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ABSTRACT

Animal cells host two different genomes, mitochondrial and nuclear, providing the
possibility for inter-genomic interaction. The nuclear genome regulates most cellular function,
while the central role of the mitochondrial genome is the regulation of energy production to its host.
Yet, a growing number of studies have implicated the mitochondria in many other biological
functions over and above cellular metabolism per se. Indeed, mutations within the mitochondrial
DNA (mtDNA) sequence have been found to influence many phenotypes, spanning thermal
tolerance capacity to the aggressiveness of certain types of cancer. Although the mechanisms used
by the mitochondria to exert these phenotypic effects remain largely unknown; emerging studies
have provided new insights. For example, recently, researchers identified multiple new
mitochondrial proteins affecting animal phenotypes, spanning from human health to sex
determination. Among these new mitochondrial products, a new type of RNAs have been identified,
the “small mitochondrial RNAs”.

Currently, the only known features of the small mitochondrial RNAs are their length
(~30nt), and that their sequence aligns to the mitochondrial genome. These RNAs have been found
in several species, including several vertebrates and one invertebrate (Ruditapes philippinarum), but
their function is still unknown. I am interested in characterizing these RNAs, including uncovering
their function. In 2017, during my master’s degree thesis, I hypothesized that the function of the
small mitochondrial RNAs is to regulate the expression of nuclear genes through a process known
as RNA interference. In this Ph.D. thesis, | have characterized the small mitochondrial RNAs and
investigated if my 2017 hypothesis was correct. The work has proceeded through three research
chapters, in which | have pursued this research together with my Ph.D. supervisor, Associate
Professor Damian Dowling.

Through these three years of research, we have uncovered several key insights into the small
mitochondrial RNAs, and we have provided multiple lines of evidence that supports the hypothesis

first formulated in 2017. The key aspects that we investigated are presented in the three chapters of
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this thesis. The first key aspect we investigated is the origin of the small mitochondrial RNAs, by
demonstrating that these RNAs are encoded in the mitochondrial genome (Chapter 2). The second
key aspect is whether and how the existence of these small mitochondrial RNAs is likely to affect
interpretations of previous research into mitochondrial genetics. We contend that the existence of
these RNAs provides a unique opportunity to re-interpret the research done to investigate how
mitochondrial mutations affects human health. The general public and governments of several
countries are now focusing more than ever on the effect of mitochondrial mutations on health, for
topics such as the mitochondrial replacement therapy. Therefore, we decided to provide an
overview of how the small mitochondrial RNAs might exert effects on human health (Chapter 3).
Lastly, we investigated the function and conservation of the small mitochondrial RNAs. We found
that the small mitochondrial RNAs can bind Argonaute 2, a key protein of the RNA interference
mechanism. Furthermore, we found that some of these small RNAs are conserved in sequence and
expression across multiple species spanning the entire Chordata phylum. Their ability to bind
Argonaute 2 and their conservation across species are features resembling the microRNAs
(miRNA); suggesting that the small mitochondrial RNAs are indeed functional RNAs that act like
nuclear miRNAs. For this reason, we named them “mt-miRNAs”. In conclusion we fulfilled the
initial goal of this thesis, by characterizing the mt-miRNAs and providing support of their
functionality. This will pave the way for future studies to explore the extent to which mt-miRNAs

affect organismal function via mitochondrial-nuclear interactions.
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The tiny organelle within us: the mitochondria

Mitochondria are organelles found in almost all eukaryotic organisms, which are responsible
for the production of Adenosine-Triphosphate (ATP). Indeed, to date, there has only been one
eukaryote, Monocercomonoides, identified that has no mitochondria, but it is known to have
evolved from ancestors that had mitochondria (Karnkowska et al. 2016). Thus, the presence of
mitochondria could validly be argued to be a defining feature of the eukaryote domain of life
(Zimmer 2009). Mitochondria are the evolutionary outcome of a symbiosis between an alpha-
proteobacteria (ancestral mitochondria) and an ancient archaeon (Zimmer 2009). Since the origin of
this endosymbiosis, the mitochondrial genome has undergone a massive process of reductive
genome evolution (Khachane, Timmis, and Martins dos Santos 2007; Andersson et al. 1998),

becoming a genetic system specialized in producing energy.

