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Human mitochondria produce ATP and metabolites to support development and maintain cellular homeosta-
sis. Mitochondria harbor multiple copies of a maternally inherited, non-nuclear genome (mtDNA) that en-
codes for 13 subunit proteins of the respiratory chain. Mutations in mtDNA occur mainly in the 24 non-coding
genes, with specific mutations implicated in early death, neuromuscular and neurodegenerative diseases,
cancer, and diabetes. A significant barrier to new insights in mitochondrial biology and clinical applications
for mtDNA disorders is our general inability to manipulate the mtDNA sequence. Microinjection, cytoplasmic
fusion, nucleic acid import strategies, targeted endonucleases, and newer approaches, which include the
transfer of genomic DNA, somatic cell reprogramming, and a photothermal nanoblade, attempt to change
the mtDNA sequence in target cells with varying efficiencies and limitations. Here, we discuss the current
state of manipulating mammalian mtDNA and provide an outlook for mitochondrial reverse genetics, which

could further enable mitochondrial research and therapies for mtDNA diseases.

Introduction

Mammalian mitochondria are double-membrane eukaryotic or-
ganelles that are thought to have originated by endosymbiosis
of a-proteobacteria of the Rickettsiales family (Thrash et al.,
2011; Wallin, 1926; Yang et al., 1985). Although isolated mito-
chondria are similar to bacteria in size, ~2 pm X 1 um, they
appear granular/singular or as an extended fused and branching
network within the cytoplasm. Inherited maternally, mitochon-
dria generate the energy metabolites ATP, NADH, and FADH,.
They function in the breakdown of fatty acids via beta-oxida-
tion and in the biosynthesis of iron-sulfur clusters, heme, and
steroids. The flow of biomolecules, such as calcium, citrate,
acetyl-CoA, and cytochrome c, between the cytosol and
mitochondria modulates disparate cellular functions including
enzyme activities, epigenome remodeling, and apoptosis (Wein-
berg and Chandel, 2015). Reactive oxygen species (ROS),
generated during oxidative phosphorylation (OXPHOS), can
damage DNA, proteins, and lipids at high concentrations and
may interfere with cell proliferation at low levels, and have a
role in cell differentiation (Shadel and Horvath, 2015; Weinberg
and Chandel, 2009). Thus, mitochondria are more than just
the “powerhouse” of a cell, for they impact intracellular path-
ways associated with apoptosis, calcium homeostasis, aging,
signaling, and many others (McBride et al., 2006).

Greater than 99% of the total proteins required for mitochon-
dria biogenesis and function (~1,500 proteins) are encoded
within the nucleus (Wallace, 2005). However, mitochondria also
contain an independent genome (mtDNA) that is circular, dou-
ble-stranded, and 16,569 bp in humans. Originally known as
cytoplasmic rho (p)-factor from studies in yeast (Ephrussi et al.,
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1949a, 1949b), mtDNA contains no introns and encodes for 37
genes, which include 13 electron transport chain (ETC) polypep-
tides, 22 tRNAs, and 2 rRNAs. Transcription of the mtDNA initi-
ates from three independent strand-specific promoters, result-
ing in three different pre-processed polycistronic transcripts
(Temperley et al., 2010). Whereas nuclear DNA (nDNA) resides
in histone-rich chromatin inside the nucleus, mtDNA forms
histone-less nucleoprotein structures called nucleoids that are
~100 nm in diameter and attached to the matrix side of the
mitochondrial inner membrane (Kukat and Larsson, 2013;
Wang et al., 2013).

Mutations in mtDNA (http://www.mitomap.org/MITOMAP) can
range from being phenotypically silent to causing devastating
familial diseases that typically affect tissues with high energy
demands, such as the brain, heart, and muscle (Haas et al,,
2007; Schon et al., 2012; Taylor and Turnbull, 2005). Most in-
herited mtDNA disorders appear in young children and progress
with age (Westly, 2010). Alithough mutations in nucleus-encoded
genes can contribute to mitochondrial diseases, a recent study
determined that ~1 in 5,000 adults living in northeast England
have pathogenic mtDNA mutations (Gorman et al., 2015; Schae-
fer et al., 2008), and ~1 in 200 people are carriers for mtDNA
alterations (Elliott et al., 2008; Wallace and Chalkia, 2013). This
numeric discrepancy is related to the large number of mtDNA
molecules present in an individual, with each cell containing
either ~2-10 or ~100s-100,000s of mtDNA copies, respectively,
depending mainly on tissue energetic demands (Garcia-Rodri-
guez et al., 2007; Gilkerson et al., 2008; Kukat and Larsson,
2013; Shoubridge and Wai, 2007). The likelihood that an individ-
ual with a deleterious mtDNA mutation displays a phenotypic
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disorder depends on heteroplasmy, or the ratio of mutant to
wild-type mtDNAs in cells. For example, a single nucleotide poly-
morphism, A3243G, in mtDNA alters the mt-tRNA for leucine
(mt-tRNA™®Y) and, consequently, translation of 13 ETC proteins
(Sasarman et al., 2008). Individuals with 10%-30% of their
mtDNA containing A3243G may have diabetes and potentially
autism, which is controversial (Pons et al., 2004; Van den
ouweland et al., 1992), whereas the more severe MELAS (mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes) syndrome may occur at 50%-90% A3243G hetero-
plasmy (Goto et al., 1990; Picard et al., 2014). Importantly, the
symptoms and severity of these disorders also depend on the
levels of mutant mtDNA as well as their tissue distribution.

