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More than 150 pathogenic mitochondrial DNA (mtDNA) mutations associated with a range of illnesses have
been described in humans. These mutations are carried by one in 400 people and their inheritance is
exclusively maternal. Currently there is no method to prevent mtDNA diseases, which highlights the need for
strategies to predict their transmission. Here we outline the scientific background and unique difficulties in
understanding the transmission of mtDNA diseases, explaining why their management has lagged so far
behind the genetics revolution. Moreover, both current and future management options, including
cytoplasmic and nuclear transfer, are also discussed.
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1. Introduction

Pathogenic mitochondrial DNA (mtDNA) mutations are carried by
one in 400 adults and children (Manwaring et al., 2007). Patients
present, often in the neonatal period, with a range of devastating
conditions including epilepsy and liver failure, cardiomyopathy and/
or sudden death (van den Ouweland et al., 1992; Santorelli et al.,
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1994; Blok et al., 1997; Chinnery et al., 2000; Solano et al., 2001;
Manwaring et al., 2007; Sacconi et al., 2008). More common are
milder disorders such as age-related deafness (Manwaring et al.,
2007) and/or diabetes (van den Ouweland et al., 1992), and loss of
vision due to optic neuropathies (Wallace et al., 1988). Here, the
scientific background and unique difficulties in understanding the
transmission of mtDNA diseases are outlined, explaining why their
management has lagged so far behind the so-called “genetics
revolution” (Poulton and Turnbull, 2000). However, a significant
step towards a therapeutic treatment, nuclear transfer, was reported
in August 2009 when a “three parent monkey” was produced
(Tachibana et al., 2009). This non-human primate model suggests
that maternally inherited mtDNA diseases might now be clinically
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treatable at the outset of embryogenesis. Here, we describe both
current and future management and treatment options, and why new
studies in both human and monkey are so exciting as potential cures
for metabolic diseases of mitochondrial origin.

The mitochondrion is a cytoplasmic organelle commonly referred
to as the “power house” of the cell because of its role in oxidative
energy metabolism. Most of the energy necessary for cellular
functions is produced in mitochondria by oxidative phosphorylation
(OXPHOS) and stored in the form of ATP, which supports most of the
energy-dependent processes in cells (Wallace, 2005). Each mitochon-
drion has approximately 1500 polypeptide components of which
most are encoded by nuclear DNA (nDNA). Nonetheless, of the over 80
polypeptides that are needed for OXPHOS, 13 are encoded in mtDNA.
The mtDNA also encodes 22 unique tRNAs and two rRNAs involved in
the translation of mitochondrial mRNA. Human mtDNA is a double-
stranded (heavy and light strands), closed-circular molecule com-
posed of 16,569 base pairs. Unlike nDNA, there are usually hundreds
to thousands mtDNA copies in every cell, with the number of copies
varying depending on cell type and metabolism. Cells of tissues with
the highest energy requirements (i.e., neurons and muscle cells)
contain more mtDNA molecules than those of other tissues such as
leukocytes andmonocytes (Miller et al., 2003; Casula et al., 2005). The
mtDNA molecule is organized in nucleoprotein complexes known as
nucleoids that are devoid of histones (Scarpulla, 2008a, 2008b).

According to the endosymbiotic theory of mitochondrial origin in
eukaryotic cells, mitochondria are evolutionary descendents of an
aerobic prokaryote. This theory proposes that mitochondria became
specialized in energy production after symbiosis with an anaerobic
cell, an event that probably occurred some 1.5 billion years ago. The
remaining double membrane structure, circular genome and the
presence of a complete set of prokaryotic-like tRNAs and rRNAs are
“molecular fossils” that support this theory. During evolution, most of
the proto-mitochondrial genes were apparently transferred to the
nDNA. This includes the 70 polypeptides involved in OXPHOS as well
as factors responsible for regulating replication, transcription and part
of translation of the mtDNA (Smith et al., 2000; Wallace, 2005).

Since mitochondrial function depends on polypeptides encoded
both by nDNA and mtDNA, nuclear-mitochondrial interactions are
critically important to cellular health (Spelbrink et al., 2001). Hence, the
expression of subunits encoded by both genomes must be closely
coordinated. This is accomplished by a variety of well orchestrated
regulatory mechanisms dependent on intracellular and extracellular
signals including hormones and environmental stimuli (Garesse and
Vallejo, 2001). Many factors are involved in coordinate nDNA and
mtDNA expression, but the most known factor is the peroxisome
proliferator-activated receptor gammacoactivator 1 alpha (PPARGC1A),
which is encoded by the nDNA. At the nuclear level, the PPARGC1A
regulates expression of the nuclear respiratory factors 1 and 2 (NRF1
and NRF2), which in turn coordinates (in the nucleus) expression of
OXPHOS polypeptides and factors controlling replication, transcription
and translation of the mtDNA. At the mitochondrial level, both
replication and transcription of mtDNA are regulated by factors
imported by mitochondria from the cytoplasm that interact with a
specific region in the mtDNA known as Displacement loop or D-loop.
Promoters of transcription ofmtDNAheavy and light strands are located
in this region, as are some of the mtDNA replication origins (Holt and
Jones, 2009). Factors such as the mitochondrial transcription factor A
(TFAM), transcription factors B1 and B2 (TFB1M and TFB2M) and a core
RNA polymerase (POLRMT) encoded in the nDNA interact with the D-
loop and are responsible for initiating bidirectional transcription of
mtDNA. These factors also regulate mtDNA replication because the
nascent RNA strand serves as a primer for initiation of mtDNA
replication. Mitochondrial DNA replication also requires a specific
DNA polymerase (POLG) (Scarpulla, 2008a, 2008b) as well as a helicase
(specifically the Twinkle helicasewhichhasmost structural similarity to
phage T7 gene 4 primase/helicase) (Spelbrink et al., 2001).
As well as depending upon these molecules for expression and
maintenance of mtDNA,mitochondria require a group of proteins that
enable them to split and fuse. Mitochondrial dynamics appear to be
essential because defects in either splitting (Waterham et al., 2007) or
joining can cause both disease (Alexander et al., 2000) and
developmental anomalies (Chen et al., 2003). These processes enable
the mitochondrial network to regulate energy supply within the cell
and to maintain mitochondrial quality by recycling damaged
mitochondria (Chen and Chan, 2005; Scherz-Shouval and Elazar,
2007).

2. Mitochondrial inheritance

Mitochondrial inheritance in mammals is uni-parental and
maternal, since mitochondria in the offspring are inherited exclu-
sively from the mother. This is because the oocyte contributes many
more mitochondria (100,000 mitochondria compared to only 100)
(Diez-Sanchez et al., 2003) and hence mtDNA to the zygote than the
sperm, the few mitochondria that may persist in the newly fertilized
oocyte are destroyed during early cleavage stages by ubiquitinylation
and proteolysis (Sutovsky et al., 1999, 2000). Eliminating sperm
mtDNA may be advantageous for reproductive success as it may be
damaged by the high levels of reactive oxygen species (ROS)
generated before fertilization (Smith et al., 2000). If mutations arising
from oxidative damage were transmitted to the next generation they
could compromise mitochondrial function leading to a dysfunction of
the organelle and potential metabolic diseases (see below). Further-
more, clonality of maternal mtDNA is maintained by the “mitochon-
drial bottleneck” (Hauswirth and Laipis, 1982; Olivo et al., 1983;
Ashley et al., 1989; Poulton, 1995; Poulton et al., 1998; Poulton and
Marchington, 2002), whereby a small number of mtDNA genomes
become the founders for the offspring. This may have evolved to
minimize problems arising from the need for nucleo-mitochondrial
interactions.

Another important feature of mitochondrial biology relates to the
homogeneity of its genome within individuals. Thousands of mtDNA
copies are present in every nucleated cell and normal individuals are
homoplasmic, i.e. virtually all their mtDNA copies are identical
(Koehler et al., 1991). However, individuals affected by mtDNA
diseases are usually heteroplasmic, i.e., most of their tissues and cells
have a mixture of both normal and mutant mtDNAs, with proportions
varying between 0 and 99% (defined as the mutant load). There is also
a threshold effect in most mitochondrially based metabolic diseases
whereby tissues function normally unless the mutant load rises above
a specific level. These thresholds vary with both tissue and mutation
type from b10% to 100% mutant mtDNA (Sacconi et al., 2008; Poulton
et al., 2010). Because the rate of nucleotide substitution in mtDNA is
five to ten times faster than in nDNA (Brown et al., 1979, 1982;
Parsons et al., 1997), mtDNA is highly polymorphic such that mutant
and wild-type molecules coexist in a same cell or individual
(heteroplasmy). Thus, one would expect to find much sequence
variation among individuals and even more variation among species.
However, coding sequences of the mtDNA have been preserved
among species during evolution. Moreover, although differences exist
in non-coding sequences of themtDNA among individuals of the same
species, it is rare to find heteroplasmic differences within a specific
individual. Hence, the unexpected low frequency of heteroplasmy
within a cell or individual contrasts with the frequency of mtDNA
polymorphisms in the population at large (Cree et al., 2009; Poulton
et al., 2010).

