the clinical presentation, penetrance, and severity of the disease
phenotype.

Mitochondrial function

Mitochondria have numerous functions within the cell, most
notably to provide energy by producing ATP for respiration,
through the oxidative phosphorylation system (OXPHOS;
ref. 11). In addition, mitochondria have roles in controlling redox
homeostasis, cellular metabolism, cell signaling, innate immu-
nity, survival, and apoptosis (12). Thus, mitochondria are critical
for health due to their essential bioenergetic and biosynthetic
functions.

It is currently unclear whether cancer cells possess a normal
OXPHOS system. Although it is evident that many cancer cells
undergo aerobic glycolysis (the "Warburg effect"), not all cells
have defects in their mitochondrial respiration (3). In fact, in
1957, Aisenberg and colleagues showed that mitochondria are
capable of inhibiting fermentation (13). In this way, mitochon-
dria are capable of regulating oxidative phosphorylation versus
aerobic glycolysis, and thus may be key players in tumor pro-
gression. As examples, both LeBleu and colleagues (14) and Liu
and colleagues (15) demonstrated that cancer cells are capable of
regulating the transcription coactivator peroxisome proliferator-
activated receptor gamma, coactivator 1o. (PPARGC1A, or PGC-
1o.), which supports increased OXPHOS, oxygen consumption,
and mitochondrial mass. However, interestingly, Liu and collea-
gues discovered that cells expressing the metastasis-suppressor
KISS1 had 30% to 50% more mitochondrial mass, accompanied
by increased PGC-1o. expression, and reduced invasion and
migration (15). On the contrary, LeBleu and colleagues demon-
strated that increased expression of PGC-1a. lead to increased
cancer cell migration, invasion, and metastasis (14). Suppression
of PGC-1o. did not impact primary tumor cell growth (14),
however, suggesting that mtDNA content may vary between
primary tumor and subsequent metastases.

Mitochondrial Polymorphisms Implicated
in Cancer

It is becoming increasingly evident that mtDNA content can be
a predictor of cancer risk and/or prognosis. Table 1 summarizes
the results of studies designed to determine whether specific
polymorphisms within mtDNA from different populations were
associated more often with cancer patients than healthy controls.
For clarity, mtDNA can be categorized into haplotype groups
(called haplogroups) based on single nucleotide polymorphism
(SNP) markers that collectively represent populations of different
ancestral origin (www.mitomap.org). The haplogroups were
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named in order of their discovery, using the capital letters A to
Z. Subgroups of a haplogroup (called subclades) are distin-
guished by numbers (and sometimes lowercase letters) following
the original capital letter designation and indicate that they derive
from the ancestral capital letter haplogroup (16).

As one example, Chen and colleagues used next-generation
sequencing to examine the mitochondrial genome of 188
hepatocellular carcinoma (HCC) patients compared with 344
healthy patients to assess associations between mtDNA SNPs
(or haplogroups) on patient prognosis (17). The authors iden-
tified that haplogroups M7 and M8 had relatively high odds
ratios for patients to develop HCC. On the other hand, SNPs
T15784C, C16185T, and A16399G were found to be associated
with improved prognosis in patients with HCC (17). Another
group determined that mtDNA SNP C150T was also important
in the prognosis of HCC (18).

As another example, SNPs located in the D-loop region of
mtDNA have been associated as risk factors for cancer. In
particular, there was a statistically significant increase in the
frequency of specific alleles (see Table 1) at SNPs A73G, C150T,
C151T, T492C, C16257A, C16261T, and A16399G in patients
with gastroenteropancreatic neuroendocrine cancers (GEP-
NEN) compared with healthy volunteers (19). On the other
hand, there was a decreased association in patients with GEP-
NEN and SNPs T489C and T16519C (19). Guo and colleagues
also found that the presence of specific alleles (see Table 1) at
mtDNA polymorphic loci T146C, C324G, G73A, T195C,
T16304C, and C16261T in the D-loop region were risk factors
for colon cancer (20).

Overall, the reports shown in Table 1 highlight several key facts,
namely that (i) SNPs in both transcribed as well as nontranscribed
regions of mtDNA have been associated with increased cancer risk
and/or prognosis; (ii) different nucleotides corresponding to the
same SNP can have opposite effects in different ethnic popula-
tions (i.e., G10398A); and (iii) some SNPs are associated with
several different cancers (i.e., T195C), whereas others appear to be
cancer-type specific (i.e, T16189C). Furthermore, these data
suggest that polymorphisms in mtDNA warrant further study not
just for their predictive potential, but also to understand the
mechanism(s) by which they influence cancer pathways.

mtDNA as Biomarkers for Cancer

Numerous studies have shown the potential for mtDNA as
biomarkers for certain cancers due to alterations in their structure.

D-loop region

Kodron and colleagues found that there were common poly-
morphisms in pediatric acute lymphoblastic leukemia patients
(21). Nearly all of the alterations in mtDNA were microsatellite
variations that were common population polymorphisms as
identified by the MITOMAP database (www.mitomap.org). The
highest level of polymorphisms was found in the D-loop region as
well as in the mitochondrial CYTB gene (21). These alterations
varied during therapeutic treatment and thus have the potential to
function as both biomarkers and indicators of successful cancer
treatment. Furthermore, Cai and colleagues sequenced two hyper-
variable regions (HVR1 and HVR2) within the D-loop region from
the tissue of 10 breast cancer patients. The results showed that
85 mutations of germline mtDNA were found, specifically located
in the D-loop region (22).

