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Preface

The mitochondrial genome has always been the stepchild of modern molecular biology, per-
haps because it is falsely considered as a quantitatively negligible curiosity. However, mito-
genomes are probably at the crossroads of molecular biology and evolution. Mitogenomes,
under constraints for size reduction, probably reflect the origin of life and its primordial
coding systems by multiplying various types of sequence multifunctionalities. The evolution
of mitochondrial genetic codes and the apparent use of different translation and transcrip-
tion rules are notable examples. Notably, mitochondrial tRNAs differ from other tRNAs, pu-
tatively suggesting independent origins of mitochondrial tRNAs when translation evolved
from transcription.

Recent phylogenetic analyses of mitochondrial proteomes also suggest that mitogenomes
are an independent branch of the tree of life. Indeed, mitogenomes use an elusive non-com-
plementary circular code that differs from the otherwise near universal self-complementary
circular code used in most pro- and eukaryotes to regulate the ribosomal translation frame,
as circular code motifs are conserved in tRNAs and rRNAs. This might reflect that mitoge-
nomes are rare exceptions to Chargaff's rule that complementary nucleotides have approxi-
mately equal frequencies on any long enough single-stranded DNA or RNA sequence,
evaded by single stranded genomes and organellar genomes, including mitogenomes. For
mitogenomes, this is probably due to strand asymmetric replication that causes directional
mutation gradients in nucleotide contents along the genome, according to distances from
heavy and light strand replication (and transcription) origins.

Until additional independent evidence is found, we stick to the accepted view that mito-
chondria are ultrasymbiontic alphaproteobacteria. Nevertheless, the ancestral synteny ob-
served between amoeban mitogenomes and genomes of their parasites, the giant viruses,
could fit the view that mitochondria are an independent lineage, and/or that giant viruses
developed from hypothetical, rare endospore-like structures formed by stressed mitochon-
dria or their proteobacterial ancestor while switching cellular hosts. Indeed, giant viruses
might be an independent, though controversial, fourth major lineage of life. Another point
that mitochondria teach us in relation to the origins of life relates to the main axis of RNA
evolution, from tRNA-like to rRNA-like. Several alignments and structural evidence suggest
that tRNA accretions formed rRNAs, and in particular the ribosomal translational core. Mi-
tochondrial ribosomes include, instead of a 5S rRNA subunit, a structural element consisting
of an otherwise regular tRNA.

This short compilation of chapters on mitogenomes reflects the importance of mitogenomes
to some extents in relation to molecular biology (chapters 1-4) as a tool in population genet-
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ics and reconstructing recent evolution (chapters 5-7), and also in the management of eco-
nomically important populations, including humans (chapters 8-10).

Mitogenomes prepare more surprises such as this example perhaps even unexpected to
some authors of chapters in this book: some eukaryota lack mitochondria. Mitochondria will
continue to open our minds.

Hervé Seligmann

The Natural History Collections

The Hebrew University of Jerusalem
Jerusalem, Israel



Section 1

Molecular Biology







Chapter 1

True Mitochondrial tRNA Punctuation and Initiation
Using Overlapping Stop and Start Codons at Specific
and Conserved Positions

Eric Faure and Roxane Barthélémy

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75555

Abstract

In all the taxa and genomic systems, numerous trn genes (specifying tRNA) exhibit at spe-
cific conserved positions nucleotide triplets corresponding to stop codons (TAG/TAA).
Similarly, relatively high frequencies of start codons (ATG/ATA) occur in fungi/metazoan
mitochondrial-trn genes. The last nucleotide of these triplets is the first involved in the 5'-D-
or 5'-T-stem, respectively. Their frequencies are tRNA species dependent. The products of
these genes which bear one or two types of these codons are called ss-tRNAs (for stop/start).
Metazoan mt-genomes are generally very compact, and many same strand overlapping
sequences may simultaneously code for tRNAs and mRNAs. However, this study suggests
that overlaps are not a direct mechanism to substantially reduce genome size. For protein-
encoding genes, occulting possible overlaps, there are only alternative start codons and/or
truncated stop codons, but the first putative in-frame standard initiation codon or complete
stop codon is in the upstream or downstream overlapping ss-trn sequences, respectively.
Even if, to date, experimental data are missing, stress signals might regulate producing
extended or not proteins. Finally, possible implications of tRNA/mRNA hybrid molecules
in the “RNA world” to “RNA/protein world” transition will be discussed.

Keywords: mitochondrion, tRNA origin, start codon, stop codon, overlap, origin of life,
RNA world

1. Introduction

Transfer RNAs are key partners in the ribosome-translation machinery. Generally, they are
composed of ¢.70-90 nucleotides (nts). Moreover, they are the most abundant nucleic acid

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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species, constituting up to 10% of all cellular RNAs [1]. Therewith, the number of tRNA mol-
ecules s, e.g., about 2 x 10° in Escherichia coli and 3 x 10° in yeast cell [2]. Due to their anticodon,
they read genetic information on mRNAs and deliver codon specified amino acids attached
to their distal 3"-extremity for peptide bond synthesis on the ribosome. In this sense, tRNA is
a key molecule which makes it possible to pass from a covalent bond between a RNA and an
amino acid (fossil trace of the RNA world to the RNA/protein world transition) to peptide
bonds (RNA/protein world). Genes specifying tRNAs (noted frn) are present in prokaryotic
and nuclear genomes and in most of the DNAs of organelles (chloroplasts and mitochondria).
Usually, tRNAs have a characteristic canonical cloverleaf secondary structure made up of the
aminoacyl acceptor-stem and the D-arms (as it contains dihydrouridine), anticodon-arms, and
T-arms (for the sequence TWC where W is pseudouridine), the hairpins, or “arms” consisting
of a stem (helicoidal region in 3D) ending in a loop (Figure 1). The lengths of each arm, as well
as the loop “diameter,” vary from the tRNA type and from species to species. Furthermore,
deduced trn sequences and even sequenced mature tRNAs exhibit reduced D-arms or T-arms
or even lacking at least one of them, and in the extreme situation such as in Enoplea (nema-
todes) mitochondrial (mt)-trn genes are totally armless [3]. However, around 90% of the mt-
tRNAs fold into the canonical cloverleaf structure [4]. In all the genetic systems, the tRNAs
can carry a myriad of idiosyncratic posttranscriptional chemical modifications (e.g., http://
modomics.genesilico.pl/; http://www.genesilico.pl/rnapathwaysdb/), and the total number of
modified nts is nearly 120 [1]. Moreover, tRNAs become functional by postprocessing addition
of the 3'-terminal CCA sequence. Modifications can also be necessary to ensure correct folding
[4]. The tRNA folds into an L-shaped 3D structure in which two helical domains (acceptor/T
and D/anticodon) are perpendicularly arranged. This particular juxtaposition of the two func-
tional centers, the anticodon and the acceptor terminus, is essential for tRNA function. The
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Figure 1. Typical cloverleaf secondary structure of a metazoan mt-ss-tRNA (left) with 3D image of an L-shaped tRNA
(right). In 2D structure, the standard numbering was applied [5]. The first two nucleotides of the variable region and those
of the D-loops and T-loops were represented by circles. The diagonal dashed line indicates the approximate separation
between the “top half” and the “cherry-bob”/“bottom half”. Nucleotide types were given for UAG10 and AUGA49 triplets,
the discriminator base (which is preferentially an A), and the CCA tail at the 3-end. Short lines connect nucleotides
forming Watson-Crick pairing within stems. Coloring: acceptor-stem in purple, D-arm in red, anticodon-arm in blue
with the anticodon in black, T-arm in green, and CCA tail in orange. The yellow segments represented respectively in
descending order of size, the variable region (connector 2), the connector 1 and the nt 26. 3D structure reproduced with the
kind permission of Prof. N.R. Voss (Roosevelt University, I1l.) https://commons.wikimedia.org/wiki/File:3d_tRNA.png.
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two domains are linked together by connector regions, one between the acceptor- and D-stems
(connector 1) and the second between the anticodon- and T-stems (connector 2 which has a
variable length from 0 to 21 nts and is also named variable region hereafter V-R) [5].

The ribosome allows the best possible spatial arrangement of the various partners and ensures
catalysis, but the adaptor molecule which acts as a link between codes of mRNA and amino
acids of polypeptides is the tRNA. In order to fill this major role, tRNAs have two distinct
characteristics corresponding to two different genetic codes, the anticodon and the opera-
tional codes. The latter which is mainly embodied in the acceptor-stem allows to bind cova-
lently and with high specificity an amino acid to a tRNA, a reaction catalyzed by a specific
aminoacyl-tRNA synthetase (aaRS) [6]. The operational code might have actually predated
the “classic” code associated with anticodons [7]. Moreover, the tRNAs exhibit diversity in
uniqueness, all of them must be similar for entering the ribosome machinery; therefore, they
generally look structurally homogeneous, especially in their secondary and tertiary structures
even if “non-classical” tRNAs are known [3]. Moreover, cloverleaf structure and especially
the tertiary interaction network governing the L-shaped tRNA architecture imply conserved
and semiconserved bps and nts. On the other side, each type of tRNA structures must inter-
act specifically with aaRSs and posttranscriptional modification enzymes, which implies that
parts of their sequences and of their structures (as the V-R size) allow to distinguish them.

Reduced bacterial and most organelle genomes do not encode the full set of 32 tRNA spe-
cies required to read all triplets of the standard genetic code according to the conventional
wobble rules. Superwobbling where a single tRNA species contains modifications of the anti-
codon-loop, such as an hypermodified uridine at the wobble position 34 of the anticodon,
reads all 4 nts at third codon position and has been suggested as a possible mechanism for
how reduced tRNA sets may be functional [8]. Indeed, many metazoan mtDNAs have only
a total of 22 tRNAs, apparently sufficient to recognize all codons (two tRNAs each for serine
and leucine and one tRNA for each of the other 18 amino acids). However, superwobbling
induces a reduced translational efficiency, which could explain why most organisms have
adopted pairs of isoaccepting tRNAs over the superwobbling mechanism [9]. Moreover, e.g.,
in Cnidaria (sea anemones, corals, etc.) or Chaetognatha (marine invertebrates), current mtD-
NAs have lost several of their frn genes, and the absence of an apparently full set of mt-frn
genes has also been mentioned [10]. Studies have investigated the fate of missing tRNAs and
their corresponding aaRSs [11], and in many cases, the lost tRNAs are functionally replaced
by imported nucleus-encoded tRNAs [10]. However, recent search strategies suggest that effi-
cient reanalyzes detect several tRNA-like structures (TLS), which can be efficient tRNAs [12].

Compared to mitochondria found in other eukaryotic kingdoms, those of metazoa are mas-
sively reduced in their genetic structure [4]. Their mtDNA is a short, circular molecule that
generally contains about 13 intronless, protein-coding genes, all of which are involved in aero-
bic respiration (also called oxidative phosphorylation) [13]. Moreover, the coding sequences of
genes are usually separated by at most a few nts and long polycistronic precursor transcripts
may be processed into mature mRNA and rRNA by precise cleavage of the 5" and 3'-termini
of the flanking tRNAs. This processing, which is known as the tRNA punctuation model [14],
is mediated by RNase P and Z endonucleases, respectively [15]. However, this model is not
always applicable, genes are not bound by trn genes or these latter may not be involved in the
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processing of precursor RNAs. Besides, in several taxa mt-mRNAs, rRNAs and even tRNAs
may be oligoadenylated or polyadenylated [16]. This has numerous consequences with poten-
tially dual and opposite roles: this promotes transcript stability or offers a target for initiat-
ing degradation. Overlapping genes on the same DNA strand occur throughout metazoa [17].
Therefore, the termination points of the protein-encoding genes could be difficult to infer as stop
codons (generally UAA or UAG) may be absent. It is accepted that abbreviated stop codons (U
or UA) are converted to UAA codons by polyadenylation after transcript cleavage, and this has
been confirmed by analyzes of transcripts in some cases [18]. Sometimes, the initiation codon
may also not have been detected. For several protein-encoding genes, the question of a possible
overlapping with adjacent downstream or upstream trn genes is often raised [19]. Moreover,
overlaps between adjacent mt-trn genes are frequent, but it is out of our topic [19, 20].

Incidentally, in 2004, searching for chaetognath mt-trn genes [21], it was observed that tRNAs
bear nt triplets corresponding to stop or start codons at precise conserved positions, and this
constitutes the original topic of this chapter.

2. Material and methods

Most of the research was done in two databases which include primary sequences and
graphical representations of tRNA 2D structures, tRNAdb (http://trna.bioinf.uni-leipzig.de/
DataOutput/) contained more than 12,000 frn genes from 579 species belonging to prokary-
otes and eukaryotes, whereas in mitotRNAdb (http://mttrna.bioinf.uni-leipzig.de/mtDataOu-
tput/), 30,525 metazoan mt-trn genes belonging to 1418 species were recorded [22]. Despite a
bias for metazoa, these two databases provide powerful and fast search engines. Alignments
were generated by Clustal W (www.ebi.ac.uk/clustalw/), whereas secondary structures were
predicted by tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/) [23]. BLAST analyzes
were conducted using the website: https://blast.ncbi.nlm.nih.gov/Blast.cgi.

3. Results and discussion

3.1. Frequencies of TAR10 and ATR49 triplets in various taxa

Visual observations of tRNA deduced 2D structures suggested that nt triplets which could
correspond to stop or start codons seemed to be particularly represented at specific positions.
The UAR (R for purine) triplets at position 8-10 in the standard numbering and therefore
will be named UAR10, whereas the potential initiation codons whose last nt is at the position
49 will be called AUR49 (Figure 1). We chose to number the codons only according to their
last nt because the nt 47 is frequently missing in the metazoan mt-tRNAs. Analyzes focus on
DNA; hence, these are usually annotated TAR or ATR instead of UAR or AUR. All the tRNAs
which bear one or both of these codons are named ss-tRNAs (ss for stop and start) or ss-trn for
the corresponding genes. Using tRNAdb and mitotRNAdb databases, these triplets’ frequen-
cies were investigated in different taxa including nuclear and organelle genomes for eukary-
otes (Table 1). Excluding taxa for which the number of trn genes is too low for statistical
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Nb [TAG| TAA |TAR|ATG | ATA | ATR | TAR+ ATR |TAR+ATR/ATR

Eubacteria 6383 | 622 0.63 | 628 1.61 | 0.20 | 1.82 0,58 31.9
Proteobacteria 2602 | 63,2 081 |64.0( 1.00 [ 0,12 | 1.11 0,35 31.0
a-proteobacteria 613 | 67.7] 0.16 |67.9| 0.65 | 0.16 | 0.81 0.65 S0
Archaea 1081 [ 49.2 [ 0.93 [ 50.1 | 0.00 | 0.09 | 0.09 0 0
Eukarvyotes

nuclear 2226 (40,0 0.36 | 403 [ 0.18 [ 0,13 | 031 0.18 57.1
plastids 399 | 504 |13.85|64.2| 4.01 | 3.01 | 7.02 5.76 82.1
Viridiplantac* 160 [59.4 ] 7.50 | 66.9| 3.16 | 1.25 | 438 3,75 85.7
Fungi* 290 1328 | 8.36 | 41.1 | 4.01 |13.04]|17.06 11.71 68.6
FPorifera® 491 1534 (1446|678 8.15 | 14.66|22.8] 18.94 83.0
Acoelomata™ 418 | 457 9.09 | 548|17.22| 7.18 [24.40 13.16 53.93
Pseudocoelomara®| 277 | 700 [11.55[81.6| 1.08 | 1.08 | 2,17 1.44 66,7
Protostomia* 4854 | 38.4 | 12.46| 50.8 | 14.61 2548 [40.09 20.00 499
Detiterostomia®  |24398) 49.6 | 2.25 | 51.8 | 18.89| 7.99 | 26.89 14.46 53.8

Metazoan taxa are in italics. Abbreviation: Nb, number of trn genes. TAR + ATR for % of trn genes bearing the two types
of triplet. * Mitochondria.

Table 1. Percentage of TAR10 and ATR49 triplets in various taxa independently of the V-R size.

analysis, TAR10 always occurs at high frequencies, whether in prokaryotic, nuclear, or organ-
elle genomes. Values range from 41.1% for fungi to 81.6% for pseudocoelomates. In all the
taxa and all tRNA species combined, the percentage of TAG10 triplets is always significantly
higher than those of TAA10. The differences are very important in prokaryotic and nuclear
genomes, since the percentage of TAA10 is always less than 1, while that of TAGI10 is at least
40%. Within the organelle genomes, the difference is smaller but can vary by a factor of 2.5-22.

As the TARIO0 triplet (principally TAG) is present in at least 40% of the trn genes for all taxa
and genomic systems combined, it could have been present in trn genes of the Last Unicellular
Common Ancestor (LUCA), which presumably lived some 3.5-3.8 billion years ago [24]. It is prob-
ably an ancestral character which was present in proto-trn sequences. As the percentage of TAA10
strongly increases in trn genes of organelles, one can ask whether this character was not already
present in their bacterial ancestor. It is now assumed that despite their diversity, all mitochon-
dria derive from an endosymbiotic a-proteobacterium which has been integrated into a host cell
related to Asgard Archaea approximately 1.5-2 billion years ago [25]. However, the earliest fossils
possessing features typical of fungi date to 2.4 billion years ago [26]. Moreover, the eukaryotic cells
would be chimeras constituted of an archaebacterium and one or more Eubacteria [27]. In addi-
tion, all current models for the origin of eukaryotes suggest that the eukaryotic common ancestor
had mitochondria. Therefore, as the level of TAA10 is very low in frn genes of a-proteobacteria,
it could therefore be a derived trait that may be related to the increase in AT% in mtDNA and/or
recognition constraints by mt-aaRSs and modification enzymes. Similarly, it is generally accepted
that all chloroplasts and their derivatives are derived from a single cyanobacterial ancestor [28],
and in current cyanobacteria, the respective percentage of TAG10 and TAA10 triplets are 62.5 and
3.6, respectively. The increase in the percentage of TAA10 characterizes organelles.

In all the taxa for all tRNA species combined, the ATR49 triplets are always present in smaller
numbers than TAR10. Moreover, their numbers are negligible except in organelle genomes,

7
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mainly mitochondria. The low level of ATR49 triplets in Pseudocoelomata is due to the frequent
absence of T-arm in their mt-tRNAs. In mitochondria, in some taxa, the frequency of ATG49 is
higher than of ATA49, while in others, the opposite occurs. The variability is not surprising, given
approximately 2 billion years of mtDNA evolution [29]. It must be noted that the nt G is overrep-
resented at the 5'-end of the 5'-acceptor- and D-stems, quite often at the 5'-end of the T-stem but
rarely at the equivalent position of the anticodon-stem. In taxa where the percentage of ATA49
is higher than those of ATG49, G is most often not the nt majority at the 5-end of the T-stem.
Moreover, differences between the relative percentages of ATG49 and ATA49 could be due, at
least in part, to variations in the AT% in organelle DNAs. The percentage of ATR49 is very low in
a-proteobacteria and weaker in this last taxon compared to all Proteobacteria or Eubacteria, and
it is also very weak in cyanobacteria, and so the significant rate of ATR49 triplets would seem to
be a derived condition of organelle DNAs rather than a conserved primitive state lost in current
prokaryotes. This trait probably appeared during the transition from endosymbiotic bacterium
to permanent organelle that implied massive evolutionary changes including genome reduction,
endosymbiotic and lateral gene transfers, and emergence of new genes and the retargeting of
proteins [25]. The timing of the mt-endosymbiosis and of the proto-mitochondria to mitochon-
dria transition is uncertain, but one might trace the origin of the ATR49 triplets between at least
the first eukaryotic common ancestor (FECA) and the last eukaryotic common ancestor (LECA).
A second event occurred, at least, in the mitochondria of the ancestors of Opisthokonta (i.e.,
Metazoa and Fungi), which would have led to a net increase in numbers of ATR49. ATR49 means
that the last two nts of the V-R are AT. It turns out that this mainly concerns the mt-trn genes,
whose V-R has only 4 nts, which are almost exclusively present in the Fungi/Metazoa clade.

There are large differences in the frequencies of the TAR10 and ATR49 triplets depending on the
species of trn genes (Table 2) and taxa (data not shown), and the selective variations in some taxa
suggest that the increase in frequency for some types of triplets would be much more recent than
mentioned above; in addition, decreases are also observed. There are, however, very conservative
trends such as the presence of ATR49 triplets in genes specifying tRNA-Ala. Analyzes on mt-trn
genes of Deuterostomia for which a great number of sequences for each type are available (from
1085 to 1382) show that only the tRNA-Cys and tRNA-Glu species have intermediate TAR10 per-
centages (Table 2). In all other tRNA species, the values are extreme, 9 and 10 tRNA species with
values ranging from 0.4 to 9.8% or greater than 82.4%, respectively (Table 2). In contrast, half of
the tRNA species have low ATR49 percentages (< to 10.8), and for only four types percentages are
>77.8. There would also be a tendency suggesting that tRNA species with very high or very low
percentages of TAR10 most often have low ATR49 (the tRNA species with the 7 highest and the 8
lowest TAR10 percentages exhibit 10 out of 11 of the lower percentages for ATR49).

3.2. Examples of putative implications of TAR10 and ATR49 as stop and start codons

In order to investigate possible implications of TAR10 and ATR49 triplets in translation, analyzes
were performed in GenBank using as keywords: “TAA stop codon is completed by the addition of
3' A residues to the mRNA”, “alternative start codon” or “start codon not determined” and mito-
chondrion (or mitochondrial DNA) complete genome. Then, it was researched whether upstream
(for start codon) or downstream (for stop codon) of the protein-encoding gene was a trn gene.
When a trn gene was found, TAR10 or ATR49 triplets were searched, and the same investigation
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Trp | Asp | Arg | His | Gly | Phe | Gln | Ala | Thr | Pro | Val
TAG | 953 | 98.0 | 93.1 | 91.8 | 97.0 | 975 | 975 | 942 | 926 | 91.7 | 81.9
TAA | 4.1 1.0 5.5 6.7 1.4 0.8 0.0 1.7 3.0 2.2 0.5
TAR | 994 | 990 | 986 | 98.5 | 984 | 983 | 97.5 | 959 | 95.6 | 93.9 | 824
ATG | 1] 1.2 0.0 .1 0.1 706 | 0.0 | 894 | 204 | 11.8 | 87
ATA | 9.7 07 | 05 | 504 | 00 | 72 | 00 | 75 | 0.7 | 52 | 16.1

ATR | 108 | 19 | 05 [ 565 [ DO | 778 | B0 [ 969 | 211 | 17.0 [ 248

Gilu Cys | Met | Leul | Tyr | Leu2 | Serl | Lvs | Ser2 | Asn lle
TAG | 16.6 17.0 0.7 8.1 7.1 5.9 0.1 24 1.2 1.1 0.4
TAA 8.8 0.6 9.1 0.3 0.1 0.0 3.0 0.2 0.3 0.2 0.0

TAR | 254 | 176 | DM | B4 | 5 | 59 | B | 56 | 1S [’

ATG | 2.0 17.7 [ 95.6 | 0.1 9.8 0.2 0.0 81 | 427 | 19 | 325
ATA | 22 3.1 0.3 1.1 144 | 3.2 0.0 0.1 0.5 % 52.0

ATR | B2 | 208 [959 | 2 [242 | B4 [ 00 | 82 | 932 84.5

The trn genes are represented by three-letter codes of amino acids. The tRNAs are ordered by decreasing TAR10
percentages. The percentage values > to 77.8, between 17.0 to 56.5 and < to 10.8 are underlined in yellow, blue, and green,
respectively.

Table 2. Percentages of TAR10 and ATR49 by mt-trn gene species in Deuterostomia.

was then made in conspecific mt-genomes. Using this strategy, these triplets have been only
found in metazoan mtDNAs, in which overlapping mt-trn genes have long been known.

An example of putative uses of TARIO triplets as stop codons is presented in Table 3 for a sub-
class of parasitic flatworms (Platyhelminthes : Eucestoda). Their mt-genetic code has only UAG
and UAA as stop codons, avoiding possible bias due to use of other types of termination codons.
In 51 among 66 complete mt-genomes, the first in-frame potential stop codon of the cox1 gene
is in the downstream trnT gene (24 cases with TAG10 suggesting a 10 nt overlap between cox1
and trnT genes). Authors considering that this long overlap would be impossible have proposed
a number of alternative options favoring overlap avoidance (e.g., [30]). (1) coxI might use an
earlier atypical stop codon. (2) The 3'-end of the cox] mRNA could have an abbreviated stop
codon (U or UA instead of UAGI10) upstream the trnT gene which is completed by polyadenyl-
ation. (3) If in the potential long transcript, the cleavage would occur just after G10, the cox1
mRNA would end with the complete UAGI0 as stop codon and the first 10 nts of the trnT gene
would be added by an unknown editing process. (4) The trnT gene would be shorter in its 5'-end
lacking the nts from 1 to 8 or 9, e.g., this has been proposed for the mt-trnT of Cyclophyllidea
(Echinococcus granulosus, Hymenolepis diminuta, and Taenia crassiceps). If the full stop codon is
used, then there is only a single nt (G10) overlap between cox1 and trnT. Moreover, if the end of
the cox1 gene is at the level of T9, the stop codon would complete by polyadenylation; whereas if
the protein gene has a complete stop codon, the nt G10 would be added by edition. In the alter-
native structures, the D-arm is absent, whereas it is typical for this tRNA in digeneans (a class of
Platyhelminthes) and in other phyla. However, mt-truT genes issuing from Cyclophyllidea for
which the first potential stop codon is at different positions (upstream or downstream the trnT
gene, or in this last gene but upstream or downstream TAGI0 or at this last position) exhibit
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Order Family Specics and accession numbcers TARID| stop cod.
Bothrioce- | Bothriocephalidae |Sefinzoconde mavarensiz (KX060589%) TAGE
phalidea Sclnvzocotvle achellograthi (KX589243, KX060588, KX060587, KX060590- TAG | TAGH

EX060595), Senga ophlocephaling (KXA34430)
Caryo- Capingentidac Airactolvtocestis rronensis (KY486754%), Breviscolex ovientalis (KY486752%), | TAG*
phyllidea |Lytocestidae Khawia simensis ([KY456751%)

Caryophyllacidse |Caryoplyilaeus brachycallis (KTOZET70) none | TAAR
Lytocestidas Khawia simensis (KRGT6560) TAG | TAA%
Cyelo- | Anoplocephalidae | Arnoplocephala magma (KU2ZI6385), A. perfoliata (KROS4960) TAG | TAGH
phyllidea Moniezia benedeni (K.X121040), M. expansa (KX121041) TAG | TAG®
Hymenolepididae | Hymenolepis dimimta (AF314223%), /. nana (KT951722), P c. (KRG11041%) | TAG®
Divepanidotaenia lanceolata (KRE17910) none | TAGH
Cloacoteenia megalaps (KUS1017%) TAG | TAA®
Paruterinidae v micr veelinrd (ELLIS59932%) TAGH
Taeniidae Echinococens granfosns (AF297617, KI559023), Mydatigera parva TAG*

(NC_021141), Taenia arctos (NC_024590), T. crassiceps (AF216699), T. solium
(ABOB6256), Versteria mustelae (NC_021143)

Hydatigera krepkogerski (NC_021142) TAG | Taa*
Echinococons canadensis (AB20OBDGI, AB235847, AB23SR4R), E. equinus TAG | TaG
(AF346403, NC_020374), £ multilocularis (ABO18440%), E. oligarikrus
(AB208545), E. artleppi (AB235846), E, shignicns (AB208064)
Echinococens vogeli (AB2IRS6¥), Toenia asintics (NC_004826), T croenioe TAG TAAR
(MC_024591), T, Ivelerigena (FIS13620, GO22EE19), T, srulticeps (FI93086,
GOR2BR1E), T plslformiz (GUSER096), T regis (NC_024589), T. mginata
(AYGRA2TA), I” taeniaeformiz (MI663994, FIS9T54T)

Echinococcns granufosus (KUG01616) TAG | TAA®
Diiphyllo- |Diphyllobothriidae | Diphylobothrivm lanum (AB260325, DOOESTO6), 0. ritonkaiense (EF420138, | TAGE
bothriidea AR2Z68585), Diplogonoporus balaenopterae (NC_017613), D, grandis

(NC_017615), Spirownetra erinaceieuropaci (KUSS2381, AB3T4343)

Spiromedra decipiens (K1599679%) TAG | Taa®
Proteoce. |Proteccephalidae | Testwdoraenia sp. (KUT761587) TAGH

Species names are followed by their accession number(s). *: sequences for which the authors of these latter considered
that there was an abbreviated stop codon and this latter was upstream the trn sequence. Symbols: X TAR10 was the first
in-frame putative stop codon; §, %, & and *, the putative stop codon was upstream the trn gene (tg), in the tg but upstream
or downstream TAR10 or nts 8-10, downstream the tg, respectively. Abbreviations: P. c., Pseudanoplocephala crawfordi;
Proteoce., Proteocephalidea; stop cod., putative stop codon according to the authors of the sequences.

Table 3. Position of the first complete in-frame stop codon of the cox1 gene versus the following trnT gene in Cestoda
(Platyhelminthes).

similar secondary structures, including a D-arm. In addition, the high level of nt conservation in
the 5’-end of the trnT genes of cestoda (i.e., G1, G2, T7, T8, A9, G10, T11, T12 and A14) suggests
strongly that the 5-acceptor-stem and the D-stem are under positive selection. All this implies
that the hypothesis of D-armless tRNAs is, according to us, improbable.

Concerning the putative ATR49 start codon, in GenBank, the number of complete mt-genomes
found using the keywords previously mentioned was relatively low; moreover, in some cases,
the upstream gene encoded a protein, specified a rRNA and/or there was only one mention
for a given taxon. A significant example within Deuterostomia (frogs) is presented in Table 4.
In the superfamily Hyloidea, the ATA49 triplet is frequently the first potential complete start
codon at the level of the gene pair encoding and specifying NAD1 and tRNA-Leu2, respec-
tively. In two families (Bufonidae, Hylidae), for all the sequences (16 belonging to 14 different
species), the first ATR triplet found in frame in the ORF of the nd1 gene is ATA49. For four
sequences belonging to three other frog families, the ATR49 triplet is missing from the trnL2
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Family Species and accession numbers ATA49 | Alterna-
triplet | tive start

codon

Dendro. |Anomaloglossus baeobairachus (NC_030054) none AAAF

Bufo- Bufo gargarizans (NC_008410%), B. japonicus (NC_009886%), B, ATAX
nidae melanostictus (NC_005794%), B. siefnegeri (NC_027686%), B.
tibetanus (NC_D20048%), Bufotes raddei (NC_028424")

Bufo gargarizans (KM3587710, KU321581) ATA® | TAA
Cerato. | Telmatobius chusmisensis (K'T949346), 7. bolivianus (NC_020002) | none TTG
Heleo. | Heleaphryne regis (NC_(119998*) none GTG
Hylidae |Dryvophyies suweonensis (NC_032380%), Hyla annectans ATAX

(NC_025309%), H. chinensis (NC_006403*), H. japonica
(NC_010232%), H. suweonensis (NC_034238%), H. isinlingensis
(KUG01448% NC 026524%), H. ussuriensis (NC_029410%)

X: ATA49 as the first putative in-frame start codon. *: “start codon not determined” according to the authors of the
sequences. Alternative start codons are given by the authors of the sequences. 5: alternative start codon in the trn gene.
Abbreviations: Dendro, Dendrobatidae; Cerato., Ceratophryidae; Heleo., Heleophrynidae.

Table 4. Position of the first putative start codon of the nadl gene versus the upstream gene specifying tRNA-Leu2 in
Hyloidea, a superfamily of frogs.

gene; moreover, an ATA triplet is integrally present in the V-R of the trnL2 gene of Heleophryne
regis, but it is not in frame with the following gene. For these last four cases, the authors of
the sequences proposed alternative start codons. This seems obligatory, but this has not been
experimentally verified. For several authors who have sequenced parts of mtDNAs of Hylidae,
the nd1 gene would start at ATA49 for about 140 sequences (e.g., Roelants and Bossuyt [31]).

In the two studied taxa, Blast analyzes of the NCBI ESTs and SRA (SequenceRead Archive)
databases have been performed, but no result supports the proposed hypotheses: transcripts
starting at an ATR49 or terminating at a TAR10 were not found. However, for each taxon, few
mt-transcripts occur, and fully matured transcripts are even rarer.

3.3. Why mt-ss-trn genes with TAG10 and ATR49 triplets as putative stop and start
codons only occur in Metazoa?

Foremost, biases in the search strategy cannot be excluded, but the important point to note is
that mt-genomes of animals, fungi, protists, and plants differ drastically in all major character-
istics including gene content and large size variation. Generally, metazoans have ultra-compact
mtDNAs (from c.10,000 to ¢.50,000 bp); usually, nonfunctional sequences are rapidly eliminated,
and there are short intergenic regions and frequent overlaps [13]. However, nonbilaterian mt-
genomes have higher variation in size, gene content, shape, and genetic code [32]. The mtDNA
size range is from 30,000 to 90,000 bp in fungi, and generally, intergenic regions are relatively
long. A broader range of mtDNA size is found in higher plants (from 0.2 x 10° to about 11.3
x 10° bp [33]), and the largest known mt-genome in this lineage exceeds sizes of reduced bacterial
and nuclear genomes [34]. The increased sizes of plant mtDNAs are mostly due to noncoding
DNA sequences, large inserted nuclear regions, and many introns and not to a large increase

11
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in gene numbers. The nuclear-derived sequences amount to up nearly half of their size as in
melon [35], and so presence of mt-trn genes with nuclear origin cannot be excluded. Although
not directly correlated, intergenic distances are generally much higher in larger genomes, reduc-
ing the number of overlaps. In addition, the situation of plant mt-tRNAs is very complex. Indeed,
they contain few “native” tRNAs expressed from true mt-frn genes. They possess “chloroplast-
like” trn genes inserted into the mtDNA. They compensate the loss of mt-trn genes by importing
several nucleus-encoded tRNAs [36]. In addition, most often in plants, the standard code applies
to the reading of organelle genomes, even if ATA is frequently used as start codon. Metazoan mt-
genomes are generally small, very constrained and exhibit several gene overlaps between trn and
protein-encoding genes or between trn genes. Their tRNAs have sequence and structural pecu-
liarities and tend to shortening [19]. Our exploration is not exhaustive, but this might explain the
presence of putative stop or start codons specifically within mt-ss-frn genes of this taxon.

One may wonder why the hypotheses concerning the TAR10 and ATR49 triplets were not pro-
posed before? At least, the presence of these characteristic triplets could have been observed
by some authors but considered as having no connection with the translation of neighboring
protein genes. Among the first sequenced and the most studied were mt-genomes of Hormo
sapiens (J01415) and Mus musculus (J01420). In these latter, no putative start or stop codon
occurs at these positions within trn sequences adjacent to protein genes (data not shown).

3.4. Some known structures in the living world bearing a start or stop codon at least
in part of a stem-loop structure

In the living world, many nucleic sequences with secondary structures playing a physiological
role involving stop and/or start codons have been discovered. Some representative examples are
briefly presented here. (1) The tropism switching of the bacteriophage BPP-1 is mediated by a
phage-encoded diversity-generating retroelement, which introduces nt substitutions in a gene
that specifies a host cell-binding protein (Mtd) [37]. The nt substitutions are introduced in a vari-
able repeat located at the 3"-end of this gene. Two nts after this region, the UAG stop codon is pres-
ent, and its last nt is situated at the 5" beginning of the 5'-stem of a hairpin. Both the UAG codon
and hairpin are required for phage tropism switching. (2) Programmed translational bypassing
is a process, whereby ribosomes “ignore” a substantial interval of mRNA sequence. In a bacte-
riophage T4 gene, bypassing requires translational blockage at a “takeoff codon” immediately
upstream of the UAG stop codon, and both codons are in the 5'-stem of a hairpin; moreover, this
region is mobile [38]. (3) The operon fIgFG of the bacterium Campylobacter jejuni can encode two
genes (flgF and fIgG). Its expression in E. coli produces a fusion protein probably due to ribosomal
frameshifting (translational hopping) [39]. The putative hop region contains, among others, a hair-
pin beginning by the last nt of the UAA stop codon of the first mRNA. The AUG start codon of
the second gene is in the loop of the following hairpin. (4) In Eubacteria, riboswitches are regula-
tory segments of DNA or mRNA that can bind a small molecule (the effector), which repress or
activate their cognate genes at transcriptional and/or translational levels. In the riboflavin and cob
operons, conformational changes can form a stem loop which sequesters the translational start site,
consisting of the Shine-Dalgarno (SD) sequence plus start codon thus preventing gene translation
[40]. (5) Bacterial transfer-messenger RNAs (tmRNAs) have dual TLS and mRNA-like properties.
They rescue stalled ribosomes on mRNAs lacking proper translational stop signal; the tRNA-like
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structure acts first as an alanine-tRNA, and then the short mRNA reading frame is translated
and the product is released [41]. This trans-translation terminates at the stop codon terminating
the tmRNA reading frame. This stop can be in a little loop or totally or partially integrated in
the stem of a hairpin-like structure. In eukaryotes, structurally reduced tmRNAs (no mRNA-like
domain) rarely occur in chloroplasts [42] and in mt-genomes (in Jakobids, presumably close to the
most ancient living eukaryotes with bacterial-like mt-genome) [41]. Moreover, tnRNA TLSs func-
tion even without any canonical initiation factors. These examples show that start or stop codons
located in hairpin may have various functions, as we suggest for TAR10 and ATR49.

3.5. Multifunctionality of tRNAs

Ancient tRNAs probably had diverse functions in replication and proto-metabolism before
protein translation [43] and modern tRNAs have also various functions in all the living organ-
isms [1]. These functions include cell wall synthesis, protein N-terminal modification, nutri-
tional stress management, porphyrin biosynthesis (heme and chlorophyll), lipid remodeling,
and initiation of retrovirus reverse transcription. Accumulating experimental evidence sug-
gests also that they have important regulatory roles in translation, viral infections, and tumor
development (reviewed in [44]). Mt-tRNAs interfere with a cytochrome c-mediated apoptotic
pathway and promote cell survival [45] and function as replication origins [46]. Moreover,
nuclear-tRNA abundance and modifications are dynamically regulated, and tRNAs and their
tRNA-derived RNA fragments (tRFs) are centrally involved in stress signaling and adaptive
translation [47, 48]. This suggests that the choice of cleavage sites of mRNA transcripts with
or not part of the neighboring ss-tRNA could be dynamic and also respond to environmen-
tal changes. Some of the noncanonical translation functions of tRNAs can also be driven or
enhanced by their ability to adopt different complex three-dimensional structures, and these
conformational changes can be linked to functional states [49]. Moreover, the tRNA multi-
functionality has also been considered to be, at least in part, random due to the high amount of
tRNA species within the cell [1]. In addition, the mt-frn genes represent natural pause sites for
replication forks and could also prone double-strand breaks [50], and their role, as “punctua-
tion signals,” for processing of mtDNA polycistronic transcripts has already been mentioned.

Enormous numbers of tRFs in all domains of life were found in the last decade [44]. In the plant
Arabidopsis thaliana, nucleus-, plastid-, and mt-encoded tRNAs can produce tRFs [36]. The tRFs
are not randomly degraded tRNAs. Experiments showed several functions including regula-
tion of tumor development and viral infections [44]. Degradations resulting from cleavages
at TAR10 and ATR49 triplets could produce a conformation exhibiting two loops linked by a
forked-stem structure, roughly resembling a pair of cherries, so called “cherry-bob” (Figure 2).
Our hypothesis predicts this structure which however has never been observed [51].

3.6. Other putative roles of TAR10 and ATR49

Metazoan mt-genomes are believed optimized for rapid replication and transcription. Potentially,
TAGI10 and ATR49 make transcription/translation more complex but perhaps more efficient.
Examples in the Section 3.2 (i.e., Eucestoda) suggest mt-overlaps appeared 100s millions of years
(MY) ago, enabling co-evolution between protein-encoding genes and those specifying tRNA.

13
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Figure 2. 2D “cherry-bob”/“bottom half” structure. AUG/UAG triplets are discussed in text. Colors as Figure 1.

Overlaps involve numerous constraints for genes including sequence bias. Constraints are
probably less stringent for trn genes, which can evolve rapidly because relatively standard
secondary structure coupled with a specific anticodon might suffice for tRNA function [52].
Incomplete cloverleaf structures may also be repaired post-transcriptionally [53].