One of the most unique features of the mitochondrial genome is its strict maternal

inheritance (Gyllensten, Wharton, and Wilson 1985). Indeed, the mitochondrial genome is inherited

only from mother to offspring in most animal species, including vertebrates, arthropods and

molluscs (Kuijper, Lane, and Pomiankowski 2015). Although each taxon uses different ways to

remove the paternal mitochondrial genome from the zygote, strict maternal inheritance is well
conserved across clades. Strict maternal inheritance is evolutionary conserved even among plants.
Indeed, most plant species share this feature with animals, and only a few species are known for

their ability to transmit the paternal mitochondrial genome (Greiner, Sobanski, and Bock 2015).

However, since the structure and evolution of mitochondrial genomes strongly differ across taxa

(Saccone et al. 1999), below we will focus on the vertebrate mitochondrial genome, which has a

highly conserved structure, and for which strict maternal inheritance is present in all species.

In vertebrates, the typical mitochondrial genome contains 13 protein-coding genes, and was
long thought to contain a total of 37 genes, 13 of which are protein-coding, 22 tRNA and 2 rRNA
(Boore 1999). However, recent years have seen the discovery of new genes that lay cryptically

within the mitochondrial DNA (mtDNA) sequence. One exceptional example is the discovery of the
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Humanin protein (Lee, Yen, and Cohen 2013; Capt, Passamonti, and Breton 2016). The gene
coding for this protein has been found inside the human mitochondrial genome, precisely within the
gene encoding the rRNA 16S, and it has been linked to the onset of several diseases, such as
Alzheimer’s disease (Matsuoka 2009). Another example is the protein MOTS-c, encoded in the
rRNA 12S gene, which has been associated with obesity and diabetes (Lee 2015). These cryptic
mitochondrial products are not limited to the human mtDNA. In fact, recent studies found that the
mtDNA of a few bivalve species encodes for sex-specific proteins which might be involved in the
sex determination of these species (Breton et al. 2011; Milani et al. 2014). As recently observed, the
number of newly identified cryptic mitochondrial products keeps increasing, thus propelling the
interest in mitochondrial biology. Furthermore, as a growing number of studies link mitochondrial
variability and human health, the medical community increases its focus on mitochondrial biology

(Picard, Wallace, and Burelle 2016).

Healthy mitochondria, healthy people

While in many instances mitochondrial mutations have no obvious effect on phenotypic
expression, in other cases they have been consistently correlated with diseases (Majamaa et al.
1998; Gorman et al. 2016). This is probably due to the synergistic relationship of the mitochondrial
proteins in the production of ATP. Indeed, any mutation within a protein-coding gene that leads to a
defect in at least one mitochondrial protein, might as a consequence cause a deficiency in energy
production (Gorman et al. 2016). Similarly, mutations impairing the function of ribosomal and
tRNAs can affect the synthesis of the mitochondrial proteins, thus, impairing the production of ATP
(Fine et al. 2019; McFarland et al. 2004; Majamaa et al. 1998). These mitochondrial mutations
involved with the dysfunction of the mitochondria characterize a group of genetic disorders known
as mitochondrial diseases (Ozawa et al. 1991; Wallace 1994; Gorman et al. 2016). Among the
mitochondrial diseases, the Myoclonic Epilepsy and Ragged-Red Fiber Disease (MERRF) and
Leber's Hereditary Optic Neuropathy (LHON) are among the most studied diseases (Brown et al.

