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Abstract

In a recent study published in PLoS ONE, our group showed that the genes coding for the chemosensory
proteins in silkworm moth Bombyx mori were subjected to RNA editing. This post-transcriptional process, described
from bacteria to complex organisms as plants and humans, by changing nucleotide sequence enables to increase a
repertoire of proteins from a single RNA.

After a short introduction in which | remind the dogma initially established with the discovery of the double helix of
DNA where a single gene encodes for a single protein, | present processes, RNA editing and alternative splicing, as
two complementary modes for generating different proteins with different functions and regulation. Then, using
intronless genes as example, | stress the role of RNA editing over alternative splicing. In the second part of the
commentary, | discuss about RNA editing and alternative splicing in the course of evolution and | provide arguments
supporting RNA editing as an early mechanism on earth that could have generated various proteins from few RNA.
RNA mutations are proposed to be fuel for evolution of pheromone systems and even perhaps the mechanism that
brought the original dormant RNA molecule to life. | propose RNA editing contributes source of life in an original
RNA world. In the last part, | raise questions for new biotechnological prospects about cell molecular biology, RNA
editing, genetic mutation, pathology, therapy, cloning and transgenesis.
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IntroductionThe conception that one gene encodes for only one
protein has root in the identification of the desoxynucleic acid double
helix [1]. As soon as the double helix of what is now called DNA was
discovered, scientists have started speculate on the gene-protein
relationship. DNA is copied into RNA that is subsequently translated
into protein. This can be seen as a dogma concept in molecular
biology. The sequence of A-T-G-C bases in the DNA determines the
sequence of amino acid residues in the protein product. Translational
processes are faithful and pre-determined. RNA is only an
intermediary molecule between DNA and protein. Regulatory
mechanisms within the cell guarantee no errors in translation during
the transfer of sequence information. Mutant proteins result only from
gene mutations that are subsequently lethal.

genetics;

RNA Editing, an Alternative to Alternative Splicing

A recent study from Xuan et al. [2] in the silkworm moth Bombyx
mori clearly demonstrates that the sequence of one single RNA strand
does not necessarily matches the gene from which it has been made. A
specific mechanism of RNA editing exists in probably all cells to create
subtle RNA mutations (A-T-G-C replacement, deletion and/or
insertion) and thereby new peptide molecules with potentially new
functions. Mutations are not random errors. Most of them are non-
synonymous and changed the amino acid motif in key structural
regions of the protein. The a-helices a4 and a6 are not affected by RNA
mutations in the family of B mori chemosensory proteins
(BmorCSPs). All the rest of the molecules, and in particular the N-
terminal fragment (al helix), are subjected to a heavy load of RNA
mutations. These mutations most probably change the function of the
protein. Not only one or a few amino acids but motifs of up to thirteen

amino acid residues are changed by RNA mutation. The N- and C-
terminal regions are completely changed in most of all BmorCSPs.
Most of the proteins produced by mutations are truncated proteins.
Protein size changes from 12-14 to 7-9 kDa. Many cysteine residues are
added, increasing the possibility of building new disulfide bonds. Many
glycine residues are inserted on both sides of cysteine, tending to
interrupt the a-helical fold of the protein. Many replacements of
Leucine by Proline are found on BmorCSPs, suggesting a complete re-
configuration of the a-helical profile through RNA mutations in the
whole protein family. Mutations change up to 27-44% of the amino
acid composition for BmorCSP2, BmorCSP6 and BmorCSPI1 [2].
Investigation of the binding properties and the degree of
conformational plasticity in the 3D structure of mutant variants for
these proteins will allow us to clearly see whether RNA editing can
create a totally different functional protein. In Xuan et al., we report
about an enormous variety of point and frame shift mutations that are
worm-made and in the silkworm specifically made by the female
pheromone gland. Thus, the chance for them to create a totally
different function protein is rather high according Darwin’s theory of
evolution [3].