Alternative processing might be possible for the production of either a supposed complete
mRNA or a complete tRNA. In the first case, the synthesis of new complete mRNAs could be
promoted by high mitosolic tRNA numbers. Moreover, amino acid starvation can regulate
mt-tRNA levels [54]. However, if mt-tRNAs already present are not destroyed, translation
would not immediately stop because mt-tRNA half-life which is lower than that of their cyto-
solic counterparts can nevertheless exceed 10 h [54]. Moreover, aberrant mt-tRNAs can be cor-
rected by RNA editing during or after transcription, and this process appeared independently
several times in a wide variety of eukaryotes [5]. As an extreme example, due to large overlaps
between trn genes, up to 34 nts are added post-transcriptionally during the editing process
to the mt-tRNA sequences encoded in an onychophora species, rebuilding the acceptor-stem,
the T-arm, and in some extreme cases, the V-R and even a part of the anticodon-stem [55].
In that species, several edition types must be combined, including template-dependent edit-
ing [55]. This last example suggests that complete tRNA could be restored after a cleavage
just upstream of ATR49. However, edition of parts of the 5-end of tRNAs seems more prob-
lematic. Besides, mRNAs with upstream or downstream ss-tRNA can form a partially dou-
ble strand region with a homologous ss-tRNA at the level of the acceptor-stem. This might
induce mRNA degradation via antisense mechanisms. In bacteria, uncharged tRNAs cause
antisense RNA inhibition [56], and small interfering cytosolic tRNA-derived RNAs exist [57].
Modifications (methylation, edition, etc.) of incomplete tRNAs generated after cleavages of
polycistronic transcripts at TAR10 or ATR49 triplets would indicate regulatory functions.

Putative use of TAR10 or ATR49 triplets affects protein length. When in frame, this could
generate a protein at least 3 or 9 amino acids longer, respectively. Extension length depends
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on positions of upstream stop codons completed by polyadenylation and/or on downstream
(alternative) initiator codons. Not only complete proteins may be functional. Depending on
cleavage positions in polycistronic transcripts, consequences may be neutral, disadvanta-
geous, or favorable in specific contexts. In yeast, extended proteins can increase fitness under
stress conditions [58]. In addition, in bacteria and in organelles, alternative initiation codons
decrease efficiency [5], and it must be noted that ATR49 triplets are “canonical” start codons.

In other conditions, incomplete mRNAs could be favored. Mitosolic mRNA accumulations
can be due to lack of translation because of tRNA paucity. Thus, high mRNA levels might
indirectly promote cleavage of entire tRNA transcripts while reducing the synthesis of new
functional mRNAs and favoring translation of those which are already present into proteins.
Presence/absence of hairpins involving stop or start codons might regulate translation. This
regulation could involve proteins that stabilize the hairpins or posttranscriptional modifica-
tions. Moreover, translational products of “incomplete” mRNAs might have housekeeping
functions.

Regulation of alternative processing producing either complete tRNAs or complete mRNAs
requires elucidation. Factors, probably proteins, need characterization. Note that metazoan
mt-atp8 and atp6 genes overlap (mainly by 10 bp in vertebrates) and are transcribed as joint
bicistronic transcript [59]. This proven overlap is inherent to mt-metabolism. Hence, similar
overlaps assumed for TAR10 triplets are plausible.

Overlap conservation might reflect the need to produce bicistronic transcripts (5-tRNA-
mRNA-3" or 5-mRNA-tRNA-3') or functional constraints at protein level (i.e., preserving
specific amino acid patterns upstream or downstream the ORF). When overlap regions have
conserved, amino acid sequences at the protein N- or C-terminal functional constraints at
protein level for overlaps are probable [19]. In viruses, mutation rates are low in DNA regions
coding for multiple protein products in separate reading frames (called overprinted genes)
because point mutations compatible with functional products from all frames are rare. In
these regions, the frame is said “close off.” Partial overlap between protein-encoding genes
and ss-trn genes would present similar situations explaining greater conservation of extremi-
ties of protein and tRNA sequences when the corresponding genes overlap. This lock almost
only concerns the ss-tRNA'’s “top half,” limiting changes in the region interacting with many
processing enzymes. The ss-trn genes could also regulate translation upstream, bicistronic
mRNA/ss-tRNA transcripts could be more stable, and likewise, ss-trn genes could also play
roles in replication and transcription.

3.7. Methylation of trn genes and tRNAs and their possible roles in transcription
and translation

Methylation is much rarer in mt- than nuclear-DNA [60]. However, these might occur at trn genes
(particularly around TAR10 and ATR49) and might have deleterious consequences especially
because differential mtDNA methylations are linked to aging and diseases (including diabetes
and cancers) [60]. Methylation of nts of UAR10 and AUR49 is known as those of A9 and G10
which can be important for correct tRNA foldings [61]. We are unaware whether posttranscrip-
tional modifications occur on bicistronic mt-transcripts containing complete or partial tRNAs. This
would be worth investigating including possible consequences on maturation and translation.
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3.8. Reassignments of codons and ss-tRNA

Several codon-amino acid reassignments are known, mainly from mitochondria [62, 63]. In 11
different mt-genetic codes, UGA stops code for tryptophan and AUA codes for methionine
instead of isoleucine in 8 and 5 mt-genetic codes, respectively [63]. Both reassignments avoid
potential errors along traditional wobble rules. Reassigning UGA-stop to UGA-Trp fits the
“capture” hypothesis, and UGA codons mutate first to synonymous UAA codon in AT-rich mt-
genomes. Then, UGA reappears occasionally by mutations, free for “capture” by an amino acid,
like Trp [64]. AUA is frequently used as alternative initiation codon. Its reassignment to internal
sense Met codon could also have evolved in AT-rich genomes. Moreover, the standard genetic
code assigns six codons to arginine, whereas two would fit arginine’s relatively low frequency
in current proteins [65]. In 8 out of 11 mt-codes, different strategies reduce Arg codons to four,
AGR reassignments to other amino acids (in six genetic codes), lack of two Arg codons (CGA
and CGC yeast mt-code), and AGR as terminators in vertebrates. These AGR codons were
believed mt-stop codons since early vertebrate evolution [66]. However, at least in humans,
AGRs are not recognized terminators [67], suggesting that AGRs have no assignment. Hence,
the vertebrate mt-genetic code could be the most optimized known genetic code (that of yeast
was not retained because four Leu codons were reassigned to Thr). Characteristics of the nt trip-
lets at the position 8-10 and ending at position 49 should be analyzed for each mt-genetic code.

3.9. Origin of the cloverleaf structure of tRNA and ss-tRNA

Various models could explain tRNA origins (see reviews [68-70]). The modern tRNA cloverleaf
structure might result from direct duplication of primordial RNA hairpins (e.g., [68]). However,
studies lend strong support to the “two halves” hypothesis [43], in which tRNAs consist of two
coaxially stacked helices with presumed independent structural and functional domains. These
correspond to the “top half” containing the acceptor-stem and the T-arm and the “bottom half”
with the D-arm and anticodon-arm (Figure 1). The 2D representation of the latter corresponds to
the “cherry-bob” structure (Figure 2). The “top half” of modern tRNA embeds the “operational
code” in the identity elements of the acceptor-stem that interacts with the catalytic domain
of specific aaRSs and is recognized by RNases P and Z and the CCA-adding enzyme (there-
fore mainly RNA end processing reactions) [70, 71]. This domain also interacts with translation
elongation factor Tu and one rRNA subunit [71]. The importance of this domain in most mac-
romolecular interactions involving tRNAs (including in vitro even when it is detached from the
“bottom half”) suggests that these half’s specificities were established before the tRNA’s “bot-
tom half,” presumably incorporated later [72]. Growing evidence for tRNA elements involved
in both RNA and DNA replication with the 3'-end playing a determinant role has led to the
idea that the “top half” initially evolved for replication in the RNA world before the advent
of protein synthesis [73]. The supposed evolutionarily recent tRNA “bottom half” provides
genetic code specificity. This suggests late implementation of the standard genetic code and
late appearance of interactions between the tRNA “bottom half” and ribosomes [74]. Whether
the “bottom half” derived from a loop or extra loop belonging to the “top half” or was an inde-
pendent structural and functional domain that was subsequently incorporated into the “top
half” remains unresolved [71]. Some authors suggest independent evolutionary origins [71, 72].
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The study of ss-tRNAs suggests a model partially explaining canonical tRNA origins (Figure 3).
The DNA region specifying the “bottom half” would be integrated in a sequence that can
specify the “top half” but at the junction between the parts corresponding to the 3'-end of the
5'-acceptor stem and the 5'-end of the 5'-T-stem.

On the other hand, the “bottom half”/“cherry bob” structure could also be integrated at RNA
level, either in the RNA world by intermolecular RNA-RNA recombination or template
switches or later with retrotranscription events. Fujishima and Kanai [70] also proposed an
equivalent model where a long hairpin corresponding to about the “top half” region merged
with a viral RNA element corresponding to the “bottom half” to give the TLS found in modern
viral genomes (who however possessed a pseudoknotted acceptor-stem). Besides, rare pre-
tRNA molecules from the three domains of life exhibit an intron. The intron’s origin is debated.
The “introns-early” scenario assumes most of them were lost during evolution, and the oppo-
site scenario theorizes that introns were inserted into some frn genes after their emergence
[75]. To date, our hypothesis would rather favor the second scenario, even though it could be
considered that the “cherry bob” structure could be an ancestral intron becoming unspliceable.

In tRNAs, the two first nts of both UAR10 and AUR49 belong to connector 1 and 2, respectively.
They are thus at the junction between the top and bottom halves and are very close physically
in the 3D structure (Figure 1). The belonging of some of the nts of the TAR10 and ATR49 trip-
lets to either of the two parts is not discussed here because the theoretical model of Figure 3 is
applicable independently of “bottom half” extremities. However, as the V-R is important for
aminoacylation [76], ATR49 triplets could rather integrally belong to the “top half.” The tRNA
L-shape is stabilized by various tertiary interactions of the V-R with the D-arm and between
the D- and T-loops. Nucleotides of the connectors form contacts with the D-arm, and in some

5. Acc - sfem T-am 3- Acc - stem
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Figure 3. Proposed model for the origin of genes specifying tRNAs with canonical cloverleaf structure. It can be summarized
by insertion (follow the arrow) of the region specifying the “bottom half” into those specifying the “top half”. Here, the
entire TAGI0 triplet presumably belonged to the “bottom half” region as well as the first 2 nts of ATG49. Colors as Figure 1.
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tRNAs, the G10 can establish potential tertiary interactions with a nt of the V-R upstream
the putative start codon [77]. At least in cytosolic tRNAs, frequently U8 and sometimes U48
form noncanonical pairs. Moreover, generally, base pair 15-48 is more conserved in mt-tRNAs
than 8-14, and this is probably due to the fundamental role played by the first in maintaining
the tRNA L-shape [5]. UAR10 and AUR49 had to play first only a role in the L-shaped ter-
tiary structure of tRNAs, and their implication as codons, if it exists, would be only a derived
character. It was hypothesized that DNA punctuation evolved from 2D structures signaling
polymerization initiation, termination, and/or processing to linear sequence motifs, which fur-
ther evolved to translational signals [78]. In ss-tRNA, UARI1O0 triplet probably already plays a
structural role in proto-tRNAs, whereas AUR49 would have appeared only during the evolu-
tion of organelle tRNAs and was related to L-shaped tertiary structures of organelle tRNAs
and due to severe genome reduction and extreme base compositions. The opposite hypoth-
esis would imply that the AURA49 triplet would have been a plesiomorphic character counter-
selected in large genomes but kept in certain bacterial genomes up to mt-ancestors.

3.10. tRNAs at the origin of all the nucleic members of the RNA/protein world

Some authors have hypothesized that tRNAs may be the precursors of mRNAs, rRNAs (and
therefore proto-ribosomes), and also of the first genomes. Several suggested similar origins for
tRNA and rRNA [79]. Analyzes of sequences and secondary structures of ribosome suggested
that the ribosomal peptidyl transferase center (PTC) which forms peptide bonds between
adjacent amino acids originates from fused proto-tRNAs [80]. Strikingly, the ribosome is a
ribozyme, since only RNA catalyzes peptide bond formation [81]. Otherwise, current eubac-
terial rRNAs themselves could encode several tRNAs [82] and chaetognath 165 YRNA genes
appear as tRNA nurseries [12] (or the opposite). Eubacterial 55 rRNAs contain TLSs similar to
alanine and arginine tRNAs [82], exhibiting tRNA-like 2D structures [83]. Some suggest that
rRNAs are fused tRNA molecules [80].

Molecular biology dogmatically assumes that “tRNA genes are of course entirely noncoding”
[84]. But in 1981, Eigen and Winkler-Oswatitsch suggested that in the RNA world to the RNA/
protein world transition, ancestral tRNAs were mRNAs [85]. Assuming that the first mRNAs
had been recruited from proto-tRNAs, it follows that TLSs were inside viral and cellular
mRNAs [86]. Self-recognition between tRNA-like mRNAs and canonical cloverleaf tRNAs
could stabilize these molecules and produce proto-proteins [87]. The first proteins potentially
emerged from junctions of ancestral tRNAs, and among the modern proteins, the only poly-
merase which matched with tRNAs translated like a mRNA was the RNA-dependent RNA
polymerase [87]. Otherwise, eubacterial rRNAs could also encode several active sites of key
proteins involved in the translation machinery [82]. Then, analyzes of sequences and second-
ary structures of ribosomes suggested that these derived from tRNAs also functioned as a
protogenome [82]. The very parsimonious syncretic model “tRNA core hypothesis” assumes
that some proto-tRNAs were classical tRNAs and also functioned as rRNAs and mRNAs, a
self-recognition between these molecules allowed to obtain proto-proteins [88].

Assuming that the ATR49 triplets are a primitive character lost during the first genome expan-
sions and that they could already act as an initiation codon seems too speculative, but RNA
structures having characteristics of ss-tRNAs could have accumulated many advantages in
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the RNA/protein world. Structures with both start and stop codons partially in a stem-loop
(as ss-tRNA), constituting basic signals for translation, could be a missing link of the RNA
world hypothesis. Furthermore, in these proto-tRNAs, 3D structures could act as initiation
and termination signals before the emergence of standard codons. Moreover, mRNAs in the
form of ss-tRNA or a combination of several of these molecules would have been relatively
stable. The cloverleaf structure could facilitate its entry into the PTC, and then interactions
with other factors could allow a short region to be in linear form and thus could be read.
Upstream and downstream of the linear region, the arrangement in hairpins protected the
proto-mRNA from degradation during its reading, and as soon as a long enough region was
read, it could take again its original 3D structure. Otherwise, circular proto-mRNAs derived
from ss-tRNA-like molecules could not be excluded, although the hypothesis of circular
tRNA-like ancestor (“proto-tRNA”) was first proposed by Ohnishi in 1990 [89]. Furthermore,
nuclear-encoded mt-tRNAs of Kinetoplastid protists are imported into the mitochondrion,
and circularized mature tRNA molecules are produced probably by mt-endogenous RNA
ligase activity (in vivo or during mt-isolation) [90]. Moreover, in red and green algae and pos-
sibly in one Archaea, the maturation of permuted trn genes, in which the sequences encod-
ing the 5-half and 3'-half of the specific tRNA are separated and inverted on the genome,
needs the formation of a characteristic circular RNA intermediate which after cleavage at the
acceptor-stem generates the typical cloverleaf structure with functional termini [91]. If in a
ss-tRNA with a T-loop of 7 nts, the nt72 is ligated to the ntl; this creates a small ORF start-
ing with a start codon (AUR49), which potentially codes for a peptide of 12 amino acids if
UARI10 is used as stop codon. However, the circularization could be done elsewhere than at
levels of nts 72 and 1. Thus, UAR10 would not be in frame, and therefore, this could allow the
synthesis of smaller or longer peptides. To date, the formation of this type of structure and its
translation remains hypothetical; however, experimental data shown that circular RNAs can
be translated in prokaryotic and eukaryotic systems in the absence of any particular element
for internal ribosome entry as SD sequence, poly-A tail, or cap structure [92]. Therefore, the
evolutionary advantage of a circular proto-mRNA is also posited to be the simplicity of its
replication mechanism and not be able to be degraded by the extremities that do not have one.

Besides, the fusion of tRNA-like mRNA and a classical tRNA could be at the origin of the
ancestors of tmRNAs, and it can be mentioned just for guidance that the size of the tag pep-
tide encoded by bacteria is of the same order of magnitude as those corresponding to putative
translation of a ss-tRNA from the ATR49 triplet. Moreover, evolution of self-charging proto-
tRNAs may also be selected [93], it has even been proposed that the activity of the juxtaposed
2'/3'-OHs of the tRNA A76 ribose qualifies tRNA as a ribozyme [94] and some RNAs (the
early tRNA adaptor) must have had the ability to undergo 3'-aminoacylation. It has also been
previously shown that many hairpin-structured RNAs bear ribozyme activity. These catalyze
self-cleavage and ligation reactions [95]. In addition, it remains possible that circular ss-tRNAs
with amino acid-anchored structure could be at the origins of tmRNAs. Indeed, two-piece bac-
terial tmRNAs (e.g., in a-proteobacteria) are encoded by a circularly permuted gene sequence
implying that pre-tmRNA is processed, and that the two pieces are held together by noncova-
lent interactions. Moreover, in line with an a-proteobacterial origin of mitochondria, probable
mt-encoded circular permuted tmRNA genes have been found in the oomycete (water mold)
Phytophthora sojae and in the jakobid Reclinomonas americana [96]. A proto-trnA gene could be
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at the origin of modern tmRNAs [41]. Metazoan mt-trnA genes combine the highest levels of
TAR10 and ATR49 triplets (>95% for each), but in the prokaryotic world, if the rate of TAG10
is always higher than 91%, only one ATR49 occurs in Eubacteria and none in Archaea.

4. Conclusions

Studies strongly suggest that the tRNA cloverleaf structure unfolded prior to the appearance of
a fully functional ribosomal core, making it one of the most ancient RNAs of the RNA world [70,
97] or even the oldest [98]. Though the “RNA-world” hypothesis is well accepted, the successive
events leading to the emergence of different partners playing a role in translation and the involve-
ment of tRNAs in this evolution are highly controversial coveted field [99]. However, some hypoth-
eses as the “tRNA core” [88] strongly suggest that tRNAs would be at the origin of the primitive
genetic material and gave rise to mRNA and rRNA, as well as the conformational structure of the
first proto-ribozymes. The base module being a pleiofunctional RNA that can adopt the cloverleaf
structure is found today in various sequences without direct link with translation. One may con-
clude that “one should not change a winning secondary structure.” In a precellular context, a
molecule with ss-tRNA characteristics (small ORF associated with cloverleaf structure) would be
advantageous. Putatively, ss-tRNA-like molecules cumulating both tRNA and mRNA functions
would have been the first molecules on Earth to support nonrandom protein synthesis.

The antiquity of ss-tRNAs can be discussed, and it is very likely that the TAR10 (and especially
TAG) triplets played very early a critical role in the tertiary folding of some tRNAs. Their
implication in translation termination would be an exaptation where firstly, they were part
of a structural signal. Origin of ATR49 triplets is less clear perhaps tracing to the first endo-
symbiosis. Hence it would be apomorphic (derived character). Analyzes by taxa and tRNA
species suggest a nonhomogeneous evolution. At the beginning of the RNA/protein world, it
has quickly become essential to start peptide synthesis at particular codons and one cannot
exclude that ATR49 was an ancestral state which would have not been retained as intergenic
spaces increased. Analyzes of known tRNAs of a-proteobacteria and cyanobacteria could
suggest that in organelles, ATR49 triplets would have been selected with genome reduction.
Organelle genomes may be under increased pressure for size reduction with resulting over-
laps (see, [100]). However, several features strongly suggest that overlapping genes are not a
direct mechanism to substantially reduce genome size. Gene overlaps allow mtDNA genome
compaction while avoiding the loss of tRNA genes [53]. Nevertheless, overlaps may allow a
more efficient control in the regulation of gene expression, the regulatory pathways are sim-
plified, and the number of proteins (and genes) required decreases [100]. Among others, short
antiparallel overlaps may be involved in antisense regulatory mechanisms. Consequently,
genomes with compact sizes enable putatively less flexible but more efficient physiologies.

The selection of tRNAs had to be done mainly on two seemingly opposite criteria, stability
and plasticity, making it a kind of Swiss army knife of the RNA world. This explains that
beyond their central role in protein synthesis, tRNAs have many other crucial functions. To
date, it can be hypothesized that ss-tRNAs might regulate gene expression, stress responses,
and metabolic processes. Indeed, in silico analyzes allowed to speculate that several overlap-
ping sequences may code simultaneously for mRNAs and tRNAs in most of the metazoan
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mt-genomes. These overlaps can have a variable (sometimes large) number of nts; however,
when annotating their genomes, several authors voluntarily underestimated the number and
the size of overlaps, speculating that there would be upstream abbreviated stop codons or
downstream alternative start codons but most often without any direct demonstration so far.
However, the high number of possible overlaps on the same strand in which the first in-frame
complete stop codon or standard start codon are located at specific positions in the sequences
of trn genes (TAR10 and ATR49, respectively) strongly suggest an exclusive relationship
between obtaining tRNAs and translation of mRNAs and/or the development of repair sys-
tem to keep the two genes functional due in some cases to co-evolution during several hun-
dred MY. We can therefore speculate that ss-trn genes could allow true tRNA punctuation
and initiation. Noted that ss-tRNAs seem to be hybrid molecules which would contain three
essential coding or decoding informations in the form of nt triplets (i.e., anticodon and stop/
start codons) which are all at least in part integrated into stem or loop; moreover, after the
ATR49, nt triplets play the role of internal sense codons. To date, it is unclear what biochemi-
cal mechanism would allow to choose between different alternate cleavage sites, leading to
the complete tRNA rather than to the mRNA or vice versa, but reduced/expanded proteins
can be functional, and various processes including editing suggest this also for incomplete
tRNAs. Hence, despite lacking experimental evidence, TAR10 and ATR49 triplets have proba-
ble roles, including regulation. Future analyzes of the processed bicistronic transcripts (tRNA/
protein-encoding or the contrary) are required. Moreover, even if mt-frn genes are most often
expressed at very low levels [53], only direct sequencing of tRNAs can validate transcription,
epitranscriptomic maturation and can pinpoint nt modifications including post-transcription-
ally edited positions. Purified native, or even synthetic, tRNAs should also be tested for their
in vitro activity to confirm the functionality of aberrant transcripts. Similar experiments must
be made on the flanking mRNAs and their products. If as we think, ss-tRNAs could play regu-
latory roles, initially experiments should compare stress and nonstress conditions.

Here, the bias for metazoan mtDNA does not allow for a complete picture of variation in the
entire eukaryotic world, and protist mt-genomes should also be considered. Special attention
should also be paid to noncanonical base pairings potentially formed by UAR10 and AUR49
nts, in perspective with tRNA structure and V-R length. Accounting for TAR10 and ATR49
triplet presences in the algorithms predicting tRNAs could improve mt-genome annotations,
reducing numbers of false positives and negatives, and more accurately determine tRNA ter-
mini while accounting tRNA species, taxa, and genomic systems.

MtDNA plays a central role in apoptosis, aging, and cancer [13]. Moreover, mt-diseases are
among the most common inherited metabolic and neurological disorders [101]. In addition, as
new functions and new mechanisms of action of tRNAs are continuously discovered [1] and
as ss-trn genes could affect the cellular dynamic during normal and stress conditions lead-
ing to pathologies, potential subtleties of action and regulation of these genes and products
should be more thoroughly investigated.
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Abstract

In this chapter, we formulate basic physico-chemical principles that define the micro-
structural nature of the origin of the spontaneous incorporation and replication point
errors—transitions and transversions—arising during DNA biosynthesis. At this point,
we relied on the firstly discovered ability of the DNA base mispairs to tautomerize via
the sequential intrapair proton transfer and highly stable, highly polar, zwitterionic tran-
sition states, accompanied by a significant shifting of the base mispairs toward DNA
minor or major grooves. These tautomeric transitions are characterized by a change in
geometry —from wobble to Watson-Crick and vice versa—of the purine-pyrimidine (A-T,
G-C, G T and A-C), purine-purine (A-A, A-G and G-G) and pyrimidine-pyrimidine (C-C,
C-T and T-T) DNA base mispairs. Reported results allow us to explain, on one side, the
origin of the mutagenic tautomers at the separation of the DNA strands before replication
and, on the other side, how DNA base mispairs adapt to enzymatically competent size in
the tight recognition pocket of the high-fidelity DNA polymerase.

Keywords: tautomeric hypothesis, spontaneous and induced point mutations in DNA,
incorporation and replication point errors, mutagenic tautomerization,

pairs of nucleotide bases, enzymatically competent conformation, DNA polymerase,
DNA replication, hydrogen bond, van der Waals contact, quantum chemistry,
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1. Introduction

High-fidelity DNA replication is a central issue in molecular biology [1]. During DNA replica-
tion, spontaneous point mutations [2-4] arise with frequencies 10~ + 107! [5-8] in functioning
of living cells.

Nowadays, it is reliably known that the root cause of the origin of the spontaneous point
mutations is the formation in the very tight, slightly deformable base pair recognition pocket
of the high-fidelity DNA polymerase in its close state of the “wrong” DNA base pairs (i.e., mis-
matches) able to acquire in the process of thermal fluctuations the conformation of the correct
Watson-Crick DNA base pair (i.e., enzymatically competent conformation), which guarantees
their incorporation into the chemical structure of the synthesized DNA double helix [4].

In the literature, two approaches are currently presented, according to physico-chemical prin-
ciples of the occurrence of the mispairs leading to spontaneous point mutations in DNA. One
of them is the “tautomeric hypothesis” suggested by J. Watson and F. Crick [9], which consists
in the spontaneous tautomeric transition of the DNA bases from canonical to mutagenic tauto-
meric forms leading to the formation of the adenine-cytosine (A-C*)/A*-C and guanine-thymine
(G*T)/G-T* (here and below, mutagenic tautomers are marked with asterisk) Watson-Crick-
like mispairs with correct enzymatically competent conformation [10] containing mutagenic
tautomers [11-13]. Despite great advances in experimental, in particular X-ray analysis [14, 15],
NMR, in particular relaxation dispersion measurements [11-13, 16-18], and theoretical [19-21]
investigations, there is no unique approach to the physico-chemical mechanisms enabling DNA
bases in the canonical tautomeric form to acquire rare or mutagenic tautomeric form before
the dissociation of the Watson-Crick nucleobase pairs into the monomers by the replication
machinery in order to produce mispairs resulting in further misincorporations and as a result
the spontaneous point mutations at the DNA replication. It is generally accepted in the litera-
ture that mutagenic tautomers of the DNA bases can arise via the double proton transfer (DPT)
along intermolecular H-bonds in the Watson-Crick [22-25] and wobble [26] base pairs, and also
in the protein-DNA complexes [27]. However, some authors also consider as the source of the
origin of the spontaneous transitions the formation of the ionized DNA base pairs [28].

On contrary, according to second approach, other researchers believe that spontaneous point
mutations arise due to the formation of the incorrect base pairs involving only DNA bases
in the main, canonical tautomeric form—so-called wobble or shifted A-C and G-T base pairs
[29, 30]. However, the mechanisms of their adaptation to the enzymatically competent sizes
in the very tight, slightly deformable base pair recognition pocket of the high-fidelity DNA
polymerase remain unclear [30, 31].

The common feature of these approaches is the absence of the general physico-chemical
theory according the nature of these mispairs causing spontaneous point mutations, and the
emergence of each of them is considered as a unique phenomenon. In the literature, there are
no attempts or ideas aimed at combining these approaches into a unique, internally noncon-
tradictory conception. Nevertheless, creation of such a microstructural theory is an interdisci-
plinary challenge with fundamental and applied consequences.
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Thus, without clear understanding of basic mechanisms of the origin of spontaneous point
mutations [32-34], it is difficult to develop a management strategy of genome instability and
produce physico-chemical explanations of evolution [35, 36]; to design highly efficient muta-
gens—analogs of the nucleotide bases with targeted action for different purposes, in particu-
lar, for antiviral and anticancer therapy [37, 38]; to essentially increase precision of DNA-based
nanodevices of biomolecular electronics as information carriers [39, 40]; to create synthetic
macromolecular structures able to replicate with predetermined accuracy [41] and so on.

Here, we aim to reveal at the microstructural level the molecular grounds of intrinsic DNA
mutability without involvement of external agents.

2. Computational methods

All geometric, energetic and vibrational calculations of the considered base mispairs and tran-
sition states (TSs) of their conversion have been performed by Gaussian’09 package [42] using
B3LYP [43, 44] and MP2 [45] levels of quantum-mechanical (QM) theory combined with a
wide variety of basis sets followed by the intrinsic reaction coordinate (IRC) calculations in the
forward and reverse directions from each TS using Hessian-based predictor-corrector integra-
tion algorithm [46] in vacuum and in the continuum with € = 4, which is characteristic for the
active center of the DNA polymerase [47, 48]. Bader’s quantum theory of Atoms in Molecules
(QTAIM) was applied to analyze the electron density distribution [49]. Physico-chemical
parameters have been estimated by the known formulas of physico-chemical kinetics [50].

3. Results and discussion

3.1. Classical mechanisms of DNA base tautomerization via DPT along two
intermolecular H-bonds in H-bonded complexes

We established from the physico-chemical point of view that the generally accepted mecha-
nism of the DPT along intermolecular H-bonds [22-29] cannot be the source of formation
of mutagenic tautomers of DNA bases in the A-T(WC) and G-C(WC) Watson-Crick (so-
called Léwdin’s mechanism) [51-53] and G-T(w) wobble [54] base pairs, and also in the
m'T-CH,COOH, m°’A-CH,COOH, m'C-CH,COOH and m°’G-CH,COOH complexes by the
participation of DNA bases and side chains of the amino acids (m-methyl group) [55].

At this point, the A*T* Lowdin’s base pair is dynamically unstable and has a lifetime that is
6 orders of magnitude less than the characteristic time spent by DNA polymerase on the
forced dissociation of the DNA base pairs into the bases (~107 s [32, 51, 52]). The short-lived
G*C* Lowdin’s base pair escapes the DNA polymerase. The other final tautomerized com-
plexes containing mutagenic tautomers of DNA bases are dynamically unstable: the value of
the zero-point energy of the corresponding vibrational mode, in which frequency becomes
imaginary at the transition state, is higher than the value of the reverse barrier (Table 1).
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Tautomeric transition AG? AE? AAGTSYC AAE ¢ AAG: AAE'

MP2/aug-cc-pVTZ//MP2/6-311++G(d,p)

A-TeA*T* [51-53] 11.95 12.26 10.29 12.40 -1.66  0.14 6.5x10"
G-CeGHCH [52] 9.22 8.22 9.69 13.28 0.47 5.06 1.6 x 107
MP2/cc-pVQZ//MP2/6-311++G(d,p)

GTeGHT* [54] 11.78 12.12 9.47 12.58 -231 046 2.1x10"

MP2/6-311++G(3df,2pd)//M05/6-311++G(2df,pd)

m'T-CH,COOH&m!'T*-CH,COOH [55] 5.63 6.48 7.24 10.45 1.60 3.97 1.9 x 1072
m’A-CH,COOH&m’A*CH,COOH [55] 8.21 7.23 6.68 8.52 -1.53 129 6.1x107
m'C-CH,COOH~m'C*CH,COOH [55] 3.35 291 6.12 7.43 2.77 4.52 1.6 x10™
m’G-CH,COOH&m’G*CH,COOH [55] 1.93 2.75 2.08 5.96 0.15 3.21 1.0x 107

MP2/cc-pVQZ//B3LYP/6-311++G(d,p)

AA*SARA [65] 0.00 000  7.01 1033 701 1033 18x10°
A-GoA*G* [56] 10.07 958  9.63 1146 044 188  48x10™
GG*G*G [66] 0.00 000 551 833 551 833 82x10™
AC*A*C [57] 3.99 364 817 1053 418 689  11x107
G*ToGT* [58] 1.22 119 263 561 263 561 81x107"
C-C*C*C [64] 0.00 000 828 1083 828 1083 1.5x107
CToCHT*[59] 9.15 899 955 1138 040 239  21x107
T-T*-T*T [63] 0.00 000  4.64 818 464 818  16x107M
GG -GG [60] 11.02 1115 9.07 1217 -196 102  41x10"
A*A | SAA* | [61] 13.98 1471 1415 1643 016 172 11x10"

A*-G*SynHA-G* [62] 1.89 2.20 242 4.60 0.52 2.40 22x10™1

syn

“The Gibbs free energy of the product relatively the reactant of the tautomerization reaction (T =298.15 K).
The electronic energy of the product relatively the reactant of the tautomerization reaction.

‘The Gibbs free energy barrier for the forward reaction of tautomerization.

“The electronic energy barrier for the forward reaction of tautomerization.

The Gibbs free energy barrier for the reverse reaction of tautomerization.

‘The electronic energy barrier for the reverse reaction of tautomerization.

8The lifetime of the product of the tautomerization reaction.

Table 1. Energetic (kcal-mol™) and kinetic (in s) characteristics of the tautomeric transformations of the canonical Watson-
Crick, wobble, model protein-DNA complexes, incorrect long, short and Watson-Crick-like mispairs of nucleotide bases
via the DPT along the neighboring intermolecular H-bonds in vacuum.

3.2. Can mutagenic tautomers of the DNA bases be formed via the DPT in
Watson-Crick-like mispairs?

Further, we investigated the physico-chemical mechanisms of the DNA bases tautomeriza-
tion through the DPT along intermolecular H-bonds of incorrect DNA base pairs.
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Figure 1. Geometrical structures of the three stationary structures (reagent, transition state and product) describing the
progression of the tautomerization via DPT along intermolecular H-bonds in some mispairs (B3LYP/6-311++G(d,p) level
of theory, e =1).

It was established that the A-G<A*-G* [56], A-C*<A*C[57], G*T-G-T* [58], C-T<C*T* [59],
GG* oGG"  [60], A*A  oA-A"  [61] and A*G* <A-G*  [62] tautomerization pro-
cesses occur without changing the tautomeric status of the initial DNA base pairs, since the
terminal, tautomerized base pairs are dynamically unstable: low-frequency intermolecular
vibrations cannot develop during their lifetime (Figure 1, Table 1). Hence, these transforma-
tions do not generate mutagenic tautomers.

During the tautomerization of the dynamically stable short T-T* [63] and C-C* [64] mispairs,
as well as long A-A* [65] and G-G* [66] mispairs, mutagenic tautomers are distributed among
the monomers with equal probability. This is important for understanding the consolidation
of point mutations in subsequent rounds of DNA replication (Figure 1, Table 1). Short-lived,
low-populated A*-C and G-T* mispairs are “providers” of the long-lived enzymatically com-
petent A-C* [57] and G*T base pairs [58], respectively, at the origin of the replication errors
in DNA. Moreover, comparisons between calculated distances of intermolecular H-bonds
with data from X-ray experiments [14, 15] show that incorrect A-C and G-T base pairs with
Watson-Crick geometry occur in the A-C* and G*-T tautomeric forms in the active center of
the high-fidelity DNA polymerase in its closed state.

Transition from vacuum to continuum with e =4, characteristics for the hydrophobic interfaces of
the protein-DNA complexes, does not significantly influence the course of these tautomerization
reactions and does not change the character of the obtained conclusions and generalizations.

Obtained data evidence that tautomeric hypothesis faces significant obstacles that could not be
overcome without going beyond the classical framework that mutagenic tautomers of nucleotide
bases are generated in the complexes by DPT protons along neighboring intermolecular H-bonds.

35



36 Mitochondrial DNA - New Insights

3.3. Novel mechanisms of the wobble (w)—Watson-Crick (WC) tautomeric
interconversions in the canonical and incorrect DNA base pairs as a key to
understand origins of spontaneous transitions and transversions

For the first time, a novel theoretical approach to elucidate microstructural mechanisms of
incorporation and replication point errors arising at the DNA replication was proposed. We
show for the first time that pairs of nucleotide bases with Watson-Crick architecture of the
H-bonding—classical, long, short, in which one or both bases are in the main or rare tau-
tomeric forms, are in a slow tautomeric equilibrium with the corresponding wobble base
pairs in comparison with the time, in which high-fidelity DNA polymerase spends on the
incorporation of one nucleotide into the DNA double helix (~8.3 x 10 s [67]). In fact, a novel
pathway of the chemical reaction was discovered —tautomerization with significant changes
of the geometry of the base pair—from Watson-Crick to wobble and vice versa.

We have discovered novel structural hypostases of the classical A-T(WC) and G-C(WC)
Watson-Crick DNA base pairs arising due to their ability to switch into the wobble A*-T1(w),
AT N(w), AT*|(w) and G-C*(w), G*Cl(w), G-C*|(w), G*Ct(w) H-bonded mismatches
containing rare tautomers (Figure 2) [68]. Estimated populations of the tautomerized states
of the A-T(WC) (6.1 x 10°-1.5 x 107) and G-C(WC) (4.2 x 10"-1.4 x 107°) base pairs in the
continuum with e =4 correspond to the interface of the protein-nucleic acid interactions. This
evidences their involvement in nucleation of spontaneous point replication errors in DNA
arising with frequencies ~10™'-107 errors per replicated nucleotide.

We found for the first time the intrinsic ability of the purine-pyrimidine (A-C [69, 70] and G-T
[69, 71]), purine-purine (A-A [72], G-G [72] and A-G [73]) and pyrimidine-pyrimidine (C-C
[74], T-T [74] and C-T [73]) DNA base mispairs to perform wobble«Watson-Crick tautomeric
transitions via the sequential intrapair DPT and subsequent shifting of the bases relative to
each other (Figure 3, Table 2). These nondissociative tautomerizations via the sequential PT
are controlled by the highly stable (AE, , > 100 kcal-mol™), highly polar and zwitterionic tran-
sition states of the type (protonated base)-(deprotonated base). These interconversions are
accompanied by a significant rebuilding of the base mispairs with Watson-Crick architecture
into the mismatches wobbled toward both DNA minor and major grooves and vice versa.
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Figure 2. Energetic profiles of the mutagenic tautomerization via the wobbling of the (a) A-T(WC) and (b) G-C(WC) DNA
base pairs to the H-bonded mismatches containing rare tautomers (B3LYP/6-311++G(d,p) level of theory, € = 1) [68].
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Figure 3. Energetic profiles and stationary structures on the potential energy hypersurface of the biologically important
transformations via the PT, accompanied by the shifting of the bases relative to each other within a base pair into the
sides of the DNA minor or major grooves, leading to the occurrence of the spontaneous transitions and transversions—
incorporation and replication errors (B3LYP/6-311++G(d,p) level theory, € =1).

Notably, each of the discussed tautomerizations is realized precisely through four different
topological and energetic pathways. The number of mobile protons (two in each pair) and
number of wobbling directions of WC base pairs (two by the number of the grooves in DNA —
minor and major) determines the number of tautomerization pathways. Characteristically, in
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Tautomeric conversion AG AE AAG,; AAE,, AAG  AAE To 90, NP
MP2/aug-cc-pVDZ//B3LYP/6-311++G(d,p)

ATWC)=A*T(w) [68] 9.90 9.59 1672 16.02  6.82 6.43 1.1x107 54x10%®
ATWC)=AT* 1(w) [68] 1091  11.25 1672  16.02 581 4.77 2.0x10%® 9.9 x107?
A TWC)=A-T*|(w) [68] 13.08  14.84 2028 2041 7.20 5.57 2.1x107 2.5x1071°
G-C(WC)=G-C*(w) [68] 1335  14.10 3047 3074 1712 1664 395 1.6 x101
G-C(WC)-G*Cl(w) [68] 1510  16.49 31.08 3153 1598 1504 0.58 1.3 x10™
G-C(WC)=G-C*l(w) [68] 15.08  15.96 30.88 3141 1580 1545 042 8.8 x10™"
G-C(WC)-G*C1(w) [68] 14.85 17.22 2487 2564 10.02 842 25x10° 84 x10™"

MP2/cc-pVQZ//B3LYP/6-311++G(d,p)
A-C(w)-A-CX(WCQC) [69,70] 4.87 6.77 19.98 18.85 2484 2562 49x10? —
GT(w)eG*T(WC) [69,71] -1.69 -2.46 17.04 16.37 1873 1883 88 —

A-AW)oA*AWC) [72] 418 164 2689 2359 2271 2194 44x10 -
G-G(w)oG*G(WC) [72] -496 675 2681 2608 3177 3283 50x107 -
AGWC)oAGH (W) [73] 376  6.19 1701 1707 1325 1088 53x107 -

A-GWC)=A*GT(w) [73] 1429  14.09 25.29 2439 11.00 1030 12x10* -

CT(WC)-C*TH(w) [73] 056 0.5 1705 1736 1648 1681 68x107 -
CT(WC)oC-T*|(w) [73] 1207 1457 2664 2532 1457 1075 54x102 -
T-T(w)oT-THWC) [74] 898 864 3106 3190 2209 2326 1.6x10¢ -
C-C(w)oC-CHWC) [74] -890 -10.73 2538 2432 3428 3505 44x10° -

Note: for designations see Table 1.