1992; Wallace et al. 1988). The most common effect of MERRF is general epilepsy, and the
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mitochondrial mutation mt-tRNA Lys A8344G is present in ~90% of these cases (Shoffner and
Wallace 1992). Research on the mutation A8344G showed that it produces deficiencies in the
enzyme complexes of the respiratory chain, mostly involving Complex | and complex 1V,
consistent with the effect of a defect in translation of all proteins encoded in the mitochondrial
genome (Bindoff et al. 1991; Wallace et al. 1988). The most prominent symptom of LHON is
vision loss, and this disease is associated in over 90% of the cases with the mutations found in
positions 11778, 3460, and 14484 of the mtDNA sequence (Riordan-Eva and Harding 1995). In
particular, research on mutations in position 3460 of the mitochondrial genome revealed that this
mutation is correlated with a deficiency in Complex | activity. Furthermore, a study found that
rotenone sensitive NADH:ubiquinone oxidoreductase activity in mitochondria is reduced ~80% in
presence of this mutation (Majander et al. 1991). Thus, demonstrating a key role of the
mitochondria in human health. However, the role of the mitochondria in human health is not limited
to these examples. Indeed, it has recently been discovered that other common diseases such as Type

2 diabetes are linked to mitochondrial mutations (Hudson et al. 2014).

Since the discovery of the mitochondrial genome, researchers have reported that
mitochondrial mutations are correlated with a surprising number of diseases, such as type 2 diabetes
and Parkinson’s disease (Feder et al. 2009; Mohlke et al. 2005; Ddlle et al. 2016; Abeliovich and
Gitler 2016). Multiple studies have found that different sets of mitochondrial mutations, known as
haplotypes, are either over- or underrepresented among individuals affected by type 2 diabetes, such
as the haplotype J2 in Finnish populations (Marom, Friger, and Mishmar 2017; Feder et al. 2009;
Mohlke et al. 2005). Similar effects have been observed in studies of Parkinson's disease. Authors
found that neurons from patients with Parkinson's disease are not able to maintain a stable number
of wild-type mtDNA copies, thus the number of wild-type mtDNA copies decreases, leading to the
malfunction of the mitochondria (Ddlle et al. 2016). These studies highlight a key role of the
mitochondria in dictating trajectories of human health, over and above the role of mtDNA

mutations in causing mitochondrial diseases. Indeed, a groundswell of research attention
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investigating the role of the mitochondria in regulating the maintenance of human health (Levin et
al. 2013) has in turn helped motivate further research into novel treatments to prevent the
progression of mitochondrial diseases, leading to the development of an early stage therapy known

as mitochondrial replacement therapy.

Mitochondrial replacement therapy is a technique to replace the mtDNA in an oocyte of a
female affected by a mitochondrial disease, caused by a mitochondrial mutation, with the mtDNA
from the oocyte of a healthy donor (Craven et al. 2010; Tachibana et al. 2009). This is a relatively
new technique, developed in the last 15 years, which is now legal in the United Kingdom and
probably soon will be legal in other countries such as Singapore, USA, and Australia (Newson et al.
2019). However, pairing the parental nuclear DNA with the mtDNA of a third-party donor is not
without challenges. Indeed, the technique invariably results in the carryover (typically around 2%)
of a small amount of the mother’s mutant mtDNA, and sometimes, this mutated mtDNA can
increase in frequency and be expected to become dominant again post therapy (Craven et al. 2010).
The factors that drive changes in the frequency of donor to mother haplotype frequency across the
life course are not well understood. Furthermore, other researchers have reported evidence that the
application of this technique to human cells may have a negative effect on their fitness (Dobler et al.
2018). Based on a risk analysis reconciling the outcome of previous studies, and using the most
conservative of assumptions possible, the study reported that negative effects on the offspring's
health would be expected to occur at the very least in one of 130 new-born children that are born to
the therapy. Despite these difficulties, the interest for such therapy is high, leading several
governments to legislate in their favour. The interest of the scientific community and the general
public on the mitochondrial replacement therapy provides an example on how mitochondrial

biology is becoming more relevant for human health.
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The role of mitochondrial genomics in animal evolution