No curative treatments are available for mtDNA disorders.
Rather, current approaches aim to maintain general patient
health and do not repair, eliminate, or compensate for delete-
rious mtDNA sequences, except potentially in future offspring,
as discussed below (Parikh et al., 2009). In contrast to nDNA, it
is difficult to alter the mtDNA sequence in mammalian cells. Es-
tablishing methods for removing detrimental mtDNA sequences
or for transferring mitochondria with specific mtDNA sequences
into cells are key initial steps in targeting the cause of mtDNA
diseases (Figure 1). Long-term methods to introduce sequence
alterations directly into the mtDNA are desirable for fundamental
insights into mitochondrial biology and for potentially enhanced
clinical options for those afflicted by an mtDNA disease
(Figure 2).

Nuclear Genome Transfer

To block the inheritance of mutant mtDNA in women at risk for
a familial mtDNA disease, mitochondrial replacement proce-
dures are being developed. These methods have in common
the transfer of nDNA in various forms from an ovum containing
mutant maternal mtDNA into an enucleated donor oocyte or
ovum with wild-type mtDNA. Techniques include the transfer
of an intact nucleus (Ma et al., 2015a), pronucleus (Craven
et al., 2010), a polar body (Wang et al., 2014), or the meiotic
spindle-chromosomal complex (Tachibana et al., 2013).
Although successfully tested in mice and Rhesus macaques
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Figure 1. Transferring Mitochondria for
Multiple Applications

Mitochondria are double-membrane bound or-
ganelles that contain their own genome (mtDNA),
which is organized into nucleoprotein structures,
called nucleoids, attached to the inner membrane
facing the mitochondrial matrix. Transfer of exog-
enous mitochondria into cells that contain or lack
(pO cells) mtDNA could improve our understand-
ing of ETC function and metabolism, and the

Medical
’ P §

Translational

Input Output

[ o | interaction between the mitochondrial and nuclear
[ o ] [ o ] genomes. Mitochondrial transfer also may hold
[ o ] [ ] potential for treating diseases of dysfunctional

mitochondria caused by mutations in mtDNA.

Can ETC output be optimized?

- 1" (Shoubridge, 2009; Tachibana et al.,
%m@'\ﬁ ) 20.09., 2013; Wang et al., 2014; Wolf and
Mitalipov, 2014), reproductive applica-
tions in humans warrant consideration
of potential adverse effects from the re-
agents and methods used in the isolation
and transfer of nDNA (Morrow et al., 2015). Currently, these
techniques target unborn future generations and are not clini-
cally useful in somatic cells or for individuals with an mtDNA
disease. Furthermore, the unintended consequences of pairing
nuclear and mitochondrial genomes from different sources are
unknown, although cellular respiration appears intact despite
a potential NDNA-mtDNA mismatch in human cells (Ma et al.,
2015a). However, it still remains unclear whether individuals
born with a non-selected nDNA-mtDNA mismatch could be
affected (Hamilton, 2015). For example, crossed in-bred mice
with wild-type C57BL/6J nDNA and wild-type 129S6 or NZB
mtDNA show reduced respiration, activity, food consumption,
and stress responses compared to matched controls (Sharpley
et al., 2012). These nDNA transfer techniques also pose a
potential ethical challenge because genetic material from three
different individuals is combined to generate the embryos. In
2015, the UK House of Commons approved the use of IVF-
based gene therapy approaches to treat mtDNA diseases.
The possibility for these embryos generated by nuclear genome
transfer has created a debate over an individual’'s identity and
the dissemination of third-party donor mtDNA to subsequent
generations (Herbert and Turnbull, 2015; Richardson et al.,
2015; Vogel, 2014).

How do the nuclear and

Heteroplasmy Reduction through a “Bottleneck”

A shift in the heteroplasmy ratio toward wild-type or mutant
mtDNAs occurs by a reduction in mtDNA content caused by
a “genetic bottleneck” during early embryonic differentiation
(Brown et al., 2001; Taylor and Turnbull, 2005). A similar reduc-
tion “bottleneck” may also occur during the reprogramming of
heteroplasmic somatic cells to induced pluripotent stem cells
(iPSCs), resulting in iPSCs with a range of wild-type to mutant
mtDNA ratios (Cherry et al., 2013; Folmes et al., 2013; Fujikura
et al., 2012; Teslaa and Teitell, 2015). It is unknown whether all
starting heteroplasmic cell types and all mtDNA mutations expe-
rience a bottleneck during reprogramming to provide enriched
or homoplasmic mutant iPSCs for disease modeling or funda-
mental studies. Of interest, a recent study showed different ra-
tios of wild-type versus mutant mtDNA in single fibroblasts within
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a population before reprogramming, suggesting selection as
a potential alternative mechanism for generating iPSCs with
elevated wild-type or mutant mtDNA ratios (Ma et al., 2015b).
This result further suggests that the segregation of mutant
mtDNAs may occur more broadly in non-germline cell types.
These data could provide a potential alternative strategy to em-
bryos generated by nuclear genome transfer involving somatic
cell reprogramming from a female to obtain iPSCs lacking
mutant mtDNA, followed by differentiation into functional oo-
cytes (as possible) for various forms of nDNA transfer (Hayashi
and Saitou, 2013; Park et al., 2009). In theory, the development
of such an approach would require genetic material only from
two individuals, and wild-type homoplasmic iPSCs could find
use in regenerative medicine applications.

