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Abstract: Mitochondria are energy-producing intracellular organelles containing their own genetic
material in the form of mitochondrial DNA (mtDNA), which codes for proteins and RNAs essential
for mitochondrial function. Some mtDNA mutations can cause mitochondria-related diseases.
Mitochondrial diseases are a heterogeneous group of inherited disorders with no cure, in which
mutated mtDNA is passed from mothers to offspring via maternal egg cytoplasm. Mitochondrial
replacement (MR) is a genome transfer technology in which mtDNA carrying disease-related
mutations is replaced by presumably disease-free mtDNA. This therapy aims at preventing the
transmission of known disease-causing mitochondria to the next generation. Here, a proof of
concept for the specific removal or editing of mtDNA disease-related mutations by genome editing
is introduced. Although the amount of mtDNA carryover introduced into human oocytes during
nuclear transfer is low, the safety of mtDNA heteroplasmy remains a concern. This is particularly
true regarding donor-recipient mtDNA mismatch (mtDNA–mtDNA), mtDNA-nuclear DNA (nDNA)
mismatch caused by mixing recipient nDNA with donor mtDNA, and mtDNA replicative segregation.
These conditions can lead to mtDNA genetic drift and reversion to the original genotype. In this
review, we address the current state of knowledge regarding nuclear transplantation for preventing
the inheritance of mitochondrial diseases.

Keywords: Mitochondria DNA (mtDNA), nuclear transfer; mitochondria replacement (MR),
nDNA–mtDNA compatibility; mtDNA–mtDNA compatibility; mtDNA replicative segregation;
mitochondrial function; mtDNA genetic drift; maternal inheritance; mtDNA heteroplasmy

1. Introduction

Mitochondria are eukaryotic organelles that play an essential role in energy production [1].
Mitochondrial function and replication are regulated by both mitochondrial and nuclear genomes.
Human mitochondrial DNA (mtDNA) consists of a double-stranded circular DNA molecule of
16,569 base pairs (bp), containing 37 genes coding for 13 subunits of the 83 enzymes involved
in oxidative phosphorylation, 22 tRNAs, and 2 rRNAs required for translating the transcripts of
mitochondrial-encoded polypeptides. Mitochondria contain more than 1000 different proteins, most of
which are encoded in nDNA and therefore require targeting to and import by the mitochondria [2].
Although there are exceptional reports that paternal mtDNA can be passed to offspring [3], usually
sperm mitochondria are ubiquitinated inside the oocyte cytoplasm and are later subjected to proteolysis
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during preimplantation development [4]. Therefore, mtDNA is almost exclusively maternally inherited
by transmission from the mother via the oocyte cytoplasm.

Defective mitochondria can cause mtDNA diseases, including mitochondrial encephalomyopathy,
lactic acidosis, stroke-like episodes (MELAS), myoclonus epilepsy associated with ragged-red fibers,
neurogenic muscle weakness, ataxia, retinitis pigmentosa, Leber hereditary optic neuropathy (LHON),
Leigh’s syndrome, diabetes, and deafness. Approximately 1 in 5,000 births carry a pathogenic mtDNA
mutation [5]. In fact, mtDNA mutations are common; a survey of newborn cord blood showed that 1
out of 200 infants had one of the ten most common pathogenic mtDNA mutations [6]. It is also known
that with aging, the number of mitochondrial deletions and point mutations increases significantly,
and that up to 50% of human oocytes contain mutated or deleted mtDNA sequences [7,8].

Unlike nDNA, which contains only two copies of each gene per cell, there are multiple copies
of mtDNA in each eukaryotic cell [9]. Although mtDNA copy number differs by cell type, each
cell can have a mixture of mitochondria with different degrees of mutation; a phenomenon referred
to as heteroplasmy. In contrast, homoplasmy describes those cells that contain only one mtDNA
variant. The proportion of mtDNA heteroplasmy can shift during both meiotic and mitotic cell division,
a process known as replicative segregation (reviewed in [10]) (Figure 1). However, not all offspring
inheriting a pathogenic mtDNA mutation will express a symptomatic phenotype because disease
severity depends on the particular mutation, the proportion of normal to mutated mtDNA in each
cell, and the energy requirements of each tissue. Clinical symptoms become visible when the level of
mutated mtDNA exceeds a tissue-specific critical threshold, which is known as the threshold effect
for phenotypic expression (reviewed in [5]). The effect of mtDNA heteroplasmy is striking in the
mutation associated with MELAS; clinical phenotypes such as cardiomyopathy, migraines, diabetes
mellitus, and deafness occur when the mutated mtDNA heteroplasmy rate is high. In a pedigree with
a high prevalence of mtDNA heteroplasmy members, meiotic segregation of mutated mtDNAs can
yield a wide range of phenotypes, from asymptomatic to lethal disease (reviewed in [10,11]) (Figure 1).
Since mtDNA heteroplasmy may vary between tissues, the severity of damage will vary among organs
from the same individual.

Figure 1. Mitochondrial and clinical phenotype correlations in disorders associated with mtDNA
mutations. (A) All maternal relatives harbor a mutated mtDNA (dark symbols); M indicates the
mtDNA heteroplasmy ratio in muscle; W indicates the mtDNA heteroplasmy ratio in white blood
cells. (B) Clinical phenotype is observed only when the mtDNA heteroplasmy ratio reaches a certain
threshold (dark symbols). The pedigree image was adapted from DiMauro and Moraes [11].

The current conventional approach for preventing mtDNA disease transmission is preimplantation
genetic testing for monogenic disorders (PGT-M). PGT-M is an in vitro fertilization (IVF)-based
technique in which the biopsy procedure of preimplantation of embryos consists of two main steps:
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(1) creating an opening in the zona pellucida and (2) removing polar bodies (PBs) or embryonic cells at
cleavage and blastocyst stages [12]. These biopsied samples are subjected to genetic testing, enabling
the selection of mutation-free or low mutation load embryos for transfer into the uterus. However,
PGT-M has some diagnostic limitations. In the case of mtDNA mutations, embryonic mitochondria
may shift their heteroplasmy levels during replicative segregation, which can compromise the reliability
of the PGT-M. In addition, in the case of LHON, which is typically caused by mtDNA homoplasmy for
mutated mtDNA, PGT-M is of little use for women carrying in their oocytes mtDNA homoplasmy for
the mutated mtDNA.