“The time necessary to reach 99.9% of the equilibrium concentration between the reactant and the product of the
tautomerization reaction, s.

*Populations of the wobble mispairs containing mutagenic tautomers.

Table 2. Energetic and kinetic characteristics of the tautomeric transformations of the classical Watson-Crick or wobble
DNA base pairs, which are involved into the processes of the spontaneous point mutagenesis, via the DPT accompanied
by the substantial changes of their geometry in the continuum with e = 1.

each case mostly, one pathway is most probable at the origin of the spontaneous point muta-
tions (Figures 2 and 3, Table 2).

Obtained results are crucial for understanding the microstructural mechanisms of spontaneous
transitions and transversions, since they allow us to explain how incorrect purine-pyrimidine,
purine-purine and pyrimidine-pyrimidine wobble pairs adapt to the enzymatically competent
sizes in the recognition pocket of the high-fidelity DNA polymerase. In particular, established
A-C(w) - A-CH(WC) [70] and G T(w) - G*T(WC) [71] transformations via the sequential PT allow
us to interpret the X-ray [14, 15] and molecular dynamics simulations data [19] according the
acquisition by the wobble A-C(w)/G-T(w) mispairs of the Watson-Crick geometry by their trans-
formation to the A-C*(WC)/G*T(WC) Watson-Crick-like base mispairs by the participation of the
C* and G* mutagenic tautomers in the recognition pocket of the high-fidelity DNA polymerase.
Moreover, we theoretically predicted the G T(w) — G*T(WC) transformation for the wobble
G-T(w) base mispair, which was confirmed by an NMR experiment of a DNA duplex [16-18].
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Mutagenic pressure of the analogues of DNA bases could be explained within the framework
of the proposed model of the weWC mutagenic tautomerization. In particular, mutagenic
action of the analogue of C-6H,8H-3,4-dihydropyrimido[4,5-c] [1, 2]oxazin-7-one [11, 12]—
increases the population of the G-P*t (4.5 x 10°) and G-P*| (1.4 x 10™*) base mispairs by
its participation in comparison with the analogical values for the canonical C DNA base.
Mutagenic activity of the halogen derivatives of the uracil base is associated with the decreas-
ing of the transformation barriers of the wobble G-°XU(w) (X = H, CHS, Br, Cl, F) mispairs
into the G-°XU*(WC) mispairs with Watson-Crick geometry, thus inducing higher frequency
of the transitions. The maximal effect is observed for the *BrU-calculated frequency of the
induced mutations (35 [71]), which is in good accordance with experimental data (from 20
[75] to 29 [76]).

3.4. Anti<syn conformational transitions of the long purine-purine DNA
mismatches

All long purine-purine DNA base mispairs can acquire enzymatically competent confor-
mations—A*A_ (TF), GA_, A*G* —and GG* —through the A*AWC)oA*™A_ (TF),
G-A(WC)HG-ASYH, A*-G*(WC)«—»A*-G*Syn and G-G*(WC)<—>G-G*Syn conformational transitions
[77], eventually guaranteeing their chemical incorporation into the newly synthesized struc-
ture of the DNA double helix (TF-Topal-Fresco nucleobase pair [10]; syn-syn-orientation
of the base according the sugar-phosphate moiety) (Figure 4). Characteristic time of these
nondissociative conformational transitions (~107 s) is much less than the period of time the
high-fidelity DNA polymerase spends on incorporating one nucleotide into the DNA double
helix (~8.3 x 10™* s [67]). So-called long A*-A(WC), G-A(WC), A*-G*(WC) and G-G*(WC) DNA
base mispairs have been outlined as “node stations” on the way of the formation of the enzy-
matically competent conformations arising in the recognition pocket of the high-fidelity DNA
polymerase at its transition from the open to closed state.

3.5. Physico-chemical scenarios of the origin of the replication and incorporation
point errors in DNA

In the framework of such qualitatively new model conceptions, we were able to shed light
on the microstructural mechanisms of the occurrence of point mutations—replication and
incorporation point errors.

Thus, the spontaneous mutagenic tautomerization of the Watson-Crick pairs of nucleotide
bases into the wobble base mispairs, which includes the A*, T*, G* and C* mutagenic tauto-
mers, has been established to be the source of the generation of the mutagenic tautomers of the
DNA bases arising at the separation of DNA strands. At this juncture, replication errors would
arise in the following way (as an example, we would consider the case, when A* belongs to
the template strand of DNA): A* + C - A*C - A-C*, A*+ A - A*A — A*-Asyn, A*+G - A
*G = AG —» A*G* —» A*G*_ . Similar schemes of structural transformations, which occur
directly in the recognition pocket of the high-fidelity DN'A polymerase, would take place also
for three other cases, when G*, T* and C* belong to the template strand of DNA.

Incorporation errors would occur according to the following scenario: in the recognition pocket
of the high-fidelity DNA polymerase, it would form the appropriate wobble base mispair
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Figure 4. Structures corresponding to the stationary points on the reaction pathways of the (a) A~A(WC)>A™A_ (TF),
(b) GA(WC)-G- A, (c (c) A*GH(WC)eA* G* ,and (d) GG*(WC)=G: G* . antiesyn conversions through the large -scale
adjustments of the bases relative to each other obtamed at the B3LYP/6—311++G(d,p) level of theory, e =1 [77].

tautomerizing into the pair with Watson-Crick architecture of the binding. For the case, when
A belongs to the template strand of DNA:A+C - A-C > A-C, A+A - A'A - A*A - A*A
A+G—>AG - A*G > ARGY |

syn’

Both processes have two common features—they involve the same pairs, which play the role
of intermediates on the path of formation of enzymatically competent conformations of some
incorrect pairs, as well as the same set of terminal incorrect pairs, able to acquire the enzy-
matically competent conformations during the process of thermal fluctuations.
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Finally, it becomes clear why spontaneous point errors occur quite rarely. This, in particular,
is due to the fact that the mechanisms of their occurrence are kinetically controllable, with the
time T, ,,, which is necessary to reach 99.9% of the equilibrium concentration of the reactant
and product, significantly greater than the time that the DNA polymerase spends incorporat-
ing one nucleotide into the DNA double helix that is synthesized (~8.3 x 10 s [67]).

Based on our own theoretical data, which have been successfully confirmed by experimental
data [16-18], one can make an assumption, why the DNA-repair enzymes, “sharpened” pre-
cisely for the wobble base mispairs, do not provide 100% accuracy. The reason consists in the
ability of this pair to transform into a pair with Watson-Crick geometry, which, figuratively
speaking, is a “hiding place” from the enzyme, because it is not recognized by it, thus restrict-
ing the ultimate accuracy of the repair process.

So, obtained data, in principle, enable to understand the mechanism of elimination from the
genome of mutagenic tautomers, whose lifetime exceeds by orders of magnitude the time of
cellular DNA replication.

Again, established ability of the wobble pair to be formed from the Watson-Crick-like pair
involving mutagenic tautomer of the DNA bases enables DNA-repair complex to reveal and
eliminate them from the genome during several cycles of DNA replication.

3.6. Profiles of the physico-chemical parameters along the IRC of tautomerizations
via DPT and PT

We developed original methodology tracking the evolution of all physico-chemical parame-
ters along the entire reaction pathways: in particular, the electronic energy, the first derivative
of the electronic energy by the IRC-dE/dIRC, the dipole moment of the base pair, the distances
and the angle of the intermolecular specific contacts (H-bonds or van der Waals contacts),
electron density, the Laplacian of the electron density, ellipticity and the energy at the (3,-1)
bond critical points of the intrapair specific contacts, the NBO charges of the hydrogen atoms
involved in the tautomerization, the glycosidic angles and the distance between the glycosidic
hydrogens. This works not only in the stationary structures such as reagent, product and
transition state of the tautomerizations via the DPT and w«WC tautomeric reactions via the
PT [51-74, 78].

Additionally, for the first time, we have introduced the conception of the key points (KPs)
based on the electron-topological characteristics of the intermolecular bonds, namely the
value of the electron density and its Laplacian at the corresponding (3,-1) bond critical points.
This approach allows us to comprehensively describe the mechanism of the tautomerization
process. Thus, depending on the symmetry and nature of the system, maximum number of
KPs could reach 9 and minimal —5, when KPs are degenerated (see Figures 5 and 6 for illus-
tration on the example of the 2AP-T(WC)«<2AP-T*(w)).

Arrangement of the extrema of the derivative of the energy by IRC—dE/dIRC—coincides with
the second and penultimate KPs, where mutual transformations of the H-bond into a covalent
bond and vice versa occur. These data allow us to separate the pathway of the tautomerization
reaction into the zones of reagent, transition state and product of the reaction. In general, these
key points could be considered as “fingerprints” of the tautomerization process via DPT or PT.
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Figure 5. Geometric structures of the nine key points with their IRC coordinated describing the evolution of the
2AP-T(WC)«<2AP-T*(w) tautomerization via the single PT and sequential shifting of the bases relative to each other within
the base pair into the minor groove side of the DNA helix along the IRC obtained at the B3LYP/6-311++G(d,p) level of
theory, & =1 [79] tautomerization). At this point, three KPs correspond to the two abovementioned local minima (the first
and the last KPs-reagent and product, respectively) and transition state of the tautomerization. Other KPs include two KPs,
for which migrating proton is localized midway between the electronegative atoms involved in the specific contact and are
characterized by the loosened A-H-B covalent bridge, and also four key points, in which the H-bonds begin to acquire the
features of the covalent bond and vice versa, that is where the Laplacian of the electron density passes through zero: Ag =0.

This methodology enables to make an objective conclusion about the character of tautomeriza-
tion (concerted, synchronous or asynchronous), quantitatively estimate the cooperativity of
the specific intermolecular interactions (namely, H-bonds, in particular nonclassical CH--O/N
or dihydrogen AH--HB H-bonds, loosened A-H-B covalent bridges and attractive A--B van
der Waals contacts), sequentially changing each other along the IRC of the tautomerization,
and trace how these interactions are grouped into the patterns (from 9 to 15) and how they
successively substitute each other along the IRC of tautomerization.

3.7. Complete set of incorrect DNA base pairs responsible for the origin of
spontaneous transitions and transversions in DNA

For the first time, we outline a complete set of the 12 incorrect DNA base pairs represent-
ing a primary cause of spontaneous point mutations and determining both incorporation
and replication errors: A-C*/C*-A, G*T/T-G¥, G~Asyn, A*-G* , A* As . GG* v C-T/T-C,
C*C/C-C* and T*T/T-T* (three of these mispairs—G-A_, C-T and T-C—consist exclusively
of the canonical tautomers of the DNA bases) (Figure 7). Precisely, these mismatches, which
quite easily in the process of the thermal fluctuations acquire enzymatically competent con-
formations and do not cause steric constraints in the recognition pocket of the high-fidelity
replication DNA polymerase (Table 3), should be experimentally observed in the closed

conformation of the latter.

3.8. Key microstructural mechanisms of the 2-aminopurine (2AP) mutagenicity

Based on the mechanisms of the spontaneous point mutations [33, 34, 51-66, 68-74, 78], we
established physico-chemical mechanisms of the mutagenic action of the classical mutagen
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Figure 6. Profiles of: (a) the relative electronic energy AE, (b) the first derivative of the electronic energy with respect
to the IRC (dE/dIRC), (c) the dipole moment i, (d) the electron density o, (e) the Laplacian of the electron density Ag,
(f) the energy of the intermolecular H-bonds E, ; estimated by the EML formula [79] at the (3,-1) BCPs, (g) the distance
d, , between the electronegative A and B atoms, (h) the distance d,,,,, between the hydrogen and electronegative A
or B atoms and (i) the angle ZAH-B of the covalent and hydrogen bonds along the IRC of the 2AP-T(WC)<2AP-T*(w)
tautomerization obtained at the B3LYP/6-311++G(d,p) level of theory, € =1.

REw

A-C*/C*A [57,69,70] G*T/T-G* [58,69,71]  G-Aun [62,77]
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A*G*ryn [62, 77] A*Asn [61, 77] G*sa [60, 77]

C-T/T-C [59,73] C-C* [64, 74] T-T*[63,74]

Figure 7. Geometrical structures of the 12 incorrect DNA base mispairs causing spontaneous point incorporation and
replication errors (B3LYP/6-311++G(d,p) level of theory, e =1).
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Mispairs Geometrical parameters Energetic parameters
ROH g Hyyno)” o’ o AE, -AE,c  IE/IAE, If -AG,,#

A-C* 9.996 553 582  0.10 0.29 15.73 91.8 227
A*C 10.059 553 572 029 0.53 23.50 65.9 10.76
G*T 10.291 51.5 511 0.14 0.40 19.79 87.7 7.09
GT* 10.202 50.6 522 045 0.90 33.40 61.3 20.66
GA,, 10.399 51.6 385  3.00 3.61 17.00 65.9 2.80
ARG 10.411 503 375 318 3.72 23.00 72.6 11.47
ARA L 10.322 539 412 218 2.72 16.73 74.8 3.83
GG, 10.425 487 361  4.04 4.66 19.82 69.5 7.28
CT 8.215 59.7 570  8.67 8.87 13.86 85.4 1.54
cc 8.086 603 595 857 8.76 14.75 91.2 2.34
T-T* 8.385 53.6 581  10.97 10.91 16.67 84.0 4.69
AT 10.130 543 548  0.00 0.25 14.92 86.9 1.43
G-C 10.209 529 553 0.1 0.00 29.28 60.8 15.97

“The distance between the glycosidic protons at the N1/N9 atoms, A.
*The glycosidic angles for the bases situated on the left and right within the base pair, respectively, degree.
“The glycosidic angles for the bases situated on the left and right within the base pair, respectively, degree.

9The electronic energy of deformation, necessary to apply to the mismatch to acquire the sizes of the A-T (in the left
column) and G-C (in the right column) Watson-Crick DNA base pairs.

¢The electronic energy of interaction.
‘The contribution of the total energy of the intermolecular H-bonds to the electronic energy of interaction, %.
8The Gibbs free energy of interaction (T = 298.15 K).

Table 3. Selected structural and energetic (in kcal'mol™) characteristics of the canonical and noncanonical DNA base
pairs, responsible for the origin of the spontaneous transitions and transversions (MP2/6-311++G(2df,pd)//B3LYP/6-
311++G(d,p) level of theory, e =1).

2AP —high-energy structural isomer of A nucleotide base [75-77, 80-82]. In the literature, a
great amount of experimental and theoretical phenomenological data on 2AP has been col-
lected [83-87] without proper justification and substantiation.

We have found for the first time that the microstructural mechanism of the mutagenic action
of 2AP, causing induced replication errors, generates with higher probability the mutagenic
tautomer T* according to the 2AP-T(WC) — 2AP-T*(w) tautomeric reaction, than for the
Watson-Crick A-T(WC) DNA base pair according to the A-T(WC) — A-T*(w) tautomerization
reaction [68, 88]. At this point, the ratio of probabilities determining replication errors con-
sists P,,, /P, . = 1.8-10°. The mutagenic effect is achieved due to the greater stability of the
2AP-T*(w) complex by the participation of 2AP (AE, , =-20.95 and AG, , =-9.18 kcal'mol™) in
comparison with the analogical A-T*(w) base mispair by the participation of A (AE,_ =-13.44
and AG,_ =-1.61 kcal'mol™) (Figure 8a, Table 4) [68, 88].



Renaissance of the Tautomeric Hypothesis of the Spontaneous Point Mutations in DNA: New Ideas... 45
http://dx.doi.org/10.5772/intechopen.77366

a) AP TMCJHM T*(w) [79, 38] b} C- Z&P{wh—d}' ZhPﬂ'\"C!- l?"i B9]
g e ' i)
_}w o:o ma A,
IAPTIWCH TEM T, suremn IAPT(wi CIAPIW) 1 L R— CIAPWCY
w132 o) el 46.5 4 omT)
(AE=Q00 | AC=000) [ﬁt‘]:".ﬂn’.“’.:-‘]mj ﬂﬂ.H!G.IMHﬂi [AB=000 § AC=000) FAE=2030 [ MC=21.9%) LAE=] 41.“!:45]
(B 14,28 | w258 A B 12278 (A 205 f Ao 18] | (A= 15,19 f e (AEarm12715/ (w1425 | Aurmi5)

e 1056} A1 1357 {AEsA121 {0.35)

I:} AZAPIwW) A ZAP(WC) - A®- Zﬁl‘m- [89, 90]

f{ﬁﬁ. et q} LW L &g

AZAFIwE TH Ay g, 4t 38 PT) T gammm, Ar s ARIAF
w1170 o t) Erve=B0 § cm T
JAR=0U0 | ACe=0L00) [AE=F1.00 { AG=X385) (AE=13587 f AG=1ET1) (AB-ZE1D f AG=2X25) (AE=1298 / SO B8y
(AFwe]1 255§ AGenll43) [ABam= 1457 (AR 82 f MG 29) (AE w2 A5 [ Mastiof) [AEars=TL47 § A=l 4)
A= 101 BB} (AEwed 5 4500

i) G2AP*(w)—G* M{W}HG ZA.PI_WC']HG mtrn [%0- 92]

Rl

GZAF W) Tt tarsni, i P Co2APW THE S g 5 Bt G-2ZAPWC) Tho v, Cotabm
[ [ el i (w1301 1 cEn ) (w177 fom )
[AE=UD § AC=0 00} (AFE=2.30 / AC=-D.T 1) TAE=9.5% | AL=1070) [AF=6.62 f M=7.) [AE=889 [ S=93T) [AE=1A42 [ WG=1.14)
{8 EaTT 11 MG 180 (3B 1580 | A4 25) [ABar=114.88 § AGer-THLTT} [ABer=TL0M § M0 15)  [ABar=307 | Alerd 75}
T Sk . .
- L
;'b 'g
=
AE=T38 f AR TT)
(B Ew==11,15 f Aimmsi}, 15)
[AEae= 306 | 4.88)

Figure 8. Reaction pathways of the biologically important tautomerizations and conformational transitions of the
structures containing canonical DNA bases and 2AP in the main and rare tautomeric forms leading to the replication
(a) and incorporation (b, ¢, d) errors—transitions and transversions. Relative electronic AE and Gibbs free AG energies,
electronic AE, and Gibbs free AG,  energies of interaction, the deformation energies AE, (A-T)/AE, (G-C) necessary
to apply to the mismatch to acquire the sizes of the A-T(WC)/G-C(WC) Watson-Crick DNA base pairs (in kcal-mol™),
imaginary frequencies v, (cm™) at the TSs of the interconversions are presented below them in brackets (MP2/aug-cc-
pVDZ//B3LYP/6-311++G(d,p) level of theory in vacuum at T = 298.15 K). The base, belonging to the template strand of
DNA, is situated on the left, while the base of the incoming nucleotide—on the right.

We have shown for the first time that 2AP very effectively produces induced incorporation
errors by binding with C DNA base and forming the wobble C-2AP(w) mispair, which is
tautomerized via the C-2AP(w) — C*2AP(WC) tautomeric reaction into the Watson-Crick-
like C*2AP(WC) base mispair, which quite easily in the process of the thermal fluctuations
acquires enzymatically competent conformation (estimated ratio of probabilities P
P., =1.92:10% (Figure 8b, Table 4) [89].

C~2AI’/

By estimating the probability ratio P, /P, , = 40.5, we conclude that 2AP in the case of the
A2AP(w) —> A*2AP(WC) — A*2AP__structural transformations (Figure 8c, Table 4) causes trans-
version, when a pyrimidine base (in this case T) is substituted by a purine, in particular—A [89].
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Tautomerization/ V. AG AE AAG, AAE AAG  AAE Too0
Conformational transition
a) 2AP-T(WC)<2AP-T*(w) [79, 88] 1342  8.62 8.33 18.66 1753 10.04 9.21 2.5310° 3.7x10°

AT(WC)oA-TH(w) [51, 53, 68] 997 1308 1484 2028 2041 720 557 209107 30x10°

b) C2AP(w)<-C*2AP(WC) [79, 89] 1469  1.85 1.42 2195 2030 2011 1888 5.87:10* 8.9x10'

C-A(w)=C*AWC) [57, 70] 5885 -6.07 -720 1951 1761 2558 2481 1.7410° 7.1x10°
c) A2AP(w)-A*2AP(WC) [89,90] 1170 1371 1357 29.85 31.00 1614 1743 076 0.1

A*-ZAP(WC)HA*-ZAPSW [89] 18.0 -0.83 -059 6.54 8.55 7.37 9.14 5.59-10% 4.1x10°®
A-A(w)=A-A*(WC) [72] 1524 3.63 1.09 2586 2256 2224 2147 22210 32x10°
A-A¥(WC)<A*AWC) [65] 4975  0.00 0.00 6.39 9.71 6.39 9.71 2.2810% 6.4x107

A*AWQ)oA*A  (TF) [61, 77] 15.8 0.56 1.23 8.09 8.09 7.53 6.85 2.66:107 53 x10°
d) G2AP*(w)<G*2AP(w) [91,92] 1099.7 -10.70 -996 -0.11 231 10.59 1226  4.3910 4.5x10°

G*2AP(w)<G-2AP(WC) [90, 91] 130.1 1.33 1.07 18.04 1658 1670 1551 1.77 0.3

G-2AI’(WC)<—>G-2APSyn [91] 17.7 0.60 1.51 8.23 1031  7.63 8.80 3.22:107 6.4 x10°
G-A¥(w)=G-AWCQ) [73] 1268 -693 -6.73 1698 1632 2392 2305 3.14 5.5 x 10*
G AWQC)-GA__[56, 62, 77] 20.7 0.76 0.58 8.39 8.89 7.64 8.31 347107 6.4x10%

syn

Note: see Tables 1 and 2.

Table 4. Energetic and kinetic characteristics of the biologically important tautomerizations and conformational
transitions of the structures containing canonical DNA bases and 2AP in the main or rare tautomeric forms leading to
replication and incorporation errors—transitions and transversions (MP2/aug-cc-pVDZ//B3LYP/6-311++G(d,p) level of
theory, e =1).

We prove for the first time that 2AP* as a base of the incoming nucleotide may produce
also another transversion, when 2AP* mutagenic tautomer pairs with G base and formed
G-2AP*(w) mispair converts according to the route of the sequential tautomeric and confor-
mational transformations—G-2AP*(w) - G*2AP(w) - G2AP(WC) — G-ZAPSyn (Figure 8d,
Table 4) [91]. Estimated ratio of probabilities P_,,../P, ,.=1.90-10" points that this route of the
tautomerically conformational transformations is mutagenic, generating appropriate transver-
sions, when pyrimidine bases (in this case C) are replaced by the analogue of the purine base—
2AP. This also causes low-probable transitions and transversions, since in the next rounds of

the DNA replication, 2AP pairs not only with T, but also with the C and A DNA bases [91].

Our theoretical data are in good agreement with existing experimental results [80, 81, 83, 84]
and also allow a unified physico-chemical interpretation of them.

By analyzing profiles of the physico-chemical characteristics for the tautomerization reactions
via the DPT and PT involving 2AP, which are integral parts of the biologically important tauto-
merically conformational transformations, we have established that 2AP-T(WC)<2AP-T*(w)
[79], 2AP-C*(WC)«<2AP-C(w) [79], G*2AP(w)<G-2AP(WC) [90] and A-2AP(w)«<A*2AP(WC)
[90] tautomerization pathways proceed through the stepwise concerted mechanism via the
sequential intrapair PT between the bases followed by the shifting of the 2AP relatively
the T/C*/G*/A bases, accordingly, while the T-2AP*(w)<T*2AP(w) and G-2AP*(w)«G*
2AP(w) [92] DPT tautomerization reactions proceed through the asynchronous concerted
mechanism.



Renaissance of the Tautomeric Hypothesis of the Spontaneous Point Mutations in DNA: New Ideas...
http://dx.doi.org/10.5772/intechopen.77366

4. Conclusions

Reported results are crucial for understanding the microstructural mechanisms of the sponta-
neous transitions and transversions, since they allow us to explain, on one side, the origin of
the mutagenic tautomers at the separation of the DNA strands before DNA replication and,
on the other side, how incorrect purine-pyrimidine, purine-purine and pyrimidine-pyrimidine
wobble mispairs adapt to enzymatically competent sizes in the recognition pocket of the high-
fidelity DNA polymerase.

Obtained results allow us to explain biological experiments available in the literature, which
still remain without proper theoretical justification:

* Numerical estimations of the frequencies of the mispair occurrence satisfactorily
explain experimental data: (10°+10*) GT/T-G > > A-C/C-A > > CT/T-C > A-A > G-A/A-G
>>G-G=CC(10°) [93].

¢ Established A-C(w)oA-C*(WC) and G- T(w)eG*T(WC) wobble(w)«Watson-Crick(WC)
transformations via the sequential PT allow us to explain the way of the acquisition by
the A-C(w)/G-T(w) wobble mispairs of the Watson-Crick geometry in the active center of
the high-fidelity DNA polymerase or DNA duplex and also to interpret X-ray [14, 15] and
NMR [16-18] experiments.

* Presented approach allows us to clarify the microstructural mechanisms of the mutations
induced by the classical mutagens, in particular 2-aminopurine, for which induced fre-
quencies agree well with the experimental data.

¢ Jonization mechanism cannot entirely explain the nature of the spontaneous transitions [94].

These data clarify the nature of genome variability and reveals new facets of the Watson-
Crick hypothesis of the spontaneous point mutagenesis arising during DNA replication and
significantly expands the possibilities for rational design of chemical mutagens with targeted
action, which could be interesting for synthetic biology and biotechnology.

Finally, authors believe that these principles could be extended without any constrains to the
processes determining the protein synthesis.

In view of the prominent role, that play parallel and antiparallel Hoogsteen pairings in
DNA:RNA helices, as it was reliably established by Prof. Seligmann [95, 96] for mitochondrial
genomes, it is important to explore in future mutagenic tautomerization of these classical base
pairs by the quantum-chemical methods.
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Abstract

Mitochondrial genetic codes evolve as side effects of stop codon ambiguity: suppressor tRNAs
with anticodons translating stops transform genetic codes to stopless genetic codes. This pro-
duces peptides from frames other than regular ORFs, potentially increasing protein numbers
coded by single sequences. Previous descriptions of marine turtle Olive Ridley mitogenomes
imply directed stop-depletion of noncoding +1 gene frames, stop-creation recodes regular
OREFs to stopless genetic codes. In this analysis, directed stop codon depletion in usually
noncoding gene frames of the spiraling whitefly Aleurodicus dispersus’ mitogenome produces
new ORFs, introduces stops in regular ORFs, and apparently increases coding redundancy
between different gene frames. Directed stop codon mutations switch between peptides
coded by regular and stopless genetic codes. This process seems opposite to directed stop
creation in HIV ORFs within genomes of immunized elite HIV controllers. Unknown DNA
replication/edition mechanisms probably direct stop creation/depletion beyond natural selec-
tion on stops. Switches between genetic codes regulate translation of different gene frames.

Keywords: codon-amino acid reassignment, Lepidochelys olivacea, antitermination,
ribosomal RNA, directional evolution, APOBEC

1. Introduction

Mitochondrial genetic code diversification frequently reassigns stop codons to amino acids
[1]. This situation probably reflects ambiguity in roles of stop codons during translation in
mitochondria. Indeed, phylogenetic reconstructions of the evolution of genetic codes based
on differences between codons in amino acid and stop codon assignments resemble known
phylogenies of organisms using these genetic codes, if ambiguity of stop codons in mitochon-
drial (but not nuclear) genetic codes is accounted [2].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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These observations suggest translational activity of mitochondrial tRNAs with anticodons
matching stop codons [3] templated by antisense strands of regular mitochondrial tRNAs [4, 5].
Predicted occurrences of mitochondrial stop suppressor (antiterminator) tRNAs coevolve
with stop codon usages in predicted off-frame protein coding genes in all analyzed mito-
chondria (primates and Drosophila [6, 7], including their ribosomal RNAs [8], turtles [9] and
Chaetognaths [10]), and in a peptide detected by specific monoclonal immunolocalization
in human mitochondria [11]. Hence, there are probably more mitochondrion-encoded genes
than usually accepted [12, 13]. Mitogenome size reduction probably causes gene multifunc-
tionality, including mt tDNAs functioning as replication origins [14-21].

Translation of stop codons occurs in different organisms [22, 23], but seems particularly wide-
spread in mitochondria [2, 3] as reflected by the evolution of mitochondrial genetic codes [1].
Nuclear genetic codes lacking dedicated stop codons have been described in protists [24-27]
and fungi [28].

1.1. Alternative coding by expanded codons

Switching between regular and stopless genetic codes is not the only strategy increasing
dramatically information encoded by genomes. Isolated tetracodons, codons expanded
by a fourth silent nucleotide, are known since the dawn of molecular biology [29]. These
are sometimes translated by tRNAs with expanded anticodons [30, 31]. It seems probable
that systematic frameshifts produce stretches of tetracodons that code for (yet) undetected
peptides ([32-34]). Some evidence suggests that tetracoding occurs especially at high envi-
ronmental temperatures [35] and is predicted by genetic code optimization [36]: codon-
anticodon interactions are more stable when four rather than only three base pairs hybridize.
Other theoretical considerations suggest that the mitochondrial vertebrate genetic code
evolved from a specific subset of 64 tetracodons, the tesserae, chosen on the basis of sym-
metry principles [37].

Indeed, analyses of mitochondrial mass spectra searching for peptides matching translations
assuming tetra- and pentacodons, codons expanded by one or two silent nucleotides, detected
numerous tetra- and pentacoded peptides [38-43].

1.2. Alternative coding by swinger polymerization

Further little known mechanisms increase numbers of proteins potentially coded by single
sequences. Polymerization occasionally exchanges systematically between nucleotides dur-
ing DNA replication [44-46] or RNA transcription [47-53] for long sequence stretches (23
exchange rules are possible, nine symmetric, e.g., A<>C, and fourteen asymmetric, e.g.,
A >C >G> A), producing swinger sequences. Swinger replication, in particular the double
symmetric exchange A<T + C<G, seems most frequent for mitochondrial ribosomal RNAs
[46]. This increases the coding potential of rRNAs, strengthening the hypothesis that rRNAs
are modern remnants of protogenomes that templated for translational molecules (tRNA-like
and rRNA-like) and protein coding genes [54-58] by dense overlap coding. This is compatible
with the occurrence of protein coding regions within modern rRNAs [8, 59-61].

I stress here that the exchange A<>T + C<>G is not trivial: this creates the complement of the
template sequence, which is not the regular inverse (or reverse) complement. “Complement”



Directed Mutations Recode Mitochondrial Genes: From Regular to Stopless Genetic Codes
http://dx.doi.org/10.5772/intechopen.80871

is frequently used as shortcut for inverse complement, but the A<>T + C<>G transformed
sequence is a different sequence because it lacks the 3'-to-5" inversion combined with nucleo-
tide complementarity. The shortcut has been used because 3'-to-5" inverted sequences had not
been described previous to the description of AT + C<>G transformed sequences.

It seems regular transcription occasionally switches abruptly to swinger transcription (and
vice versa), as indicated by chimeric RNAs. These RNAs correspond in part to regular DNA,
and an adjacent part corresponds to DNA only if accounting for swinger transformation [62].
Corresponding chimeric peptides have also been detected [63]. Chimeric DNA also exists: the
mitogenome of the stonefly Kamimuria wangi (NC_024033) is regular, beside its 165 rRNA,
which is entirely swinger transformed along transformation A<>T + C<>G [46].

1.3. Regulation of alternative transcriptions by secondary structure

Secondary structures are important components of RNA function and evolution [64, 65].
Secondary structures formed by tRNA sequences punctuate posttranscriptional processing
of mitochondrial transcripts [66-68]. Palindromes potentially forming secondary structures
after sequence swinger-tranformation associate with detected mitochondrial swinger RNAs
[69]. This is similar to what is known from regular RNA processing in mitochondria and,
surprisingly, giant viruses [70] which bear also other striking resemblances with mitoge-
nomes, including similar gene order [71]. Transcription sometimes deletes systematically
mono- or dinucleotides after transcribing trinucleotides (del-transcription), translated into
peptides that in part converge with peptides translated from regular RNAs by expanded
anticodons [38]. Del-transcription, or at least detection of deIRNAs, seems downregulated
by secondary structures formed after transformation of the sequence by systematic dele-
tions [72].

1.4. Mechanisms that switch between genetic codes?

Phenomena systematically exchanging nucleotides remind more specific mechanisms that
alter the genetic code according to which a protein is coded, from a regular genetic code to a
stopless genetic code, and/or vice versa. Indeed, previous analyses of mitogenomes revealed
that in one GenBank mitogenome (from a marine turtle, the Olive Ridley, Lepidochelys oliva-
cea), following GenBank’s annotations, several regular protein coding genes do not code for
the regular proteins essential for mitochondrial metabolism and usually encoded at these
genomic locations. These essential proteins are indeed coded by the corresponding sequences,
but only after a frameshift, and only if stops in that frame are translated, explaining the erro-
neous annotation of stopless ORFs (abbreviation for open reading frames) that do not code for
recognized mitochondrial proteins [9].

This was originally interpreted as resulting from directed selection on stop codons.
Observations of systematic mutations in contexts creating stop codons in ORFs of HIV genes
specifically in elite controllers immune to HIV [73, 74] suggests that enzymatically directed
mutagenesis during DNA replication and/or edition could transform ORFs coded according
to a regular genetic code into one coded by a stopless genetic code, and vice versa, as observed
in several mitochondrial genes of the Olive Ridley. For HIV, introducing stops presumably
drastically reduces viral production and contributes to immunity.
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This hypothesis of mutations directed at stop codons is in line with observations that poly-
merase errors are more frequent in stop codon contexts, interpreted as an adaptational bias to
introduce mutations in stops [75]. In the next section, GenBank is explored to detect further
mitogenomes in which genetic codes were switched by producing stop codons in ORFs and
stop-depletion in other frames.

2. Methods

2.1. Exploring GenBank for genetic code switches

Previous Blastp searches found proteins already described in GenBank and aligning with
hypothetical peptides translated from randomly chosen frameshifted vertebrate mitochon-
drial genes. These analyses detected the unusual proteins translated from ORFs of the mitoge-
nome of Lepidochelys olivacea [9]. In these cases, the regular mitochondrial proteins are coded in
frames that include stops, and hence were not recognized as the regular gene. The annotated
frame is stopless, but codes for other, unknown peptides. These other peptides are homolo-
gous to peptides translated after frameshift from regular mitochondrial protein coding genes,
from other mitogenomes that did not undergo stop codon depletion in non-ORF frames.

2.2. Choice of seed sequences for BLAST searches

The method described above only detects homologies for sequences sufficiently similar
to “seed” sequences used for BLAST analyses of GenBank. Therefore, using as seed the
human mitogenome, mainly vertebrate proteins were detected, as for the above-mentioned
Lepidochelys olivacea. A similar situation occurs for detection of swinger DNA/RNA sequences:
the original searches using as seed swinger transformed versions of the human mitogenome
only detected vertebrate sequences [45], but BLAST analyses using a randomly chosen inver-
tebrate mitogenome (from the North Pacific krill Euphausia pacifica (NC_016184)) detected
numerous additional swinger sequences, from insect mitogenomes [38].

This search principle for insect nucleotide sequences can also be applied for proteins. I use as
seed the five peptides translated from the five “noncoding” frames of the 13 regular protein
coding genes of Euphausia’s previously randomly chosen invertebrate mitogenome. These
65 peptides were blasted to search GenBank for proteins already described and with high
homologies with peptides translated from Euphausia’s noncoding frames.

3. Results

3.1. Preliminary results from Aleurodicus dispersus

Preliminary BLAST analyses of peptides translated from noncoding frames of Euphausia’s
mitochondrial protein coding genes detected GenBank proteins from the mitogenome of
Aleurodicus dispersus, a sap-sucking spiraling whitefly. These have high homology levels
with peptides translated from the antisense sequence of several among Euphausia’s protein
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coding genes. These unusual CDs in this insect mitogenome remind previous descriptions of
other unusual CDs in the mitogenome of the marine turtle Lepidochelys olivacea. This justifies
detailed analyses of peptides translated from the six frames of the 13 protein coding genes
of the mitogenomes of Aleurodicus dispersus (JX566506), and, for comparative purpose, of its
closest relative with a complete mitogenome in GenBank, Aleurodicus dugesii (NC_005939),
whose predicted proteome seems coded according to regular rules.

3.2. Aleurodicus dispersus protein coding genes

All six frames of the 13 mitochondrial protein coding genes of Aleurodicus dispersus were trans-
lated according to the regular invertebrate mitochondrial genetic code. First, BLAST analyzed
peptides translated from GenBank-annotated, stopless ORFs to verify which of these peptides
are “normal,” i.e., have regular homologies with the corresponding protein predicted for the
regular ORF of the mitogenome of Aleurodicus dugesii.

These analyses confirm that GenBank annotations of the six Aleurodicus dispersus mitogenes
CQOL COII, AT6, COIIL ND3, and ND2 code for typical invertebrate proteins homologous
with corresponding proteins in regular insect mitogenomes, notably Aleurodicus dugesii. The
remaining seven genes follow different coding structures described below, based on frame-
shifts and/or stop depletion/translation. Blastp does not detect any homologies for proteins
predicted according to GenBank annotations for genes AT8, ND1, ND6, ND5, ND4, and ND4l,
and only partial homology for CytB.

Mitochondrial metabolism without the regular proteins usually translated from these seven
genes seems impossible. Regular analyses of the mitogenome of Aleurodicus dugesii detect
these proteins as they are annotated in GenBank. The possibility that these genes were trans-
ferred in Aleurodicus dispersus to the nucleus and that proteins are imported to the mitochon-
drion seems unlikely as ORFs occur at positions corresponding to gene locations coding for
the seven missing proteins in the predicted mitoproteome of Aleurodicus dispersus.

3.3. Recoding of mitogenes in Aleurodicus dispersus
3.3.1. Two ORFs on the same strand: AT8

The case of the missing ATP synthetase subunit 8 is solved by Blastp analysis of the peptide
coded by the +2 frameshifted sequence of gene ATS8. Residues at positions 848 (the gene
has 49 codons including stop codon) in frame +2 have 75% similarity with congeneric mito-
chondrial ATP synthetase subunit 8 of Aleurodicus dugesii (YP_026055, e value 2 x 107%, see
alignment in Figure 1). It seems likely that the regular AT8 gene codes for the corresponding
protein. This frame does not contain stops, implying that this gene has two stopless ORFs.
The GenBank-annotated ORF does not correspond to the regular AT8, which is the +2 frame-
shifted sequence of the annotated sequence.

3.3.2. Stop codon translation after frameshift: ND6

For gene ND6, the stopless ORF annotated in GenBank does not align with any ND6-like
protein. This conundrum is solved by Blastp analysis of the peptide translated from the +1
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frameshifted sequence of ND6 as it is annotated in GenBank. It aligns with 86% similarity
with the mitochondrial NADH dehydrogenase subunit 6 of congeneric Aleurodicus dugesii
(positions 33-137 in Aleurodicus dispersus and 32-129 in Aleurodicus dugesii, e value 1 x 107,
not shown). Hence, the annotated gene corresponds to a stopless frame that does not trans-
late into a recognizable mitochondrial protein, while the +1 frame, which contains three stop
codons codes for ND6. Only one of the stop codons is within the alignment, where it corre-
sponds to a tyrosine in Aleurodicus dugesii. This implies translation of at least one stop codon,
as previously described for other short mitochondrial protein coding genes where the protein
coding region includes a programmed frameshift and translation of stops (ND3 in birds [76]
and in turtles [77]). It seems plausible that ND6 translation starts in the 5" region of the frame
as annotated in GenBank, and then a programmed frameshift occurs in the vicinity of the
5’-starting point of the alignment. Translation of the stop codon by tyrosine is compatible
with translation by tRNAs with near-cognate anticodons [78-80].

3.3.3. Frameshift with stop translation: CytB

The situation in CytB is similar and reminds again known cases of proteins coded by two
frames. The ORF as annotated in GenBank has high homology (96% similarity) from residue
137 to 355 with the regular cytochrome B of Aleurodicus dugesii (YP_026063, e value 5 x 10",
Figure 2). The 5" extremity of cytochrome B is coded by the +1 frameshifted sequence of the
gene, as indicated by high similarity (88%) in the alignment from residues 6-136 with the reg-
ular cytochrome B of Aleurodicus dugesii (YP_026063, e value 5 x 10, Figure 2). Position 131 is
a stop that corresponds to a tyrosine in Aleurodicus dugesii. Hence, this gene’s coding structure
implies frameshift and probable stop translation, potentially by near cognate anticodon.