DNA Nucleases and mtDNA Editing Enzymes

The nuclear expression of engineered constructs encoding mito-
chondria-targeted and site-specific DNA nucleases has been
used to selectively eliminate mutant (or wild-type) mtDNA se-
quences in heteroplasmic cells and shift mtDNA ratios. In rodent
and human cytoplasmic hybrid (“cybrid”) cell lines, mitochon-
dria-targeted Pstl or Smal restriction enzymes shifted the
mtDNA heteroplasmy ratios from mutant to wild-type, resulting
in increased cell respiration (Srivastava and Moraes, 20071;
Tanaka et al., 2002). Cultured mouse hepatocytes transfected
with a mitochondria-targeted Apall restriction enzyme showed
a rapid shift to mtDNA homoplasmy within 6 hr (Bayona-Bafaluy
et al., 2005). Expression of mitochondria-targeted EcoRl in the
tibialis anterior muscle of hamsters decreased the activity of
mitochondria-encoded cytochrome ¢ oxidase without targeting
similar nuclear pseudogenes (Tanaka et al., 2002). Adeno-asso-
ciated virus (AAV) transfection of NZB x BALB/c mice with mito-
chondria-targeted endonucleases shifted whole animal mtDNA
heteroplasmy ratios (Bayona-Bafaluy et al., 2005) and success-
fully targeted mtDNAs exclusively in liver, skeletal muscle, heart,
and germline (Bacman et al., 2007, 2010, 2012; Reddy et al.,
2015). Despite the success of mitochondria-targeted endonu-
cleases, it is difficult to identify target sites present in only the
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Figure 2. Current Methodologies for
Manipulating mtDNA in Mammalian Cells
Targeted degradation of endogenous mtDNA to
- shift heteroplasmy ratios can be performed with
mitoTALENs or mitoZFNs. The mtDNA hetero-
plasmy ratio can also be shifted through a
“bottleneck” during the reprogramming of somatic
cells to induced pluripotent stem cells (iPSCs).
Adeno-associated virus (AAV) transduction can
deliver up to ~5 kbp DNA into mitochondria that
does not integrate into the mitochondrial genome.
RNA and protein import can potentially compen-
sate for dysfunctional mtDNA gene products.
Whole mitochondria transfer technologies focus
on delivering either isolated mitochondria (co-cul-
ture, microinjection, or photothermal nanoblade) or
mitochondria from a donor cell (mitocytoplast or
cytoplasmic fusion) to a recipient cell. Importantly,
none of these methods can generate novel mtDNA
sequences. To generate non-native mtDNA se-
quences, repair cells with mtDNA disorders, or
establish cell lines with unique mtDNA mutations
for basic studies and disease modeling, new
methods are needed to insert, delete, or substitute
sequences into existing mtDNA (reverse genetics).

Cell-to-cell transfer

5

Reverse genetics?

7 &po cell

wild-type or mutant mtDNAs in a cell, and there are a limited
number of endonucleases with known cleavage sites. In fact,
of ~200 different mtDNA mutations associated with human
mtDNA disorders, only two have a restriction enzyme site that
can be selectively targeted by an existing endonuclease (Reddy
et al., 2015).

To circumvent the limitations of restriction enzymes, sequence
non-specific nucleases have been fused to DNA recognition do-
mains of proteins to target and cleave a broader range of mtDNA
sequences. mtDNA cleavage produces a double-stranded DNA
break that results in its degradation (Bayona-Bafaluy et al.,
2005). For example, certain zinc-finger proteins can bind to three
nucleotides that comprise a codon. Zinc-finger DNA-binding
modules have been engineered for almost all of the 64 nucleotide
codon combinations. The addition of the human DNMT3a meth-
yltransferase to a specific zinc-finger construct resulted in the
methylation of mtDNA at a predetermined nucleotide (Minczuk
et al., 2006). By pairing specific zinc-finger modules, a mito-
chondria-targeting sequence, and a DNA nuclease, expression
constructs encoding for mitochondrial zinc-finger nucleases
(mitoZFNs) have been generated that can target, cleave, and
eliminate specific mtDNA sequences (Gaj et al., 2013; Minczuk
etal., 2006). mitoZFNs containing the non-specific Fokl nuclease
have been engineered to recognize a 12 bp sequence and cleave
mutant mtDNA that differs from wild-type mtDNA at only one
base pair (Minczuk et al., 2008). mitoZFNs in human cell lines
that target either a T8993G mtDNA mutation associated with
Leigh syndrome (LS) and neuropathy, ataxia, and retinitis pig-
mentosa (NARP) or a several kbp-sized deletion linked to
Kearns-Sayre syndrome (KSS) resulted in a reduction of mutant
mtDNAs and a shift toward wild-type mtDNAs (Gammage
et al., 2014).

Mitochondria-targeted transcription activator-like effector nu-
cleases (mitoTALENSs) provide another type of protein-based
gene cleaving enzyme that relies on the 34 amino acid repeat-
containing TAL effector proteins originally discovered in the pro-
teobacteria Xanthomonas. TALE nucleases can recognize single
nucleotides to enable the binding to and cleavage of almost any
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sequence as long as the sequence starts with a thymidine. To
date, mitoTALENSs have successfully altered the mtDNA hetero-
plasmy ratio in NZB x BALB/c mouse oocytes (Reddy et al.,
2015) and have eliminated mtDNAs with specific point mutations
or large deletions in patient-derived cells (Bacman et al., 2013;
Hashimoto et al., 2015).

Despite the promise of mitoZFNs and mitoTALENSs, these
gene-cleaving enzymes have limitations. For example, a zinc-
finger module does not exist for every nucleotide codon, which
excludes certain sequences from mitoZFN targeting. TALENs
are immune from this limitation because each TALE nuclease
recognizes a specific nucleotide. However, both ZFNs and
TALENSs are challenging to generate because of the substantial
protein engineering required to recognize specific DNA se-
quences. Furthermore, the delivery of large amounts of correctly
engineered mitoZFNs or mitoTALENs to mitochondria is a
challenge (Moraes, 2014). For mitoTALENSs, a vector encoding
all of the components can exceed the ~5 kbp DNA size limit
that AAVs can accommodate to infect cells (Hashimoto et al.,
2015). The recently described CRISPR-Cas9 genome-editing
approach may solve this issue, as it relies on only one protein
(Cas9 nuclease) and one guide RNA to selectively cleave DNA
sequences. However, it is unclear whether CRISPR-Cas9 could
cleave or edit mtDNAs because it is challenging to import the
guide RNA component into mitochondria (Doudna and Char-
pentier, 2014; Hashimoto et al., 2015; Liang et al., 2015). Finally,
targeting mtDNAs that comprise a high percentage of the
total mtDNAs in a cell with ZFN, TALEN, and CRISPR-Cas9
gene-cleaving tools may inadvertently reduce the total mtDNA
content below a functional threshold, causing additional prob-
lems (Moraes, 2014).