3. Mitochondrial DNA diseases: the bottleneck hypothesis and
mtDNA transmission

Collectively, mitochondrial dysfunction underlies a group of
human diseases whose severity ranges from mild to lethal. Because
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mitochondria generate almost all cellular ATP, tissues affected by
mitochondrial dysfunction(s) are commonly those whose energy
demands are the highest, such as the nervous system, muscle and
liver. Since mitochondrial function depends on the orchestrated
communication between nDNA and mtDNA, mutations in either
genome can lead to dysfunction. Even though it only encodes 13
respiratory chain components, population screening shows that about
one in 400 people have a mutation in the mtDNA with phenotypic
consequences (Manwaring et al., 2007). More than 150 pathogenic
mtDNA mutations have been described in humans (Solano et al.,
2001) that are associated with a range of severe to mild illnesses,
including deafness, blindness, cardiomyopathy, liver failure, diabetes,
and neuropathy via a number of perturbed cellular processes
(Chinnery et al., 2000; Schaefer et al., 2004, 2008; Cree et al., 2009;
Wallace and Fan, 2009).

Genetic management of patients withmtDNA diseases depends on
understanding both germline segregation and on the physiological
basis of the bottleneck (Poulton et al., 2010). However, while the
available human data is minimal, statistical analysis of oocytes in
human, mouse and Drosophila datasets shows that the distribution of
mutant mtDNA in one case could be consistent with random drift, but
does not exclude the possibility of selection in the germline (Elliott et
al., 2008; Fan et al., 2008; Stewart et al., 2008;Wonnapinij et al., 2008;
Cree et al., 2009; Wallace and Fan, 2009). In another family, a new
pathogenic mutation appeared to be absent from the mother
suggesting that it arose de novo within the germline, consistent
with the high variance in the level of mutant mtDNA in her oocytes
(Marchington et al., 2009).

In a classic study, Hauswirth and Laipis (1982) analysed a
heteroplasmic D-loop sequence variant in Holstein cows and
documented rapid switching of one homoplasmic clone to complete
homoplasmy for another within a few generations. In humans, a
similar pattern of rapid segregation has been reported in families
affected by mtDNA diseases (Vilkki et al., 1990; Santorelli et al., 1994;
Ghosh et al., 1996; Blok et al., 1997; Elliott et al., 2008). How
polymorphic mtDNAs segregate and reestablish homoplasmy so
rapidly remains unclear. Hauswirth and Laipis proposed that a
reduction in the mtDNA content and subsequent clonal proliferation
of this small group of mtDNA molecules during oocyte growth could
account for the rapid shifts in mtDNA genotype frequencies between
generations (Hauswirth and Laipis, 1982; Michaels et al., 1982). This
has been termed the mitochondrial bottleneck. Later, the same
research group proposed a second mechanism that also contributes
to this switching (Olivo et al., 1983; Ashley et al., 1989). Mitochondrial
DNA barely replicates during the early stages of embryo development
and pre-existing mtDNA molecules segregate among the cells of the
blastocyst (Piko and Taylor, 1987; McConnell and Petrie, 2004;
Thundathil et al., 2005; Cree et al., 2008). The inner cell mass at this
stage comprises a very few cells, yet it will ultimately give rise to the
entire embryo. Hence both clonal proliferation of mtDNA in the
developing oocyte and mtDNA segregation into a few cells of the
blastocyst could underlie the bottleneck that selects only a small
number of mtDNAs to colonize the next generation. This has given rise
to the concept of a segregating unit, or a group of clonal mtDNAs that
co-segregate. If the number of segregating units that become the
mtDNA founders of the embryo is small, then large switches may
occur in a single generation.

The hypotheses concerning the molecular mechanism(s) under-
lying the bottleneck were investigated by Jenuth et al. (1996) in lines
of heteroplasmic mice. The authors concluded that the main
component of the bottleneck was random genetic drift occurring
during oogenesis, and that this could explain the rapid segregation of
mtDNA variants. They measured the genotypic variance in primordial
germ cells (PGCs) and found that it is markedly less than that of
primary oocytes and mature oocytes. Thus, a sharp reduction in the
mtDNA content of the cell, to perhaps ~200 molecules in PGCs, is
followed by a large expansion in the oogonial population, thus
explaining the patterns of mtDNA segregation that result in rapid
shifts in mtDNA genotype frequencies between generations. Recent
studies have carefully quantified mtDNA copy number of individual
cells during development (Cao et al., 2007; Cree et al., 2008; Cao et al.,
2009). Some evidence suggests that the relatively small number of
mtDNAs in developing germ cells and during early in oogenesis
corresponds to the number of segregating units inferred from post-
natal analysis (Cree et al., 2008). However, this is controversial as it
depends on technically demanding measurements of the number of
mtDNA in single cells (Cao et al., 2007; Cao et al., 2009).

A mathematical simulation suggests that 70% of the mtDNA
genotypic variation seen between two generations in mice is
explained by partitioning of mtDNA molecules into daughter cells
before mtDNA replication is reestablished in PGCs (Cree et al., 2008).
The remaining 30% of variation was credited to the intense
proliferation of the mtDNA during PGC expansion (Cree et al.,
2008). Nonetheless, Wai et al. (2008) revisited their earlier analysis
of mtDNA copy number and heteroplasmy during pre- and post-
implantation development and concluded that these two processes
(Cree et al., 2008) cannot account for the shifts in mtDNA genotype
frequency. Indeed, Wai et al. (2008) identified a replicating
subpopulation of mtDNA molecules during folliculogenesis by BrdU
labeling, and the findings were in line with the earlier predictions of
Hauswirth and Laipis (1982). This mechanism would (i) amplify a
small pool of mtDNA molecules that would ultimately populate the
oocyte and therefore found the next generation's mtDNA and (ii)
could account for the rapid reestablishment of homoplasmy. Yet, this
is still controversial largely because the small quantity of data
available leaves room for substantial uncertainty (Samuels et al.,
2010; Wonnapinij et al., 2010). Moreover, additional mechanisms
appear to guide mitochondrial inheritance when the mtDNA is
affected by variants in its coding sequences (see below).

4. Potential mechanisms that select against pathogenic mtDNA
mutations in the germline

Mitochondrial DNA follows rules of inheritance that are distinct
from the classical rules of Mendelian genetics. Pathologies caused by
mutations in mtDNA will be inherited exclusively from the mother,
and transmission to descendents will depend on the selection
mechanisms described above. In non-human studies, these mecha-
nisms efficiently reestablish homoplasmy within a few generations
(Hauswirth and Laipis, 1982; Olivo et al., 1983; Laipis et al., 1988;
Ashley et al., 1989; Koehler et al., 1991; Meirelles and Smith, 1997).
Such mechanisms might ensure that pathological mtDNA mutations
are not transmitted through many generations because the homo-
plasmic offspring then undergo selection at the level of the individual.
If the mtDNAmutation severely compromises mitochondrial function,
the individual will die and the mutation will never be transmitted.
Three recent reports have suggested that there may be a mechanism
that actively selects against pathogenic mtDNA mutations in the
mouse. In a mouse model of mtDNA rearrangements the level of
mutant mtDNAs in a mother's oocytes fell with time (Sato et al.,
2007). According to Fan et al. (2008), selection against an mtDNA
mutation that appeared to be severewasmore effective than selection
against another that was mild. As in the study by Sato et al. (2007),
selection seemed to have occurred by the time oocytes were mature.
At last, Stewart et al. (2008) have demonstrated negative selection
against multiple mutations within mtDNA coding sequences through
several generations in mice. One of the possible mechanisms
proposed to explain these findings is selection at the organellar
level during early stages of development (Shoubridge andWai, 2008).
During oogenesis/folliculogenesis mitochondrial division appears to
outstrip mtDNA replication, diluting mtDNA to about one copy of
mtDNA per organelle (Michaels et al., 1982; Jansen and de Boer, 1998;
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Cao et al., 2007). Mitophagy is an intracellular mechanism for
recycling cellular components that targets damaged mitochondria.
As the phenotype of such an organelle would thus to be determined
by only one mtDNA molecule, detrimental mutants might thus be
removed from the next generation by this process (Scherz-Shouval
and Elazar, 2007; Shoubridge and Wai, 2007). In addition, recent
evidence suggests another mechanism for selecting the “best
mtDNAs”, based on a structure is known as Balbiani body (Kloc et
al., 2004; Pepling et al., 2007). The Balbiani body is typical of early
oogenesis, and it is comprised of mitochondria and endoplasmic
reticulum organized around Golgi elements (Kloc and Etkin, 1995;
Kloc et al., 1996; Kloc and Etkin, 1998; Kloc et al., 2004; Pepling et al.,
2007; Zhang et al., 2008). This structure appears to enable germ plasm
mRNAs to be specifically inherited by the PGCs in the future embryo.
In the same way, a specific mitochondrial sub-population may
segregate to the Balbiani bodies and ultimately populate the PGCs
(D'Herde et al., 1995; Cox and Spradling, 2003; Kloc et al., 2004; Cox
and Spradling, 2006). Selection of these mitochondria for the Balbiani
body on the basis of function could explain reported patterns of
mitochondrial inheritance. Such amechanismmaywell occur in some
non-mammalian species where mitochondria with the highest
membrane potentials are found in Balbiani bodies (Cox and Spradling,
2003; 2006; Zhang et al., 2008), but this notion is controversial for the
mouse (Wai et al., 2008).