Cancer Research
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Table 1. Correlations frequently found between specific polymorphisms in mtDNA, ethnicity, and cancer type®
Polymorphisms®

Type of cancer Ethnicity Gene/region Polymorphism Allele® Reference
Breast cancer European Caucasian Haplogroup U A12308G A 52
Breast cancer Chinese D-loop region (CA)n repeat Heteroplasmy associated 53
with poor prognosis
Breast cancer Malaysian G10398A G 54
Breast cancer Chinese Haplogroups M Sub-haplogroup D5 55
and N
Breast cancer Polish G10398A G 56
Breast cancer North Indian Haplogroup N G10398A A 57
Breast cancer South Indian D-loop region  310(ins)C (ins)C 58
T16189C C
Breast cancer - metastatic African-American GI0398A A 59
Cervical cancer and HPV risk Amerindian Haplogroup B2 (MT-TD)¢ 60
(MT-TK)®
Cervical cancer and HPV risk Chinese D-loop region ~ C150T T 61
Colon cancer Chinese D-loop region  G73A G 20
T146C T
T195C T 9
C324G C H
C16261T T g
T16304C T &
C309(ins)C (ins)C 3
Colorectal cancer European Americans MT-ND2 62 :3,
Haplogroup T g
Colorectal cancer Latino Haplogroup L 62 §
Epithelial ovarian cancer Caucasian MT-CO1 T6777C 63 8
Esophageal cancer Chinese Haplogroup D Sub-haplogroups D4a and D5 64 §
Esophageal cancer North Indian Haplogroup N G10398A A 57 2
Gastric cancer Chinese D-loop region D310 (mononucleotide repeat) (ins)C 65 ‘g
T16521C C g
GEP-NEN (gastroenteropancreatic-  Chinese D-loop region  A73G G 19 §
neuroendocrine neoplasms) C150T T 3
C151T T &
T489C T s
T492C c 'g
C16257A A 3
C16261T T 3
A16399G G >
T16519C T &
Hepatocellular carcinoma Chinese mtDNA 9-bp deletion (seed region for  del 66 E
hsa-miR-519-5p and hsa-miR-526a) 3
Hepatocellular carcinoma Chinese Haplogroup M7 T152C 17 @
T199C 3
G4048A =
T9824C 3
TI5784C 2
C16185T §
A16399G o
Hepatocellular carcinoma Chinese D-loop region  C150T C 18 ;
T16263C C z
N315(ins)C N g
Malignant Melanoma Chinese Han D-loop region  T195C C 67 %
T16362C o N
A16399G G
Non-small cell lung cancer Chinese Haplogroup N G10398A A 68
Oral cancer India Haplogroup M G10398A G 69
T10400C T
AN467G A
A12308G A
Thyroid cancer Chinese Haplogroup D4a Sub-haplogroup D4a 55

NOTE: Here, predominant mtDNA polymorphisms are listed, along with the corresponding ethnicity and cancer type they are frequently found in. Citations detailing
the specific mtDNA polymorphisms and their associated ethnic groups are located in the column on the far right. The gray box indicates that we were unable to find
additional information for the indicated column. Hypervariable regions within the D-loop are HVR1 (positions 16024-16383), HVR2 (positions 57-372), and HVR3
(positions 438-574; www.mitomap.org).

@Mitochondrial polymorphisms reported in the past decade. Additional references are described in refs. 12, 70.

PPolymorphisms defined as those present in the population at an allele frequency >1%.

“The alleles listed are susceptibility alleles.

9Suggested genes based on RNA transcript levels.
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Copy number variation

Alterations in mtDNA copy number have been discovered in a
variety of cancers. In particular, mtDNA copy number may be a
predictor of cancer in renal cell carcinoma. Elsayed and collea-
gues utilized quantitative PCR to measure the peripheral blood
of 57 Egyptian patients with newly diagnosed early-stage renal
cell carcinoma (23). The authors discovered that median
mtDNA copy number was significantly higher in patients with
renal cell carcinoma than healthy patients. As a predictor of
renal cell carcinoma, mtDNA copy number had 86% sensitivity,
80% specificity, and 80.3% predictive value compared with
healthy controls (23). On the other hand, Bao and colleagues
examined the peripheral blood leukocytes of 250 hepatocellular
carcinoma patients and found that those with a lower mtDNA
copy number and longer leukocyte telomere length had a
reduced overall time of survival (24). These data also showed
that increased mtDNA content was associated with increased
survival time, compared to patients with less mtDNA content
(24). Thus, these results suggest that correlations between the
number of mtDNA copies and patient prognosis may be cancer-
type dependent.

mtDNA and Metastasis

Emerging evidence has suggested that alterations in mtDNA
can lead to increased metastasis. Kenny and colleagues discov-
ered that the activation of SIRT/FOXO/SOD?2 axis of the mito-
chondrial unfolded protein response (UPR™) is a common
feature of the mtDNA of metastatic cells (25). In particular,
super-oxide dismutase 2 (SOD2) was found to be substantially
increased in more highly metastatic human breast cancer cell
lines (MDA-MB-231, MDA-MB-361, and MDA-MB-157) com-
pared with less metastatic cell lines MCF-7 and ZR-75-1. Inter-
estingly, Kenny and colleagues found that there was no one
specific mtDNA mutation that drove metastasis in the cancer
cells, but rather the composition of the mtDNA genome [i.e.,
presence or absence of reactive oxygen species (ROS); activation