Targeted RNA and Protein Import into Mitochondria

Many organisms import tRNAs encoded in the nucleus into the
mitochondrion. In vitro studies showed that tRNAs from the
budding yeast Saccharomyces cerevisiae could be imported
into isolated human mitochondria (Kolesnikova et al., 2000).
Subsequent experiments in which yeast tRNAs were expressed
in the nucleus of patient-derived fibroblasts containing a
myoclonic epilepsy with ragged red fibers (MERRF) mutation
in a mitochondrial-encoded tRNA showed that tRNA import
partially restored respiration (Kolesnikova et al., 2004). To try to
improve import efficiency, the RNA import complex (RIC) of the
kinetoplastid protozoa Leishmania reportedly augmented the
import of human mt-tRNAS into isolated mitoplasts and helped
to restore mtRNA translation in isolated mitochondria from
MERRF and KSS cells expressing RIC (Mahata et al., 2005).
It was also reported that expressing RIC in human cells with
mtDNA mutations in tRNA genes enabled the import of all tRNAs,
except glycine, into mitochondria, although studies with RIC
have been difficult to independently replicate (Mahata et al.,
2006). Recently, polynucleotide phosphorylase (PNPase), an
enzyme with 3'-5’ exoribonuclease and poly(A)-polymerase
biochemical activities, was shown to augment the import of
small, nucleus-encoded noncoding RNAs into the mitochondrial
matrix (Wang et al., 2010). The addition of a 20-ribonucleotide
stem-loop sequence from RNase P or MRP RNAs to tRNAs re-
sulted in augmented tRNA import into the mitochondrial matrix
(Wang et al., 2012). However, augmented RNA import mediated
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by PNPase remains inefficient, especially in vivo, and the mech-
anism augmenting import is not well understood.

Allotopic nucleus expression and cytosolic translation of
mitochondria-encoded ETC genes were originally shown in
S. cerevisiae (Law et al., 1988). In human cybrid cells containing
aT8993G ATPase 6 mtDNA mutation that causes LS, a nucleus-
expressed MTATP6 gene fused with a mitochondrial targeting
sequence generated a fusion protein that was successfully im-
ported and incorporated into complex V of the respiratory chain,
resulting in improved ATP synthesis and cell growth (Manfredi
et al., 2002). Nucleus-expressed, mitochondria-targeted tRNAs
have also been used to improve the translation and respiration
of cells with a MELAS mtDNA mutation (Karicheva et al., 2011).
Despite these encouraging results, developing a safe allotopic
gene delivery method for therapy and the possibility for unin-
tended side effects on cell function from recoded proteins
transiting from the nucleus to mitochondria need further study
(Manfredi et al., 2002).

An alternative to expressing mitochondrial genes in the nu-
cleus is to directly deliver them to mitochondria using AAV. Engi-
neered AAV vectors are useful for nuclear gene therapy because
of their ability to transduce a wide variety of cells and their lack of
human pathology (Vasileva and Jessberger, 2005). The incorpo-
ration of a mitochondria targeting sequence into the AAV outer
capsid protein enabled the vitreous injection of a mutant NADH
dehydrogenase subunit 4 (ND4) gene to mitochondria in the
eyes of wild-type mice, resulting in a phenotype similar to
Leber’s hereditary optic neuropathy (LHON) (Yu et al., 2012b).
Conversely, when the AAV vector targeted wild-type ND4 to
the mitochondria in the eyes of LHON-like mice, the mutant
phenotype was rescued (Yu et al., 2012a). The AAV vector can
accommodate DNA sequences up to ~5 kbp in size, enabling
the delivery of all 37 mitochondrial genes into a human cell. How-
ever, mtDNA deletions >~5 kbp, as may occur in KSS, may be a
challenge to incorporate into AAVs, and the mechanism of DNA
entry into mitochondria is unknown, as is whether AAV delivery
could interfere with additional, ETC-independent mitochondrial
functions (Yu et al., 2012a). Interestingly, AAV-delivered DNA
sequences into mitochondria do not integrate into mtDNA and
remain episomal for an unknown length of time because
integration requires non-homologous end joining (NHEJ) or ho-
mologous recombination (HR), DNA repair processes that are
infrequent in mammalian mitochondria (Alexeyev et al., 2013).
Low-level NHEJ and HR processes may also limit the use of
CRISPR-Cas9 mtDNA editing.

