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Abstract

Regulation of mitochondrial biogenesis is essential for proper cellular functioning. Mitochondrial
DNA (mtDNA) depletion and the resulting mitochondrial malfunction have been implicated in
cancer, neurodegeneration, diabetes, aging, and many other human diseases. Although it is known
that the dynamics of the mammalian mitochondrial genome are not linked with that of the nuclear
genome, very little is known about the mechanism of mtDNA propagation. Nevertheless, our
understanding of the mode of mtDNA replication has advanced in recent years, though not without
some controversies. This review summarizes our current knowledge of mtDNA copy number
control in mammalian cells, while focusing on both mtDNA replication and turnover. Although
mtDNA copy number is seemingly in excess, we reason that mtDNA copy number control is an
important aspect of mitochondrial genetics and biogenesis and is essential for normal cellular
function.
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Introduction

Mitochondria are ubiquitous organelles of eukaryotic systems that are essential for the
aerobic production of ATP via oxidative phosphorylation (Attardi and Schatz, 1988).
Mitochondria play an important role in apoptosis and are involved in signal transduction for
cell proliferation (Wallace, 2008). These important functions demonstrate that mitochondria
are essential for maintaining the health of an organism.

Mitochondria stand out as they own their own genomes. Although mitochondrial DNA
(mtDNA) is quite diverse in the eukaryotic kingdom, the organization of the mammalian
mitochondrial genome is significantly conserved (Clayton, 1992b). More importantly,
mitochondria have a unique genetic system that includes multiple copies for each cell
(Schon, 2000).
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Altered mtDNA copy number regulation can result in disease. MtDNA depletion has been
associated with infantile neurogenetic disorders that cause unexplained weakness,
hypotonia, and developmental delays in early childhood (Macmillan and Shoubridge, 1996).
Variation in mtDNA copy number was observed in multiple sclerosis patients (Blokhin et
al., 2008). Also, a decrease of mtDNA copy number has been associated with renal cell
carcinoma (Xing, 2008), liver disease (Morten et al., 2007), biliary atresia (Tiao et al.,
2007), type 2 diabetes (Choi et al., 2001), cardiomyopathy (Bai and Wong, 2005), and breast
cancer (Yu et al., 2007). Disease caused by excess mtDNA proliferation is less common,
although it was reported as a compensatory effect of mtDNA deletions (Bai and Wong,
2005). Loss of mtDNA copy number control is associated with aging (Laderman et al.,
1996) and is likely to be linked to either nuclear or mtDNA mutations.

Although tremendous progress has been made in recent years in many aspects of
mitochondrial biology, there are many gaps in our understanding of mitochondrial genome
regulation. How mtDNA copy number is regulated is of particular interest, due to the unique
genetic system of mitochondria. It is a basic mechanistic question that is currently
unanswered, and knowledge that is necessary for understanding how functional
mitochondria are maintained. The goal of this review is to summarize current viewpoints of
mtDNA regulation and to reveal new directions for future studies.

Mitochondrial genome and genetics

The human mitochondrial genome is a 16.6 kb circular structure of double-stranded DNA
(Attardi and Schatz, 1988). The two strands are identified as either the heavy (H) strand or
the light (L) strand by their varying densities in alkaline CsClI gradients. Thirteen genes code
for polypeptides that are part of the oxidative phosphorylation system, with twelve of these
genes being located on the H strand. Two rRNAs and twenty-two tRNAs are also encoded
by the mitochondrial genome. The displacement loop (D loop) is a 1.1 kb noncoding control
region that is important in replication and transcription. Other mitochondrial proteins are
nuclear encoded, and they are synthesized in the cytoplasm, and then transported to the
mitochondria.

Mitochondrial genetics are unique from the Mendelian genetic system observed in the
nucleus in several important ways. First, mtDNA shows a maternal inheritance pattern.
Paternal mtDNA is almost never passed on to progeny. Second, mitochondria are polyploid,
with up to several thousand copies of their genome per cell. Also, replication and
transcription are coupled in mitochondria, with unique machinery that carries out these
processes. The mitochondrial genome and nuclear genome are maintained in separate
cellular compartments, but they work together to ensure the normal functioning of the
mitochondria (Pon et al., 1989).

The polyploidy aspect of mitochondrial genetics invokes the concepts of homoplasmy and
heteroplasmy. Homoplasmy means that all the copies of the mitochondrial genome are the
same, whereas heteroplasmy means that there is a mixture of two or more mitochondrial
genotypes. When studying mitochondrial mutations, it is important to consider the degree of
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heteroplasmy of mutant versus wild-type DNA to identify when disease-causing thresholds
are reached.

