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Abstract

Transfer of genetic material from cytoplasmic organelles to the nucleus, an ongoing process, has
implications in evolution, aging, and human pathologies such as cancer. The transferred
mitochondrial DNA (mtDNA) fragments in the nuclear genome are called nuclear mtDNA or
NUMTSs. We have named the process numtogenesis, defining the term as the transfer of mtDNA
into the nuclear genome, or, less specifically, the transfer of mitochondria or mitochondrial
components into the nucleus. There is increasing evidence of the involvement of NUMTS in
human biology and pathology. Although information pertaining to NUMTS and numtogenesis is
sparse, the role of this aspect of mitochondrial biology to human cancers is apparent. In this
review, we present available knowledge about the origin and mechanisms of numtogenesis, with
special emphasis on the role of NUMTSs in human malignancies. We describe studies undertaken in
our laboratory and in others and discuss the influence of NUMTSs in tumor initiation and
progression and in survival of cancer patients. We describe suppressors of numtogenesis and
evolutionary conserved mechanisms underlying numtogenesis in cancer. An understanding the
emerging field of numtogenesis should allow comprehension of this process in various
malignancies and other diseases and, more generally, in human health.
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1. Introduction

The eukaryote organelles, mitochondria, and the plant organelles, chloroplasts, have
descended, respectively, from proteobacteria and cyanobacteria. As a consequence, in
eukaryotic cells, these endosymbionts act as auxiliary DNA-containing compartments. As a
result of continual transfer of organelle DNA to the nucleus during the course of evolution,
the quantity of DNA in these organelles, however, is less than in their prokaryotic ancestors.
This natural transfer of mitochondrial DNA (mtDNA) into the nuclear genomes of
eukaryotic cells is an ongoing process; these nuclear copies of mtDNA are called NUMTSs
(nuclear mtDNA) [57]. Of note, intact mitochondria, containing mtDNA, mitochondrial
RNA (mtRNA), and mitochondrial proteins, also localize into the nucleus (Figure 1) [5, 9,
12, 23, 52, 62, 87, 89]. We have named the process numtogenesis, defining the term as the
transfer of MtDNA into the nuclear genome, or, less specifically, transfer of mitochondria or
mitochondrial components into the nucleus [85]. Like NUMTSs, transferred chloroplast DNA
fragments are called NUPTSs for nuclear chloroplast or plastid DNA [80, 109]. We suggest
that the natural transfer of chloroplast DNA or any other chloroplastic components into the
nucleus can be described as nuptogenesis.

NUMTSs are reported in at least 85 sequenced eukaryotic genomes [39]. In fact, almost all of
the eukaryote genomes analysed so far carry NUMTSs, which range from a few base pairs in
length to entire mitochondrial sequences [39-41]. NUMTSs with the longest stretches and
highest frequencies are present in genomes of the domestic cat and flowering plants.
NUMTSs also vary in copy number, from a few copies in Caenorhabditis to a few hundred in
flowering plants [70]. Numtogenesis may involve both coding and non-coding regions of
mtDNA and insertion of both coding exons and non-coding sequences of the target genome.
The significance of NUMTs is manifold: for eukaryotic genomes, insertion of new
sequences in nuclear DNA is a mechanism of evolution. Furthermore, in the context of
evolutionary biology, NUMTS are “molecular fossils” that have survived due to the lower
mutation rate in the nucleus compared to that of mitochondria. As a result, they can be used
to trace inter- and intra-species mtDNA ancestry [74]. Although most NUMT insertions
occur in the non-coding regions of nuclear genes, some reports suggest their presence in
coding sequences as well. This could lead to generation of protein-encoding exons in
existing genes; alternatively, insertion of NUMTSs in genetic loci can lead to mutations
and/or activation of proto-oncogenes. The importance of NUMTSs in cancer and other human
diseases is underscored by the fact that numtogenesis is an ongoing and frequent biological
phenomenon.

2. Historical aspects of numtogenesis

The endosymbiotic theory, which considers mitochondria (and plastids) as former free-living
prokaryotes that later invaded the eukaryotic cells, was initially proposed by Margulis in the
1970s [60, 61]. According to this theory, these symbiotic organelles gradually transferred
their genes to the eukaryotic genome throughout the course of evolution, resulting in
swatches of organelle DNA being integrated into the nuclear genome.
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Although mitochondria have retained part of their genome (that controls vital cellular
functions), mtDNA is not exclusively localized in the mitochondria. The first evidence of the
movement of organelle DNA came from cross-hybridization studies in maize, in which
fragments of chloroplast DNA were found in the mitochondrial genome [86]. Soon after this
revelation, Ellis et al. described “promiscuous DNA” for the organelle DNA fragments that
were present in multiple intra-cellular compartments [24]. In 1983, Farelly and Butow
identified, in the yeast nuclear genome, DNA sequences that share extensive homology to
mitochondrial sequences [25]. The term NUMT was used by Lopez et al., who made the
discovery of the transposition of a 7.9 kb long mtDNA fragment into the nuclear genome of
the domestic cat [57]. Since then, whole genomes of many eukaryotes have been sequenced,
and NUMTSs have been observed in the nuclear genomes of flowering plants, yeast,
Caenorhabditis, Drosophila, rat, domestic cat, and primates, including humans [39].