Direct Uptake by Co-culture with Isolated Mitochondria

The uptake of isolated mitochondria by passive co-culture with
cells in vitro has been reported with some conflicting results.
One report showed that isolated mitochondria could not be
taken up by mammalian cell lines in co-culture media (Spees
et al., 2006). However, chloramphenicol and efrapeptin antibi-
otic-sensitive cells became resistant when co-incubated with
isolated mitochondria derived from resistant cells (Clark and
Shay, 1982). Consistent with the latter results, cellular uptake
of mitochondria from the media was discovered to be tempera-
ture dependent, was able to occur between species, and was
shown for MDA-MB-435, COLO 205, and MCF-7 cell lines (Ka-
trangi et al., 2007). The incorporation of isolated mitochondria
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into endometrial gland-derived mesenchymal cells was also
shown to be dose dependent (Kitani et al., 2014a, 2014b).
Rho-zero (p0) cells can be generated that lack mtDNA and,
therefore, cannot respire or generate ATP by OXPHOS and
become uridine auxotrophs due to the inactivation of ETC-
dependent dihydroorotate dehydrogenase (King and Attardi,
1989). The uptake of isolated mitochondria into pO cells
increased cell viability and respiration (Kitani et al., 2014b). The
uptake mechanism did not involve clathrin-mediated endocy-
tosis, but data obtained using inhibitors against microtubule as-
sembly, actin polymerization, and Na*/H+ exchange suggested
that non-selective macropinocytosis was a key component
(Kitani et al., 2014b).

Results showing direct mitochondrial transfer by co-culture
in vitro naturally led to in vivo studies. Autologous mitochondria
were injected into a rabbit model of regional ischemia and
improved recovery from the injury (Masuzawa et al., 2013).
Data showed that most of the injected mitochondria remained
extracellular with some mitochondria taken up by cells, although
it was unclear how mitochondria were taken up from the extra-
cellular fluid (Masuzawa et al., 2013).

Cell-to-Cell Mitochondria Transfer

The most common approach for transferring mitochondria
from one cell to another is cytoplasmic fusion, which generates
transmitochondrial cytoplasmic hybrid cells known as cybrids.
In this procedure, enucleated mitochondria donor cells with
specific mtDNA haplotypes are fused with p0 cells to yield cybrid
cell lines that are isolated by growth in medium lacking uridine
and containing selection drugs (King and Attadi, 1996; Moraes
et al., 2001; Vithayathil et al., 2012). Cybrids have been used
to study diseases arising from mtDNA mutations and other mito-
chondriopathies, such as Parkinson and Alzheimer diseases
(Wilkins et al., 2014). However, results from cybrid studies can
be challenging to interpret because mitochondria, along with
miRNAs, IncRNAs, signaling proteins, and other organelles,
among other biomolecules, are also transferred to p0 recipient
cells.

Increasing evidence suggests mitochondria can be trans-
ferred from cell to cell by other mechanisms. One mechanism
involves tunneling nanotubes (TNTs), cellular structures 50—
200 nm in diameter and spanning several cell widths in length
(Rustom et al., 2004). Studies examining contact interactions
between endothelial progenitor cells and cardiomyocytes
discovered labeled mitochondria in TNTs (Koyanagi et al.,
2005). Further work showed that cell-to-cell transfer of mito-
chondria through TNTs depends on many factors, including
p53, F-actin, Cx43, and stress (Domhan et al., 2011; Islam
et al., 2012; Wang et al., 2011). It was recently shown that mito-
chondrial transfer from mesenchymal stem cells (MSCs) to
epithelial cells through TNTs is dependent on the mitochondrial
Rho GTPase 1 (Miro1), with overexpression and knockdown of
this enzyme resulting in enhanced or decreased mitochondria
transfer, respectively (Ahmad et al., 2014).

TNTs transfer mitochondria between stem cells, (Acquista-
pace et al., 2011; Li et al., 2014), stromal endothelial cells (Pas-
quier et al., 2013), human retinal pigment epithelial cells (Wittig
et al., 2012), renal epithelial cells (Domhan et al., 2011), vascular
smooth muscle cells (VSMCs) (Vallabhaneni et al., 2012), human

mesothelioma cells (Lou et al., 2012), macrophages (Onfelt et al.,
2006), and astrocytes (Wang et al., 2011). Although bidirectional
mitochondria transfer has been observed in some cell types
(Domhan et al., 2011; Lou et al., 2012; Onfelt et al., 2006), mito-
chondria transfer is mainly unidirectional. For example, labeled
mitochondria from cardiomyocytes transit TNTs to endothelial
progenitor cells, but not vice versa (Koyanagi et al., 2005).
Also, mitochondria transfer occurred from MSCs to endothelial
cells, but not the reverse (Otsu et al., 2009). Finally, although
cytoplasmic transfer was bidirectional between cardiomyocytes
and MSCs, mitochondria were only observed migrating to cardi-
omyocytes (Plotnikov et al., 2008). Although it is suggested that
stressed cells develop TNTs that target unstressed cells (Wang
et al., 2011), it is unclear what biological processes determine
the direction mitochondria transit in TNTs.

Naturally, the transfer of mitochondria from one cell to another
can alter the recipient cell’s function. For example, mitochondria
transfer from MSCs to pO cells increases OXPHOS, ATP gener-
ation, and mitochondrial membrane potential (Cho et al., 2012;
Spees et al., 2006). Mitochondria transfer may also degrade
recipient cell functions and has been suggested to result in
capillary degradation potentially from increased mitochondrial
ROS (Otsu et al., 2009). Cell-to-cell transfer of mitochondria
can also effect non-mitochondria cellular changes. For example,
transfer of human multipotent adipose-derived stem cell mito-
chondria to mouse cardiomyocytes is suggested to be important
for somatic cell reprogramming (Acquistapace et al., 2011). Also,
the transfer of mitochondria from VSMCs to MSCs regulated
MSC proliferation (Vallabhaneni et al., 2012). Finally, the transfer
of mitochondria from endothelial cells to cancer cells could
impart chemoresistance in the cancer cells (Pasquier et al.,
2013).

