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The ability to rapidly adapt cellular bioenergetic capabilities to meet rapidly changing
environmental conditions is mandatory for normal cellular function and for cancer pro-
gression. Any loss of this adaptive response has the potential to compromise cellular
function and render the cell more susceptible to external stressors such as oxidative
stress, radiation, chemotherapeutic drugs, and hypoxia. Mitochondria play a vital role in
bioenergetic and biosynthetic pathways and can rapidly adjust to meet the metabolic
needs of the cell. Increased demand is met by mitochondrial biogenesis and fusion of
individual mitochondria into dynamic networks, whereas a decrease in demand results
in the removal of superfluous mitochondria through fission and mitophagy. Effective com-
munication between nucleus and mitochondria (mito-nuclear cross talk), involving the
generation of different mitochondrial stress signals as well as the nuclear stress response
pathways to deal with these stressors, maintains bioenergetic homeostasis under most
conditions. However, when mitochondrial DNA (mtDNA) mutations accumulate and
mito-nuclear cross talk falters, mitochondria fail to deliver critical functional outputs.
Mutations in mtDNA have been implicated in neuromuscular and neurodegenerative
mitochondriopathies and complex diseases such as diabetes, cardiovascular diseases,
gastrointestinal disorders, skin disorders, aging, and cancer. In some cases, drastic
measures such as acquisition of new mitochondria from donor cells occurs to ensure
cell survival. This review starts with a brief discussion of the evolutionary origin of mito-
chondria and summarizes how mutations in mtDNA lead to mitochondriopathies and
other degenerative diseases. Mito-nuclear cross talk, including various stress signals
generated by mitochondria and corresponding stress response pathways activated by
the nucleus are summarized. We also introduce and discuss a small family of recently dis-
covered hormone-like mitopeptides that modulate body metabolism. Under conditions
of severe mitochondrial stress, mitochondria have been shown to traffic between cells,
replacing mitochondria in cells with damaged and malfunctional mtDNA. Understanding
the processes involved in cellular bioenergetics and metabolic adaptation has the
potential to generate new knowledge that will lead to improved treatment of many of
the metabolic, degenerative, and age-related inflammatory diseases that characterize
modern societies.

Keywords: mitochondrial DNA, mitochondrial DNA mutations, mitochondriopathies, mito-nuclear cross talk,
mitochondrial transfer, mitochondrial stress signals, mitopeptides
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INTRODUCTION

Mitochondria are maternally inherited multifunctional organelles
that form a comprehensive network in many cells maintained by
an intricate balance between fission and fusion, mitochondrial
biogenesis, and mitophagy (1, 2). Although mitochondria are best
known for harvesting and storing energy released by the oxidation
of organic substrates under aerobic conditions through respiration,
their many anabolic functions are often overlooked (see Figure 1).
Arguably, the biosynthetic functions of mitochondria are at least
as important for tumorigenesis and tumor progression as ATP
generation [recently reviewed by Ahn and Metallo (3)]. Tumor
cells easily survive in hypoxic conditions by recycling NADH to
NAD* via lactate dehydrogenase (LDH) and plasma membrane
electron transport (PMET) to allow for continued glycolytic ATP
production (4). Cells without mitochondrial (mt) DNA (p° cells)
are incapable of mitochondrial electron transport (MET) coupled
to oxidative phosphorylation (OXPHOS), but proliferate if sup-
plemented with pyruvate and uridine (5, 6). Pyruvate addition
appears to be necessary to maintain the pyruvate/lactate couple
which generates NAD* for continued glycolysis, even though the
majority of pyruvate produced through glycolysis will be reduced
to lactate rather than entering the Krebs cycle, which limits bio-
synthetic intermediates required for several metabolic pathways
(3, 5). For example, a-ketoglutarate is a precursor of glutamate,
glutamine, proline, and arginine while oxaloacetate produces
lysine, asparagine, methionine, threonine, and isoleucine. Amino
acids in turn are precursors for other bioactive molecules, such
as nucleotides, nitric oxide, glutathione, and porphyrins. Citrate
can be transported out of mitochondria via the pyruvate-citrate
shuttle and metabolized to cytosolic acetyl-CoA, which is the
substrate for the biosynthesis of fatty acids and cholesterol
as well as protein acetylation (3). Uridine is necessary for p°
cells to bypass metabolic reliance on MET, allowing continued

pyrimidine biosynthesis and thus DNA replication to continue.
Dihydroorotate dehydrogenase (DHODH), a flavoprotein found
on the outer surface of the inner mitochondrial membrane
(IMM), oxidizes dihydroorotate to orotate. Electrons from this
oxidation are used to reduce coenzyme Q just prior to complex III
in MET (6). In the absence of MET, DHODH is unable to oxidize
dihydroorotate, blocking pyrimidine biosynthesis.

Whereas many biosynthetic processes occur in the mitochon-
drial matrix, respiratory complexes that form the functional
respirasome are positioned in the IMM, which is heavily folded
into cristae in many cell types with high energy requirements.
Electrons from NADH and FADH? are transported to oxygen
as the terminal electron acceptor through respiratory complexes
I, IL, III, and IV of MET. The energy released in this process
is stored in the form of a proton gradient, which produces an
electric potential across the IMM. This membrane potential
drives the generation of ATP through OXPHOS via the FoF,
ATP synthase (respiratory complex V) [summarized in Ref. (7)].
The mitochondrial membrane potential also regulates influx of
Ca’* ions into the mitochondria to buffer cytoplasmic calcium as
well as facilitate the import of nuclear-encoded, mitochondrially
targeted proteins (n-mitoproteins) (7-10). MET ensures low
NADH/NAD* ratios to facilitate sustained glycolysis. An impor-
tant byproduct of MET is the production of reactive oxygen
species (ROS) which at low levels act in cell signaling pathways.
These radicals are balanced by strong mitochondrial antioxidant
defense systems to prevent oxidative damage to mitochondrial
DNA (mtDNA), and to protein and lipids at higher concentra-
tions (11, 12). Mitochondria are also involved in regulation of
apoptosis through activation of the mitochondrial permeability
transition pore whenever ROS and the AMP/ATP ratio increases
and Ca®" levels in the mitochondria increase (13, 14).

Mitochondria play a vital role in bioenergetic and biosynthetic
pathways and can rapidly adapt to meet the metabolic needs of
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FIGURE 1 | Mitochondrial involvement in fundamental cellular pathways and processes.
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the cell. Increased demand is met by mitochondrial biogenesis
and fusion of individual mitochondria into dynamic networks,
whereas a decrease in demand results in the removal of superflu-
ous mitochondria though fission and mitophagy (1, 2, 15, 16).
This level of adaptability to cellular needs is achieved by effective
communication between the nucleus and the mitochondria.
Factors that compromise mito-nuclear cross talk will affect
the cell’s ability to respond to stresses caused by changes in the
microenvironment. Effective mito-nuclear cross talk is also of
vital importance in tumorigenesis and tumor progression but
remains largely unexplored (17). The role of mitochondria in
different stages of tumor biology has been reviewed recently
(10, 18-20). This review will discuss how cells respond when
mtDNA mutations accumulate, mito-nuclear cross talk falters,
and mitochondria do not deliver important functional outputs.
In some cases, drastic measures such as acquisition of new mito-
chondria from donor cells occur to ensure cell survival.

EVOLUTIONARY ORIGIN
OF MITOCHONDRIA

To better understand the need for and intricacies of ongoing
mito-nuclear communication, we provide a brief summary of
the events that led to mitochondria becoming an integral part of
eukaryotic cells. The idea that mitochondria originated from free
living bacteria that became incorporated inside an archaeal cell
via endocytosis (21) is supported by phylogenetic analysis of con-
served ribosomal RNA (rRNA) (22, 23). It is now widely accepted
that all multicellular life originated from a common eukaryotic
ancestor that evolved more than two billion years ago. Although
the exact timing of the acquisition of the a-proteobacterium is
still debated (24, 25), the metabolic advantages that this endosym-
biotic relationship brought are indisputable. Protomitochondria
conferred on early eukaryotes the ability to use previously toxic
oxygen to fuel a much more efficient way of releasing energy
from organic substrates, aerobic respiration. This allowed them
to colonize new and diverse ecological niches and set the scene for
the advent of complex multicellularity, eventually giving rise to
fungal, plant, and animal cells. A comparison of non-ribosomal
proteomes of «-proteobacteria and eukaryotes reveals that
protomitochondrial metabolism was likely based on the aerobic
catabolism of lipids, glycerol, and amino acids provided by the
host. Over time, considerable endosymbiotic gene transfer from
the protomitochondrion to the host nucleus occurred while many
genes were lost through redundancy. As a result, the nuclear
genome has become larger and more complex, while the mito-
chondrial genome has dwindled. A comparison of proteomes
suggests that only 22% of human mitochondrial proteins are of
protomitochondrial descent (26).

INTEGRITY OF mtDNA

Organization of mtDNA in Nucleoids

The human mitochondrial genome is a double-stranded, closed-
circular molecule of 16,569 nucleotide pairs. It was first sequenced
in 1981 (27) and revised in 1999 (28). mtDNA does not contain

introns and encodes just 13 polypeptides, 22 transfer RNAs
(tRNAs), and the 125 and 16S rRNA genes for mitochondrial pro-
tein synthesis (29). The 13 polypeptides encode subunits of the
respiratory complexes (7 of 45 for RC-1, 1 of 11 for RC-III, 3 of 13
for RC-1V, and 2 of 16 for RC-V). The four subunits that make up
RC-II are nuclear encoded along with the remaining 85% of the
other RC subunits (29). Nuclear DNA encodes more than 22,000
proteins, about 1,500 of which contribute to the mitochondrial
proteome. These n-mitoproteins include enzymes required for
the TCA cycle, amino acid, nucleic acid and lipid biosynthesis,
mtDNA and RNA polymerases, transcription factors, ribosomal
proteins in addition to all components of DNA repair pathways.
N-mitoproteins are expressed in the cytoplasm and folded upon
entry through the mitochondrial outer membrane via the TOM/
TIM complex. From there, they locate to their specific sites: the
outer mitochondrial membrane (OMM), the IMM, the inter-
membrane space (IMS), or the mitochondrial matrix (30).
Mitochondrial DNA is not structurally associated with
histones, as is nuclear DNA. Instead, it is closely associated
with a number of proteins in discreet nucleoids, approximately
100 nm in diameter. Nucleoids are anchored to the IMM, fac-
ing the matrix (31). One cell can contain tens to thousands of
nucleoids, each with a single mtDNA molecule as shown by
super-resolution microscopy (31). Transcription factor A of
mitochondria (TFAM), the mtDNA helicase Twinkle, and
mitochondrial single-stranded DNA-binding protein (mtSSB)
all co-localize with mtDNA within nucleoids (32). TFAM binds
to mtDNA and forces U-turns in the circular molecule, which
allows compacting and packaging of mtDNA into nucleoids (33).
TFAM plays an important role in both the transcription and
maintenance of mtDNA and has been shown to recognize and
bind to cisplatin-damaged and oxidized mtDNA. TFAM is also
expressed in the nucleus and regulates nuclear genes. mtDNA
replication is enhanced by an increase in expression of the
master regulator of the mitochondrial biogenesis, transcriptional
coactivator peroxisome proliferator-activated receptor gamma
coactivator lalpha (PGC-1a) expression via co-activation of the
nuclear respiratory factor 2 (NF2), and NF1 (34). Overexpression
of mitochondrial TFAM after cisplatin exposure promotes treat-
ment resistance and cancer growth (35). High TFAM expression
in tumors has been found to be correlated with poor outcomes
in patients with ovarian cancer, pancreatic adenocarcinoma,
endometrial adenocarcinoma, and colorectal cancer, with a
poor response to chemotherapy [reviewed by Kohno et al. (35)].
TFAM, Twinkle, and mtSSB are essential components of nucle-
oids. Other n-mitoproteins associated with mtDNA replication,
transcription, translation, and repair are transiently associated
with the nucleoid and are referred to as mitochondrial nucleoid
associated proteins (30). Mito-ribosomes, although found close
to nucleoids, are not attached and are, therefore, not part of the
nucleoid. In contrast to prokaryotes, mitochondrial transcription
and translation occur as separate processes, with the polycistronic
RNA needing further processing before being translated. Any
apparent association with the nucleoid is likely to be related to the
small spaces between cristae in the mitochondrial matrix (30).
The mitochondrial and nuclear genomes differ in size by more
than five orders of magnitude. However, each somatic cell contains
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10 to several thousand mtDNA copies (31) and only two copies of
nDNA. This disproportionate representation of protein-encoding
mitochondrial to nuclear genes in most cells exceeds two orders
of magnitude (36), requiring ongoing mito-nuclear communica-
tion to ensure appropriate stoichiometry of RC subunits. Both
decreased and increased mtDNA copy numbers have been associ-
ated with increased cancer incidence, with contradictory findings
between some studies for the same type of tumor. For example,
both increased (37) and decreased copy numbers (38, 39) have
been reported to increase the incidence of renal cancer.