5. Methods to predict and prevent transmission of
mtDNA diseases

Heteroplasmy of mtDNA in the products of conception has
important implications for all types of pre-natal diagnosis of mtDNA
diseases. Couples who have lost a child due to anmtDNA disease often
seek genetic counseling before trying to conceive again. Despite
understanding howmutations in the mtDNA can affect mitochondrial
activity and tissue function, and how mtDNA diseases are inherited,
we are still unable to accurately predict the risk of a woman affected
by a mutant mtDNA transmitting her disorder to her descendents
(Cree et al., 2009; Poulton et al., 2010). Oocyte donation would avoid
all the problems associated with the presence of mutant mtDNA, but
there is a shortage of oocyte donors. Donors cannot be recruited from
among first-degree relatives: the mother's sisters could be carriers of
mutant mtDNA and the father's sisters would be consanguineous
(Poulton et al., 2010). However, many parents desperately want
children who are genetically related to them.

Sampling and analysis of human oocytes has occasionally been
used to predict the risk of recurrence of some mtDNA disorders
(Marchington et al., 2009). This involves measuring the mutant load
in 10-to-20 unfertilized oocytes obtained by conventional in-vitro
fertilization (IVF) methods, i.e. ovarian stimulation and trans-vaginal
oocyte aspiration. Oocytes are retrieved from the mother of the
affected child and the mutant mtDNA assessed in each oocyte. The
disadvantage of this approach is that the number of oocytes retrieved
may be insufficient for a useful statistical evaluation to be undertaken.
Furthermore, the oocytes are destroyed in the process of testing and
consequently those found to have low, non-pathogenic, levels of
mutant mtDNAs cannot be used for fertilization and implantation
(Poulton et al., 2010). An alternative in this case would be the use of
pre-implantation (PGD) or pre-natal genetic diagnosis (PND). Unlike
oocyte sampling described above, in both PGD and PND, only a small
fraction of the embryo or the placenta is sampled to determine the
mutant load. The mutant load in the embryo or fetus is used to
estimate the risk of the individual developing symptoms of an mtDNA
disorder post-natally (Poulton et al., 2010).

Pre-implantation genetic diagnosis is often used to detect
mitochondrial diseases caused by mutations in the nDNA and
therefore inherited according to Mendelian's laws. However, in the
case of diseases caused by mutations in the mtDNA, there is little data
to confirm its reliability. As the distribution of mutantmtDNA can vary
between cells and tissues (Jenuth et al., 1997; Aiken et al., 2008), it is
not certain that the mtDNA mutant load within a sample of chorionic
villus (~10 mg) reflects that of the fetus (Poulton et al., 2010). High or
low levels of mutant mtDNA in tissue obtained by chorionic villus
sampling (CVS) indicate the fetus is probably affected or unaffected,
respectively (Bouchet et al., 2006). However, finding an intermediate
level is unhelpful as it is currently impossible to predict how the
proportion of pathological and normal mtDNA levels will change over
time (Cree et al., 2009; Poulton et al., 2010). Moreover, even if
prediction of the final mtDNA level was possible, the correlation
between mutant dose and disease severity is often poor (Cree et al.,
2009; Poulton et al., 2010). Thus, PND that samples chorionic villus
cannot provide an absolute prediction of the mutant load in the fetus.
The mtDNA disease that has proven most amenable to PND is
neurogenic weakness, ataxia and retinitis pigmentosa (NARP), due to
either the mtDNA 8993TNG or TNC mutations. In both cases, the
mutant load and disease severity are strongly correlated (White et al.,
1999). Hence, a low mutant load indicates the fetus has low risk of
developing the disorder after birth.

An alternative to PND using CVS is PGD, an approach that involves
the generation of embryos using IVF techniques. In most cases, one or
two cells are biopsied from each of the embryos produced and tested
to determine the mtDNA mutant load. Only embryos found to have
low levels of mutant mtDNAs are transferred to the uterus and
consequently any pregnancy established should be unaffected by
mitochondrial disease (Fig. 1). Although existing data is somewhat
limited, studies suggest that PGD reliably predicts the mutant mtDNA
load in the embryo and therefore the risk that the baby will develop
the mitochondrial disorder during his life (Thorburn and Dahl, 2001;
Dean et al., 2003; Brown et al., 2006; Jacobs et al., 2006; Poulton et al.,
2010). Moreover, recent reports showing selection against mutant
mtDNA causing severe disorders (Fan et al., 2008; Stewart et al., 2008)
have encouraged the use of PGD since the probability of finding a low
risk embryo is high. For PGD, cells are usually biopsied three days after
fertilization, at which time the embryos are typically at the 6-to-10
cell stage. Since mtDNA replication probably does not resume at this
stage (Piko and Taylor, 1987; McConnell and Petrie, 2004; Thundathil
et al., 2005; Cree et al., 2008), analysis of one blastomere is reasonably
representative of the whole embryo (Dean et al., 2003).

PGD is performed after controlled ovarian hyperstimulation,
which produces multiple oocytes that are then fertilized in vitro.
This process usually yields several embryos, which may be sampled
simultaneously, increasing the probability that at least one embryo
with a low load of mutant mtDNA will be identified (Steffann et al.,
2006). As only unaffected embryos are transferred, termination of
pregnancies with high levels of mutant mtDNA becomes unnecessary.
Although PGD has been successfully employed for the diagnosis of
more than 100 different genetic disorders, the technology is not
without limitations. The most significant drawback of PGD is that it
depends upon IVF treatment, which cannot guarantee that embryos
transferred to the uterus will implant and develop to term. However,
the probability of a patient becoming pregnant after transfer of
unaffected embryos is approximately 51% (Gutiérrez-Mateo et al.,
2008). While such outcomes present a reasonable expectation of
success, some patients may require several treatment cycles to
achieve an unaffected pregnancy.

An alternative to biopsy of cleavage stage (day three) embryos is to
remove trophectodermal cells two days later, at the blastocyst stage
(day five). Blastocyst stage embryos are generally associated with
higher IVF pregnancy rates and also have the advantage that several
cells may be safely removed, leading to more accurate PGD results.
However, the biopsy and analysis of blastocysts for the diagnosis of
mtDNA disorders have not been attempted at this time, primarily due
to concerns that the mutant load may vary between the cells sampled
and the inner cell mass fromwhich the fetus develops, is not sampled.



Fig. 1. Two possible ways to reduce transmission risks of mitochondrial DNA (mtDNA) diseases: pre-implantation genetic diagnosis (PGD) or potentially nuclear transfer. Red, pink
and white colors represent high level, mid level and no mutant mtDNA, respectively. Panel A: if there is no intervention a carrier mother will have children whose mutant mtDNA
load varies considerably. Panel B: pre-implantation genetic diagnosis involves sampling embryos (one cell sampling) that have been fertilized in vitro to estimate the load of mutant
mtDNA. Only low risk embryos are replaced in the mother's uterus, and in the best case (illustrated) the mutant is not detectable in the offspring. This is becoming available in the
United Kingdom for certain mtDNA diseases. Panel C: in nuclear transfer the carrier mother's oocytes (red color) are fertilized in vitro and, the nucleus removed and injected into
donated oocytes (white color) that have been enucleated. In the best case (illustrated) the mutant is not detectable in the offspring.
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Additionally, it is vital that PGD cases are followed-up to confirm the
accuracy of the diagnostic strategies employed.

In spite of the benefits provided by PND and PGD strategies, they
are unable to provide an absolute guarantee that offspring will not
develop symptoms of the disorder and their validity is extremely
limited in cases wheremtDNAmutation load is poorly correlated with
disease severity. Alternative strategies, which seek to treat rather than
diagnose mtDNA disorders, include nuclear and cytoplasmic transfer
(see below).

6. Cytoplasmic transfer

Cytoplasmic transfer (also called ooplasmic transfer) was intro-
duced in humans in the late 1990s with the aim of treating infertile
patients exhibiting persisting poor embryonic development and
recurrent implantation failure (Cohen et al., 1997, 1998; Huang
et al., 1999; Lanzendorf et al., 1999; Dale et al., 2001; Hwang et al.,
2002). It had been proposed that such problems might be a
consequence of depleted ATP levels or deficiency of other cytoplasmic
factors (Van Blerkom et al., 1995, 2001; Chiaratti et al., in press).
During cytoplasmic transfer, 5–15% of the cytoplasm from a
presumptively viable oocyte is injected into the cytoplasm of an
oocyte suspected of being compromised in some way, based on
previous patient history with IVF. Not just mitochondria, but
cytoplasm, RNAs, proteins, associated structures and energetic
substrates from the donor oocyte are introduced into the recipient
by this procedure. Hence it was expected that cytoplasmic transfer
might correct the apparent deficiencies of the recipient oocyte, if the
presumed embryo dysfunction indeed had a cytoplasmic etiology that
could be addressed by replacing such a small volume of cytoplasm.