Accumulating evidence suggests an in vivo role for mitochon-
dria transfer via TNTs in cases of lung injury. In lipopolysaccha-
ride-treated mouse lungs, bone marrow stromal cells (BMSCs)
produced TNTs and microvesicles that transferred mitochondria
to alveolar epithelium, resulting in the recipient cells having
increased ATP levels and surviving acute lung injury (Islam
et al., 2012). In a rat model of chronic obstructive pulmonary dis-
ease (COPD), mitochondria transferred from intravenously pro-
vided iPSC-MSCs and BMSCs lessened alveolar destruction
(Li et al., 2014). Furthermore, mitochondria transfer was corre-
lated with the ability of stem cells to repair damaged epithelial
cells associated with lung injury and asthma in mouse models
(Ahmad et al., 2014). Finally, mouse cancer models with tumor
cells lacking mtDNA (p0O tumor cells) showed reduced mitochon-
drial function and tumor growth, but somehow could obtain
mtDNA from the tumor microenvironment to restore respiration
and increase tumorigenicity (Tan et al., 2015). Although TNTs
may play a role in this mtDNA acquisition, it remains unclear
how these mitochondria are transferred.

Microinjection for Mitochondria Transfer

The transfer of micron-sized cargo into cells by microinjection is
usually associated with the delivery of nuclei into eggs in IVF pro-
cedures, although microinjection has also been used to transfer
isolated mitochondria into cells. Using a 3 um internal diameter
needle, erythromycin-resistant mitochondria were transferred
into large and antibiotic-sensitive Paramecium cells, resulting
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in erythromycin-resistant cells (Knowles, 1974). Chloramphen-
icol-resistant mitochondria were also transferred by microinjec-
tion into sensitive 143BTK— and HT1080-6TG human cells using
a smaller and more clog-prone 1 um needle that was necessary
because of the smaller size of human cells compared to Para-
mecium (King and Attardi, 1988). Although the procedure was
inefficient and transferred only one mitochondrion per cell, the
delivered mitochondria completely replaced the endogenous
mitochondria under chloramphenicol selection within 35 genera-
tions. Finally, microinjection of p0 cells with mitochondria con-
taining wild-type mtDNA resulted in cells that grew on selection
media lacking uridine (King and Attardi, 1989).

Although the microinjection of mitochondria into cells is
well-documented, the persistence of transferred mitochondria
in developing cells and organisms has shown mixed results.
Mouse testes or liver mitochondria injected into fertilized mouse
eggs resulted in zygotes that survived, developed, and repro-
duced, but the transferred mitochondria were undetectable in
tissues, potentially due to the limited number of mitochondria
transferred (Ebert et al., 1989). By contrast, the injection of mito-
chondria from Mus spretus into fertilized Mus musculus ova
yielded detectable levels of transferred mitochondria in some
blastocysts (Pinkert et al., 1997). Microinjection to generate
transmitochondrial mice resulted in <10% of animals being
heteroplasmic, suggesting that some of the injected cells did
not have replicating mitochondria (Irwin et al., 1999). Additional
issues that could have limited efficiency include the possibility
that mitochondria were damaged by the small bore needles dur-
ing injection or that certain mtDNA haplotypes are energetically
unfavorable and therefore out competed. For example, the
microinjection of spermatid mitochondria into mouse embryos
resulted in their elimination from cells prior to birth, whereas
transferred liver mitochondria from a different host were retained
in the offspring (Shitara et al., 2000). Finally, the microinjection
of mitochondria derived from different mouse cells differentially
altered the course of parthenogenetic development of murine
oocytes (Takeda et al., 2005).

Despite promising results, microinjection has not been widely
adopted for mitochondria transfer into mammalian cells mainly
because it is labor intensive and inefficient. Microinjection trans-
fers material by insertion of a needle into the cytoplasm, which
can damage cells, particularly non-egg cells, by excess mechan-
ical stress. To minimize damage, microinjection needles for hu-
man somatic cells have an internal diameter of ~1 um or less.
This small orifice leads to frequent clogging during delivery of
large cargo, such as mitochondria. To work around this problem,
a 6 um needle was used to inject mitochondria into rodent eggs
that are larger and more mechanically forgiving, perhaps
because of a thick zona pellucida, than somatic cells (Yang
and Koob, 2012). Subsequently, a 20 um needle removed a
portion of the cytoplasm containing the injected mitochondria,
and these mitocytoplasts were fused to mouse p0 somatic cells
using a viral-based membrane fusion technique (Yang and Koob,
2012). This interspecies transfer method restored mtDNA and
respiratory function in the p0O cells. Although contaminating ro-
dent mitochondria was eliminated in mouse recipient cells and
homoplasmy obtained, other rodent egg contaminants were
transferred, and this technique exhibited low throughput and
was relatively inefficient.

790 Cell Metabolism 23, May 10, 2016

Cell Metabolism

Photothermal Nanoblade

A recent technological development provides a controlled,
higher-throughput method for transferring mitochondria with
desired mtDNA haploytpes into mammalian cells (Wu et al.,
2010). A microcapillary pipette is coated at its ~3 um diameter
tip with light-absorbing titanium and positioned to lightly touch
a cell membrane where it is exposed to a 532 nm wavelength
non-damaging laser pulse (Wu et al., 2010, 2011). The laser pulse
causes a rapidly expanding and collapsing vapor bubble to form
at the pipette tip and generates a transient membrane incision by
shear stress to enable the pressure-driven delivery of large cargo
into cells. Successfully delivered materials include DNA (Chiou
et al., 2012), conjugated quantum dots (Xu et al., 2012), and
live intracellular bacterial pathogens (French et al., 2011; Teh
et al., 2014), with high efficiency and retained cell viability. The
nanoblade approach has also been modified to deliver isolated
MDA-MB-453 breast carcinoma cell line mitochondria into
143BTK-p0 cells. Analysis of the resulting clonal lines showed
these mitochondria-delivered cells were stable for mtDNA
rescue, grew on uridine-free selection media, respired, and reset
the metabolite profile to that of the parental 143BTK— cells (Wu
et al., 2016).