Using genomic and complementary DNA sequence comparison for
moth chemosensory genes in single individuals, we show high
divergence within the RNA sequences as reported from other studies
in both Human and mice [4,5]. Comparing gDNA and cDNA for six
genes (CSP1, CSP2, CSP4, CSP14, PBPI and Actin4) in five tissues
(antennae, legs, wings, head and pheromone gland) at the individual
level, we find that chemosensory genes do not produce a single faithful
mRNA copy of the gene but rather multiple RNA copies with typo
nucleotide changes (RNA editing). We find that RNA editing process
in the silkworm B. mori concerns about 3 to 7% of RNA clones for a
given BmorCSP and pheromone-binding protein-1 (PBP1). It is
entirely tuned to the coding region. If this concerns other protein gene
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families or is restricted to the family of chemosensory proteins needs
to be cautiously investigated. RNA deep sequencing approaches have
identified thousands of editing sites on RNAs encoding proteins
involved in transcription, metabolism and many various neurological
functions in human. However, only a few mutations have been found
to cause altered amino acid assignment [6].

RNA mutations identified by high-throughput sequencing of
transcriptome are always matters of debate. The reason is that they are
rarely shown to be associated with amino acid replacements at the
protein level. RNA sequencing data are often discussed without much
reference to a proteomics data set [7,8]. In contrast, our study in the
silkworm reports molecular biology, biochemistry and proteomic data
demonstrating that a load of proteins with typo amino acid
replacement or truncation of full amino acid motifs are made as a
result of tissue-specific RNA mutations. This might explain the huge
diversity of molecular isoforms observed for a large number of protein
families not only in human, mammals and insects but also in fishes,
plants and bacteria. RNA editing is here presented as a universal
mechanism fundamentally necessary to enlarge the protein repertoire.
Various physiological systems such as chemo-sensing, immunity, tissue
development and xenobiotic metabolism can surely take a great
advantage of such a typo RNA editing mechanism by expanding the
number of signaling peptides and receptor molecules from a defined
number of genes. In particular, one hypothesis could be that species
having for instance a low number of olfactory genes like teleost fishes
uses primarily RNA editing to produce a larger repertoire of olfactory
receptors, while RNA editing is rather limited in species having a high
number of olfactory genes in their genome such as Human and mice

[9].

Until now the synthesis of multiple proteins from a single gene has
been mainly associated to alternative splicing processes. However,
creating new protein cannot be the fruits of alternative splicing alone.
Alternative splicing is by definition limited to intron-exon genes. In the
alternative splicing process, introns are spliced and exon motifs of a
gene are redistributed or removed from the final RNA copy of the gene
[10]. Thus, should the ancestral gene necessarily contain an intron for
proper function? How could a gene without intron possibly function
and evolve? Should protein diversity only limited to intron-containing
genes?

The size of protein-coding gene, i.e. intron length, influences the
degree of RNA variance indeed. It has been shown in plants that some
RNA editing occurs in non-coding regions and that removal of intron
in genes such as mitochondrial ribosomal protein S70or Cox2 strongly
reduces RNA editing in transcripts [11]. In the silkworm moth B. mori,
we reveal a particularly high number of RNA mutations for the
chemosensory gene BmorCSP4 that retains two retroposons,
supporting the notion that insertion of retroposon or intron in the
gene drastically boosts mRNA variance. Similarly, transpositions in
mice are known to play a regulatory role in genesis of mRNA variants
eventually causing increased protein expression [12]. However, in
insects, we show that in intronless genes RNA editing can also proceed
very efficiently at least in the silkworm moth B. mori About one
hundred mutations are detected for intronless chemosensory gene
BmorCSP14, about two times more than the number of mutations
detected on single-intron chemosensory genes (BmorCSP1 and
BmorCSP2). This strongly suggests that RNA editing is not necessarily
associated to intron splicing and that mitochondrial (intronless) and
nuclear genomes (intron-containing) are most likely subjected to
different RNA editing mechanisms. According to the endosymbiontic