When cytoplasmic transfer was introduced into clinical practice at
one centre and for a brief period, it did appear to rescue early
embryonic development in some cases, enabling the birth of sixteen
children (Barritt et al., 2001). As expected, the procedure results in
progeny with mtDNA potentially derived from two sources: mother
and cytoplasmic donor (Brenner et al., 2000; Barritt et al., 2001;
Brenner et al., 2004). This had ethical implications because there are
three genetic parents (Bredenoord et al., 2008) and some considered
it as a type of gene therapy. Mitochondrial DNA analysis of live
children showed that the contribution of donor mtDNA is small
(Barritt et al., 2000; Brenner et al., 2000; Barritt et al., 2001), but in
some cases, the proportion of donor mtDNA far exceeded the
expected 5–15% proportion of extra cytoplasm injected (Brenner et
al., 2004). Since heteroplasmy is a condition that is not commonly
found in normal individuals, but is observed in patients with mtDNA-
encoded disease, this generated great concern about the use of this
technique in humans (Hawes et al., 2002; Malter and Cohen, 2002;
Brenner et al., 2004; Sills et al., 2004).

The cytoplasm of an oocyte is highly structured (Fulton, 1993;
Palermo et al., 1997; Levy et al., 2004; Sun et al., 2005), thus subtle
problems might well arise if the maturation of the oocyte from which
cytoplasm is transferred is not in perfect synchrony with the recipient
oocyte. For instance, two human conceptions achieved following
cytoplasm donation were found to be chromosomally abnormal
(Barritt et al., 2001). Although the number of pregnancies achieved
following cytoplasm donation is too small for any meaningful
statistical analysis, the fact that two out of thirteen concepts were
aneuploid generated concern over the safety of themethod (Sills et al.,
2004). Furthermore, one child developed a pervasive developmental
syndrome at the age of eighteen months (Barritt et al., 2001). Thus,
the question over the safety of cytoplasmic transfer remains
unresolved at this time. However, it is currently known that
chromosomal abnormalities occur at a high frequency in human
oocytes mainly due to mis-segregation errors during the meiotic
division (Holt and Jones, 2009). Thus, the chromosomal abnormalities
seen in concepts born following cytoplasmic transfer may not be
caused by the manipulation procedure itself, but due to factors
intrinsically related to the patients (i.e. mother's age). This is further
supported by the finding that the manipulation procedure needed for
intra-cytoplasmic sperm injection (ICSI) is not far different than that
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performed in the past for cytoplasmic injection and has not been
associated with a much higher levels of miscarriage and birth defects
compared to IVF (American Society for Reproductive Medicine, ASRM
Practice Committee, 2008).

The use of cytoplasmic transfer for the purpose of correcting an
mtDNA disorder has not yet been attempted, but the potential of this
method to provide a cure, or at least an attenuation of symptoms, has
generated some interest from researchers within the field (Thorburn
and Dahl, 2001; Brown et al., 2006; Jacobs et al., 2006; Ferreira et al.,
2010). Theoretically, cytoplasm donated by oocytes of healthywomen
could be used to dilute the mutant mtDNA level to below the critical
threshold for disease; although a number of technical hurdles and
questions of safety would need to be addressed prior to clinical
application. To guarantee that offspring will not develop symptoms of
the mitochondrial disorder, the mutant mtDNA level should be
diluted to a very low level. This is particularly important in diseases
where the critical threshold of mutant mtDNA is low (Sacconi et al.,
2008). Only 5–15% of cytoplasm was introduced in the early
cytoplasmic transfers, and this might be insufficient to lower the
mutant load sufficiently. It might be possible to introduce a much
larger amount of cytoplasm into the oocyte or to replace a proportion
of the oocyte's cytoplasm. A possible way to do that would be by
introducing purifiedmitochondria instead of cytoplasm. This has been
performed using mitochondria isolated from somatic and embryonic
cells but it does not seem to be enough to achieve high levels of donor
mtDNA in the reconstructed oocyte (Van Blerkom et al, 1998; El
Shourbagy et al., 2006; Hua et al., 2007). This might be overcome by
partial depletion of mitochondria from the recipient oocyte/zygote
following a procedure previously reported (Chiaratti et al., 2010;
Ferreira et al., 2010). Nonetheless, the genetic contribution to the
embryo is hard to predict because mtDNA from somatic and germline
cells apparently behaves differently in the early embryo (Ferreira et
al., 2007). Alternative methods that favor donor mtDNA replication
over that of mutant forms have also been studied (Ferreira et al., 2010;
Taylor et al., 2000). However, because of concerns about the safety of
cytoplasmic transfer itself, in many countries the regulatory author-
ities have forbidden its use worldwide (Shoubridge, 2009). Therefore,
before cytoplasmic transfer or mitochondrially-enriched cytoplasmic
transfer becomes available as a therapeutic treatment, these concerns
must be fully addressed using suitable animal models.

7. Nuclear transfer

The complete replacement of mutant mtDNA in a patient's oocytes
with wild-type mtDNAwould be the most radical method of reducing
mutant load to avoid recurrence of mtDNA disorders (Poulton et al.,
2010; Tachibana et al., 2009; Craven et al., 2010). Nuclear transfer
enables an almost complete exchange of mtDNAs between two cells.
This procedure involves removing the nucleus of a donor cell and
transplanting it into a new one that had been previously enucleated.
Since the latter will provide all cytoplasmic components, including
mitochondria, virtually all mutant mtDNA molecules present in the
nuclear-donor cell would be exchanged for wild-type ones. Hence,
nuclear transfer is a potential tool for preventing the inheritance of
mtDNA diseases (Fig. 1). As with cytoplasmic donation, an infant
generated by this procedure will have three genetic parents: the
couple who have donated the nDNA and a third person who has
donated wild-type mtDNAs. However, because wild-type mtDNAs
encode only non-mutant polypeptides needed to assemble the
OXPHOS pathway, the infant will hopefully be free from risk of
developingmtDNA disorders andwill not inherit any physical or other
characteristics from the mtDNA-donor individual.

Nuclear transfer has been performed successfully in mammals for
over 20 years (Illmensee and Hoppe, 1981; Surani et al., 1984; Prather
et al., 1987; Robl et al., 1987; Smith and Wilmut, 1989), but not until
the 1990s was it used as a model to study mtDNA inheritance (Plante
et al., 1992; Smith and Alcivar, 1993). Thereafter, many groups have
developed diverse techniques to achieve nuclear transfer and most
confirm that offspring inherit little if any nuclear-donor mtDNA
(Steinborn et al., 1998; Evans et al., 1999; Meirelles et al., 2001;
Hiendleder et al., 2003, 2005; Sato et al., 2005; Ferreira et al., 2007).
Recently, two important steps have been taken towards using nuclear
transfer as a tool to prevent inheritance of mtDNA diseases in humans.
The first instance involved spindle-chromosomal complex transfer
using non-human primate oocytes (Tachibana et al., 2009). The group
responsible for this work removed the chromosomes from primate
oocytes without significant mtDNA carry-over and transplanted into
enucleated oocytes donated by another female primate. Tachibana et
al. (2009) usedmature oocytes arrested at metaphase II of the meiotic
division because at this stage, the nucleus is almost devoided of
surrounding mitochondria thus preventing introduction of a signif-
icant amount of mtDNA into the new embryo. Fertilization of oocytes
after spindle transfer was successful, leading to the birth of primates
that contained less than 3% of nuclear-donor mtDNA in all tissues
analysed (Tachibana et al., 2009). It is highly likely that such a
reduction in mutant load would be sufficient to prevent most mtDNA
diseases in humans, suggesting that spindle–chromosome complex
transfer would work as a therapeutic tool for mtDNA disorders. To
date, the lowest threshold for a mutant mtDNA known to cause
disease in humans is about 4–8% in cell culture, or levels of 25%
mutant mtDNA in affected tissues (Sacconi et al., 2008). Thus, this
procedure would have enormous implications for managing the
inheritance of mtDNA disease after its safety in humans had been
demonstrated. Moreover, Craven et al. (2010) have recently shown
the feasibility of pro-nuclear transfer in humans, which resulted in
minimal carry-over of nuclear donormtDNA as thework by Tachibana
et al. (2009), giving further support for the use of such methods to
prevent transmission of mtDNA diseases. Different from spindle–
chromosome complex transfer, in pro-nuclear transfer fertilized
oocytes (at the pro-nuclear stage) are used as nuclear and cytoplasmic
donors. Since at this stage the nuclear material is enveloped by a
membrane, it minimizes the risk, compared to spindle transfer, of
losing a chromosome during transplantation into the recipient cell.
Nonetheless, the levels of nuclear-donor mtDNA were very variable
among blastomeres of a single embryo, suggesting that mtDNA
segregation might be disturbed by the procedure of Craven et al.
(2010).

Another possible method of nuclear transfer suggested to be used
as a tool for managing inheritance of mtDNA disease is germinal
vesicle-stage karyoplast transfer (Brown et al., 2006). This procedure
refers to transplantation of the genetic material between immature
oocytes, which is possible to be carried out because chromosomes are
enclosed in a clearly visible germinal vesicle. Although the presence of
such vesicle makes transplantation safer and easier, the need for in
vitro maturation and fertilization after transplantation limit its
efficacy (i.e. currently there is no efficient method for in vitro
maturation of human oocytes) (Chian et al., 2004).