Entire mitochondria are also present in the nucleus. In 1958, Hoffman and Grigg made this
discovery in cells of murine lymph nodes [42]. This phenomenon was observed later in 1960
by Mori et al., who detected whole mitochondria in ascitic cancer cells, tongue and pancreas
cancer cells, and regenerating liver cells [65]. Thereafter, mitochondria were found in the
nuclei of blood lymphocytes [9, 50], Hodgkin’s lymphoma cells [72], leukemic myoblasts
[82], and cells of rheumatic carditis [45]. Mitochondrial transfer into the nucleus was
analyzed by a Russian group studying the cells of patients with alcohol-induced
cardiomyopathies. In the nuclei of cardiomyocytes, they detected an accumulation of
mitochondria, along with displacement of chromatin to the periphery of nuclei. Although the
mechanism of mitochondrial entry into the nucleus could not be elucidated, the authors
found, in electron micrographs of the cells, signs of disrupted nuclear envelopes. They
hypothesized that the merging of mitochondria with nuclei is accompanied by the
disintegration of the former, which releases mitochondria-encoded apoptotic factors and
reactive oxygen species into the cytosol and the nucleoplasm. The resulting degradation of
the nuclear proteins may contribute to the cellular pathologies of chronic alcoholism [5].

Regarding the activity of mtDNA proteins in the nucleus, the next relevant discovery was
that of humanin, a peptide encoded within the mitochondrial 16S rRNA gene, MT-RNR2.
Humanin was found independently by three different groups researching different
pathologies. Hashimoto et al. discovered humanin while looking for putative proteins that
could protect cells from amyloid beta [38], a protein associated Alzheimer’s disease. Guo et
al. found humanin in a screen for proteins that interacted with Bcl-2-associated X protein
(Bax), a protein involved in apoptosis [32]. Finally, Ikonen et al. discovered humanin while
screening for proteins that interact with IGFBP3 [44]. Apart from the mitochondrial 16s
rRNA gene, there is evidence that the humanin peptide is also encoded by NUMTS bearing
homology to the humanin open reading frame [88]. Humanin is translated both in the
mitochondria and cytosol, although the difference in the translational machinery of the two
sites results in peptides of different lengths. Mitochondrially translated humanin has 21
amino acids; the one translated in the cytosol is has 24 amino acids [108]. A recent review
by Gong et al. has described the neuro- and cytoprotective roles of humanin in human
conditions such as Alzheimer’s disease, Huntington’s disease, prion disease, atherosclerosis,
diabetes, and aging [31].
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3. Numtogenesis in evolution

Although mitochondria retain much of the structure and general composition of their
prokaryotic ancestors, their genomes have been downsized to the extent that they code only
for a fraction of the organelle proteins; non-coding and non-essential coding sequences have
been lost. The genes retained in mitochondria are mainly involved in the electron transport
chain and energy transduction, maintenance of redox balance, and controlling the production
of reactive oxygen species. All other genes required for the function and integrity of
mitochondria reside in the nuclei. Most of the functional mitochondrial genes were
transferred to the nucleus early during evolution; this process ceased approximately 1000
million years ago, before the emergence of animals [10]. The transferred genes evolved
further to function in the nuclear environment (for instance, developing nuclear-specific
regulatory domains) and, in some cases, to perform extra-organelle functions. In addition,
many of the parental mitochondrial sequences have been altered due to mutations that
occurred during the course of evolution.