theory of the origin of eukaryotic cells, mitochondrial and nuclear
genomes have separate evolutionary origins, with the mitochondrial
genome being derived from the circular genome of bacteria [13]. The
mechanisms underlying RNA editing

in mitochondria and bacteria should be then investigated in careful
details. RNA editing in the nucleus has been found to occur mainly at
the level of premature mRNAs and/or introns. In mammals, RNA
editing has been shown to result in both codon changes and formation
of splice sites [14]. Thus, alternative splicing and RNA editing are
believed to work in pairs to produce a high diversity of proteins from a
single gene; splicing will redistribute exons, while editing will modify
their base composition subtly (Figure 1).
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Figure 1: Comparison of the efficiency to produce multiple proteins
between alternative splicing and RNA editing. A gene made of 2
exons (exonl and exon2) can only create two proteins (P1-P2 and
P2-P1) after intron removal. Gene evolution needs to add a few
exons and introns to result in protein diversity. In contrast, RNA
editing can create at once an infinite diversity of proteins (P1-P2,
Pla-P2, P1-P2a, Pla-P2a, aborted P1, Pla or P1-P2, truncated P2
and elongated P1-P2, Pla-P2, etc). Specific RNA mutations can
create proteins with subtle amino acid changes (1), shortened
proteins lacking C-terminus or specific internal amino acid motifs
following early-stop codon mutation or multi-nucleotide deletion
(2) and longer proteins with prominent C-terminal tail (3)
following a late-stop codon mutation [2]. RNA mutations are
shown in red. -: nucleotide or amino acid deletion, ": early and late
stop codon position. The creation of such an infinite diversity of
proteins has been certainly crucial for the appearance of life and the
evolution of all organisms.

Why RNA Editing Came First

We think that RNA editing preceded RNA splicing in the course of
evolution because it probably preceded the genesis of introns. Our
finding about RNA mutations (one gene can produce multiple
proteins) gives support to the intron-late theory [15]. Introns are rare
in bacteria. They make up about 30-40% of the genome of animals,
worms, insects and plants. 98% of human DNA is non-coding. Introns
are highly divergent in size and sequence although many similarities
can be found in species that diverged long ago [16]. The intron-early
theory says that introns were necessary to assemble exons in order to
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buildup genes and thereby multiple proteins [17]. We say that there is
no need of intron to achieve protein diversity. One single individual
gene can produce a huge diversity of RNA strands and protein chains.
This has been found in insects but probably exist also in all other
organisms including Human, all modern mammals, plants, worms and
bacteria. Enzymes specifically involved in the editing of RNAs by
conversion of adenosine to inosine, transfer RNA-specific adenosine
deaminases acting on RNA (ADARs), have been identified in the most
popular model bacterium, Escherichia coli [18]. If RNA mutations
occur in bacteria such as E. coli, RNA mutations could have happened
even at a very early stage of pre-cellular life, providing an
extraordinary chance for life to start.

In the debate about the beginning of life, our finding about RNA
mutations applauds to the RNA world theory [19]. It is known that
RNA molecules carry genetic information but can also act as catalyst
forms. It is also known that RNA can adopt different conformations,
each with a different activity, and even that RNA is capable of self-
replication [20]. There is now sufficient evidence to indicate that RNA
appeared first on earth since RNA can catalyze electron transfer with
iron’s help [21]. RNA building blocks (nucleobases) came from space to
build cells on earth [22,23]. Everything now in the eukaryotic cell is a
piece of RNA. Interestingly, in our study of the moth eukaryotic cell,
we clearly show that RNA strands differing by a few bases can lead to
an enormous repertoire of proteins. If RNA can cause the reaction to
mutate and copy itself (in conditions far from equilibrium such as
under thermal shock or irradiation), there is no doubt that this
phenomenon played a key role in the start of life. After RNA
mutations, enough materials were provided to overcome degradation
and eventually produce a diversity of more sophisticated molecules of
life such as proteins [24-28]. In the lunar prebiotic RNA world,
evolution was probably nothing else than an exponential amplification
of relatively short single simple RNA molecules. Darwins theory in
term of information transfer to progeny for survival did not apply. In
absence of cells and organisms, there were probably no processes of
natural selection other than those driven by the mutation rates of the
RNA strands and the kinetics of the chemical reactions they auto-
catalyzed. In this bio-molecular magma, RNA-RNA interactions could
well have created new molecules and thereby new reactions. RNA
molecules and/or RNA-RNA complexes capable of high mutation
rates, high levels of self-replication, high degree of conformational
changes and high propensity for extra-molecular interactions had to
lead the world at the time. Probably only super-replicators were
allowed to survive and to evolve fast enough to give a chance to life to
start [29-32].