Research leveraging the study of the mtDNA has held a very prominent place in the field of
evolutionary biology for over four decades, spanning studies of phylogeny to animal adaptation. In
phylogenetic studies, the mtDNA has been used as a ‘neutral marker’ for the estimation of
numerous evolutionary inferences (Cann, Stoneking, and Wilson 1987), and it is still used to
investigate evolutionary relationships across close species or populations (Rubinoff and Holland
2005). There are multiple reasons why the mtDNA was embraced as the marker of choice in
phylogenetic studies (Galtier et al. 2009). The first reason is that the mtDNA supposedly has no
recombination, thus is inherited from only one parent allowing an easy reconstruction of one
parental lineage. Another reason is that mitochondrial genes are very conserved across species,
having only few duplications and introns (Gissi, lannelli, and Pesole 2008). Furthermore, the
mtDNA has multiple polymorphisms in natural populations due to its high mutation rate, which can
be used to track recent population history (Galtier et al. 2009). A well-known example of the use of
the mtDNA in phylogenetics is its application to investigating human (Homo sapiens) origins and
evolution. The most famous case is the “mitochondrial eve”, referring to the study that dated the
origin of the modern mtDNA haplotypes to ~200kya (Ingman et al. 2000; Cann, Stoneking, and
Wilson 1987), sparking interest in both the scientific community and the general public.

Similarly, by studying the relationship between mtDNA variation and animal adaptation,
mitochondrial biology greatly affected other branches of science, such as evolutionary biology. In
fact, it was about two decades ago when researchers first found that natural selection influenced the
mtDNA variation in human populations (Mishmar et al. 2003). In this study, the authors found that
specific genes in the human mtDNA had different rates of synonymous/non-synonymous mutations
depending on the environment considered, indicating that these genes might have been adapting to
that specific environment. This study inspired many others to investigate if mtDNA variability
might be shaped by the environment. Arguably, one of the most relevant types of adaptation to the

environment is thermal tolerance. Thermal tolerance has been found to be affected by mitochondrial
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variation both in the wild, and in the lab, in at least one species, Drosophila melanogaster,
suggesting this phenomenon might be conserved across more species (Camus et al. 2017; Lajbner et
al. 2018). Indeed, researchers tested multiple combinations of mtDNA and nuclear genome to
discover that the mtDNA is able to affect thermal tolerance regardless of the nuclear genome
(Harada, Healy, and Burton 2019; Lajbner et al. 2018). As we approach a climate crisis (“Act Now
and Avert a Climate Crisis” 2019), discovering more about the evolutionary capacity for organisms
to respond to rapid climatic changes, such as increasing temperatures, is relevant for society, despite
not leading to immediate technological advancement. In fact, through studies that probe the
evolutionary capacity of organisms and ecosystems in response to climatic changes, we come closer
to being able to predict whether specific taxa and ecosystems will be able to sustain and responds to
the fast-pace changes they are currently experiencing, or whether they will need human support.
Another adaptive trait affected by mtDNA variation, arguably with more immediate effect, is
fertility. Multiple studies on multiple organisms have found that mtDNA variation has effects on
fertility, spanning from insects to humans, suggesting a very conserved mechanism underlying this
phenomenon (Nakada et al. 2006; Ruiz-Pesini et al. 2000; Yee et al. 2015; Camus et al. 2015). For
example, by studying a Spanish cohort of men, researchers reported that the mt-haplotype T is very
common across infertile men, suggesting a role for the mutations present in this haplotype in male
infertility (Ruiz-Pesini et al. 2000). Another example comes from a recent study where the authors
found that sterile mice harbouring mutated mtDNA in heteroplasmy with a wild type mtDNA
molecule, recover their fertility when the absolute number of unmutated mtDNA copies rise above a
specific threshold, highlighting the importance of mitochondrial mutations in male fertility (Jiang et
al. 2017). However, while mtDNA mutations have been consistently shown to influence phenotypes
such as male fertility, the type and magnitude of these effects are variable, as the effects are

dependent on the interactions between mitochondrial and nuclear genomes.
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Mitonuclear communication