On the other hand, the insertion of random and non-coding DNA fragments of mitochondrial
origin is thought to be a more recent [8] and an ongoing process [78, 111]. NUMTs usually
present themselves in three forms: a) continuous stretches of DNA that align linearly with
the original mtDNA sequence, b) scrambled sequences derived from different regions of the
mitochondrial genome, and c) re-arranged pieces of mtDNA different mitochondria [55].
Starting with the discovery of NUMTS in yeast [25], scattered reports of mitochondrial
fragments in human DNA surfaced [57, 74, 98, 113] until sequencing of the human genome
showed hundreds of NUMTSs. The first analyses by Mourier et al. [66] and Tourmen et al.
[96] revealed between 280 and 296 NUMTSs in the human genome, of which 94 were 1000
bp or longer. On the basis of phylogenetic analyses, the conclusions of both studies were
essentially the same: that NUMT insertion was a continuous process and fairly rapid.
Hazkani-Covo et al. determined the origin of all NUMTSs in the human genome, i.e., whether
the sequences resulted from (a) the direct insertion from mitochondria to the nuclei or (b)
genomic duplication after insertion [41]. By use of pairwise phylogenetic analyses, they
concluded that only a third of the total human NUMT repertoire was due to de novo
insertions and that the remaining two-thirds arose as a result of the duplications of existing
NUMTSs. A contradictory study by Bensasson et al., however, indicated that most NUMTs
were a result of independent insertion events and in fact originated in a primate ancestor [6].
These scattered studies have not been easily reproducible as the source raw data could not be
easily accessed. There was therefore a need to quantify and map all the NUMTSs and to build
an exhaustive database. Lascaro et al. [54] compared the mtDNA reference sequence [3] and
generated the Reference Human NUMTSs compilation (RHNUMTS). The initial
compilation-RHNUMTSs.1-was further improved and validated into the RHNUMTS.2
version by Simone et al. [84]. BLASTING of the human mitochondrial and nuclear genomes
revealed 766 high-scoring pairs, meaning mitochondrial sequences that were similar to
nuclear sequences. The RHNUMTSs.2 compilation was further revised by remapping on the
h19 version of the human genome sequence that resulted in identification of 755 NUMTs
[14, 84] (Figure 2). At present, the complete length of NUMTSs in humans is more than 400
kbp, and they occur at a density of 17 bp per 100 kb of the nuclear genome [40].
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Calabrese et al. found a high degree of co-localization of the NUMTS insertions/duplications
in the highly repetitive sequences, in humans as well nonhuman primate genomes [14]. This
is a difference from yeast, where insertion of NUMTSs is largely random in the non-coding
host sequences and gives rise to pseudogenes [25]. The preference of human NUMTSs for
repetitive elements was also shown by other investigators. For example, Mishmar et al. [64]
and Qui et al. [75] found Alu sequences (transposable elements) flanking 247 specific human
NUMTSs. In contrast, other studies found a negative correlation between NUMTSs and
repetitive sequences in the human genome [28, 46]. A more recent and detailed study of
NUMTSs of humans, rhesus monkeys, mice, and rats by Tsuji et al. elucidated features of the
NUMTSs insertion sites [97]. Briefly, they determined that the sequences flanking NUMTs
were rich in retrotransposons as well as A-T rich sequences; furthermore, the NUMTSs were
highly concentrated in the open chromatin areas. Since these sites are closely associated
with regulation of gene expression, it is reasonable to expect that insertion of NUMTS has
functional consequences, in many cases deleterious. Indeed, the frequency of NUMTSs
insertion into the human genome is only once in 180,000 years or 5 x 107 per germ cell per
generation [55]. In contrast, in yeast, NUMTSs occur at a higher frequency, 2 x 10~ per cell
per generation. In addition, Tsuji et al. found that NUMTSs were under-represented in the
chromosomal fragile sites, long genes, and CpG-rich islands [97].

Regarding the source of NUMTS, the studies of Hazkani-Covo [39] and Tourmen [96]
pointed to the mtDNA D-loop as the primary contributor to human NUMTSs and
pseudogenes. The findings of Mournier et al., however, revealed a paucity of the D-loop in
the human genome; their study was in fact one of the first to discover large tracts of mtDNA
sequences in the nuclear genome [66]. This finding was validated by Tsuji et al., who argued
that the faster evolution rate of the D-loop could make detection of D-loop difficult among
the human NUMTSs [97]. In addition, the regulatory regions of mtDNA, responsible for the
replication and gene expression, are also under-represented; one possible explanation relates
to the (specific and nonspecific) binding of mitochondrial transcription factor A (TFAM)
protein to these regions [35], which protects them from breaking away and forming NUMTSs.