It is also important to note that mtDNA is not naked. It is packaged into a nucleoid structure
with a group of protein factors. The nucleoid may also serve as a mitochondrial genetic unit
as it has been shown that there is very little mtDNA exchange between individual nucleoids
(Gilkerson et al., 2008). The mechanism of mtDNA replication with regards to nucleoid
structure is an important area for future research to further elucidate the maintenance of
heteroplasmy.

Nucleoid structure of mtDNA

The mitochondrial nucleoids are considered stable genetic structures of the mitochondria. In
the past, it has been thought that individual mitochondrion might maintain their own genetic
identity, but fusion and fission events that occur with great frequency allow for an exchange
of nucleoids between mitochondria.

A mitochondrial nucleoid is made up of an aggregate of mtDNA genomes, and a group of
protein factors such as mitochondrial transcription factor A (TFAM), mitochondrial single-
strand binding protein (mtSSBP), and the helicase Twinkle (Wang and Bogenhagen, 2006).
The number of nucleoids per mitochondrion varies depending on the tissue examined.
Nucleoids give organization to mtDNA that is important during segregation and affects the
degree of mtDNA heteroplasmy. It has been suggested that mitochondrial fusion and fission
could influence a nucleoid’s access to proteins that are required for replication and
transcription (Bogenhagen et al., 2008). Nucleoids are distributed at regular spatial intervals
throughout the mitochondria, indicating a high degree of mtDNA regulation (Margineantu et
al., 2002).

The nucleoid structure of mtDNA is similar to the nucleoid structure of bacterial DNA in
several ways. An average nucleoid contains 5-7 copies of the genome and has a diameter of
about 70 nm (Iborra et al., 2004), which is similar to the packing density of the E. coli
genome (Woldringh, 2002). Also, both bacterial and mitochondrial nucleoids are anchored
to the membrane. These similarities give even more strength to the endosymbiotic theory,
which hypothesizes that mitochondria are the result of endocytosis of aerobic bacteria.

Recently, a layered nucleoid structure was proposed. In this model, replication and
transcription take place in the core of the nucleoid, while translation and complex assembly
occur in the peripheral region, tying the nucleoid to the inner membrane to allow gene
expression to occur near ROS production sites (Bogenhagen et al., 2008). In bacteria, this
sort of coupling of translation and membrane insertion that keeps the DNA against the cell
membrane is called transertion (Woldringh, 2002). It has been shown that this same
coupling probably occurs in yeast mitochondria (Bryan et al., 2002). The identification of a
human mitochondrial transcription/translation coupler suggests that a similar mechanism
likely regulates human mitochondrial nucleoids, as well (Wang et al., 2007).
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MtDNA replication

It is well accepted that mtDNA replication does not coincide with the cell cycle and occurs
independently of nuclear DNA replication (Bogenhagen and Clayton, 1977). However, all
trans-acting factors associated with mtDNA replication are encoded by nuclear DNA,
indicating that the nucleus plays an important role in regulating mtDNA copy number. Since
transcription and replication are coupled in mitochondria, transcription-related proteins are
also involved in replication (Clayton, 1992a).

DNA polymerase vy (POLG) is the only known DNA polymerase in animal mitochondria. It
is a heterodimeric complex made up of a 120-140 kDa catalytic core and a 35-50 kDa
accessory subunit (Olson et al., 1995). The accessory subunit is involved in RNA primer
binding (Fan et al., 1999) and also binds dsDNA (Lim et al., 1999). In the past, it was
thought that DNA repair and recombination in mitochondria was very limited, but POLG
exhibits 3’ to 5" exonuclease activity (Kunkel and Soni, 1988), as well as 5’-deoxyribose
phosphate lyase activity (Longley et al., 1998), which shatters this notion (Kaguni, 2004).
The components of POLG possess all activities necessary to carry out mtDNA replication
and repair to some extent.

Mitochondrial single-stranded DNA-binding protein (mtSSBP) and Twinkle, the
mitochondrial helicase, work together to achieve helix destabilization during replication.
MtSSBP is a 13-15 kDa protein that acts as a 56 kDa tetramer; it has a high affinity for
DNA and a DNA footprint of 8-17 nucleotides (Kaguni, 2004). Twinkle is stimulated by
mtSSBP to achieve increased processivity and fidelity of POLG (Korhonen et al., 2003).

TFAM, which is an essential component of nucleoid structure, is necessary for transcription
and replication initiation. In addition to providing structure to mtDNA, it is hypothesized
that it regulates protein binding at the D-loop, the cis-regulatory region of the mitochondrial
genome (Ghivizzani et al., 1994). Significantly, the amount of mtDNA has been shown to be
directly proportional to total TFAM levels (Ekstrand et al., 2004). The human TFAM
promoter region is known to be regulated by transcription factors Sp1 (Virbasius, 1994),
nuclear respiratory factor 1 (NRF-1) (Virbasius, 1994), nuclear respiratory factor 2 (NRF-2)
(Virbasius 1994), and hStaf/ZNF143 (Gerard et al., 2007). There is variability of TFAM
promoter maps, but there are six conserved motifs across mammalian TFAM promoters
(Gerard et al., 2007). The specific role of TFAM and the proteins associated with mtDNA
replication are not fully understood and, therefore, worthy of further research.