Soon or later, there was a strong need to replace RNA by DNA and
viral RNA genomes by more stable, bigger and irreversible DNA
genomes [33,34]. This was a mandatory event not necessarily to
increase protein diversity but surely to store genetic information and
pass it on to its progeny following Darwins evolution theory [35].
While mutations and RNA editing are required for the organism to
evolve efficiently and rapidly, storage and stability of beneficial genetic
traits are required to preserve and accumulate the results of successful
adaptations.

The propensity for RNA to mutate by itself can be easily tested. It is
feasible to perform a Miller’s experiment in which a soup of chemicals
are replaced by a soup of RNAs and subjected to conditions far from
equilibrium before sequencing. A possible scenario for the appearance
of life may be that RNA mutates following thermal shock or irradiation
leading to the production of multi-functional proteins as shown on

Figure 2 (“theory of RNA mutations”). The theory of RNA mutations
says “a key element for the appearance of life is that RNA not only
produces a large number of ‘perfect’ copies of itself but also an
extremely large number of copies with tiny typo ‘mistakes’ in the base
sequence. RNA concentration is now enough so that replication can
take place under any plausible abiotic condition. RNA diversity is now
enough so that multiple proteins can be built and eventually with time
form membrane or tissue under the same plausible abiotic condition”
This theory is not against Darwins. It tends to explain what happened
before in the RNA world, it means before the emergence of the DNA
world in which individual differences acquired during the life are now
heritable and pass on to next generation. How RNA mutations change
the DNA structure to pass on to the next generation? In other words,
how RNA mutations contribute to source of life in the DNA world? In
the DNA world, there are many epigenetic events such as DNA
methylation and histone modification that govern genes expressed in a
particular cell. It could be that what it is transferred to progeny is not
the RNA mutation but the way to make it. Heritable changes in specific
ADAR gene activity could well serve to preserve a beneficial mutation
without change in the DNA sequence. Also, DNA repair enzymes are
known to be subjected to RNA editing. Thus, specific edited variants of
DNA repair enzymes could also well serve the preservation of a
beneficial mutation with change in the DNA sequence. The eukaryotic
cell is a real mini-brain [36-38].

The theory that the RNA mutations are source of life is based on the
multitude of RNA and protein mutants that can be generated from a
single gene in a specific tissue such as the pheromone gland of the
silkworm moth B. mori. On the basis of these results, a similar cloud of
multiple diverse mutant RNAs trapped in clay and that are genetically
linked through base replacement, heavily interact cooperatively to
create even more mutations and insure survival and development of
the RNA population in an extremely aggressive environment is
proposed to be the key event of the appearance of life on earth.

Experimental support for this theory could be brought by a further
in-depth analysis of RNA mutations in the group of BmorCSPs. A 7-9
kDa BmorCSP2, BmorCSP6 or BmorCSP11 having a totally replaced
N-terminus, Glycine insertions near Cysteine and completely refolded
a-helical pattern most likely has a different function than a native
original model 12 kDa AQDKYEPIDDSFDA, IEAKYTDNIDVDEI,
EEYYSSQYDNFDVE with a strictly conserved spacing between
Cysteines and a clearly defined order of six a-helices. How different
these functions are between native and edited BmorCSPs need to be
studied very carefully. This could bring the first evidence ever that
RNA editing creates a totally different functional protein, giving
thereby most robust incontestable experimental support to the theory
of RNA mutations for the source of life.