The transfer of DNA from the prokaryotic endosymbionts to eukaryotic nuclei brought about
changes in the dynamics of the nucleus and the proto-organelles as well as in the overall
cellular proteome. Even though most of the functional mitochondrial genes ceased early
during evolution, stretches of mtDNA have continuously been transferred into the nucleus.
For years, the NUMTSs were considered inconsequential in terms of gene evolution and
function, as both the NUMTSs and the target sequences were largely non-coding [7, 39]. This
perception changed when researchers found that the preferred regions of NUMTS insertion
in the human genome were relevant to gene regulation (as discussed in the previous
sections). In a study by Richetti et al., NUMTs were found to insert in the human genome at
the intergenic regions and subsequently to alter the arrangements of exons and introns of
certain genes [78]. Thus, NUMTSs invasion has three wide-ranging consequences: a)
deleterious mutations that can alter or inactivate gene function, b) acquisition of exons that
can remodel the existing genes and add new functions to the encoded proteins, and ¢) no
effect on gene sequence or regulation. The association between NUMTs-induced mutations
and diseases has been elucidated by recent studies and will be dealt with in the next section.
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In regard to the second possibility, there have been reports of NUMTSs insertion within genic
regions of yeast, Arabidopsis, humans, and several fish species. Antunes et al. discovered
numerous mitochondrial pseudogenes in fish genomes and demonstrated that they have a
preference for some predicted nuclear genes [4]. The studies of Ricchetti et al. [77, 78] have
also shown the preference of both yeast and human NUMTS for insertion into coding regions
of genes. Of the 27 NUMTSs studied, 23 inserted into the introns of known genes, including
the MADHZtumor suppressor gene. In addition, they also discovered a higher frequency of
NUMTSs in the genic regions of chromosomes 18 and Y. Noutsos et al. studied the genic
insertion pattern of NUMTS in yeast, humans, and Arabidopsis and found several NUMTS in
or adjacent to annotated genes [69]. About 45 NUMT insertions were found in the protein-
coding exons, which resulted in of functional exons [69].

To determine the timeline for NUMT insertions in humans, alignments of genomes of
humans and non-human primates have been performed. This has revealed NUMTSs that a)
exist in both species and were acquired prior to the divergence of humans and chimpanzees
and b) are unique to humans and acquired mostly from insertions after the two species
diverged. There is also evidence of creation of NUMTSs by tandem duplication of pre-
existing NUMTSs. This kind of phylogenetic analysis is necessary in order to distinguish
older or germ-line NUMTSs from the more recently acquired or somatic NUMTSs [40, 41, 53,
66]. Although the germline NUMTS have been evolutionarily conserved for tens of millions
of years, the somatic NUMTSs have been acquired in more recent history [6, 28, 53, 97, 112].
According to a report by Perna and Kocher, at a rough estimate, 5.7 NUMTSs have been
inserted every 1 million years and have been retained in the human genome [74]. Since the
nucleus is less susceptible to mutations relative to mitochondria, the NUMTSs are molecular
fossils of mtDNA. They can therefore be used as markers in phylogenetic studies and to
trace mtDNA inheritance in the human population [74].

4. Numtogenesis in health, diversity, disease and cancer

4.1 Numtogenesis in health and diversity

An important aspect of numtogenesis is the degree of polymorphism in the NUMTSs. Genetic
allele variants of NUMTs may provide markers for human phylogenetic analyses and
contribute susceptibility to cancer/genetic disorders. The first study to address NUMT
polymorphism was conducted by Ricchetti et al., who investigated 41 NUMTSs and found
that 6 of them showed insertion polymorphisms [78]. One or more of these polymorphic
NUMTSs was present in every ethnic group, indicating that these NUMTSs were probably
inserted soon after modern humans evolved. Even when a particular NUMT was shared
between more than one ethnic group, the allelic frequency was not equal among the various
ethnic groups. They also commented on polymorphism in the insertion sites (the micro-
homology sites) of the nuclear genome by comparing the alleles with a NUMT insertion
with those that lacked an insertion. A seminal study by Lang et al. involved investigation of
14 polymorphic NUMTSs whose individual variants existed in various native populations
[53]. The allele frequencies were calculated using the Human Genome Project data for 13
different populations. They found correlations between the genetic diversity of the NUMTs
and their geographical distribution. A more recent large-scale analysis of 23 polymorphic
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NUMTSs was performed by Dayama et al., wherein they established that most of the
polymorphic NUMTSs were integrated within the past million years [22]. More than 50% of
those NUMTS were present in low frequencies (>0.1%), indicating that their insertions were
even more recent. Another finding was the higher percentage of GC content in the
polymorphic NUMTSs compared to the parental mitochondrial sequence. In contrast to the
findings of Tsuji et al. [97], this study found D-loop sequences in several polymorphic
NUMTSs and could not detect any preference of the NUMTSs for AT-rich or free-chromatin
regions of the genome. Natural polymorphic variants of NUMTSs have been associated with
diseases, including cancer.

4.2 Numtogenesis in genetic disorders

The role of de novo numtogenesis in certain human genetic disorders has been established
(table 1). For instance, Turner et al. presented a case study of the Pallister-Hall syndrome in
which they identified a 72-bp NUMT insertion into exon 14 of the GLI3 gene as the
causative mutation [99]; the NUMT insertion created a premature stop codon that resulted in
a truncated protein product. A 251-bp NUMT insertion in the plasma factor VII gene results
in a splice site mutation that causes severe plasma factor V11 deficiency and bleeding disease
[11]. In a case of mucolipidosis 1V, a 93-bp NUMT fragment was found to be inserted into
exon 2 of the MCOLNI gene, preventing the gene’s proper splicing [30]. Further, Usher
syndrome type IC has been linked to a 36-bp insertion in exon 9 of the USHIC gene [2].
Interestingly, the mitochondrial genome was reported to be intact in theses afflicted
individuals [39]. A study by Muradian et al. observed, for several mammalian species, a
strong correlation between the number of NUMT insertions and longevity, although the
authors did not provide a convincing mechanistic explanation [67].