Given the density of open reading frames in mtDNA, one
could argue that loss of mtDNA integrity can have serious
consequences for individual cells as well as the entire organism.
It is generally accepted that mtDNA mutates more rapidly than
nDNA because of its close proximity to mitochondrially gener-
ated ROS, lack of protective histone proteins, and comparatively
less effective repair processes (40, 41). An earlier study showed
that mtDNA damage is not only more severe but also persists
longer than nuclear DNA damage after H,O, exposure (42).
However, other studies have shown that the DNA-binding
proteins of mitochondrial nucleoids can be equally protective of
mtDNA as histones are of nuclear DNA when exposed to H,O, or
X-rays (43). In addition, the effect of a single mtDNA mutation
may have fewer consequences than a single nDNA mutation.
Impaired MET due to mtDNA mutations results in depolarized
mitochondria which are unable to re-fuse with the mitochon-
drial network after fission (44). Protection from damage by
nucleoid proteins combined with the removal of mitochondria
with damaged DNA through mitophagy may result in a more
robust response to oxidative stressors such as H,O, than previ-
ously thought.

Cells of most outbred populations contain more than one
mitochondrial genotype. This heteroplasmy can be quite vari-
able within tissues and cell types of one organism, complicating
interpretation of mitochondrial genetics and influencing disease
presentation in the case of pathological mtDNA mutations (36).
Interestingly, most mtDNA mutations are recessive and easily
complemented by wild type mtDNA copies. There seems to be
a threshold ratio of mutated/wild type mtDNA of approximately
70% before disease symptoms become evident, depending on the
mutation and the type of tissue (40, 45).

Both nDNA mutations that affect n-mitoproteins and mtDNA
mutations in the 13 genes encoding subunits of the respiratory
chain compromise OXPHOS (40, 41, 45). Germline mutations,
resulting in a decrease in or loss of expression of succinate
dehydrogenase (SDH), fumarate hydratase (FH), and isocitrate
dehydrogenase have been reported in inherited paragangliomas,
gastrointestinal stromal tumors, pheochromocytomas, myomas,
SDH, papillary renal cell cancer (FH), and gliomas (46).

Mutations in mtDNA have been implicated in neuromuscular
and neurodegenerative mitochondriopathies (47-49) and com-
plex diseases like diabetes (50), cardiovascular diseases (51, 52),
gastrointestinal disorders (53), skin disorders (54), aging (55, 56),
and cancer (41).

A recent review by van Gisbergen et al. (41) describes several
studies showing that mtDNA germline variations can play a
role in tumor growth for hemopoietic cancers, prostate cancer,

breast cancer, and renal cancer. The authors also report that
somatic mtDNA mutations can be involved in breast, colorectal,
bladder, esophageal, head and neck, ovarian, renal, lung and
thyroid cancer, and leukemia and can influence cancer progres-
sion and metastasis. The effect of somatic mtDNA mutations on
tumorigenesis depends on the functional and threshold effects
of the mutation (57). Different human populations have differ-
ent human mtDNA haplotypes, each with a unique fingerprint
of mtDNA polymorphisms, passed on through the maternal
germline. These haplotypes correlate to the geographic origin of
the population. Certain human haplotypes carry a higher risk of
developing a particular type of cancer or a neurodegenerative
disease during their lifetime than others (8, 41, 58).

More than 50% of mtDNA mutations involved in carcino-
genesis are located in the 22 mitochondrial tRNA genes (58).
The most common mtDNA mutation is the single nucleotide
polymorphism, 3243A > G, which alters leucine mt-tRNA and
thus affecting translation of the 13 respiratory subunits, result-
ing in fewer mitochondrial subunits and impaired OXPHOS
(59, 60). Individuals with 10-30% faulty copies of tRNA'* may
develop maternally inherited diabetes and deafness. People
with 50-90% faulty copies are likely to develop mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS) (50, 59-65). The tRNAM* mutation results in variable
forms of mitochondrial RC deficiency in different patients. By
far, the most common finding in MELAS is complex I (RC-I)
deficiency, whereas some patients have combined deficiencies
of RC-I, RC-III, and RC-IV (59, 66). Other mt-tRNA mutations
that play a role in human disease are: tRNA"™, which is associated
with myoclonic epilepsy, tRNAS with deafness, and tRNA"™ with
cardiomyopathies (51).

In addition to mutations affecting the respirasome and tRNAs,
a recent review by Gopisetty and Thangarajan (67) summarizes
possible roles for mutations in mitochondrial ribosomal small
subunit genes (MRPS) in human disease. The authors describe
the roles of 30 new MRPS as well as the effect of known MRPS
mutations on different cancers and other diseases, including
developmental and neurodegenerative diseases, mitochondrio-
pathies, cardiovascular diseases, obesity, and inflammatory dis-
orders. They further provide evidence of the role of MRPS18-2
in carcinogenesis as a potential oncogene. Differential expression
of specific MRPS genes has been associated with breast cancer,
cervical cancer, non-small cell lung cancer, thyroid tumors,
invasive glioblastoma, Burkitt’s lymphoma, pediatric hyperdip-
loid acute lymphoblastic leukemias, testicular germ cell tumors,
endometrial carcinoma, and head and neck squamous cell
carcinoma (67). Expression levels in cancers were heterogeneous
both within the same tumor type and between different cancers.
For example, MRPL42 overexpression has been described for
breast, carcinoid, liver, endometrial, melanoma, and ovarian
cancers. Downregulation was seen in pancreatic, renal, and
urothelial cancer. Expression profiles change in response to
cisplatin chemotherapy treatment and radiation, indicating a
potential role for MRPS genes in cellular responses cytotoxic
drugs or serve as biomarkers. Single nucleotide polymorphisms
in MRPS genes have also been linked to cancer risk [reviewed
in Ref. (67)].
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Drivers and Timing of mtDNA Mutations
Until recently, the generally accepted view was that mtDNA
mutations are generated by ROS-mediated oxidative damage
(36, 41). Generation of ROS in the respiratory chain is inherently
part of OXPHOS. ROS play an important part in several signal-
ing processes and their levels are kept in check by antioxidant
enzyme systems in the mitochondrial matrix and IMS. However,
in situations where OXPHOS is compromised due to misshapen
respiratory complexes resulting in increased leakage of electrons
to oxygen, ROS levels may overwhelm the antioxidant defense
system and damage nearby mtDNA (11, 12).

DeBalsi and colleagues propose that mistakes made by the
mtDNA replication and repair machinery can also generate
mtDNA mutations (68). Human cells contain 17 distinct human
DNA polymerases, but only polymerase gamma (Pol-y) functions
in mtDNA replication and repair. Nuclear-encoded Pol-y holo-
enzyme consists of a catalytic subunit and an accessory subunit
[reviewed by DeBalsi et al. (68)]. Pol-y replicates mtDNA with
high fidelity due to nucleotide selectivity and proofreading abil-
ity with one mis-insertion in every 500,000 new base pairs (69).
Over 300 Pol-y mutations have been linked to human disease,
some manifest in adulthood and these are associated with aging,
such as various forms of progressive external ophthalmoplegia
(PEO) and Parkinson’s disease (PD) [reviewed in Ref. (68)]. The
importance of Pol-y in limiting mtDNA mutations was demon-
strated by homozygous, but not heterozygous, mutator mice with
a proofreading-deficient Pol-y developing several age-related
conditions and having a shortened lifespan. They accumulated
mtDNA mutations that were not caused by oxidative damage,
as their antioxidant capacities were the same and the extent of
oxidative damage was similar to wild-type mice. The mutator
mice acquired somatic point mutations, large deletions and mul-
tiple linear deleted mtDNA fragments. Another n-mitoprotein
involved in mtDNA replication is the mtDNA-specific helicase
Twinkle, which unwinds mtDNA for synthesis by Pol-y [reviewed
in Ref. (70)]. Overexpression of Twinkle in transgenic mice led
to increased mtDNA copy number and OXPHOS and several
twinkle mutations are associated with mitochondrial myopathy
(68). Both oxidative damage and faulty replication are likely to
contribute to the total mtDNA mutational load of a cell and the
contribution of each mutational driver is likely to change over
time.

Repair of Faulty mtDNA

For the most part, mtDNA repair pathways mirror those that
occur in the nucleus with the same or similar proteins alter-
natively spliced and targeted to the mitochondria [reviewed
by Kazak et al. (71)]. Mitochondria have a robust base exci-
sion repair (BER) system, which mainly fixes oxidative DNA
damage of mtDNA physically associated with IMM. Single
strand breaks are sensed by PARP-1 and repaired by the BER
enzymes. There is also evidence of double strand break (DSB)
repair, with alternatively spliced nuclear DSB repair proteins
or mitochondrial homologs from the non-homologous end
joining and homologous recombination pathways present in the
mitochondrial matrix. Mismatch repair for replication errors is
present in mitochondria but the proteins involved are distinct

from those in nuclear mismatch repair (71). The various mtDNA
repair pathways employ a myriad of proteins, all of which are
nuclear encoded. Although there is a certain amount of redun-
dancy, upregulation, downregulation, and/or point mutations in
mtDNA repair proteins will affect mtDNA integrity. Cancer cells
with a compromised mtDNA repair capability will accumulate
more mtDNA mutations over time. In the event that mtDNA
mutations are not removed through fission and mitophagy,
increased mtDNA burden will compromise OXPHOS and force
a switch to a purely glycolytic metabolism, as described in the
next part of this review.

MITO-NUCLEAR CROSS TALK

Most mito-nuclear cross talk is focused on meeting the bioen-
ergetics demands of cells. This will be related to the speed with
which cellular demands change and the consequences if these
demands are not met. Mitochondria continually update the
nucleus of their bioenergetics status (retrograde signaling) by
producing a number of energy metabolites (mitostress signals).
The nucleus responds by activating stress response signaling
pathways aimed at adjusting ATP production to suit the cell’s
energy requirements. The different mitostress signals and nuclear
stress response pathways are summarized in Figure 2.

Mitostress Signaling Overview

Decreased MET results in a decrease in mitochondrial membrane
potential which leads to several mitostress signals that trigger spe-
cific nuclear transcriptional responses described in more detail
by Arnould et al. (72) and summarized in Figure 2. Decreased
mitochondrial ATP levels cause energy deprivation (high AMP/
ATP ratio). This induces AMP-activated protein kinase (AMPK)
signaling, which activates peroxisome proliferator-activated
receptor y coactivator 1-a (PGC-1la), promoting mitogenesis.
PGC-1a also decreases mammalian target of rapamycin (mTOR)
activity which downregulates energy-demanding anabolic pro-
cesses, which is mirrored by a lack of Krebs cycle metabolites
available for anabolic pathways. Increased cytosolic Ca** levels
activate transcriptional regulators such as activating transcrip-
tion factor, CREB1, NFkB, p53, MEF-2, and PGC-1a. Increased
mitochondrial NADH/NAD* ratios affect the membrane and
cytosolic redox potential, causing reductive stress. Changing the
NADH/NAD* ratio also affects activity of the NAD*-dependent
poly[ADP-ribose] polymerase-1 (PARP-1), involved in DNA
repair, and the Sirtuin family. Increased mitochondrial ROS result
from leakiness of the respiratory chain caused by misshapen res-
piratory complexes. In most healthy mammalian cells, 95-98%
of total oxygen consumption occurs at respiratory complex
IV. Premature electron leakage to oxygen occurs at respiratory
complexes I, II, and III generating superoxide, although other
possible sites of superoxide production have been identified (73).
Superoxide is converted to hydrogen peroxide by superoxide
dismutases (Cu-ZnSOD in the IMS and MnSOD in the matrix).
Hydrogen peroxide in mitochondria is detoxified to water and
oxygen by glutathione peroxidase and peroxireductase (73).
Under normal circumstances, these antioxidant enzymes neu-
tralize most of the ROS, leaving enough hydrogen peroxide to
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FIGURE 2 | Bioenergetic plasticity is central to the ability of cells to adapt to their ever-changing microenvironment. Mitochondrial and nuclear mutations in
respiratory subunits, mitochondrial chaperones and proteases and other mitochondrial proteins can lead to compromised oxidative phosphorylation (OXPHOS).

In response, damaged mitochondria send out mitostress signals such as increased reactive oxygen species (ROS) and exhibit decreased inner mitochondrial
membrane potential. The latter causes a drop in mitochondrial ATP levels, increased mitochondrial and cytoplasmic NADH, and increased cytoplasmic calcium.