2. Nuclear Transfer for Mitochondrial Replacement

Nuclear transfer techniques such as maternal spindle transfer (MST), pronuclear transfer (PNT),
first polar body transfer (PB1T), and second polar body transfer (PB2T) are all types of mitochondrial
replacement therapy (MRT) in which a patient’s egg is used for transferring either a spindle isolated
from an oocyte in maternal metaphase II (in MST) or the first polar body (in PB1T) into a donor’s
egg (Figure 2A,C). Additional strategies use a patient’s egg for transferring into a donor’s zygote
either a pronuclei isolated from a zygote (in PNT) or the second polar body (in PB2T) (Figure 2B,D).
Each technique involves removing the genome from the recipient’s egg and subsequently transferring
it to an enucleated oocyte or zygote provided by a healthy donor, which simultaneously replaces the
recipient’s disease-causing mitochondria with disease-free mitochondria. Therefore, these techniques
are expected to allow the transmission of nDNA from both parents, while reducing the risk of
transmitting mutant mtDNA to their offspring. At present, there are no fundamental cures for
mitochondrial diseases and most of the available treatments are aimed at relieving symptoms.
Although PGT-M is a useful option to reduce the risk of abnormal mtDNA transmission, the exact
threshold of the mtDNA heteroplasmy ratio is still arbitrary (reviewed in [10]). Therefore, new
treatments for preventing mtDNA disease transmission to the next generation are needed.
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3. Developmental Potential and Mitochondrial Carryover after Nuclear Transfer

The risk of transmitting deleterious mtDNA mutations from mother to child may be reduced
by MRT by transferring nDNA from an oocyte carrying mutated mtDNA into an oocyte cytoplasm
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from a healthy donor containing, presumably, disease-free mitochondria. However, there is a concern
that genome transfer may impair developmental potential and genotype. Accordingly, several
animal studies have examined developmental potential and conducted genotype analysis following
genome transfer.

The first reliable example of successful nuclear transfer in mammals was published in 1983 by
McGrath and Solter [13]. They performed PNT between two different mouse strains; the reconstructed
embryos transferred into the uterus successfully yielded litters. Transmitochondrial mouse (MitoMouse)
zygotes, which have a massive deletion of mtDNA that causes respiratory disorders and leads to
the development of mitochondrial disease, have also been used for PNT. In this case, both paternal
and maternal pronuclei of the zygotes with pathogenic mtDNA mutations were transferred into
enucleated healthy zygotes [14]. Although offspring derived from the reconstructed embryos were
rescued from the development of respiratory defects throughout their lives, the progeny from the
PNT harbored 6–21% (average 11%) mutant mtDNA. In human studies, Craven et al. performed PNT
using abnormally fertilized embryos (unipronuclear or tripronuclear); the blastocyst development
rate of fertilized eggs after PNT was half that of the fertilized eggs without genome transfer [15].
The amount of mtDNA carryover in embryos after PNT fluctuated 8.1% ± 7.6 (mean ± standard
deviation). To improve developmental efficiency and reduce mtDNA carryover, a further study was
performed to adjust the timing of the nuclear transfer to shortly after completion of meiosis, rather than
shortly before the first mitotic division, using normal fertilized human embryos [16]. After optimization,
the blastocyst development rate improved, and blastocyst formation and quality did not differ between
non-manipulated controls and technical controls. mtDNA carryover in the majority of embryos was
reduced to less than 2% by omitting sucrose from the manipulation medium; however, 21% of the
embryos still exhibited a mtDNA heteroplasmy ratio greater than 5%.

To further reduce mtDNA carryover, genome transfer at developmental stages earlier than the
pronuclear stage was attempted. In a study using macaque monkeys, MST produced healthy babies
with no apparent adverse health effects over three years [17]. Although mtDNA carryover was very
low, two of 24 oocytes derived from MST offspring contained a substantial degree (16.2% and 14.1%)
of mtDNA heteroplasmy [18]. In humans, successful blastocyst development and establishment
of embryonic stem cell (ESC) lines have been demonstrated by replacing maternal mtDNA with
donor-derived mtDNA using MST [19,20]. Genome transfer using human metaphase II oocytes
resulted in less than 0.5% mtDNA carryover in the majority of reconstructed oocytes. In addition,
parthenogenetically activated oocytes efficiently developed to the blastocyst stage and isolated ESCs
differentiated into neurons, cardiomyocytes, and pancreatic beta cells. Stem cells and differentiated
cells showed normal mitochondrial function and maintained the new mitochondrial genotype for
over a year [19]. Parthenogenesis can exclude sperm factors to study the effect of different mtDNA
haplotypes derived from maternal and oocyte donors. Furthermore, to study nDNA–mtDNA mismatch,
several human ESC lines composed of different nDNA–mtDNA combinations were isolated using
MST and somatic cell nuclear transfer (SCNT) (Table 1). The developmental ratio, mtDNA genotype,
and mitochondrial function were observed using ESCs and fibroblasts differentiated from these stem
cell lines [21]. To improve clinical applications of MST in humans, cryopreserved oocytes were used
for genome transfer, which facilitates synchronization of genome transfer between donor and recipient.
Although vitrification of either nDNA or cytoplasm allowed development to the blastocyst stage and
stem cell derivation, development was more efficient when cryopreserved nDNA and fresh recipient
cytoplasm were used. This suggests that oocyte cytoplasm is susceptible to damage due to freezing
and thawing. The blastocyst development rate and stem cell derivation efficiency were similar to
the results observed in parthenogenesis, suggesting that manipulation did not impair development.
Similar results were reported by Kang et al. [22]. In 2020, a mouse study showed that MST between
B6CBAF1 and NZB lines resulted in healthy litters; mtDNA heteroplasmy was reduced in F2 mice and
it was undetectable in subsequent generations [23].
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Table 1. mtDNA haplotype of nuclear and mitochondrial donors in stem cell lines.

Stem Cell Lines
mtDNA Haplotype mtDNA Heteroplasmy
Nucleus:Cytoplasm

ST-ES1 H56:H2a no mtDNA shift
ST-ES2 H2a:H56 no mtDNA shift
ST-ES3 H2a:H56 no mtDNA shift
ST-ES4 H44a:H13a no mtDNA shift
ST-ES5 H1b:U5a no mtDNA shift
ST-ES6 H1b:U5a no mtDNA shift
ST-ES7 U5a:H1b mtDNA shift
ST-ES8 U5a:H1b mtDNA shift
ST-ES9 U5a:V3 no mtDNA shift

ST-ES10 V3:U5a no mtDNA shift
ST-ES11 Hae:D1f no mtDNA shift
ST-ES12 Hae:D1f no mtDNA shift
ST-ES13 Hae:D1f no mtDNA shift
ST-ES14 D4a:A2g no mtDNA shift
ST-ES15 A2g:D4a no mtDNA shift

13513ST-ES T2b:T2 no mtDNA shift
3243ST-ES1 H49:B2k mtDNA shift
3243ST-ES2 H49:B2k mtDNA shift

31PNT K:U no mtDNA shift
36PNT H:H mtDNA shift
45PNT L0:H no mtDNA shift
47PNT J:U no mtDNA shift
55PNT H:K no mtDNA shift

MR-PS1 HV:C no mtDNA shift
MR-PS2 HV:C no mtDNA shift
MR-PS3 C:HV no mtDNA shift
MR-PS4 C:I no mtDNA shift
MR-PS5 HV:J no mtDNA shift
MR-PS6 A:L3 no mtDNA shift
MR-PS7 A:L3 no mtDNA shift
MR-PS8 L0:L3 no mtDNA shift
MR-PS9 L3:U no mtDNA shift
MR-PS10 L3:U no mtDNA shift
MR-PS11 L3:HV no mtDNA shift
MR-PS12 HV:L3 mtDNA shift

NT5 K:L0 no mtDNA shift
NT6 K:L0 mtDNA shift
NT8 K:L0 mtDNA shift

The cell lines ST-ES1, ST-ES2, ST-ES3, ST-ES4, ST-ES5, ST-ES6, ST-ES7, ST-ES8, ST-ES9, ST-ES10, ST-ES11, ST-ES12,
ST-ES13, ST-ES14, ST-ES15, 13513ST-ES, 3243ST-ES1, and 3243ST-ES2 are from ref. [22]. The cell lines 31PNT, 36PNT,
45PNT, 47PNT, and 55PNT are from ref. [16]. The cell lines MR-PS1, MR-PS2, MR-PS3, and MR-PS4 are from ref. [19].
The cell lines MR-PS5, MR-PS6, MR-PS7, MR-PS8, MR-PS9, MR-PS10, MR-PS11, and MR-PS12 are from ref. [24].
The cell lines NT5, NT6, and NT8 are from ref. [21]. Reversed cell lines are shown in red color. Nonreversed cell
lines that contained the same mtDNA haplotype combination as the reversed cell lines are shown in blue color.
The remaining nonreversed cell lines are shown in black color.