Our study about RNA in Bombyx shows that the number of RNA
mutations is compatible with the emergence of a set of many different
multi-functional proteins. This is demonstrated for two families of
insect proteins, chemosensory proteins (CSPs) and odorant-binding
proteins (OBPs). Both CSPs and OBPs are known as multi-functional
protein partners regulating chemical sensing, immunological response,
lipid transportation, cellular development, tissue regeneration and
xenobiotics metabolism [39]. According to our study in B. mori, a
hundred peptides can be made from a single multi-functional CSP or
OBP gene. If edited CSP or OBP peptides have a function completely
different than the native CSP or OBP peptides needs to be proved.
However, it is noteworthy that CSP (and OBP) genes are not only
found in insects but are also anchored in the crustacean genome [40].
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The appearance of mutant proteins with multi-functional capability
could be the key to trigger membrane development, cell formation and
organ function. A cell is born from RNA mutations [41]. It remains to
be understood how was formed RNA on the surface of quartz crystals
in the middle of iron minerals trapped in the clay of earth’s crust [42].

RNA mutations
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Figure 2: Theory of RNA mutations in the beginning of life.
Following a thermal shock and/or U.V. irradiation, RNA mutates
and replicates on the clay mineral surface of Earth (1). A high
diversity of multi-functional proteins is produced (2). A cellular
membrane is built with the addition of lipids (3). A cell is born and
starts functioning (4), leading first to LUCA (5) then to LECA (6).
Multiple LECA cells aggregate in tissues. Multiple tissues aggregate
in all eukaryotic organisms of the tree of life (7). From now on, each
individual develops following Darwin’s theory of evolution
(complex creatures will evolve from simplistic ancestors naturally
over time). Beneficial DNA and RNA mutations are preserved and
passed on to the next generation, leading to a totally new organism
by natural selection. LUCA: Last Universal Common Ancestor
(bacteria), LECA: Last Eukaryotic Common Ancestor (putative
archaezoan species). P1-3: Membrane proteins, P4-P7: Intracellular
proteins. +: activation, -: inhibition. The double arrow indicates the
beginning of protein interactions (edification of macromolecular
complexes). RNA mutations and resulting mutant proteins are
shown in red. The birth of a population of RNAs for the synthesis of
new mutant multi-functional proteins is proposed to be essential to
shape new systems including the first one-cell organism.

EUKARYOTES

To say that the propensity of RNA for base mutation could explain
life origin may be too far speculation. However, we can easily speculate
that a mechanism such as RNA editing has been crucial in the
development of pheromone systems. One key point suggested by
Darwin’s evolution theory is that the evolution is accumulated. That an
arm evolved to a wing has taken many changes and selections. That a
protein evolves into a totally different functional protein also has to
take many generations of changes and selections. It would not have
taken so many generations, changes and selections to switch to
different pheromone systems. Pheromones mediate reproductive
isolation in closely related species. In moths, pheromones are various
volatile carbon desaturated or unsaturated alcohols, aldehydes and
acetates differing by carbon chain-length and the position of the

double bound. A single change or a few changes during transcription
of RNAs encoding pheromone transporters such as CSPs and OBPs are
enough to change one single amino acid or a few residues in the
binding pocket of the protein (Figure 3) [43]. This might not be
enough to create a protein with totally different function. However,
this might be enough to create a CSP or an OBP with different binding
properties. Creating CSPs and OBPs with novel binding properties
might have been essential in the evolution of many various
physiological systems including olfaction and pheromone detection.
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Figure 3: Mutations of RNA encoding sensory proteins and
evolution of pheromone systems. Following Sandler et al. [43],
Bombykol interacts in the binding pocket of protein transporters
with phenylalanine, serine and methionine residues at position
12-118, 56 and 61, respectively (1). A switch to Bombykal in the
moth pheromone system coordinates with a mutation from Ser56 to
Asp56 in the protein binding site (2). A switch to cis-9-hexadecenyl
acetate (Z29-16:Ac) during the diversification of pheromone systems
coordinates with further mutations in the functional protein
binding site (3).