Mitochondrial Polymorphisms in Cancer

of the SIRT/FOXO/SOD2 axis of the UPR™] dictated either
promotion or repression of cancer cell metastasis (25). In
comparison with Kenny and colleagues, Arnold and colleagues
sequenced the mitochondrial genome of 10 prostate cancer
patients with bone metastases (26). They found that there was a
single recurring mtDNA mutation in 77% of the patients' bone
metastases. This mutation was identified as a missense muta-
tion within the mitochondrial ND3 gene at nucleotide position
10398 (26). Arnold and colleagues found evidence for muta-
tions at other sites; however, these mutations were not exclu-
sively restricted to bone metastases and were found in a smaller
number of patients (30%). On the other hand, Kleist and
colleagues determined that microsatellite instability in hyper-
variable regions (HVR1, HVR2, and HVR3) within the D-loop
region, specifically at positions D310 in HVR2, D514 in HVR3,
and D16184 in HVR1, was more frequently associated with
lymph node metastases than primary tumors in colorectal
cancer (27). In another study, genetic modulation (KO mouse
model) of the human DNA repair enzyme 8-oxoguanine DNA
glycosylase isoform 1-o. (OGG1) protein in mitochondria was
protective against increased mtDNA damage and dysfunction
(28). Reduced mtDNA damage led to suppressed mitochon-
drial ROS production and reduced ROS-dependent metastases
in a polyoma virus middle T antigen (PyMT) model of breast
cancer (28). Thus, these data collectively suggest that altera-
tions in mtDNA that drive cancer metastases may be cancer-
type dependent, with specific mutations driving metastasis in
one cancer type, and the collective mitochondrial genome
dictating metastatic susceptibility in another.

Mouse Models for Studying mtDNA in
Cancer

The large numbers of polymorphisms within mtDNA that have
been reported as being associated with cancer to date (Table 1) are

most likely the tip of the iceberg. Although these analyses of
mtDNA polymorphisms and their cooccurrence with specific

Figure 1.

Diagram of the creation of MNX, conplastic mice, and transmitochondrial mice. All three mouse models highlighted in Fig. 1 have advantages and

disadvantages. However, sequencing of mtDNA from individual mice or from cells provides a known starting point for all of these models. Thus, mixing
and matching of selected mtDNA content with specific nuclear genomes can be achieved with each of these methods. In addition, these models can be
designed to generate mice that are either homoplastic or heteroplastic for mtDNAs. A, MNX mice are established by first isolating fertilized eggs from
one inbred strain (gold mouse) and removing both the female and male pronuclei (red circle). The same process is repeated with a second inbred
strain (gray mouse) and removing both the female and male pronuclei (blue circle). The female and male pronuclei (red circle) are "eXchanged"” and are
transplanted into the enucleated egg of the other strain. The resulting one-celled zygotes are transferred to the oviduct of pseudopregnant females. Live born
pups have their mitochondria from one inbred strain (blue ovals) and their nuclear genome from a different inbred strain (red and blue circles), or vice versa. B,
Conplastic strains are established by a series of backcrosses involving two inbred strains. The nuclear genome from one inbred strain is essentially
backcrossed into the cytoplasm of another inbred strain. This special breeding scheme involves selecting only females for subsequent generations. F1
females carry mitochondria (red ovals) inherited solely from their mother (gold mouse), whereas 50% of their nuclear genome is inherited from their father
and 50% of their nuclear genome is inherited from their mother (faded red circle). F1 females are then bred to males from the original progenitor

strain (gray males), generating N2 females that still have all of their mitochondria (red ovals) from the maternal progenitor strain (gold mouse), whereas
75% of their nuclear genome is from their father and only 25% of their nuclear genome is from their mother (orange circle). After 10 backcross
generations (always selecting N# females for mating), the nuclear genome (yellow circle) is essentially identical to the nuclear genome of the original male
progenitor strain (gray mouse), whereas the mitochondria (red ovals) are solely from the original female progenitor strain (gold mouse). A minimum of
10 backcross generations are required to produce a conplastic strain. C, The derivation of transmitochondrial (mito-mice) mice. The first step involves
identifying mice that carry mtDNA mutations and isolating somatic cells. Removal of the nuclear genome creates cytoplasts, which are then fused to
mtDNA-negative rho-0 cells to create cytoplasmic hybrids (cybrids). Cloning and selection of cybrid lines with a high load of mutant mtDNA is possible. The
selected cybrids undergo removal of their nuclear genome. Next, either of two paths is possible: (i) cybrids are microinjected into pronuclear stage
embryos and subjected to electrofusion to fuse their membrane with that of the embryo. The embryos are then implanted into pseudopregnant hosts to
obtain live born heteroplasmic mito-mice carrying both wild-type and mutant mtDNA. Alternatively, (ii) cybrids are fused with mouse embryonic stem
(ES) cells that have been depleted of mitochondria via treatment with rhodamine-6G. The resulting embryonic stem cells are injected into 8-cell embryos
and implanted into pseudopregnant hosts to obtain live born chimeric mice. Mating of the chimeras to wild-type mice results in the production of
heteroplasmic mito-mice carrying both wild-type and mutant mtDNA. Mutant mtDNA is represented by colored ovals with "XX."
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cancers has provided statistical justifications for significant rela-
tionships, further experimentation is needed to define the role of
specific mtDNA polymorphisms in cancer. Model systems that
can replicate different combinations of mitochondrial and nucle-
ar genomes in vivo would provide a means to investigate the
underlying mechanisms responsible for these genetic relation-
ships. One way to demonstrate how changes in mtDNA sequence
are translated into effects on cancer initiation, growth, progres-
sion, and/or metastases is via the use of suitable mouse models.
We highlight below three methods that result in designer combi-
nations of mtDNA and nuclear DNA in live mice and indicate the
advantages and applications of each method for further
investigations.