4. mtDNA Genetic Drift after Mitochondria Replacement

Small amounts of mtDNA can be found in karyoplasts, accounting for less than 2% of the
mtDNA content in reconstructed oocytes after nuclear transfer [16,19,22,24]. Even though low levels
of heteroplasmy introduced into human oocytes by mitochondrial carryover during nuclear transfer
often vanish, concerns remain regarding mtDNA genetic drift, which can cause a reversion to the
maternal mtDNA due to incompatibility between maternal mtDNA and cytoplasmic donor-derived
mtDNA. Sharpley et al. showed that the proportion of NZB mtDNA in NZB-129 heteroplasmic
mice (NZB mtDNA and 129S6 mtDNA) was preferentially reduced, suggesting that uniparental
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inheritance assures the stability of the mitochondrial genotype. Unlike their homoplasmic counterpart,
NZB-129 heteroplasmic mice showed altered behavior, reduced activity, accentuated stress response,
and cognitive impairment [25].

In a human study conducted to address the consequences of mtDNA carryover, nuclear transfer
between oocytes from women with different mitochondrial haplotypes was performed and the
reconstructed oocytes were subjected to parthenogenesis and stem cell derivation (Figure 2) [24]. In the
preimplantation embryos (n = 75), mtDNA heteroplasmy showed an average of 0.33%, and always
less than 3%. In addition, seven of the eight ESC lines showed that nuclear transfer replaced mtDNA
completely below the detection level for up to 32 passages over eight months. Conversely, in the
MR-PS12 stem cell line, whose mtDNA is composed of haplotype L3 from the cytoplasm donor and
haplotype H1 from the nuclear genome donor, the mtDNA heteroplasmy of the mtDNA H1 haplotype
increased after genome transfer, from 1.3% at derivation to 53.2% at passage 36 (mtDNA stochastic
drift) (Table 1). In addition, clonal expansion from single cells at passages 18, 30, 36, 40, 50, and 60
resulted in colonies with diverse mtDNA heteroplasmy, ranging from 0–90% of the H1 haplotype.
Furthermore, two of three diploid ESC lines derived using somatic cell nuclear transfer (NT-ESCs),
whose mtDNA haplotype combination between donor and recipient was the same (a somatic cell of the
K1 haplotype and an oocyte of the L0 haplotype), showed rapid mtDNA drift between passages 0 and
10, and reached homoplasmy for the somatic mtDNA genotype between passages 15 and 25 (mtDNA
directional shift) [21]. Somatic cell nuclear transfer can replace mitochondria in a similar way to
genome transfer between oocytes. Other groups also reported that several isolated ESC lines after MST
or PNT between healthy donors, or healthy donor and carriers with mutant mtDNA, demonstrated
gradual loss of donor mtDNA and reversal to the maternal haplotype [16,22]. Approximately 20.5% of
ESC lines (8 of 39) have shown an mtDNA reversion to that of the nuclear donor (Table 1) [16,19,22,24].
These results suggest that even a small amount of mtDNA carryover can affect the stability of the
mtDNA genotype and consequently impair the effectiveness of the MR.

5. Mechanistic Insights for mtDNA Replication Bias

In two ESC lines using oocytes from women carrying pathogenic mutant mtDNA, there was a
reversion to pathogenic mutants, whose mtDNA was from nuclear donors [22]. Although the clinical
relevance of this fact is yet unclear, there are concerns regarding mtDNA reversion used for therapeutic
applications of mitochondrial replacement. Therefore, further studies on the mechanism are required.
Several causes of mitochondrial genetic drift have been proposed. First, it has been suggested that
mitochondrial haplotypes and mitochondrial function may influence cell proliferation or mitochondrial
genotype. However, cell competition assays between cells with the K1 haplotype and those with the
L0 haplotype demonstrated that mitochondrial haplotype did not alter cell proliferation (Table 1) [24].
In addition, mitochondrial function in ESC lines and fibroblasts differentiated from ESC lines was not
impaired by mitochondrial genotypes that differed from the maternal genome. These results suggest
that mtDNA genetic drift is independent of mtDNA haplotype or mitochondrial function.

Second, some polymorphisms in the mtDNA conserved sequence box II (CSBII) containing
sequences involved in the generation of mtDNA replication primer are suggested to be the cause
of preferential replication of specific mtDNA haplotypes [22]. mtDNA transcription generates
polycistronic mRNAs, which are processed to produce mature mRNAs, rRNAs, and tRNAs.
Transcription from the heavy-strand promoter generates a truncated transcript that encodes for
12S rRNA, 16S rRNA, and two tRNAs. The light strand is transcribed by a single mitochondrial RNA
polymerase to produce a primer for mtDNA replication. Transcription of the light strand can terminate
prematurely within the non-coding region at a series of CSBs (I, II, and III) [26]. In the case of two
of three reverted ESC lines (CSBII haplotype G6AG8 from the nuclear donor and G5AG8 from the
cytoplasmic donor), the CSBII G6AG8 variant from the nuclear recipient’s mtDNA was claimed to have
an advantage in mtDNA replication over the G5AG8 variant present in the donor’s mtDNA. In response
to these results, Hudson et al. [27] analyzed the mtDNA sequence data published in Kang et al. [22]
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and showed that one of three ESC lines harboring identical donor-recipient combinations of CSBII
variants did not revert to the nuclear genotype. A similar phenomenon was observed in other
CSBII haplotype combinations including G6AG7-G6AG7, G6AG7-G6AG8, G5AG8-G6AG8, whose
non-reverted:reverted ratios were 3:1, 6:0, and 1:2, respectively. These results imply that even if the
same combination of CSBII polymorphisms is used, some ESC lines may revert while others may
not revert at all [27]. Although the relevance of whether a reduction in the number of guanosine
residues in the CSBII sequence is associated with reduced mtDNA replication [28], the exact mechanism
by which these polymorphisms affect mtDNA replication remains unclear. Furthermore, there is
insufficient evidence to support an advantage of matching the donor–recipient pairs based on CSBII
haplotype similarity, since the incidence of reversion is similar between matched and non-matched
CSBII haplotypes.