Often the effect of mitochondrial mutations depends on the interaction of the mutated
mitochondrial product (i.e. RNA or protein) with partner nuclear products. This interaction between
mitochondrial and nuclear products is part of a phenomenon called mitonuclear communication,
which describes how mitochondria and nucleus interact through proteins, RNAs, and metabolites
(Ballard 2005; Monaghan and Whitmarsh 2015). Negative fitness effects have been reported when
communication between mitochondria and nucleus is disrupted (Wallace et al. 1988; Ballard 2005;
Ballard and Pichaud 2014). A recent example is a study of the effects of mitochondrial-nuclear
interactions affecting lifespan in populations of fruit fly, Drosophila melanogaster (Vaught et al.
2020). The authors used a breeding scheme to create genetic strains of fruit flies (D. melanogaster)
harbouring different combinations of mitochondrial and nuclear genotypes sourced from different
global populations of flies. They reported that substitution of population-specific combinations of
mitochondrial and nuclear genotypes, with a novel combination, drastically modified the lifespan of
the flies, with the effects of the mitonuclear substitution contingent on the sex of the flies. Another
example is a study of the marine copepod Tigriopus californicus, where authors found that
individuals sourced from distinct populations of this species exhibit signatures of reproductive
isolation when mating with each other. Indeed, the researchers found that while individuals from
disjunct populations were able to generate fertile offspring (F1), the second generation (F2)
exhibited greatly reduced fitness (Burton, Ellison, and Harrison 2006). The researchers found that
this effect was led by the disruption of mitonuclear communication due to the mismatch across the
two genomes. Indeed, the reduced fitness of the F2 was recovered by backcrossing F2 females with
males of the FO maternal line, which increased the proportion of the maternally derived nuclear
genome, thus restoring the communication between mitochondrial and nuclear genome (Harrison
and Burton 2006). However, while it is clear that modification of the organismal mitonuclear
genotype manifests in effects on key life-history phenotypes, we still do not fully grasp the

mechanisms that underpin these interactions.
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The mechanism behind mitonuclear communication

The study of mitonuclear communication is in its early stages, however, studies
investigating the molecular mechanisms of interaction between the two genomes are quickly
growing. The best-known example of mitonuclear communication are the proteins that compose the
Electron transport chain (ETC), a series of proteins complexes formed by a few mitochondrial
proteins and multiple nuclear proteins. The ETC is necessary for complex eukaryotic life, as it
provides energy for the cell. Thus, any disruption in the ETC would be fatal, and both genomes
must keep “collaborating” for the survival of the cell. The mitonuclear communication requires
synergic action between the two genomes, which affect their evolution (Blier, Dufresne, and Burton
2001). A hypothesis about the effects of a synergistic action between mitochondrial and nuclear
genomes involves nuclear proteins and mitochondrial rRNAs. This hypothesis proposes that nuclear
proteins interacting with mitochondrial products, such as rRNAs, should evolve faster to match the
faster evolution rate present in the mtDNA (Blier, Dufresne, and Burton 2001). This hypothesis has
been supported by several recent studies. For example, a one study found that nuclear genes
encoding proteins that form part of the mitochondrial ribosome exhibit an enhanced mutation rate
when compared to ribosomal proteins part of the nuclear ribosome, supposedly to match the higher
mutation rate present in the mt-rRNAs (Barreto and Burton 2013). The study reported a similarly
enhanced mutation rate across different arthropods, suggesting that this mechanism of interaction
between the two genomes is conserved across species. Nonetheless, this is not the only proposed
mechanism for mitonuclear communication.