Many questions related to the safety of nuclear transfer in humans
must be answered before it becomes available clinically (Poulton et al.,
2006; Shoubridge, 2009; Poulton et al., 2010). For instance, would the
transferred nuclear material be able to regulate cytoplasmic-donor
mtDNA? A complex interaction exists between nDNA andmtDNA that
is not completely understood at this time. This issue must be fully
investigated, especially given that subtle differences in maturational
stage of the transferred nucleus and the recipient enucleated oocyte
could lead to incompatibility and signaling miscommunication
(Hawes et al., 2002; Malter and Cohen, 2002; Sills et al., 2004; Trounce
and Pinkert, 2007). Apart frommitochondria, the recipient enucleated
oocyte also carries other organelles and molecules that may induce
epigenetic alterations of the nuclear genome, the consequences of
which to the newborn are unknown (Hawes et al., 2002; Malter and
Cohen, 2002; Sills et al., 2004; Poulton et al., 2010).
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Safety issues notwithstanding, one of the greatest difficulties
facing the introduction of nuclear transfer as a clinical therapy is the
low efficiency of the technique (variable among germinal, spindle or
pro-nuclear transfer). The probability of an oocyte that survives the
manipulation procedure successfully fertilizing and producing a child
is low, and therefore may require the use of many donated oocytes as
cytoplasmic donors. In many countries, financial incentives for oocyte
donation are not permitted and as a result the supply of donated
oocytes is very limited. In countries where oocyte donors are paid,
availability is better, but prices are high. The problems of price and
availability will need to be overcome to make the use of nuclear
transfer a viable option. Frozen oocytes or embryos set to be discarded
might be an option as donors, but this depends on specific laws of
different countries which need to be reviewed as well. Finally, PND
and PGD may still be needed after nuclear transfer to check whether
all nuclear material from the cytoplasm-donor cell has been
exchanged by that donated by the nuclear-donor cell (i.e. to confirm
euploidy). Additionally, although only few copies of mtDNA from the
nuclear-donor cell are introduced into the oocyte or embryo, selective
replication of these could occur leading to an increase in load of
mutant mtDNA in the offspring or in specific tissues (Sills et al., 2004;
Sato et al., 2005) that may thus lead to unintended consequence of
introducing mtDNA disorder symptoms.

8. Conclusions

We conclude that genetic management of mtDNA diseases is
improving and that PGD of mtDNA disease holds a great deal of
promise, offering diagnostic advantages over traditional pre-natal
methods of testing. Although therapeutic interventions for children
and adults affected by mtDNA disorders remain extremely limited,
there have been significant advances in the preconception correction
of mtDNA disease (i.e. in oocytes), via cytoplasmic and nuclear
transfer on experimental basis. However, at this time, such radical
approaches to manage transmission of mutant mtDNA are forbidden
in most countries. Before such methods can be considered as a viable
approach to human disease, much additional work in model
organisms, proving safety, efficacy, and improving efficiency, is
required.

Conflict of interest statement

Oxford currently offers oocyte donation and oocyte sampling for
mtDNA diseases. Preimplantation genetic diagnosis will be available
in the near future. JP takes clinical and diagnostic referrals for the
Oxford centre in the Rare Mitochondrial Disorders Service for Adults
and Children (NCG). Further information may be found on http://
www.obs-gyn.ox.ac.uk/research/jo-poulton.

Acknowledgements

Weare grateful toMs. A. Shrier for corrections to themanuscript.M.R.
Chiaratti and F.V. Meirelles are supported by the Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP), Brazil. J. Poulton is supported
by theWellcome Trust, theMRC and the AngusMemorial Mitochondrial
Fund. J. Poulton and D. Wells are also both supported by the Oxford
Partnership Comprehensive Biomedical Research Centre with funding
from the Department of Health's NIHR Biomedical Research Centres
funding scheme. The views expressed in this publication are those of the
authors and not necessarily those of the Department of Health.

References

Aiken, C.E., Cindrova-Davies, T., Johnson, M.H., 2008. Variations in mousemitochondrial
DNA copy number from fertilization to birth are associated with oxidative stress.
Reprod. Biomed. Online 17, 806–813.
Alexander, C., Votruba, M., Pesch, U.E., Thiselton, D.L., Mayer, S., Moore, A., Rodriguez,
M., Kellner, U., Leo-Kottler, B., Auburger, G., Bhattacharya, S.S., Wissinger, B., 2000.
OPA1, encoding a dynamin-related GTPase, is mutated in autosomal dominant
optic atrophy linked to chromosome 3q28. Nat. Genet. 26, 211–215.

American Society for Reproductive Medicine (ASRM) Practice Committee, 2008.
Genetic considerations related to intracytoplasmic sperm injection (ICSI). Fertil.
Steril. 90 (s3), S182–184.

Ashley, C., Laipis, P., Hauswirth, W., 1989. Rapid sequestration of heteroplasmic bovine
mitochondria. Nucleic Acids Res. 17, 7325–7331.

Barritt, J.A., Brenner, C.A., Willadsen, S., Cohen, J., 2000. Spontaneous and artificial
changes in human ooplasmic mitochondria. Hum. Reprod. 15 (Suppl. 2), 207–217.

Barritt, J.A., Brenner, C.A., Malter, H.E., Cohen, J., 2001. Mitochondria in human offspring
derived from ooplasmic transplantation. Hum. Reprod. 16, 513–516.

Blok, R., Cook, D., Thorburn, D., Dahl, H., 1997. Skewed segregation of the mtDNA nt
8993 (T-NG) mutation in human ocytes. Am. J. Hum. Genet. 60, 1495–1501.

Bouchet, C., Steffann, J., Corcos, J., Monnot, S., Paquis, V., Rotig, A., Lebon, S., Levy, P.,
Royer, G., Giurgea, I., Gigarel, N., Benachi, A., Dumez, Y., Munnich, A., Bonnefont, J.P.,
2006. Prenatal diagnosis of MELAS syndrome: contribution to understanding
mitochondrial DNA segregation during human embryo fetal development. J. Med.
Genet. 43, 788–792.

Bredenoord, A., Pennings, G., de Wert, G., 2008. Ooplasmic and nuclear transfer to
prevent mitochondrial DNA disorders: conceptual and normative issues. Hum.
Reprod. Update 14, 669–678.

Brenner, C.A., Barritt, J.A., Willadsen, S., Cohen, J., 2000. Mitochondrial DNA
heteroplasmy after human ooplasmic transplantation. Fertil. Steril. 74, 573–578.

Brenner, C.A., Kubisch, H.M., Pierce, K.E., 2004. Role of the mitochondrial genome in
assisted reproductive technologies and embryonic stem cell-based therapeutic
cloning. Reprod. Fertil. Dev. 16, 743–751.

Brown, W.M., George Jr., M., Wilson, A.C., 1979. Rapid evolution of animal
mitochondrial DNA. Proc. Natl Acad. Sci. USA 76, 1967–1971.

Brown, D.T., Herbert, M., Lamb, V.K., Chinnery, P.F., Taylor, R.W., Lightowlers, R.N.,
Craven, L., Cree, L., Gardner, J.L., Turnbull, D.M., 2006. Transmission of mitochon-
drial DNA disorders: possibilities for the future. Lancet 368, 87–89.

Cao, L., Shitara, H., Horii, T., Nagao, Y., Imai, H., Abe, K., Hara, T., Hayashi, J., Yonekawa, H.,
2007. The mitochondrial bottleneck occurs without reduction of mtDNA content in
female mouse germ cells. Nat. Genet. 39, 386–390.

Cao, L., Shitara, H., Sugimoto, M., Hayashi, J., Abe, K., Yonekawa, H., 2009. New evidence
confirms that the mitochondrial bottleneck is generated without reduction of
mitochondrial DNA content in early primordial germ cells of mice. PLoS Genet. 5,
e1000756.

Casula, M., Weverling, G.J., Wit, F.W., Timmermans, E.C., Stek Jr., M., Lange, J.M., Reiss, P.,
2005. Mitochondrial DNA and RNA increase in peripheral blood mononuclear cells
from HIV-141-infected patients randomized to receive stavudine-containing or
stavudine-sparing combination therapy. J. Infect. Dis. 192, 1794–1800.

Chen, H., Chan, D.C., 2005. Emerging functions of mammalian mitochondrial fusion and
fission. Hum. Mol. Genet. 14, R283–R289.

Chen, H., Detmer, S.A., Ewald, A.J., Griffin, E.E., Fraser, S.E., Chan, D.C., 2003. Mitofusins
Mfn1 and Mfn2 coordinated regulate mitochondrial fusion and are essential for
embryonic development. J. Cell Biol. 160, 189–200.

Chian, R.C., Lim, J.H., Tan, S.L., 2004. State of art in in-vitro oocytematuration. Curr. Opin.
Obstet. Gynecol. 16, 211–219.

Chiaratti, M.R., Bressan, F.F., Ferreira, C.R., Caetano, A.R., Smith, L.C., Vercesi, A.E.,
Meirelles, F.V., 2010. Embryo mitochondrial DNA depletion is reversed during early
embryogenesis in cattle. Biol. Reprod. 82, 76–85.

Chiaratti, M.R., Ferreira, C.R., Perecin, F., Méo, S.C., Sangalli, J.R., Mesquita, L.G., Balieiro,
J.C.C., Smith, L.C., Garcia, J.M., Meirelles, F.V., in press. Ooplast-mediated
developmental rescue of bovine oocytes exposed to ethidium bromide. Reprod.
Biomed. Online.