T366506 8 MVIFVEFFFFFFFFLEFNFYYYEFYTFENEEIYFDYYEIEW 48
YP 026055 8  MWLVLFFFFFFFFFLSLNFYYYESYNFEMSKSNINYYEMEW 46

Figure 1. Alignment between peptide translated from the +1 frameshifted annotated GenBank sequence of gene AT8 in
JX566506 with the protein translated from sequence AGA54141. Bold indicates similar residues, and underlined letters
are for identical residues.

Frame +1
IXS60506 & KMLFLFTHLSGET 10T FHTAS Y IH MBI NG LATHNT b YIHIGR 100
"r'l"‘_ﬂ.’,\ﬁﬂﬁ} [ I PP GLFL TR R AS N LNV AF DSV IH IR D HECH LLEY MH IHGASFFFIFIYINIGR 100

JXS66306 101 GLOYFSFTREXVWIRGEIILLLLMFIATHG*IFRNG 136

YP_O26063 101  GLYYFSFRERLVHISGUMILLLLMMIAFMSYILENG 136

Frame 0 according to GenBank aneotation of JXS66306

TXS56506 137 AFRHFEGPTVITHLLSAIPLSGHL IVEWINGOFOWVGHATLHRFfSFHFFFFFILIFLIFFELLFLAIDGSSHESLOLNNT FDEIEFYFYYLLEDYH 231
YP 026063 135 QOMSrNGATVITHLLIAIPIRGOLIVoN IR SV AT LAY SFEFFFFFILIFLIFFELLFLE 103 SN SLOELINTY DRI EFYFYYLLED Y 230

INS66506 232 GEM FFIIIIFFHPLILSDSENFIMANSLITPIHI QFEWYYLEAYATLAS ITSHLGGVHALFES!

LLIMLFLESKEFRGIMFYPILEIMEE 328

Y 026063 211 FFII1IFFNFLILACSENF IMARSLI TPIHIQPEMTY LFAYAT LRSI TSELGGVMALFFEI LI LLIMLFLEEKFNGLEFYFILEIMFF 32§
TX366506 327 FEFFIVLILTWLGEKQVEYFYLMLGSIMT 358
Y 026063 32¢ VLILTWLGSRGVEYFYLMLGOLMT 154

Figure 2. Alignment between peptides translated from frame 0 and the +1 frameshifted annotated GenBank sequence of
gene CytB in JX566506 with Aleurodicus dugesii cytochrome B, sequence YP_026063. Bold indicates similar residues, and
underlined letters are for identical residues. Frame +1 of sequence annotated in GenBank JX566506.
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3.3.4. Stop codon depletion in antisense strand: ND1

The annotation in GenBank for ND1 does not correspond to a protein homologous to NADH
dehydrogenase subunit 1. However, the peptide translated from the +1 frame of the opposite
(antisense) strand has high homology with NADH dehydrogenase subunit 1 from Aleurodicus
dugesii (YP_026064, 94% similarity for the complete length, e value 0). This implies regular
encoding of that protein. The misannotation originates from depletion of all stops in one
frame of the antisense strand of that gene. The corresponding antisense frame has 15 TAR stop
codons in the regular ND1 of Aleurodicus dugesii. Figure 3 aligns the peptide translated from
this presumably noncoding antisense frame in Aleurodicus dugesii with the peptide translated
from the GenBank-annotated frame. Stop codons correspond in this alignment mainly to ser-
ine (seven cases), then to tryptophan (two cases) and once each to leucine, lysine, methionine,
and asparagine. This predicted translation is to much lower extents compatible with near
cognate translation, and might be due to specific tRNA(s) with anticodon(s) matching stops.

The fact that this antisense frame is stop codon depleted in Aleurodicus dispersus so that it
does not necessitate any special translational machinery for its expression suggests the pos-
sibility that this frame is translated in Aleurodicus dugesii (and in other species) and produces
an unknown functional protein, and this is due to stop codon translation by antiterminator
tRNAs. Indeed, the entirety of both mitochondrial strands is transcribed to RNA; hence,
RNA corresponding to this supposedly noncoding strand necessarily exists and could be
translated [81]. The alignment suggests that the amino acid most probably inserted by that
stop-suppressor tRNA is serine. This is in line with previous observations from cytochrome
c oxidase subunit I from the silkworm Samia ricini [7, 9], where stop codons in a usually
noncoding frame systematically mutated to serine. This finding strengthens serine as the
likely residue inserted at stop codons in insect mitochondria. This awaits confirmation by
translation and tRNA aminoacylation experiments (as for example done for giant virus
tRNAs [82]).

Dug 2 IFKASLVLEFFLV* YNLNDELEKKY S IVNGENLIQVEY INLE*FNRGSVHRVOMNERHEI 61
Diz 4 IFKSSLVLEFFLVWYNLNDELEEEY SIVNGENLIQVEY INLESRNRGEVHRVOMMERHEI 63

Dug 62 MNVEERIIDLIFMLENIVNVINLMIKMLEY SAKEMEAKENLLY SMLEPEINSDSPSEKSH 121
Dis 64 MNVEERIIDLIFMLENIVNVINLMIKMLEY SAKKMEAKENLLY SMMEPEINSDSESEKSK 123
Dug 122 GVRLVSAKIVMIOMANENIKYE*NIMYFCMMNMALEFNCSVELTIVMMMIIELISYEIIW 181
Diz 124 GVRLVSAEMMIOMSMMEIKSMWNDEFFCIEMMLLEFICSVELMMIMMMITELISYEITIW 182
Dug 182 AMDRISPITA*LEFEDHLINMMMIMLIDIILINIKMLNLLELKFPQ*NG*IIHIIKECMME 241

Dis 184 AMERINPIMASLELEDHLIIMMMIMFMDITLMTIEMLNLLELEFOMNGSIIHIINEQMME 242

Diz 244 NEGHESSMMELDLEFMFISLVNHNLMASLMGCEKIPEKIMVLLGPLRFCMNLEILRSINVENA 303
Dug 302 ILKKVLINNKIMIKK 316
|

ITLEEMONNEMIMFNE 31H

Figure 3. Alignment between the peptide translated from the +1 frameshifted antisense sequence of ND1 in Aleurodicus
dugesii (YP_026063) and the peptide translated from the ORF annotated in GenBank for ND1 in Aleurodicus dispersus
(JX566506). Underlined asterisks indicate stops in the antisense sequence of Aleurodicus dugesii, which frequently
correspond to serine in the stop-depleted ORF of Aleurodicus dispersus.
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3.3.5. Stop codon depletion in antisense strand and stop codon translation: ND4l and ND5

Annotations in GenBank for Aleurodicus dispersus’ ND4l and ND5 do not match proteins
homologous to the corresponding NADH dehydrogenase subunits. For ND4l, the peptide
translated from frame 0 of the antisense of that gene (this frame includes five stops) yields
a short alignment with the regular protein in Aleurodicus dugesii (24 residues, 87% similar-
ity, e value 8.5, not shown). Hence, the annotated ORF in Aleurodicus dispersus is probably a
stop-codon-depleted antisense sequence (the corresponding frame in Aleurodicus dugesii has
four stops), which does not code for the regular ND4I gene. This stop codon depletion in
Aleurodicus dispersus introduced five stops in the sense strand frame that apparently codes for
ND4l according to the above-described alignment.

For ND?5, the peptide translated from the +1 frame of the antisense of the GenBank-annotated
sequence is homologous over its complete length to NADH dehydrogenase subunit 5 of
Aleurodicus dugesii (89% similarity, e value 0, not shown). This frame has a single stop codon
that aligns with serine in Aleurodicus dugesii (see discussion of insertion of serine at stops in
previous section).

3.3.6. Stop codon depletion in antisense strand, frameshift, and stop translation: ND4

A further mitochondrial gene for which the GenBank annotation does not produce the
expected protein for Aleurodicus dispersus is ND4. Alignment analyses detect peptides homol-
ogous with regular NADH dehydrogenase subunit 4 when translating frames +1 and +2 of the
antisense of the GenBank-annotated ND4 gene. Blastp alignment analyses detect homology
with the regular ND4-encoded protein of Aleurodicus dugesii; the regular protein is encoded in
antisense frame +1 until residue 297 (89% similarity, e value 3 x 107'%, not shown). This align-
ment includes a single stop, matching tyrosine in Aleurodicus dugesii. Part of the remaining
protein is coded by a stopless stretch of antisense strand frame +2, where residues 341-427
align with the regular protein from Aleurodicus dugesii (73% similarity, e value 2 x 107").
Hence, the annotated ORF in Aleurodicus dispersus is a stop-codon-depleted antisense frame
that codes for an apparently different protein, the actual NADH dehydrogenase subunit 4 is
encoded by two frames, one containing a stop, on the opposite strand.

4. General discussion

4.1. Genomic stop codon-depletion: overall analysis

Table 1 presents numbers of stops in all six frames of the mitochondrial genes of Aleurodicus
dugesii, and of Aleurodicus dispersus, according to the strand presented in GenBank. The frame
coding for the regular protein in Aleurodicus dugesii is always the only stopless frame, the
frame(s) coding for the regular proteins are underlined in Aleurodicus dispersus, these are not
necessarily stopless, and are not necessarily the only stopless frame.

In order to account for slight variations in gene sizes, I compare between percentages of
stop codons averaged across all six frames in the two species, gene by gene. Mean stop
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Table 1. TAR stop codons in the six frames of mitogenome-encoded genes of Aleurodicus dugesii and Aleurodicus
dispersus.

codon percentages decrease in 11 among 13 protein coding genes of Aleurodicus dispersus,
as compared to Aleurodicus dugesii. This is a significant majority of cases according to a one
tailed sign test using a binomial distribution and assuming equal probability of getting
more or less stop codons in any of these mitogenes (P = 0.00562). This overall stop codon
depletion occurs in all seven “recoded” genes. Stop codon depletion occurs qualitatively
in four among the six genes with regular, unchanged coding structure. This tendency is
not statistically significant for this subgroup of genes when using the robust, but blunt
nonparametric sign test. A paired t test between mean percentages of stop codons aver-
aged across frames indicates also for these six genes a statistically significant decrease
in stops in Aleurodicus dispersus, as compared to Aleurodicus dugesii. This result suggests
that stop codon depletion occurred across all or at least most of this genome, and for most
frames, not only for genes whose coding structure was altered, and not only for frames
who became ORFs.

Presumably, unknown mechanisms associated with replication depleted stop codons in this
species’ mitogenome, perhaps cumulatively over several replication or DNA edition cycles.
Total stop codon depletion in some frames produced new ORFs. Natural selection against
stop codons presumably enhanced unknown enzymatic phenomena, eliminating stop codons
in these frames. It seems plausible that these frames in usual mitogenomes code for proteins
translated by stop suppressor tRNAs. Specific unknown conditions in Aleurodicus dispersus
may favor enhanced expression of peptides coded by frames that usually include stops in other
mitogenomes, such as Aleurodicus dugesii. These constraints would have ultimately caused
genomic stop codon depletion in Aleurodicus dispersus. In regular mitogenomes, stop codon
translation downregulates expression of these unusual peptides in favor of proteins coded by
regular ORFs, but in Aleurodicus dispersus, this hierarchy may be inexistent (when two stopless
ORFs occur in a gene) or reversed (as in several mitogenes of Lepidochelys olivacea [9]), with
translation of the unusual peptide not necessitating stop codon suppression, and translation of
regular mitochondrial proteins requiring tRNAs with anticodons matching stop codons.
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4.2, Coding redundancy between frames and tolerating ribosomal frameshifts

The original hypothesis of frame shiftability suggests that different frames of a gene code
for somewhat similar peptides, presumably because the genetic code is optimized to tolerate
frameshifts [83-85]. This hypothesis suggests that redundancy among frames in Aleurodicus
dispersus should be greater than in the closely related Aleurodicus dugesii where coding seems
regular, assuming that changes in coding structure increase redundancy among frames for
coding protein variants with similar functions.

I used ClustalX to align the regular protein with peptides coded by the +1 and +2 frames of
the same coding strand, for each Aleurodicus dispersus and Aleurodicus dugesii. Numbers of
amino acids that were identical in the alignment were divided by total peptide lengths. This
proportion for genes from Aleurodicus dispersus is plotted as a function of the corresponding
proportion for Aleurodicus dugesii for alignments between frame 0 and frame +1 (Figure 4).
Redundancy between frame 0 and + 1 is greater in mitogenes of Aleurodicus dispersus in nine
among twelve genes (there was no difference between these species for gene COII), a sta-
tistically significant majority according to a one tailed sign test (P = 0.0365). This tendency
however does not exist for alignments between frames 0 and +2 (redundancy in Aleurodicus
dispersus greater in 6 among thirteen genes).

This analysis tentatively indicates that stop codon depletion and coding by frameshifting
and translation of stop codons might associate with a phenomenon increasing tolerance to
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ATE
=]
0.l
0.08 015 022
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Figure 4. Redundancy between peptides coded by frames 0 and +1 for mitochondrial genes of Aleurodicus dispersus as
a function of the corresponding redundancy for Aleurodicus dugesii. Filled symbols are for genes with unusual coding
structure (frameshifts, stop depletion creating new ORFs, stop codon translation).
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frameshifts during translation. Indeed, frequencies of off frame stop codons in mitochondrial
genes are inversely correlated to predicted ribosomal RNA stability [86-88], suggesting that
genes adapt to avoid negative effects of ribosomal frameshifts [44, 89, 90]. Stop codon-deple-
tion may enable coding for more proteins, in addition to increasing redundancies between
frames. Several effects could explain that results are not very strong statistically at the level of
redundancy between frames. This hypothesis should be further tested, experimentally as done
by Wang et al. [83-85] and by other bioinformatics analyses. For example, one can expect that
frameshift tolerance biases exist for identity at amino acids that are not easily replaced by other
amino acids (e.g., cysteine), but less for mutable ones (leucine, isoleucine, etc.). The preliminary
tests presented here are not incompatible with the frameshift tolerance hypothesis [83-85].

It is important to understand in this context that the genetic code’s discovery, among the
greatest fundamental discoveries, is not over, but only in process. Indeed, coding sequences
include much more information than generally believed, even beyond RNA editing (RDD
[91]), systematic transformations during replication [44—46] and transcription [39, 47-51], and
translation along expanded codons [32-43]. Cryptic codes [92, 93] such as the well-developed
theory of the natural circular code [94-112] regulate the ribosomal translation frame [113-116],
and protein cotranslational folding [117], remain to be described and decoded.

4.3. Sequencing artifacts and genome annotation

During the redescription of the recoded Lepidochelys olivacea mitogenome [9], an anonymous
reviewer suggested that sequencing errors mimicked frameshifting mutations (insertion/
deletion), producing the impression of frame recoding. This explanation is incompatible with
the phenomena described in Lepidochelys and Aleurodicus, because these involve numerous
specific changes/mutations in stop codon-specific nucleotide contexts, totally depleting stop
codons in usually noncoding frames, and introducing stop codons in usually stopless, regular
ORFs. Frameshifting mutations insert/delete a nucleotide within a regular ORF, which due
to the frameshifting mutation is split between two frames. This does not deplete stop codons
occurring in noncoding frames, nor introduce stops in the frameshifted ORF. ORF creation in
usually noncoding frames by stop codon depletion in Lepidochelys olivacea [9] and Aleurodicus
dispersus probably originates from natural, enzymatic, directed mutations [118] or other pro-
cesses causing directed mutations, such as transposon-mediated directed mutations [119, 120].

Recoding probably occurs beyond mitogenomes. However, the short highly conserved
mitogenomes [121] are most adequate to manual reannotation, a first necessary stage to detect
events where genes are recoded from one to another genetic code. I suggest that annotations
of genomes, and mitogenomes in particular, take systematically into account phenomena
such as swinger sequences [51], and directed stop codon depletions that may result in ORFs
that do not code for regular recognized proteins as presented here, especially in genomes/
genes that seem unusual and remain in an unverified status in GenBank. Figure 5 resumes the
changes in coding structures that occurred in Aleurodicus dispersus due to recoding, as com-
pared to the “ancestral” regular situation in A. dugesii. The proposed stopless genetic code in
Aleurodicus dispersus presumably introduces serine at stops TAR and differs from previously
described alternative arthropod mitochondrial genetic codes, which usually recode codons
AGR [122, 123].
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Figure 5. Classical and unusual mitogenome structures of whiteflies (Aleurodicus dugesii; A. dispersus). In A. dispersus,
GenBank annotates genes ND1, ND4l, ND4, ND5, ND6 and CytB erroneously stopless frames coding for other proteins.
A different frame with stops codes for the metabolically usual protein. CytB: both frames on same strand; other genes:
opposite strands.

5. Conclusions

In vertebrate mitochondria, BLAST analyses of peptides translated from frames that are not
recognized ORFs and contain stop codons align with high homology with proteins translated
from regular mitochondrial ORFs in GenBank. Many such ORFs code for peptides matching
usually noncoding sequences and occur in the mitogenome of Lepidochelys olivacea [9]. In this
case, similar analyses are done for invertebrate mitochondria and a mitochondrial genome
(JX566506, from Aleurodicus dispersus, Yu and Du, submitted in GenBank 2012, unpublished)
considered as unverified are detected, probably because many protein-coding genes are
undetectable with usual coding rules.

Several phenomena, and their combination, explain this situation. Alignment analyses detect
the coding rules for these genes: frameshift, translation of stop codons, and depletion of stop
codons in usually noncoding frames. Previous analyses detected in Lepidochelys olivacea CytB
two stop-codon-deprived frames on the sense strand, among which one codes for the regular
cytochrome B, and the other for an unknown protein. GenBank annotates erroneously the
latter frame as coding for cytochrome B. A similar observation is reported here for the gene
AT8 in Aleurodicus dispersus.

Some mitochondrial protein coding genes in Aleurodicus dispersus are unusual in the sense
that the stop-codon-depleted frame erroneously annotated as the regular mitochondrial
protein coding gene is on the strand opposite to the sense strand coding (with or without
stop codons) for the actual usual protein: ND1, ND4l, ND4, ND5. The process depleting stop
codons in these antisense frames is unknown and of particular interest. It is a probable com-
bination of natural selection and enzymatically directed mutations to and from stop codons
in the adequate nucleotide contexts, perhaps promoted by unknown conditions specific to
Aleurodicus dispersus. In some genes, the protein usually coded by the regular genetic code
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necessitates translating stop codons (a stopless genetic code), while frames including stop
codons and therefore not considered as ORFs become stop codon depleted, and hence cor-
responding peptides are coded by the regular invertebrate mitochondrial genetic code. This
situation where peptides coded by regular and stopless genetic codes are swapped might
reflect a reversal in hierarchies of needs for the expressions of the respective peptides, specific
to Aleurodicus dispersus. The requirement for tRNAs translating stop codons would regulate
these respective expressions, de facto swapping between regular and stopless genetic codes.
I suggest that the enzymatically directed stop codon depletion is related to the process that
caused directed introductions of stop codons in the coding frames of HIV proteins integrated
in the nuclear genomes of “elite” HIV controller individuals [68, 69].
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Abstract

Transcriptomes include coding and non-coding RNAs and RNA fragments with no
apparent homology to parent genomes. Non-canonical transcriptions systematically
transforming template DNA sequences along precise rules explain some transcripts.
Among these systematic transformations, 23 systematic exchanges between nucleo-
tides, i.e. 9 symmetric (X & Y, e.g. C « T) and 14 asymmetric X - Y - Z = X, e.g.
A - T — G — A) exchanges. Here, comparisons between mitochondrial swinger RNAs
previously detected in a complete human transcriptome dataset (including cytosolic
RNAs) and swinger RNAs detected in purified mitochondrial transcriptomic data
(not including cytosolic RNAs) show high reproducibility and exclude cytosolic
contaminations. These results based on next-generation sequencing Illumina tech-
nology confirm detections of mitochondrial swinger RNAs in GenBank’s EST data-
base sequenced by the classical Sanger method, assessing the existence of swinger
polymerizations.

Keywords: swinger RNA, non-canonical transcription, mitogenome, systematic
nucleotide exchange, blast analyses

1. Introduction

Transcription is an intracellular mechanism that produces RNA by DNA-dependant RNA
polymerisation. RNAs coding for polypeptide chains are mRNAs translated by other tran-
scription products, tRNAs and ribosomal RNAs. Some RNAs do not correspond to any DNA
sequence in the genome, suggesting in some cases spontaneous emergence [1]. These RNAs
remain usually unreported and are ignored. Similarly, proteomic data include numerous pep-
tides that do not match canonical translation of predicted ORFs, but imply translation of stop

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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codons [2-8] by tRNAs with anticodons matching stops [9-11] or by tRNAs with expanded
anticodons [12-14]. Assuming fusion of different transcripts explains the origins of some of
these non-canonical RNAs [15]. Some human RNAs matching exons differ from their DNA
by specific changes, called RDDs (RNA-DNA differences) [16]. RDDs can be single nucleotide
substitutions or deletions [17-19], presumably resulting from post-transcriptional edition
[20, 21]. Some short transcripts correspond to mitochondrial DNA at the condition that one
assumes mono- or dinucleotide deletions after each transcribed nucleotide triplet [22, 23].
Formation of secondary structures by del-transformed sequences apparently downregulates
del-transcription itself or its products, deIRNAs [24].

Another type of systematic transformation consists of 23 systematic exchanges between
nucleotides, 9 symmetric (X < Y, eg. A & C) [25, 26] and 14 asymmetric exchanges
X=>Y-=>Z->X eg A—-C- G- A) |26 27]. For example, in systematic transformation
A & C, nucleotide A is introduced in place of nucleotide C and vice versa. The two-headed
arrow (<) indicates that A and C replace each other during transcription. One-headed arrows
(=) indicate asymmetric exchanges: in the example A - C — G — A, nucleotide A is system-
atically incorporated in place of every C; similarly, C replaces G and G replaces A during
RNA polymerisation. Transcripts corresponding to systematic exchanges are called swinger
RNAs. BLASTn analyses detect about 100 predicted swinger RNAs (longer than 100 nucleo-
tides) in GenBank’s EST database in addition to the (approximately) 10,000 canonical human
mitochondrial RNAs in that database. Hence, about 1% of the human mitochondrial tran-
scripts in GenBank’s EST database correspond to 1 among 23 systematic nucleotide exchanges
[25-28]. These systematic nucleotide exchanges (an expression that fits chemical contexts) are
called bijective transformations in mathematical contexts [29-31]; swinger transcription fits
biological contexts.

Mitogenomes are comparatively small, also because of the selection against multiple direct
repeats [32-35] and invert repeats [15]: these form secondary structures that are frequently
excised; such deletions are frequently deleterious. Vertebrate mitogenomes have densely
packed coding and non-coding regions templating for RNAs. Non-canonical transforma-
tions greatly increase potential numbers of RNA products for single sequences: four and five
RNA transcripts when assuming systematic deletions of mono- and dinucleotides for del-
transcriptions, respectively, and 23 swinger RNAs when considering systematic nucleotide
exchanges. Therefore, studies of swinger transformations focus on the human mitogenome,
which is short (16,569 bp), hence reducing potential false-positive detections due to sheer
genome size and because ample sequence data are available from several sources for this
organism.

Note that swinger DNA has been detected (mainly corresponding to rRNA genes) for mito-
chondrial and nuclear sequences [36-38]. Hence, swinger RNAs result from canonical tran-
scription of swinger-transformed DNA or swinger transcription of regular DNA [22]. Some
mass spectra match predicted peptides translated from del- and swinger-transformed RNA
[39-42]. Detection of chimeric RNAs, consisting of part regular, and part swinger-transformed
contiguous sequences suggests that regular canonical and swinger-transformed RNA result
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from single polymerisation events, probably by the same polymerase [43]. Peptides corre-
sponding to such chimeric RNAs also occur [44].

Secondary structure formation by swinger-transformed sequences associates with swinger
RNA detection [45], suggesting regulation of swinger RNA processing by secondary struc-
tures, as observed for canonical mitochondrial RNAs, i.e. tRNA punctuation [46].

Abundances of human mitochondrial swinger RNAs detected in GenBank’s EST database
[25, 26], originating from various sources using Sanger sequencing, are proportional to
those detected in transcriptomic data produced by next-generation sequencing, Illumina
technology [47]. Similarly, abundances and lengths of swinger RNAs detected in Mimivirus’
transcriptome sequenced by 454 technology are proportional to those detected when using
SOLID sequencing [01]. These analyses confirmed that swinger RNAs are not sequencing
artefacts due to specific sequencing technologies, but data sources do not exclude contamina-
tion by cytosolic RNA. Here, we compare the previously described human mitochondrial
swinger transcriptome [39] from a complete human transcriptome (including cytosolic
RNAs) with the swinger transcriptome as detected in purified human mitochondrial lines
[48]. Reproducibility of swinger RNA coverages of the human mitogenome would exclude
sequencing artefacts and cytosolic contaminations as alternative explanations for hypotheti-
cal swinger RNAs. We predict (1) the detection of swinger RNAs from transcriptomic data
extracted from purified mitochondrial lines and (2) high similarities between mitogenomic
swinger RNA coverages described here and previously [39].

2. Materials and methods

2.1. Detection of swinger RNAs

We used GenBank’s BLASTn (‘somewhat similar sequences’” with default alignment param-
eters) [49] for in-silico alignment searches between each of the 23 swinger-transformed
versions of the human mitogenome (NC_012920) and transcriptomic data in GenBank’s
Sequence Read Archive (SRA) (SRX084350-SRX084355 and SRX087285), sequenced by RNA-
Seq, Illumina HiSeq 2500 technology [48]. Alignments with more than 80% identity were
recorded and used as a swinger RNA candidate for further analysis.

2.2. Mitogenomic gene coverage by swinger RNAs

Locations of detected swinger RNAs were recorded by mapping these RNAs on the human
mitogenome. We analyse separately 17 mitogenomic regions: the D-loop, 2 ribosomal RNAs
(125 and 16S), 13 protein-coding genes involved in the electron transport chain and the
WANCY region (intragenic region between ND2 and CO1 that templates for tRNAs with
cognate amino acids W, A, N, C and Y). Percentage coverages by detected swinger RNAs
were calculated for each swinger transformation in each selected mitogenomic region and
used for further statistical analyses.
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3. Results and discussion

3.1. Swinger RNAs in the human mitochondrial transcriptome

Table 1 summarises results from BLASTn analyses of the purified mitochondrial tran-
scriptome [48] for the 23 swinger-transformed versions of the human mitogenome. In total
4120 reads aligned with the 23 swinger-transformed versions of the human mitogenome,

Read Contigs Id Coverage Read Contigs Id Coverage

Regular 700 142 99.76 8479 400 69 100 7658
AeC 181 42 93.94 1239 163 10 89.12 389
AoG 448 5 92.20 184 6 2 87.26 97
AeT 98 48 94.34 1376 186 17 90.63 593
CeG 319 7 89.99 227 28 8 85.01 343
CeT 338 51 90.59 1599 253 26 92.47 937
GoT 435 35 92.43 1614 400 5 88.36 249
AoC+GoT 123 25 89.79 730 11 2 8623 76
AoG+CoT 63 34 92.63 982 69 8 89.3 257
AoT+CeG 126 36 92.87 1112 97 11 94.8 395
A-C->G-A 80 25 93.81 778 21 12 90.59 439
A-C->T-A 160 52 92.99 1474 31 12 90.79 453
A-G-C-A 98 58 91.70 1729 43 17 93.13 573
A-G-T-A 98 39 91.29 1245 28 12 88.49 469
A-T->C-A 218 50 93.12 1578 363 20 9213 810
A-T->G-A 84 29 94.08 873 12 5 90.21 190
C-G->T-=C 122 43 94.15 1167 21 4 88.44 247
C->-T->G-C 165 57 91.90 2058 126 17 86.42 791
A-C->G->T-A 140 45 92.33 1306 38 15 89.53 575
A-C->T->G-A 157 35 95.32 971 54 10 92.65 327
A-G-C->-T-A 211 26 92.63 713 99 15 87.35 530
A-G-T-C-A 78 27 93.60 777 30 11 91.29 369
A-T-C-G-A 195 17 88.94 463 60 9 92.1 321
A-T-G-C-A 183 55 94.14 1874 115 16 94.78 601

Current data are from purified mitochondrial lines, previous data are from complete human transcriptome, including
cytosolic and mitochondrial transcriptomes. Columns 2-5: current analyses. Columns are (1) swinger transformation
(includes lack of transformation), (2) aligning read numbers, (3) contig numbers, (4) mean identity between reads
and transformed mitogenome and (5) total mitogenomic coverage by all swinger contigs. Columns 6-9 indicate
corresponding data in the same order for the previous study.

Table 1. Total human mitogenome coverage by detected swinger RNAs from current (2018) and previous (2016) [39]
analyses of two different datasets sequenced by Illumina.
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Figure 1. Total mitogenome coverages by swinger RNAs across the complete human mitogenome in previously analysed
data [39] (y-axis) as a function of those obtained in current observations from purified mitochondrial lines.

producing 841 contigs. The highest detected identity between a theoretical mitogenome
swinger transformation and a read was 95.32% for transformation A - C - T - G - A,
and the lowest identity was 88.94% for transformation A - T - C - G — A. The overall
identity averaged at 92.86%. A previous swinger analysis of other transcriptomic data [39]
found swinger transformations A < G and C < T least and most frequent, respectively.
Here, swinger transformation A < G remains the least frequent; C « T is the second most
frequent, suggesting high reproducibility.

Total mitogenome coverages by swinger RNAs for each transformation were plotted as a func-
tion of corresponding coverages from a previous analysis published in 2016 [39]. Coverages
are positively correlated (Pearson correlation coefficient r = 0.669, one-tailed p = 0.0002,
Figure 1). Coverages for the purified mitochondrial line transcriptomes are systematically
greater than for those for previous analyses (supplementary data and Table 1) [39].

3.2. Gene-level comparisons of swinger RNA coverages

Swinger RNA coverages of each of the 17 mitogenomic regions (D-loop, 2 rRNAs, 13 CDs and
the WANCY region) are in Tables 2 and 3, for analyses of current and previous Illumina data
[39], respectively. Pearson correlation coefficients between swinger coverages were calculated
considering (1) genes, i.e. for each gene across the 23 different transformations, and (2) for
each swinger transformation, across the 17 different mitogenomic regions.
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Most correlations are positive along both genewise (columns) and transformation-wise (rows)
analyses when comparing Tables 2 and 3 (last rows and last columns in Table 3). Focusing on
transformations and comparing coverages across genes for each transformation, correlations
are positive between Tables 2 and 3 for 19 among 23 transformations (P = 0.00065, one-tailed
sign test) with 10 correlations statistically significant at P < 0.05. Analyses at the gene level
across transformations detect 14 among 17 positive correlations (P = 0.003, one-tailed sign
test), and six correlations at the gene level have P < 0.05 (one-tailed).

Across genes, at the transformation level, the strongest correlation was observed for trans-
formation C < T (Figure 2) with Pearson r = 0.869 and one-tailed P = 0.0000029. Across trans-
formations, at the gene level, the strongest correlation was observed for the gene ND6 with
Pearson r = 0.752 and one-tailed P = 0.000017 with highest coverage at C <> T transformation
in both datasets (Tables 2 and 3). In order to test whether swinger coverage has more transfor-
mation than gene-specific effect, we calculated the combined P value using Fisher’s method to
combine P values, for the 23 swinger transformations and, separately, for the 17 mitogenome
regions. The method sums -2xIn(Pi) where i ranges from 1 to k (k = 23 for transformations
and k = 17 for genome regions/genes). This yield combined P = 5.7 x 10~ for transformations
and combined P =1.93 x 1077 for genes. This indicates a 3x stronger effect of transformation
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Figure 2. Percentage coverage of C < T-transformed swinger RNAs across genes in this study as a function of their
coverages in previously analysed data [39]. ND6 has the highest coverage among all transformations. Data from Tables
2 and 3.
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across genes on coverage than a gene-specific effect across transformations. Hence, the most
important unknown factor determines transformations. The genome region that is swinger-
transcribed is important but secondary.

4. General conclusion

We find high reproducibility in swinger RNA coverage for the human mitogenome when com-
paring two independent transcriptomic datasets produced by Illumina sequencing. Positive
correlations occur at each gene and transformation levels, reaffirming the reproducibility of
the results, but are stronger at the transformation than gene level. The reproducibility of the
swinger transcriptome in the giant virus Mimivirus and the ability to predict swinger RNA
abundances from mathematical symmetry and error correcting principles [31, 50] together
with present results from mitochondrial transcriptomes hint that swinger polymerizations
are a universal phenomenon.
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Abstract

Vertebrate mitochondrial genomes are highly conserved in structure, gene content, and
function. Most sequenced mitochondrial genomes represent bony fishes, and that of the
Atlantic cod (Gadus morhua) is the best characterized among the fishes. In addition to
the well-characterized 37 canonical gene products encoded by vertebrate mitochondrial
genomes, new classes of gene products representing peptides and noncoding RNAs have
been discovered. The Atlantic cod encodes at least two peptides (MOTS-c and humanin
(HN)), two long noncoding RNAs (IncCR-L and IncCR-H), and a number of small RNAs.
Here, we review recent research in the Atlantic cod focusing on putative mitochondrial-
derived peptides, the mitochondrial transcriptome, and noncoding RNAs.

Keywords: Gadus morhua, long noncoding RNA, mitogenome, mitochondrial-derived
peptide, mitochondrial transcriptome, mitochondrial small RNA, mtDNA

1. Introduction

The mitochondrial genome (mitogenome) is highly conserved among vertebrates [1]. All spe-
cies investigated to date contain mitogenomes encoding the same 37 canonical gene products,
organized in a highly similar gene order in most species. Complete mitogenome sequences
have been determined from almost 5000 vertebrate species, where about 50% is represented
by the bony fishes [2].

The Atlantic cod (Gadus morhua) is a benthopelagic fish in the Gadidae family, belonging to
the order of Gadiformes [3, 4]. The 16.7 kb circular mitogenome was one of the first to be

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. The Atlantic cod mitochondrial genome. (A) Circular map presenting gene content and organization. The
mitochondrial genome harbors 13 protein-coding genes (light blue), 2 TRNA genes (yellow), 22 tRNA genes (red), and
noncoding regions (gray). CR, control region; H, and H,, H-strand promoters; LSP, L-strand promoter; O, and O,, origins
of heavy- and light-strand replication, respectively; HTR, heteroplasmic tandem repeat; T-P spacer, intergenic noncoding
spacer. tRNA genes are indicated by the standard one-letter symbols for amino acids. All genes are H-strand encoded,
exceptQ, A, N, C, Y, S, E, P, and ND6 (L-strand encoded). mtSSU and mtLSU, mitochondrial small- and large-subunit rRNA
genes; ND1-ND6, NADH dehydrogenase subunit 1-6; COI-COIII, cytochrome c oxidase subunit I-III; Cyt b, cytochrome b;
ATP6 and ATP8, ATPase subunit 6 and 8. (B) Schematic view of the OxPhos complexes embedded in the inner mitochondrial
membrane. ATP is generated by oxidative phosphorylation. The mitochondrial genome encodes 13 of the approximately 85

subunits, belonging to complex I (blue), complex III (orange), complex IV (green), and complex V (yellow).
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completely sequenced from a fish species [5-7]. Atlantic cod possesses the same mitogenome
organization as most vertebrate species, including that of humans and vertebrate model sys-
tems like mouse, rat, Xenopus, and zebrafish (Figure 1A).

Among the canonical gene products encoded by the Atlantic cod mitogenome, 13 represent
hydrophobic proteins essential for oxidative phosphorylation (OxPhos), two are ribosomal
RNAs (rRNAs) of the mitochondrial ribosome, and 22 are transfer RNAs (tRNAs) necessary
for mitochondrial translation. The OxPhos system consists of five large protein complexes
embedded in the inner mitochondrial membrane. However, only 13 of the approximately 85
OxPhos proteins are encoded by the mitogenome (Figure 1B) [8].

Both strands (H- and L-strands) have coding potential (Figure 1A). Most mitochondrial genes
are encoded by the H-strand and include the small and large subunit rRNAs (mtSSU rRNA
and mtLSU rRNA), 14 tRNAs, and 12 protein-coding genes. The L-strand, however, encodes
only eight tRNAs and one protein. The control region (CR), located between the genes of
tRNA™ and tRNA™¢, is the major noncoding region in the mitogenome and constitutes
approximately 1000 bp in Atlantic cod [7, 9]. The CR harbors the genetic control elements for
H-strand replication origin (OriH), the transcription initiation sites for H- and L-strands, as
well as the displacement loop (D-loop) located between OriH and the termination associated
sequence (TAS) [7, 9, 10]. Furthermore, a 30-bp spacer located between the genes of tRNAA
and tRNA®* contains the origin of L-strand synthesis. OriL appears functionally conserved in
most vertebrates [11, 12], including the Atlantic cod [5].

Hallmarks of Atlantic cod mitogenomes are the noncoding intergenic T-P spacer, and the hetero-
plasmic tandem repeat (HTR) array at the 5’ domain of CR (Figure 1A). The 74-bp Atlantic cod T-P
spacer [5, 13], located between the tRNA™ and tRNA™™ genes, represents an evolutionary pre-
served feature present in all gadiform species [10, 13]. The T-P spacer is variable in sequence and
size among gadiforms but still harbors two conserved 17-bp sequence motifs forming potential
hairpin structures at the RNA level [10]. The HTR array consists of a 40-bp sequence motif usually
present in two to five copies within an individual [5, 14, 15] and thus results in size heterogene-
ity and heteroplasmy of Atlantic cod mitogenomes. Here, we review recent developments in the
characterization of Atlantic cod mitogenomes with focus on interindividual sequence variation,
mitochondrial transcriptome, noncoding RNAs, and putative mitochondrial-derived peptides.

2. Sequence variation among Atlantic cod mitochondrial genomes

Complete mitogenome sequences have been obtained from approximately 200 specimens
representing major ecotypes and geographic locations of Atlantic cod. In one study, based on
SOLiD deep sequencing, we performed pooled sequencing of 44 specimens from each of the
migratory northeast arctic cod (NA) and the stationary Norwegian coastal cod (NC) [16]. The
sequencing represented more than 1100 times mitogenome coverage of each ecotype and 25
times coverage of each individual. We found a total of 365 SNP loci in the dataset, where 121
SNPs were shared between the ecotypes. One hundred fifty-one SNPs and ninety-three SNPs
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were specific to NA and NC cod, respectively. From the dataset we determined the mitochon-
drial substitution rate to be 14 times higher compared to that of the nuclear genome [16, 17].

More recently we analyzed 156 Atlantic cod mitogenomes at the individual level [18], including
32 specimens previously reported by Carr and Marshall [19]. We found 1034 SNPs in total among
the sequences, which were not evenly distributed throughout the mitogenome. The ND2 gene
(Complex I) and the COII gene (Complex IV) were the least and most conserved, respectively,
among the protein-coding genes. Furthermore, rRNA and tRNA genes showed a significantly
lower density of overall SNPs per site compared to protein-coding genes. Thus, the Atlantic cod
mitogenome follows a similar pattern of conservation as seen for other vertebrates like zebrafish
and human [20-23] and corroborates the observation that mutation rate constrains in vertebrate
mitogenomes appear linked to the position of genes in relation to OriH and OriH [24, 25].

The noncoding regions of the Atlantic cod mitogenome showed a mosaic pattern of sequence
conservation. Whereas the OriL and the central domain of CR were almost invariant among
specimens, the T-P spacer and 5’ domain of CR contain significant sequence variation [7, 10,
13, 18]. The 74-bp T-P spacer was found to contain 16 variable sites and 26 haplotypes among
225 specimens assessed, including a 29-bp sequence duplication in three individuals [10].
Similarly, the 5 domain of CR was the most variable region within the mitochondrial genome
(more than three times that of average substitution rate). The elevated sequence variation was
due to hot-spot substitution sites, homopolymeric heterogeneity, and the HTR array [18].

3. Mitochondrial-derived peptides

Vertebrate mitogenomes have the potential of encoding several short peptides (mitochon-
drial-derived peptides (MPDs)) [26-28]. The best characterized peptides among the MDPs
are MOTS-c and humanin (HN). Genes coding for MOTS-c and HN are found as small open
reading frames within the mitochondrial small subunit (mtSSU) and large subunit (mtLSU)
ribosomal DNA, respectively [29, 30]. Studies in mammals indicate that MDPs are circulating
signaling molecules with a number of proposed roles. While HN is involved in cellular stress
resistance, apoptosis, and metabolism [29, 31-34], MOTS-c apparently represents an MDP
hormone that regulates metabolic homeostasis and insulin sensitivity [30, 35].