In addition, mtDNA and nDNA mutations as well as increased ROS cause aggregation of damaged and misfolded proteins in the mitochondrial matrix, leading to
prototoxic stress. Mitometabolites affect epigenetic modifications. The nucleus responds to these mitostress signals by activating one or more stress response
pathways, depending on the type and duration of the stress signal. Repair of damaged DNA, dilution of faulty mtDNA copies by fusion and mitogenesis, removal
of faulty mtDNA copies by fission followed by mitophagy, removal of protein aggregates by the mitochondrial unfolded protein response (mtUPR), removal of faulty
mitochondria by the integrated stress response (ISR) and a shift from mitochondrial to glycolytic/lactate metabolism all ensure that the energy demands of cells are
met. If OXPHOS cannot be restored, failing mitochondria are removed though mitophagy. In extreme cases, the cell undergoes apoptosis or replaces faulty

mitochondria with functional mitochondria from other cells.
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pass through membranes to promote redox signaling through
modifications of cysteine residues on redox sensitive proteins,
resulting in posttranslational modifications. Redox signaling
has been implicated in anti-aging and longevity, promoting
protective stress responses and enhanced immunity [reviewed
in Ref. (74)]. Excess hydrogen peroxide can be transformed into
the highly aggressive hydroxyl radical, responsible for oxidative
damage to mitochondrial proteins, lipid and DNA. Both SIRT1
and SIRT3 are activated under increased ROS and help orches-
trate increased antioxidant gene expression as well as mitophagy.

Prototoxic Stress

Prototoxic stress is caused by a mismatch in the number/shape of
respiratory chain subunits and results in a buildup of redundant/
misshapen/unfolded respiratory subunits in the mitochondrial
matrix. Both proteotoxic stress and depolarization of mito-
chondria activate the mitochondrial unfolding protein response
(mtUPR), resulting in accumulation of PINK 1 in the IMS,
recruitment of PINK2 to the mitochondria, and the removal of
defective mitochondria through mitophagy (75).

Mitometabolite Levels
Mitometabolite levels such as acetyl-CoA and S-adenosyl methio-
nine (SAM) affect acetylation and methylation of the nuclear

genome, respectively. Changes in the nuclear and mtDNA profiles
can directly affect epigenetic regulation and thus cancer progres-
sion and metastasis (76). SAM is the primary methyl donor
molecule utilized in cellular methylation of proteins, DNA, RNA,
and lipids and is synthesized directly from methionine. Both
existing DNA, as well as newly synthesized DNA can be dynami-
cally methylated and demethylated (76). In mouse embryonic
stem cells, lack of threonine in the growth medium decreased
accumulation of SAM and decreased histone methylation, result-
ing in slowed growth and increased differentiation (77).

Mitopeptides

Recent mitochondrial transcriptome analysis have revealed the
existence of several small open reading frames (sORFS) within
the 16S and 125 rRNA gene sequences. These sORFS cor-
responded with small mitochondria-derived peptides (MDPs).
The first MDP, humanin, was discovered in 2001 by Hashimoto
et al. (78), followed by the discovery of MOTS-c by Lee et al.
in 2015 (79) and small humanin-like peptides (SHLP 1-6) by
Cobb et al. in 2016 (80). Emerging evidence suggests that MDPs
play important roles in the regulation of cellular bioenergetics
and system metabolism by modulating insulin sensitivity and
glucose homeostasis [reviewed by Kim et al. (81)], but whether
these hormone-like peptides are bona fide retrograde signaling
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molecules that modulate nuclear gene expression or induce
epigenetic changes intracellularly or in other cells remains to
be determined. The 24 amino acid humanin (located within the
16S rRNA gene) has been shown to be strongly neuroprotective,
antiapoptotic, and protects against ischemia/reperfusion injury
possibly due to a decrease in ROS generation (78). Humanin
directly affects mitochondrial bioenergetics by increasing basal
OCR, respiration capacity, and ATP production and increases
mtDNA copy number and the number of mitochondria. Humanin
also plays a role in lipid metabolism by decreasing body weight
gain, visceral fat, and hepatic triglyceride accumulation together
with an increase in activity level in high-fat diet-fed mice (81).
Injecting humanin improved pancreatic islet function and
insulin sensitivity in non-obese diabetic mice and prevented
diabetic progression in some animals (82). In humans, humanin
is found in the brain, hypothalamus, heart, vascular wall, blood
plasma, kidneys, and testes (83). Humanin could be considered
a mitohormone with plasma levels adjusting to cellular oxidative
stress levels. In support of this notion, low levels of oxidative
stress, as seen in prediabetic patients with slightly increased blood
glucose levels, had significantly lower plasma humanin levels
than healthy control patients (83). This could be considered a
positive adaptation to mild-moderate oxidative stress which may
promote longevity in a similar manner to dietary caloric restric-
tion (84). As oxidative stress increases, mitochondria would then
significantly upregulate humanin levels as seen in patients with
advanced mitochondrial encephalopathy, lactic acidosis and
stroke-like episodes (MELAS), and chronic progressive external
ophthalmoplegia (85, 86).

The six SHLP peptide sequences (20-38 amino acids long)
are also found within the 16S rRNA gene (80), with SHLPs1-5
being on the antisense light strand. SHLP2 and SHLP3 have
similar protective effects as humanin and both improved
mitochondrial metabolism by increasing oxygen consumption
rate and ATP production, mitochondrial biogenesis and by
reducing apoptosis and ROS levels. SHLP2 and SHLP3 enhance
insulin sensitizing effects in vitro and in vivo (81). MOTS-c
is a 16 amino acid peptide located within the 12S rRNA gene
[reviewed in Ref. (87)]. MOTS-c increases glucose uptake and
glycolysis through AMPK activation, whereas it suppresses
mitochondrial respiration in cultured cells and skeletal muscle.
This resembles a Crabtree effect-like phenomenon, namely,
decreased mitochondrial OCR in response to high glucose
uptake. MOTS-c is also closely associated with amino acid and
lipid metabolism. MOTS-c enhances whole body insulin sen-
sitivity, acting primarily through the muscle. MOTS-c further
prevents HFD-induced obesity and insulin resistance in CD-1
mice and prevents HFD-induced obesity independent of caloric
intake in C57BL/6] mice (87).

Mitochondrial Non-Coding RNAs

Large parts of the non-coding nuclear genome, which itself
represents more than 98% of the total genome, are transcribed
into various types of non-coding RNA, which include rRNAs,
tRNAs, small nucleolar RNAs, small nuclear RNAs, and the
more recently identified microRNAs (miRNAs), and long non-
coding RNAs (IncRNAs). According to the last GENCODE

release (v25), the human genome contains more than 4,000
miRNA and 15,000 IncRNA genes. A very recent review by
Vendramin and colleagues describes in detail the roles of differ-
ent types of non-coding RNAs as modulators of mitochondrial
function (88). The 22 nucleotide long miRNAs are highly
conserved non-coding RNAs that have been implicated in a
large variety of patho-physiological processes including aging
and cancer. They inhibit translation of mRNA targets in the
cytoplasm, by binding to them and recruiting the RNA-induced
silencing complex. Many non-coding RNAs have evolved to
allow cells to cope with stress and several miRNAS have been
shown to play a role in tumorigenesis, both as oncogenes and
tumor suppressors (88).

MicroRNAs have been found inside mitochondria of mtDNA
competent cells while being absent in their mtDNA deficient p°
counterparts (89) These mito-miRNAs could have been nuclear
or mitochondrially encoded and would have the potential
to bind and prevent translation of mito-messenger RNAs.
A decrease in the number of mitochondrially encoded respira-
tory subunits would affect respiratory subunit stoichiometry and
thus mito-nuclear cross talk, resulting in cells switching to a
more glycolytic metabolism, which is described in more detail
below. Two mitochondrially encoded miRNAs were described
very recently by Gao et al. after re-analyzing a public PacBio
full-length transcriptome dataset, producing the full-length
human mitochondrial transcriptome (90). The authors propose
that these miRNAs, through sense-antisense interactions with
mRNAs, regulate the transcription of the RC subunits, and thus
control MET and OXPHOS activity. Interestingly, the transcrip-
tion level of these miRNAs was significantly higher in normal
tissues compared with hepatocellular carcinoma, indicating a
loss of regulatory control (90).

Metabolic Shift

Glycolysis is the common energy-generating pathway used by all
mammalian cells; it oxidizes glucose to pyruvate in the cytoplasm,
generating 2ATP/glucose through substrate phosphorylation. In
the presence of oxygen, cells with a functional respiratory chain
will further oxidize pyruvate to carbon dioxide in the Krebs
cycle, generating 2ATP/glucose. Reoxidation of NADH and
FADH, during MET ideally generates an additional 30-32ATP/
glucose through OXPHOS. Under hypoxic conditions, some
normal cells (myocytes, hepatocytes, erythrocytes, and adipo-
cytes) and most cancer cells reoxidize NADH produced during
glycolysis via LDH that reduces pyruvate to lactate, and through
a short evolutionarily conserved electron chain in the plasma
membrane (PMET). PMET could be a potential evolutionary
remnant of an ancient pathway responsible for preventing
intracellular reductive stress due to buildup of NADH during
glycolysis. A number of different PMET pathways have been
described in yeasts, plants and mammalian cells [reviewed in
Ref. (4)]. A PMET system, active in highly proliferative glycolytic
cells (both non-transformed and cancer cells), uses oxygen as a
terminal electron acceptor, reminiscent of MET (91, 92). Cell
surface oxygen consumption has been reported for a number
of cancer cell lines and can be 2-3x higher in cells devoid of
mtDNA (p° cells) (91-93). Cell surface oxygen consumption
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also contributes to the acidification seen in glycolytic cells, due
to increased LDH activity resulting in increased lactate produc-
tion (92). Cell surface oxygen consumption together with LDH
activity are required for maintaining intracellular NADH/NAD*
balance of highly glycolytic cancer cells, and thus their invasive
and metastatic potential. In support of this, inhibition of PMET
by the external redox cycler, phenoxodiol, was shown to promote
apoptosis in a range of cancer cell lines (94-96) as well as leuke-
mic blasts from patients with myeloid and lymphoid leukemias
(97, 98). Cell-impermeable drugs targeting PMET may, therefore,
represent useful additional tool in preventing growth, invasion,
and metastasis of highly glycolytic cancers (4, 99-101).

The metabolic shift from OXPHOS to aerobic glycolysis in
rapidly proliferating cells, including cancer cells is controlled by
hypoxia-inducible factor la which is highly expressed in most
solid cancers [reviewed in Ref. (102)]. However, even under
aerobic conditions, many, but not all, cancer cells rely to a large
extent on glycolysis to meet their energy demands. This allows
them to use glycolytic intermediates for anabolic processes and
escape the effects of high ROS levels at the expense of additional
OXPHOS energy. Otto Warburg was the first person to describe
the phenomenon of aerobic glycolysis (the Warburg effect) in
the 1920s in Ehrlich ascites cells (103). However, other than for
cells unable to use OXPHOS due to an assortment of mutations,
this scenario has proven to be too simplistic. Many cancer cells
still use OXPHOS to increase their bioenergetic potential and
generate low levels of ROS for signaling purposes. It seems that

the glycolysis to OXPHOS shift is more like a rheostat, facilitat-
ing a dynamic adjustment of the proportion of energy gained
from glycolysis and OXPHOS depending on demand and the
microenvironment (20). For example, ionizing radiation causes
re-oxygenation in previously hypoxic tumors. In this scenario,
cancer cells with the flexibility to adjust readily between glyco-
lysis and OXPHOS would have a distinct survival advantage.
In support of this, Lu and colleagues recently showed that expos-
ing human MCEF-7 breast cancer cells, HCT116 colon cancer,
and U87 brain cancer cells to a single dose of 5 Gy caused a
switch from aerobic glycolysis to OXPHOS, increasing their
bioenergetic capacity and conferring radiation resistance (104).
They reported that mTOR, a serine/threonine kinase of the
PIK3 family and highly expressed in cancer cells, translocated
to the OMM after radiation. There, mTOR bound to and
inactivated hexokinase II, inhibiting glycolysis and reactivating
OXPHOS (104).

Mitochondrial Quality Control

In general, a shortfall in ATP levels is caused by a lack of res-
piratory units, increased energy demands by the cell, or transient
hypoxia. In these cases, mitochondrial quality control restores
the bioenergetics capacity of the cell for differentiated function
by increasing the mitochondrial network through mitogenesis.
In contrast, increasing glycolysis and removing excess mitochon-
dria through autophagy (mitophagy) favors rapid cell prolifera-
tion (see Figure 3).
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FIGURE 3 | Mitochondrial quality control involves changes to the mitochondrial network to maintain bioenergetics homeostasis. Fusion (1) of additional mitochondria
to the existing network occurs when the bioenergetics demands of the cell are not met. When damaged mitochondria cannot be repaired, they can be removed
from the network through fission (2) followed by removal from the cell though mitophagy (3). Transfer of functional mitochondria from external sources through
tunneling nanotubules (TNTS) (4), vesicles (5), or direct cytoplasmic fusion (6) can replenish a damaged or deficient mitochondrial network.
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Mitogenesis

Mitogenesis is regulated by mitochondrial and nuclear-encoded
structural proteins as well as n-mitoproteins involved in mtDNA
transcription, translation, and repair. Expression of the master
regulator of mitochondrial biogenesis, PGC-1a is increased with
increased energy demands after exercise in skeletal and cardiac
muscle as well as upon fasting in the liver, or after cold exposure
in brown fat cells. PGC-1a regulates the transcription levels
of a number of genes involved in metabolic pathways such as
gluconeogenesis, fatty acid synthesis, and oxidation, promoting
mitochondrial biogenesis, angiogenesis, and aerobic respiration
[reviewed in Ref. (105)].