Chinnery, P.F., Johnson, M.A., Wardell, T.M., Singh-Kler, R., Hayes, C., Brown, D.T., Taylor,
R.W., Bindoff, L.A., Turnbull, D.M., 2000. The epidemiology of pathogenic
mitochondrial DNA mutations. Ann. Neurol. 48, 188–193.

Cohen, J., Scott, R., Schimmel, T., Levron, J., Willadsen, S., 1997. Birth of infant after transfer
of anucleate donor oocyte cytoplasm into recipient eggs. Lancet 350, 186–187.

Cohen, J., Scott, R., Alikani, M., Schimmel, T., Munne, S., Levron, J., Wu, L., Brenner, C.,
Warner, C., Willadsen, S., 1998. Ooplasmic transfer in mature human oocytes. Mol.
Hum. Reprod. 4, 269–280.

Cox, R.T., Spradling, A.C., 2003. A Balbiani body and the fusome mediate mitochondrial
inheritance during Drosophila oogenesis. Development 130, 1579–1590.

Cox, R.T., Spradling, A.C., 2006. Milton controls the early acquisition of mitochondria by
Drosophila oocytes. Development 133, 3371–3377.

Craven, L., Tuppen, H.A., Greggains, G.D., Harbottle, S.J., Murphy, J.L., Cree, L.M.,
Murdoch, A.P., Chinnery, P.F., Taylor, R.W., Lightowlers, R.N., Herbert, M., Turnbull,
D.M., 2010. Pronuclear transfer in human embryos to prevent transmission of
mitochondrial DNA disease. Nature 465, 82–85.

Cree, L.M., Samuels, D.C., de Sousa Lopes, S.C., Rajasimha, H.K., Wonnapinij, P., Mann,
J.R., Dahl, H.H., Chinnery, P.F., 2008. A reduction of mitochondrial DNA molecules
during embryogenesis explains the rapid segregation of genotypes. Nat. Genet.
40, 249–254.

Cree, L.M., Samuels, D.C., Chinnery, P.F., 2009. The inheritance of pathogenic
mitochondrial DNA mutations. Biochim. Biophys. Acta 1792, 1097–1102.

Dale, B., Wilding, M., Botta, G., Rasile, M., Marino, M., Di Matteo, L., De Placido, G., Izzo,
A., 2001. Pregnancy after cytoplasmic transfer in a couple suffering from idiopathic
infertility: case report. Hum. Reprod. 16, 1469–1472.

Dean, N.L., Battersby, B.J., Ao, A., Gosden, R.G., Tan, S.L., Shoubridge, E.A., 2003. Prospect
of preimplantation genetic diagnosis for heritable mitochondrial DNA diseases.
Mol. Hum. Reprod. 9, 631–638.

http://www.obs-gyn.ox.ac.uk/research/jo-poulton
http://www.obs-gyn.ox.ac.uk/research/jo-poulton


827M.R. Chiaratti et al. / Mitochondrion 11 (2011) 820–828
D'Herde, K., Callebaut, M., Roels, F., De Prest, B., van Nassauw, L., 1995. Homology
between mitochondriogenesis in the avian and amphibian oocyte. Reprod. Nutr.
Dev. 35, 305–311.

Diez-Sanchez, C., Ruiz-Pesini, E., Lapena, A.C., Montoya, J., Perez-Martos, A., Enriquez,
J.A., Lopez-Perez, M.J., 2003. Mitochondrial DNA content of human spermatozoa.
Biol. Reprod. 68, 180–185.

El Shourbagy, S.H., Spikings, E.C., Freitas, M., St John, J.C., 2006. Mitochondria directly
influence fertilisation outcome in the pig. Reproduction 131, 233–245.

Elliott, H.R., Samuels, D.C., Eden, J.A., Relton, C.L., Chinnery, P.F., 2008. Pathogenic
mitochondrial DNA mutations are common in the general population. Am. J. Hum.
Genet. 83, 254–260.

Evans, M.J., Gurer, C., Loike, J.D., Wilmut, I., Schnieke, A.E., Schon, E.A., 1999.
Mitochondrial DNA genotypes in nuclear transfer-derived cloned sheep. Nat.
Genet. 23, 90–93.

Fan,W., Waymire, K.G., Narula, N., Li, P., Rocher, C., Coskun, P.E., Vannan, M.A., Narula, J.,
Macgregor, G.R., Wallace, D.C., 2008. A mouse model of mitochondrial disease
reveals germline selection against severe mtDNAmutations. Science 319, 958–962.

Ferreira, C.R., Meirelles, F.V., Yamazaki, W., Chiaratti, M.R., Meo, S.C., Perecin, F.,
Smith, L.C., Garcia, J.M., 2007. The kinetics of donor cell mtDNA in embryonic and
somatic donor cell-derived bovine embryos. Cloning Stem Cells 9, 618–629.

Ferreira, C.R., Burgstaller, J.P., Perecin, F., Garcia, J.M., Chiaratti, M.R., Meo, S.C., Muller,
M., Smith, L.C., Meirelles, F.V., Steinborn, R., 2010. Pronounced segregation of donor
mitochondria introduced by bovine ooplasmic transfer to the female germ-line.
Biol. Reprod. 82, 563–571.

Fulton, A.B., 1993. Spatial organization of the synthesis of cytoskeletal proteins. J. Cell.
Biochem. 52, 148–152.

Garesse, R., Vallejo, C.G., 2001. Animal mitochondrial biogenesis and function: a
regulatory cross-talk between two genomes. Gene 263, 1–16.

Ghosh, S.S., Fahy, E., Bodis-Wollner, I., Sherman, J., Howell, N., 1996. Longitudinal study of a
heteroplasmic 3460 Leber hereditary optic neuropathy family bymultiplexed primer-
extension analysis and nucleotide sequencing. Am. J. Hum. Genet. 58, 325–334.

Gutiérrez-Mateo, C., Sánchez-García, J., Fischer, J., Tormasi, S., Cohen, J., Munné, S.,
Wells, D., 2008. Preimplantation genetic diagnosis (PGD) of single gene disorders:
experience with over 200 cycles conducted by a reference laboratory in the United
States. Fertil. Steril. 92, 1544–1556.

Hauswirth, W., Laipis, P., 1982. Mitochondrial DNA polymorphism in amaternal lineage
of Holstein cows. Proc. Natl Acad. Sci. USA 79, 4686–4690.

Hawes, S.M., Sapienza, C., Latham, K.E., 2002. Ooplasmic donation in humans: the
potential for epigenic modifications. Hum. Reprod. 17, 850–852.

Hiendleder, S., Zakhartchenko, V., Wenigerkind, H., Reichenbach, H.D., Bruggerhoff, K.,
Prelle, K., Brem, G., Stojkovic, M., Wolf, E., 2003. Heteroplasmy in bovine fetuses
produced by intra- and inter-subspecific somatic cell nuclear transfer: neutral
segregation of nuclear donormitochondrial DNA in various tissues and evidence for
recipient cow mitochondria in fetal blood. Biol. Reprod. 68, 159–166.

Hiendleder, S., Zakhartchenko, V., Wolf, E., 2005. Mitochondria and the success of
somatic cell nuclear transfer cloning: from nuclear-mitochondrial interactions to
mitochondrial complementation and mitochondrial DNA recombination. Reprod.
Fertil. Dev. 17, 69–83.

Holt, J.E., Jones, K.T., 2009. Control of homologous chromosome division in the
mammalian oocytes. Mol. Hum. Reprod. 15, 139–147.

Hua, S., Zhang, Y., Li, X.C., Ma, L.B., Cao, J.W., Dai, J.P., Li, R., 2007. Effects of granulosa cell
mitochondria transfer on the early development of bovine embryos in vitro.
Cloning Stem Cells 9, 237–246.

Huang, C.C., Cheng, T.C., Chang, H.H., Chang, C.C., Chen, C.I., Liu, J., Lee, M.S., 1999. Birth
after the injection of sperm and the cytoplasm of tripronucleate zygotes into
metaphase II oocytes in patients with repeated implantation failure after assisted
fertilization procedures. Fertil. Steril. 72, 702–706.

Hwang, J.L., Lin, Y.H., Tsai, Y.L., Hsieh, B.C., Huang, L.W., Huang, S.C., Hsieh, M.L., 2002.
Oocyte donation using immature oocytes from a normal ovulatory woman. Acta
Obstet. Gynecol. Scand. 81, 274–275.

Illmensee, K., Hoppe, P.C., 1981. Nuclear transplantation in Mus musculus: develop-
mental potential of nuclei from preimplantation embryos. Cell 23, 9–18.

Jacobs, L.J., de Wert, G., Geraedts, J.P., de Coo, I.F., Smeets, H.J., 2006. The transmission of
OXPHOS disease and methods to prevent this. Hum. Reprod. Update 12, 119–136.

Jansen, R.P., de Boer, K., 1998. The bottleneck: mitochondrial imperatives in oogenesis
and ovarian follicular fate. Mol. Cell. Endocrinol. 145, 81–88.

Jenuth, J., Peterson, A., Fu, K., Shoubridge, E., 1996. Random genetic drift in the female
germline explains the rapid segregation of mammalian mitochondrial DNA. Nat.
Genet. 14, 146–151.

Jenuth, J., Peterson, A., Shoubridge, E., 1997. Tissue-specific selection for different
mtDNA genotypes in heteroplasmic mice. Nat. Genet. 16, 93–95.