The Atlantic cod open reading frames encoding MOTS-c and HN were identified at the exact
same locations as in human, within the domain 3’M and domain IV of the mtLSU rRNA and
mtSSU rRNA, respectively (Figure 2A and B). Comparative analysis revealed MOTS-c and
HN to be invariant among Atlantic cod specimens [18] and well conserved between Atlantic
cod and human (Figure 2C). Here, 8 of 16 amino acid residues in MOTS-c and 13 of 21 amino
acid residues of HN were shared. Furthermore, when comparing gadiform species represent-
ing seven diverse families, we noted 10 of 16 and 15 of 21 amino acid residues to be shared
in MOTS-c and HN, respectively (Figure 2C). The conserved features seen between gadiform
species and human suggest related MDP functions.
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Figure 2. Putative mitochondrial-derived peptides in Atlantic cod. (A) Secondary structure diagram of the Atlantic cod
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Atlantic cod mtLSU rRNA domain IV coding for the putative HN peptide (red letters). (C) Alignment of MDP (MOTS-c
and HN) sequences from seven gadiform species representing different families (gm, Gadus morhua, Gadidae, HG514359;
LI, Lota lota, Lotidae, AP004412; mm, Merluccius merluccius, Merlucciidae, FR751402; Ec, Enchelyopus cimbrius, Phycidae,
AJ315624 and FJ215015; tm, Trachyrincus murragi, Macrouridae, AP008990; Bn, Bregmaceros nectabanus, Bregmacerotidae,
AP004409; Pj, Physiculus japonicus, Moridae, AP004409) and human (Hs, Homo sapiens, NC_012920). Stars above and
below the alignment represent conserved residues among gadiforms and between gadiforms and human, respectively.
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4. Mitochondrial transcriptome

Vertebrate mitochondrial transcriptomes have mainly been studied in human cells and tis-
sues [36, 37]. Mature mitochondrial RNAs are generated from three polycistronic transcripts
initiated within CR from two H-strand promoters (HSP, and HSP,) and a single L-strand
promoter (LSP) (Figure 3A) [36, 38—40]. The HSP,-specific transcript is highly abundant and
generates mtSSU rRNA, mtLSU rRNA, as well as tRNA"! and tRNA™< [41, 42]. HSP -specific
tRNAs have recently been proposed to perform a second role as a mitochondrial rRNA, sub-
stituting the lacking 55 rRNA in vertebrate mitochondrial ribosomes [43, 44]. While tRNAY!
appears associated with the mitochondrial ribosomes in human and rat, tRNA™- has been
identified in porcine and bovine [45].

Ten H-strand-specific nRNAs are posttranscriptionally processed from the HSP, transcript,
together with 13 tRNAs and the two rRNAs (Figure 3A) [46]. Most HSP, mRNAs are monocis-
tronic, but two of the mRNAs are bicistronic (ND4/4 L mRNA and ATPase8/6 mRNA). Finally,
the L-strand-specific transcript gives rise to the ND6 mRNA and eight tRNAs (Figure 3A).

4.1. Atlantic cod mitochondrial mRNAs

Similar to that of human cells, 11 mature mRNAs were readily expressed from the Atlantic
cod mitogenome [47]. There are, however, some minor differences in mitochondrial mRNA
maturation and modification between human and Atlantic cod. Mapping of the 5 ends in
mitochondrial mRNAs by pyrosequencing revealed that 10 of the 11 mRNAs contain no,
or very short (1-2 nt), 5’ untranslated regions (UTRs) [47]. The only exception is the 5 UTR
of the COII mRNA, which contained a short hairpin structure. In Atlantic cod and all other
Gadidae species, this hairpin structure is capped by a GAAA tetra-loop (Figure 3B) [47].
GAAA tetra-loops are known to frequently participate in long-range RNA:RNA tertiary
interactions [48].

Most Atlantic cod mRNAs lack 3" UTRs, but the COI mRNA has a 3’ UTR of 76 nt corre-
sponding to the complete mirror sequence of tRNA" U™ (Figure 3B) [47]. A very similar 3’
UTR (72 nt) has been reported in the human COI mRNA [49], indicating a conserved role
in vertebrates. The 3" UTR of the ND5 mRNA is highly variable in length in vertebrates but
is lacking completely in Atlantic cod [40, 47]. However, the closely related Gadidae species
Pollachius virens (Saithe) contains an ND5 mRNA 3" UTR of 16 nucleotides [47]. In humans,
mitochondrial mRNAs contain short polyA tails of 40-50 adenosines at their 3’ ends [40,
45]. PolyA tails were identified in all mRNAs, except for ND6 mRNA [40], and seven UAA
termination codons were created in the human mitochondria by polyA posttranscriptional
editing [50]. Similarly, all mitochondrial mRNAs (except the ND6 mRNA) were found to be
polyadenylated in Atlantic cod, and six UAA termination codons were generated by polyA
addition [47].

4.2, Atlantic cod mitochondrial structural RNAs

The 22 mitochondrial tRNAs were found to be highly conserved in Atlantic cod, both in struc-
ture and sequence [5, 18], and some tRNAs (tRNA", tRNASUMN tRNASASY) and tRNA*)
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Figure 3. The mitochondrial transcriptome in Atlantic cod. (A) Schematic map of mitochondrial ribosomal RNA,
messenger RNA, and long noncoding RNA generated from HSP,, HSP,, and LSP transcripts. mtSSU rRNA and mtLSU
rRNA, mitochondrial small- and large-subunit ribosomal RNA (yellow boxes); ND1, ND2, ND3, ND4L/ND4, ND5,
and ND6, NADH dehydrogenase subunit mRNAs; COI, COII, and COIII, cytochrome c oxidase subunit mRNAs; A8/
A6, ATPase subunit bicistronic mRNA; Cyt B, cytochrome b mRNA (all mRNAs indicated by blue boxes); IncCR-H and
IncCR-L, long noncoding RNAs (orange boxes). (B) 3’ untranslated region (UTR) and 5" UTR in COI and COIl mRNAs,
respectively. Translation initiation codons (GUG and AUG) and termination codons (UAA) are indicated by green and
red circles, respectively. The 3' UTR of COI mRNA contains a mirror tRNAS" motif, and the 5 UTR of COIl mRNA
contains a GAAA tetra-loop hairpin motif.

were invariant in the 200 specimens investigated. SOLiD deep sequencing confirmed a non-
template CCA addition at the 3’ ends of tRNAs (our unpublished results). Thus, mitochondrial
tRNA processing and probably modification are highly similar in human and Atlantic cod [47].
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The annotated mtSSU rRNA and mtLSU rRNA genes in Atlantic cod are 952 and 1664 bp, respec-
tively [7]. The corresponding rRNAs are highly conserved within the species [18] and well con-
served between different fish species [7, 51]. The 5’ and 3’ ends of Atlantic cod mitochondrial
rRNAs have been precisely mapped using different approaches. Primer extension and pyrose-
quencing confirmed the 5" ends to correspond to the annotated features based on comparative
sequence alignments [47, 51]. The 3' ends were mapped by pyrosequencing and by RNA ligation
sequencing [51]. Interestingly, non-template adenosines were added at both rRNAs. Whereas the
3’ end of mtSSU rRNA was found to be homogenous and mono-adenylated, the corresponding
end of mtLSU rRNA was heterogeneous and oligo-adenylated [51]. The observed mtLSU rRNA
heterogeneity is consistent with the notion that mitochondrial rRNAs are transcribed and pro-
cessed from two different precursor RNAs, the HSP, and HSP, primary transcripts (Figure 3A).

5. Mitochondrial noncoding RNAs

In addition to the canonical mitochondrial genes and the newly proposed MDPs, vertebrate
mitogenomes encode several noncoding RNAs [36]. The first discovered mitochondrial long
noncoding RNA (IncRNA) was the human L-strand-specific 7S RNA (IncCR-L) [52, 53].

At least eight vertebrate mitochondrial IncRNAs have now been proposed and characterized
[54]. Two IncRNAs correspond to the H-strand and L-strand of CR (IncCR-H and IncCR-L)
[10, 18, 47, 52, 55, 56], one is an antisense chimer to partial regions of the CytB and COI
mRNAs (LIPCAR) [57-59], three are mRNA antisense RNAs (IncND5, IncND6, and IncCytB)
[60], and two are chimeric RNAs that involve sense and antisense mtLSUrRNAs (SncmtRNA
and ASncmtRNA) [61-63]. So far, LIPCAR, rRNA chimers, and IncCR-H have been associated
with human diseases [56, 57, 61, 63-66]. There are apparently a large number of small non-
coding RNAs (mitosRNAs) generated from vertebrate mitochondrial transcripts [36, 67-69].
None of these mitosRNAs have been assigned to a specific function funded on experimental
evidence. However, in a recent study by Riggs and Podrabsky [70], mitosRNAs were associ-
ated to a hypoxia stress response in killifish embryos.

5.1. Atlantic cod mitochondrial long noncoding RNAs

Two IncRNAs (IncCR-H and IncCR-L) have been identified and investigated in Atlantic cod mito-
chondria (Figure 4) [10, 18, 47]. Both IncRNAs were found to be polyadenylated but transcribed
from opposite strands within the CR [10]. We showed that the Atlantic cod IncCR-L has a muta-
tion rate and an expression level corresponding to that of Complex I mRNAs [10, 18, 47]. The
IncCR-L apparently corresponds to the 7S RNA in human mitochondria [52], and recently we
showed that IncCR-L is differentially expressed in a human cancer-matched cell line pair [56].

The IncCR-H was found to be highly variable in sequence and structure, both between and
within Atlantic cod specimens [10, 18]. A schematic overview of the IncCR-H RNA is pre-
sented in Figure 4. Here, the noncoding T-P spacer is present at the 5’ end and includes
two potential RNA hairpin structures. The T-P spacer domain is followed by a mirror
tRN AP, before entering the HTR array motifs. The HTR copy numbers vary between 2 (80 bp)
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Figure 4. Schematic view of CR and corresponding noncoding RNAs in Atlantic cod. tRNA genes (tRNA™, tRNA"®,
tRNAP*), T-P spacer, HTR (heteroplasmic tandem repeat array), TAS (termination associated sequence), and CSB2
(conserved sequence box 2) are indicated. The H-strand-specific IncCR-H is located at the 5" domain of CR and is the
precursor of two enriched small RNAs (above CR map). The L-strand-specific IncCR-L is located at the central domain
of CR and is the precursor of three enriched small RNAs (below CR map).

and more than 8 (320 bp) [5, 14, 15, 18], rendering IncCR-H highly variable in size.
Finally, IncCR-H terminates in a short polyA tail at TAS. Thus, IncCR-H has apparently
no fixed length in Atlantic cod mitochondria and varies in size between approximately 300
and 500 nt. Interestingly, the TAS motif consists of a perfect palindromic sequence motif
(TTTATACATATGTATAAA). We found IncCR-L to terminate with a polyA tail at the same
site as IncCR-H but on the opposite strand [10].

5.2. Atlantic cod mitochondrial small RNAs

The Atlantic cod mitogenomes express a number of small RNAs, revealed by SOLiD small
RNA sequencing experiments (our unpublished results). Here, the majority of mitosRNA was
identified as mitochondrial tRNA-derived fragments (tRFs; see [69, 70]). Interestingly, most
Atlantic cod mitochondrial tRFs correspond to H-strand tRNAs, and some tRFs were differ-
entially expressed during early developmental stages (our unpublished results). Many of the
same tRF species detected in Atlantic cod have recently been noted in rainbow trout egg cells
[69] and in killifish embryos [70], suggesting a conserved feature at least among some bony
fishes.

The SOLiD experiments also detected several abundant small RNAs mapping to the
mitochondrial CR [17]. We found three small RNA candidates generated from IncCR-L,
suggesting this IncRNA to be a precursor for mitosRNA (Figure 4). Similarly, two mitosRNA
were generated from IncCR-H, one corresponded to a pyrimidine-rich motif and the other to
tRF-1 derived from tRNA™" (Figure 4). What functions these small RNAs may serve in the
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mitochondria are not currently known, but we speculate that regulatory roles related to tran-
scription elongation, mtDNA replication, or ribosome functions are likely.

6. Concluding remarks

The mitochondrial gene content and organization are highly conserved between Atlantic
cod and human and strongly support a common functional platform. Similarly, the mito-
chondrial transcripts generating canonical mRNAs and structural RNAs are surprisingly
similar. What about the newly proposed MDPs and noncoding RNAs? Are there any lin-
age-specific differences? Research is still in its infancy, but recent findings suggest conser-
vations between fish and mammals. More experimental studies in Atlantic cod and model
systems like zebrafish are highly encouraged, including investigations of the fascinating
mitochondrial swinger RNAs [24, 71, 72]. Mitochondrial-derived noncoding RNAs need to
be profiled and further investigated in adult tissue types during normal and stress condi-
tions, as well as at various developmental stages. A first step could be to study the intra-
cellular location by in situ RNA hybridization and then ask if the noncoding RNAs are
confined to the mitochondrial compartment or exported to the cytoplasm or other cellular
compartments. Our studies in Atlantic cod indicate that at least two of the mitochondrial
IncRNAs may serve as precursors for small RNAs. We conclude that vertebrate mitoge-
nomes encode a significant number of gene products in addition to the 37 canonical OxPhos
proteins, rRNAs, and tRNAs.
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Abstract

Dynamics of the Neolithic transition across Europe using ancient DNA datasets have
established that Neolithic European populations received a limited amount of admix-
ture from resident hunter-gatherers. However, the genetic diversity of Neolithic and
Chalcolithic human populations was shaped predominantly by local processes. In the
Iberian Peninsula, the Cantabrian fringe showed different proportions of local hunter-
gatherers’ ancestry through time. The objective of this chapter is to analyze the mito-
chondrial variation of populations from the northern Iberian Peninsula from Neolithic
to Chalcolithic time using new data from El Aramo mine (Asturias), in the context of the
debate about the origin and dispersion of the Beaker culture in Europe.

Keywords: paleogenetic, northern Iberia, El Aramo mine, Bell Beaker culture,
Chalcolithic

1. Introduction

1.1. State of the art

Ancient mitochondrial DNA (mtDNA) provides important insights into the movement and
spread of human populations. In particular, European populations exhibit some remarkable
changes after the end of the last glacial maximum (after 20,000 YBP). The changes in the
early postglacial period are thought to be the result of the arrival of new human population
groups to Europe [1]. These new populations brought to Europe new mitochondrial DNAs
that caused a change in the frequency of the indigenous mtDNA lineages. By reconstructing
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the variability of the mtDNA of past populations, it is possible to infer population movements
that shaped the current genetic variability of our species.

One of the most studied population movements is Neolithization, the transition from a
nomadic hunter-gatherer to an agro-pastoralist lifestyle. The debate on the mechanisms of
the Neolithic transition has been framed within a dichotomy based on either a demic (DD)
or a cultural diffusion (CD). According to the DD model, the migrating people bringing
new knowledge experienced some gene flow with the local hunter-gatherer groups. On
the other hand, the CD model postulates that the Neolithic transition was mediated mainly
through the transmission of the agro-pastoralist system without substantial movement of

people [2].

However, several DNA studies on different ancient European populations indicated a more
complex pattern for the Neolithic transition. Unlike the initial proposal based on classical
genetic markers that suggested a major migration wave [3], further studies have shown that
the Neolithization process varied in different regions, occurring along several different routes
into and across Europe, and having a different genetic impact on the various regions and at
various times [4-17].

The mtDNA frequency distribution observed in hunter-gatherers and farmers from Europe
provides support for a random dispersion model for Neolithic farmers, with different
impacts on the various geographic regions (Central Europe, Mediterranean Europe, and the
Cantabrian fringe) [9].

The transition from the Neolithic to the Chalcolithic period in Europe has been debated.
Previous mitochondrial DNA analyses on ancient Europeans have suggested that the current
distribution of haplogroup H was modeled by the expansion of the Bell Beaker culture (BBC)
out of Iberia during the Chalcolithic period. In addition, it has been suggested that these
groups with Bell Beaker (BB) culture in Central Europe represented a population movement
from the Iberian Peninsula [16]. However, according to the mtDNA variability in Chalcolithic
groups from the Cantabrian fringe of Iberia, no genetic relationships have been detected
between these Iberian and Central European groups [17]. This suggestion has been confirmed
by the recent study [18] about the Beaker phenomenon and genomic data of Europe.

1.2. Paleogenetics and paleogenomics

Paleogenetics consists of the recovery and analysis of DNA obtained from the remains of
individuals from the past, through polymerase chain reaction (PCR) and Sanger sequenc-
ing (ancient DNA —aDNA). These techniques are mainly applied in the analysis of mtDNA
and fragments of nuclear DNA [9, 10, 19-22]. Since 2005, with the development of next-gen-
eration sequencing (NGS) technologies, it has been possible to retrieve also genomic data
(Paleogenomics) from prehistoric European humans [23, 24]. This technology has allowed over-
coming the apparently insurmountable difficulties associated with the deficient preservation
of genetic material and the contamination of ancient DNA samples by modern DNA. NGS
allows sequencing all those molecules that are present in DNA extracts (intact, contaminant,
and damaged molecules, DNA from other organisms, etc.). The subsequent bioinformatic
analysis allows discriminating endogenous sequences from exogenous sequences.
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Massive sequencing has allowed important achievements in the field of human evolution,
such as the “Neanderthal Genome” project, the discovery of new species (e.g., denisovans),
and the recovery of the genome of very ancient humans (remains of La Sima de los Huesos—
Atapuerca, Spain—dated to more than 400,000 years BP) [25-31].

The first paleogenomic studies about modern humans was the 7x coverage genome of the excep-
tionally well-preserved Tyrolean Ice man, Otzi, dated to about 5300 years BP [32]. Currently,
there are complete genomes from over 90 humans that inhabited Eurasia between 50,000 and
5000 years BP (hunter-gatherers and Neolithic farmers), shedding light on the migratory move-
ments that shaped the genetic variability of modern humans and validating hypotheses pro-
posed from the inference of modern genomes or partial sequences of these individuals [11, 13-15,
23, 24, 33-39]. These paleogenomic studies will enlarge the possibilities of selective and demo-
graphic analyses of the European prehistoric populations. The genomic data from European
hunter-gatherers and farmers show that there is no evidence that the first modern humans in
Europe (~45,000-37,000 years ago) contributed to the genetic makeup of current Europeans;
these data rather suggest that individuals between ~37,000 and ~14,000 years descended from a
single-founder population that is part of the ancestry of today’s Europeans. During the period
of greatest warming after ~14,000 years ago, a genetic component related to the inhabitants of
the Middle East region became widespread in Europe. These results document how population
rotation and migration have been recurring themes of European prehistory [23].

Recently, 400 European individuals ranging from the Neolithic period to the Bronze Age were
analyzed using paleogenomic techniques, including 226 individuals associated to Beaker
complex artifacts [18]. Limited genetic affinity between BBC-associated individuals from the
Iberian Peninsula and Central Europe was observed, and thus the authors excluded migra-
tion as an important mechanism of spread between these regions [18]. This result rejects the
hypothesis of the migratory movement of humans from the Iberian Peninsula to Central
Europe in the Chalcolithic period accompanied by the BB culture [16].

In the debate about the biological influence of the dispersion of the Beaker culture in Europe,
we have analyzed the mtDNA of remains recovered in El Aramo Mine in Asturias (Cantabrian
fringe) from the Late Chalcolithic period that were not accompanied by BB cultural artifacts
[41]. This human group is contemporaneous to other Iberian Chalcolithic populations both
without Beaker complex artifacts associated and with Beaker culture associated. Sites without
BBC associated are those of Longar and San Jaun Ante Portam Latinam (SJAPL) in the Basque
Country [9]. Contemporaneous sites with Beaker complex culture associated are the central and
southern Iberian and central European groups published by [18, 40]. The aim of this study is to
contribute new mtDNA data variability of the Chalcolithic site from El Aramo Mine (Asturias)
and to determine whether there is either a common genetic signal or a heterogeneous genetic
landscape among Chalcolithic European groups (with and without BBC culture).

2. Material and methods

In this chapter, we have analyzed the human remains from El Aramo Mine discovered in 1888,
a mine located in the Asturias region in the Cantabrian fringe of the Iberian Peninsula [41].
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The direct “C analysis of the human remains from this mine indicated a dating between the
Late Chalcolithic period and the Early Bronze Age. The anthropological remains from El
Aramo Mine consists of 9 skulls and 12 skeletal remains. We have isolated DNA mainly from
dental pieces (since it is the material that offers the greatest guarantees when recovering DNA).
However, in some cases, we had to pulverize bone remains in order to perform DNA extrac-
tion, since it was the only anthropological material available.

In the case of teeth, we have selected those without caries or deep fissures that might extend
into the dental pulp. The surface of the teeth was thoroughly cleaned with acids and ultravio-
let (UV) irradiation to eliminate any possible DNA contaminants [42]. In the case of bones, the
surface was thoroughly cleaned by abrasion and pulverized using a Freezer miller. Then we
extracted DNA from bone and dental tissue by means of the phenol/chloroform method with
some modifications [20-22, 43].

The sequencing of a 399 bp (nps 16,000-16,399) segment of HVS-I and 394 bp (nps1-394) of
HVS-II of the mtDNA as per [44] was conducted by amplifying 6 overlapping fragments of
93-133 bp in length. The protocol followed and the primers used are described in [9, 45].
Likewise, in order to verify the obtained mtDNA haplogroups, the nucleotide position of
the coding region of mtDNA was determined by means of PCR-restriction fragment length
polymorphisms (RFLPs) [43, 46].

The extraction of DNA and the preparation of samples for PCR were performed in a sterile
chamber with positive pressure, free of modern DNA, in which no post-PCR process had ever
been carried out. Ancient DNA results were validated through the application of the follow-
ing criteria [47, 48]: (1) suitable clothing was used (disposable cap, gloves, mask and labora-
tory coat), (2) controls were applied to detect contamination during the extraction process
and in each one of the amplifications, (3) Real-time PCR quantification of amplifiable DNA to
quantify one mtDNA fragment of 113 bp was conducted [9, 49], (4) a duplicate analysis was
performed on the greatest possible number of individuals, and (5) Cloning of PCR products
was performed with subsequent sequencing of the clones. The cloning was carried out using
TOPO TA Cloning® Kits (Invitrogen), following the supplier’s instructions.

The mitochondrial variability resulted from El Aramo Mine was compared with other ancient
and present-day populations. With respect to hunter-gatherers, three groups were considered:
one from Scandinavia, one from Central Europe [13, 14, 50, 51], and one from the Cantabrian
fringe of the Iberian Peninsula [9, 17, 33, 52]. Regarding the Neolithic DNA, 14 populations
were selected: 3 from the Near East [15], 4 from Central and Eastern Europe [16, 45], 5 from
the Mediterranean area of Europe (Hungary, Romania, Catalonia and France) [6, 7, 10, 12],
and 2 from northern Iberia [9, 11]. With regard to the Chalcolithic groups, we considered one
from Central Europe with BB artifacts associated [16, 18], one from the Cantabrian fringe
of Iberia without BC culture (Longar and SJAPL sites) [9] and another two from Iberia, one
with BB culture, and another one without BB culture [BBC: Arroyal (Burgos), Camino de las
Yeseras (Madrid), Humanajes (Madrid), La Magdalena (Madrid), and Paris Street (Barcelona).
Without BBC: Camino del Molino (Murcia), Bolares (Extremadura), el Sotillo, chabola de la
Hechicera (Alava), el Mirador (Burgos), La Mina, Trocs (Huesca), and El Portalén (Burgos)]
[18]. The Bronze Age period is represented by three groups from Siberia, Kazakhstan, and
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Romania [10, 53, 54]. The present-day populations database corresponds to that described in
[10], to which the present-day population of Asturias, where El Aramo Mine is located, has
been added [55, 56].

The Fg, distance matrix between present and ancient populations was calculated from the
mtDNA haplogroup frequencies using Arlequin 3.11 [57]. Relationships between populations
were studied through Multidimensional Scaling analysis (MDS), based on the F, distance
matrix, using SPSS 20 Software. Median Joining Network (MJN) for certain haplogroups was
generated to infer phylogenetic relationships between the mitochondrial lineages from the
Paleolithic period to the present day using Network software v4.5.0.0 (available at http://www.
fluxus-engineering.com). Different mutation weights were applied in accordance with previ-
ous papers [58-60], and the point insertions and deletions were excluded from the analysis.

3. Results and discussion

Mitochondrial DNA variability was analyzed in 21 skeletal remains recovered from El Aramo
Mine, in the Asturias region (Cantabrian fringe of the Iberian Peninsula). The quantification of
the template mtDNA number of each of the samples showed values above 1000 molecules/ul
in all the DNA extracts from teeth and values below 1000 molecules/ul in all the DNA extracts
from bones (Table 1). These results indicate the greater efficiency of the DNA extraction from
teeth when compared to that from bones. Furthermore, in order to authenticate the results,
5.26% of the samples analyzed were duplicated, and these results were consistent in all the
samples (Table 1). Moreover, 24 PCR products were cloned, estimating an average of 7.46
mutations per cloned fragment (~100 bp). These mutations have been interpreted as artifacts
produced by the postmortem damage of aDNA.

The mitochondrial variability obtained from the 21 human remains from El Aramo Mine
showed 15 different haplotypes (genetic diversity: 0.9608 + 0.0394). The nine skulls studied
presented nine different mitochondrial haplotypes, which allow us to rule out the existence
of maternal kinship among these individuals. The 12 postcranial remains analyzed showed 7
different mitochondrial haplotypes, which, compared with the haplotypes of the skulls, lead
to reject possible coincidences, since the postcranial remains were not associated with the
skulls. Finally, the minimum estimated number of individuals was 15, with 15 different mito-
chondrial haplotypes described (Table 1). The high genetic diversity obtained in El Aramo
site allows us to indicate that it is a representative sample of the original population, with no
evidence of kinship among these individuals.

The 15 mitochondrial haplotypes obtained from El Aramo Mine were classified into 5 different
mitochondrial haplogroups (H, T, ], U5b, and I3), with a genetic diversity of 0.6381 + 0.1288
and a heterogeneous distribution of their frequency values (60, 13, 13, 7, and 7%, respectively).
Haplogroup H is the most frequent one in the population of El Aramo (60%), whose value is
close to that shown by the current population of the Asturias region (56%), where El Aramo
Mine is located, and much higher than the average value found in European (45%) and Near
Eastern (16%) populations [54, 55, 61] (Figure 1). In El Aramo, haplogroup H is represented
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SAMPLE SAMPLE Molec/pl HVS-I' HVS-II RFLPs HG
ID
Skull 1 (bone) AR13 854.6 rCRS 73A Alu7025- H
Skull 2 (bone) AR15 551.4 rCRS 73A-263G- Alu7025- H
315.1C
Skull 3 (tooth)¢ AR22 89190.2 183C-189C- 73G Ddel10394-; U5b1b
270T Haell9052+;
Hinfl12308+
Skull 4 (tooth) AR21 33668.7 189C 73A Alu7025- H
Skull 5 (tooth) AR31 17194.3 rCRS 73A-150T- Alu7025- H
263-309.1C-
315.1C-320C
Skull 6 (tooth) AR32 18706.4 51G 73A Alu7025- H1
Skull 7 (tooth)d AR42 2078.3 rCRS 73A-153T- Alu7025- H
263G-315.1C
Skull 8 (tooth)? AR41 5847.2 126C-292T- 73G Ddel10394-; T2c
294T-296T Nialll4216+
Skull 9 (tooth) AR5 178331.7 rCRS 73A-263G- Alu7025- H
315.1C
Mandible (tooth) AR11 37374.7 126C-355T- 73A Alu7025- H
362C
Hemimandible AR12 133777.7 69T-126C 73G Ddel10394-; J1c
(tooth) Nlalll4216+
Right Hemimandible ~AR7-9 153133.6 86C-129A- 73G Ddel1715-; Alu10032+ 13
(tooth) 223T
Left Hemimandible AR6 141554.8 69T-126C-  73G Ddel10394-; Jlc
(tooth) 320T-360T Nialll4216+
Right femur (bone) ARHI10 372.5 126C-163G- 73G Ddel10394-; T1
187T-189T- Nialll4216+
294T
Fibule (bone) ARH13 312.6 086C-129A — Alu7025- H

The number of molecules of endogenous mtDNA (molecules/ul), the polymorphisms of HVS-I, HVS-II, those of the
coding region (RFLPs), and the mitochondrial haplogroup to which each of the samples belong are indicated.“Indicates
that this sample has been duplicated.

"The positions of the polymorphisms of HVS-I must have 16,000 added since it is HVS-I (16,000-16,400 pb).

Table 1. Results of the analysis of mtDNA in 15 individuals of El Aramo mine.

by nine different mitochondrial haplotypes, five of which correspond to haplogroup H-rCRS
(33%), which is the most frequent one in the present-day European population (15-30%) and
in the current population of Asturias (~23.5%). The rest of the haplogroups detected in El
Aramo mine have low frequencies in the extant populations of Europe and the Near East [54,
55, 61]. Haplogroup T has a frequency of 13% in El Aramo, which is close to that of the present-
day population of Asturias (11.2%) and higher than that of the populations of Europe (6.8%)
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Figure 1. Frequency distribution of mitochondrial haplogroups H, T, ], U5b, and I3 in the sample of El Aramo Mine
(Asturias, present study) and the modern populations of Asturias, Europe, and the Near East.

and the Near East (9.91%) (Figure 1). Haplogroup J shows similar frequencies in El Aramo and
in the extant population of the Near East (13%), and lower frequencies in the present-day pop-
ulations of Asturias and Europe (10.5 and 8.6%, respectively). Haplogroup U5b in El Aramo
Mine has a frequency of 7%, which is close to that observed in the extant population of Europe
(6%) and considerably higher than that detected in the current populations of Asturias and the
Near East (0.7 and 0.05%, respectively) (Figure 1). Lastly, haplogroup I3 shows in El Aramo a
value (7%) that is considerably higher than that observed in the current populations, among
which the population of the Near East (3%) shows the highest frequency value for this hap-
logroup, which is absent in the current population of Asturias and very infrequent in Europe
(1.8%) (Figure 1). To sum up, the main differences in the frequencies of the mitochondrial
lineages of El Aramo Mine and the present-day populations lie in haplogroups H, U5b, and I3.

The frequency distribution of the mitochondrial haplogroups of El Aramo Mine was compared
with that of other Chalcolithic groups of the Iberian Peninsula and Central Europe [9, 18]. For
this analysis, five population groups were defined: (1) El Aramo Mine (Late Chalcolithic-
Early Bronze Age) without BBC associated (ARAMO), (2) Chalcolithic from the Cantabrian
fringe of the Iberian Peninsula without BBC (CA_Cantabrian), (3) Chalcolithic from Iberia
without BBC (CA_Iberian), (4) Chalcolithic from Iberia associated with BBC (BBC_Iberian),
and (5) Chalcolithic from Central Europe associated with BBC (BBC_CE) (Figure 2). All the
populations included in this analysis share the presence of haplogroups H and T, although
the distribution of their frequencies is different. The group of El Aramo shows the highest
frequency value for haplogroup H (60%), followed by the two Chalcolithic groups of the
Iberian Peninsula without BBC, CA_Cantabrian and CA_Iberian (39 and 31.2%, respectively);
the lowest frequencies of haplogroup H were found in the BBC-associated groups of the
Iberian Peninsula (BBC_Iberian, with 22%) and Central Europe (BBC_CE, with 29%). This
frequency distribution of haplogroup H does not support the hypothesis of Brandt et al. [16],
who suggest that the BBC was spread from the Iberian Peninsula toward Central Europe by
haplogroup H carriers, since the highest frequency values were not found in population asso-
ciated with the BB culture; moreover, the group of the Iberian Peninsula (BBC_Iberian) has
the lowest value (22%) (Figure 2).
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Figure 2. Frequency distribution of mitochondrial haplogroups H, T, ], U5b, and I3 in the sample of El Aramo Mine
(Asturias, present study), and in other Chalcolithic groups, both without BB culture (CA_Cantabrian and CA_Iberian)
and with BBC associated (BBC_Iberian and BBC_Central Europe).

With respect to haplogroup T, there is also a heterogeneous distribution among the five popu-
lation groups analyzed. The group of El Aramo shows the highest value for this haplogroup
(13%); the Chalcolithic groups associated with BBC (BBC_Iberian and BBC_CE) have frequen-
cies of 5.5 and 7.8%, respectively, which are lower than that of CA_Cantabrian (9.5%) and
higher than that of CA_Iberian (2.08%). Given the fact that haplogroup T has been proposed
as a marker of the diffusion of the Neolithic culture, the heterogeneity of the frequencies of
this haplogroup in the Chalcolithic populations supports the model of random Neolithic cul-
tural diffusion (Hervella et al. [9]). This behavior has also been observed in the MJN (Figure 3),
where T haplotypes of prehistoric and present-day populations were shown. In MJN main
nodes are shared by all the populations compared, both prehistoric and modern. The poly-
morphisms that define the two T haplotypes of El Aramo Mine are shared with Neolithic and
Chalcolithic groups, indicating their relation. Furthermore, the polymorphisms of one of the
lineages found in El Aramo Mine are shared with current samples of Europe and the Near
East, showing its prevalence to the present time (Figure 3).

Haplogroup ] shows high-frequency values in the groups that are not associated with BBC
(Aramo (13%), CA_Cantabrian (13%), and CA_Iberian (23%)), with the sample of CA_Iberian
showing the highest value. The BBC-associated groups have lower frequencies, with 7.8% in
the sample of BBC_CE and 0% in BBC_lberian, showing once again the difference between
the Chalcolithic groups with BBC and without BBC. Haplogroup ] has also been proposed
as a marker of the Neolithic diffusion in Europe. The distribution of frequencies of this hap-
logroup in the populations analyzed (Figure 2) shows a greater Neolithic influence in the
non-BBC Chalcolithic groups. This influence of Neolithic diffusion is also observed in the
M]JN analysis of haplogroup J (Figure 4), which shows that the haplotypes of the Chalcolithic
samples non- BBC are included in the mitochondrial variability of the Near East. With regard
to the BBC-associated populations, the ] lineages correspond solely to the BBC_CE popula-
tion, and not to the BBC_Iberian population (Figures 2 and 4), highlighting the differentiation
between the two groups with BB culture (BBC_CE and BBC_Iberian). The frequency of hap-
logroup U5b in El Aramo (7%) indicates the persistence of Paleolithic lineages even after the
Neolithic period. The prevalence of this lineage seems to be higher in the Chalcolithic groups
of the Iberian Peninsula (16.6% in CA_Iberian and 27.8% in BBC_Iberian) when compared to
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Figure 3. Median Joining Network of mitochondrial haplotypes of haplogroup T. El Aramo (red), Neolithic populations
(green), Chalcolithic (blue), BBC (pink), modern Europeans (yellow), and modern Near Easterns (orange).
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Figure 4. Median Joining Network of mitochondrial haplotypes of haplogroup J. El Aramo (red), Neolithic populations
(green), Chalcolithic (blue), BBC (pink), modern Europeans (yellow), and modern Near Easterns (orange).

those of Central Europe (6.3%) (Figure 2). The absence of haplogroup U5b in the Chalcolithic
sample of the Cantabrian region (CA_Cantabrian) is due to the lack of differentiation in the U
lineages published in this sample [43].

Lastly, haplogroup I3 appears only in the sample of El Aramo (7%) and in the BBC popula-
tion of Central Europe (5.5%). The origin of this mitochondrial lineage has been thoroughly
debated, and the consensus reached is that it began in the recent Neolithic period [1], with
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very low-frequency values found in the modern populations. In the MJN conducted for
haplogroup 13, it was observed that El Aramo shares polymorphisms with Neolithic and
Chalcolithic groups and with the current populations of Europe and the Near East, showing
a low diversity for this lineage (Figure 5).

After the comparative analysis of the frequency distribution of the mitochondrial haplogroups
of El Aramo and other prehistoric populations, it is possible to distinguish some general tenden-
cies. On the one hand, there is a clear genetic differentiation between the Chalcolithic groups
with BB culture (BBC_CE and BBC_Iberian) and those without BB culture (CA_Iberian, CA_
Cantabrian and El Aramo); on the other hand, there is a differentiation between the BBC groups
of Central Europe and those of the Iberian Peninsula (Figure 2). The population of EI Aramo
Mine shows a distribution of mitochondrial haplotypes that is closer to that of Chalcolithic pop-
ulations without BBC than to that of chalcolithic populations with BBC, highlighting the speci-
ficity of El Aramo, the high frequency of haplogroup H (60%) and the presence of haplogroup
13, whose frequency is, in addition, one of the highest ones described to the present day.

The mitochondrial variability of the population of El Aramo was analyzed in the context of
other prehistoric groups and the modern populations of Europe and the Near East through a
Multidimensional Scaling analysis (MDS) (Figure 6). The MDS was done through a matrix of F
distances, calculated by the frequencies of the mitochondrial haplogroups of hunter-gatherer,

Figure 5. Median Joining Network of mitochondrial haplotypes of haplogroup I3. El Aramo (red), Neolithic populations
(green), Chalcolithic (blue), BBC (pink), modern Europeans (yellow), and modern Near Easterns (orange).
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farmer, Chalcolithic, Bronze Age, and present-day populations from the Cantabrian fringe,
Europe, and the Near East. This analysis shows the differentiation between the two hunter-
gatherer populations from Central Europe and Scandinavia (Figure 6). It has been proposed
that the mtDNA variation of these groups indicates a genetic discontinuity between the hunter-
gatherers and later populations in these two geographic regions [13, 14, 50, 51]. However,
this suggested discontinuity is not so obvious in the case of the hunter-gatherers from the
Cantabrian fringe who separated from those of Central Europe and Scandinavia in this analysis
[9, 17] (Figure 6).

With regard to the European Neolithic populations, the heterogeneity observed in the
mtDNA haplogroup frequency variation is revealed by their position on the two-dimensional
plot of the MDS analysis (Figure 6). On the one hand, a group of populations (Near East,
Central Europe, Hungary, and Eastern Pyrenees) with high-frequency values for haplogroup
N is separated from the other Neolithic populations. On the other hand, heterogeneity is
also apparent within the Mediterranean area, with a Neolithic population of Southern France
being closer to present-day populations in the Near East, due to its high frequency for hap-
logroups ] and U, whereas the Neolithic populations from the Iberian Peninsula (Catalonia
and the Cantabrian fringe) show lower frequency for those haplogroups (J and U) (Figure 6).
The genetic distances observed between the European Neolithic groups suggest a different
genetic impact of the Neolithic farmers from the Near East on Central Europe, Mediterranean
Europe, and the Cantabrian fringe. These data support a random dispersion model for
Neolithic farmers, with different impact on the various geographic regions [9].

With respect to the Chalcolithic prehistoric groups included in the analysis (BBC_CE, BBC_
Iberian, CA_Iberian, CA_Cantabrian and Aramo), those with BB culture (BBC_CE and BBC_
Iberian) are differentiated from the rest. On the other hand, the distance between the BBC groups
of Central Europe and the Iberian Peninsula is due to both the greater persistence of Paleolithic
U5 lineages in the BBC_Iberian group and the higher frequency of Neolithic lineages T and J in
the BBC_CE group. This differentiation suggests that the relation between these two Chalcolithic
groups (BBC_CE and BBC_Iberian) is only cultural but not genetic, supporting the study [18]
about the Beaker phenomenon and genomic data from Europe, who reject the hypothesis that
the genetic substrate of the BBC_CE groups came from the BBC_Iberian groups [16].

Regarding the Chalcolithic populations without BB culture, CA_Iberian and CA_Cantabrian
are genetically close to one another, with El Aramo being further from them due to the high fre-
quencies of haplogroups H and I3. These Chalcolithic groups are not distant from their Neolithic
ancestor populations, although they are distant from the present-day populations of these
regions (Figure 6), which could be attributed to a post-Neolithic population restructuring [20].

In view of the results obtained, it can be inferred that the influence of the Neolithic period
on the local groups was complex, and its result could generate the existence of Chalcolithic
groups in the Iberian Peninsula with genetic and cultural differences, with the latter being
mainly related to the Beaker phenomenon.