4.3 Numtogenesis in cancer

In many cancers, somatic changes in regard to mtDNA copy number and D-loop and
mitochondrial gene(s) alterations have been implicated as drivers in tumorigenesis [114]. For
cancer cells, the somatic insertion of NUMTSs into the nuclear genome has been implicated
in genetic instability. mtDNA fragments that escape from the mitochondria and invade the
nucleus can bring about changes in the nuclear genome through insertional mutagenesis. In
the context of tumorigenesis, these changes can manifest as any of the following: a)
inactivation of a tumor suppressor gene, b) activation of a proto-oncogene, c) epigenetic
dysregulation of either type of gene, and d) introduction of a constitutively active oncogene.
A slow and steady accumulation of mtDNA in the nuclear genome could lead to progressive
changes in the overall cellular proteome and cause cancer [87].

An early indication of the role of mitochondrial insertions in tumorigenesis came from the
experiments by Kamimura et al. on HeLa cells [48]. They hybridized the entire HelLa
genomic library to the total human mtDNA and focused on three nuclear fragments that
showed homology to parts of mitochondrial 12s rRNA, cytochrome oxidase I, and NADH
dehydrogenase. These pseudogenes were found in other human cancer cell lines and in the
human placenta; this was the first report correlating acquisition of mtDNA with malignant
transformation. In a later study by the same group [83], a fragment of the mitochondrial
cytochrome-c oxidase subunit I11 (coxI11) was found to be inserted in exons 2 and 3 of the c-
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myc gene. Nielsen et al. followed up the study with the finding that, upon transfection into
HeLa cells, the NUMT insertion had autonomous replication capacity [68]. With rodent
models, Hadler et al. provided evidence that NUMTSs were present at a higher frequency in
the tumor tissues relative to normal tissues [33, 34]. Xianglong et al. also detected mtDNA
fragments in cancerous gastric mucosal cells but did not establish a causal mechanism [105].
Chen et al. could not detect any somatic NUMTSs in normal cervical epithelial cells;
however, the frequency of NUMTS in malignant cells was 27% [19]. In addition, the
frequency of c-myc alterations was directly proportional to the concentration of NUMTSs.
They hypothesized that insertion of mtDNA fragments in the nuclei of cervical epithelial
cells acted as the driver of tumorigenesis by activating the c-myc gene, although they did not
show direct physical proximity of the NUMTSs with c-myc.

Our study [85] demonstrated increased numtogenesis in colorectal cancers (CRCs). Since
there is a causal relationship between mtDNA copy number [95] and germline variants [90]
with CRC susceptibility, we studied the role of NUMTSs and numtogenesis in CRCs. We
performed a comprehensive quantitative analysis on the abundance of somatic NUMTs in
the genomes of CRC cells relative to that in normal cells. On a genome-wide scale, the
frequency of NUMTSs in the tumor cells was 4.42 times higher than in normal cells. This
abundance of NUMTSs in the cancerous state also correlated with a poorer prognosis and
survival of the patients, more so for women. In addition, we identified NUMT insertion
hotspots in the tumor genomes. When tallied with the Candidate Cancer Gene Database,
some of the sites corresponded to known cancer-associated genes. Furthermore, the source
of the NUMTSs was comprised of certain fragile sites in the mitochondrial genome which
housed the ND1, Coxl/, and Cox/// genes, which are linked with CRC risk and progression.
We also observed a high rate of the mutated YMEIL 1 gene, which produces an ATP-
dependent metalloprotease that normally functions in the maintenance of mitochondrial
morphology, in those CRC cases that also had a high frequency of NUMTS. These results
were validated by analysis of the YMEIL 1 gene in the TCGA database of CRC genes. This
was noteworthy, since inactivation of this gene in yeast was implicated in increased mtDNA
escape and numtogenesis. We showed that, upon knockout of the human YMEIL 1 gene, the
amount of mtDNA fragments increased rapidly in the nuclear genome. In other words, our
study was the first to identify a bona fide suppressor of NUMTS, the inactivation of which
leads to increased numtogenesis. Furthermore, in Ymel-1 yeast cells (Ymel inactivated
strain), we partially blocked the escape of mtDNA by transforming the latter with the human
YME1L 1 gene, thus strengthening our hypothesis.