Kloc, M., Etkin, L.D., 1995. Two distinct pathways for the localization of RNAs at the
vegetal cortex in Xenopus oocytes. Development 121, 287–297.

Kloc, M., Etkin, L.D., 1998. Apparent continuity between the messenger transport
organizer and late RNA localization pathways during oogenesis in Xenopus. Mech.
Dev. 73, 95–106.

Kloc, M., Larabell, C., Etkin, L.D., 1996. Elaboration of the messenger transport organizer
pathway for localization of RNA to the vegetal cortex of Xenopus oocytes. Dev. Biol.
180, 119–130.

Kloc, M., Bilinski, S., Etkin, L.D., 2004. The Balbiani body and germ cell determinants:
150 years later. Curr. Top. Dev. Biol. 59, 1–36.

Koehler, C.M., Lindberg, G.L., Brown, D.R., Beitz, D.C., Freeman, A.E., Mayfield, J.E., Myers,
A.M., 1991. Replacement of bovine mitochondrial DNA by a sequence variant
within one generation. Genetics 129, 247–255.

Laipis, P., Hauswirth, W., O'Brian, T., Michaels, G., 1988. Unequal partitioning of bovine
mitochondrial genotypes among siblings. Proc. Natl Acad. Sci. USA 85, 8107–8110.
Lanzendorf, S.E., Mayer, J.F., Toner, J., Oehninger, S., Saffan, D.S., Muasher, S., 1999.
Pregnancy following transfer of ooplasm from cryopreserved-thawed donor
oocytes into recipient oocytes. Fertil. Steril. 71, 575–577.

Levy, R., Elder, K., Menezo, Y., 2004. Cytoplasmic transfer in oocytes: biochemical
aspects. Hum. Reprod. Update 10, 241–250.

Malter, H.E., Cohen, J., 2002. Ooplasmic transfer: animal models assist human studies.
Reprod. Biomed. Online 5, 26–35.

Manwaring, N., Jones, M.M., Wang, J.J., Rochtchina, E., Howard, C., Mitchell, P., Sue, C.M.,
2007. Population prevalence of the MELAS A3243G mutation. Mitochondrion 7,
230–233.

Marchington, D., Malik, S., Banerjee, A., Turner, K., Samuels, D., Macaulay, V., Oakeshott,
P., Fratter, C., Kennedy, S., Poulton, J., 2009. Information for genetic management of
mtDNA disease: sampling pathogenic mtDNA mutants in the human germline and
in placenta. J. Med. Genet. 47, 257–261.

McConnell, M., Petrie, L., 2004. Mitochondrial DNA turnover occurs during preimplan-
tation development and can be modulated by environmental factors. Reprod.
Biomed. Online 9, 418–424.

Meirelles, F.V., Smith, L.C., 1997. Mitochondrial genotype in a mouse heteroplasmic
lineage produced by embryonic karyoplast transplantation. Genetics 145, 445–451.

Meirelles, F.V., Bordignon, V., Watanabe, Y., Watanabe, M., Dayan, A., Lobo, R.B.,
Garcia, J.M., Smith, L.C., 2001. Complete replacement of the mitochondrial
genotype in a Bos indicus calf reconstructed by nuclear transfer to a Bos taurus
oocyte. Genetics 158, 351–356.

Michaels, G.S., Hauswirth, W.W., Laipis, P.J., 1982. Mitochondrial DNA copy number in
bovine oocytes and somatic cells. Dev. Biol. 94, 246–251.

Miller, F.J., Rosenfeldt, F.L., Zhang, C., Linnane, A.W., Nagley, P., 2003. Precise
determination of mitochondrial DNA copy number in human skeletal and cardiac
muscle by a PCR-based assay: lack of change of copy number with age. Nucleic
Acids Res. 31, e61.

Olivo, P.D., Van de Walle, M.J., Laipis, P.J., Hauswirth, W.W., 1983. Nucleotide sequence
evidence for rapid genotypic shifts in the bovinemitochondrial DNA D-loop. Nature
306, 400–402.

Palermo, G.D., Colombero, L.T., Rosenwaks, Z., 1997. The human sperm centrosome is
responsible for normal syngamy and early embryonic development. Rev. Reprod. 2,
19–27.

Parsons, T.J., Muniec, D.S., Sullivan, K., Woodyatt, N., Alliston-Greiner, R., Wilson, M.R.,
Berry, D.L., Holland, K.A., Weedn, V.W., Gill, P., Holland, M.M., 1997. A high observed
substitution rate in the human mitochondrial DNA control region. Nat. Genet. 15,
363–368.

Pepling, M.E., Wilhelm, J.E., O'Hara, A.L., Gephardt, G.W., Spradling, A.C., 2007. Mouse
oocytes within germ cell cysts and primordial follicles contain a Balbiani body. Proc.
Natl Acad. Sci. USA 104, 187–192.

Piko, L., Taylor, K.D., 1987. Amounts of mitochondrial DNA and abundance of some
mitochondrial gene transcripts in early mouse embryos. Dev. Biol. 123, 364–374.

Plante, Y., Schmutz, S.M., Lang, K.D., 1992. Restriction fragment length polymorphism in
the mitochondrial DNA of cloned cattle. Theriogenology 38, 897–904.

Poulton, J., 1995. Transmission of mtDNA: cracks in the bottleneck. Am. J. Hum. Genet.
57, 224–226.

Poulton, J., Marchington, D.R., 2002. Segregation of mitochondrial DNA (mtDNA) in
human oocytes and in animal models of mtDNA disease: clinical implications.
Reproduction 123, 751–755.

Poulton, J., Turnbull, D.M., 2000. 74th ENMC international workshop: mitochondrial
diseases 19–20 November 1999, Naarden, The Netherlands. Neuromuscul. Disord.
10, 460–462.

Poulton, J., Marchington, D., Macaulay, V., 1998. Is the bottleneck cracked? Am. J. Hum.
Genet. 62, 752–757.

Poulton, J., Kennedy, S., Oakeshott, P., St John, J., 2006. Nuclear transfer to prevent
mitochondrial DNA diseases. Lancet 368, 841.

Poulton, J., Chiaratti, M.R., Meirelles, F.V., Kennedy, S., Wells, D., Holt, I.J., 2010.
Transmission of mitochondrial DNA diseases and ways to prevent them. PLoS
Genet. 6, e1001066.

Prather, R.S., Barnes, F.L., Sims, M.M., Robl, J.M., Eyestone, W.H., First, N.L., 1987. Nuclear
transplantation in the bovine embryo: assessment of donor nuclei and recipient
oocyte. Biol. Reprod. 37, 859–866.

Robl, J.M., Prather, R., Barnes, F., Eyestone, W., Northey, D., Gilligan, B., First, N.L., 1987.
Nuclear transplantation in bovine embryos. J. Anim. Sci. 64, 642–647.

Sacconi, S., Salviati, L., Nishigaki, Y., Walker, W.F., Hernandez-Rosa, E., Trevisson, E.,
Delplace, S., Desnuelle, C., Shanske, S., Hirano, M., Schon, E.A., Bonilla, E., De Vivo, D.C.,
DiMauro, S., Davidson, M.M., 2008. A functionally dominant mitochondrial DNA
mutation. Hum. Mol. Genet. 17, 1814–1820.

Samuels, D.C., Wonnapinij, P., Cree, L.M., Chinnery, P.F., 2010. Reassessing evidence for a
postnatal mitochondrial genetic bottleneck. Nat. Genet. 42, 471–472.

Santorelli, F.M., Shanske, S., Jain, K.D., Tick, D., Schon, E.A., Di Mauro, S., 1994. A T–C
mutation at nt 8993 of mitochondrial DNA in a child with Leigh syndrome.
Neurology 44, 972–974.

Sato, A., Kono, T., Nakada, K., Ishikawa, K., Inoue, S., Yonekawa, H., Hayashi, J., 2005.
Gene therapy for progeny of mito-mice carrying pathogenic mtDNA by nuclear
transplantation. Proc. Natl Acad. Sci. USA 102, 16765–16770.

Sato, A., Nakada, Shitara H., Kasahara, A., Yonekawa, H., Hayashi, J., 2007. Deletion-
mutant mtDNA increases in somatic tissues but decreases in female germ cells with
age. Genetics 177, 2031–2037.

Scarpulla, R.C., 2008a. Nuclear control of respiratory chain expression by nuclear
respiratory factors and PGC-1-related coactivator. Ann. NY Acad. Sci. 1147,
321–334.

Scarpulla, R.C., 2008b. Transcriptional paradigms in mammalian mitochondrial
biogenesis and function. Physiol. Rev. 88, 611–638.



828 M.R. Chiaratti et al. / Mitochondrion 11 (2011) 820–828
Schaefer, A.M., Taylor, R.W., Turnbull, D.M., Chinnery, P.F., 2004. The epidemiology of
mitochondrial disorders — past, present and future. Biochim. Biophys. Acta 1659,
115–120.

Schaefer, A.M., McFarland, R., Blakely, E.L., He, L., Whittaker, R.G., Taylor, R.W., Chinnery,
P.F., Turnbull, D.M., 2008. Prevalence of mitochondrial DNA disease in adults. Ann.
Neurol. 63, 35–39.