The human group of El Aramo Mine, without artifacts associated with BBC, shows some
peculiarities. Its chronology expands from the Chalcolithic period to the Early Bronze Age,
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during which a change in the landscape and the subsistence conditions have been detected
in this region [62]. El Aramo consists of males who had a strong relationship with mining,
and the burials reflect a ritual related to the exploitation of the mine [63]. Therefore, it is a
group with differentiated cultural characteristics within the Chalcolithic groups of the Iberian
Peninsula. This cultural differentiation seems to be accompanied by a genetic differentiation,
since in the MDS, El Aramo is distant from the rest of the Chalcolithic groups (Figure 6).
These results indicate the existence of local processes in the Chalcolithic period that could be
related to subsistence strategies linked to the characteristics of the environment. In the case of
El Aramo (Asturias), these strategies are linked to mining activity, since the region of Asturias
is one of the traditional mining areas since the Neolithic period [63].
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Abstract

The molecular and population genetic evidence of the phylogenetic status of the Tibetan
sheep (Owvis aries) is not well understood, and little is known about this species” genetic
diversity. Phylogenetic relationship and phylogeography of 636 individual Tibetan
sheep which were collected from the Qinghai-Tibetan Plateau area in China and were
assessed using 642 complete sequences of the mitochondrial DNA D-loop. Reference
data were obtained from the six reference breed sequences available in GenBank.
Phylogeography analysis showed that all four previously defined haplogroups were
found in the 15 Tibetan sheep populations but that only one haplogroup was found
in Linzhou sheep. Furthermore, clustering analysis divided the 636 individual Tibetan
sheep into at least two clusters. The estimated genetic distance and genetic differen-
tiation associate with altitude, suggesting geographic and adaptive effects in Tibetan
sheep. These results contribute to the knowledge of Tibetan sheep populations and
will help inform future conservation programs about the Tibetan sheep native to the
Qinghai-Tibetan Plateau in China.

Keywords: Tibetan sheep, mtDNA D-loop, phylogeography, maternal lineage

1. Introduction

In China, Tibetan sheep (Ovis aries) play an important role in agriculture, economy, culture
and religion in Qinghai-Tibetan Plateau areas, and provide meat, wool, and pelts for local
populations [1]. Due to the rich Tibetan sheep genetic resources, there are approximately 17
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indigenous sheep populations in the Qinghai-Tibetan Plateau area. All indigenous Tibetan
sheep adapted to the local environment [2]. Moreover, they are considered as critical genetic
resources, so they are one of the most important components in agro-animal husbandry soci-
eties. However, in reality, most indigenous Tibetan sheep suffer a serious situation because
of the low numbers of each population, which decline steadily since 30 years [3]. Qinghai-
Tibetan Plateau areas have special climate and landforms in geography, which provide a
different livelihood for Tibetan nomads because of high altitude and cold mountains [4].
Besides, Tibetan sheep bind up with their herders in culture, religion, and social life. The
fossil remains indicate that the domestic Tibetan sheep date their wild ancestors from the
Pleistocene period [5]. Archeological evidences indicate that domestication of the yak is likely
to have been performed approximately 5000 YBP (years before present) by the ancient Qiang
people in Northern Tibet [6]. According to the temporal scale, indigenous animals are con-
sidered as an ideal model for cold and hypoxia environment adaption studies, on account of
their adaptions for high-altitude hypoxia. In addition, Tibetan sheep are isolated from other
local sheep in China, due to the unavailable traffic to other parts of China or external coun-
tries (Nepal, India, Pakistan, etc.). The severe changes of the ecological environment, value
of Tibetan sheep in illegal commerce, and deficiency of animal conservation may result in
extinction [7]. So far, the genetic diversity, phylogenetic relationship, and maternal origin of
the Qinghai-Tibetan Plateau populations remain uncertain and controversial.

The study of mitochondrial DNA (mtDNA) polymorphisms has been useful for describing
the molecular phylogeny and diversity of this sheep [8-11], due to the extremely low rate of
recombination of mtDNA, its maternal lineage heredity and its relatively fast substitution
rate as compared to nuclear DNA [12]. In particular, the CR (the D-loop) is the main noncod-
ing regulatory region for the transcription and replication of mtDNA [13]. Based on mtDNA
sequence analysis, we investigate the history and phylogenic relationships of modern domes-
tic Tibetan sheep populations [14].

It is possible to describe the genetic polymorphisms and maternal origin of Tibetan sheep,
according to the variability and structure of the mtDNA control region because mtDNA
merely has no recombination and follows simple maternal inheritance [14, 15] and evolves
relatively rapidly [16]. The higher substitution rate of CR, compared with the heterogene-
ity rate in the other parts of mtDNA, can characterize intraspecific and interspecific genetic
diversity optimally [17-21]. This high mutation rate is because the CR remains single stranded
for long periods during mitochondrial replication and transcription [22-26].

Here, we investigate the mtDNA D-loop variability of Tibetan sheep indigenous to the
Qinghai-Tibetan Plateau areas. We increase the number of Tibetan sheep samples by includ-
ing six available reference genomes from GenBank for our population genetic and phyloge-
netic analysis of the 15 Tibetan sheep populations, based on completion of the mtDNA control
region. Our results provide insight into the phylogenetic evolution and maternal origin of
Tibetan sheep and improve the management of sheep genetic resources and conservation of
their genetic diversity.
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2. Materials and methods

2.1. Sample collection

We selected 15 Chinese local Tibetan sheep populations for investigation in this study. For analy-
sis, 10 mL blood samples were collected from the jugular vein of each animal. From the 10 mL
samples, 2 mL samples were quickly frozen in liquid nitrogen and stored at -80°C for genomic
DNA extraction, as described previously [27]. The total DNA was extracted from the blood
using the saturated salt method [28], quantified spectrophotometrically, and adjusted to 50 ng/
pL. Blood samples were collected from 636 sheep from 15 populations, living in the Qinghai-
Tibetan Plateau areas in China. The genetic characteristics for these Tibetan sheep populations
were analyzed in order to ascertain the phylogenetic evolution and phylogeography for the
populations. The investigated populations included the following numbers and corresponding
population types: 39 Guide Black Fur sheep (GD), 44 Qilian White Tibetan sheep (QL), 64 Tianjun
White Tibetan sheep (TJ), 44 Qinghai Oula sheep (QH), 67 Minxian Black Fur sheep (MX), 58
Ganjia Tibetan sheep (GJ), 71 Qiaoke Tibetan sheep (QK), 52 Gannan Oula sheep (GN), 10
Langkazi Tibetan sheep (LKZ), 46 Jiangzi Tibetan sheep (JZ), 85 Gangba Tibetan sheep (GB), 34
Huoba Tibetan sheep (HB), 8 Duoma Tibetan sheep (DM), 5 Awang Tibetan sheep (AW), and 9
Linzhou Tibetan sheep (LZ) raised in China. The sampling information (population code, sample
number, altitude, longitude and latitude, accession number, sampling location, and geographical
location) for the 15 indigenous Tibetan sheep populations is shown by Liu et al. [29].

2.2. Data collection

To achieve good coverage of the tested populations, a dataset of six referenced breeds was
completed using the six submitted sequences containing the Ovis aries, Ovis vignei, and Ovis
ammon mtDNA D-loops for the six individuals in GenBank [29, 30].

Primers flanking sequences of the complete mtDNA D-loop was designed by an avail-
able genome sequence using the Primer Premier 5.0 software [31] and synthesized by BGI
Shenzhen Technology Co., Ltd. (Shenzhen, China). The nucleotide sequence of reverse primer
was 5'-GAACAACCAACCTCCCTAAG-3', and the nucleotide sequence of forward primer
was 5-GGCTGGGACCAAACCTAT-3". Polymerase chain reaction system (PCRs) took place
in a 30 pL reaction system containing 2 pL genomic DNA (10 ng/uL) template, 2 uL dNTP
(2.5 mM), 3 uL (3 pM) each primer, 3 uL 10x Ex Taq reaction buffer, 0.2 uL Taq DNA poly-
merase (5 uL/U) (TaKaRa, China), and 16.8 uL. ddH,O approximately. The PCR conditions
were as follows: initial denaturation for 5 min at 94°C, 36 cycles of denaturation at 94°C for
30 s, annealing at 56°C for 30 s, and extension at 72°C for 1.5 min. The final extension step was
followed by a 10 min extension at 72°C. The PCR amplification products were subsequently
stored at 12°C until use.

The amplified D-loop fragment was purified using a PCR gel extraction kit from Sangon Biotech
Co., Ltd. (Shenzhen, China) and sequenced directly using a BigDye Terminator v3.1 cycle
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sequencing ready reaction kit (Applied Biosystems, Darmstadt, Germany) in an automatic
sequencer (ABI-PRISM 3730 genetic analyzer, Applied Biosystems, Foster City, California,
United states of America). PCR for the sequencing was performed in an automatic sequencer
with a total reaction volume of approximately 5 uL containing 3 uL genomic DNA (10 ng/uL),
1 uL (3 pM) of each sequencing primer, 0.5 uL BigDye, and 0.5 uL. ddH,O. The sequencing
conditions were as follows: initial denaturation for 2 min at 95°C, 25 cycles of denaturation at
95°C for 10 s, and annealing at 51°C for 10 s. The final extension step was followed by a 190 s
extension at 60°C. The PCR sequencing products were subsequently stored at 12°C until use.

2.3. Data analysis

The sequences were arranged for multiple comparisons using Clustal Omega [32] and were
aligned using ClustalW and BLAST [33]. These results were compared with other sequences
obtained from GenBank. The reference sequences for tree construction were taken from the
maternal lineages of each tree: haplogroup A (AF039578), haplogroup B (AF039577, AY582801,
and AY(091487), haplogroup E (AY091490, AJ238300). The diversity parameters, including the
haplotype diversity, nucleotide diversity and average number of nucleotide differences, were
estimated using DnaSP (Sequence Polymorphism Software) 5.10.01 [34]. G, F., N , AMOVA
test, and neutrality tests were estimated using Arlequin version 3.5.1.2 [35]. To identify differences
between the geographic regions using the AMOVA program, four groups were established. The
phylogenetic and molecular evolutionary relationships, D , D, ME phylogenetic haplotype and
clustering tree, and genetic distance were assessed using MEGA version 6.0 [36]. We sketched the
network and mismatched distribution graphs using the median-joining method implemented in
the NETWORK version 4.6.1.2 software to assess the haplotype relationships [37].

3. Results

3.1. Polymorphic site and sequencing analysis of the complete control region

Based on the reference sequences from GenBank accession numbers (AY091487, AY(091490,
AJ238300, AF039578, AF039577, AY582801), all of the sequences were aligned with 1274 com-
parative sites, and 350 haplotypes were obtained from the 642 sequenced individuals. The
length of the sequences obtained from the 636 individuals varied considerably, between 1031
and 1259 bp, although the majority were between 1180 and 1183 bp [29]. A total of 196 variable
sites were obtained from the sequences, including 63 singleton variable sites and 133 parsi-
mony-informative variable sites. There were 158 transitions and 38 transversions within the 196
variable sites, among which 15 sites had both transitions and transversions. Transition muta-
tions were caused by observed substitutions. The variability of the number of 75 bp tandem
repeat motifs [38] caused the observed variation in the length of the mtDNA D-loop sequences
of the Tibetan sheep, with the exception of the insertion or deletion of several nucleotide sites.

Whole haplotypes” nucleotide composition was 32.96% A, 29.71% T, 22.89% C, 14.44% G,
62.67% A+T, and 37.33% G+C, and the A+T were more common than the G+C haplotype sub-
stantially, showing an AT bias [29]. The largest haplogroup A consisted of 490 individuals and
259 haplotypes; the next largest haplogroup B and haplogroup C consisted of 145 individuals
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and 43 haplotypes. The smallest haplogroup D consisted of 1 individual and 1 haplotype. The
number of haplotypes, individuals, and frequency detected in each Tibetan sheep popula-
tion of haplotype group varied from 1 to 49, from 0 to 62, and from 0 to 0.88, respectively.
The haplotype diversity and nucleotide diversity were calculated separately for each Tibetan
sheep population and were estimated to be 0.99 + 0.01 and 0.02 + 0.00, respectively. The values
of haplotype diversity and nucleotide diversity ranged from 0.90 + 0.16 to 1.00 + 0.05 and from
0.01+0.00 to 0.03 = 0.00, respectively, thus demonstrating the high level of genetic diversity in
the 15 Tibetan sheep populations. The nucleotide diversity value of the LZ and JZ populations
was higher than that of the remaining 13 Tibetan sheep populations, indicating a relatively
high level of diversity. Similarly, the haplotype diversity values were highest in LKZ and LZ
populations and the lowest in the AW population.

3.2. Genetic distance and average number of nucleotide differences

The study presents the genetic distance and average number of nucleotide differences between
and within the 15 Tibetan sheep populations. The genetic distance values ranged from 0.01
to 0.04 within the population diagonals, and the genetic distance values ranged from 0.01 to
0.04 among populations in Liu et al. [29]. Among the Tibetan sheep populations, the genetic
distance within populations reached a maximum value in LZ and a minimum value in
AW. Similarly, the genetic distance between the populations had a maximum value for LZ and
JZ and a minimum value for AW and T]. The average number of nucleotide differences values
ranged from 10.00 to 29.81 within populations along the digital diagonal, and the average
number of nucleotide difference values ranged from 10.73 to 30.99 between the populations
below the diagonals. Among the Tibetan sheep populations, the average number of nucleotide
differences within the populations reached its value maximum in LZ and its minimum value
in AW. Similarly, the average number of nucleotide differences between populations reached a
value maximum in LZ and JZ and a minimum value in AW and TJ populations [29].

3.3. Genetic distances and altitude

We test whether genetic distances between populations can be explained by absolute dif-
ferences between altitudes for the 15 Tibetan sheep populations. Graphically, for the focal
population of LZ, Figure 1 plots the genetic distance between population LZ and each of the
remaining populations as a function of the absolute difference in altitudes. Genetic distance
tends to decrease with absolute difference in altitudes, as estimated by the Pearson correla-
tion coefficient (r = -0.4136, two tailed P = 0.063, square root of 0.1711 indicated in Figure 1).
This tendency is observed in 10 among the 15 sheep populations, but is never statistically
significant at P <0.05 (see Table 1). It is strongest (most negative) for high altitude populations
and weakest (most positive) for populations living at low altitudes. This association between
altitude and Pearson correlation coefficients obtained between genetic distances and absolute
differences in altitudes (Table 1) has itself r = -0.65, one tailed P = 0.0044.

3.4. Genetic differentiation

To examine the genetic differentiation between the 15 Tibetan sheep populations, we cal-
culated F,, and G,. We also calculated N, DW, and D, among the 15 studied Tibetan sheep
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Figure 1. Genetic distance and absolute difference between altitudes for population LZ.

populations [29]. The estimated pairwise F,, values are from Liu et al. [29]. The F_, values
ranged from -0.05 to 0.24. DM and LKZ had the closest pairwise F . value among the 15
Tibetan sheep populations and AW were more distantly related to JZ, compared with other

Population Altitude, m Genetic dist, r Genetic diff, r
GD 3100 0.07 043
QL 3540 -0.13 0.53
TJ 3217 0.06 0.54
QH 3630 -0.21 0.58
MX 3180 0.08 0.56
GJ 3022 0.06 0.42
QK 3410 0.01 0.53
GN 3616 -0.13 0.60
LKZ 4459 -0.29 0.09
JZ 4398 -0.41 -0.17
GB 4403 -0.36 -0.51
HB 4614 -0.12 -0.46
DM 4780 -0.11 0.34
AW 4643 -0.05 -0.01
LZ 4292 -0.42 -0.11

Table 1. Altitude and Pearson correlation coefficients between absolute differences in altitude and each genetic distance
and genetic differentiation between 15 Tibetan sheep populations.
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Tibetan sheep populations. No F,. values were larger than 0.25 [39], indicating that there
was no significant genetic differentiation among the whole Tibetan sheep populations. The
decreasing sequence of F . values among Tibetan sheep were 14 MX, 13 GD and JZ, 12 QK,
10 GB and GN and TJ, 9 GJ and HB and QH, 7 QL, 4 LKZ and LZ, 3 DM, and 1 AW.

The distribution of the 15 Tibetan sheep populations varied according to their F, values
(P <0.05, or P <0.01). The G, values ranged from 0.01 to 0.05 in Liu et al. [29]. The G, value
between the LKZ and LZ was the smallest, and the G, value was the largest (JZ and AW, MX
and AW, respectively). The mean G, was 0.02, which indicates that most of the genetic diver-
sity occurred within populations and that 1.76% of the total population differentiation came
from inter-population comparisons, whereas the remaining 98.24% came from differences
among individuals within each population. Thus, the gene divergence between the popula-
tions was very low. Variation observed among and within the 15 Tibetan sheep populations
indicate lack of differentiation among geographic populations.

Liu et al. present the 15 Tibetan sheep populations’ N, of the sequence values and haplo-
type values [29]. The N of sequences ranged from -731.04 to 495.66, demonstrating that gene
exchange was either extremely frequent or extremely rare. The sequence value between GN
and QK was the smallest, and MX and QL was the largest. The mean N, of the sequences was
—9.40, implying a relationship with distance relatively. The N of the haplotype values ranged
from 5.04 to 177.66. Notably, the value between QL and GJ was 35.24 times greater than the N .
between JZ and AW. The N, of the haplotype values between ]JZ and AW was the smallest, and
the N of the haplotype values between GJ and QL was the greatest. The mean haplotype N
was 22.59, failed to indicate that gene flow occurred between the populations in the past time.

Liu et al. provided the data of the D, and D, values among the 15 Tibetan sheep populations
[29]. The ny value between JZ and AW was the largest, and the ny value between LKZ and
LZ was the smallest. The D, values were from 0.01 to 0.03. The mean D, was 0.02. Similarly, the
number of net nucleotide substitutions per site between populations of the 15 Tibetan sheep
populations was highest JZ and LZ and lowest T] and AW.

3.5. Genetic differentiation and altitude

We test whether genetic differentiation between populations can be explained by altitude.
Graphically, for the focal population of GD, Figure 2 plots genetic differentiation between
GZ and each of the remaining populations as a function of the absolute value of the difference
between their altitudes. Genetic differentiation tends to increase with altitude (r = 0.4315,
one-tailed P = 0.062) (square root of 0.1862 indicated in Figure 2). Analyses similar to those
in Figure 2 showed that genetic differentiation increases with absolute differences in alti-
tude, specifically for nine populations ((significance at P < 0.05 indicated by *) QL*, TJ*,
QH*, MX*, GJ, QK*, GN*, DM, and LKZ) and decreases for the remaining five populations
(GB,HB, JZ, LZ, and AW), mainly GB* and HB* (Table 1).

This association between genetic differentiation and absolute difference between altitudes is
most positive for populations at high altitudes and most negative for those at low altitudes.
This association between altitude and Pearson correlation coefficients obtained between
genetic differentiations and absolute differences in altitudes (Table 1) has itself r = -0.75,
one-tailed P =0.0011.
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Figure 2. Genetic differentiation and absolute difference between altitudes for population GD.

3.6. Phylogenetic relationships

To extend our knowledge of the phylogenetic relationship of the 15 Tibetan sheep popula-
tions, a phylogenetic tree was constructed using ME based on the complete mtDNA D-loop
sequences of 642 individuals and 350 haplotypes from 15 Tibetan sheep populations and six
reference breeds [29]. We determined four distinct cluster haplogroups: A, B, C and D. Of
the 350 haplotypes, there was no common haplotype identified in all of the Tibetan sheep
populations; 98 haplotypes were shared, and 252 haplotypes were singletons, which includ-
ing 38 in GB, 33 in GJ, 28 in TJ, and 24 in QH. The leading haplotype (Hap 39) was found in
39 individuals. The next most common haplotype was Hap 42, composed of 19 individuals,
and the remaining nine haplotypes were composed of 7-10 individuals. Haplotype 42 was
composed of ]Z, MX, QL and T]. Haplotype 4 was composed of 14 of the Tibetan sheep popu-
lations, but excluding LKZ, indicating close clustering. The majorities of the 490 individuals
were grouped in haplogroup A, followed by haplogroups B and C; however, only one animal
from the LZ belonged to haplogroup D. The DM was composed of two haplogroups, the
AW was composed of one haplogroup and the remaining 13 Tibetan sheep populations were
composed of three haplogroups [29]. Moreover, the maximum composite likelihood method
was used to analyze the genetic distance between populations, which were in the units of the
number of base substitutions per site. More specifically, the neighbor-joining phylogenetic
tree of the 642 sequences of the mtDNA D-loop, based on units of the number of base substi-
tutions per site divided the 15 Tibetan sheep populations and six reference breeds into four
groups effectively. O. ammon and O. vignei were genetically distinct and separated initially.
The 15 Tibetan sheep populations and four reference breeds were then divided into three
sub-clusters. The first cluster included JZ, QL, QH, GN, QK, MX and GD. The second cluster
included OuasiaA, AW, TJ, GJ, LKZ, DM, GB, HB and LZ. The third cluster included Omexic,
OeuroreB and Omusimon. The AMOVA was conducted, and the results are shown in Liu et al.
[29]. The AMOVA revealed a variation of 4.46% among the populations and of 95.54% within
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the populations significantly (P < 0.05). The F,. was 0.05, which indicated that 4.50% of the
total genetic variation was due to differences between populations, and the remaining 95.50%
came from differences among individuals within each population.

3.7. Population expansions

The sample size for most of the populations was more than 30, so the detection of population
expansion was performed at the individual population level (data not shown) and in all hap-
lotype sequences. Liu et al. showed the mismatch distribution analysis of the complete dataset
(lineages A, B, C, D and 15 Tibetan sheep populations of mtDNA D-loop) [29]. Neutrality tests
(Ewens-Watterson test, Chakraborty’s test, Tajima’s D test, Fu’'s FS test) were used to detect
population expansion [29]. The charts of the mismatch distribution for the samples of the 15
Tibetan sheep populations and the total samples were multimodal. However, the mismatch
distribution for LZ was a unimodal function. The mismatch distribution of the complete data-
set showed that there were two major peaks, with maximum values at 4 and 27 pairwise differ-
ences and two smaller peaks at 45 and 51 pairwise differences [29]. These results suggest that at
least two expansion events occurred during the population demographic history of the Tibetan
sheep population. The mismatch distribution analysis revealed a unimodal bell-shaped distri-
bution of pairwise sequence differences in lineages A, B and C, but that of the lineage D was a
sampling function duo to small sample effects. The complete dataset of 15 Tibetan sheep popu-
lations did not produce a significantly negative Ewens-Watterson test, whereas Chakraborty’s
neutrality test of JZ was significant (12.63, p = 0.03), and Tajima’s D neutrality of TJ test was
also significant (-0.47, p = 0.02). Fu’s F value was —7.48 for the 15 Tibetan sheep populations, of
which GN, QK, HB, GB, GJ, QH, QL and TJ were highly significant (p <0.01 or p <0.001). This
finding suggests the occurrence of two expansion events in the demographic history of the 15
Tibetan sheep populations. This result is consistent with a demographic model showing two
large and sudden expansions, as inferred from the mismatch distribution.

4. Discussion

4.1. High mtDNA D-loop diversity of Tibetan sheep populations

The 15 Tibetan sheep populations in our study showed a high level of genetic diversity. This
finding is consistent with archeological data and other genetic diversity studies [21, 40-43],
while in this study, the haplotype diversity was higher than that found in a previous study
[44], and the nucleotide diversity was lower compared with the data in a previous study [7].
The genetic diversity among the 15 Tibetan sheep populations was relatively higher compared
with other sheep populations [1, 44]. For instance, the haplotype diversity values of Turkish
sheep breeds distributed in a Turkish population were 0.95 + 0.01 [44]. However, according
to Walsh’s work, based on the required sample size for the diagnosis of conservation units
[45], a sample of 59 individuals fails necessary to support the hypothesis that individuals
with unstamped (“hidden”) character states exist in the population size. Thus, the sample
size necessary to reject a hidden state frequency of 0.05 is 56 when sampling from a finite
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population of 500 individuals. Therefore, because of the large sample size, genetic diversity
estimation reflects precisely Tibetan sheep. For the LZ, LKZ, HB, QH, GD, TJ, GJ, QK, GB
and GN with broad distribution, a high genetic diversity could only be observed within the
studies containing large sample size or wide collection areas. However, if more samples were
involved in the study, a higher diversity could be found, suggesting further investigation of
the genetic diversity of these 15 Tibetan sheep populations. These Tibetan sheep populations
had been experiencing a genetic bottleneck during the twentieth century and were classified
as the rarest sheep populations [46]. In addition, among the 15 Tibetan sheep populations, the
positive Ewens-Watterson and Chakraborty’s values were significantly different, suggesting a
previous decline in the population size of the mtDNA D-loop diversity. This finding was con-
sistent with the results of a previous study [46]. Such genetic diversity may be caused by an
increased mutation rate in the mtDNA D-loop, the maternal effects of multiple wild ancestors,
overlapping generations, the mixing of populations from different geographical locations,
natural selection favoring heterozygosis or subdivision accompanied by genetic drift [42, 43].

4.2. Maternal origins of the Tibetan sheep populations

The sequence motifs from the 1180 bp to the 1183 bp region of the mtDNA D-loop form the basis
for the four major maternal lineages in the Tibetan sheep mtDNA haplotypes. Maternal lineage
D was the rarest. The Tibetan sheep haplotypes belonged to all four major maternal lineages,
although only 0.16% belonged to maternal lineages D. This finding demonstrated that popula-
tions of Tibetan sheep possess abundant mtDNA diversity, and therefore, there is a widespread
origin of their maternal lineages. Furthermore, the thoroughbred Tibetan sheep has been pro-
posed to be shared in the maternal lineages A, and the contribution of Asian sheep breeds to this
population has also been reported in Liu et al. [29]. In this study, maternal lineages B and C were
found in common among the overall sequences of all 15 Tibetan sheep populations, including
the 14 Tibetan sheep populations respectively other than DM and AW. It is generally acknowl-
edged that domestic sheep have two maternal lineages (A and B), based on the earlier mtDNA
analysis [7, 13, 16, 47]. Recently, a new maternal lineage (C) was found in Chinese domestic
sheep [40, 42, 43]. The ME phylogenetic tree median-joining analyses, revealed the presence of
four maternal lineages in the Tibetan sheep populations. Of these groups, the maternal lineage
A was predominant, and the maternal lineage B and C were the second most common. The
proportion of maternal lineage D was 0.16%, further demonstrating that lineage D is the rarest
among mtDNA sheep lineages [29]. Our findings coincided with previous studies and sup-
ported the results on domestic sheep breeds in China [48, 49]. Three mtDNA of maternal lin-
eages were identified in both China [39, 42, 43, 49] and other countries [50-52]. The four mtDNA
maternal lineages found in the Tibetan sheep populations in the Qinghai-Tibetan plateau areas
further supported the hypothesis of multiple maternal origins in Chinese domestic sheep.

4.3. Genetic differentiation of Tibetan sheep populations

In this study, the AMOVA analysis revealed the distinct population of Qinghai-Tibetan Plateau
areas among other Tibetan sheep populations, with a significant positive variance in the mean-
while. Gene flow (N ), also known as gene migration, refers to the transfer of alleles from one

population to another. Poor gene exchange is indicated when N, haplotype valuesare>l and N
sequences <1, a, which means that genetic drift results in substantial local differentiation [53, 54].
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The low G, value, combined with the low N of sequences used in this study, indicates that the
great differentiation mainly resulted from the independent evolution of each isolated population
and substantial local differentiation caused by genetic drift [55]. The lower effective population
sizes may contribute too, as the GN, QK, GJ and QL live in canyons and valleys, so lower popu-
lation sizes were not available for migration compared with other Tibetan sheep. As the effective
population size declines, the nucleotide substitutions might reach fixation [48, 56]. Overall, the
study showed that the 15 Tibetan sheep populations from the Qinghai-Tibetan Plateau divide
into two phylogeography lineages: 5 Tibetan populations (GB, HB, JZ, LZ and AW) represent the
phylogenetic clusterings of the phylogeography lineages in Tibet Autonomous Region, 9 Tibetan
populations (QL, T], QH, MX, GJ, QK, GN, DM and LKZ) represent the phylogenetic clusterings
of the phylogeography lineages in Gansu and Qinghai Province. Associations between genetic
differentiation and absolute differences between altitudes are positive for eight populations and
negative for seven populations. These two groups separated by the direction of the associa-
tion between genetic differentiation and (absolute difference between) altitudes correspond for
12 among 15 populations to the two main phyletic clusters found for these populations using
neighbor-joining (Liu et al., 2016, therein Figure 2). This association is statistically significant
according to Fisher’s exact test (an one-tailed P = 0.032). The exceptions to this association with
phylogeny are populations GJ, T] and JZ. These results on associations between genetic differ-
entiation and altitude suggest that part of the genetic differentiation between populations might
be adaptive in relation to altitude and/or climate.

4.4. Genetic relationships among the Tibetan sheep populations

The study showed that the 15 Tibetan sheep populations from the Qinghai-Tibetan Plateau
divide into four maternal lineages: 490 Tibetan sheep represent the maternal origin of the
maternal lineage A, 64 Tibetan sheep represent the maternal origin of the maternal lineage B,
81 Tibetan sheep represent the maternal origin of the maternal lineage C, and 1 Tibetan sheep
represents the maternal origin of the maternal lineage D. This genetic relationship displayed
a high consistency with traditional classification schemes and the results of previous studies
[40, 57-61]. Fifteen Tibetan sheep populations derived from four maternal lineages. On the
one hand, Tibetan sheep show a great value as portable food and wool resource; on the other
hand, the commercial trade and extensive transport of sheep, along with human migratory
paths, might promote the observed genetic exchange. Other study methods such as genetic
approaches, including the degree method and the phylogenetic relationship clustering method,
also indicated that indigenous sheep were the maternal lineages A, B, C, and D [58, 60].

The study presents the Pearson correlation coefficient of genetic differentiation with the
corresponding altitude difference between the 15 Tibetan sheep populations. The study
showed that the correlation between altitude and genetic differentiation increases with alti-
tude, specifically for 10 populations (GJ, GD, T], MX, QK, QL, QH, GN, DM and LKZ), with
r ranging from 0.089 to 0.584, and decreases for the remaining five populations (GB, HB, ]Z,
LZ and AW), with r from —-0.512 to —0.011. This evidence based on the large-scale mtDNA
D-loop sequences analysis of 15 Tibetan sheep populations indicates effects associated to
climate or isolation of phylogeography on genetic differentiation. These results indicate
an adaptive effect associated with altitude or geography, which coincides with previous
studies [29, 42, 43, 62].
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4.5. Population expansion of Tibetan sheep populations

The mismatch distribution analysis of the complete dataset, maternal lineages A, B, C, D,
and 15 Tibetan sheep populations of the mtDNA D-loop, is presented [29]. Neutrality tests
(Ewens-Watterson test, Chakraborty’s test, Tajima’s D test, Fu’s FS test) were used to detect
population expansion [29]. The complete dataset of all Tibetan sheep populations had a signifi-
cantly large negative Tajima’s D value and F; value. This result shows two large and sudden
expansions, consistent with a demographic model, as inferred from the mismatch distribu-
tion. The mismatch distribution of the complete dataset suggested that there were two major
peaks with maximum values at 4 and 27 pairwise differences and two smaller peaks at 45 and
51 differences. Based on the results, it could be implied that there are at least two expansion
events occurred in the population demographic history of the Tibetan sheep, which live on the
Qinghai-Tibetan Plateau. The mismatch distribution analysis revealed a unimodal bell-shaped
distribution of the pairwise sequence differences in maternal lineages A, B and C. However, the
distribution of maternal lineage D was a sambong function, duo to the geographic distribution
patterns of species diversity. Mismatch analysis of maternal lineages A, B, and C suggested that
it happened in the demographic history of Tibetan sheep populations that single population
expansion events occurred before. Similar results were found in previous reports [42, 43].

4.6. Phylogenetic analysis of the Tibetan sheep populations

Phylogenetic analyses of complete mitogenomes showed a high resolution among wild sheep
as well as among the major lineages of domestic sheep [62]. The complete mitogenomes of
O. orientalis and O. musimon formed a monophyletic group that was incorporated within lin-
eage B of domestic sheep. However, the analysis of full control region and D-loop fragments
showed that O. orientalis is also closely related to other lineages of O. aries. This difference
could be ascribed to the small number of O. musimon and O. orientalis complete mitogenomes
available in this study.

Full control region from the complete mitogenomes produced similar phylogenies with fully
resolved phylogenetic relationships of wild sheep, but they failed to define the phylogenetic
relationships among the major lineages of domestic sheep. Our results suggest that partial
fragments of the complete mitogenomes would be problematic when making phylogenetic
inferences about domestic sheep. This problem arises due to diagnostic substitutions located
elsewhere in the mitogenome [62]. Thus, the diagnostic substitutions for species and lineages
presented [62] here can serve as an important resource for maternal genetic differentiation
between domestic and wild sheep as well as between the lineages within domestic sheep.
Also, they might be helpful for addressing certain conflicts described above in future.

5. Conclusion

High mtDNA genetic diversity in the sheep from the Qinghai-Tibetan Plateau areas is a
rich resource for China. The evidences indicate the high diversity of four maternal lineages
by doing the large-scale mtDNA D-loop sequences analysis of 15 Tibetan sheep popula-
tions. Although the maternal lineage D was only found in a single LZ, phylogenetic analysis
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showed that four maternal lineages (A, B, C and D), previously defined, could be identified
in the 636 tested individuals of the 15 Tibetan sheep populations. The estimation of demo-
graphic parameters from the mismatch analyses shows that maternal lineages A, B and C
had at least one demographic expansion in the Tibetan sheep of the Qinghai-Tibetan Plateau
areas.
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Abstract

The mitochondrial theory of aging suggests that mitochondria have a decrease in pro-
duction capacity of adenosine triphosphate (ATP). The question may seem trivial, but it
becomes more complex when considering that dysfunctional mitochondria can be elimi-
nated by lysosomal digestion and that cell with dysfunctional mitochondria can undergo
the process of apoptosis. In organs with regenerative capacity, like the liver, cell prolifera-
tion can almost completely hide mitochondrial dysfunction. However, evidence indicates
selective damage in mitochondria during aging, and so the mitochondrial aging theory
is gaining recognition and respect. There is solid evidence that accumulated DNA dam-
age in mitochondria is a cause directly related to metabolic disorders such as diabetes
and degenerative disorders such as Alzheimer’s disease. The central nervous system is
particularly susceptible to oxidative damage due to several factors, among which are its
high oxygen consumption, its dependence on aerobic carbohydrate metabolism, and its
complex composition of membrane lipids. Free radicals are generated at many cell sites,
and the mitochondrial respiratory chain is one of the main sources. While many studies
have been conducted in experimental animal models, the results are relevant because at
least some of their interventions suggest a directing aim at reducing the effects of aging.
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1. Mitochondria and DNA

Mitochondria are double-membrane organelles that are found in the cytoplasm of most eukary-
otic cells, and they are essential for the functioning of tissues that are highly dependent on aero-
bic metabolism, like the brain and heart, since they produce more than 90% of the energy needed
for cellular functions [1]. The human mitochondrial genome (mtDNA) is a double circular mol-
ecule of 16,571 pairs of nucleotides (16.5 Kb) which contains 37 genes that code for 22 transfer
RNAs, 2 ribosomal RNAs, and 13 subunits that encode mitochondrial DNA. These 13 subunits
are key in the respiratory chain and in the oxidative phosphorylation system which contains 7
subunits of complex I, 1 subunit of complex III, 3 subunits of complex IV or cytochrome oxidase,
and 2 subunits of complex V or ATP synthase (ATPase6 and ATPase8) (Figure 1) [1-3].

1.1. Specific characteristics of mitochondrial genetics

The type of inheritance of the mitochondrial genetic system, its location in a cytoplasmic
organelle, and the continuous arrangement of genes with almost no intermediate nucleotides
or introns and polyplasmy (high number of copies in each cell) provide genetic characteris-
tics that clearly differentiate them from those of nuclear DNA. Each cell contains between
1000 and 10,000 copies of mtDNA depending on the tissue, surpassing a few hundred in the
sperm and up to 100,000 in the oocyte [4]. Each mitochondrion contains between 2 and 10
molecules. The mtDNA is primarily maternally inherited by a vertical non-Mendelian pat-
tern. Very small amounts of parental mtDNA have been detected; for example, a case of a
28-year-old male with mitochondrial myopathy was reported due to a new 2 bp deletion in
the mtDNA of the ND2 gene (also known as MTND2), which encodes a subunit of the com-
plex I enzyme of the mitochondrial respiratory chain. In this study, it was determined that

37 GENES 22 tRNA

2 rRNA

Figure 1. The mitochondrial genome. Mitochondrial DNA (mtDNA) contains essential genes for normal mitochondrial
function, including protein production and electron transport chain (ETC) assembly. This image is a modification of
QIAGEN's original [Sanchez-Lopez AL].
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Figure 2. Inheritance pattern of mitochondrial DNA. mtDNA is transferred along material lineage; sperm-derived
paternal mitochondria enter the oocyte cytoplasm after fertilization but are eliminated from the cytoplasm of gametes.
Mitochondrial disease is always related in the maternal line.

the mtDNA harboring the mutation was of paternal origin and was calculated to be present
in 90% of the mtDNA of the patient’s muscle [5].

The general pattern is that mothers transmit their mitochondrial genome to all of their off-
spring, but only daughters will pass it on to all of the members of the next generation. This
is due to the high number of mtDNA molecules that exist in the ovules (between 100,000 and
200,000 copies) compared to a few hundred in the sperm. In addition, paternal mitochondria
that enter the fertilized ovum are eliminated by an active process (Figure 2) [6, 7].

1.2. Mitotic segregation

The phenotype of a cell line can vary during cell division because the mitochondria are randomly
distributed among daughter cells; so, if in a cell two populations of mtDNA coexist, one normal
and one mutated (heteroplasmy), throughout divisions three different genotypes may originate:
homoplasmic for normal mitochondrial DNA, homoplasmic for mutated mitochondrial DNA, and
heteroplasmic DNA. Therefore, the phenotype of a cell with heteroplasmy will depend on the per-
centage of mutated DNA it contains. If the number of damaged mtDNA molecules is relatively low,
complementation with normal DNA molecules occurs, and the genetic defect will not manifest [8].
When the mutated DNA exceeds a certain threshold, a pathogenic phenotype will develop accord-
ing to a threshold effect: if ATP production is below the minimum necessary for the functioning of
the tissues, due to defective proteins encoded in the mtDNA, illness might develop [7, 9, 10]. The
number of DNA molecules is different in each organ and tissue depending on the required energy
amounts for functioning. Therefore, the most affected organs and systems are vision, the central
nervous system, skeletal muscle, heart, pancreatic islets, kidney, and liver (Figure 3) [6, 11, 12].
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Figure 3. Mitochondrial homoplasmy and heteroplasmy. The expression of mitochondrial diseases is variable; a
single cell may receive a uniform collection of mtDNA (homoplasmy) or a mixture of mutant and wild-type mtDNA
(heteroplasmy). The proportion of mutant mtDNA molecules determines the penetrance and severity of expression.

1.3. High mutation speed

The mtDNA has a spontaneous mutation rate 10 times higher than that of nuclear DNA. Con-
tinuous mitochondrial production of oxygen radicals by the final oxidation of carbon compounds
probably damages the unprotected mtDNA (e.g., mtDNA reminds bacterial genomes as it lacks
histones). Therefore, the within-species individual sequence variation is large, up to about 70
nucleotides. Within single individuals, low heterogeneity levels in the mtDNA will be gener-
ated throughout life. It has been proposed that the decrease in respiratory capacity of the tissues,
which takes place during aging, may be due to an accumulation of such mitochondrial damages.
This theory was first evidenced in a study by the Attardi Group, who documented that the mito-
chondria deteriorate with age as a result of the accumulation of mutations [13]. Mitochondrial
dysfunction is characterized by a deficient production of energy, a failure in calcium homeostasis,
an activation of proteases and phospholipases, activation of nitric oxide synthase, and an abun-
dant generation of free radicals [14-16]. Mitochondria, besides being the main source of free radi-
cals, are also very susceptible to oxidative stress, which is made evident by a massive induction
of lipid peroxidation, protein oxidation, and mutations in mtDNA. Oxidative stress also induces
apoptotic death, and the mitochondria play a central role in this phenomenon since there is cyto-
chrome c release to the cytoplasm and opening of the permeability transition pore [16].