Moreover, a general mechanism such as RNA editing has surely
served the evolution of the whole organismal system. If every base on
the RNA can change, then the gene exists in all possible copies without
the genome being infected by multiple genes. This has been certainly
crucial at a time when compound genomes reaching a critical size and
high level of complexity lost evolvability [44]. RNA organisms such as
viruses have a better and faster adaptation for instance by using RNA
editing. Very similar to junk DNA, junk RNA might be also reservoir
for evolution in general. It is just probably easier for the cell to mutate a
base on RNA in the cytosol than to mutate a base on DNA in the
nucleus. Then, once a mutation is proved to be beneficial, RNA returns
to the nucleus to fix it via reverse transcription into the genome in
order to pass it on to the next generation [45-48]. However, in the
beginning of the RNA world, there was nothing like individual
differences acquired during the life must be heritable or would do
nothing with evolution. A kind of evolution existed among molecules
differing by mutation and self-replication rates. The fastest were
outnumbered and survived. Perhaps evolution in the Darwins sense
started with the compartmentalization of life, i.e. birth of cells. Starting
from this moment, beneficial RNA mutations passed successfully from
a cell to another cell by simple binary fission, complete fragmentation
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or conjugation. This point is suggested in bacteria by the various forms
of asexual reproduction. Darwin’s theory applies later with the birth of
the DNA world and the growth of a highly diverse community of
complex organisms in all various ecological niches from every
segmented piece of earth.

The more errors within one transcript, the less it happens. The
chance for that the same several errors were recreated would be even
less. We think that the cell makes as many errors as possible. It simply
happens at least in cells from the moth pheromone gland. The sex-
pheromone gland cells in B. mori invest a lot of energy and materials
to create a ton of transcription errors, a load of multiple mutant RNAs
and thereby an enormous variety of protein isoforms. Evolution
requires specific mechanisms that can add new isoforms, new proteins
and eventually with time new cells to provide a new functional system.
Our work shows that an overload of RNA mutations has such a
function in addition of facilitating genetic diversification and storage.

Biotechnological Applications in Biomedicine and
Transgenesis

This finding raised an interesting question about RNA editing and
biotechnology. When producing a recombinant protein in a host cell
by biotechnology, does RNA editing process occur and alter the
protein function?

Mutations in DNA are well known to be responsible for genetic
diseases. RNA editing produces alterations in RNA and cause
pathological situations in similar extent. Flies lacking ADAR gene
show seriously altered locomotion, paralysis and degeneration of the
nervous system [49]. Worms with ADAR gene knocked out show
seriously altered chemosensory behaviors [50]. Genetic, metabolic and
neurological functions are seriously altered by deficiency in RNA
editing in mammals and human. Defective RNA editing has been
shown to induce a wide variety of diseases such as epilepsy, sclerosis,
glioma, schizophrenia, obesity, diabetes, autism and a long list of
cancers [51]. RNA editing can play a key role in the formation of
cancerous tumors by either inactivating a cancer tumor suppressor or
giving birth to a cancer tumor inducer [52,53]. For instance, over-
expression of ADAR-1 is an established marker for diagnosis of
esophageal or hepatic cancer [54,55]. Conversely, it has been proposed
that RNA editing could help neutralize a pathogenic mutation through
injection of a synthetic complementary RNA oligonucleotide, drug
and/or regulation of microRNAs [56-58]. Control of RNA editing
would be particularly relevant in the immunological system. ADARs
are known to act in innate and adaptive immune systems, editing both
host and pathogen transcriptomes [59]. It would be possible to
combine the catalytic activity of an ADAR and/or another RNA editing
enzyme with a sequence-specific RNA recognition site in order to
biotechnologically change a mutation before RNA is translated into
protein [60]. The success for such a minutious surgery on RNA
strongly depends on enzyme and recognition site specificity. If the
specificity of enzymes and RNA recognition sites is low, targeted gene
mutation will be corrected in the sick tissue but most probably more
harmful mutations will be created and broadly spread in healthy
tissues.