Scherz-Shouval, R., Elazar, Z., 2007. ROS, mitochondria and the regulation of autophagy.
Trends Cell Biol. 17, 422–427.

Shoubridge, E.A., 2009. Developmental biology: asexual healing. Nature 461, 354–355.
Shoubridge, E.A., Wai, T., 2007. Mitochondrial DNA and the mammalian oocyte. Curr.

Top. Dev. Biol. 77, 87–111.
Shoubridge, E.A., Wai, T., 2008. Medicine. Sidestepping mutational meltdown. Science

319, 914–915.
Sills, E.S., Takeuchi, T., Tucker, M.J., Palermo, G.D., 2004. Genetic and epigenetic

modifications associated with human ooplasm donation and mitochondrial
heteroplasmy — considerations for interpreting studies of heritability and
reproductive outcome. Med. Hypotheses 62, 612–617.

Smith, L.C., Alcivar, A., 1993. Cytoplasmic inheritance and its effects on development
and performance. J. Reprod. Fertil. 10, 31–43.

Smith, L.C., Wilmut, I., 1989. Influence of nuclear and cytoplasmic activity on the
development in vivo of sheep embryos after nuclear transplantation. Biol. Reprod.
40, 1027–1035.

Smith, L.C., Bordignon, V., Garcia, J.M., Meirelles, F.V., 2000. Mitochondrial genotype
segregation and effects during mammalian development: applications to biotech-
nology. Theriogenology 53, 35–46.

Solano, A., Playan, A., Lopez-Perez, M.J., Montoya, J., 2001. Genetic diseases of the
mitochondrial DNA in humans. Salud Pública Méx. 43, 151–161.

Spelbrink, J., Li, F., Tiranti, V., Nikali, K., Yuan, Q., Tariq, M., Wanrooij, S., Garrido, N.,
Comi, G., Morandi, L., Santoro, L., Toscano, A., Fabrizi, G., Somer, H., Croxen, R.,
Beeson, D., Poulton, J., Suomalainen, A., Jacobs, H., Zeviani, M., Larsson, C., 2001.
Human mitochondrial DNA deletions associated with mutations in the gene for
twinkle, a phage T7 gene 4-like protein localized to mitochondrial nucleoids. Nat.
Genet. 28, 223–231.

Steffann, J., Frydman, N., Gigarel, N., Burlet, P., Ray, P.F., Fanchin, R., Feyereisen, E.,
Kerbrat, V., Tachdjian, G., Bonnefont, J.P., Frydman, R., Munnich, A., 2006. Analysis
of mtDNA variant segregation during early human embryonic development: a tool
for successful NARP preimplantation diagnosis. J. Med. Genet. 43, 244–247.

Steinborn, R., Zakhartchenko, V., Jelyazkov, J., Klein, D., Wolf, E., Muller, M., Brem, G.,
1998. Composition of parental mitochondrial DNA in cloned bovine embryos. FEBS
Lett. 426, 352–356.

Stewart, J.B., Freyer, C., Elson, J.L., Wredenberg, A., Cansu, Z., Trifunovic, A., Larsson, N.G.,
2008. Strong purifying selection in transmission ofmammalianmitochondrial DNA.
PLoS Biol. 6, e10.

Sun, Y.H., Chen, S.P., Wang, Y.P., Hu, W., Zhu, Z.Y., 2005. Cytoplasmic impact on cross-
genus cloned fish derived from transgenic common carp (Cyprinus carpio) nuclei
and goldfish (Carassius auratus) enucleated eggs. Biol. Reprod. 72, 510–515.

Surani, M.A., Barton, S.C., Norris, M.L., 1984. Development of reconstructed mouse eggs
suggests imprinting of the genome during gametogenesis. Nature 308, 548–550.

Sutovsky, P., Moreno, R.D., Ramalho-Santos, J., Dominko, T., Simerly, C., Schatten, G.,
1999. Ubiquitin tag for sperm mitochondria. Nature 402, 371–372.

Sutovsky, P., Moreno, R.D., Ramalho-Santos, J., Dominko, T., Simerly, C., Schatten, G.,
2000. Ubiquitinated sperm mitochondria, selective proteolysis, and the regulation
of mitochondrial inheritance in mammalian embryos. Biol. Reprod. 63, 582–590.
Tachibana, M., Sparman, M., Sritanaudomchai, H., Ma, H., Clepper, L., Woodward, J., Li,
Y., Ramsey, C., Kolotushkina, O., Mitalipov, S., 2009. Mitochondrial gene
replacement in primate offspring and embryonic stem cells. Nature 461, 367–372.

Taylor, R.W., Chinnery, P.F., Turnbull, D.M., Lightowlers, R.N., 2000. In-vitro genetic
modification of mitochondrial function. Hum. Reprod. 15 (Suppl. 2), 79–85.

Thorburn, D.R., Dahl, H.H., 2001. Mitochondrial disorders: genetics, counseling,
prenatal diagnosis and reproductive options. Am. J. Med. Genet. 106, 102–114.

Thundathil, J., Filion, F., Smith, L.C., 2005. Molecular control of mitochondrial function in
preimplantation mouse embryos. Mol. Reprod. Dev. 71, 405–413.

Trounce, I.A., Pinkert, C.A., 2007. Cybrid models of mtDNA disease and transmission,
from cells to mice. Curr. Top. Dev. Biol. 77, 157–183.

Van Blerkom, J., Davis, P.W., Lee, J., 1995. ATP content of human oocytes and
developmental potential and outcome after in-vitro fertilization and embryo
transfer. Hum. Reprod. 10, 415–424.

Van Blerkom, J., Sinclair, J., Davis, P., 1998. Mitochondrial transfer between oocytes:
potential applications of mitochondrial donation and the issue of heteroplasmy.
Hum. Reprod. 13, 2857–2868.

Van Blerkom, J., Davis, P., Alexander, S., 2001. A microscopic and biochemical study of
fragmentation phenotypes in stage-appropriate human embryos. Hum. Reprod. 16,
719–729.

van den Ouweland, J.M., Lemkes, H.H., Ruitenbeek, W., Sandkuijl, L.A., de Vijlder, M.F.,
Struyvenberg, P.A., van de Kamp, J.J., Maassen, J.A., 1992. Mutation inmitochondrial
tRNA(Leu)(UUR) gene in a large pedigree with maternally transmitted type II
diabetes mellitus and deafness. Nat. Genet. 1, 368–371.

Vilkki, J., Savontaus, M.L., Nikoskelainen, E.K., 1990. Segregation of mitochondrial
genomes in a heteroplasmic lineage with Leber hereditary optic neuroretinopathy.
Am. J. Hum. Genet. 47, 95–100.

Wai, T., Teoli, D., Shoubridge, E.A., 2008. The mitochondrial DNA genetic bottleneck
results from replication of a subpopulation of genomes. Nat. Genet. 40, 1484–1488.

Wallace, D.C., 2005. A mitochondrial paradigm of metabolic and degenerative diseases,
aging, and cancer: a dawn for evolutionary medicine. Ann. Rev. Genet. 39, 359–407.

Wallace, D.C., Fan, W., 2009. The pathophysiology of mitochondrial disease as modeled
in the mouse. Genes Dev. 23, 1714–1736.

Wallace, D.C., Singh, G., Lott, M.T., Hodge, J.A., Schurr, T.G., Lezza, A.M., Elsas, L.d.,
Nikoskelainen, E.K., 1988. Mitochondrial DNA mutation associated with Leber's
hereditary optic neuropathy. Science 242, 1427–1430.

Waterham, H.R., Koster, J., van Roermund, C.W., Mooyer, P.A., Wanders, R.J., Leonard, J.V.,
2007. A lethal defect of mitochondrial and peroxisomal fission. N. Engl. J. Med. 356,
1736–1741.

White, S., Collins, V., R, R.W., Cleary, M., Shanske, S., DiMauro, S., Dahl, H., Thorburn, D.,
Genet, A.J.H., 1999. Genetic counseling and prenatal diagnosis for the mitochondrial
DNA mutations at nucleotide 8993. Am. J. Hum. Genet. 65, 474–482.

Wonnapinij, P., Chinnery, P.F., Samuels, D.C., 2008. The distribution of mitochondrial
DNA heteroplasmy due to random genetic drift. Am. J. Hum. Genet. 83, 582–593.

Wonnapinij, P., Chinnery, P.F., Samuels, D.C., 2010. Previous estimates of mitochondrial
DNA mutation level variance did not account for sampling error: comparing the
mtDNA genetic bottleneck in mice and humans. Am. J. Hum. Genet. 86, 540–550.

Zhang, Y.Z., Ouyang, Y.C., Hou, Y., Schatten, H., Chen, D.Y., Sun, Q.Y., 2008. Mitochondrial
behavior during oogenesis in zebrafish: a confocal microscopy analysis. Dev.
Growth Differ. 50, 189–201.


	Therapeutic treatments of mtDNA diseases at the earliest stages of human development
	Introduction
	Mitochondrial inheritance
	Mitochondrial DNA diseases: the bottleneck hypothesis and mtDNA transmission
	Potential mechanisms that select against pathogenic mtDNA mutations in the germline
	Methods to predict and prevent transmission of mtDNA diseases
	Cytoplasmic transfer
	Nuclear transfer
	Conclusions
	Conflict of interest statement
	Acknowledgements
	References