6. mtDNA–nDNA Mismatch

Mitochondrial function is under the control of both nuclear and mitochondrial genomes.
After nuclear genome transfer, a different donor mtDNA is combined with the patient’s nDNA.
Combining nDNA with donor-derived mtDNA raises concerns regarding cognitive behavior,
macrosteatosis, inflammation, fibrosis, and development regarding mtDNA–nDNA compatibility in
the reconstructed oocyte after genome replacement.

Some studies using animal models suggested a detrimental effect on development due to
mtDNA–nDNA incompatibility. Fetterman et al. generated mitochondrial-nuclear exchange (MNX)
mice using nuclear transfer, specifically C57BL/6J nuclear genome and C3H/HeN mtDNA [29].
MNX mice developed more macrosteatosis, inflammation, and fibrosis compared with the mice
containing the C3H/HeN nuclear genome and fed an atherogenic diet [30]. Ma et al. [31] performed
reciprocal genome transfer using PNT in zygotes from B6 and PWD mouse strains. Cybrid embryos
(B6nDNA–PWDmtDNA) showed normal live birth rates (4%; 14 of 341) and F1 offspring with reduced
male fertility, but reproductive fitness in females was unaffected. Conversely, the reciprocal combination
(PWDnDNA–B6mtDNA) produced high embryonic loss and a live birth rate of 0.3% (1 of 359), resulting
in post-implantation lethality in the F2 generation [31]. A study by Latorre-Pellicer et al. in conplastic
animals, which are developed by backcrossing the nuclear genome from one inbred strain into the
cytoplasm of another, showed that BL/6-mitNZB had a 16% longer lifespan, shorter telomeres, and
lower tumor formation rate than those found in BL/6-mitC57 [32]. Although it is suggested that nDNA
may not be compatible with mtDNA, highly inbred laboratory animals were used in these studies,
which differ significantly from human populations due to diverse genetic backgrounds; therefore, these
results should be interpreted with caution. Given these results, there is still not enough evidence to
support the benefits of matching patients with a common mitochondrial genotype for nuclear transfer.

7. Mitochondrial Genome Alterations

Since a mitochondrial disease usually occurs when the pathogenic mtDNA heteroplasmy rate
exceeds a given threshold in the same cell, it is possible to treat the disease by reducing or editing the
mutant mtDNA. mtDNA genome editing techniques have been studied for many years.

As an example of mitochondrial genome editing in oocytes, Reddy et al. adopted the
mitochondrially targeted transcription activator-like effector nucleases (mitoTALEN) approach using
NZB/BALB heteroplasmic mice, which contained two mtDNA haplotypes. Microinjection of either
a mitochondrial-targeted restriction endonuclease or mitoTALEN into oocytes from NZB/BALB
heteroplasmic mice caused an mtDNA heteroplasmy shift, preventing germline transmission to the F1
generation [33].

Mitochondrially targeted zinc-finger nucleases (mtZFN) are reported to selectively degrade
pathogenic mitochondrial genomes bearing large-scale deletions or point mutations [34]. Gammage
et al. performed in vivo mtDNA genome editing using the mitochondrial DNA nuclease Fokl [35].
Mitochondrial genome editing was attempted using a mouse model that recapitulates the molecular
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features of mtDNA disease in cardiac tissue, the m.5024C > T tRNAAla mouse. mtZFNs were
administered to individual mice using adeno-associated virus. As a result, an increase in the amount
of pyruvate, a product of oxidative phosphorylation, was observed, suggesting an improvement in
the function of mitochondrial oxidative phosphorylation due to elimination of mutated mtDNA [35].
On the other hand, there are concerns with this approach. For example, although double-strand breaks
(DSBs) produced by the mtDNA nuclease Fokl lead to the degradation of mutated mtDNA, it is feared
that removal of mutated mtDNA could result in a detrimentally low level of mtDNA copy number
when the mutation load is very high.

In large part due its simplicity and accuracy, the CRISPR-Cas9 system is used for basic research
and in clinical applications. DSBs introduced by CRISPR-Cas9 are repaired by non-homologous end
joining or homologous recombination repair, which are inherent cellular mechanisms. However, some
drawbacks such as high off-target effects, mosaicism, transmission of mutations to the next generation,
etc., have been pointed out regarding the use of CRISPR-Cas9 for genome editing of early embryos.
In addition, unrepaired DSBs persist and can result in frequent chromosome loss [36]. Therefore,
genome editing using CRISPR for human germ lineages remains controversial.

The effectiveness of genome editing techniques for mtDNA may be limited because of the lack of
mtDNA replication from the oocyte stage to early embryonic development. However, mtDNA genome
editing technology harbors significant potential as a future substitute for MST and PNT because it
does not require the use of donor-derived oocytes [37].

Recently, a new mtDNA precise editing technique was developed. RNA-free DddA-derived
cytosine base editors (DdCBEs) catalyze C•G-to-T•A conversions in human mtDNA with high target
specificity and product purity by fusing the bacterial intertoxin DddAtox with a transcriptional
activator-like effector array protein and a uracil glycosylase inhibitor [38]. DdCBEs specifically convert
cytosine to uracil within dsDNA and the enzyme targets double-stranded DNA in a mutagenic
manner that relies on uracil DNA glycosylase to initiate base excision repair via uracil removal.
This makes it particularly suitable for editing the mitochondrial genome, which lacks an efficient
mechanism to repair DNA DSBs. When DdCBEs were applied to model disease-associated mtDNA
mutations in human cells, alterations in the respiration rate and oxidative phosphorylation resulted.
Although further studies are needed to fully elucidate the principles governing the efficiency and
specificity of DdCBEs, the CRISPR-free DdCBE technique allows precise manipulation of mtDNA
rather than removal of mtDNA copies. This has broad implications for elucidating the biological
significance of mitochondria in early embryonic development, as well as the etiology and potential
treatment of mitochondrial diseases.

8. Mitochondrial Replacement for Reproduction

Genome transfer for mitochondrial replacement is expected to have applications in the reproductive
field as well. ATP produced by oxidative phosphorylation plays an important role in several biological
phenomena including ovulation, fertilization, early embryonic development, and implantation.
Although oxidative phosphorylation in mitochondria uses pyruvate as a substrate, glycolytic activity
is restricted in fertilized oocytes because they show a low expression of phosphofructokinase.
Consequently, embryonic metabolism is activated by a switch in energy source preference, from pyruvate
obtained from cumulus cells in the oocyte oviduct fluid during the early cleavage stages to glucose
during compaction and blastocele formation [39–41].