MNX mice

The ability to generate live born mice from fertilized eggs
whose nuclear genomes had been removed and replaced with
ones from other embryos was elegantly demonstrated in the
1980s (29, 30); these embryonic nuclear transplant experi-
ments proved that contributions from the maternal and the
paternal genomes were both required for an embryo to develop
to term. This research also demonstrated the nonequivalence of
the maternal and paternal genomes, ushering in the concept of
imprinting. Since that time, successful manipulation of both
the nuclear as well as the mitochondrial content of mouse cells
has opened the door to studying questions regarding mito-
chondrial biology, and the interplay between the mitochon-
drial and nuclear genomes.

In this issue of Cancer Research, Vivian and colleagues (9)
utilized the novel Mitochondrial-Nuclear eXchange (MNX)
mouse model (31) to examine the effects of the mitochon-
drial genome on the nuclear genome (32). Previously, Bal-
linger and Welch had pioneered the use of nuclear transplan-
tation technology to selectively develop mice that had their
nuclear genome from one inbred strain and their mitochon-
dria (mtDNA) from a different inbred strain (originally
described in refs. 33, 34; see Fig. 1A and legend for details).
The resulting MNX mice allowed these investigators to eval-
uate changes in nuclear DNA methylation and gene expres-
sion patterns that could only be due to differences in mito-
chondrial content (as the nuclear genomes were the same).
The key finding is that different mitochondrial genomes, in
combination with the same nuclear genome, result in differ-
ential methylation of specific sites in the nuclear genomes as
well as differential expression of genes encoded by the nuclear
genome (32).

Previously, Ballinger and Welch had utilized MNX mice to
study how mtDNA impacts cancer progression (35). Strains
examined include C57BL/6]J, FVB/NJ, and BALB/dJ. To investigate
the role of mtDNA in breast cancer, female MNX mice were
crossed with males carrying a PyMT transgene to produce mice
hemizygous for PyMT with mtDNA from different genetic back-
grounds (35). The authors discovered that FVB" mice with
mtDNA from the C57BL/6] (BL/6™) strain had an increased
primary PyMT tumor latency (~65 days) when compared with
FVB" mice with mtDNA from the FVB/NJ (FVB™) or BALB/cJ
(BALB/c™) strain (~59 and ~52 days, respectively). Furthermore,
FVB" mice with mtDNA from the BALB/cJ (BALB/c™) strain
developed larger individual lung metastases (in cm?), indicating
an increased metastatic burden when compared with FVB" mice
containing mtDNA from the C57BL/6]J (BL/6™") strain (35). Thus,

6056 Cancer Res; 77(22) November 15, 2017

these results suggest that the mitochondrial genome of an indi-
vidual may influence disease progression. These results also
suggest that polymorphisms in mtDNA directly affect breast
cancer progression. Furthermore, these results show the utility of
the MNX mice as a model system to examine the impact of
differences in the mitochondrial genome versus the nuclear
genome.

Conplastic mice

Another type of inbred strain that is useful for understand-
ing the interplay between the mitochondrial and nuclear
genomes is conplastic strains. Conplastic strains are mice that
have been bred via a series of backcrosses to have their nuclear
genome from one inbred strain and their mtDNA from a
different inbred strain (see Fig. 1B and legend for details),
thus essentially establishing new inbred strains similar to MNX
mice, although the time to establish conplastic strains can take
4 to 5 years (36). Yu and colleagues demonstrated how a panel
of conplastic strains carrying different mtDNA mutations can
be generated and used to study disease (36). They sequenced
the mtDNA of 27 inbred strains and compared their results
with published mtDNA sequences of 29 inbred mouse strains.
They identified mutations in mtDNA and established a panel
of conplastic strains that each carried a different mtDNA in
combination with the C57BL/6] nuclear genome. Evaluation
of these conplastic strains demonstrated that mtDNA varia-
tions affected susceptibility to complex traits (namely auto-
immune encephalomyelitis and anxiety-related behavior;
ref. 36). This research represents one of several reports that
demonstrate the utility of conplastic strains to study the effects
of mtDNA polymorphisms and mutations on a variety of
phenotypes.

Mito-Mice

The technology to establish transmitochondrial mice was orig-
inally designed to introduce mutant mtDNA into wild-type mice
(see Fig. 1C and legend for details). Alternatively called "mito-
mice," different lines have been established to study a variety of
phenotypes. Although technically challenging, mito-mice have
been selected for differing levels of heteroplasmy to assess thresh-
old effects for polymorphic (or mutant) mtDNAs on the same
nuclear genetic background (37).