Regulation of PGC-1a occurs at the level of expression and
a variety of posttranslational changes that regulate its activity
and stability (phosphorylation, acetylation, and ubiquitination).
Activation of the p38 mitogen-activated protein kinase (p38
MAPK) increases PGC-1a expression and stability of the protein
in brown fat, muscle and liver, which increases gluconeogenesis.
The energy sensor AMPK also induces PGC-1a transcription
and enhances its activation through Sirtl-mediated deacetylation
when ATP/ADP levels are low (105). This in turn allows for the
regulation of the downstream pathways controlled by PGC-1a.
One of the targets of PGC-1a, is the newly discovered peptide
hormone, irisin, secreted by muscle cells after exercise (106).
Increased irisin expression caused browning of subcutaneous
adipose tissue (thermogenesis), increased oxygen consumption,
reduced obesity and insulin resistance in mice given a high fat
diet (106).

The effects of PGC-1a in cancer cells mimic those in normal
cells including mitochondrial biogenesis and increased OXPHOS,
with the added effect of promoting invasion and metastasis
(107). Circulating breast cancer cells have been found to exhibit
enhanced mitochondrial biogenesis and respiration as a result
of increased PGC-1a expression, leading to an increased rate of
metastasis (107). PGC-1a also increased resistance to cisplatin
of ascites-derived cancer cells from ovarian cancer patients with
advanced disease (108). In addition, expression of PGC-1a and
TFAM were increased in high grade serous ovarian cancers that
were highly chemoresistant (109).

Mitophagy
Mitophagy is crucially important in removing superfluous or
faulty mitochondria from the cell. Mitophagy is triggered by
the PTEN-induced putative kinase 1 (PINK1)/Parkin pathway.
This pathway is activated by membrane depolarization which is
a signal of mitochondrial dysfunction caused by hypoxia, lack
of NADH, and/or a limited number or ill-fitting dysfunctional
respiratory complexes. Stabilization of PINK1 on the depolarized
OMM directly phosphorylates Parkin, which ubiquinates a num-
ber of OMM proteins leading to their degradation through the
26S proteasome and recruitment of the autophagosome. Other
Parkin-dependent and independent mitophagy pathways have
been described and have been reviewed in detail by Gumeni and
Trougakos (110).

Faulty mtDNA copies can be diluted out through continued
cycles of fusion/fission events. Fusion of several individual mito-
chondria into the larger network allows for complementation of

mtDNA variants to maintain mitochondrial function. Parts of
the mitochondrial network with a high mutational load can be
isolated through fission and eliminated through mitophagy (111,
112). Fusion is orchestrated by three GTPases; the mitofusins,
Mitn1, and Mfn2, are involved in fusion of the OMM, whereas
optic atrophy-1 (Opal) is responsible for fusing the IMM and is
also involved in cristae remodeling (111-113). Fission is driven
by recruitment of dynamin-related protein 1 (Drp1) to receptors
on the OMM where it causes constriction of both the OMM
and IMM (1). Drpl translocation and activity is regulated by
multiple kinases that respond to distinct cell cycle and stress
conditions (113).

Removal of Protein Aggregates

by mtUPR

Accumulation of ROS-damaged/unfolded/misfolded proteins in
the mitochondrial matrix is called prototoxic stress. The mito-
chondrial unfolded protein response (mtUPR) is responsible
for degrading protein aggregates in the mitochondrial matrix
and IMS. Two comprehensive reviews describe the process of
unfolding, translocation, and refolding of precursor proteins, as
well as degradation of damaged/misfolded/unfolded proteins by
ATP-dependent and ATP-independent proteases and oligopepti-
dases (72, 110). Most of our knowledge of the mtUPR pathway
and its integration with other stress pathways has been obtained
from research with C. elegans. The mtUPR in mammals is still
poorly defined with respect to signaling pathways and target
genes. Two separate mtUPR pathways have been described, one
deals with protein aggregates in the mitochondrial matrix and
the other resolves protein aggregates in the mitochondrial IMS
(72, 110). An interesting recent review by Nuebel and colleagues
explores the roles of many newly identified proteins unique to the
IMS in mitochondrial and cellular homeostasis (114). This mito-
chondrial compartment represents a uniquely oxidizing redox
environment. The IMS proteome is involved in protein and lipid
transport across the OMM and IMM, apoptosis, redox homeo-
stasis, ROS signaling, and MET. Accumulation of unfolded or
aggregated proteins is a hallmark of neurodegenerative diseases
such as Alzheimer’s disease and Parkinson’s disease. Prototoxic
stress in the mitochondrial matrix is also a common occurrence
in cancer cells and many, but by no means all cancer types, have
an activated mtUPR response (110).

Integrated Stress Response (ISR)

The ISR is an evolutionary conserved adaptive stress pathway.
In mammals, the ISR is activated under oxidative stress, ER
stress, depletion of amino acids, glucose and haem, viral infec-
tion, or UV irradiation. Four different kinases phosphorylate the
eukaryotic translation initiation factor 2a (eIF2a), a key event
in ISR [described in detail in Ref. (72)]. Activation of elF2a
reduces ATP-consuming processes such as protein synthesis,
helps stabilize Ca** storage in the ER and mitochondria, and
maintains mitochondrial function. If mitochondrial function
cannot be recovered, the ISR can initiate autophagy or apoptosis.
Mitochondrial ISR is triggered by mitochondrial dysfunction
caused by mtDNA damage, mtDNA depletion, and oxidative
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stress, whereas mtUPR is specifically triggered by protein aggre-
gates buildup in the mitochondrial matrix. However, it is likely
that these two stress pathways overlap as phosphorylation of
elF2a is a common feature of both pathways.

MITOCHONDRIAL TRANSFER BETWEEN
CELLS

So far, this review has covered the many different ways that cells
address inadequate mitochondrial performance. However, what
happens when mito-nuclear cross talk fails, mtDNA and nDNA
mutations that affect mitochondrial function accumulate, ATP
levels fall and biosynthetic pathways wind down? Until fairly
recently, the answer to these questions would have been clear:
a decrease in metabolic rate and ultimately, cell death would
ensue. However, recent research has shown that cells may be able
to obtain functional mitochondria from other cells in order to
satisfy their bioenergetics and biosynthetic needs.

The traditional cell biology dogma that mitochondria and
mtDNA remain within the constraints of their host cell has
recently been questioned. Several studies have shown that mito-
chondria can move between cells in vitro (115-124). Furthermore,
we recently showed that tumorigenesis of murine melanoma and
breast cancer cell lines without mtDNA depended on their ability
to obtain mtDNA from host mouse cells in the microenviron-
ment (125, 126).

Transfer of functional mitochondria was also shown to confer
a survival advantage in several mouse models. For example, bone
marrow-derived stromal cells were able to rescue lipopolysaccha-
ride-induced acute lung injury in alveolar epithelia of mice (127)
while transfer of mitochondria from mesenchymal stem cells
(MSCs) protected epithelia by decreasing mitochondrial ROS in
a mouse model of airway injury and allergic airway inflammation
(128). Transfer was enhanced when the donor cells overexpressed
Mirol,amitochondrial Rho-GTPase. In other recent publications,
astrocytes were shown to increase ATP levels and viability of neu-
rons in a mouse ischemia model by donating healthy mitochon-
dria contained in vesicles (129), while stromal cells transferred
mitochondria to immortalized acute myeloid leukemia (AML)
cells in an immunocompromised mouse xenograft model in
response to chemotherapy-induced apoptosis (130). This transfer
occurred via endocytosis from stromal cells to the AML cells,
and increased ATP production, viability, and survival of AML
cells was reported. Mitochondrial transfer has also been shown to
rescue aerobic respiration in carcinoma cells (116) and increase
survival in an adrenal gland cell line (117). Together, these results
suggest that intercellular mitochondrial transfer plays a role in
cellular communications, intracellular metabolic homeostasis or
exists as a mechanism to support cells under physiological stress.
In support of this, recent research demonstrated that cells exposed
to injury have improved survival when introduced to healthy cells
as an extracellular source of mitochondria (115, 127, 128, 131).
When exposed to intentional injury such as chemotherapy or
radiation, fragmentation of mtDNA occurs alongside damage to
the nuclear genome. The resulting mitochondrial dysfunction in
the absence of nuclear DNA damage can be toxic (132) and/or
contribute to the mechanism of action of several cancer therapies.

Circumvention of mtDNA damage by uptake of mitochondria
from other cells could lead to treatment resistance.

Although most published work refers to mitochondrial tran-
sfer as a way to replace dysfunctional mitochondria, cells could
also transfer dysfunctional mitochondria (133, 134). This may
be particularly relevant in both Alzheimers and Parkinson’s
disease where an increase in mitochondrial dysfunction is cor-
related with progressive degenerative phenotypes (111-113).
Mutations in mtDNA and disrupted mitochondrial homeostasis
are common across many neurodegenerative diseases and lead
to mitochondrial dysfunction (114). Affected cells could manage
the increase in faulty mtDNA copies by intercellular transfer of
dysfunctional mitochondria that escape mitophagy.

The types of cells that are able to donate mitochondria, as
well as the communication between recipients and donor cells
that drive this transfer remain largely unknown. The exact
mechanism(s) of mitochondrial transfer has also not been fully
elucidated. Tunneling nanotubes (TNTs), extracellular vesicles
and direct cellular contact have all been suggested to facilitate
mitochondrial transfer between cells (see Figure 3).

Tunneling Nanotubes

Emerging research into the role of TNTs has revealed that these
open-ended, F-actin containing intercellular structures can act
as a conduit for intercellular transfer of various biomaterials,
inclusive of, but not limited to mitochondria (115, 131, 135-138).
First described in 2004 (139), movement of organelles through
TNTs has received much attention, particularly from investiga-
tors engaged in MSC research. Numerous recent studies conclude
that intercellular mitochondrial transfer contributes to the pro-
tective or restorative properties of MSC seen both in vitro and
in multiple animal injury models [reviewed in Ref. (140)]. The
formation of TNT-like structures is closely associated with the
physiological state of the cells, making TNTs likely candidates
for facilitating intercellular mitochondrial transfer in vivo (133,
141-143). However, due to the challenges in identifying and
characterizing open-ended TNTs among a multitude of other
subcellular tube-like structures, definitive evidence in support
of TNT-mediated mitochondrial transfer in vivo remains elusive
(144). Identification of TNTs is currently limited to generalized
morpho-temporal characteristics determined by time-lapse
confocal fluorescence microscopy in vitro (129). Identification of
specific markers for TNTs and other similar structures engaged
in intercellular mitochondrial transfer is a prerequisite for further
progress in the field.

Extracellular Vesicles

Microvesicles, exosomes, apoptotic bodies, and oncosomes are
biological particles which fall under the broad categorization of
“extracellular vesicles” Vesicle size, molecular content, and the
origin of the particles determines their specific nature and bio-
logical role [reviewed in Ref. (145)]. Microvesicles make up the
largest category of extracellular vesicles and consist of particles of
up to approximately 1 pum in size. Like other extracellular vesicles,
microvesicles bear proteomic signatures that allow cellular uptake
via endocytosis or phagocytic mechanisms. Their molecular
contents can exert a broad range of effects on cell physiology.
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FIGURE 4 | Stressors affect nuclear cross talk through changes in gene expression. Stressors such as oxidative stress, radiation, chemotherapeutic drugs, hypoxia,
etc., cause genetic and epigenetic changes to both nDNA and mitochondrial DNA (mtDNA). The resulting changes in gene expression result in altered cellular
bioenergetics, often leading to decreased oxidative phosphorylation. Mitochondrial stressors (a decrease in mitochondrial membrane potential, ATP levels, NADH
levels, and increased mitopeptide expression, etc.) elicit nuclear stress responses. Stress pathway activation (mtDNA damage repair, mitochondrial biogenesis and
fusion, switching to glycolytic metabolism, etc.) results in a return to bioenergetics homeostasis, restoring cellular function.

Numerous studies of intercellular mitochondrial transfer report
mtDNA as well as intact mitochondria can be partitioned into
microvesicles from specific cell types, suggesting a vesicular
mechanism for uptake of exogenous mitochondria by recipient
cells. The first published study of intercellular mitochondrial
transfer by Spees et al. (115) reported secretion of extracellular
vesicles containing mitochondrially targeted fluorescent proteins
by human mesenchymal stem cells into growth medium and
uptake by recipient cells. These particles were also found to play a
role in intercellular transfer of mitochondria by Islam et al. (127)
who observed connexin43-mediated uptake of bone marrow-
derived MSC mitochondria in microvesicles by lung epithelium.
Evidence for mitochondrial and mtDNA transfer mediated by
extracellular vesicles has seen steady development across many
different cell types, and continues to expand as a new field of
intercellular communications (129, 133, 141, 143, 144).