1.4. Metabolic regulation and the central nervous system: the central role of
mitochondria

Mitochondria provide the energy required for neuron function because they transform the
potential chemical energy stored in covalent bonds of glucose or fatty acids into chemical
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energy stored in the covalent bonds between ATP phosphates. This last form of potential
chemical energy is easily usable by the cell and has been selected throughout evolution as
the mechanism by means of which all cellular processes that require the use of energy readily
dispose of it [10, 17]. The body must maintain a balance between the needs of cells and the
availability of fuel, which is called metabolic homeostasis. The constant availability of fuel in
the blood is called caloric homeostasis, whereby the blood level of fuel (in ATP equivalents)
does not decrease below certain limits regardless of whether the individual is in a state of
good nutrition or fasting. The maintenance of metabolic homeostasis is achieved through
the integration of three main factors: (1) the concentration of nutrients in the blood, which
affects the speed with which these are used and stored in different tissues, (2) hormone levels
in blood (first messengers) that transmit information to specific tissues on the state of the
organism and the contribution or demand of nutrients, and (3) the central nervous system
(CNS) that by way of neural signals controls the metabolism directly or through the release of
hormones [9, 18]. Despite its essential role in the energy metabolism of the brain and other tis-
sues, the amount of circulating glucose is limited. To ensure its continued provision, the body
stores metabolic fuels to provide glucose or energy in case of need. Within the homeostatic
mechanisms that allow regulation of the availability of combustible molecules, hormonal
control is one of the most important. Insulin and glucagon are the main hormones that regu-
late the storage and use of fuels. Insulin is an anabolic hormone that promotes the storage,
while glucagon is the hormone that stimulates the mobilization of the combustible molecules
[17, 18]. Other hormones, such as adrenaline, are released as a CNS response to hypogly-
cemia, exercise, and other types of physiological stress. Along with other stress hormones
(glucocorticoids), adrenaline increases the availability of fuels. One of the requirements to
maintain and perpetuate life is the preservation of homeostasis, that is, the constancy of the
internal environment (blood levels of ions, lipids, and carbohydrates) within narrow limits.
These conditions must be maintained even in varied situations such as rest, exercise, satiety,
or fasting. How is our body harmonized to survive in different metabolic situations? In mam-
mals, the coordination of metabolism is achieved through the neuroendocrine system. The
main hormones involved in the regulation of intermediate metabolism are insulin, glucagon,
catecholamines, and cortisol [19-21].

The brain must generate large amounts of ATP to maintain the membrane potential, which is
essential for the transmission of nerve impulses. Under normal conditions the brain only uses
glucose as fuel, oxidizing it through aerobic glycolysis. It does not use fatty acids. In fact, 60%
of the total glucose consumed by the body is used by the brain. The metabolism of the brain
is totally aerobic, consuming 20% of the total oxygen consumed by the body. It does not have
appreciable reserves of glycogen or other fuels so it requires the constant supply of oxygen
and glucose that cross the blood-brain barrier with ease [19, 22].

Practically, until adulthood, we are well protected against damage to mitochondria since the
body is able to produce antioxidant systems that defend us from it [23]. But as we get older,
changes occur inside our cells that determine the progressive destruction of mitochondria
and, therefore, bring about aging and disease [24].

The sequence variations existing between different individuals have been very useful for anthro-
pological, ethnological, and forensic studies and are the basis for the hypothesis that all existing
humans descend from a woman who lived in Africa about 250,000 years ago (Figure 4) [25-27].
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Figure 4. Mitochondrial aging theory. The production of intracellular free radicals, and its effects on cellular components,
is a determinant of lifespan. Mitochondria is the prime target for oxidative damage; accumulation of reactive oxygen
species (ROS) leads to changes of the inner membrane permeability causing release of intramitochondrial content and
activating a cytoplasmic immune response leading to apoptotic cell death.

Mitochondria in the elderly are, for the most part, dysfunctional, unlike young individuals in
whom little mitochondrial damage is observed: with the passage of time, devastating changes
occur inside our cells that lead to the destruction of mitochondria and consequently trigger aging
and disease [15, 28]. Production rates of superoxide anions and hydrogen peroxide (free radicals)
increase significantly, specifically deteriorating the mitochondria. At the same time, the levels of
endogenous antioxidants (which would contribute to diminishing the harmful effects of free radi-
cals) decrease. There is also a significant reduction of molecules capable of capturing free radicals
before they can attack other molecules. Both factors decrease mitochondrial defenses which then
become more vulnerable [29, 30]. Oxidative damage accumulated in mitochondrial DNA and
other components of the mitochondria (as well as in the cell as a whole) leads to the deterioration
of mitochondria, and as a consequence of that deterioration, more free radicals are produced [24].

According to the mitochondrial theory of aging, this growing spiral of deterioration is a pro-
cess of aging in itself; the number and functional state of the mitochondria determine, in a
very specific way, the biologically determined lifespan of individuals. The recent research
identifies this mitochondrial aberration associated with age as one of the main mechanisms
in chronic inflammation [Ref]. Specifically, mitochondrial dysfunction acts as a mechanism of
inflammation in the following manner [31, 32]:

a. The accumulation of free radicals induces a greater permeability in the membrane of the
mitochondria.

b. The molecular components normally contained within the mitochondria pass into the cell
cytoplasm.
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¢. The cytoplasmic pattern recognition receptors (CPRRs), which detect and initiate the im-
mune response against intracellular pathogens, recognize the molecules of the mitochon-
drial discharge as potential threats.

d. After detecting potential threat, the CPRRs form a complex called inflammasome that cap-
tures the inflammatory cytokine interleukin-13, which then recruits components of the
immune system to destroy the altered cell.

These four steps represent a simplified diagram of mitochondrial dysfunction that leads to
cell destruction; however, free radicals are not the only inducers of cell death by inflamma-
tion [33, 34].

Circulating carbohydrates, mainly glucose and fructose, also participate in aging processes.
When these blood sugars come into contact with proteins and lipids, a harmful reaction
occurs that forms compounds called advanced glycation end products (AGEs). The AGEs
bind to a receptor on the surface of the cells called the PFG receptor (receptor for advanced
glycation end products (RAGE)). After activation, the RAGEs induce the movement of the
nuclear mediator factor kappa-B (NF-kB) to the nucleus where numerous inflammatory genes
are activated. AGEs are formed mainly in vivo, and glycation is exacerbated by elevated blood
glucose levels. Dietary AGE also contributes to inflammation [17, 18, 35].

Hence, molecules that protect and revitalize mitochondria could recreate a “juvenile” state of
protection against free radicals (Figure 5) [36].

Mitochondria in the elderly are, for the most part, are dysfunctional, unlike young individu-
als in whom no mitochondrial damage is observed. So much so is the mitochondrial dysfunc-
tion caused by oxidative damage due to free radicals that are already a marker of aging and
pathologies associated with age [37].

The mitochondrial theory, which proposes that mitochondrial defects associated with age
are controlled by the accumulation of mutations in mitochondrial DNA. There is, however,
a growing body of contradictory evidence that has raised questions about the validity of
this theory. It has been suggested that the mitochondrial defects associated with age are not
controlled by the accumulation of mutations in mitochondrial DNA but by another form of
genetic regulation. Contrary to the mitochondrial theory of aging, the epigenetic regulation of
respiration controls defects associated with age [37].

Damage to mitochondrial DNA causes changes or mutations in the DNA sequence. The accu-
mulation of these changes is associated with a reduced life expectancy and the early onset of
characteristics related to aging such as weight and hair loss, the curvature of the spine, and
osteoporosis [38]. There is, however, a growing body of contradictory evidence that has raised
questions about the validity of this theory. Tsukuba’s team, in particular, has made a compel-
ling research that has led them to propose that the mitochondrial defects associated with age
are not controlled by the accumulation of mitochondrial DNA mutations but by another form
of genetic regulation [2, 39, 40]. The researchers compared mitochondrial respiration and the
amount of DNA damage in the mitochondria, expecting that respiration would decrease and
DNA damage would increase in the cells of the elderly group. The elderly group had lower
respiration as the accepted theory indicates; however, there was no difference in amounts of
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Figure 5. AGEs. The activation of inflammatory genes is triggered by the formation of AGEs. AGEs activate NF-kB
through a cascade of reactions. This image is a modification of QITAGEN’s original [Torres-Sanchez ED].

DNA damage. This epigenetic regulation may be responsible for the effects associated with
age that is seen in mitochondria [7, 41, 42].

To test this theory, a research reprogrammed human fibroblast cell lines derived from the
young and from the old to a state similar to that of embryonic stem cells. Then, they returned
these cells back to their fibroblast form, and their mitochondrial respiratory function was
examined; the researchers looked for genes that could be controlled epigenetically causing
these mitochondrial defects associated with age and found two that regulate the production
of glycine in the mitochondria, CGAT, and SHMT?2 and showed that by changing the regula-
tion of these genes, they can produce defects or restore mitochondrial function in fibroblast
cell lines. The addition of glycine for 10 days in the culture medium of the fibroblast cell line
of the 97-year-old people restored its respiratory function. This suggests that glycine treat-
ment can reverse the breathing defects associated with aging in elderly human fibroblasts.
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Incredibly, the defects associated with age had reversed: all fibroblasts had respiration rates
comparable to those of the fetal fibroblast cell line, regardless of whether they were derived
from the young or the elderly. This indicates that the aging process in the mitochondria is
controlled by epigenetic regulation, not by mutations [37].

2. Oxidative stress and aging

Mitochondria are the easiest target for damage by free radicals due to two reasons:

1. They are exactly where free radicals are produced.

2. They lack the antioxidant defenses that are present in other parts of the cell [43, 44].

There is strong evidence that the accumulated DNA damage of mitochondria is directly
related to aging metabolic disorders and diseases [45]. The difference between mitochondria
and other intracellular compartments is that the mitochondria have their own DNA. The pro-
duction of free radicals (including superoxide anions and hydrogen peroxide) in mitochon-
dria is a corollary to energy production (Figure 6). The accumulation of these by-products
inside mitochondria damages their structure and their DNA. This damage is similar to that
produced by ionizing radiation, and today there is an important scientific consensus that
considers it as one of the main factors of aging [46]; so much so, that mitochondrial dysfunc-
tion caused by oxidative damage due to free radicals is already a marker of aging and the
pathologies associated with aging, like in Alzheimer’s disease, Parkinson’s disease, and can-
cer [47-49].

The energy metabolism intrinsic to the maintenance of the organism and environmental fac-
tors (pollution, smoking) determine the continuous generation of oxygen radicals. These
radicals produce oxidative damage to lipids, proteins, and DNA, and damaged molecules
accumulate during aging [44, 46]. The deterioration secondary to aging is observed more
clearly in postmitotic cells, which, when damaged, cannot be replaced by new cells, as is the
case of the neuron. Although it has not been possible to demonstrate with certainty what is
the role of this damage in senescence, oxidative stress would be one of the mechanisms pos-
sibly involved in neurodegenerative diseases [50].

Oxidative stress can increase with aging, both due to increased generation of oxygen radicals
and by the decrease in the ability to eliminate these radicals (antioxidant mechanisms) [51].
There is still discussion regarding the apparent decrease in antioxidant mechanisms during
aging [51, 52]. However, the available evidence, with respect to the maximum lifespan of
individuals, suggests that the mechanisms of defense against oxidation would not be very
relevant [52, 53]. The levels of antioxidant enzymes and the low molecular weight antioxi-
dants show an inverse correlation with the maximum longevity of the animals, which indi-
cates that pro-oxidative activity as such is the most relevant one [54]. Nor has it been found
that supplementation with antioxidants (or the opposite effect, the elimination of antioxidant
mechanisms) significantly modifies the maximum lifespan of an animal. In contrast, studies
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Figure 6. Mitochondrial dysfunction. The mitochondria are the main endogenous generator of free radicals. This
production acts in a vicious circle that damages the mitochondria and therefore the mitochondrial primordial functions
as shown in the figure. This image is a modification of QIAGEN's original [Torres-Sanchez ED].

of average survival suggest that in animals treated with antioxidant therapy these can effec-
tively, nonspecifically protect against various causes of early mortality [55, 56]. These protec-
tive effects can have great importance for the human population given that due to their living
conditions humans live in an adverse environment and are subjected, for example, to radia-
tion and toxic compounds, so they are exposed to damage by oxidative stress of exogenous
origin [57-59].

The animals would have regulatory mechanisms active during development that would
monitor mitochondrial activity and, in response, establish the rates of respiration, behavior,
and aging that persist during adult life [15, 60]. Although many of these studies have been
carried out in experimental models, the results are relevant since they suggest that at least
some of the interventions aimed at reducing the effects of aging should be considered in the
early stages and not during the adult life of the individual [61]. Also, mitochondria that have
suffered oxidative damage also contribute to the aging process [62-64]. Based on the studies
that associate the increase of oxidative stress with aging, a line of research has been strength-
ened which proposes that the decrease in caloric intake is associated with an increase in the
resistance of the central nervous system to suffer the neurodegenerative disorders of aging
(Figure 7) [65]. The neuroprotective effect would depend on the decrease in the generation
of oxygen radicals and an increase in the production of neurotrophic factors and protein
chaperones [66, 67].
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Figure 7. Aging and mitochondrial DNA. DNA damage is important for aging; reactive oxygen species (ROS) generated
damage mtDNA and therefor mutations and other alterations. This image is a modification of QIAGEN’s original
[Torres-Sanchez ED].

3. DNA mitochondria and disease

Mitochondrial diseases are a group of disorders whose common feature is a defect in the pro-
duction of ATP. However, this term is frequently applied to disorders caused by damage to the
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oxidative phosphorylation (OXPHOS) system because for many years only mutations in mtDNA
related to these diseases had been detected. But, identification of nuclear genes encoding proteins
of the OXPHQOS system complexes, or responsible for their assembly, has been described [68].

Mitochondrial disease can associate with any symptom, in any organ, at any age, but some
symptoms and signs are actually more suggestive of a mitochondrial disorder than others.
These “warning signs” warrant the onset of a diagnostic assessment of mitochondrial diseases.
In contrast, numerous nonspecific symptoms occur frequently in infants and children with
mitochondrial disease, but they have a broad differential diagnosis and lead more often to
other diagnoses [68]. For example, pigmentary retinopathy in a preadolescent child may be
a trait of mitochondrial disease but should suggest the possibility of juvenile neuronal ceroid
lipofuscinosis or another genetic syndrome. Thus, nonspecific symptoms, especially isolated
ones, do not indicate per se a mitochondrial problem. However, when combined, the likelihood
of mitochondrial disorder increases, especially if the nonspecific aspects affect different organ
systems, which leads to the initiation of appropriate initial diagnostic investigations [53, 69].

The defects of the respiratory chain of Mendelian inheritance are included in four groups:

Mutations in genes that code for subunits of the respiratory chain
Mutations in genes that code for anchor proteins

Defects in intergenomic communication

L A

Defects that affect the constituent lipids of the inner mitochondrial membrane where CR
is embedded

4. Diseases caused by mutations in genes that encode subunits of the
respiratory chain

The most frequent of these diseases are those that code for subunits of complexes I and II
and cause Leigh’s syndrome, which is a fatal neurodegenerative disease that begins in the
first years of life due to a profound defect in the production of ATP in the developing brain.
It is defined by the presence of bilateral necrotic lesions in ganglia of the base and brain
stem, characterized histologically by cavitated areas, vascular proliferation, neuronal loss,
and demyelination. Individuals with Leigh’s syndrome can also present variable symptoms
that do not fit into any defined syndrome (hypotonia, cardiomyopathy, ataxia, developmen-
tal delay, etc.) [70]. The most important genes that code for complex I subunits are NDUFS1,
NDUFS2, NDUFS3, NDUFS4, NDUFS6, NDUFS8, NDUFV1, and NDUFV2 [71-73].

4.1. Diseases caused by mutations in genes that code for anchor proteins

This group of diseases includes mutations in genes that code for proteins that, while not
part of the mitochondrial respiratory chain, are necessary for the correct assembly of proteins
encoded by the nuclear and the mitochondrial genomes. Examples are mutations in the
nuclear SURF1, LRPPRC, and NDUFA12L genes, which code for proteins necessary for the
assembly of cyclooxygenase (COX) [73, 74].
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Primary deficits of coenzyme Q10 (CoQ10) include various disorders caused by defects of their
biosynthesis at different levels. The CoQ10 transports electrons from complexes I and II to
complex Il and receives electrons from the beta-oxidation pathway via electron-transferring-
flavoprotein dehydrogenase (ETFDH) [75]. There are at least nine enzymes necessary for the
synthesis of CoQ10, and mutations in the genes that encode them are responsible for differ-
ent cases of encephalomyopathies. There are also disorders due to CoQQ10 secondary deficits,
including autosomal recessive cases of cerebellar ataxia of unknown cause in children, apraxia
syndrome with oculomotor ataxia 2 (AOA2) caused by mutations in the aprataxin gene (APTX),
and myopathic form of glutaric aciduria type II (GAII) caused by mutations in the gene that
encodes the ETFDH [76, 77]. The importance of knowledge of these disorders is that supple-
ments with CoQ10 improve the symptoms in these patients. Defects have also been described
in proteins involved in the assembly of complex III (BCS1L) and complex V (ATPAF2) [3, 74].

4.2. Diseases secondary to defects in intergenomic communication

These diseases are due to defects in nuclear factors involved in the replication, mainte-
nance, and translation of mtDNA. The resulting disorders are characterized by quantitative
alterations (depletion syndromes) or qualitative alterations (multiple deletions) of
mtDNA or by defects in the translation of respiratory chain components encoded in the
mtDNA. Thus, many of these disorders are due to alterations in the pool of nucleotides
necessary for the synthesis of mtDNA or in the enzymes necessary for the replication of
mtDNA itself [78, 79].

Figure 8. Multiple deletions of mtDNA. Mitochondrial damage is regulated by multiple deletions in the PEO, ANT1,
ECGF I, POLG, and OLG2 genes. The deletions will trigger the syndromes and signs that are illustrated in the image.
This image is a modification of QIAGEN’s original [Torres-Sanchez ED].
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4.3. Multiple deletions of mtDNA

From the clinical point of view, the multiple deletion syndromes of mtDNA are character-
ized by progressive external ophthalmoparesis (PEO), ptosis, and proximal muscle weak-
ness associated with signs of involvement of other systems that include the peripheral nerves
(sensory-motor neuropathy), the brain (ataxia, dementia, psychosis), the ear (sensorineu-
ral deafness), and the eye (cataracts). Genes involved in the homeostasis of the mitochon-
drial pool of nucleotides are associated with the presence of PEO and multiple deletions in
mtDNA. They include ANT1 (encodes the adenosine nucleotide translocator), PEO1 (codes
for a helicase known as Twinkle), ECGF1 (which codes for thymidine phosphorylase or TP),
POLG (encodes for the catalytic subunit of mitochondrial gamma polymerase), and POLG2
(which codes for a subunit of POLG) (Figure 8) [14, 80, 81].

Mitochondrial neurogastrointestinal encephalomyopathy or MNGIE is a multisystemic
disease of autosomal recessive inheritance, of presentation in young adults secondary
to mutations in TP (thymidine phosphorylase). It is characterized by PEO, neuropathy,
leukoencephalopathy, and severe gastrointestinal dysmotility, leading to profound cachexia
and early death. The decrease in thymidine phosphorylase activity leads to a defect in the
synthesis of mtDNA, causing not only multiple deletions in the mtDNA but also depletion
of same and point mutations that are reflected in the muscle, even though it expresses little
TP. The damage, therefore, seems to be mediated by toxins. Thus, thymidine and deoxyuri-
dine are toxic intermediaries that accumulate in the blood of these patients, and their elimi-
nation leads to clinical improvement. Different approaches have been carried out to favor
the elimination of these toxic intermediaries from the blood, by means of hemodialysis,
platelet transfusion, and, finally, allogeneic bone marrow transplantation [35, 80].

Mutations in mitochondrial gamma polymerase (POLG) may occur in the form of PEO at
the onset of adulthood and multiple deletions in mtDNA and be accompanied by ataxia,
peripheral neuropathy, Parkinsonism, psychiatric symptoms, myoclonic epilepsy, and gas-
trointestinal symptoms. These disorders can have both dominant and recessive inheritances.
An example of a clinical syndrome secondary to mutations in this gene is SANDO (sensory
ataxic neuropathy, dysarthria, ophthalmoparesis). Mutations in POLG are also responsi-
ble for the Alpers syndrome in children, a recessively inherited disorder characterized by
encephalopathy and severe hepatopathy and associated with mtDNA depletion [80].

4.4. Depletion of mtDNA

Some mutations in POLG are responsible for a fatal hepatocerebral syndrome in children
(Alpers syndrome) characterized by a profound depletion of mtDNA. Mutations in proteins
that affect the control of the pool of nucleotides in mitochondria also produce depletion of
mtDNA, highlighting two syndromes:

* Hepatocerebral syndrome caused by mutations in POLG or in DGUOK (encodes the en-
zyme deoxyguanosine kinase (dGK))

¢ Myopathic syndrome caused by mutations in TK2 (which codes for the mitochondrial form
of thymidine kinase), in SUCLA2 (beta subunit of succinyl-CoA synthetase), or in RRM2B
(p-53 inducible ribonucleotide reductase) [80, 82]
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4.5. Defects in mtDNA translation

In the translation of the 13 subunits of the respiratory chain encoded in the mtDNA, the partici-
pation of many nuclear coding factors such as polymerases, ribosomal proteins, RNA-modifying
enzymes and initiation, elongation, and termination factors, among others, is necessary. These
defects result in deep combined deficits of all the respiratory chain complexes. Clinically, they
manifest as necrotizing leukoencephalopathies, cardiomyopathies, and hepatocerebral syn-
dromes among others. Genes involved include GFM1 (encodes a ribosomal elongation factor),
MRPS16 (encodes the 16 subunit of the mitochondrial ribosomal protein), TSFM (encodes the
mitochondrial elongation factor EFTs), and TUFM (encodes the elongation factor Tu) [80, 82, 83].

4.6. Mitochondrial secondary disease

Even when a sophisticated biochemical analysis confirms mitochondrial dysfunction, it can be
challenging to distinguish whether the cause of this dysfunction is a gene that directly affects
the electron transport or is secondary to an unrelated genetic or environmental cause. Thus,
the definitive diagnosis of mitochondrial disease cannot be based solely on biochemical find-
ings, since the in vitro activity of the electron transport chain enzyme in a sample of patient
tissue may be diminished as a consequence of other metabolic diseases or issues related to the
handling of samples. Mitochondrial dysfunction that may or may not be clinically relevant is
observed when the main defect lies in another metabolic pathway related to energy, such as the
oxidation of fatty acids or the metabolism of amino acids. In addition, alteration of OXPHOS
has been observed with decreased in vitro activity of the electron transport chain enzyme in
up to 50% in tissue samples from patients with other metabolic diseases [84]. Of course, other
diagnoses that have finally been confirmed in individuals with suspected mitochondrial dis-
ease and biochemical samples of mitochondrial dysfunction in vitro include disorders of cop-
per metabolism (Menkes disease and Wilson’s disease), lysosomal disorders (neuronal ceroid
lipofuscinosis and Fabry disease), peroxisomal disorders, neurodegeneration associated with
pantothenate kinase, holocarboxylase synthetase deficiency, molybdenum cofactor deficiency,
and neonatal hemochromatosis [85]. It is increasingly accepted that the alteration of OXPHOS
may contribute to the pathology in some genetic alterations that are not typically classified as
mitochondrial or metabolic disorders, such as Rett syndrome, Aicardi-Goutiéres syndrome,
various neuromuscular disorders, and Duchenne muscular dystrophy. In addition, the activi-
ties of the electron transport complexes in skeletal muscle can decrease in malnourished chil-
dren, correcting to normal values after improvement of nutrition [41, 74, 86].

Medications and toxins can also significantly alter mitochondrial function. Sodium valproate
can alter mitochondrial function by inducing carnitine deficiency, depression of intramito-
chondrial oxidation of fatty acids, and/or inhibition of OXPHOS, which should suggest the use
of an alternative anticonvulsant in mitochondrial disease, especially in patients with POLG1
mutations. Other important examples of drugs that can induce mitochondrial dysfunction are
retroviral nucleoside analogs in HIV infection, as well as salicylates that can alter the hepatic
mitochondria in Reye syndrome. Since there are so many nonspecific clinical features that can
raise the suspicion of mitochondrial diseases, the differential diagnosis can be very broad.
The clinical presentation of mitochondrial disease in children can mimic other multisystem
disorders, such as congenital disorders of glycosylation or Marinesco-Sjogren syndrome, or
even be confused with a syndrome of vascular or immunological stroke. Although the clinical
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Figure 9. Medications and toxin in mitochondria: Alteration of mitochondrial function by exogenous metabolites;
the main damage affects cell respiration, but also damage in the oxidation of fatty acids is observed. This image is a
modification of QIAGEN's original [Torres-Sanchez ED].

and neuroimaging features of Leigh’s syndrome often clearly suggest a mitochondrial disor-
der, other alterations may give rise to striatal necrosis, which should be taken into account.
Similarly, clinical and neuroimaging findings may sometimes suggest other leukoencepha-
lopathies or degenerative disorders (Figure 9) [85, 86].

5. Assessment and diagnostic process

The main challenge to correctly establish mitochondrial dysfunction as the cause of the
presentation of a specific patient is the absence of a definitive biomarker that character-
izes mitochondrial disease in all patients. Thus, the diagnostic assessment is necessar-
ily broad and of many levels, with a focus on integrated training from many sources:
complete medical and family history, clinical findings that may suggest a mitochondrial
disease, abnormalities of the biochemical laboratory such as lactic acidosis (which, as we
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analyzed earlier, is not sensitive or specific as an isolated biomarker in many mitochon-
drial disorders), tissue biopsy tests of the abnormal activity of the electron transport chain
enzyme or an alteration of the respiratory capacity, and, if possible, the identification of
a pathogenic mutation of mtDNA or nDNA. This process usually involves sophisticated
tests that request invasive procedures, such as muscle or liver biopsy to obtain the tissue
for assessment in specialized laboratories. These investigations may offer intermediate or
ambiguous results, and the decrease in the activities of the enzymes of the electron trans-
port chain may be secondary to non-respiratory chain disorders. To assist in the interpre-
tation, two diagnostic schemes have been proposed for infants and children to classify
the probability of a specific patient’s mitochondrial disease as clear, probable, possible, or
improbable. Recently, guidelines were proposed for the diagnosis and treatment of mito-
chondrial disorders in infants and children; however, these complex and sophisticated
diagnostic algorithms are aimed for the metabolic specialist and have a limited clinical
utility for the family physician who contemplates the start of the diagnostic evaluation of
a specific patient [20, 21, 87].

The diagnostic evaluation typically begins with the general clinical assessment and goes
through the systematic, imaging, and metabolic screening tests up to the most specific bio-
chemical and genetic determinations. This starts with the less invasive evaluations and moves
on to the biopsy-based, more invasive analyses, as needed. Obviously, the complete diagnostic
process can be complicated and including the early intervention of a local specialist in metabo-
lism can be very useful. Recommendation to a metabolic specialist should occur whenever the
symptoms and signs clearly suggest a mitochondrial disease, patients are potentially unstable
with the classic features of metabolic disease, there is lactic acidosis in the blood or the cerebro-
spinal fluid (CSF), a pattern of maternal inheritance is observed, or anomalies are identified in
the initial diagnostic assessment. Referral by a primary care physician is also prudent when a
more elaborate study is necessary, such as a provocation test or a muscle biopsy with the study
of the enzymes of the electron transport chain [79, 88]. If a biochemical diagnosis has been
established but its molecular basis remains unknown, further study and genetic counseling
should be coordinated by a specialist. Mitochondrial disease is clearly not a single entity but
rather a heterogeneous disorder of energy dysfunction caused by hundreds of different muta-
tions, deletions, duplications, and other defects of nuclear and mitochondrial genes. Thus, at
present, there is no accepted and gene-based diagnostic algorithm that is useful for all patients
or used by all metabolic specialists. The study of nDNA mutations can be performed on any
tissue, including blood. However, most of the diagnostic study of nDNA genes should not be
done a priori but guided by the clinical picture, the specific headlines, and the biochemical
findings in a given patient. On the contrary, the most informative study of mtDNA mutations
is performed in a muscle biopsy sample, although urinary sediment and buccal cells may also
be useful.

It is important to recognize that dietary advice should always be offered in a specialized set-
ting. In addition, although there are only a few viable therapeutic options for mitochondrial
disease, it is best to be offered by clinicians with experience in these disorders [89].
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What was once considered a few rare diseases to be described in clinical sessions or in the
form of clinical cases in journals are today disorders that are commonly known and observed
in a wide range of consultations.
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Abstract

Mitochondria are traditionally been viewed as the cell's powerhouse, generating most of
its ATP. However, besides this fundamental metabolic role, mitochondria are implicated in
diverse other processes, including apoptosis, inflammation and metastasis. These functions
are exerted in part by the growing class of long noncoding mitochondrial RN As (IncmtRNAs).
We found that normal human proliferating cells express a family of noncoding mitochon-
drial RNAs (ncmtRNAs), comprised of sense (SncmtRNA) and antisense (ASncmtRNA).
However, tumor cells express only sense transcripts, suggesting that ASncmtRNA downreg-
ulation as a cancer new hallmark. The few ASncmtRNAs copies in tumor cells seem essen-
tial to tumor cell viability: knockdown of these transcripts with antisense oligonucleotides
(ASO) causes massive apoptotic death of tumor cells, preceded by cell cycle arrest. Preclinical
assays show that systemic administration of ASO delayed tumor growth in melanoma and
renal cancer models and, caused total remission in subcutaneous renal cancer tumors. The
same treatment, however, does not affect normal tissue, suggesting this approach for the
development of an efficient and safe therapeutic strategy for several cancer types.

Keywords: cancer, mitochondria, long noncoding RNAs, antisense oligonucleotides,
therapy

1. Introduction

Mitochondria are eukaryotic cell organelles that represent a universal system in higher organ-
isms which generate most of the cellular energy, in the form of ATP, necessary for different
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cell processes. However, many other functions have been assigned to this tiny organelle,
such as apoptosis, reactive oxidative species (ROS) signaling, inflammation and metastasis.
Mitochondria play a central role in apoptosis, principally due to the release of proteins from the
mitochondrial inter-membrane space [1], linking mitochondria to cell suicide. Mitochondria
also represent a major source of DNA-damaging reactive oxygen species (ROS), mainly as by-
products of oxidative phosphorylation. In comparison to nuclear DNA, mitochondrial DNA
(mtDNA) is more susceptible to DNA damage due to the reduced capacity of the cell to repair
mtDNA, potentially promoting cancer [2].

In inflammation, mitochondria mainly serve as a source of various signaling molecules, termed
damage-associated molecular patterns or DAMPS, which propagate inflammatory signals and
therefore activate inflammation [3].

Cancer death is most often due to secondary tumors or metastasis. This process requires a
complex series of events, which include epithelial-to-mesenchymal transition, stromal remod-
eling, invasion and ultimately migration of cancer cells. In this context, mitochondrial ROS
play a key role, leading to angiogenesis and metastasis [4] and promoting the migratory plas-
ticity of cells through activation of two essential factors, Src and protein tyrosine kinase 2 [5].
The basic understanding of the dependence of cancer cells on various mitochondrial roles is
already endorsing novel therapeutic approaches in cancer.

Along that line, an expanding group of evidences indicate that the mitochondrial genome is
not only responsible for the synthesis of the canonical 13 proteins, 22 tRNAs and two ribo-
somal RNAs (125 and 16S). Novel and expanding evidence suggest that mtDNA compensates
for reduced length by using little known phenomena that potentially increase DNA'’s pro-
tein coding repertoire, such as so called swinger polymerization, that consists of systematic
exchanges between nucleotides during DNA or RNA polymerization, producing so-called
swinger sequences [6, 7]. These transformations alter gene and mRNA coding properties.
Moreover, in human mitochondria systematic deletions of mono- and dinucleotides after
each trinucleotide have been reported, producing delRNAs. Recently, an exhaustive analysis
of human nanoLc mass spectrometry peptidome data detect numerous tetra- and pentapep-
tides translated from the human mitogenome, and this peptide subgroup would be the result
of the translation of delRNAs. Therefore, non-canonical transcriptions and translations could
considerably expand the coding potential of mitochondrial DNA and RNA sequences [8, 9].

Finally, in the field of antisense RNAs and because mitochondrial tRNA mutations are 6.5 times
more frequently pathogenic than in other mitochondrial sequences, a potential additional tRNA
gene function is that of templating for antisense tRNAs. Most antisense tRNAs probably function
routinely in translation and extend the tRNA pool and mutation pathogenicity, probably fre-
quently resulting from a mixture of effects due to sense and antisense tRNA translational activity
for many mitochondrial tRNAs [10, 11]. These could link to mitochondrial disorders and cancer.

This small but powerful organelle is also a novel source of noncoding RNAs (ncRNAs), and
growing evidence shows that mammalian mitochondria can also import/export ncRNAs,
turning this organelle into a pivotal player not only in cellular physiology but also in cancer,
representing potential targets for innovative ncRNA-based treatment strategies [12].
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In this chapter we discuss the importance of long noncoding mitochondrial RNAs (IncmtRNAs)
in diagnostic and pharmaceutical targeting in cancer.

2. Mitochondrial transcripts and noncoding RNAs

Human mitochondrial DNA (mtDNA) is a circular molecule of 16,569 bp in length [13] which
encodes a small subset of 13 proteins required for OxPhos, 22 tRNAs and two ribosomal
RNAs, 125 rRNA and 16S rRNA, which form part of the small (28S) and large (39S) subunits
of the 555 mitoribosome [14]. All other protein components are encoded by nuclear genes and
imported into mitochondria from the cytosol.

Replication and transcription of mtDNA is initiated from the D loop, a small noncoding region,
and is regulated by nuclear-encoded proteins imported into mitochondria [15]. Mitochondrial
RNAs are transcribed as long polycistronic precursors from both strands, termed heavy (H)
and light (L) strands [16]. Except for NADH dehydrogenase 6 (ND6), all the 13-mitochondrial
proteins are encoded in the H-strand. Additionally, the H-strand encodes 14 of the 22 tRNAs
and the 2 rRNAs. The remaining 8 tRNAs are encoded on the L-strand [17]. The precursor
transcripts are processed according to the tRNA punctuation model, whereby 22 interspersed
tRNAs are excised at their 5" and 3’ends by RNase P [18] and by RNase Z, elaC homology
2 (ELAC2), respectively, releasing simultaneously individual rRNAs and mRNAs [19]. The
RNAs then undergo maturation, involving polyadenilation at the 3’eextremitoess of mRNAs
and rRNAs, and specific nucleotide modifications and addition of CCA trinucleotides to the
3'eextremities of tRNAs [20]. The data of several groups indicate that 250-300 nuclear-encoded
proteins are dedicated exclusively to serve mitochondrial gene expression. This includes RNA
polymerase, endonucleases for RNA processing, translation factors, biogenesis factors for the
mitochondrial ribosome, aminoacyl-tRNA synthetases, and other auxiliary factors [21, 22].

However, evidence has accumulated supporting the notion that, besides proteins, many types
of RNAs transcribed from the nuclear genome are actively delivered to mitochondria. Among
these transcripts are different types of noncoding RNAs, such as tRNAs, 55 rRNA, MRP RNA
(RMRP) and RNase P RNA (RPPH1) [23], as well as mictoRNAs (mitomiRs) [24]. The logical
explanation is that, despite their critical function, the handfuls of mitochondrial- and nuclear-
encoded proteins are insufficient to maintain mitochondrial structure or activity.

Noncoding RNAs (ncRNAs) are divided in two major groups according to size, as small non-
coding RNAs and long noncoding RNAs. Among the small ncRNAs, microRNAs (miRNAs)
are the most-studied class in mammals. These RNAs (2024 nucleotides in length) negatively
regulate gene expression through binding with their target mRNA and have been implicated
actively in pathogenic processes of many human diseases [24] and, as such, are important reg-
ulators of cancer cell metabolism [25]. The observation of association of miRNAs with/inside
mitochondria may have important implications in several cellular processes and suggest that
the role of mitochondria clearly extends beyond its role in energy metabolism and other cel-
lular processes. The newfound destination of miRNAs indicates novel roles of mitochondria
in normal and pathological events [25].
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The class of long noncoding RNAs (IncRNAs) has been recently recognized, and is defined
as transcripts longer than 200 nucleotides. The size cutoff is arbitrary and many functional
IncRNAs are considerably longer than 200 nucleotides, including X-inactive specific tran-
script (XIST) [26], its antisense form Tsix [27], and Hox transcript antisense intergenic RNA
(HOTAIR) [28], which are several kilobases (kb) in length.

LncRNAs are able to interact with DNA, RNA, and proteins. In doing so, they regulate sev-
eral processes including chromatin dynamics, gene transcription, splicing, and translation [29].
Their involvement in these processes implicates IncRNAs in various aspects of human physiol-
ogy and disease, which include cancer. Aberrant IncRNA expression has been associated to vari-
ous cancer types [30]. Moreover, deregulated IncRNA expression patterns can modulate several
hallmarks of cancer [31], including sustained growth signaling, repressed growth inhibition,
apoptosis evasion, stimulated proliferation, and the promotion of angiogenesis [32].

2.1. Long noncoding RNAs are generated in the mitochondria

Both strands of the mtDNA are entirely transcribed but the light strand carries only genes for
seven tRNAs and the ND6 protein. Therefore, large noncoding sequences are thus generated
and released upon transcript processing. Three IncRNAs generated from mtDNA transcrip-
tion have been proposed. Their presence was authenticated by Northern blot and gRT-PCR
analysis. These transcripts are complementary to MTND5, MTND6 and MTCYTB genes.
These molecules form intermolecular duplexes that resist RNase 1 digestion, suggesting regu-
lation of their complementary coding mRNA. Therefore, pairing of these IncRNAs with their
mRNA targets might, for instance, control translation [33].

Recently, a novel mitochondrial long noncoding RNA (mtIncRNA) was identified in the
plasma of patients with left ventricular (LV) remodeling post-myocardial infarction. Levels
of LIPCAR (long intergenic noncoding RNA predicting cardiac remodeling) decline in early
stages after myocardial infarction, but increase in late stages, coinciding with LV remodeling.
Therefore, high levels of LIPCAR associate with identified patients with high risk of heart
failure, even death, suggesting that this IncmtRNA as a potential biomarker for patients with
recent episodes of acute myocardial infarction [34].

In the year 2000, our laboratory described a novel chimeric mitochondrial RNA present in mouse
testis and sperm cells. This transcript contained an inverted repeat of 120nt joined to the 5" end of
the 16S mitochondrial rRNA. The presence of this novel mitochondrial RNA in sperm, testis, and
somatic tissues was demonstrated by RT-PCR. As to the origin of this novel RNA, one possibility
was that it arose from transcription altered mtDNA which contained an insert of 121bp between
the tRNAVal and the 165 rRNA genes. However, PCR of sperm, testis, liver, and blood cell
mtDNA between these two genes yielded a fragment of 342bp consistent with a normal mtDNA
lacking the putative insertion of 121bp. The most surprising result was the localization of this
novel RNA in the sperm nucleus. In situ hybridization (ISH) demonstrated that the sequence of
the 165 rRNA and that of the inverted repeat were localized in the sperm nucleus [35].

Nuclear localization of this mitochondrial transcript is not specific to mouse since, by ISH, we
found that at least the sequence of the 16S rRNA was also localized in the nucleus of human
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sperm. To determine when during spermatogenesis the mitochondrial RNA is localized in
the nucleus, ISH of mouse and human testis was carried out. The nuclei of spermatogonia,
spermatocytes and round and elongated spermatids were all positively stained. In human
spermatocytes, the nuclear staining pattern was fibrillar, suggesting an association of the
mitochondrial transcript with the meiotic chromosomes [36].

These results suggested that the nuclear localization of the 165 mitochondrial rRNA in sper-
matogenic cells is the result of an intriguing process of translocation of the transcript from the
organelle to the nucleus. This hypothesis leads to several important questions; for example,
how does the organelle regulate the exit of the 165 mitochondrial rRNA without affecting the
number of copies needed to assemble mitoribosomes for normal mitochondrial translation?
Or what is the mechanism by which this RNA is exported from mitochondria? At present
these questions remain unanswered.

However, the extramitochondrial localization of the 165 mitochondrial rRNA described by us is
not unique, since the same transcript has been found consistently in the cytoplasm of Drosophila
and Xenopus embryos [37, 38]. Moreover, injection of an anti-165 rRNA ribozyme into cleavage
embryos of Drosophila demonstrated that the rRNA is actively involved in the generation of
pole cells, progenitors of the germ line [39].