Mito-mice have been used for a variety of studies, including
the impact of respiration defects on disease. As an example of
their utility for cancer studies, two lines of mito-mice were
developed that have the same mutation (G13997A) in the mt-
Nd6 gene, albeit in combination with the nuclear genomes of
the C57BL/6 (B6) and A/] inbred strains. Studies demonstrated
that mutant mtDNA enhanced the frequency of lymphoma
development in the already predisposed B6 nuclear back-
ground, but did not enhance lymphoma development in the
nonpredisposed A/J nuclear background (38). The differential
effects noted above may be linked to respiration effects and/or
ROS overproduction similar to what has been shown for
mutant mtDNA in embryonic stem cells and mito-mice (38).
Overall, these findings indicate that mitochondrial-nuclear
interplay is important in the pathogenesis of disease states.

All of these technologies provide distinct models to investigate
mtDNA, by comparing the same mtDNA albeit in combination
with different nuclear genomes, or alternatively, by comparing
different mtDNAs in combination with the same nuclear genome.

Cancer Research
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Applications of the technology for studying effects of mtDNA
alterations in cancer in vivo

As described in this issue of Cancer Research by Vivian and
colleagues (9), the development of MNX mice via nuclear trans-
plantation technology generated mice with the same nuclear
genome, but different mitochondrial genomes (and vice versa;
ref. 32). This model system has many applications. For example,
MNX mice can be used to assess characteristics of pools of methyl
donors. Methyl donors are substances, such as folate, methionine,
or S-adenosylmethionine, that can transfer a methyl group (-CHj3)
to another substance (40, 41). Both DNA and lipid metabolism
rely on methylation, where the constant availability of a pool of
methyl donors is necessary for consistent replication of a methy-
lome (methylation pattern; refs. 41, 42). Methylation of DNA, in
particular, impacts cancer initiation and progression (43, 44). In
fact, DNA demethylation agents have been used as therapeutics
for cancer patients to decrease cancer cell proliferation and induce
terminal differentiation (45, 46). DNA demethylation agents
allow cancer cells to function under aerobic glycolysis, enabling
increased proliferation and self-renewal, but halting cancer cell
differentiation. For example, Lee and colleagues discovered that
cancer cell treatment (including breast, ovarian, glioblastoma
multiforme, and myeloma) with the global demethylation agent
(5-azaC), caused demethylation of the cancer cells within exon 2
of the POLGA gene and promoted cellular differentiation via
increased mtDNA replication (47). In addition, as the MNX
model system has been previously used to examine alterations
in mtDNA, similar mouse models might be constructed to exam-
ine the impact of mtRNA, nuclear-mtDNA interplay, and non-
coding RNA functions on disease progression.

At present, the significant limitations to creating designer
alterations in mtDNA prohibit the recapitulation of poly-
morphisms (or mutations) found in the human population
(48). However, the relatively high mutation rate of mtDNA,
coupled with the ability to identify mice that carry polymor-
phic (or mutant) mtDNAs via sequencing, is unparalleled. The
potent methods (Fig. 1) for establishing live mice with select-
ed combinations of mitochondrial and nuclear genomes will
enable answers to a vast array of questions, including those
regarding the machinery responsible for retrograde and anter-
ograde signaling between the mitochondrial and nuclear
genomes (49) and the relationship of mitochondrial dysfunc-
tion to changes in the epigenetic landscape of the nuclear
genome (50).
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Considerations and unanswered questions

Many questions still remain about the role of mtDNA on the
initiation, growth, and progression of cancer. One of the most
critical questions is that although whole-genome sequencing of
an individual's normal and tumor tissues can decipher what
changes have occurred in both mtDNA and nuclear DNA, there
is no model system currently available to evaluate the relevance of
such changes. How mitochondrial function is altered in the
presence of certain combinations of nuclear and mitochondrial
genomes remains poorly understood and calls into question the
safety of embryonic manipulations, including the three-parent
baby (51). Furthermore, evolution may have preselected "com-
patible” mitochondrial and nuclear genomes to maximize func-
tion for survival (49); however, sequencing data argues that as
mtDNA haplogroups coexist with divergent nuclear genomes in
healthy individuals, "compatibility" is not an issue (16). The
mouse models shown in Fig. 1 may be essential for testing
hypotheses to resolve these controversies.

And, as highlighted by controversies in the field (14, 15),
what impact does mtDNA content have on tumor progression?
Does the mtDNA content of primary tumors differ from
subsequent metastases? If so, what mechanisms do invasive
cancer cells utilize to initiate these changes? Moreover, does
mtDNA content, and subsequent regulation of mitochondrial
respiration and/or other mitochondrial functions, influence
disseminated cancer cell dormancy? Better understanding of
the relevance and mechanisms behind these questions will aid
in the development of therapeutics to manipulate mtDNA and
suppress cancer initiation and progression.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments

We thank Dr. Arthur M. Buchberg for reviewing the manuscript and for
assistance with Table 1 and Figure 1. We thank Dr. Jan B. Hoek for consultation
on mitochondrial biology. We would like to acknowledge all authors whose
outstanding work we were unable to report on.

Grant Support
K.M. Bussard and L.D. Siracusa are supported by grants from the NCI.

Received June 28, 2017; revised July 25, 2017; accepted September 13, 2017;
published OnlineFirst November 2, 2017.