In 2017, during my Master degree, | proposed an alternative mechanism for mitonuclear
communication, which has the small mitochondrial RNAs at its core (Pozzi et al. 2017). These
small mitochondrial RNAs are RNAs between 20 and 35 nucleotides in length that are encoded by
the mitochondrial genome, which have been discovered in 2011 as a side finding during the
comprehensive study on the human mitochondrial transcriptome (Mercer et al. 2011). However, it

was in my first published work, where it was first proposed that these RNAs may form a key role in
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mitonuclear communication through RNA interference (Pozzi et al. 2017). RNA interference is an
endogenous mechanism of post-transcriptional regulation that reduces the expression levels of the
target gene. This down-regulation is possible thanks to a protein complex known as RISC (RNA-
Induced Silencing Complex), which uses specific small non-coding RNA molecules to recognize
the untranslated region (UTR) of a target messenger RNA (mRNA), and then block the translation
of the mMRNA (Ambros 2004; Cloonan 2015). The best studied group of small non-coding RNA
able to use this mechanism of gene silencing are the microRNAs, miRNA; (Ambros 2001). The
biological role of RNA interference, and the small non-coding RNA involved in achieving gene
silencing, cannot be overstated. This is reflected by more than 150,000 papers published on this
subject. Indeed, while the first studies of miRNA came through the discovery of their fundamental
role in development in C. elegans (Fire et al. 1998), they have now been studied in the context of
virtually every human disease (Picard, Wallace, and Burelle 2016); generating a wealth of publicly
available data of small RNA-sequencing datasets . My aim is to leverage the data accumulated via
the study of these small RNAs in RNA interference, to investigate whether the small mitochondrial
RNAs can interact with nuclear mRNAs using this process, thus probing a putatively new pathway

of communication between the two genomes.

Thesis aim

The broad goal of my PhD thesis is to understand whether previously identified small
mitochondrial RNAs are functional, or mere residues of longer RNAs. Evidence for functionality
and a role in RNA interference could change the way that biologists understand mtDNA variation.
In this Ph.D. thesis, we characterize the small mitochondrial RNAs to the extent allowed within the

framework of a 3-year Ph.D. study.
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First Study Aim — Investigate the origin of small mitochondrial RNAs

Following the first discovery of the small mitochondrial RNAs (Mercer et al. 2011), several
studies reported the presence of these RNAs across multiple species. In fact, up to the start of my
Ph.D. in 2017, small mitochondrial RNAs had been identified in human, mouse, chicken, rainbow
trout and killifish (Ro et al. 2013; Riggs et al. 2018; Bottje et al. 2017; Ma et al. 2016; Mercer et al.
2011; Pozzi et al. 2017). Nonetheless, none of these studies had performed a comprehensive
investigation of the origin of these small RNAs. Indeed, although the small mitochondrial RNASs
align to the mtDNA, parts of the mtDNA can be found inside the nuclear genome. These parts of
mtDNA incorporated in the nuclear genome are known as NUMTSs (Mishmar et al. 2004). Thus,
there is the possibility that the small mitochondrial RNAs, might be expressed by NUMTSs instead
of by the mtDNA. This possibility undermines the very core of the hypothesis, which sees the small
mitochondrial RNAs as an important regulator of mitonuclear communication. Therefore,
investigating the origin of these RNAs is a priority, and the first study of my Ph.D. thesis.

In this study, we aimed to test the hypothesis that the small mitochondrial RNAs are
transcribed directly by the mtDNA rather than by NUMTSs resident in the nuclear genome. In
particular, we focused on testing two predictions associated with the hypothesis. The first prediction
we tested is that the expression of the small mitochondrial RNAs would not be correlated with the
amount of NUMTSs. To investigate this prediction, we compared the expression of these RNAs
across six species of vertebrates, each characterised by different amounts of NUMT sequence, and
across five tissues. Through this comparative analysis, we found that the expression of small
mitochondrial RNAs is not correlated with the amount of NUMTSs. In fact, the expression levels of
small mitochondrial RNAs in species harbouring only small amount of NUMTSs in their nuclear
genome, such as Gallus gallus with ~1kb of NUMTSs, is similar to species with much greater
amounts of NUMTSs, such as Monodelphis domestica that has 2000kb of NUMTSs. Furthermore, to

verify the presence of tissue-specific transcription from the NUMTSs, we analysed tissues from
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different organs in each species, finding a consistent lack of correlation between levels of
expression of small mitochondrial RNAs expression and NUMTS across these tissues.