An important discovery in our study is to show that RNA editing
and ADARs play a key role in the olfactory/pheromone systems,
particularly in the production of multiple odor/chemosensory binding
proteins. This brings new avenues in diagnosis and/or treatment of
problems related to anosmia and ageusia. Using moths and insects as

study models could be particularly relevant for the development of
RNA-directed gene therapies because of the high specificity of the
RNA editing mechanisms underlying insect pheromone systems. We
prove that a complex RNA editing exists in insect species such as the
silkworm moth and that this phenomenon is tightly regulated in a
tissue-specific manner. A huge amount of RNA mutations is found in
the Bombyx pheromone gland compared to the antennae, legs, wings
and head. Correlatively, a huge diversity of mutant peptides belonging
to the superfamily of chemosensory and odorant binding proteins is
found in the moth pheromone gland. Thus, there is a clear relationship
between RNA editing process and tissue function. We still do not know
if this pleiad of mutant CSP and OBP proteins helps produce different
ratios of pheromone compounds synthesizes new components or
simply increases pheromone concentration in the gland. However, the
realization that a deficiency or aberrant activity of the RNA editing
machinery tuned to CSPs or OBPs could lead to altered binding pocket
and loss of odor/pheromone recognition in the insect orientates
molecular, neurobiological and entomological researches towards the
discovery of highly specific RNA editing mechanisms and their
substrates. Identification of ADARs and RNA binding domains
involved in insect olfaction and in particular in the recognition of sex
pheromones could be extremely useful to develop substrate- or site-
selective approaches to modify editing not only in human and
mammals but also in plants and viruses.

We are not sure whether RNA mutations only originate from a
limited number of ADAR enzymes in the silkworm moth B. mori as
found for Drosophila melanogaster [61,62]. From our study, it is not
very clear between the mutations made by RNA-dependent RNA
polymerization and those by DNA-dependent RNA polymerization.
We found in the moth transcriptome, a high number of A>I
conversions that demand recognition of specific RNA duplexes but also
a lot of non-A-to-I conversions, resulting in many different types of
changes at the protein level. The diversity of RNA mutations and
protein variants is shown to be particularly high in B. mori. Thus, it
could be that RNA editing in insects involve multiple forms of ADARs
and/or DNA-dependent RNA polymerases to create an extremely large
repertoire of proteins differing by subtle changes in the amino acid
composition. The RNA for each enzyme could be edited too, resulting
in even more ADARs or polymerases with specific base editing
functions. Alternatively, if RNA can mutate by itself on terrestrial crust,
would it be possible that RNA mutates by itself in live cells in vivo?
This would be particularly useful in eukaryotes since enzymes such as
RNA-dependent RNA transcriptases are restricted to virions of RNA
viruses and supposedly do not exist in the DNA world. This strong
conventional wisdom, based on the lack of genes coding for RNA-
dependent RNA transcriptase in eukaryotes, however, does not exclude
the possibility that insect tissues such as the moth pheromone gland
retain some RNA-dependent RNA transcription activities via specific
mechanisms similar to those described in vertebrates [63-65]. It could
also well be that specific infectious viruses and/or symbiotic bacteria
take control of RNA editing not only in invertebrate but also in
vertebrate host-cells [66,67].