Partial or Complete Cell Fusion

Perhaps the least explored mechanism in the existing mito-
chondrial transfer literature, the acquisition of exogenous
mitochondria via partial or complete cell fusion, is an interesting
concept. Given the notion that the majority of cells exist in a
state of individual compartmentalization, cells engaged in these
types of intimate interactions may not be limited to traditional
syncytial candidates such as osteoclasts or skeletal muscle cells.
Cell fusion may be more widespread and important within
normal biological function than traditionally thought—this
is a somewhat challenging proposition. There is precedence
for certain cell types, particularly those derived from the bone

marrow, to spontaneously fuse with other cell types including
cardiomyocytes, hepatocytes, and Purkinje neurons (146-150).
Partial fusion events or alternatively, syncytial mixing through
intercellular structures, provides opportunities for the acquisition
of mitochondria from surrounding cells. An example of this would
be the tumor networks interconnected by tumor microtubes (dis-
tinct from TNTs) in primary glioblastomas, that communicate
via connexin43 gap junctions (151, 152). Spees and colleagues
(115) demonstrated mitochondrial transfer without the uptake
of nuclear associated polymorphisms, excluding complete cell
fusion in their system. Regardless, restoration of bioenergetic
status and cellular regeneration via fusion-like mechanisms (150,
153) remains a potential mechanism in future studies of intercel-
lular mitochondrial transfer.

CONCLUDING REMARKS

The ability to adapt cellular bioenergetics capabilities to meet
rapidly changing environmental conditions is mandatory for
cellular function and for cancer progression. Any compromise
in this adaptive response has the potential to compromise cel-
lular function and render the cell more susceptible to external
stressors such as oxidative stress, radiation, chemotherapeutic
drugs, hypoxia, etc. Mito-nuclear cross talk, involving the gen-
eration of different mitochondrial stressors as well as the nuclear
stress response pathways to deal with those stressors is capable
of maintaining bioenergetics homeostasis under most conditions
(see Figure 4). Although many mito-nuclear stress signaling
pathways have been described (see Mito-Nuclear Cross Talk), a
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detailed understanding of how these pathways work together to
ensure that mitochondrial and nuclear transcription are closely
coordinated to meet the dynamic bioenergetic and metabolic
demands of the cell remain poorly understood. For example, the
way in which the 13 mitochondrially encoded proteins of the
mitochondrial RC that are made in mitochondria are combined
with 80 nuclear-encoded proteins that are translated on distinct
cytoplasmic protein synthetic machinery and imported into
mitochondria where they are assembled into functional RCs
is not fully understood. In addition, the role of the eight mito-
peptides encoded by mitochondrial rRNA genes in bioenergetics
and metabolic regulation is under intense scrutiny. Whether or
not mitopeptides, or the IncRNA molecules transcribed from the
light chain of mtDNA playarolein intracellular mito-nuclear cross
talk is not known. The existence of many serious diseases caused
by mitochondrial dysfunction, such as the neuromuscular and
neurodegenerative mitochondriopathies (47-49), diabetes (50),
cardiovascular diseases (51, 52), gastrointestinal disorders (53),
skin disorders (54), aging (55, 56), and cancer (41), shows that
mito-nuclear cross talk can fail. The ability to replace a dysfunc-
tional mitochondrial network with fresh functional mitochondria
from healthy cells is a recently discovered and currently poorly
understood phenomenon. Mitochondrial transfer poses a series
of intriguing questions: is mitochondrial transfer between cells a
fundamental physiological process, silent until recently because
of limited tools available for tracking mitochondrial movement
between cells? If mito-nuclear cross talk is fundamental to cellu-
lar bioenergetic homeostasis, how does this process change when
the original nucleus is faced with mitochondria from different
cell types and/or with different genetic backgrounds following
transplantation? Are the signals that promote mitochondrial
transfer between cells related to those that are involved in mito-
nuclear cross talk? Is this a process of trial error that takes time
to be perfected?
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On another front, comparative transcriptome analysis of
both protein coding and non-coding mitochondrial and nuclear
genomes, under various conditions could provide unbiased
information about the immediate consequences of mito-nuclear
cross talk that result in respiration and metabolic remodeling.
Such analyses are likely to reveal unexpected regulatory roles for
transcripts that could challenge current dogma about the stoi-
chiometry and function of mitochondrial- and nuclear-encoded
RC subunits, and the control of respiration. Large datasets often
contain both mitochondrial and nuclear transcript information
but these have rarely been mined for their comparative transcript
information.

Finally, we are optimistic about the potential to look
beyond current technological and conceptual horizons to bet-
ter understand how bioenergetic and metabolic remodeling
play out in health and disease. Cancer cells display enhanced
plasticity with respect to metabolic remodeling at different
stages of initiation, invasion, and metastasis, and in response
to the many stressors they encounter in their rapidly changing
microenvironment.

AUTHOR CONTRIBUTIONS

Concept of the review: MB; design of the review: MB and PH.
PH wrote the review with contributions from MB, MR, and GC;
PH made Figures 1,3 and 4; MR made Figure 2. All authors were
involved with finalizing the manuscript and all approved the final
version.

FUNDING

This research was funded by the Health Council of New Zealand,
The New Zealand Cancer Society, the Marsden Fund, the
Neurological Foundation, and had Malaghan Institute support.

10. Deberardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Oncology
(2016) 2(5):€1600200. doi:10.1126/sciadv.1600200

11. Chen Y, Zhang H, Zhou H]J, Ji W, Min W. Mitochondrial redox signaling
and tumor progression. Cancers (Basel) (2016) 8(4):1-15. doi:10.3390/
cancers8040040

12. Holzerové E, Prokisch H. Mitochondria: much ado about nothing? How dan-
gerous is reactive oxygen species production? Int ] Biochem Cell Biol (2015)
63:16-20. doi:10.1016/j.biocel.2015.01.021

13. Berridge MV, Herst PM, Lawen A. Targeting mitochondrial permeability in
cancer drug development. Mol Nutr Food Res (2009) 53(1):76-86. doi:10.1002/
mnfr.200700493

14. Halestrap A, Richardson A. The mitochondrial permeability transition:
a current perspective on its identity and role in ischaemia/reperfusion injury.
J Mol Cell Cardiol (2015) 78:129-41. doi:10.1016/j.yjmcc.2014.08.018

15. Palikaras K, Lionaki E, Tavernarakis N. Mitophagy: in sickness and in health.
Mol Cell Oncol (2016) 3(1):¢1056332. doi:10.1080/23723556.2015.1056332

16. Ploumi C, Daskalaki I, Tavernarakis N. Mitochondrial biogenesis and clear-
ance: a balancing act. FEBS ] (2017) 284(2):183-95. doi:10.1111/febs.13820

17. Cagin U, Enriquez JA. The complex crosstalk between mitochondria and
the nucleus: what goes in between? Int ] Biochem Cell Biol (2015) 63:10-5.
doi:10.1016/j.biocel.2015.01.026

18. Vyas S, Zaganjor E, Haigis M. Mitochondria and cancer. Cell (2016) 166:
555-66. doi:10.1016/j.cell.2016.07.002

19. Zong WX, Rabinowitz JD, White E. Mitochondria and cancer. Mol Cell
(2016) 61(5):667-76. doi:10.1016/j.molcel.2016.02.011

Frontiers in Endocrinology | www.frontiersin.org

November 2017 | Volume 8 | Article 296


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1146/annurev-
genet-110410-132529
https://doi.org/10.1146/annurev-
genet-110410-132529
https://doi.org/10.1002/bies.201400188
https://doi.org/10.1186/s40170-015-0128-2
https://doi.org/10.2174/
156652406779010777
https://doi.org/10.2174/
156652406779010777
https://doi.org/10.1111/j.1432-1033.1984.tb08249.x
https://doi.org/10.1126/science.2814477
https://doi.org/10.1146/annurev.pathol.4.110807.092314
https://doi.org/10.1038/nature18902
https://doi.org/10.3390/ijms17050711
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.3390/cancers8040040
https://doi.org/10.3390/cancers8040040
https://doi.org/10.1016/j.biocel.2015.01.021
https://doi.org/10.1002/mnfr.200700493
https://doi.org/10.1002/mnfr.200700493
https://doi.org/10.1016/j.yjmcc.2014.08.018
https://doi.org/10.1080/23723556.2015.1056332
https://doi.org/10.1111/febs.13820
https://doi.org/10.1016/j.biocel.2015.01.026
https://doi.org/10.1016/j.cell.2016.07.002
https://doi.org/10.1016/j.molcel.2016.02.011

Herst et al.

Functional Mitochondria in Health and Disease

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tran Q, Lee H, Park ], Kim S-H, Park J. Targeting cancer metabolism -
revisiting the Warburg effects. Toxicol Res (2016) 32(3):177-93. doi:10.5487/
TR.2016.32.3.177

Margulis L. Origin of Eukaryotic Cells. New Haven, CT: Yale University Press
(1970).

Gray MW. Mitochondrial evolution. Science (2008) 283(5407):1476-81.
doi:10.1126/science.283.5407.1476

Sicheritz-Pontén T, Kurland CG, Andersson SGE. A phylogenetic analysis of
the cytochrome b and cytochrome c oxidase I genes supports an origin of
mitochondria from within the Rickettsiaceae. Biochim Biophys Acta (1998)
1365(3):545-51. doi:10.1016/S0005-2728(98)00099-1

Margulis L, Chapman M, Guerrero R, Hall J. The last eukaryotic common
ancestor (LECA): acquisition of cytoskeletal motility from aerotolerant spiro-
chetes in the Proterozoic Eon. Proc Natl Acad Sci U S A (2006) 103(35):13080-5.
doi:10.1073/pnas.0604985103

Spang A, Saw JH, Jorgensen SL, Zaremba-Niedzwiedzka K, Martijn J, Lind AE,
et al. Complex archaea that bridge the gap between prokaryotes and eukary-
otes. Nature (2015) 521(7551):173-9. doi:10.1038/nature14447

Gabaldon T, Huynen MA. Reconstruction of the proto-mitochondrondial
metabolism. Science (2003) 301:609. doi:10.1126/science.1085463

Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin J,
et al. Sequence and organization of the human mitochondrial genome. Nature
(1981) 290:457-65. d0i:10.1038/290457a0

Andrews RM, Kubacka I, Chinnery PE, Lightowlers RN, Turnbull DM,
Howell N. Reanalysis and revision of the Cambridge reference sequence for
human mitochondrial DNA. Nat Genet (1999) 23(2):147. doi:10.1038/13779
Taanman J-W. The mitochondrial genome: structure, transcription, transla-
tion and replication. Biochim Biophys Acta (1999) 1410:103-23. doi:10.1016/
$0005-2728(98)00161-3

Hensen E Cansiz S, Gerhold JM, Spelbrink JN. To be or not to be a nucleoid
protein: a comparison of mass-spectrometry based approaches in the identi-
fication of potential mtDNA-nucleoid associated proteins. Biochimie (2014)
100(1):219-26. d0i:10.1016/j.biochi.2013.09.017

Kukat C, Larsson N. MtDNA makes a U-turn for the mitochondrial nucleoid.
Trends Cell Biol (2013) 23(9):457-63. d0i:10.1016/j.tcb.2013.04.009

Garrido N, Griparic L, Jokitalo E, Wartiovaara J, van der Bliek A, Spelbrink JN.
Composition and dynamics of human mitochondrial nucleoids. Mol Biol Cell
(2003) 14(4):1583-96. doi:10.1091/mbc.E02-07-0399

Rubio-Cosials A, Sola M. U-turn DNA bending by human mitochon-
drial transcription factor A. Curr Opin Struct Biol (2013) 23(1):116-24.
doi:10.1016/j.5b1.2012.12.004

Campbell CT, Kolesar JE, Kaufman BA. Mitochondrial transcription factor
A regulates mitochondrial transcription initiation, DNA packaging, and
genome copy number. Biochim Biophys Acta (2012) 1819(9-10):921-9.
doi:10.1016/j.bbagrm.2012.03.002

Kohno K, Wang K-Y, Takahashi M, Kurita T, Yoshida Y, Hirakawa M, et al.
Mitochondrial transcription factor A and mitochondrial genome as molec-
ular targets for cisplatin-based cancer chemotherapy. Int J Mol Sci (2015)
16(8):19836-50. doi:10.3390/ijms160819836

Lane N. Mitonuclear match: optimizing fitness and fertility over generations
drives ageing within generations. Bioessays (2011) 33(11):860-9. doi:10.1002/
bies.201100051

Hofmann JN, Hosgood HD, Liu C-S, Chow W-H, Shuch B, Cheng W-L, et al.
A nested case-control study of leukocyte mitochondrial DNA copy number
and renal cell carcinoma in the prostate, lung, colorectal and ovarian cancer
screening trial. Carcinogenesis (2014) 35(5):1028-31. doi:10.1093/carcin/
bgt495

Meierhofer D, Mayr J, Foetschl U, Berger A, Fink K, Schmeller N, et al.
Decrease of mitochondrial DNA content and energy metabolism in renal
cell carcinoma. Carcinogenesis (2004) 25(6):1005-10. doi:10.1093/carcin/
bgh104

Xing J, Chen M, Wood CG, Lin J, Spitz MR, Ma J, et al. Mitochondrial DNA
content: its genetic heritability and association with renal cell carcinoma.
J Natl Cancer Inst (2008) 100(15):1104-12. doi:10.1093/jnci/djn213

Tuppen HAL, Blakely EL, Turnbull DM, Taylor RW. Mitochondrial DNA
mutations and human disease. Biochim Biophys Acta (2010) 1797(2):113-28.
doi:10.1016/j.bbabio.2009.09.005

van Gisbergen MW, Voets AM, Starmans MHW, de Coo IFM, Yadak R,
Hoffmann RE, et al. How do changes in the mtDNA and mitochondrial

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

dysfunction influence cancer and cancer therapy? Challenges, opportunities
and models. Mutat Res Rev Mutat Res (2015) 764:16-30. doi:10.1016/j.
mrrev.2015.01.001

Yakes FM, Van Houten B. Mitochondrial DNA damage is more extensive and
persists longer than nuclear DNA damage in human cells following oxidative
stress. Proc Natl Acad Sci U S A (1997) 94(2):514-9. doi:10.1073/pnas.94.2.514
Guliaeva N, Kuznetsova E, Gaziev A. Proteins associated with mitochondrial
DNA protect it against the action of X-rays and hydrogen peroxide. Biofizika
(2006) 51(4):692-7.