The regulation of mtDNA replication is one of many factors implicated in mitochondrial
biogenesis. Peroxisome proliferators-activated receptor gamma coactivator 1 alpha
(PGC-1a) plays a key role in mitochondria biogenesis by inducing NRF-1, NRF-2, and
TFAM expression (Wu, 1999) and by interacting with the nuclear hormone receptor PPARYy
and thyroid hormone receptor (Puigserver et al., 1998). Thyroid hormone receptors regulate
mitochondrial biogenesis by binding to thyroid hormone response element (TRE) sequences
in the mitochondrial genome and thereby increasing mitochondrial transcription and
replication (Weitzel et al., 2003). Weitzel et al. (2003) also hypothesizes that TREs possibly
regulate intermediate factors, such as NRF-1 and PGC-1a, which control a second series of
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thyroid hormone target genes. PGC-1a overexpression results in the upregulation of genes
involved in mitochondrial fatty acid oxidation and can cause massive mitochondrial
proliferation in cardiac cells (Lehman, 2000). p38MAPK can activate PGC-1a (Knutti and
Kralli, 2001) and its partner PPARa (Barger et al., 2001), suggesting that it has a role in
mitochondrial biogenesis (Kelly and Scarpulla, 2004). Nitric oxide, a vasodilator has also
been shown to increase mitochondrial biogenesis (Nisoli et al., 2003). Although
mitochondrial biogenesis is controlled by many regulatory cascades in response to
developmental and physiological stimuli that are still not fully understood, some shared key
players as mentioned above in this process have been identified.

There are currently two models of the mechanism of mtDNA replication. The asynchronous
displacement mechanism involves two unidirectional, independent origins. According to this
model, the heavy strand is synthesized first until the light strand replication origin site is
reached, and then light strand synthesis begins in the opposite direction (Clayton, 2003).
Alternatively, the leading and lagging strand synthesis mechanism involves coupled,
unidirectional mtDNA synthesis (Holt et al., 2000). It was further proposed that both
mechanisms of mtDNA replication could occur in a cell and that alterations in the
mechanism could result in a change in mtDNA copy nhumber.

MtDNA turnover

When examining mtDNA copy number control, it is important to consider how long a
particular mtDNA molecule is preserved within the mitochondria. Early work, using pulse-
chase experiments, indicates that the synthesis and degradation rates of mtDNA are
coordinated to maintain mtDNA copy number (Berk and Clayton, 1974). MtDNA turnover
has been measured by detecting the percentage of 3H-methylthymidine uptake, which
indicates new DNA synthesis, through separation by centrifugation. If the degradation rate
slows down, the mtDNA synthesis rate decreases as well. A reduction in mtDNA turnover is
evidence of an overall slowing of mitochondrial biogenesis, which could be correlated to
reduced energy metabolism associated with aging (Litoshenko, 1984).

In the late 1960’s, Gross et al. (1969) investigated the turnover rates of mtDNA and
mitochondrial phospholipids in rat tissues to try to determine if mitochondria are
synthesized or destroyed as a whole. It was found that the half-life of mtDNA was highly
regulated, but varied depending on the tissue. Rat heart, liver, and kidney had the highest
mtDNA turnover rates; whereas brain had a significantly lower mtDNA turnover rate, in
comparison. We now know that mitochondria undergo fission and fusion events, but what
remains unclear is how mtDNA molecules are chosen to be replicated or degraded.

More recently, rapid and random mtDNA turnover has been reported (Kai et al., 2006).
Surprisingly, rapid turnover is observed even in nonproliferating cells, which supports the
idea that mtDNA replication is independent of the cell cycle. This indicates that mtDNA is
not generated solely for the purpose of producing daughter cells. One hypothesis presented
is that mtDNA is vulnerable to damage, and the cell needs to get rid of damaged copies of
the genome. A recent report showed that herpes simplex virus could be a source of mtDNA
damage that led to depletion (Saffran et al., 2007). Although preferential degradation of
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damaged mtDNA was not detected, mild cellular damage was suggested to increase the rate
of the synthesis-degradation cycle (Kai et al., 2006).