Ju et al. reported that de novo somatic NUMTSs were often present along with other somatic
rearrangements of the nuclear genome [47]. These co-localizations were strongest in breast
cancer tissues with NUMTSs insertions in the fifth intron of the potassium channel KCNMAL1
gene, which is frequently amplified in breast and prostate cancers [70]. Also, triple-negative
breast cancer tissues displayed more NUMTSs compared to the estrogen receptor-positive
tissues, pointing to a positive correlation between chromosomal rearrangements and
numtogenesis.

Despite reports on the role of NUMTS in tumorigenesis, some caution is needed to interpret
the results. Yao et al. illustrated this concern as the contribution of the NUMTSs can often be
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ignored when some mtDNA mutations are encountered in cancer [106]. Second, the effects
of NUMTs and NUMT polymorphisms are often downplayed in studies of mitochondrial
heteroplasmy [22, 107], defined as cellular differences in individual mitochondrial genomes
due to high rates of mutations [63]. Since mitochondrial heteroplasmy has been implicated
in aging and cancer [26, 81], it is the effect of NUMTSs is appropriate to minimized on these
processes. Dayama et al. identified several sites in the mitochondrial genome that have
hitherto been mistaken as mutated when the mutations were actually present in NUMTSs
[22]. In addition, there are reports of different frequencies of NUMTS. This is mainly
because a) any particular NUMT can undergo post-insertional modifications such as
deletions and substitutions and may escape the detection primers used in that specific study
and b) there is, at the moment, no unified criteria and standardized primers for the detection
and study of NUMTSs. The latter issue can be solved by creating a NUMT database [76] and
regularly updating it parallel to the human genome and mtDNA databases. Taken together,
the data available so far on the role of NUMTSs in cancer suggest that increased
numtogenesis is a factor in determining cancer risk and prognosis. Further studies are
required to refine the detection of NUMTS, to elucidate the mechanisms of numtogenesis,
and to establish causal relationships between NUMT insertions and tumorigenesis.

5. Environmental numtogenesis

Environmental factors influence the movement of genetic material from the mitochondria (or
chloroplasts) into the nucleus. Such physical/chemical/biological stresses can be described
as “numtogens.” In principle, agents that increase the mitotoxicity or mitostress that causes
mitochondrial disintegration are potential numtogens, since mitochondrial damage is the
first step in the process of numtogenesis. Gaziev and Shaikhaev showed that radiation
functions as a numtogen, since mtDNA fragments escaped to the cytoplasm at a higher rate
in irradiated cells [27]. A possible mechanism involves inducing double-strand breaks in the
mtDNA due to action of the ionizing radiation, followed by the integration of these
fragments into the nuclear genome. In a later study by the same group [1], a greater
frequency of humtogenesis was noted in the Gal/lus (chicken) egg nuclear genome exposed
to X-rays. The NUMTs in control and irradiated cells were detected using primers specific
for mtDNA. Although the nDNA in the control group did not show the presence of NUMTS,
the irradiated egg cells showed NUMT insertions in 3—4 different loci, depending on the
embryos. Chan et al. showed that ionizing radiation increased the frequency of non-
homologous end joining (NHEJ), with the irradiated yeast cells showing a frequency of
NUMTSs twice as high relative to non-irradiated cells [18].

Caro et al. detected CoxIll and 16s rRNA sequences from mtDNA in the brain and liver
nuclei of young and old rats; in both tissues, the density of mtDNA sequences in nuclear
DNA increased with age [17]. Using Saccharomyeces cerevisiae as a model, Cheng and
Ivessa also showed that the rate of mtDNA transfer into the nucleus increased with age of
the yeast cells [20]. In both studies, the driving numtogens were free radicals (Figure 3),
which increase with age and can cause mitochondrial instability leading to cancer. Heat
stress has been identified as a numtogen for tobacco, as temperatures greater than 55°C
increase the double-strand breaks in the cytoplasmic organelle DNA and result in its transfer
and integration into the nuclear genome [102].
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6. Molecular mechanisms underlying numtogenesis