Twig G, Shirihai OS. The interplay between mitochondrial dynamics and
mitophagy. Antioxid Redox Signal (2011) 14(10):1939-51. doi:10.1089/ars.
2010.3779

Picard M, Wallace DC, Burelle Y. The rise of mitochondria in medicine.
Mitochondrion (2016) 30:105-16. doi:10.1016/j.mit0.2016.07.003

Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell
(2012) 148(6):1145-59. doi:10.1016/j.cell.2012.02.035

Swerdlow RH. The neurodegenerative mitochondriopathies. ] Alzheimers
Dis (2009) 17(4):737-51. doi:10.3233/JAD-2009-1095

Hroudova J, Singh N, Fisar Z. Mitochondrial dysfunctions in neurodegen-
erative diseases: relevance to Alzheimer’s disease. Biomed Res Int (2014)
2014:175062. doi:10.1155/2014/175062

Finsterer J. Cognitive dysfunction in mitochondrial disorders. Acta Neurol
Scand (2012) 126(1):1-11. doi:10.1111/j.1600-0404.2012.01649.x

Li R, Guan M-X. Human mitochondrial leucyl-tRNA synthetase corrects
mitochondrial dysfunctions due to the tRNALeu(UUR) A3243G mutation,
associated with mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like symptoms and diabetes. Mol Cell Biol (2010) 30(9):2147-54.
doi:10.1128/MCB.01614-09

Ylikallio E, Suomalainen A. Mechanisms of mitochondrial diseases. Ann Med
(2012) 44(1):41-59. doi:10.3109/07853890.2011.598547

Finsterer J, Zarrouk-Mahjoub S. Mitochondrial vasculopathy. World ] Cardiol
(2016) 8(5):333-9. doi:10.4330/wjc.v8.i5.333

Finsterer J, Frank M. Gastrointestinal manifestations of mitochondrial dis-
orders: a systematic review. Therap Adv Gastroenterol (2017) 10(1):142-54.
doi:10.1177/1756283X16666806

Feichtinger RG, Sperl W, Bauer JW, Kofler B. Mitochondrial dysfunction:
a neglected component of skin diseases. Exp Dermatol (2014) 23(9):607-14.
doi:10.1111/exd.12484

Larsson NG. Somatic mitochondrial DNA mutations in mammalian aging.
Annu Rev Biochem (2010) 79:683-706. doi:10.1146/annurev-biochem-060408-
093701

Taylor SD, Ericson NG, Burton JN, Prolla TA, Silber JR, Shendure J, et al.
Targeted enrichment and high-resolution digital profiling of mitochondrial
DNA deletions in human brain. Aging Cell (2014) 13(1):29-38. doi:10.1111/
acel.12146

Tommarini L, Kurelac I, Capristo M, Calvaruso MA, Giorgio V, Bergamini C,
et al. Different mtDNA mutations modify tumor progression in dependence
of the degree of respiratory complex I impairment. Hum Mol Genet (2014)
23(6):1453-66. doi:10.1093/hmg/ddt533

Brandon MC, Lott MT, Nguyen KC, Spolim S, Navathe SB, Baldi P, et al.
MITOMAP: a human mitochondrial genome database — 2004 update. Nucleic
Acids Res (2005) 33(Database Iss.):2004-6.

Goto Y, Nonaka I, Horai S. A mutation in the tRNA(Leu)(UUR) gene asso-
ciated with the MELAS subgroup of mitochondrial encephalomyopathies.
Nature (1990) 348:651-3. doi:10.1038/348651a0

Sasarman F, Antonicka H, Shoubridge EA. The A3243G tRNALeu(UUR)
MELAS mutation causes amino acid misincorporation and a combined
respiratory chain assembly defect partially suppressed by overexpression of
EFTu and EFG2. Hum Mol Genet (2008) 17(23):3697-707. doi:10.1093/hmg/
ddn265

Picard M, Zhang J, Hancock S, Derbeneva O, Golhar R, Golik P, et al.
Progressive increase in mtDNA 3243A>G heteroplasmy causes abrupt tran-
scriptional reprogramming. Proc Natl Acad Sci U S A (2014) 111(38):E4033-42.
doi:10.1073/pnas.1414028111

Finsterer J. Genetic, pathogenetic, and phenotypic implications of the mito-
chondrial A3243G tRNALeu(UUR) mutation. Acta Neurol Scand (2007)
116(1):1-14. doi:10.1111/j.1600-0404.2007.00836.x

GotoY, HoraiS, Matsuoka T, Koga Y, Nihei K, Kobayashi M, etal. Mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes

Frontiers in Endocrinology | www.frontiersin.org

November 2017 | Volume 8 | Article 296


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.5487/TR.2016.32.3.177
https://doi.org/10.5487/TR.2016.32.3.177
https://doi.org/10.1126/science.283.5407.1476
https://doi.org/10.1016/S0005-2728(98)00099-1
https://doi.org/10.1073/pnas.0604985103
https://doi.org/10.1038/nature14447
https://doi.org/10.1126/science.1085463
https://doi.org/10.1038/290457a0
https://doi.org/10.1038/13779
https://doi.org/10.1016/S0005-2728(98)00161-3
https://doi.org/10.1016/S0005-2728(98)00161-3
https://doi.org/10.1016/j.biochi.2013.09.017
https://doi.org/10.1016/j.tcb.2013.04.009
https://doi.org/10.1091/mbc.E02-07-0399
https://doi.org/10.1016/j.sbi.2012.12.004
https://doi.org/10.1016/j.bbagrm.2012.03.002
https://doi.org/10.3390/ijms160819836
https://doi.org/10.1002/bies.201100051
https://doi.org/10.1002/bies.201100051
https://doi.org/10.1093/carcin/bgt495
https://doi.org/10.1093/carcin/bgt495
https://doi.org/10.1093/carcin/bgh104
https://doi.org/10.1093/carcin/bgh104
https://doi.org/10.1093/jnci/djn213
https://doi.org/10.1016/j.bbabio.2009.09.005
https://doi.org/10.1016/j.mrrev.2015.01.001
https://doi.org/10.1016/j.mrrev.2015.01.001
https://doi.org/10.1073/pnas.94.2.514
https://doi.org/10.1089/ars.
2010.3779
https://doi.org/10.1089/ars.
2010.3779
https://doi.org/10.1016/j.mito.2016.07.003
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.3233/JAD-2009-1095
https://doi.org/10.1155/2014/175062
https://doi.org/10.1111/j.1600-0404.2012.01649.x
https://doi.org/10.1128/MCB.01614-09
https://doi.org/10.3109/07853890.2011.598547
https://doi.org/10.4330/wjc.v8.i5.333
https://doi.org/10.1177/1756283X16666806
https://doi.org/10.1111/exd.12484
https://doi.org/10.1146/annurev-biochem-060408-
093701
https://doi.org/10.1146/annurev-biochem-060408-
093701
https://doi.org/10.1111/acel.12146
https://doi.org/10.1111/acel.12146
https://doi.org/10.1093/hmg/ddt533
https://doi.org/10.1038/348651a0
https://doi.org/10.1093/hmg/ddn265
https://doi.org/10.1093/hmg/ddn265
https://doi.org/10.1073/pnas.1414028111
https://doi.org/10.1111/j.1600-0404.2007.00836.x

Herst et al.

Functional Mitochondria in Health and Disease

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

(MELAS): a correlative study of the clinical features and mitochondrial DNA
mutation. Neurology (1992) 42(3):545-50. doi:10.1212/WNL.42.3.545
Hirano M, Pavlakis SG. Mitochondrial myopathy, encephalopathy, lactic
acidosis, and strokelike episodes (MELAS): current concepts. J Child Neurol
(1994) 9(1):4-13. doi:10.1177/088307389400900102

Pavlakis SG, Phillips PC, DiMauro S, De Vivo DC, Rowland LP. Mitochondrial
myopathy, encephalopathy, lactic acidosis, and strokelike episodes: a distinc-
tive clinical syndrome. Ann Neurol (1984) 16(4):481-8. doi:10.1002/ana.
410160409

Chae JH, Hwang H, Lim BC, Cheong HI, Hwang YS, Kim KJ. Clinical features
of A3243G mitochondrial tRNA mutation. Brain Dev (2004) 26(4):459-62.
doi:10.1016/j.braindev.2004.01.002

Gopisetty G, Thangarajan R. Mammalian mitochondrial ribosomal small
subunit (MRPS) genes: a putative role in human disease. Gene (2016)
589(1):27-35. doi:10.1016/j.gene.2016.05.008

DeBalsi KL, Hoff KE, Copeland WC. Role of the mitochondrial DNA repli-
cation machinery in mitochondrial DNA mutagenesis, aging and age-related
diseases. Ageing Res Rev (2017) 33:89-104. doi:10.1016/j.arr.2016.04.006
Longley MJ, Nguyen D, Kunkel TA, Copeland WC. The fidelity of human
DNA polymerase gamma with and without exonucleolytic proofreading and
the p55 accessory subunit. ] Biol Chem (2001) 276(42):38555-62. doi:10.1074/
jbc.M105230200

Ding L, Liu Y. Borrowing nuclear DNA helicases to protect mitochondrial
DNA. Int ] Mol Sci (2015) 16(5):10870-87. doi:10.3390/ijms160510870
Kazak L, Reyes A, Holt IJ. Minimizing the damage: repair pathways keep
mitochondrial DNA intact. Nat Rev Mol Cell Biol (2012) 13(11):726-726.
doi:10.1038/nrm3439

Arnould T, Michel S, Renard P. Mitochondria retrograde signaling and the
UPR mt: where are we in mammals? Int ] Mol Sci (2015) 16(8):18224-51.
doi:10.3390/ijms160818224

Quinlan CL, Perevoshchikova IV, Hey-Mogensen M, Orr AL, Brand MD. Sites
of reactive oxygen species generation by mitochondria oxidizing different
substrates. Redox Biol (2013) 1(1):304-12. doi:10.1016/j.redox.2013.04.005
Shadel GS, Horvath TL. Mitochondrial ROS signaling in organismal homeo-
stasis. Cell (2015) 163(3):560-9. d0i:10.1016/j.cell.2015.10.001

Jin SM, Youle R]. The accumulation of misfolded proteins in the mitochondrial
matrix is sensed by PINKI1 to induce PARK2/Parkin-mediated mitophagy
of polarized mitochondria. Autophagy (2013) 9(11):1750-7. doi:10.4161/
auto.26122

Maddocks ODK, Labuschagne CF, Adams PD, Vousden KH. Serine meta-
bolism supports the methionine cycle and DNA/RNA methylation through
de novo ATP synthesis in cancer cells. Mol Cell (2016) 61(2):210-21.
doi:10.1016/j.molcel.2015.12.014

Shyh-Chang N, Locasale J, Lyssiotis C, Zheng Y, Teo R, Ratanasirintrawoot S,
et al. Influence of threonine metabolism on S-adenosyl-methionine and
histone methylation. Science (2013) 339(6116):222-6. doi:10.1126/science.
1226603

Hashimoto Y, Niikura T, Tajima H, Yasukawa T, Sudo H, Ito Y, et al. A rescue
factor abolishing neuronal cell death by a wide spectrum of familial Alzheimer’s
disease genes and Ab. Proc Natl Acad Sci U S A (2001) 98(11):6336-41.
doi:10.1073/pnas.101133498

Lee C, Zeng ], Drew BG, Sallam T, Martin A, Wan J, et al. The mitochon-
drial-derived peptide MOTS-c promotes metabolic homeostasis and reduces
obesity and insulin resistance. Cell Metab (2015) 21(3):443-54. doi:10.1016/
j.cmet.2015.02.009

Cobb LJ, Lee C, Xiao ], Yen K, Wong RG, Nakamura HK, et al. Naturally
occurring mitochondrial-derived peptides are age-dependent regulators of
apoptosis, insulin sensitivity, and inflammatory markers. Aging (Albany NY)
(2016) 8(4):1-14.