7. Vyas S, Zaganjor E, Haigis MC. Mitochondria and Cancer. Cell 2016;166:
555-60.

8. Zong WX, Rabinowitz JD, White E. Mitochondria and Cancer. Mol Cell
2016;61:667-76.

9. Vivian CJ, Brinker AE, Graw S, Koestler DC, Legendre C, Gooden GC, et al.
Mitochondrial genomic backgrounds affect nuclear DNA methylation
and gene expression. Cancer Res 2017;77:6202-14.

10. Mercer TR, Neph S, Dinger ME, Crawford J, Smith MA, Shearwood
AM, et al. The human mitochondrial transcriptome. Cell 2011;146:
645-58.

11. Scheffler IE, editor. Mitochondria. Hoboken, NJ: John Wiley & Sons, Inc.;
2008.

12. Wallace DC. Mitochondria and cancer. Nat Rev Cancer 2012;12:685-98.

13. Aisenberg AC, Potter VR. Studies on the Pasteur effect. II. Specific mechan-
isms. ] Biol Chem 1957;224:1115-27.

Cancer Res; 77(22) November 15, 2017

220z ¥snbny 9z uo 3senb Aq ypd-1.G09/£86.5.2/1509/22/ L L/4Pd-d|d11E/S81190UBD/610"S|EUINO[IOBE//:d)RY WO popeojumoq

6057



Bussard and Siracusa

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

LeBleu VS, O'Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K,
Haigis Marcia C, et al. PGC-1a mediates mitochondrial biogenesis and
oxidative phosphorylation in cancer cells to promote metastasis. Nat Cell
Biol 2014;16:992-1003.

Liu W, Beck BH, Vaidya KS, Nash KT, Feeley KP, Ballinger SW, et al.
Metastasis suppressor KISS1 seems to reverse the Warburg effect by
enhancing mitochondrial biogenesis. Cancer Res 2014;74:954-63.
Rishishwar L, Jordan IK. Implications of human evolution and admix-
ture for mitochondrial replacement therapy. BMC Genomics 2017;18:
140.

Chen C, Ba Y, Li D, Du X, Lia X, Yang H, et al. Genetic variations
of mitochondrial genome modify risk and prognosis of hepatocel-
lular carcinoma patients. Clin Res Hepatol Gastroenterol 2017;41:
378-85.

Li S, Wan P, Peng T, Xiao K, Su M, Shang L, et al. Associations between
sequence variations in the mitochondrial DNA D-loop region and out-
come of hepatocellular carcinoma. Oncol Lett 2016;11:3723-8.

Er LM, Wu ML, Gao Y, Wang §J, Li Y. Identification of sequence poly-
morphisms in the displacement loop region of mitochondrial DNA as a
risk factor for gastroenteropancreatic neuroendocrine neoplasm. J Clin Lab
Anal 2017;31:e22078.

Guo Z, Zhao S, Fan H, Du Y, Zhao Y, Wang G. Identification of sequence
polymorphisms in the D-Loop region of mitochondrial DNA as a risk
factor for colon cancer. Mitochondrial DNA A DNA Mapp Seq Anal
2016;27:4244-5.

Kodron A, Ghanim M, Krawczyk KK, Stelmaszczyk-Emmel A, Tonska K,
Demkow U, et al. Mitochondrial DNA in pediatric leukemia patients. Acta
Biochim Pol 2017;64:183-7.

Cai FF, Kohler C, Zhang B, Chen W], Barekati Z, Garritsen HSP, et al.
Mutations of mitochondrial DNA as potential biomarkers in breast cancer.
Anticancer Res 2011;31:4267-71.

Elsayed ET, Hashad MM, Elgohary IE. Mitochondrial DNA copy number
variation as a potential predictor of renal cell carcinoma. Int J Biol Markers
2017;32:e313-8.

Bao D, BaY, Zhou F, Zhao J, Yang Q, Ge N, et al. Alterations of telomere
length and mtDNA copy number are associated with overall survival in
hepatocellular carcinoma patients treated with transarterial chemoembo-
lization. Cancer Chemother Pharmacol 2016;78:791-9.

Kenny TC, Hart P, Ragazzi M, Sersinghe M, Chipuk J, Sagar MA,
et al. Selected mitochondrial DNA landscapes activate the SIRT3
axis of the UPRmt to promote metastasis. Oncogene 2017;36:
4393-404.

Arnold RS, Fedewa SA, Goodman M, Osunkoya AO, Kissick HT, Morrissey
C, et al. Bone metastasis in prostate cancer: Recurring mitochondrial DNA
mutation reveals selective pressure exerted by the bone microenvironment.
Bone 2015;78:81-6.

Kleist B, Meurer T, Poetsch M. Mitochondrial DNA alteration in primary
and metastatic colorectal cancer: Different frequency and association with
selected clinicopathological and molecular markers. Tumour Biol 2017;
39:1010428317692246.

Yuzefovch LV, Kahn AG, Schuler MA, Eide L, Arora R, Wilson GL, et al.
Mitochondrial DNA repair through OGG1 activity attentuates breast
cancer progression and metastasis. Cancer Res 2016;76:30-4.

McGrath J, Solter D. Completion of mouse embryogenesis requires both
the maternal and paternal genomes. Cell 1984;37:179-83.