There is almost no knowledge about how this synthesis-degradation relationship is regulated
to control mtDNA turnover. However, loss of regulation by increased mitophagy, which
results in increased mtDNA degradation, has been implicated in human diseases such as
Parkinson’s disease (Dagda et al., 2008). Mitophagy normally targets mitochondria with
abnormal organization to rid the cell of damaged mitochondria that could likely carry mutant
mtDNA (Gomes and Scorrano, 2008). Mitophagy can be induced by nutrient deprivation or
laser-induced photodamage of mitochondria (Kim et al., 2007). The mitochondrial
permeability transition (MPT) appears to be involved in mitophagy. The opening of MPT
pores leads to mitochondrial depolarization, followed by mitochondrial swelling and the
eventual rupture of the outer membrane of the mitochondria (Kim et al., 2007). It has been
shown that depolarized mitochondria move into autophagosomes and autolysosomes, which
increase in number during nutrient deprivation (Rodriguez-Enriquez et al., 2006). Questions
concerning the regulatory pathways that control mitophagy and how a mitochondrion is
marked for degradation remain. Future studies that elucidate the mechanisms and regulation
of mtDNA turnover will make it possible to recognize mitochondrial abnormalities that
cause disease and eventually lead to cures.

Possible mechanisms of monitoring mtDNA copy number

Evidence supporting the hypothesis that mtDNA copy number is tightly regulated has
recently accumulated. For example, the expression level of the mitochondrial gene ND5,
which is essential for respiration, is dependent on the number of wild-type genes present
(Bai et al., 2000). Also, during mammalian oocyte maturation, there appears to be an
upregulation of mtDNA copy number, whereas a constant mtDNA copy number is
maintained in primordial germ cells (Cao et al., 2007), indicating that mtDNA copy number
regulation is crucial during early development.

MtDNA copy number is not random; it is specific to tissue type and to developmental stage.
However, it is unclear how mtDNA copy number is regulated. We propose the model that
there is a lower threshold of mtDNA copy number that triggers an activation of replication
by up-regulating the mitochondrial replication machinery, and a higher threshold of mtDNA
copy number that triggers the machinery that leads to mtDNA degradation (Fig. 1).
Together, these thresholds work to push the mtDNA copy number towards a middle range
and regulate the amount of mtDNA in each cell. We do not know what these triggers are, or
even what proteins must be activated in these processes. Further investigation of these areas
will shed light on the mechanism of control of mtDNA copy number.

There are several models for mtDNA copy number regulation. One idea is that the
requirement for ATP dictates the amount of mtDNA, but there are no data to support this
possibility. Another idea is that the availability of nucleotides could regulate mtDNA
replication (Tang et al., 2000b). Another hypothesis says that mtDNA copy number is
regulated by multiple replication origins (Tang et al., 2000a). Replication intermediate
studies indicate that TFAM could affect mtDNA copy number by altering the mechanism of
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replication (Pohjoismaki et al., 2006). It will be important to look at all mtDNA binding
proteins to determine limiting factors in mtDNA synthesis; perhaps one of these is released
from an inhibitory complex. A review by Moraes (Moraes, 2001) discusses these models in
more detail.

On the other hand, almost nothing is known about the mechanism of monitoring mtDNA
copy number. MtDNA turnover rate and the proteins involved in the replication and
degradation of mtDNA are obvious topics for future research. As we gain more knowledge
about mtDNA synthesis and degradation, we will better understand how mtDNA copy
number is regulated.

Perspectives

Mitochondrial gene expression and regulation is becoming increasingly relevant to human
disease, as more mitochondrial disorders are identified. Mitochondrial dysfunction has been
implicated in a range of diseases that includes diabetes, cancer, neurodegeneration, muscle
atrophy, as well as aging. However, our knowledge of mtDNA copy number regulation and
turnover is far from substantial.

As awareness and identification of mitochondrial disease heightens, more cellular models
derived from human patients and animal models with mtDNA copy number abnormalities
will appear. With the availability of those models, we expect that more trans-acting factors
involved in mtDNA copy number control will be identified, which are both housekeeping
genes and inducible factors of replication and turnover. MtDNA turnover and enzymes
associated with the process will gain more attention. The isolation and resolution of the
three-dimensional structure complexes involved in replication and turnover will be one of
the biggest goals. The elucidation of both protein components and cis-acting elements within
mtDNA responsible for copy number maintenance will certainly attract more attention.
Determining the potential signaling pathways involved in mtDNA copy number monitoring
as well as the regulation of mtDNA replication and turnover are top priorities. With the
increasing understanding of mtDNA copy number regulation, a more comprehensive picture
of mitochondrial genetics and biogenesis will emerge, which in turn will help us to develop
new approaches to maintaining healthy mitochondria.
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Fig. 1.
Threshold hypothesis of mtDNA copy number control. MtDNA copy number is regulated by

thresholds. When the copy number reaches the lower threshold, unknown factors trigger the
upregulation of the mtDNA replication machinery that instigates replication to push the
mtDNA copy number back up. When the copy number reaches the higher threshold,
unknown factors trigger the upregulation of proteins that lead to mtDNA degradation to
push the mtDNA copy number back down.
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