Kim S-J, Xiao J, Wan J, Cohen P, Yen K. Mitochondrial derived peptides as
novel regulators of metabolism. J Physiol (2017). doi:10.1113/JP274472
Hoang PT, Park P, Cobb LJ, Paharkova-Vatchkova V, Hakimi M, Cohen P,
et al. The neurosurvival factor Humanin inhibits beta cell apoptosis via Stat3
activation and delays and ameliorates diabetes in NOD mice. Metabolism
(2010) 59(3):343. doi:10.1016/j.metabol.2009.08.001

Voigt A, Jelinek HE. Humanin: a mitochondrial signaling peptide as a
biomarker for impaired fasting glucose-related oxidative stress. Physiol Rep
(2016) 4(9):€12796. d0i:10.14814/phy2.12796

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

Long Y, Tan T, Takao I, Tang B. The biochemistry and cell biology of aging:
metabolic regulation through mitochondrial signaling. Am ] Physiol Endo-
crinol Metab (2014) 30691(6):E581-91. doi:10.1152/ajpendo.00665.2013
Kariya S, Hirano M, Furiya Y, Sugie K, Ueno S. Humanin detected in
skeletal muscles of MELAS patients: a possible new therapeutic agent. Acta
Neuropathol (2005) 109:367-72. do0i:10.1007/s00401-004-0965-5

Kin T, Sugie K, Hirano M, Goto Y, Nishino I, Ueno S. Humanin expression in
skeletal muscles of patients with chronic progressive external ophthalmople-
gia. ] Hum Genet (2006) 51:555-8. doi:10.1007/s10038-006-0397-2

Lee C, Kim KH, Cohen P. MOTS-c: a novel mitochondrial-derived pep-
tide regulating muscle and fat metabolism. Free Radic Biol Med (2016)
100:182-7. doi:10.1016/j.freeradbiomed.2016.05.015

Vendramin R, Marine J, Leucci E. Non-coding RNAs: the dark side of
nuclear-mitochondrial communication. EMBO ] (2017) 36(9):1123-33.
doi:10.15252/embj.201695546

Ro S, Ma H-Y, Park C, Ortogero N, Song R, Hennig GW, et al. The mitochon-
drial genome encodes abundant small non-coding RNAs. Cell Res (2013)
23(6):759-74. d0i:10.1038/cr.2013.37

Gao S, Tian X, Chang H, Sun Y, Wu Z, Cheng Z, et al. Two novel IncRNAs
discovered in human mitochondrial DNA using PacBio full-length transcrip-
tome data. Mitochondrion (2017). doi:10.1016/j.mito.2017.08.002

Herst PM, Tan AS, Scarlett D-JG, Berridge MV. Cell surface oxygen con-
sumption by mitochondrial gene knockout cells. Biochim Biophys Acta
(2004) 1656(2-3):79-87. doi:10.1016/j.bbabio.2004.01.008

Herst PM, Berridge MV. Cell surface oxygen consumption: a major
contributor to cellular oxygen consumption in glycolytic cancer cell lines.
Biochim Biophys Acta Bioenerg (2007) 1767(2):170-7. doi:10.1016/j.bbabio.
2006.11.018

Scarlett DJ, Herst P, Tan A, Prata C, Berridge M. Mitochondrial gene-
knockout (rho0) cells: a versatile model for exploring the secrets of trans-
plasma membrane electron transport. Biofactors (2004) 20(4):199-206.
doi:10.1002/biof.5520200404

Alvero AB, O’'Malley D, Brown D, Kelly G, Garg M, Chen W, et al. Molecular
mechanism of phenoxodiol-induced apoptosis in ovarian carcinoma cells.
Cancer (2006) 106(3):599-608. doi:10.1002/cncr.21633

Choueiri TK, Mekhail T, Hutson TE, Ganapathi R, Kelly GE, Bukowski RM.
Phase I trial of phenoxodiol delivered by continuous intravenous infusion
in patients with solid cancer. Ann Oncol (2006) 17(5):860-5. doi:10.1093/
annonc/mdl010

de Souza PL, Liauw W, Link SM, Pirabhahar S, Kelly G, Howes LG. Phase I
and pharmacokinetic study of weekly NV06 (Phenoxodiol™), a novel iso-
flav-3-ene, in patients with advanced cancer. Cancer Chemother Pharmacol
(2006) 58(4):427-33. doi:10.1007/s00280-006-0189-6

Herst PM, Davis JE, Neeson P, Berridge MV, Ritchie DS. The anti-cancer
drug, phenoxodiol, kills primary myeloid and lymphoid leukemic blasts
and rapidly proliferating T cells. Haematologica (2009) 94(7):928-34.
doi:10.3324/haematol.2008.003996

Herst PM, Petersen T, Jerram P, Baty ], Berridge MV. The antiproliferative
effects of phenoxodiol are associated with inhibition of plasma membrane
electron transport in tumour cell lines and primary immune cells. Biochem
Pharmacol (2007) 74(11):1587-95. doi:10.1016/j.bcp.2007.08.019

Berridge MV, Herst PM. Tumor cell complexity and metabolic flexibility in
tumorigenesis and metastasis. In: Mazurek S, Shoshan M, editors. Tumor Cell
Metabolism. Vienna: Springer (2015). p. 23-43.

Berridge MV, Herst PM, Tan AS. Metabolic flexibility and cell hierarchy in
metastatic cancer. Mitochondrion (2010) 10(6):584-8. doi:10.1016/j.mito.
2010.08.002

Herst P, Berridge M. Cell hierarchy, metabolic flexibility and systems
approaches to cancer treatment. Curr Pharm Biotechnol (2013) 14(2):1-11.
doi:10.2174/1389201011314030005

Courtnay R, Ngo DC, Malik N, Ververis K, Tortorella SM, Karagiannis TC.
Cancer metabolism and the Warburg effect: the role of HIF-1 and PI3K.
Mol Biol Rep (2015) 42(4):841-51. doi:10.1007/s11033-015-3858-x
Warburg O. On the origin of cancer cells. Nature (1956) 123(3191):309-14.
Lu CL, Qin L, Liu HC, Candas D, Fan M, Li JJ. Tumor cells switch to mito-
chondrial oxidative phosphorylation under radiation via mTOR-mediated
hexokinase II inhibition - a Warburg-reversing effect. PLoS One (2015)
10(3):1-20.

Frontiers in Endocrinology | www.frontiersin.org

November 2017 | Volume 8 | Article 296


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1212/WNL.42.3.545
https://doi.org/10.1177/088307389400900102
https://doi.org/10.1002/ana.
410160409
https://doi.org/10.1002/ana.
410160409
https://doi.org/10.1016/j.braindev.2004.01.002
https://doi.org/10.1016/j.gene.2016.05.008
https://doi.org/10.1016/j.arr.2016.04.006
https://doi.org/10.1074/jbc.M105230200
https://doi.org/10.1074/jbc.M105230200
https://doi.org/10.3390/ijms160510870
https://doi.org/10.1038/nrm3439
https://doi.org/10.3390/ijms160818224
https://doi.org/10.1016/j.redox.2013.04.005
https://doi.org/10.1016/j.cell.2015.10.001
https://doi.org/10.4161/auto.26122
https://doi.org/10.4161/auto.26122
https://doi.org/10.1016/j.molcel.2015.12.014
https://doi.org/10.1126/science.
1226603
https://doi.org/10.1126/science.
1226603
https://doi.org/10.1073/pnas.101133498
https://doi.org/10.1016/
j.cmet.2015.02.009
https://doi.org/10.1016/
j.cmet.2015.02.009
https://doi.org/10.1113/JP274472
https://doi.org/10.1016/j.metabol.2009.08.001
https://doi.org/10.14814/phy2.12796
https://doi.org/10.1152/ajpendo.00665.2013
https://doi.org/10.1007/s00401-004-0965-5
https://doi.org/10.1007/s10038-006-0397-2
https://doi.org/10.1016/j.freeradbiomed.2016.05.015
https://doi.org/10.15252/embj.201695546
https://doi.org/10.1038/cr.2013.37
https://doi.org/10.1016/j.mito.2017.08.002
https://doi.org/10.1016/j.bbabio.2004.01.008
https://doi.org/10.1016/j.bbabio.
2006.11.018
https://doi.org/10.1016/j.bbabio.
2006.11.018
https://doi.org/10.1002/biof.5520200404
https://doi.org/10.1002/cncr.21633
https://doi.org/10.1093/annonc/mdl010
https://doi.org/10.1093/annonc/mdl010
https://doi.org/10.1007/s00280-006-0189-6
https://doi.org/10.3324/haematol.2008.003996
https://doi.org/10.1016/j.bcp.2007.
08.019
https://doi.org/10.1016/j.mito.
2010.08.002
https://doi.org/10.1016/j.mito.
2010.08.002
https://doi.org/10.2174/1389201011314030005
https://doi.org/10.1007/s11033-015-3858-x

Herst et al.

Functional Mitochondria in Health and Disease

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Fernandez-Marcos P, Auwerx J. Regulation of PGC-1a, a nodal regulator of
mitochondrial biogenesis. Am ] Clin Nutr (2011) 93(C):884-90. doi:10.3945/
ajcn.110.001917

Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A PGCl-a-
dependent myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature (2012) 481(7382):463-8. doi:10.1038/nature10777
LeBleu VS, O’Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K,
Haigis MC, et al. PGC-1a mediates mitochondrial biogenesis and oxidative
phosphorylation in cancer cells to promote metastasis. Nat Cell Biol (2014)
16(10):992-1003. doi:10.1038/ncb3039

Kim B, Jung JW, Jung J, Han Y, Suh DH, Kim HS, et al. PGCla induced
by reactive oxygen species contributes to chemoresistance of ovarian
cancer cells. Oncotarget (2017) 8(36):60299-311. doi:10.18632/oncotarget.
19140

Gabrielson M, Bjorklund MY, Carlson ], Shoshan M. Expression of mito-
chondrial regulators PGCla and TFAM as putative markers of subtype
and chemoresistance in epithelial ovarian carcinoma. PLoS One (2014)
9(9):107109. doi:10.1371/journal.pone.0107109

Gumeni S, Trougakos IP. Cross talk of proteostasis and mitostasis in cel-
lular homeodynamics, ageing, and disease. Oxid Med Cell Longev (2016)
2016:1-24. doi:10.1155/2016/4587691

Carelli V, Maresca A, Caporali L, Trifunov S, Zanna C, Rugolo M.
Mitochondria: biogenesis and mitophagy balance in segregation and clonal
expansion of mitochondrial DNA mutations. Int ] Biochem Cell Biol (2015)
63:21-4. doi:10.1016/j.biocel.2015.01.023

Busch KB, Kowald A, Spelbrink JN. Quality matters: how does mitochon-
drial network dynamics and quality control impact on mtDNA integrity?
Philos Trans R Soc Lond B Biol Sci (2014) 369(1646):20130442. doi:10.1098/
rstb.2013.0442

Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. ] Cell
Biol (2016) 212(4):379-87. doi:10.1083/jcb.201511036

Nuebel E, Manganas P, Tokatlidis K. Orphan proteins of unknown function
in the mitochondrial intermembrane space proteome: new pathways and
metabolic cross-talk. Biochim Biophys Acta (2016) 1863(11):2613-23.
doi:10.1016/j.bbamcr.2016.07.004

Spees JL, Olson SD, Whitney M]J, Prockop DJ. Mitochondrial transfer
between cells can rescue aerobic respiration. Proc Natl Acad Sci U S A (2006)
103(5):1283-8. d0i:10.1073/pnas.0510511103

Caicedo A, Fritz V, Brondello J-M, Ayala M, Dennemont I, Abdellaoui N,
et al. MitoCeption as a new tool to assess the effects of mesenchymal stem/
stromal cell mitochondria on cancer cell metabolism and function. Sci Rep
(2015) 5(1):9073. doi:10.1038/srep09073

Wang X, Gerdes H-H. Transfer of mitochondria via tunneling nanotubes
rescues apoptotic PC12 cells. Cell Death Differ (2015) 22(7):1181-91.
doi:10.1038/cdd.2014.211

Cho YM, Kim JH, Kim M, Park SJ, Koh SH, Ahn HS, et al. Mesenchymal
stem cells transfer mitochondria to the cells with virtually no mitochondrial
function but not with pathogenic mtDNA mutations. PLoS One (2012)
7(3):0-7. doi:10.1371/journal.pone.0032778

Lou E, Fujisawa S, Morozov A, Barlas A, Romin Y, Dogan Y, et al. Tunneling
nanotubes provide a unique conduit for intercellular transfer of cellular con-
tents in human malignant pleural mesothelioma. PLoS One (2012) 7(3):1-11.
doi:10.1371/journal.pone.0033093

Pasquier J, Guerrouahen BS, Al Thawadi H, Ghiabi P, Maleki M, Abu-
Kaoud N, et al. Preferential transfer of mitochondria from endothelial to can-
cer cells through tunneling nanotubes modulates chemoresistance. J Transl
Med (2013) 11(1):94. doi:10.1186/1479-5876-11-94