An important limitation of the single pipette photothermal
nanoblade is that it can only deliver cargo to one cell at a time.
Consequently, this approach not only remains a low-throughput
technique with ~100 cell deliveries/hr, but the successful cell line
generation is also operator dependent. Therefore, a massively
parallel, high-throughput cargo transfer platform that is less
operator dependent has been developed based on the principles
of the nanoblade, to enable the large cargo delivery of up to
~100,000 cells/min (Wu et al., 2015). Similar to the nanoblade,
this biophotonic laser-assisted surgery tool (BLAST) platform
can deliver nanoparticles, proteins, and intracellular bacteria
into mammalian cells with high efficiency and retained cell
viability (Wu et al., 2015). Compared to microinjection tech-
niques, the nanoblade tip and BLAST platform delivery portals
are larger and never enter into the cell, reducing mechanical
trauma and thereby increasing efficiency. The cavitation bubble
generated by each device locally cuts a contacting membrane,
and this damage is repaired and resealed rapidly. The BLAST
platform is currently being modified and tested for efficient
mitochondrial transfer into mammalian somatic cells.

Is Mitochondrial Reverse Genetics in the Cards?

Reverse genetics is an approach in which the functions of spe-
cific genes and their encoded proteins are deciphered based
on nucleotide sequence substitutions, deletions, and insertions.
The application of reverse genetics to the nuclear DNA has un-
covered the functions of a huge number of genes and proteins
independently and as part of larger genome and proteome net-
works. Mitochondria transfer techniques such as co-culture,
cell-to-cell transfer, cytoplasmic fusion, microinjection, and the
photothermal nanoblade can only exchange pre-existing mtDNA
sequences. Embryos generated by nuclear genome transfer use
nDNA exchange techniques to obtain viable zygotes with func-
tional, but only pre-existing, mtDNAs. Reprogramming bottle-
necks and various forms of targeted endonucleases can shift
heteroplasmy ratios by removing specific mtDNA sequences,
but these approaches cannot yet be used to generate non-native
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mtDNA sequences. This is because the DNA repair machinery
required to generate nucleotide substitutions, deletions, or inser-
tions appears to be lacking inside mitochondria. Even if the
proteins required for HR or NHEJ could be imported into mito-
chondria, it is unknown whether this machinery would function
similarly on mitochondrial nucleoids as on histone-rich chro-
matin or what kind of havoc these proteins could generate in
mtDNA. However, to gain further insight into the functional rela-
tionships among mitochondrial genes and with nucleus-en-
coded genes, or to potentially develop gene replacement thera-
pies for mtDNA diseases, continued technical advances toward
mitochondrial reverse genetics are required. Another key differ-
ence compared with gene manipulations in the nucleus is that
mitochondrial genes are subject to the rules of population
genetics, whereas nuclear genes are under Mendelian genetic
rules. Given the significant roadblocks to reverse mitochondrial
genetics in vivo, it is at least worth considering the possibility
of manipulating mtDNA ex vivo, followed by the reintroduction
into mitochondria and subsequent transfer into cells using one
or more of the aforementioned approaches.

Ex vivo approaches are varied and include cloning mtDNA into
a vector enabling genetic manipulations and purification by
standard techniques. The 16.3 kbp mouse mtDNA was inserted
into a centromeric yeast/bacteria shuttle vector by HR, resulting
in an ~22 kbp hybrid plasmid (Wheeler et al., 1997). However,
only one bacterial clone was obtained when a point mutation
was introduced into the mitochondrial 76S rRNA gene in order
to convey chloramphenicol resistance (Bigger et al., 2000). Inde-
pendently, mouse mtDNA was cloned into an E. coli plasmid
producing a 17.8 kbp vector (Yoon and Koob, 2003). By
randomly inserting an E. coli y-ori origin of DNA replication
and the chloramphenicol resistance marker by in vitro transpo-
sition reactions, this vector was shown to stably replicate in
E. coli at low copy numbers. However, transposon insertion
can randomly disrupt mitochondrial genes, and the vectors are
prone to degradation in E. coli when expressed at high copy
numbers (Yoon and Koob, 2003). To get around size-related
problems, mouse miDNA was cloned into a Bacillus subtilis
vector that can stably maintain a million base pairs (Yonemura
et al., 2007), and the mtDNA was cut into 4-5 pieces and individ-
ually cloned into a vector that stably replicates at ~10-15 copies
per E. coli (Yoon et al., 2009). Although mouse mtDNA has been
modified in E. coli, B. subtilis, and S. cerevisiae vectors, these
vectors and their exogenous sequences may be problematic
in mammalian cells. Attempts to place human mtDNA into plas-
mids showed that regions including mt-tRNA™ and the D-loop
may be unstable (Bigger et al., 2000; Drouin, 1980; Kearsey
et al.,, 1980). Also, human mtDNA is unstable in multi-copy
vectors or single-copy phage artificial chromosome vectors
in E. coli and cannot be cloned into multi-copy yeast vectors
(Bigger et al., 2011). The human mtDNA was cloned into a sin-
gle-copy yeast plasmid by HR but could not be shuttle cloned
into E. coli, indicating a conflict between human mtDNA and
bacteria. Further work is required to generate a suitable system
for modifying human mtDNA.