Primordial germ cells (PGCs), the primary undifferentiated stem cells which differentiate towards
gametes (sperm or oocytes), originate from the early postimplantation epiblast cells and migrate
to the developing genital ridge. At this stage, human PGCs contain around 200 copies of mtDNA
(mean: 275.9, n = 24) [42] and maintain relatively fewer numbers during the early stages of oogenesis.
Subsequently, the mtDNA copy number increases more than a thousand-fold during the process of
differentiation from PGCs to mature oocytes (mean: 311.1 × 103, n = 5) [19]. Since mtDNA is not
replicated during preimplantation development, the mtDNA copy number per blastomere decreases
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with cleavage. In a mouse study, the median number of mtDNA molecules in mature oocytes was
249.4 × 103 (n = 22), and the total number of mtDNA molecules within the entire preimplantation
embryo remained constant (16–32 cell stage mean: 286.1 × 103, n = 12; blastocyst mean: 280.8 × 103,
n = 15). Accordingly, the mtDNA copy number in blastomeres at the 16–32 cell stage decreased to
a mean of 18.4 × 103 (n = 11) [43], suggesting that mtDNA replication is not required for healthy
preimplantation development. These two mtDNA bottleneck effects are thought to alter mtDNA
heteroplasmy between generations.

The mtDNA copy number in blastocysts derived from older women (age: 39.8 years, range:
38–42 years, n = 154) is predominantly higher than that in blastocysts derived from younger women
(age: 34.8 years, range: 26–37 years, n = 148) [44]. Nevertheless, the mtDNA copy number is known
to be reduced in oocytes in older women, the opposite phenomenon of that observed in blastocysts.
To explain this, the “quiet embryo hypothesis” was propounded by Leese [45]. As a result of less stress
and lower metabolism in better quality embryos, the mtDNA copy number in high quality blastocysts
is lower than that in impaired blastocysts. Conversely, oocytes under stress and with a reduced
developmental potential tend to be more metabolically active, resulting in a compensatory increase in
the number of mtDNA [44]. These findings are being applied to an ongoing clinical study [46] that
uses mtDNA copy number as an embryo biomarker for embryo transfer.

Among all fertilization treatments, IVF shows the highest pregnancy rate, but even with IVF,
the pregnancy rate decreases with age. Oocytes donated from women in their 20s substantially
improves pregnancy rates, even if these fertilized oocytes are transferred into patients in their 40s,
suggesting that the decline in pregnancy rates with age is largely due to a decline in egg function
(oocyte aging). Most chromosomal abnormalities are known to occur during the first meiosis, and their
underlying cause is thought to be an age-related decline in the oocyte cytoplasm. Several mechanisms
have been considered to explain oocyte aging such as spindle dysfunction [47], early sister chromatid
segregation by cohesin deterioration [48], telomere shortening [49], decreased cytoplasmic factor,
and mitochondrial dysfunction.

The role of mitochondria in egg aging has received much attention in recent years. Oocytes from
aged mice (>11 months) showed aggregated mitochondria more frequently than those from young
mice (8–14 weeks) [50]. It is well-known that aged oocytes have a decreased mtDNA copy number
and more mtDNA mutations, resulting in a decreased intracellular ATP content [51]. A 4977-bp
deletion in mtDNA has been reported more often in oocytes from women older than 35 years than in
women younger than 35 years [52]. When mitochondrial function in human oocytes was inhibited
by the oxidative phosphorylation uncoupler trifluoromethoxy carbonyl cyanide phenylhydrazone
(FCCP) supplementation in the culture media, substantially fewer meiotic spindles were detected in
the FCCP-treated group (6 of 26 oocytes; 23.1%), compared to the control group (60 of 117 oocytes;
51.3%). This suggests that abnormalities in mitochondrial function with aging may impair spindle
formation and cause abnormalities in chromosome disjunction [53].

Nuclear transplantation techniques are of interest not only for preventing the inheritance of
mitochondrial disease, but for reproductive purposes, and several examples of fertility treatments
using mitochondrial replacement and aging oocytes have been reported. In 1997, a live birth by
ooplasmic transfer was reported, in which the cytoplasm from a healthy 27-year-old third party was
injected into the eggs of a 30-year-old patient who had been infertile for 6.5 years and had failed to
conceive after four embryo transfers [54]. Although cytoplasmic transplantation has shown some
success in improving infertility (reviewed in [55]), concerns remain regarding the possibility of mixed
mtDNA from the cytoplasmic donor and the biological mother. Due to limited evidence and the ethical
issues, the FDA since banned cytoplasmic transplants.

Experiments using aged oocytes in mice showed that nuclear transfer of genomes from mice
aged 10–12 months into the cytoplasm of young mice aged 3–5 months improved development to
term from 6.3% in reproductively-aged oocytes to 27.1% in reconstructed oocytes [56]. In experiments
using oocytes aged after ovulation by culturing them in vitro for 20 h after egg retrieval, nuclei that
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were transferred from the in vitro aged oocytes into young oocyte cytoplasm improved the blastocyst
development rate, resulting live births [47]. Furthermore, cases of clinical application in humans
have been reported. In 2017, a PNT was performed on a 34-year-old woman who was infertile for
15 years; the procedure resulted in the woman finally giving birth to a baby [57]. In 2019, MST was
performed on nine women under 40 years of age who had several unsuccessful IVF attempts due to
embryonic developmental arrest; MST resulted in two pregnancies and one live birth [58]. However,
nuclear transfer is still controversial due to insufficient evidence regarding its efficacy and safety for
reproduction purposes.

9. Conclusions

Great advances in research on mitochondrial diseases and genome transfer have been made in the
last few years. However, there are some drawbacks associated with these treatments for preventing
mutant mtDNA transmission. To ensure the clinically safe application of MRT, genome transfer
techniques must be improved to reduce the amount of mtDNA carryover, together with a better
understanding of mitochondrial biology, the mechanisms of mtDNA genetic drift, and the selection of
compatible donors that do not compete with the recipient’s mtDNA and nDNA, which would help to
elucidate the etiology of mtDNA disease and expand the biological applications of genome transfer.

Funding: This work was supported by JSPS KAKENHI Grant Number JP20H03827 (Kiban-B-20H03827 to M.Y.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McFarland, R.; Taylor, R.W.; Turnbull, D.M. A neurological perspective on mitochondrial disease. Lancet
Neurol. 2010, 9, 829–840. [CrossRef]

2. Chinnery, P.F.; Hudson, G. Mitochondrial genetics. Br. Med. Bull. 2013, 106, 135–159. [CrossRef] [PubMed]
3. Luo, S.; Valencia, C.A.; Zhang, J.; Lee, N.C.; Slone, J.; Gui, B.; Wang, X.; Li, Z.; Dell, S.; Brown, J.; et al.