Onfelt B, Nedvetzki S, Benninger RKP, Purbhoo MA, Sowinski S, Hume AN,
et al. Structurally distinct membrane nanotubes between human mac-
rophages support long-distance vesicular traffic or surfing of bacteria.
J Immunol (2006) 177(12):8476-83. d0i:10.4049/jimmunol.177.12.8476
Gerdes HH, Carvalho RN. Intercellular transfer mediated by tunneling nano-
tubes. Curr Opin Cell Biol (2008) 20(4):470-5. doi:10.1016/j.ceb.2008.03.005
Plotnikov EY, Khryapenkova TG, Galkina SI, Sukhikh GT, Zorov DB.
Cytoplasm and organelle transfer between mesenchymal multipotent
stromal cells and renal tubular cells in co-culture. Exp Cell Res (2010)
316(15):2447-55. doi:10.1016/j.yexcr.2010.06.009

Liu K, Ji K, Guo L, Wu W, Lu H, Shan P, et al. Mesenchymal stem cells
rescue injured endothelial cells in an in vitro ischemia-reperfusion model

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

via tunneling nanotube like structure-mediated mitochondrial transfer.
Microvasc Res (2014) 92:10-8. doi:10.1016/j.mvr.2014.01.008

Tan AS, Baty JW, Dong LE, Bezawork-Geleta A, Endaya B, Goodwin J, et al.
Mitochondrial genome acquisition restores respiratory function and tum-
origenic potential of cancer cells without mitochondrial DNA. Cell Metab
(2015) 21(1):81-94. d0i:10.1016/j.cmet.2014.12.003

Dong LE, Kovarova ], Bajzikova M, Bezawork-Geleta A, Svec D, Endaya B,
et al. Horizontal transfer of whole mitochondria restores tumorigenic
potential in mitochondrial DNA-deficient cancer cells. Elife (2017) 6:€22187.
doi:10.7554/eLife.22187

Islam MN, Das SR, Emin MT, Wei M, Sun L, Westphalen K, et al. Mito-
chondrial transfer from bone-marrow-derived stromal cells to pulmonary
alveoli protects against acute lung injury. Nat Med (2012) 18(5):759-65.
doi:10.1038/nm.2736

Ahmad T, Mukherjee S, Pattnaik B, Kumar M, Singh S, Rehman R, et al.
Mirol regulates intercellular mitochondrial transport & enhances mesenchy-
mal stem cell rescue efficacy. EMBO ] (2014) 33(9):994-1010. doi:10.1002/
embj.201386030

Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, et al. Transfer
of mitochondria from astrocytes to neurons after stroke Neurons can release
damaged mitochondria and transfer them to astrocytes for disposal and
recycling. Nature (2016) 535(7613):551-5. doi:10.1038/nature18928
Moschoi R, Imbert V, Nebout M, Chiche ], Mary D, Prebet T, et al. Protective
mitochondrial transfer from bone marrow stromal cells to acute myeloid
leukemic cells during chemotherapy. Blood (2016) 128:253-64. doi:10.1182/
blood-2015-07-655860

Wang Y, Cui J, Sun X, Zhang Y. Tunneling-nanotube development in
astrocytes depends on p53 activation. Cell Death Differ (2011) 18(4):732-42.
doi:10.1038/cdd.2010.147

Wisnovsky SP, Wilson JJ, Radford RJ, Pereira MP, Chan MR, Laposa RR,
et al. Targeting mitochondrial DNA with a platinum-based anticancer agent.
Chem Biol (2013) 20(11):1323-8. doi:10.1016/j.chembiol.2013.08.010
Phinney DG, Di Giuseppe M, Njah ], Sala E, Shiva S, St Croix CM, et al.
Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and
shuttle microRNAs. Nat Commun (2015) 6:8472. doi:10.1038/ncomms9472
Davis CO, Kim K-Y, Bushong EA, Mills EA, Boassa D, Shih T, et al.
Transcellular degradation of axonal mitochondria. Proc Natl Acad Sci U S A
(2014) 111(26):9633-8. doi:10.1073/pnas.1404651111

Dieriks BV, Park TI-H, Fourie C, Faull RLM, Dragunow M, Curtis MA.
a-synuclein transfer through tunneling nanotubes occurs in SH-SY5Y cells
and primary brain pericytes from Parkinson’s disease patients. Sci Rep (2017)
7:42984. doi:10.1038/srep42984

Kumar A, Kim JH, Ranjan P, Metcalfe MG, Cao W, Mishina M, et al.
Influenza virus exploits tunneling nanotubes for cell-to-cell spread. Sci Rep
(2017) 7:40360. doi:10.1038/srep40360

Zhang Y. Tunneling-nanotube: a new way of cell-cell communication.
Commun Integr Biol (2011) 4(3):324-5. doi:10.4161/cib.4.3.14855

Gurke S, Barroso JE, Gerdes HH. The art of cellular communication: tunnel-
ing nanotubes bridge the divide. Histochem Cell Biol (2008) 129(5):539-50.
doi:10.1007/s00418-008-0412-0

Rustom A, Saffrich R, Markovic I, Walther P, Gerdes HH. Nanotubular
highways for intercellular organelle transport. Science (2004) 303(5660):
1007-10. doi:10.1126/science.1093133

Berridge MV, Crasso C, Neuzil J. Mitochondrial genome transfer to tumour
cells breaks the rules and establishes a new precedent in cancer biology.
Mol Cell Oncol (2015) 3556:1-10.

Guescini M, Guidolin D, Vallorani L, Casadei L, Gioacchini AM, Tibollo P,
et al. C2C12 myoblasts release micro-vesicles containing mtDNA and pro-
teins involved in signal transduction. Exp Cell Res (2010) 316(12):1977-84.
doi:10.1016/j.yexcr.2010.04.006

Guescini M, Genedani S, Stocchi V, Agnati LE. Astrocytes and glioblastoma
cells release exosomes carrying mtDNA. J Neural Transm (2010) 117(1):1-4.
doi:10.1007/s00702-009-0288-8

Jayaprakash AD, Benson EK, Gone S, Liang R, Shim J, Lambertini L, et al.
Stable heteroplasmy at the single-cell level is facilitated by intercellular
exchange of mtDNA. Nucleic Acids Res (2015) 43(4):2177-87. doi:10.1093/
nar/gkv052

Falchi AM, Sogos V, Saba F, Piras M, Congiu T, Piludu M. Astrocytes shed
large membrane vesicles that contain mitochondria, lipid droplets and

Frontiers in Endocrinology | www.frontiersin.org

November 2017 | Volume 8 | Article 296


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.3945/ajcn.110.001917
https://doi.org/10.3945/ajcn.110.001917
https://doi.org/10.1038/nature10777
https://doi.org/10.1038/ncb3039
https://doi.org/10.18632/oncotarget.19140
https://doi.org/10.18632/oncotarget.19140
https://doi.org/10.1371/journal.pone.0107109
https://doi.org/10.1155/2016/4587691
https://doi.org/10.1016/j.biocel.2015.01.023
https://doi.org/10.1098/rstb.2013.0442
https://doi.org/10.1098/rstb.2013.0442
https://doi.org/10.1083/jcb.201511036
https://doi.org/10.1016/j.bbamcr.2016.07.004
https://doi.org/10.1073/pnas.0510511103
https://doi.org/10.1038/srep09073
https://doi.org/10.1038/cdd.2014.211
https://doi.org/10.1371/journal.pone.0032778
https://doi.org/10.1371/journal.pone.0033093
https://doi.org/10.1186/1479-5876-11-94
https://doi.org/10.4049/jimmunol.177.12.8476
https://doi.org/10.1016/j.ceb.2008.03.005
https://doi.org/10.1016/j.yexcr.2010.06.009
https://doi.org/10.1016/j.mvr.2014.01.008
https://doi.org/10.1016/j.cmet.2014.12.003
https://doi.org/10.7554/eLife.22187
https://doi.org/10.1038/nm.2736
https://doi.org/10.1002/embj.201386030
https://doi.org/10.1002/embj.201386030
https://doi.org/10.1038/nature18928
https://doi.org/10.1182/blood-2015-07-655860
https://doi.org/10.1182/blood-2015-07-655860
https://doi.org/10.1038/cdd.2010.147
https://doi.org/10.1016/j.chembiol.2013.08.010
https://doi.org/10.1038/ncomms9472
https://doi.org/10.1073/pnas.1404651111
https://doi.org/10.1038/srep42984
https://doi.org/10.1038/srep40360
https://doi.org/10.4161/cib.4.3.14855
https://doi.org/10.1007/s00418-008-0412-0
https://doi.org/10.1126/science.1093133
https://doi.org/10.1016/j.yexcr.2010.04.006
https://doi.org/10.1007/s00702-009-0288-8
https://doi.org/10.1093/nar/gkv052
https://doi.org/10.1093/nar/gkv052

Herst et al.

Functional Mitochondria in Health and Disease

145.

146.

147.

148.

149.

150.

ATP. Histochem Cell Biol (2013) 139(2):221-31. do0i:10.1007/s00418-012-
1045-x

Tkach M, Théry C. Communication by extracellular vesicles: where we are
and where we need to go. Cell (2016) 164(6):1226-32. doi:10.1016/j.cell.
2016.01.043

Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO, Pfeffer K,
et al. Fusion of bone-marrow-derived cells with Purkinje neurons, cardio-
myocytes and hepatocytes. Nature (2003) 425(6961):968-73. doi:10.1038/
nature02069

Ogle BM, Cascalho M, Platt JL. Biological implications of cell fusion. Nat Rev
Mol Cell Biol (2005) 6(7):567-75. doi:10.1038/nrm1678

Weimann JM, Johansson CB, Trejo A, Blau HM. Stable reprogrammed
heterokaryons form spontaneously in Purkinje neurons after bone marrow
transplant. Nat Cell Biol (2003) 5(11):959-66. d0i:10.1038/ncb1053

Bae J-S, Furuya S, Shinoda Y, Endo S, Schuchman EH, Hirabayashi Y, et al.
Neurodegeneration augments the ability of bone marrow-derived mesenchy-
mal stem cells to fuse with Purkinje neurons in Niemann-Pick type C mice.
Hum Gene Ther (2005) 16(8):1006-11. doi:10.1089/hum.2005.16.1006
Giordano-Santini R, Linton C, Hilliard MA. Cell-cell fusion in the nervous
system: alternative mechanisms of development, injury, and repair. Semin
Cell Dev Biol (2016) 60:146-54. doi:10.1016/j.semcdb.2016.06.019

151.

152.

153.

Osswald M, Jung E, Sahm E, Solecki G, Venkataramani V, Blaes J, et al. Brain
tumour cells interconnect to a functional and resistant network. Nature
(2015) 528(7580):93-8. doi:10.1038/nature16071

Osswald M, Solecki G, Wick W, Winkler F. A malignant cellular network in
gliomas: potential clinical implications. Neuro Oncol (2016) 18(4):479-85.
do0i:10.1093/neuonc/now014

Kemp K, Wilkins A, Scolding N. Cell fusion in the brain: two cells for-
ward, one cell back. Acta Neuropathol (2014) 128(5):629-38. doi:10.1007/
s00401-014-1303-1

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Herst, Rowe, Carson and Berridge. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
Jjournal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

16

November 2017 | Volume 8 | Article 296


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1007/s00418-012-1045-x
https://doi.org/10.1007/s00418-012-1045-x
https://doi.org/10.1016/j.cell.
2016.01.043
https://doi.org/10.1016/j.cell.
2016.01.043
https://doi.org/10.1038/nature02069
https://doi.org/10.1038/nature02069
https://doi.org/10.1038/nrm1678
https://doi.org/10.1038/ncb1053
https://doi.org/10.1089/hum.2005.16.1006
https://doi.org/10.1016/j.semcdb.2016.06.019
https://doi.org/10.1038/nature16071
https://doi.org/10.1093/neuonc/now014
https://doi.org/10.1007/s00401-014-1303-1
https://doi.org/10.1007/s00401-014-1303-1
http://creativecommons.org/licenses/by/4.0/

	Functional Mitochondria in Health and Disease
	Introduction
	Evolutionary Origin of Mitochondria
	Integrity of mtDNA
	Organization of mtDNA in Nucleoids
	Drivers and Timing of mtDNA Mutations
	Repair of Faulty mtDNA

	Mito-Nuclear Cross Talk
	Mitostress Signaling Overview
	Prototoxic Stress
	Mitometabolite Levels

	Mitopeptides
	Mitochondrial Non-Coding RNAs
	Metabolic Shift
	Mitochondrial Quality Control
	Mitogenesis
	Mitophagy

	Removal of Protein Aggregates 
by mtUPR
	Integrated Stress Response (ISR)

	Mitochondrial Transfer Between Cells
	Tunneling Nanotubes
	Extracellular Vesicles
	Partial or Complete Cell Fusion

	Concluding Remarks
	Author Contributions
	Funding
	References