Another, more significant hurdle to overcome is the reintro-
duction of manipulated mtDNA back into mitochondria. Although
short, linear pieces of DNA conjugated to mitochondrial-target-
ing peptides can pass through the mitochondrial membranes

(Flierl et al., 20083; Vestweber and Schatz, 1989), this method
does not enable the import of circular or large DNAs (Yamada
et al., 2008). Liposome-based nanoparticles, known as MITO-
Porters, have imported macromolecules, such as GFP and
DNase |, into the mitochondrial matrix (Yamada et al., 2008,
2011). Although these mitochondrial-targeted nanoparticles
have a diameter of ~200 nm and could potentially fit mtDNA, it
is unclear whether the mtDNA would be degraded once inside
the mitochondria, as has been observed for other molecules (Ya-
mada et al., 2008). Nanoparticles based on the amphiphile de-
qualinium have delivered cargo into mitochondria. Dequalinium
has a delocalized cationic charge and self-assembles around
DNA in a structure termed the DQAsome, which can interact
with the cardiolipin-rich mitochondrial membrane to import
DNA (D’Souza et al., 2003; Weissig et al., 2000, 2001; Weissig
and Torchilin, 2000).

Electroporation has been used to transfer a 7.2 kbp
pCMVp plasmid into isolated mitochondria (Collombet et al.,
1997). The mouse mtDNA was cloned into an E. coli vector
and electroporated into isolated mouse p0 mitochondria, with
mtRNA transcripts detected by in organello assays (Yoon and
Koob, 2003, 2005). Despite this encouraging ex vivo result, these
mitochondria did not function when transferred into mammalian
cells, which could have been a result of damage by the intracel-
lular transfer process (Yoon and Koob, 2005).

Bacterial conjugation is a form of sexual reproduction that in-
volves the transfer of plasmid DNA from F-plasmid (the fertility
factor that enables bacterial conjugation)-positive bacteria to
F-plasmid-negative bacteria via cell contact. Since mitochondria
are thought to originate from bacteria, conjugation was attemp-
ted between an F+ bacterium and F— mitochondria, and a
plasmid containing a T7 promoter was successfully transferred
and expressed in T7 RNA polymerase-containing mouse mito-
chondria (Yoon and Koob, 2005). It is unclear whether the entire
miDNA can also be transferred using conjugation. However,
conjugation transfers single-stranded DNA, and it is also unclear
whether synthesis of a complementary second strand would
occur inside mitochondria. Also, the donor bacterium transfers
both a plasmid and the F-plasmid into recipients, and it is
unclear whether mitochondria in vivo would tolerate the bacterial
F-plasmid. Finally, for any ex vivo mtDNA transfer method,
a completely unknown potential roadblock exists for inserting
exogenous, naked mtDNA into mitochondrial nucleoids.

If the obstacles to editing the mtDNA and delivering it back into
mitochondria ex vivo can be overcome, the next step would be to
identify ideal recipient mitochondria and cells. The simplest path
is to transfer the engineered mtDNA into isolated pO mitochon-
dria where there would be no competition from endogenous
mtDNA. Furthermore, the path of least resistance would be to
then place these engineered mitochondria into p0 mammalian
cells. This path would be potentially incompatible in specific clin-
ical settings of mutant mtDNA, and there are a limited number of
different p0 cell lines available (Hashiguchi and Zhang-Akiyama,
2009). The generation of new p0 lines requires DNA intercalating
agents, such as ethidium bromide and ditercalinium chloride,
which are also potential NDNA mutagens. A potential safer alter-
native for generating additional p0 cell lines is the transient use
of targeted endonucleases to deplete the mtDNA (Kukat et al.,
2008; Schubert et al., 2015).
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Table 1. Limitations of Current Methods to Alter mtDNA in Cells

Technique

Limitations and Considerations

Mitochondrial Targeting

mitoTALENs, mitoZFNs

CRISPR-Cas9

Adeno-associated virus
(AAV) transduction

RNA import

Can be complex protein engineering
Targeted degradation, not reparative
Heteroplasmy shifting

5 kbp size limitation if AAV vector used
Deficient or inefficient guide RNA import
Low NHEJ and HR rates

5 kbp DNA size limit

Mitochondria targeting with unknown
consequences

Compensatory and not reparative
Non-integrating

Unclear how mtDNA fragment is
maintained and expressed episomally
Inefficient

Mechanism not understood
Compensatory and not reparative

Mitochondria Transfer

Nuclear/spindle/
pronuclear/polar body
transfer

Co-culture with isolated
mitochondria

Transmitochondrial
cytoplasmic fusions
(cybrids)

Cell-to-cell transfer

Microinjection®

Mitocytoplast fusion®

Photothermal nanoblade
technology®

Efficiency, technical, and ethical
considerations

Pre-existing mtDNAs only
Sporadic, low frequency

Unwanted miRNAs, IncRNAs, proteins,
organelles

Specific cell types and conditions
Unclear how to control transfer process
Mechanism(s) not fully understood

Low efficiency

Microinjection needle prone to clogging

Needle imparts mechanical stress and
cell trauma

Low efficiency
Interspecies/fusion impurities
Operator and technique dependent

Other

Bottleneck to shift mtDNA

heteroplasmy

Unclear if works with all cell types and
mtDNA mutations

Stochastic at reprogramming rates

®Potential approach to transfer mitochondria with modified mtDNA

sequences.

Concluding Remarks

mtDNA mutations often result in devastating disorders for which
there are currently no effective treatments or curative therapies.
Whereas effective approaches for some monogenic diseases
caused by nDNA mutations have and are being developed, the
mtDNA stands out as particularly challenging to manipulate
and therefore has been left out of the reverse genetics revolution.
This discussion has highlighted our present capabilities for
manipulating mtDNA, and while remarkable progress has been
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made in transferring pre-existing mtDNA sequences between
cells, it is clear that our toolset is limited and hindered by
key roadblocks (Table 1). Success at developing reproducible
techniques for genetically altering mtDNA, either in vivo or
ex vivo with cellular reintroduction, may create new treatment
possibilities for mtDNA disorders and also help to improve our
understanding of mitochondrial function and cell metabolism.
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