The combination of multiple types of mechanisms (RNA-dependent
RNA polymerization and DNA-dependent RNA polymerization) with
very versatile DNA/RNA-dependent RNA polymerases such as
Quelling Deficient-1 RARP (QDE-1) from viruses would be extremely
powerful to create an extremely large repertoire of proteins differing by
subtle changes in the amino acid composition [68,69]. It is not
excluded that a QDE-1 type of enzyme exists in some very ancient
arthropod species. RARP genes may well reside in the genome of
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Tetraconata and/or some very old aquatic Collembola or when did
they disappear? Has RNA-dependent RNA polymerization been totally
lost during the transition from the RNA to the DNA world? All
mechanisms and enzymes involved in RNA editing of chemosensory
genes in insects need to be studied very carefully.

Would a transgene be subjected to RNA editing? If yes, would it be
possible to correct the editing of a transgene in host-cells by RNA-
directed gene “therapy” as envisioned by biomedical researchers? What
would be the advantages to incorporate RNA variance concept into
DNA microinjection technology? What would be the effects of
inserting transgene along with specific ADAR enzymes? New
biotechnologies may rise from creating mutant RNA sequences or
inhibiting RNA editing in specific tissues of transgenic organisms.

RNA editing exists in plants, changing C to U in flowers and U to C
in ferns and mosses [70]. Therefore, one should not assume that a
transgene inserted into plant produces only one protein. On the
contrary, our results clearly show that a transgene has a high
probability to produce in the host-plant a high diversity of mutant
transgenic proteins. Dozens of proteins can be made from a single
RNA in moths. RNA editing in plants has been described not only for
mitochondrial and chloroplast transcripts but also for nuclear
transcripts [71-73]. In Arabidopsis taliana, it has even been shown that
nuclear RNA editing can be modulated by pathogenic cues [74].
Therefore, it is very likely that a transgene is subjected to RNA editing.
Introduction of a foreign gene might convey new functional proteins in
the host-plant. However, this might also convey the plant with severe
alterations broadly distributed across the entire body structure if the
transgene produces toxic truncated isoforms. Transgenic RNA editing
changes may occur in specific tissues or compartments of the plant
resulting in untoward side effects. Therefore, using ADAR and/or
another derivative enzyme coupled with a sequence-specific RNA
binding domain to control RNA editing of transgene in the plant needs
to be checked very carefully. To take over the RNA editing of the
transgene in host plant organisms will be very useful to circumvent the
problems related to post-translational modifications of the transgene
only if the biotechnologically-manipulated enzyme can repair the
transgenic RNA without editing the natural transcripts of the plant
(Figure 4).

Different plant or mammal tissues have probably different RNA
editing mechanisms as found in insects. Tissue-specific regulation of
RNA editing should be therefore carefully investigated in both
mammals and plants before to think of using “RNA-directed gene
therapy” to develop new transgenic cell lines. This may help foresee
potentials for the creation of new model organisms with industrial
prospects.
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Figure 4: Principle of RNA-directed transgene therapy. Induction of
transgene expression leads to the accumulation of transgenic
mutant RNA transcripts due to the activation of RNA editing
enzymes in host-cells (left). Co-expression of a transgene and a
specific ADAR and/or another RNA editing enzyme coupled to a
suitable RNA binding domain allows re-editing of transgenic
mutant RNA transcripts and results inside host-cells in the
production of only one single-type of protein, i.e. a perfectly faithful
copy to the transgene (right). Specific RNA binding domains
recognize specific mutation sites (1). Specific RNA editing enzymes
correct specific RNA mutations (2). Only ‘perfect’ copies to the
original transgene are produced in transgenic organisms (3).

This may also help foresee the future of a biotechnologically-
manipulated organism after modifying the RNA pool it surely needs
for a path of natural evolution. Like a patient, a transgenic plant or a
transgenic cow will surely need to be assisted by RNA-directed gene
therapy. We can assist them assuming we are capable to find ADARs
and consors with ultra-specific enzymatic activities and RNA binding
protein domains with recognition sites strictly restricted to mutated
codons.
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