Biparental Inheritance of Mitochondrial DNA in Humans. Proc. Natl. Acad. Sci. USA 2018, 115, 13039–13044.
[CrossRef] [PubMed]

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

5. Greenfield, A.; Braude, P.; Flinter, F.; Lovell-Badge, R.; Ogilvie, C.; Perry, A.C.F. Assisted reproductive
technologies to prevent human mitochondrial disease transmission. Nat. Biotechnol. 2017, 35, 1059–1068.
[CrossRef] [PubMed]

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

7. Cortopassi, G.A.; Shibata, D.; Soong, N.W.; Arnheim, N. A pattern of accumulation of a somatic deletion of
mitochondrial DNA in aging human tissues. Proc. Natl. Acad. Sci. USA 1992, 89, 7370–7374. [CrossRef]

8. Craven, L.; Tang, M.X.; Gorman, G.S.; De Sutter, P.; Heindryckx, B. Novel reproductive technologies to
prevent mitochondrial disease. Hum. Reprod. Update 2017, 23, 501–519. [CrossRef]

9. Clay Montier, L.L.; Deng, J.J.; Bai, Y. Number matters: Control of mammalian mitochondrial DNA copy
number. J. Genet. Genom. 2009, 36, 125–131. [CrossRef]

10. Wallace, D.C.; Chalkia, D. Mitochondrial DNA genetics and the heteroplasmy conundrum in evolution and
disease. Cold Spring Harb. Perspect. Biol. 2013, 5, a021220. [CrossRef]

11. DiMauro, S.; Moraes, C.T. Mitochondrial encephalomyopathies. Arch. Neurol. 1993, 50, 1197–1208. [CrossRef]
[PubMed]

12. Consortium, E.P.; Group, S.I.-E.B.W.; Kokkali, G.; Coticchio, G.; Bronet, F.; Celebi, C.; Cimadomo, D.;
Goossens, V.; Liss, J.; Nunes, S.; et al. ESHRE PGT Consortium and SIG Embryology good practice
recommendations for polar body and embryo biopsy for PGT. Hum. Reprod. Update 2020, 2020, hoaa020.
[CrossRef]

13. Surani, M.A.; Barton, S.C.; Norris, M.L. Development of reconstituted mouse eggs suggests imprinting of the
genome during gametogenesis. Nature 1984, 308, 548–550. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1474-4422(10)70116-2
http://dx.doi.org/10.1093/bmb/ldt017
http://www.ncbi.nlm.nih.gov/pubmed/23704099
http://dx.doi.org/10.1073/pnas.1810946115
http://www.ncbi.nlm.nih.gov/pubmed/30478036
http://dx.doi.org/10.1038/46466
http://www.ncbi.nlm.nih.gov/pubmed/10586873
http://dx.doi.org/10.1038/nbt.3997
http://www.ncbi.nlm.nih.gov/pubmed/29121011
http://dx.doi.org/10.1016/j.ajhg.2008.07.004
http://dx.doi.org/10.1073/pnas.89.16.7370
http://dx.doi.org/10.1093/humupd/dmx018
http://dx.doi.org/10.1016/S1673-8527(08)60099-5
http://dx.doi.org/10.1101/cshperspect.a021220
http://dx.doi.org/10.1001/archneur.1993.00540110075008
http://www.ncbi.nlm.nih.gov/pubmed/8215979
http://dx.doi.org/10.1093/hropen/hoaa020
http://dx.doi.org/10.1038/308548a0
http://www.ncbi.nlm.nih.gov/pubmed/6709062


Int. J. Mol. Sci. 2020, 21, 5880 11 of 13

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

15. 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.; et al. Pronuclear transfer in human embryos to prevent
transmission of mitochondrial DNA disease. Nature 2010, 465, 82–85. [CrossRef]

16. Hyslop, L.A.; Blakeley, P.; Craven, L.; Richardson, J.; Fogarty, N.M.; Fragouli, E.; Lamb, M.; Wamaitha, S.E.;
Prathalingam, N.; Zhang, Q.; et al. Towards clinical application of pronuclear transfer to prevent mitochondrial
DNA disease. Nature 2016, 534, 383–386. [CrossRef]

17. Tachibana, M.; Sparman, M.; Sritanaudomchai, H.; Ma, H.; Clepper, L.; Woodward, J.; Li, Y.; Ramsey, C.;
Kolotushkina, O.; Mitalipov, S. Mitochondrial gene replacement in primate offspring and embryonic stem
cells. Nature 2009, 461, 367–372. [CrossRef]

18. Lee, H.S.; Ma, H.; Juanes, R.C.; Tachibana, M.; Sparman, M.; Woodward, J.; Ramsey, C.; Xu, J.; Kang, E.J.;
Amato, P.; et al. Rapid mitochondrial DNA segregation in primate preimplantation embryos precedes
somatic and germline bottleneck. Cell Rep. 2012, 1, 506–515. [CrossRef]

19. Paull, D.; Emmanuele, V.; Weiss, K.A.; Treff, N.; Stewart, L.; Hua, H.; Zimmer, M.; Kahler, D.J.; Goland, R.S.;
Noggle, S.A.; et al. Nuclear genome transfer in human oocytes eliminates mitochondrial DNA variants.
Nature 2013, 493, 632–637. [CrossRef]

20. Tachibana, M.; Amato, P.; Sparman, M.; Woodward, J.; Sanchis, D.M.; Ma, H.; Gutierrez, N.M.;
Tippner-Hedges, R.; Kang, E.; Lee, H.S.; et al. Towards germline gene therapy of inherited mitochondrial
diseases. Nature 2013, 493, 627–631. [CrossRef]

21. Yamada, M.; Johannesson, B.; Sagi, I.; Burnett, L.C.; Kort, D.H.; Prosser, R.W.; Paull, D.; Nestor, M.W.;
Freeby, M.; Greenberg, E.; et al. Human oocytes reprogram adult somatic nuclei of a type 1 diabetic to
diploid pluripotent stem cells. Nature 2014, 510, 533–536. [CrossRef] [PubMed]

22. Kang, E.; Wu, J.; Gutierrez, N.M.; Koski, A.; Tippner-Hedges, R.; Agaronyan, K.; Platero-Luengo, A.;
Martinez-Redondo, P.; Ma, H.; Lee, Y.; et al. Mitochondrial replacement in human oocytes carrying
pathogenic mitochondrial DNA mutations. Nature 2016, 540, 270–275. [CrossRef] [PubMed]

23. Costa-Borges, N.; Spath, K.; Miguel-Escalada, I.; Mestres, E.; Balmaseda, R.; Serafín, A.; Garcia-Jiménez, M.;
Vanrell, I.; González, J.; Rink, K.; et al. Maternal spindle transfer overcomes embryo developmental arrest
caused by ooplasmic defects in mice. Elife 2020, 9. [CrossRef] [PubMed]

24. Yamada, M.; Emmanuele, V.; Sanchez-Quintero, M.J.; Sun, B.; Lallos, G.; Paull, D.; Zimmer, M.; Pagett, S.;
Prosser, R.W.; Sauer, M.V.; et al. Genetic Drift Can Compromise Mitochondrial Replacement by Nuclear
Transfer in Human Oocytes. Cell Stem Cell 2016, 18, 749–754. [CrossRef] [PubMed]

25. Sharpley, M.S.; Marciniak, C.; Eckel-Mahan, K.; McManus, M.; Crimi, M.; Waymire, K.; Lin, C.S.; Masubuchi, S.;
Friend, N.; Koike, M.; et al. Heteroplasmy of mouse mtDNA is genetically unstable and results in altered
behavior and cognition. Cell 2012, 151, 333–343. [CrossRef] [PubMed]

26. Tan, B.G.; Wellesley, F.C.; Savery, N.J.; Szczelkun, M.D. Length heterogeneity at conserved sequence block 2
in human mitochondrial DNA acts as a rheostat for RNA polymerase POLRMT activity. Nucleic Acids Res.
2016, 44, 7817–7829. [CrossRef]