6.1 The types of NUMTs

Mitochondrial genes integrated into the nuclear genome differ from the parental genes in
that: a) the nuclear copies often lack introns typical of the mitochondrial versions, b) they
are flanked by regulatory regions that respond to nucleus-specific DNA binding proteins,
and c) depending on the (non-mitochondrial) site of function, they carry specific targeting
sequences. Nugent et al. established that the nuclear Cox// gene of flowering plants
resembles the edited mitochondrial transcripts more than mitochondrial Cox//[70]. Since
then, it has been a common observation in flowering plants that the nuclear copies show
greater similarity to the edited mitochondrial mRNA than to the corresponding DNA [13, 21,
51]. This has led scientists to consider that mitochondrial genes (at least in flowering plants)
may be transferred to the nucleus in the form of cDNA via an intermediate step of reverse
transcription of edited mitochondrial mMRNA. Indeed, there is evidence of RNA editing in
plant mitochondria, usually involving the conversion of uracil residues in the primary
MRNA into cytosines in the edited mRNA. This process has been studied most extensively
in the mitochondrial genome of Arabidopsis [29], which contains about 441 RNA-editing
sites. However, the presence of these sites do not assure an mRNA-mediated transfer of
mitochondrial genes. First, for the mitochondrial gene to be decoded to the correct protein,
the unedited version of the gene must be transferred. Second, cDNA reverse transcribed
from the edited mitochondrial mMRNA can recombine with mtDNA and consequently delete
the editing sites in the mitochondrial genomes. Similarly, the absence of introns in the
nuclear copies of mitochondrial genes does not necessarily point to an mMRNA/cDNA
intermediate; it could simply mean that the particular gene was transferred before it acquired
any introns. Furthermore, introns can be removed after the gene has been transferred. e.g.,
the RPS10 intron of the 26s rRNA of Marchantia [59, 103].

Apart from conjectures and hypotheses, there is evidence that transfer of mitochondrial
DNA to the nucleus occurs without any cDNA intermediate, that is, in the form of chunks of
the mitochondrial genome seen in nuclear genomes of eukaryotes such as yeast and
Arabidopsis. In Arabidopsis, for instance, a large portion of the mitochondrial genome
(>75%) is nestled in chromosome 2 as a complete, continuous piece, including the introns,
tRNAs, and non-coding regulatory regions. In addition, Thorsness and Fox found that, in
yeast, mtDNA moves directly into the nucleus [91]. Finally, analysis of human NUMTS has
not uncovered any evidence of pre-insertion splicing and editing [104], indicating that direct
DNA transfer is the predominant mechanism in human numtogenesis.

6.2 mtDNA egress from mitochondria

There are three main ways for mitochondrial genetic material to escape from mitochondria
and enter the nucleus: a) mitochondrial disintegration followed by DNA uptake by the
nuclear import apparatus, b) fusion between the mitochondria and nucleus, and c)
engulfment of mitochondria by the nucleus. Events causing disintegration of mitochondrial
membranes, such as excessive production of reactive oxygen species, cytochrome c release,
and mitophagy facilitate the escape of mtDNA from mitochondria (Figure 3)). Although the
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first method is, more or less, a random occurrence, the latter two are seen during
gametogenesis and are, therefore, largely programmed [103, 110].

The mechanisms for export of mtDNA to the nucleus have been studied most extensively in
yeast. With Saccharomyeces cerevisiae, Thorsness and Fox measured the rate of transfer of
mtDNA from the mitochondria to the nucleus [91]. A ura3~~ yeast strain deficient in uracil
biosynthesis was transfected with an ura3*/* plasmid that was maintained in the
mitochondrion. When this yeast strain was propagated in a uracil-deficient medium, the
plasmid DNA moved from the mitochondria to the nucleus and restored uracil biosynthesis.
The rate of DNA transfer from the mitochondria was measured as a function of cell growth.
In a screen for mutations that increased mtDNA migrations in yeast, the nuclear gene YME1
was identified along with five others [92, 93]. The Ymel protein, a member of a family of
ATPases, is homologous to the £. coli FtsH protein, which is involved in septum formation
during cell division. A deletion in the YMEI gene increased the rate of mtDNA escape. This
points to a role for YMEL in maintaining the integrity of the mitochondrial membrane. A
biochemical analysis of the YME1 protein revealed its association with the matrix side of
the mitochondrial inner membrane [94]. These investigators also reported stabilization of the
unassembled subunit 1l of cytochrome oxidase in the ymel mutant strain, indicating that
coxll is a likely substrate of ymelp. By use of complementation assays, the second gene
affecting mtDNA escape, YMEZ, was discovered. Inactivation of the YMEZ2gene led to an
increased rate of DNA transfer from mitochondria to the nucleus [94]. YMEZencodes an
inner mitochondrial membrane protein whose larger C-terminal domain faces the
intermembrane space. A particular allele of the YMEZgene, yme2-4, decreases the
formation of mtDNA nucleoids as well as the sensitivity of mtDNA to digestion by DNA
exonuclease [73].