Surani MA, Barton SC, Norris ML. Development of reconstituted mouse
eggs suggests imprinting of the genome during gametogenesis. Nature
1984;308:548-50.

Kesterson RA, Johnson LW, Lambert LJ, Vivian JL, Welch DR, Ballinger SW.
Generation of mitochondrial-nuclear eXchange mice via pronuclear trans-
fer. Bio Protoc 2016;6:pii:e1976.

Vivian CJ, Brinker AE, Graw S, Koestler DC, Legendre C, Gooden GC,
et al. Mitochondrial genomic backgrounds affect nuclear DNA meth-
ylation and gene expression. Cancer Res 2017 Jun 29. [Epub ahead of
print].

Fetterman JL, Zelickson BR, Johnson LW, Moellering DR, Westbrook DG,
Pompilius M, et al. Mitochondrial genetic background modulates bioen-
ergetics and susceptibility to acute cardiac volume overload. Biochem J
2013;455:157-67.

Han Z, Cheng Y, Liang CG, Latham KE. Nuclear transfer in mouse oocytes
and embryos. Methods Enzymol 2010;476:171-84.

6058 Cancer Res; 77(22) November 15, 2017

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Feeley KP, Bray AW, Westbrook DG, Johnson LW, Kesterson RA, Ballinger
SW, et al. Mitochondrial genetics regulate breast cancer tumorigenicity
and metastatic potential. Cancer Res 2015;75:4429-36.

Yu X, Gimsa U, Wester-Rosenlof L, Kanitz E, Otten W, Kunz M, et al.
Dissecting the effects of mtDNA variations on complex traits using mouse
conplastic strains. Genome Res 2009;19:159-65.

Nakada K, Hayashi J. Transmitochondrial mice as models for mitochon-
drial DNA-based diseases. Exp Animals 2011;60:421-31.

Hashizume O, Yamanashi H, Taketo MM, Nakada K, Hayashi J. A specific
nuclear DNA background is required for high frequency lymphoma
development in transmitochondrial mice with G13997A mtDNA. PLoS
One 2015;10:e0118561.

Kasahara A, Ishikawa K, Yamaoka M, Ito M, Watanabe N, Akimoto M, et al.
Generation of trans-mitochondrial mice carrying homoplasmic mtDNAs
with a missense mutation in a structural gene using ES cells. Hum Mol
Genet 2006;15:871-81.

Niculescu MD, Zeisel SH. Diet, methyl donors and DNA methylation:
interactions between dietary folate, methionine and choline. J Nutr
2002;132:2333s-5s.

Zeisel SH. Importance of methyl donors during reproduction. Am J Clin
Nutr 2009;89:673S-7S.

Vryer R, Saffery R. Metabolic regulation of DNA methylation in mamma-
lian cells. In: Tollefsbol TO, editor. Handbook of epigenetic. Maryland
Heights, Missouri: Elsevier; 2017. p. 293-305.

Troester MA, Hoadley KA, D'Arcy M, Cherniack AD, Stewart C, Koboldt DC,
et al. DNA defects, epigenetics, and gene expression in cancer-adjacent
breast: a study from the cancer genome atlas. NPJ Breast Cancer 2016;
2:16007.

Chen Y, Marotti JD, Jenson EG, Onega TL, Johnson KC, Christensen BC.
Concordance of DNA methylation profiles between breast core biopsy and
surgical excision specimens containing ductal carcinoma in situ (DCIS).
Exp Mol Pathol 2017;103:78-83.

Christman JK, Mendelsohn N, Herzog D, Schneiderman N. Effect of 5-
azacytidine on differentiation and DNA methylation in human promye-
locytic leukemia cells (HL-60). Cancer Res 1983;43:763-9.

Braiteh F, Soriano AO, Garcia-Manero G, Hong D, Johnson MM, Silva Lde
P, et al. Phase I study of epigenetic modulation with 5-azacytidine and
valproic acid in patients with advanced cancers. Clin Cancer Res 2008;
14:6296-301.

Lee W, Johnson J, Gough DJ, DonoghueJ, Cagnone GLM, VaghjianiV, etal.
Mitochondrial DNA copy number is regulated by DNA methylation and
demethylation of POLGA in stem and cancer cells and their differentiated
progeny. Cell Death Dis 2015;6:e1664.

Patananan AN, WuTH, Chiou PY, Teitell MA. Modifying the mitochondrial
genome. Cell Metab 2016;23:785-96.

Ballinger SW. Beyond retrograde and anterograde signalling: mitochon-
drial-nuclear interactions as a means for evolutionary adaptation and
contemporary disease susceptibility. Biochem Soc Trans 2013;41:111-7.
Minocherhomiji S, Tollefsbol TO, Singh KK. Mitochondrial regulation of
epigenetics and its role in human diseases. Epigenetics 2012;7:326-34.
Zhang]J, LiuH, Luo S, Lu Z, Chavez-Badiola A, Liu Z, et al. Live birth derived
from oocyte spindle transfer to prevent mitochondrial disease. Reprod
Biomed Online 2017;34:361-8.

Gutiérrez Povedano C, Salgado J, Gil C, Robles M, Patino-Garcia A, Garcia-
Foncillas J. Analysis of BRCA1 and mtDNA haplotypes and mtDNA
polymorphism in familial breast cancer. Mitochondrial DNA 2015;26:
227-31.