27. Hudson, G.; Takeda, Y.; Herbert, M. Reversion after replacement of mitochondrial DNA. Nature 2019, 574,
E8–E11. [CrossRef]

28. Kang, E.; Koski, A.; Amato, P.; Temiakov, D.; Mitalipov, S. Reply to: Reversion after replacement of
mitochondrial DNA. Nature 2019, 574, E12–E13. [CrossRef]

29. Fetterman, J.L.; Zelickson, B.R.; Johnson, L.W.; Moellering, D.R.; Westbrook, D.G.; Pompilius, M.; Sammy, M.J.;
Johnson, M.; Dunham-Snary, K.J.; Cao, X.; et al. Mitochondrial genetic background modulates bioenergetics
and susceptibility to acute cardiac volume overload. Biochem. J. 2013, 455, 157–167. [CrossRef]

30. Betancourt, A.M.; King, A.L.; Fetterman, J.L.; Millender-Swain, T.; Finley, R.D.; Oliva, C.R.; Crowe, D.R.;
Ballinger, S.W.; Bailey, S.M. Mitochondrial-nuclear genome interactions in non-alcoholic fatty liver disease in
mice. Biochem. J. 2014, 461, 223–232. [CrossRef]

31. Ma, H.; Marti Gutierrez, N.; Morey, R.; Van Dyken, C.; Kang, E.; Hayama, T.; Lee, Y.; Li, Y.; Tippner-Hedges, R.;
Wolf, D.P.; et al. Incompatibility between Nuclear and Mitochondrial Genomes Contributes to an Interspecies
Reproductive Barrier. Cell Metab. 2016, 24, 283–294. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0506197102
http://www.ncbi.nlm.nih.gov/pubmed/16275929
http://dx.doi.org/10.1038/nature08958
http://dx.doi.org/10.1038/nature18303
http://dx.doi.org/10.1038/nature08368
http://dx.doi.org/10.1016/j.celrep.2012.03.011
http://dx.doi.org/10.1038/nature11800
http://dx.doi.org/10.1038/nature11647
http://dx.doi.org/10.1038/nature13287
http://www.ncbi.nlm.nih.gov/pubmed/24776804
http://dx.doi.org/10.1038/nature20592
http://www.ncbi.nlm.nih.gov/pubmed/27919073
http://dx.doi.org/10.7554/eLife.48591
http://www.ncbi.nlm.nih.gov/pubmed/32347793
http://dx.doi.org/10.1016/j.stem.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27212703
http://dx.doi.org/10.1016/j.cell.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23063123
http://dx.doi.org/10.1093/nar/gkw648
http://dx.doi.org/10.1038/s41586-019-1623-3
http://dx.doi.org/10.1038/s41586-019-1624-2
http://dx.doi.org/10.1042/BJ20130029
http://dx.doi.org/10.1042/BJ20131433
http://dx.doi.org/10.1016/j.cmet.2016.06.012
http://www.ncbi.nlm.nih.gov/pubmed/27425585


Int. J. Mol. Sci. 2020, 21, 5880 12 of 13

32. Latorre-Pellicer, A.; Moreno-Loshuertos, R.; Lechuga-Vieco, A.V.; Sánchez-Cabo, F.; Torroja, C.; Acín-Pérez, R.;
Calvo, E.; Aix, E.; González-Guerra, A.; Logan, A.; et al. Mitochondrial and nuclear DNA matching shapes
metabolism and healthy ageing. Nature 2016, 535, 561–565. [CrossRef] [PubMed]

33. Reddy, P.; Ocampo, A.; Suzuki, K.; Luo, J.; Bacman, S.R.; Williams, S.L.; Sugawara, A.; Okamura, D.;
Tsunekawa, Y.; Wu, J.; et al. Selective elimination of mitochondrial mutations in the germline by genome
editing. Cell 2015, 161, 459–469. [CrossRef] [PubMed]

34. Gammage, P.A.; Rorbach, J.; Vincent, A.I.; Rebar, E.J.; Minczuk, M. Mitochondrially targeted ZFNs for
selective degradation of pathogenic mitochondrial genomes bearing large-scale deletions or point mutations.
EMBO Mol. Med. 2014, 6, 458–466. [CrossRef] [PubMed]

35. Gammage, P.A.; Viscomi, C.; Simard, M.L.; Costa, A.S.H.; Gaude, E.; Powell, C.A.; Van Haute, L.; McCann, B.J.;
Rebelo-Guiomar, P.; Cerutti, R.; et al. Genome editing in mitochondria corrects a pathogenic mtDNA mutation
in vivo. Nat. Med. 2018, 24, 1691–1695. [CrossRef] [PubMed]

36. Zuccaro, M.V.; Xu, J.; Mitchell, C.; Marin, D.; Zimmerman, R.; Rana, B.; Weinstein, E.; King, R.T.; Smith, M.;
Tsang, S.H.; et al. Reading frame restoration at the EYS locus, and allele-specific chromosome removal after
Cas9 cleavage in human embryos. BioRxiv 2020. [CrossRef]

37. Adashi, E.Y.; Cohen, I.G. Preventing Mitochondrial Diseases: Embryo-Sparing Donor-Independent Options.
Trends Mol. Med. 2018, 24, 449–457. [CrossRef]

38. Mok, B.Y.; de Moraes, M.H.; Zeng, J.; Bosch, D.E.; Kotrys, A.V.; Raguram, A.; Hsu, F.; Radey, M.C.;
Peterson, S.B.; Mootha, V.K.; et al. A bacterial cytidine deaminase toxin enables CRISPR-free mitochondrial
base editing. Nature 2020. [CrossRef]

39. Baltz, J.M.; Tartia, A.P. Cell volume regulation in oocytes and early embryos: Connecting physiology to
successful culture media. Hum. Reprod. Update 2010, 16, 166–176. [CrossRef]

40. Biggers, J.D.; Summers, M.C. Choosing a culture medium: Making informed choices. Fertil. Steril. 2008, 90,
473–483. [CrossRef]

41. Lane, M.; Gardner, D.K. Embryo culture medium: Which is the best? Best Pract. Res. Clin. Obstet. Gynaecol.
2007, 21, 83–100. [CrossRef] [PubMed]

42. Floros, V.I.; Pyle, A.; Dietmann, S.; Wei, W.; Tang, W.C.W.; Irie, N.; Payne, B.; Capalbo, A.; Noli, L.; Coxhead, J.;
et al. Segregation of mitochondrial DNA heteroplasmy through a developmental genetic bottleneck in
human embryos. Nat. Cell Biol. 2018, 20, 144–151. [CrossRef] [PubMed]

43. 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. A reduction of mitochondrial DNA molecules during embryogenesis explains the rapid
segregation of genotypes. Nat. Genet. 2008, 40, 249–254. [CrossRef] [PubMed]

44. Fragouli, E.; Spath, K.; Alfarawati, S.; Kaper, F.; Craig, A.; Michel, C.E.; Kokocinski, F.; Cohen, J.; Munne, S.;
Wells, D. Altered levels of mitochondrial DNA are associated with female age, aneuploidy, and provide an
independent measure of embryonic implantation potential. PLoS Genet. 2015, 11, e1005241. [CrossRef]