As mentioned above, ISH revealed that this IncRNA is over-expressed in human sperm and pre-
cursor cells [36]. These results suggest that human cells might contain a transcript with structural
features similar to the mouse RNA. We found that the human RNA is over-expressed in sev-
eral human proliferating cells but not in resting cells. The structure of this transcript of 2374 nt,
which we designated sense noncoding mitochondrial RNA or SncmtRNA, revealed the pres-
ence of an inverted repeat (IR) of 815 nt linked to the 5’ end of the 16S mtrRNA. The expression
of this transcript can be induced in resting lymphocytes stimulated with phytohaemagglutinin
(PHA), together with DNA synthesis and the expression of the proliferation markers proliferat-
ing cell nuclear antigen (PCNA), Ki-67 and phosphohistone H3. On the other hand, treatment of
DU145 cells with aphidicolin reversibly blocks cell proliferation as well as the expression of the
ncmtRNA. These results suggested that the ncmtRNA is a new marker of cell proliferation [40].

Afterwards, we described 2 mitochondrial transcripts (ASncmtRNAs) in human cells containing
stem-loop structures similar to that of the previously described SncmtRNA. Regarding expression
of the SncmtRNA and the ASncmtRNAs, 3 different phenotypes of human cells can be defined.
Normal proliferating cells express both families of transcripts; in striking contrast, tumor cells
express the SncmtRNA and down-regulate the ASncmtRNAs. Finally, neither of these transcripts
is expressed in nondividing cells. Down-regulation of the ASncmtRNAs was observed in 15 differ-
ent tumor cell lines and in tumor cells present in 273 cancer biopsies corresponding to 17 different
cancer types [41]. SncmtRNA is expressed in all proliferating cells, independently whether we are
dealing with a regulated or a dysfunctional cell cycle. The fact that the ASncmtRNAs are always
down-regulated in tumor cells suggests that, hypothetically, the ASncmtRNAs might function
as a unique mitochondria-encoded tumor suppressor. Figure 1 shows a panel of ISH for S and
ASncmtRNA in non-proliferating tissue (liver), tumor tissue (cervix carcinoma) and normal pro-
liferating tissue (normal cervix epithelium), representing the concept of differential expression
mentioned. For in situ hybridization, tissue sections were incubated with hybridization mixture
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Figure 1. Representative in situ hybridization assay showing the differential expression pattern of IncmtRNAs in tissues
according to proliferative status. Upper panel shows absence of signal for both RNAs in non-proliferating tissues such
as liver. Middle panel shows presence of strong punctuate signal, corresponding to nuclei in normal proliferating
cervix epithelium. Lower panel shows a strong signal corresponding only to SncmtRNA and complete absence of signal
corresponding to ASncmtRNA in a tumor tissue, exemplified by cervix carcinoma. H&E, hematoxylin-eosin staining.
Magnification in upper panel, x200. Magnification in cervix tissues, x100.

containing probes complementary to sense or antisense ncmtRNAs, previously labeled at the 3’
end with digoxigenin-11-dUTP (Boehringer Mannheim, Germany) as described previously [36].
For detection, sections were incubated with a monoclonal anti-digoxigenin antibody conjugated
to alkaline phosphatase, and after color development, positive signal correspond to a blue color,
representing the expression of the corresponding RNA (see Figure 1).

Regarding subcellular localization, we found that in biopsies of normal and cancer tissues,
nuclear localization of these transcripts was frequently observed. The extra-mitochondrial
localization of these transcripts was confirmed by electron microscopy ISH. In normal cells,
SncmtRNA and the ASncmtRNAs were found in the nucleus associated to chromatin. In
tumor cells, SncmtRNA shows similar localization plus association with nucleoli, while the
ASncmtRNAs are down-regulated. Although the meaning of the nuclear localization in normal
proliferating cells of SncmtRNA and the ASncmtRNAs is unclear, the results suggest that these
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transcripts might play a role in retrograde signaling. Down regulation of the ASncmtRNAs
seems to be an important step in neoplastic transformation and cancer progression [42].

The study of RNA and DNA oncogenic viruses has proven valuable in the discovery of key
cellular pathways that are rendered dysfunctional during cancer progression. Because of this,
we studied human foreskin keratinocytes (HFK) immortalized with HPV in order to gain
insight on the role of the IncmtRNAs in cell proliferation. We showed that immortalization of
HFK with HPV-16 or 18 causes downregulation of the ASncmtRNAs and induces the expres-
sion of a new sense transcript termed SncmtRNA-2.

Transduction of HFK with both E6 and E7 oncoproteins is sufficient to induce expression
of SncmtRNA-2. On the other hand, the E2 oncogene is involved in downregulation of the
ASncmtRNAs. Knockdown of E2 in immortalized cells reestablishes in a reversible manner
the expression of the ASncmtRNAs, suggesting that endogenous cellular factors(s) could play
functions analogous to E2 during non-viral-induced oncogenesis [43]. Our results suggest that
a fraction of SncmtRNA-1 is processed outside of the organelle, to give rise to SncmtRNA-2 and
a 63-nt fragment released from the IR. In silico analysis of this sequence revealed that the 63-nt
fragment is highly complementary to hsa-miR-620. Using the TargetScan algorithm (www.tar-
getscan.com), we found >100 predictive targets for hsa-miR-620 [44]. An interesting example
is the mRNA of promyelocytic leukemia (PML) protein, which is a core component of PML
nuclear bodies found in tumor cells, important structures involved in HPV replication. Several
reports indicate that the E6 and E7 oncoproteins are localized in these nuclear structures [45].

2.2. Differential expression of IncmtRNAs as a tool for cancer diagnostics

As mentioned above, the ASncmtRNAs are downregulated in tumor cell lines and cells in
tumor biopsies, independently of the tissular origin of the tumor analyzed. Therefore, this
differential expression might be used for screening of cancer cells.

Cervical cancer is the fourth most common cancer in women worldwide. In 2012, this disease
accounted for 528,000 new cases and 266,000 deaths among females [46]. Cervical cancer is of
slow progression and, according to histopathological studies, there are at least three well-defined
stages preceding cervical squamous carcinoma, known as cervical intraepithelial neoplasia
(CIN). These stages (CIN1, CIN2 and CIN3) correspond to the progressive invasion of the cervi-
cal epithelium from the basal cell layer to the surface of the squamous epithelium [47]. Therefore,
detection of premalignant lesions is key to preventing disease progression to advanced stages.

Therefore, we performed a study in order to evaluate and quantify the differential expres-
sion of non-coding mitochondrial RNAs during the progression of the disease. We found
down-regulation of the antisense mitochondrial transcripts at early stages of cervical neo-
plasia (CIN1). Moreover, differential expression of ASncmtRNA v/s S-ncmtRNA showed
significant difference, while, as expected, normal proliferating tissues did not display down-
regulation of ASncmtRNAs. Moreover, downregulation of ASncmtRNAs correlated with the
over-expression of the tumor suppressor protein p16INK-4a [48, 49].

Bladder cancer (BC) is a significant cause of morbidity and mortality with a high recurrence
rate. Early detection of bladder cancer is essential in order to remove the tumor, to preserve
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the organ and to avoid metastasis. The “gold standard” in the detection of BC is cystoscopy.
This examination, however, is unpleasant, time consuming, expensive and may result in infec-
tions and urethral damage [50]. In a pilot study, we analyzed the differential expression of
SncmtRNA and ASnemtRNAs in cells isolated from voided urine from patients with bladder
cancer as a noninvasive diagnostic assay. For this purpose, we developed a test based on a
multiprobe mixture labeled with different fluorophores, which takes about 1 hour to complete.
We examined the expression of these transcripts in cells isolated from urine of 24 patients with
BC and 15 healthy donors. The samples from BC patients revealed expression of SncmtRNA
and downregulation of the ASncmtRNAs. Exfoliated cells recovered from the urine of healthy
donors did not express these mitochondrial transcripts. The differential expression of the
SncmtRNA and the ASnemtRNAs in cells isolated from voided urine can be explored as a new
non-invasive diagnostic test for bladder cancer [51].

2.3. Targeting antisense noncoding mitochondrial RNA: From bench to clinic

As mentioned before, we postulated that the ASncmtRNAs might function as a unique
mitochondria-encoded tumor suppressor. Therefore, we tested whether ASncmtRNA knock-
down (ASK for short) induces alteration of cancer cell function. We found, in several tumor
cell lines, that knockdown of the low copy number of the ASncmtRNAs with antisense oli-
gonucleotides (ASO) induces massive cancer cell death by apoptosis without affecting the
viability of normal cells. Apoptosis is triggered or potentiated by a drastic reduction in lev-
els of survivin, a member of the inhibitor of apoptosis (IAP) family that is overexpressed
in virtually all human cancers. Down-regulation of survivin is at the post-transcriptional
level and probably mediated by microRNAs generated by Dicer from the ASncmtRNAs after
ASO-induced RNase H processing [52]. It is important to highlight that the ASO treatment is
efficient in inducing knockdown of the ASncmtRNAs, despite the fact that it is well known
that oligonucleotides are not able to enter mitochondria in vivo [53]. In consequence, the
obvious question is how are these transcripts targeted by ASOs? We have demonstrated that
in normal human kidneys, renal cell carcinoma, mouse testis and the murine melanoma cell
line B16F10, SncmtRNA and the ASncmtRNAs exit the mitochondria and are found local-
ized in the cytoplasm and in the nucleus [42]. Consequently, our results suggest that the
functional role of these molecules lies outside the organelle. Besides cell viability, ASK also
drastically reduces proliferative index, anchorage-independent growth capacity, migration
and invasion [52]. Taken together, our results allow us to propose that downregulation of the
ASncmtRNAs constitutes an Achilles” heel of cancer cells, suggesting that the ASncmtRNAs
are promising targets for cancer therapy.

In consequence, the ultimate challenge is to translate these results to an in vivo preclinical
scenario with immunocompetent mice. For this purpose, we first characterized the murine
noncoding mitochondrial RNAs (mnecmtRNAs), which display structures similar to the human
counterparts, including long double-stranded regions arising from the presence of inverted
repeats. Most remarkable however is the identical expression pattern of these transcripts in
both species. The mASncmtRNAs, expressed in normal proliferating cells, are downregulated
in mouse tumor cells. ASK with ASO targeted to the mASncmtRNAs induces apoptotic cell
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death of the highly aggressive and metastatic murine melanoma cell line B16F10 in vitro, con-
comitantly with survivin downregulation [54].

We assessed the efficacy of the ASO treatment in vivo, using a B16F10 syngeneic model in
C57BL6/], where we applied a therapeutic approach similar to the clinical practice guidelines of
melanoma: surgical resection of the lesion followed by systemic administration of ASO targeted
to mASncmtRNAs (1560S). Remarkably, there was no visible sign of lung or liver metastasis
at 120 days since the beginning of treatment with ASO, although one cannot discard the pos-
sibility of micro-metastasis [54]. In tail vein injection lung colonization assay, ASO treatment
significantly reduced the number of metastatic nodules in the lungs, as well as their size [54].
Similar results were obtained in this model with a lentiviral delivery approach of therapeutic
sequences. Transduction with lentiviral constructs targeted to the ASncmtRNAs induced apop-
tosis in murine B16F10 and human A375 melanoma cells in vitro and significantly retarded
B16F10 primary tumor growth in vivo. ASK treatment drastically reduced the number of lung
metastatic foci in a tail vein injection assay, compared to controls [55]. These results provide
additional proof-of-concept for knockdown of ncmtRNAs for cancer therapy and altogether,
our results suggest that ASncmtRNAs could be potent targets for melanoma therapy.

In the RenCa cell line, corresponding to murine renal adenocarcinoma, we showed that ASK
in vitro induces apoptosis mediated by downregulation of survivin, Bcl-2 and BclxL, the lat-
ter 2 members of another family of anti-apoptotic factors [56]. ASK also induces detrimen-
tal effects on metastatic potential, such as downregulation of N-cadherin, P-cadherin and
MMP9, further strengthening the potential of this strategy for renal cell carcinoma (RCC)
therapy. Remarkably, our in vivo studies in a subcutaneous syngeneic model of RenCa cells
in Balb/C mice show complete reversal of tumor growth [57]. Moreover, in an orthotopic
assay of murine RCC induced by injection of RenCa cells into the subcapsular region of the
kidney showed that all the control mice contained tumors of different size. In contrast, only
one mouse treated with the therapeutic ASO exhibited a small tumor. Histological analysis of
each lung showed that control mice contained several and large metastatic nodules. In con-
trast, only two lungs of mice treated with therapeutical ASO contained metastatic nodules,
which were significantly fewer and smaller. Finally, direct metastasis assessment by tail vein
injection of RenCa cells also showed a drastic reduction in lung metastatic nodules [57].

These pre-clinical results with the RenCa and B16F10 murine models establish proof-of-concept
that the ASncmtRNAs constitute a potent and selective target to develop a treatment for differ-
ent types of cancer and positions this approach as an attractive strategy ready for clinical testing.

In this respect, the USA Food and Drug Administration (FDA) approved an oligonucleotide
directed to the human ASncmtRNAs Andes-1537) as IND for a Phase I Clinical Trial. This study,
currently under way and close to completion at UCSF, California, USA, is a first-in-human,
open-label, dose escalation and expansion, 2-part study to determine the safety, tolerability, and
maximum tolerated dose of Andes-1537 for Injection in patients with advanced unresectable
solid tumors that are refractory to standard therapy or for which no standard therapy is avail-
able (NCT02508441). The result of this trial will be very important in order to continue with the
next phase to assess the antitumoral efficacy of this therapy in human cancer patients.
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3. Conclusions

Downregulation of the ASncmtRNAs has been assessed in several tumor tissues, such as blad-
der, prostate, kidney, ovary, cervix and breast, among others [58]. The role of these transcripts
in cell proliferation and tumorigenesis is not fully understood at present. However, down-
regulation of the ASncmtRNAs while maintaining the expression of SncmtRNA represents
a universal characteristic of tumor cells. The strong inhibition of tumor growth, induction of
apoptosis and even tumor remission after knockdown of these RNAs in vivo is an impressive
phenomenon that constitutes a unique opportunity for the development of a targeted therapy
against several types of cancer. Moreover, the fact that antisense therapy does not cause side
effects constitutes an attribute not observed in other kinds of therapies and opens the door to
the evaluation of this approach in different kinds of solid tumors.

The mechanism by which interference of these RNAs generates cell death, apoptosis and
delay in metastasis is beyond the scope of this review. However, our preliminary evidence
indicates that the double strand region of the antisense RNAs is a seed for generation of
miRNAs, which could target mRNAs of several proteins involved in cell cycle control, cell
survival, invasion and metastasis. Therefore, knockdown of these RNAs generates a pleiotro-
pic effect that affects simultaneously several important pathways necessary throughout the
whole tumorigenic process.

Mitochondrial long noncoding RNAs are novel actors in cancer metabolism and understand-
ing the roles they fulfill in tumor cell biology will make it possible to select in the future novel
targets for the development of new therapies that could be effective and of low toxicity for
patients. Our target described here meets these two requirements and at present is being
evaluated in a Phase I protocol soon to finish. Those results will give the necessary data to
continue with the next phase and to evaluate more in depth the efficacy of our therapy.
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Abstract

Mitochondrial DNA alterations, including point mutations, deletions, inversions and
copy number variations, have been widely reported in many age-related degenerative
diseases and tumors. However, numerous studies investigating their pathogenic role in
cancer have provided inconsistent evidence. Furthermore, biological impacts of mito-
chondrial DNA variants vary tremendously, depending on the proportion of mutant
DNA molecules carried by the neoplastic cells (the so-called heteroplasmy). The recent
discovery of inter-genomic crosstalk between nucleus and mitochondria has reinforced
the role of mitochondrial DNA variants in perturbing this essential signaling pathway
and thus indirectly targeting nuclear genes involved in tumorigenic and invasive pheno-
type. Therefore, mitochondrial dysfunction is currently considered a crucial hallmark of
carcinogenesis as well as a promising target for anticancer therapy. This chapter describes
the role of different types of mitochondrial DNA alterations by mainly considering the
paradigmatic model of colorectal carcinogenesis and, in particular, it revisits the issue of
whether mitochondrial mutations are causative cancer drivers or simply genuine pas-
senger events. The advent of high-throughput next-generation sequencing techniques, as
well as the development of genetic and pharmaceutical interventions for the treatment of
mitochondrial dysfunction in cancer, are also discussed.

Keywords: mitochondrial DNA variants, heteroplasmy, nuclear-mitochondrial
crosstalk, oxidative stress, mtDNA copy number alterations, D-loop, cancer therapy,
mitogenomics

1. Introduction

Mitochondria are highly dynamic organelles whose biogenesis and functions are tightly
regulated by the nucleus through a constant bidirectional crosstalk. Indeed, only about 1%

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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of mitochondrial proteins are encoded by mitochondrial DNA (mtDNA), with all the oth-
ers encoded by the nuclear genome, including proteins involved in mtDNA replication and
transcription [1].

The human mtDNA is a small circular double-stranded DNA molecule of approximately
16.6 kb that encodes for 2 ribosomal RNAs (12S and 16S), 22 transfer RNAs required for
protein synthesis and 13 essential protein subunits of the oxidative phosphorylation system
(OXPHOS) (Figure 1) [2]. The electron transport chain, the primary metabolic pathway which
generates energy in the form of ATP, is composed of five protein complexes (I-V) localized
in the inner membrane of mitochondria, including complex II that is exclusively coded by
the nuclear genome. This system includes seven subunits of respiratory enzyme complex I,
one subunit of complex III, three subunits of complex IV and two subunits of complex V. As
mentioned before, all other mitochondrial proteins, including those involved in mtDNA rep-
lication, transcription and translation, are encoded by nuclear genes and are targeted to the
mitochondrion by specific transport systems. The discovery of over 2000 mitochondrial small
non-coding RNAs (mitosRNAs), playing a pivotal role in the control of normal mitochondrial
gene expression, revealed an underestimated level of mitochondrial functional complexity [3].
Furthermore, studies on antisense anti-termination tRNAs and delRNAs shed new light on
novel mechanisms expanding the coding potential of mitogenome [4, 5].

Byproducts of the electron transport chain (ETC) constantly generate reactive oxygen spe-
cies (ROS) that may severely damage the mitochondrial DNA. If not efficiently repaired, the
accumulation of oxidative lesions in the mtDNA molecules lead to gradual mitochondrial
dysfunction, which is reflected in changes in the number, morphology and functioning of
mitochondpria, as observed in cancer cells [6].

mtDNA is more susceptible to mutations than nuclear DNA, due to the lack of histones and
chromatin protective structures, paucity of introns, less efficient mtDNA repair mechanisms
and a higher exposure to deleterious ROS generated during ATP synthesis within the mito-
chondrial compartment [7].

Although low levels of intracellular ROS normally regulate cellular signaling and are essential for
normal cell survival and proliferation, aberrant ROS production is frequently observed in neo-
plastic cells. In the mitochondrial free radical theory of aging accumulation of damaging mtDNA
mutations, impairment of oxidative phosphorylation as well as an imbalance in the expression of
antioxidant enzymes results in exponential overproduction of ROS. This elicited condition forms
a “vicious cycle” that is the basis of a wide range of pathologies, termed as “free radical diseases”
such as cancer, neurodegeneration, atherosclerosis, diabetes mellitus and chronic inflammation
[8]. Importantly, besides the obvious induction of oxidative nucleotide damage to mtDNA, ROS
promotes tumorigenesis through several other mechanisms, including stabilization of hypoxia-
inducible factor (HIF)-a, increased calcium flux, inactivation of key phosphatases, such as Pten
and PP2A, and activation of both the NRF2 and NF-kB transcription factors [9-11].

Since the Warburg theory of cancer postulated in 1956 [12], mitochondrial dysfunction has
been regarded as a hallmark of cancer progression and as a promising target for anticancer t
herapies [13, 14]. For instance, enhancing complex I activity has been demonstrated to inhibit
tumorigenicityand metastasisofbreastcancercells[15]. Morerecently, mitochondrialdysfunction
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Figure 1. Map of the human mitochondrial DNA and distribution of somatic variants in colorectal cancer. mtDNA
somatic mutations are mainly represented by homoplasmic alterations (black arrowheads), although rarer heteroplasmic
substitutions (blue arrowheads) have been detected in the MT-RNR2 (16S) region or mixed homoplasmic/heteroplasmic
variants (red arrowheads) in the MT-ND5 locus.

has also been associated with a crucial step for tumorigenesis, that is, epithelial-to-mesenchy-
mal transition (EMT), enabling cancer dissemination and metastatic spread [16]. Importantly,
mtDNA alterations may also disrupt the inter-genomic crosstalk between nucleus and mito-
chondrion and is associated with increased oxidative stress, ROS and cytosolic calcium accu-
mulation, reduction of cell ATP levels and an imbalance in the NADH/NAD+ ratio. Moreover,
ROS-induced oxidative stress may also affect the expression of nuclear genes involved in
tumorigenic and invasive phenotypes, as it has been shown in colorectal cancer cells [17].

2. mtDNA alterations: a focus on colorectal carcinogenesis

2.1. Somatic mtDNA variants

Cancer is caused by the accumulation of multiple genetic alterations, such as point mutations,
copy number variations (CNVs), inversions and epigenetic modifications [18]. This multi-step
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process has been depicted in detail for colorectal cancer, which represents an ideal para-
digm of tumorigenesis. In 1990, Fearon and Vogelstein [19] postulated a multi-step model of
colorectal carcinogenesis, the long established “adenoma-carcinoma sequence”, in which the
inactivation of the APC tumor-suppressor gene occurs first in normal colonic epithelial cells,
followed by activating mutations in the KRAS gene and subsequent additional alterations in
other tumor-suppressor genes, such as TP53 and TGF-3 pathway genes.

Accumulating evidence emphasizes the functional role of mtDNA abnormalities in mitochondrial
dysfunction and colorectal carcinogenesis. In a whole-genome comparative study of five different
tumors, it has been demonstrated that the frequencies of deleterious non-synonymous somatic
variants vary tremendously across tumor types, with the higher frequency (63%) in colorectal
adenocarcinomas [20]. The vast majority of these mtDNA variants were represented by G > A and
C>T transitions, the typical molecular fingerprint due to oxidative stress in mtDNA [21].

Thus far, mtDNA variants have been found to affect different regions with an essential role in
mitochondrial protein synthesis machinery and oxidative phosphorylation (Figure 1) [22-24].
Importantly, it has been shown that mtDNA mutations may generate unprocessed transcripts
by precluding RNA processing that impair mitochondrial biogenesis and energy maintenance
[25, 26]. Itis noteworthy to mention that mtDNA variants not only affect genes directly involved
in the ETC, but also genes related to mitochondrial metabolism, such as tRNA genes, in which
pathogenic mutations are 6.5 times more frequent than in other mitochondrial loci [27, 28].

MUTHY-associated polyposis (MAP) patients carry a significant increase of non-synony-
mous changes in conserved amino acid residues of the MT-CO, gene, particularly the hotspot
m.7763G > A transition [29]. Nevertheless, there is no compelling evidence in the literature
propending for a single common coding-region mtDNA variant or haplogroup that may
strongly influence the risk of developing a colorectal adenocarcinoma. Alternatively, it is
likely that mtDNA alterations influencing colorectal cancer risk may be in the form of hetero-
plasmic low frequency variants, possibly restricted to specific subsets of patients with colorec-
tal cancer [30]. Curiously, it has been demonstrated that mutations disrupting the respiratory
complex I in pituitary adenomas are somatic modifiers of tumorigenesis associated with less
aggressive and genome-stable oncocytic lesions [31].

It is commonly believed that mtDNA variants arise due to positive selection of those “driver”
variants conferring clonal growth advantage. Accordingly, we observed that likely non-
pathogenic mtDNA variants (“passengers”) reverted to the wild-type homoplasmic status
during tumor progression in colorectal cancer patients [29]. On the contrary, the mtDNA
variants that are positively selected during tumor progression might be considered the most
tolerable alterations for neoplastic cells. However, a deleterious impact of mtDNA passenger
variants on cancer progression may not be completely excluded, as it has been previously
evidenced in nuclear DNA passenger alterations [32].

2.2. Mitochondrial DNA heteroplasmy

Mitochondrial DNA heteroplasmy has been involved in a large spectrum of human diseases.
Beside classical mitochondrial diseases, such as mitochondrial myopathy, myoclonic epilepsy
with ragged red fibers, and mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
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episodes (MELAS), mitochondrial heteroplasmy also plays a pivotal role in complex disor-
ders, including type 2 diabetes mellitus, late-onset neurodegenerative diseases and cancer [30].

mtDNA variants are maternally-inherited or arise as de novo somatic mutations in a fraction
(heteroplasmic) or all (homoplasmic) mitochondrial genomes within each cell containing hun-
dreds of copies of mtDNA molecules. Over time, the proportion of the mutant mtDNA within
the cell may vary and drift toward predominantly mutant or wild-type form to achieve homo-
plasmy. Accordingly, the biological impact of a mtDNA variant may fluctuate, depending on
the proportion of mutant mtDNA molecules carried by the neoplastic cell. Moreover, the level
of heteroplasmy increases significantly with age and may vary between tissues and ethnic
groups [33, 34]. By using high-throughput sequencing technology, Guo et al. [35] showed
that very low heteroplasmy variants, down to almost 0.1%, are generally inherited from the
mother, thus implying their likely neutral effect, and that this inheritance begins to decrease
at about 0.5%. Accordingly, it has been demonstrated that high heteroplasmic mtDNA muta-
tion loads, generally above 80%, are required to trigger substantial dysfunctions in the oxida-
tive phosphorylation process. For instance, the m.3571insC mutation in the MTND1 gene of
respiratory complex I is commonly detected in oncocytic tumors, in which it causes a severe
mitochondrial dysfunction when mutant load is above 83% [36]. Importantly, this mitochon-
drial threshold effect strictly regulates the balance between tumor growth and suppression
[37]. Interestingly, low-level mitochondrial heteroplasmies are commonly found in healthy
individuals, and the advent of next-generation sequencing (NGS) technologies revealed that
25-65% of the general population harbor at least one heteroplasmic variant across the entire
mitochondrial genome [38, 39]. By studying human colorectal cancer cell lines, Polyak et al.
[40] showed that the vast majority of mutations were ROS-related homoplasmic transitions,
indicating that mtDNA molecules could rapidly become homogeneous under high clonal
selection conditions. Nevertheless, several other in vivo studies demonstrated that mtDNA
heteroplasmy is far more common in colorectal neoplasms [41-43]. As occasionally observed
in the case of revertant mosaicism, a naturally occurring phenomenon involving spontaneous
correction of a pathogenic mutation in a somatic cell, heteroplasmic somatic variants may also
naturally revert to wild-type homoplasmy [44, 45].

2.3. mtDNA copy number alterations

Epidemiological studies have indicated significant association of leukocyte mtDNA copy
number with risk of several malignancies, including glioma, colorectal and breast tumors,
and its use has been proposed as a potential biomarker to select patients who benefit from
adjuvant chemotherapy [46-50]. A reduced mtDNA content has also been correlated with
lymph node metastasis and lower survival rates in patients with colorectal cancer [51].

In the past years, it has been demonstrated that mtDNA depletion leads to tumorigenesis by
inducing changes in the redox status, membrane potential, ATP levels, gene expression, nucleo-
tide pools, and increased chromosomal instability (e.g. translocations) [52, 53]. However, other
findings reported a gain of mtDNA copy number, thus suggesting that mtDNA replication could
be increased to compensate for detrimental metabolic effects caused by mtDNA variations and/
or oxidative stress [54]. These conflicting data may be partly explained by the non-homogeneous
timing of blood DNA analyses for mtDNA copy number determination. Interestingly, depletion
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of mtDNA results in significant changes in methylation patterns of a number of nuclear-encoded
genes, and these epigenetic modifications are reversed by the restoration of mtDNA content [55].

The molecular mechanism altering mtDNA copy number is still under investigation. In a
study of 65 colorectal cancers, it has been suggested that hypomethylation of specific sites on
CpG islands of the D-loop promoter may be involved in the regulation of mtDNA copy num-
bers [56]. Moreover, it has been reported that polymorphisms within the nuclear-encoded
polymerase gamma gene (POLG), which codifies for a key component of the mitochondrial
genome maintenance machinery, may lead to a decrease in mtDNA content and mitochon-
drial dysfunction [57]. Curiously, a homozygous polymorphic insertion (AluYb8MUTYH) in
the 15th intron of the MUTYH base excision repair gene has been associated with a significant
reduction of the type 1 MUTYH protein that localizes to mitochondria as well as lowered
mtDNA content in age-related diseases [58]. Since biallelic mutations of MUTYH are associ-
ated with the MAP syndrome, it might be speculated that homozygous or compound het-
erozygous MUTYH variants may correlate with the mtDNA content in colorectal cancer [30].

2.4. D-loop and mitochondrial instability

The non-coding D-loop region contains essential transcription and replication elements and is
formed by two hypervariable regions, namely HV-I (nt. 16,024-16,383) and HV-II (nt. 57-333)
[59]. The latter includes the D310 sequence, a polycytidine repeat (nt. 303-309), which is essen-
tial for mtDNA replication in virtue of the H-strand replication origin. Replication of the lead-
ing strand initiates at the origin of H-strand synthesis and proceeds unidirectionally, displacing
the parental H-strand as single-stranded DNA [60]. The D-loop is a well-known hotspot for
somatic mutations in many types of cancer, with a mutation rate 100- to 200-fold higher than
nuclear DNA. This finding may be partly explained by considering the direct relationship
between mutational frequency and single-strandedness during mitochondrial replication [61].

mtDNA variants in the D-loop region have been repeatedly associated with risk and survival
rates in cancer patients and, thus, they have been proposed as valuable prognostic markers.
However, it has been argued that most of these studies could be biased due to artifacts related
to genotyping errors or inadequate experimental design [62]. Mitochondrial microsatellite
instability (mtMSI), that is a change in length in the repetitive sequences of the D-loop seg-
ment between normal and tumor tissues, has been described as a frequent molecular event
in different cancers, but its prognostic value is still debated [63]. The variation of the homo-
polymeric tract length mainly arises through replication slippage of mitochondrial DNA
polymerase and, importantly, this process may affect mtDNA replication and transcription.
Intriguingly, the oxidative damage to mitochondrial polymerase y may also contribute to the
alteration in the length of the polycytidine repeat by impacting on mtDNA replication [64].

Instability of the D-loop hypervariable region-II (HV-II) has been associated with variants
specifically grouped inside the MT-CO, gene in MAP patients, thus suggesting that genome
instability might contribute to drive non-random accumulation of MT-CO, variants in the
early stages of MAP colorectal tumorigenesis [29]. Therefore, D-loop mutations probably do
not directly drive carcinogenesis but are more likely an epiphenomenon, used as a universal
clonal marker (“molecular clock”) to estimate the relative mitotic history of tumors [65, 66].
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3. Mitochondrial-nuclear crosstalk

Tight coordination between the nucleus and mitochondria is required for proper mitochon-
drial functioning and includes both anterograde (nucleus to mitochondria) and retrograde
(mitochondria to nucleus) signals. This crosstalk is critical for the maintenance of cellular
homeostasis, and accumulated mtDNA variants may perturb this subtle pathway [67]. It
has been demonstrated that somatically acquired mitochondrial-nuclear genome fusion
sequences are present in human cancer cells [68]. Although most of the genes encoding pro-
teins of the OXPHOS machinery are transcribed in the nucleus (anterograde signaling), mito-
chondria may also exert retrograde regulatory control over the nucleus in terms of nuclear
gene expression modulation [69]. This phenomenon suggests a strong association between
nuclear and mitochondrial DNA alterations in driving tumor development and progression.
Variants in nuclear-encoded mitochondrial genes, such as fumarate hydratase, iso-citrate
dehydrogenase and succinate dehydrogenase) have been associated with a wide variety of
human cancers, such as paragangliomas, uterine leiomyomas, renal carcinomas, breast can-
cers, gastrointestinal stromal cancers, leukemia, prostate cancer, glioblastomas and colorectal
carcinomas [70-78]. Furthermore, it has been demonstrated that mtDNA changes and MAPK
pathway alterations synergize to drive colorectal malignant transformation [79].

In a study on colorectal adenoma and adenocarcinoma samples, an increased number of muta-
tions in nuclear genes encoding proteins involved in critical mitochondrial processes, such as
fusion, fission and localization were found [80]. It has also been suggested that mtDNA depletion
may disrupt crucial nuclear processes, leading to centrosome amplification and mitotic spindle
multipolarity, both participating in cancer cell transformation [81, 82]. mtDNA variants have
the potential to induce molecular signals through the mitochondrial-nuclear crosstalk mecha-
nism, thereby promoting nuclear compensation in response to mitochondrial malfunction [67].
Interestingly, some typical nuclear transcription factors, such as the tumor-suppressor p53 and
estrogen receptor (ER), are localized within mitochondria, where they exert various transcription-
independent functions [83]. By using transmitochondrial cybrid systems (“cybrids”), Kaipparettu
etal. [69] elegantly demonstrated that mitochondria derived from the non-transformed breast epi-
thelial cell line MCF10A reverse the tumorigenic properties of osteosarcoma metastatic cells (e.g.
cell proliferation and viability under hypoxic conditions, anchorage-independent cell growth,
resistance to anticancer drugs) by suppressing several oncogenic pathways involving HER2, SRC,
RAS and TP53; on the other hand, some of the tumor-suppressor genes including VHL, PTEN
and RB1 were overexpressed in cytoplasmic hybrids (cybrids) with non-cancerous mitochondria.

Other studies suggested that mitochondrial dysfunction may induce epigenetic modifica-
tions within the nuclear genome, such as aberrant methylation patterns in CpG-rich regions
[84, 85]. These epigenetic alterations, including DNA and chromatin modifications and sig-
naling through small RNAs, may contribute to the maintenance of mitochondria-mediated
oncogenic transformation. However, the mitochondrial signals that potentially might trigger
these epigenetic changes in the nucleus remain still largely unknown [30].

ROS-induced mitochondrial deregulation has been reported to trigger a survival response by
inducing the nuclear factor NF-xB pathway and stimulating the synthesis of anti-apoptotic
molecules (such as Bcl-xL/Bcl-2), which in turn promote cell survival and proliferation [86].
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Moreover, oxidative stress may also affect the expression of nuclear genes involved in tumori-
genic and invasive phenotypes [87]. Altogether these findings suggest that targeting the retro-
grade signaling could be a successful therapeutic strategy for cancer.

4. Targeting mitochondria for cancer therapy

Numerous studies suggested that mtDNA alterations may contribute to chemotherapy resis-
tance and affect radiotherapy outcome. For instance, Guerra et al. [88] showed that mutations
in the NADH dehydrogenase subunit 4 (MT-ND4) lead to acquired chemoresistance during
treatment with paclitaxel carboplatin.

In the last few years, spindle transfer, a promising emerging strategy aimed at generating
clinical germline gene therapy against inherited mitochondrial disorders, has supported the
idea of a possible gene therapy approach for the editing of somatic mtDNA alterations [89].
Ideally, repairing the mutated mtDNA sequence would also restore the normal mitochon-
drial function and likely induce tumor regression. Taylor et al. [90] proposed a strategy that
aimed to specifically block the replication of the mutant mtDNA by peptide nucleic acid
(PNA), thereby allowing the selective propagation of the wild-type DNA. Moreover, mito-
chondrial dysfunction might also be restored by stimulating the mitophagy process in order
to eliminate the deleterious mtDNA variants [91]. Targeting DNA repair enzymes to mito-
chondria may be a suitable strategy to correct mtDNA mutations. For instance, cell transfec-
tion with an expression vector containing the gene coding the DNA repair enzyme human
8-oxoguanine DNA glycosylase/apurinic lyase (hOGG1) has been used to reduce free fatty
acids (FFAs)-induced mtDNA damage [92]. Furthermore, overexpression of hOGG1 in mito-
chondria has been shown to attenuate breast cancer progression and metastasis in transgenic
mice [93]. Although hOGG1 has been the most frequently employed enzyme to enhance
mtDNA repair, alternative strategies targeting other proteins transferred to mitochondria,
such as endonuclease III (Endolll) and endonuclease VIII (EndoVIII), have been proposed in
the last years [94-96]. Other therapeutic approaches for patients carrying mtDNA mutations
are based on allotopic gene expression, as preliminary demonstrated in different mitochon-
drial disorders [97], and targeted restriction endonucleases. In this regard, Smal and Pstl
have been used as a powerful tool for treatment of mitochondrial dysfunction, resulting in
the elimination of the mutant mtDNA and restoration of normal mitochondrial functionality
[98]. In the last decade, many other approaches and compounds targeting dysfunctional mito-
chondria have been experienced, such as signal peptides. Lipophilic cations, cell-penetrating
peptides and nanoparticles. A promising approach is based on the reprogramming of energy
metabolism in colorectal cancer cells, through specific mitochondria-targeting agents, such as
the second-generation rosamine analogs that target complex Il and ATP synthase activities of
the mitochondrial oxidative phosphorylation pathway [99]. More recently, it has been argued
that mitochondria of tumor-initiating cells (TICs), which play a prominent role in cancer ini-
tiation, metastasis and resistance to therapy, may be targeted by mitocan vitamin E succinate
in a complex II-dependent manner [100]. Another original approach has been developed to
trigger cell death signaling pathways in colorectal cancer cells [101], such as ROS-dependent
apoptosis and autophagy [102]. The recent improvement of high-throughput drug-screening
platforms allowed the identification of novel non-toxic mitochondrial inhibitors, as in the
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case of diphenyleneiodonium chloride (DPI), a strong inhibitor of mitochondrial complex I
and II flavin-containing enzymes, which effectively depletes cancer stem-like cells (CSCs),
one of the main drivers of poor clinical outcome in a wide variety of tumor types and espe-
cially in advanced disease states [103]. Interestingly, mitochondrial inhibition with VLX600
has also been proposed in combination with imatinib in the treatment of drug-resistant gas-
trointestinal stromal tumors (GISTs) [104].

Recently, morphological and ultrastructural changes in the mitochondrial cristae structure
(cristae remodeling), for example, through the optic atrophy 1 (OPA1) pathway, represent an
important step in apoptosis and autophagy, and a potential target for future pharmacological
modulation in cancer [105].

Chromosomal translocations generating in-frame oncogenic gene fusions also represent suc-
cessful examples of targeted cancer therapies, and recently it has been shown that the FGFR3-
TACC3 (F3-T3) gene fusion—initially discovered in human glioblastoma and then reported in
many other cancers—promotes oxidative phosphorylation, mitochondrial biogenesis and tumor
growth [106-108].

5. Ultra-sensitive next-generation sequencing techniques and
mitogenomics

Whole mitochondrial genome analysis by high-throughput next-generation sequencing
(NGS) techniques enables the detection of low-level heteroplasmic mtDNA variants and
completely revolutionized mitogenomics in the last few years [109]. This approach has been
extensively applied to different mitochondrial disorders to carefully investigate the transmis-
sion dynamics of low-level maternal germline mtDNA variants across generations [110-112].
In a comparative analysis, it has been demonstrated that Sanger sequencing is valid for quan-
tification of heteroplasmies with more than 10% of cells/mitochondria carrying the mutation,
whereas NGS is capable of reliably detecting and quantifying heteroplasmic variants down
to the 1% level [113]. Recently, a massive parallel sequencing (MPS) protocol reliably quanti-
fied low frequency, large mtDNA deletions in single cells with a lower detection limit of 0.5%
[114]. mtDNA NGS has been also suggested as a useful quality check of pluripotent stem cells
for drug discovery and regenerative medicine purposes [115].

Conventionally, DNA variants detected in a tumor sample but not in the germline counter-
part (such as peripheral blood, buccal swab or saliva) are scored as somatic (likely pathogenic)
mtDNA variants, otherwise they are considered as germinal variants (likely polymorphic/
benign). High-throughput NGS approaches may unveil low-level germinal heteroplasmies
having a tumoral tissue counterpart with higher heteroplasmy simply because of increased
cell replication rate or random genetic drift phenomena and, therefore, without any delete-
rious oncogenic effect. The ultra-sensitive detection rate of NGS methods may be used to
monitor even subtle shifts in the heteroplasmy levels of the tumor during time and potentially
correlate them with tumor evolution [116]. Moreover, the possibility to easily analyze the
circulating cell-free mtDNA isolated from plasma/serum (“liquid biopsy”) or urine [117-119],
may allow non-invasive serial sampling from the same patient.
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6. Conclusions

In the last decades, evidence on the contribution of mtDNA variants to tumorigenesis has incred-
ibly grown. Therefore, mitochondria are actually considered one of the most promising targets
for novel anticancer therapies. Accordingly, mtDNA variants can be regarded as useful tumor
biomarkers for clinical practice, whereas the tight communication between nuclear and mitochon-
drial genomes sheds new light on the molecular and functional mechanisms underlying the onset
and progression of complex human diseases, such as cancer and neurodegenerative diseases.
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