Ye C, Gao YT, Wen W, Breyer JP, Shu XO, Smith JR, et al. Association of
mitochondrial DNA displacement loop (CA)n dinucleotide repeat poly-
morphism with breast cancer risk and survival among Chinese women.
Cancer Epidemiol Biomarkers Prev 2008;17:2117-22.

Tengku Baharudin N, Jaafar H, Zainuddin Z. Association of mitochondrial
DNA 10398 polymorphism in invasive breast cancer in malay population
of peninsular malaysia. Malaysian ] Med Sci 2012;19:36-42.

Fang H, Shen L, Chen T, He J, Ding Z, Wei J, et al. Cancer type-specific
modulation of mitochondrial haplogroups in breast, colorectal and thy-
roid cancer. BMC Cancer 2010;10:421.

Czarnecka AM, Krawczyk T, Zdrozny M, Lubinski J, Arnold RS, Kukwa W,
et al. Mitochondrial NADH-dehydrogenase subunit 3 (ND3) polymor-
phism (A10398G) and sporadic breast cancer in Poland. Breast Cancer Res
Treat 2010;121:511-8.

Cancer Research

220z ¥snbny 9z uo 3senb Aq ypd-1.G09/£86.5.2/1509/22/ L L/4Pd-d|d11E/S81190UBD/610"S|EUINO[IOBE//:d)RY WO popeojumoq



57.

58.

59.

60.

61.

62.

63.

Darvishi K, Sharma S, Bhat AK, Rai E, Bamezai RN. Mitochondrial DNA
G10398A polymorphism imparts maternal Haplogroup N a risk for breast
and esophageal cancer. Cancer Lett 2007;249:249-55.

Tipirisetti NR, Govatati S, Pullari P, Malempati S, Thupurani MK, Perugu S,
et al. Mitochondrial control region alterations and breast cancer risk: a
study in South Indian population. PLoS One 2014;9:e85363.

Kulawiec M, Owens KM, Singh KK. mtDNA G10398A variant in African-
American women with breast cancer provides resistance to apoptosis and
promotes metastasis in mice. ] Hum Genet 2009;54:647-54.
Guardado-Estrada M, Medina-Martinez I, Juarez-Torres E, Roman-
Bassaure E, Macias L, Alfaro A, et al. The Amerindian mtDNA
haplogroup B2 enhances the risk of HPV for cervical cancer: de-
regulation of mitochondrial genes may be involved. ] Hum Genet
2012;57:269-76.

Zhai K, Chang L, Zhang Q, Liu B, Wu Y. Mitochondrial C150T polymor-
phism increases the risk of cervical cancer and HPV infection. Mitochon-
drion 2011;11:559-63.

Li Y, Beckman KB, Caberto C, Kazma R, Lum-Jones A, Haiman CA, et al.
Association of genes, pathways, and haplogroups of the mitochondrial
genome with the risk of colorectal cancer: the multiethnic cohort. PLoS
One 2015;10:e0136796.

Permuth-Wey ], Chen YA, Tsai YY, Chen Z, Qu X, Lancaster JM, et al.
Inherited variants in mitochondrial biogenesis genes may influence

www.aacrjournals.org

64.

65.

66.

67.

68.

69.

70.

Mitochondrial Polymorphisms in Cancer

epithelial ovarian cancer risk. Cancer Epidemiol Biomarkers Prev 2011;20:
1131-45.

Li XY, Guo YB, Su M, Cheng L, Lu ZH, Tian DP. Association of mitochon-
drial haplogroup D and risk of esophageal cancer in Taihang Mountain
and Chaoshan areas in China. Mitochondrion 2011;11:27-32.

Wei L, Zhao Y, Guo TK, Li PQ, Wu H, Xie HB, et al. Association of
mtDNA D-loop polymorphisms with risk of gastric cancer in Chinese
population. Pathol Oncol Res 2011;17:735-42.

JinY, Yu Q, Zhou D, Chen L, Huang X, Xu G, et al. The mitochondrial
DNA 9-bp deletion polymorphism is a risk factor for hepatocellular
carcinoma in the Chinese population. Genet Test Mol Biomarkers
2012;16:330-4.

Zhang W, Wang W, Jia Z. Single nucleotide polymorphisms in the mito-
chondrial displacement loop region modifies malignant melanoma: a
study in Chinese Han population. Mitochondrial DNA 2015;26:205-7.
Xu H, He W, Jiang HG, Zhao H, Peng XH, Wei YH, et al. Prognostic value of
mitochondrial DNA content and G10398A polymorphism in non-small
cell lung cancer. Oncol Rep 2013;30:3006-12.

Datta S, Majumder M, Biswas NK, Sikdar N, Roy B. Increased risk of oral
cancer in relation to common Indian mitochondrial polymorphisms and
Autosomal GSTP1 locus. Cancer 2007;110:1991-9.

Choudhury AR, Singh KK. Mitochondrial determinants of cancer health
disparities. Semin Cancer Biol 2017 May 6. [Epub ahead of print].

Cancer Res; 77(22) November 15, 2017

220z ¥snbny 9z uo 3senb Aq ypd-1.G09/£86.5.2/1509/22/ L L/4Pd-d|d11E/S81190UBD/610"S|EUINO[IOBE//:d)RY WO popeojumoq

6059