45. Leese, H.J. Quiet please, do not disturb: A hypothesis of embryo metabolism and viability. Bioessays 2002, 24,
845–849. [CrossRef]

46. Fragouli, E.; McCaffrey, C.; Ravichandran, K.; Spath, K.; Grifo, J.A.; Munné, S.; Wells, D. Clinical implications
of mitochondrial DNA quantification on pregnancy outcomes: A blinded prospective non-selection study.
Hum. Reprod. 2017, 32, 2340–2347. [CrossRef]

47. Yamada, M.; Egli, D. Genome Transfer Prevents Fragmentation and Restores Developmental Potential
of Developmentally Compromised Postovulatory Aged Mouse Oocytes. Stem Cell Rep. 2017, 8, 576–588.
[CrossRef]

48. Lister, L.M.; Kouznetsova, A.; Hyslop, L.A.; Kalleas, D.; Pace, S.L.; Barel, J.C.; Nathan, A.; Floros, V.;
Adelfalk, C.; Watanabe, Y.; et al. Age-related meiotic segregation errors in mammalian oocytes are preceded
by depletion of cohesin and Sgo2. Curr. Biol. 2010, 20, 1511–1521. [CrossRef]

49. Yamada-Fukunaga, T.; Yamada, M.; Hamatani, T.; Chikazawa, N.; Ogawa, S.; Akutsu, H.; Miura, T.;
Miyado, K.; Tarin, J.J.; Kuji, N.; et al. Age-associated telomere shortening in mouse oocytes. Reprod. Biol.
Endocrinol. 2013, 11, 108. [CrossRef]

50. Udagawa, O.; Ishihara, T.; Maeda, M.; Matsunaga, Y.; Tsukamoto, S.; Kawano, N.; Miyado, K.; Shitara, H.;
Yokota, S.; Nomura, M.; et al. Mitochondrial fission factor Drp1 maintains oocyte quality via dynamic
rearrangement of multiple organelles. Curr. Biol. 2014, 24, 2451–2458. [CrossRef]

http://dx.doi.org/10.1038/nature18618
http://www.ncbi.nlm.nih.gov/pubmed/27383793
http://dx.doi.org/10.1016/j.cell.2015.03.051
http://www.ncbi.nlm.nih.gov/pubmed/25910206
http://dx.doi.org/10.1002/emmm.201303672
http://www.ncbi.nlm.nih.gov/pubmed/24567072
http://dx.doi.org/10.1038/s41591-018-0165-9
http://www.ncbi.nlm.nih.gov/pubmed/30250142
http://dx.doi.org/10.1101/2020.06.17.149237
http://dx.doi.org/10.1016/j.molmed.2018.03.002
http://dx.doi.org/10.1038/s41586-020-2477-4
http://dx.doi.org/10.1093/humupd/dmp045
http://dx.doi.org/10.1016/j.fertnstert.2008.08.010
http://dx.doi.org/10.1016/j.bpobgyn.2006.09.009
http://www.ncbi.nlm.nih.gov/pubmed/17090393
http://dx.doi.org/10.1038/s41556-017-0017-8
http://www.ncbi.nlm.nih.gov/pubmed/29335530
http://dx.doi.org/10.1038/ng.2007.63
http://www.ncbi.nlm.nih.gov/pubmed/18223651
http://dx.doi.org/10.1371/journal.pgen.1005241
http://dx.doi.org/10.1002/bies.10137
http://dx.doi.org/10.1093/humrep/dex292
http://dx.doi.org/10.1016/j.stemcr.2017.01.020
http://dx.doi.org/10.1016/j.cub.2010.08.023
http://dx.doi.org/10.1186/1477-7827-11-108
http://dx.doi.org/10.1016/j.cub.2014.08.060


Int. J. Mol. Sci. 2020, 21, 5880 13 of 13

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

52. Chan, C.C.; Liu, V.W.; Lau, E.Y.; Yeung, W.S.; Ng, E.H.; Ho, P.C. Mitochondrial DNA content and 4977 bp
deletion in unfertilized oocytes. Mol. Hum. Reprod. 2005, 11, 843–846. [CrossRef] [PubMed]

53. Zeng, H.T.; Ren, Z.; Yeung, W.S.; Shu, Y.M.; Xu, Y.W.; Zhuang, G.L.; Liang, X.Y. Low mitochondrial DNA and
ATP contents contribute to the absence of birefringent spindle imaged with PolScope in in vitro matured
human oocytes. Hum. Reprod. 2007, 22, 1681–1686. [CrossRef] [PubMed]

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

55. Barritt, J.; Willadsen, S.; Brenner, C.; Cohen, J. Cytoplasmic transfer in assisted reproduction. Hum. Reprod.
Update 2001, 7, 428–435. [CrossRef] [PubMed]

56. Mitsui, A.; Yoshizawa, M.; Matsumoto, H.; Fukui, E. Improvement of embryonic development and production
of offspring by transferring meiosis-II chromosomes of senescent mouse oocytes into cytoplasts of young
mouse oocytes. J. Assist. Reprod. Genet. 2009, 26, 35–39. [CrossRef]

57. Coghlan, A. First Baby Born Using 3-parent Technique to Treat Infertility. Available online: https://www.
newscientist.com/article/2118334-first-baby-born-using-3-parent-technique-to-treat-infertility/ (accessed on
30 June 2020).

58. Costa-Borges, N.; Nikitos, E.; Spath, K.; Wells, D.; Rink, K.; Vasilopoulos, Y.; Zevomanolakis, I.;
Konstantinos, D.; Panagiotis, P.; Grigorakis, S.; et al. Preliminary results from the first registered pilot trial
with maternal spindle transfer to overcome infertility. Fertil. Steril. 2019, 112, e5–e6. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/oxfordjournals.humrep.a135954
http://www.ncbi.nlm.nih.gov/pubmed/7769073
http://dx.doi.org/10.1093/molehr/gah243
http://www.ncbi.nlm.nih.gov/pubmed/16421213
http://dx.doi.org/10.1093/humrep/dem070
http://www.ncbi.nlm.nih.gov/pubmed/17449512
http://dx.doi.org/10.1016/S0140-6736(05)62353-7
http://dx.doi.org/10.1093/humupd/7.4.428
http://www.ncbi.nlm.nih.gov/pubmed/11476356
http://dx.doi.org/10.1007/s10815-008-9282-6
https://www.newscientist.com/article/2118334-first-baby-born-using-3-parent-technique-to-treat-infertility/
https://www.newscientist.com/article/2118334-first-baby-born-using-3-parent-technique-to-treat-infertility/
http://dx.doi.org/10.1016/j.fertnstert.2019.07.1329
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Nuclear Transfer for Mitochondrial Replacement 
	Developmental Potential and Mitochondrial Carryover after Nuclear Transfer 
	mtDNA Genetic Drift after Mitochondria Replacement 
	Mechanistic Insights for mtDNA Replication Bias 
	mtDNA–nDNA Mismatch 
	Mitochondrial Genome Alterations 
	Mitochondrial Replacement for Reproduction 
	Conclusions 
	References