In yeast, proteins in the Yme family are suppressed by various proteins involved in mtDNA
transfer. One YME suppressor is the YNT1 protein, a homologue of a 26S protease subunit
[15]. The metabolic and morphological alterations of the ymel mutant yeast cells can be
compensated for by mutant ynt1. The protease activity of YNTL1, which is necessary for
progression through the cell cycle, has been implicated in the regulation of transcription.
The YNT20 protein, a3’-5" exonuclease localized in yeast mitochondria, is also a
suppressor of YME; in the ymel and yme2 mutant yeast strains, inactivation of the YAN720
gene leads to reductions in mtDNA [37]. mtDNA is inherited as a protein-DNA complex
(the nucleoid). The yeast enzyme ILV5 associates with the nucleoid. Deletions of ILV5 lead
to destabilization of mtDNA, and overproduction stabilizes mtDNA. Binding of Ilv5p to
mtDNA is apparently necessary for the maintenance and stability of mtDNA [58]. Park et al.
showed that a missense and a null allele of the /LV/5 gene acted as suppressors of the
YME2-4 allele and prevented the escape of mtDNA to the nucleus [73]. By examining
electron micrographs, Campbell and Thorsness showed that the mitochondria of the YME1
mutant yeast strain were degraded through vacuolar engulfment, which then increased the
rate of MtDNA passage from the mitochondria to the nucleus [16]. The vacuole-dependent
mitochondrial turnover is regulated by vacuolar alkaline phosphatase and the vacuolar
protease PEP4. By blocking the vacuolar function, mutations in the PEP4 gene lead to a
decrease in mtDNA escape. TIM17, a potential suppressor of NUMTS, is present in human
cells, and its overexpression increases mtDNA stability and prevents mtDNA loss [43].
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6.3 Ingress and integration of mtDNA into the nuclear genome

Experiments with yeast revealed micro-homologies (2-5 bp) adjacent to the NUMT
insertion sites, suggesting that mtDNA integrates into the nuclear genome by NHEJ repair of
double-strand breaks (DSBs) [77]. To repair DSBs, sequence homology between the
respective termini is not a requirement; even non-complementary ends can be combined
[100]. These terminal micro-homologies in the NUMTSs insertion sites are evident in humans
[78] and Arabidopsis [49], indicating that, in eukaryotes, NHEJ may be the most common
mechanism for NUMT integration. As determined by Hazkani-Covo [39], NUMTs
apparently prevented chromosomal deletions during primate evolution through NHEJ.
According to Ju et al. [47], blunt end repair and micro-homology-mediated break induced
replication (MMBIR) [56] are implicated as other mechanisms for joining NUMTS. It is
likely that environmental stimuli that induce DSBs induce numtogenesis (Figure 3).

7. Conclusion and future prospective

To date, only one case of de novo NUMT insertion, which led to a sporadic case of Pallister-
Hall syndrome, has been reported [99]. As shown in this review, our investigations [85] as
well as investigations by others provide evidence for paradigm-shifting roles for
numtogenesis in cancer. It is unclear how numtogenesis alters functions of the nuclear
genome. Nevertheless, insertion of NUMTSs into the nuclear genome of somatic cells can
disrupt the function of tumor suppressor genes and pathways that contribute to
tumorigenesis. NUMTSs can also activate oncogenes or induce chimeric gene fusion and
thereby drive tumor development. Identification of genes disrupted by NUMTSs and
establishment of the role of these genes in tumor initiation and progression and metastasis
will help advance the cancer field. It will also pave the way for development of biomarkers
and will facilitate diagnosis, prognosis, and treatment of cancer [115]. The new field of
numtogenesis should allow comprehension of the function of this process in malignancies
and, generally, in human health and disease. An understanding of the process for insertion of
mtDNA into nuclear genomes of other organisms may elucidate mechanisms of
numtogenesis that relate to other diseases, and studies with model organisms such as yeast
may provide mechanistic insights underlying numtogenesis in humans. In conclusion, future
efforts will likely establish a new scientific paradigm relating to the role of numtogenesis in
general and, more specifically, to cancer and a variety of other human diseases.
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Figure. 1. Nuclear Mitochondria
Electron micrograph of a malignant melanoma of the choroid, showing well preserved

mitochondria as nuclear inclusions (x 8960). Reproduced from the British Journal of
Ophthalmology, 1980, 64: 456. Reprinted with permission from BMJ Publishing Group Ltd.
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Figure 2. NUMT distribution in human chromosomes
A scale representation of the human chromosomes. The location of human-specific NUMTs

is indicated with vertical bars (Adopted from Simone et al., 2011).
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Figure 3. Probable mechanism(s) underlying numtogenesis
Mitostress by an intracellular or extracellular agent (numtogen) may lead to dysfunctional

mitochondria, which, if not removed by mitophagy, may result in transfer of mitochondria
and/or mtDNA-induced numtogenesis and tumor development.
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Table 1
NUMTSs that cause diseases
DISEASES NUMT INSERTION IN GENE  NUMT SIZE REF
Plasma factor V11 deficiency ~ FVII, splice site 251bp [11]
Pallister-Hall syndrome GLI3, exon 14 72-bp [99]
Mucolipidosis IV MCOLNL1, exon 2 93-bp [30]
Usher syndrome type IC USH1C, exon 9 36-bp [2]
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