The second prediction we tested is that the expression of the small mitochondrial RNAs and
the mtDNA copy number would be correlated with each other. To verify this prediction, we
compared tissues known to exhibit striking differences in the levels of mtDNA copy number, such
as brain tissues (high copy number) and epithelium (low copy number), finding much higher
expression of small mitochondrial RNAs in the brain. Thus, this comparison supports a correlation
between the expression of small mitochondrial RNAs and mtDNA copy number. To further validate
this prediction, we compared levels of the small mitochondrial RNAs expression across samples of
the same human tissue (bladder cells), but across two different states (healthy versus cancer).
Indeed, as we know that cancerous bladder cells samples are enriched in mtDNA, we predicted that
these cells would be associated with higher expression levels of small mitochondrial RNAs. This is
indeed what we found.

In conclusion, by compiling evidence that the expression of small mitochondrial RNAs is
uncorrelated to levels of NUMT sequence, but closely correlated to tissues-specific levels of
mtDNA copy number, we provided the first strong evidence for the hypothesis that the small
mitochondrial RNAs are directly transcribed from the mtDNA sequence. The full article is already

published in Genome Biology and Evolution as a Research Article.

Second Study Aim — A new hypothesis: Mitochondrial Interference

Interest in mitochondrial biology is rising in medicine, and advances in understanding the
biology of, and the treatment, of mitochondrial diseases are happening at increasing speed (Picard,
Wallace, and Burelle 2016). Most of this research is focused squarely on the effects of mtDNA
mutations on cellular metabolism and energy production. However, due my focus on small RNAs, |

developed a different perspective, which I describe in this study.
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The aim of this study is to inspire researchers working in the field of mitochondrial biology,
by providing a new and broader framework for the interpretation of how mitochondrial mutations
may exert their effects on disease phenotypes in humans; a framework that considers the existence
of the small mitochondrial RNAs.

This study integrates current knowledge on the underpinning mechanisms linking mtDNA
mutations to mitochondrial disease, highlighting intriguing discrepancies between the predicted
links and results of many studies. We then leverage these discrepancies to outline a new framework
for studies seeking to validate links between mitochondrial mutations and effects on human health.
We introduce the mitochondrial interference hypothesis and outline its supporting evidence.
Briefly, mitochondrial interference describes a mechanism in which small mitochondrial RNAs may
inhibit nuclear gene expression through RNA interference. In this second study of my Ph.D., we
describe several studies supporting the presence of this mechanism and argue how this mechanism
better fits the results of several studies, both historical and recent, on mitochondrial diseases. This

work is now under consideration in Trends in Molecular Medicine as an Opinion Atrticle.

Third Study Aim — Investigate the function of small mitochondrial RNAS

As described previously, mitochondrial mutations have been linked with a manifold number
of diverse phenotypes, and in the work preceding my Ph.D. | have proposed the small mitochondrial
RNAs as a mediator of these effects (Pozzi et al. 2017). The proposed mechanism is RNA
interference, however, to my knowledge, there is no direct evidence demonstrating that small
mitochondrial RNAs are part of this molecular mechanism. Nonetheless, the small mitochondrial
RNAs have similar length to other small RNAs involved in RNA interference (about 30
nucleotides) and many proteins related to RNA interference are co-localized with the mitochondria,
thus supporting the hypothesis that the small mitochondrial RNAs might be involved in this process
(Ha and Kim 2014; Nishimasu et al. 2012; Mercer et al. 2011). Among these proteins, Argonaute 2

(Ago?2) is the best candidate to interact with these RNAs. Ago2 is the best known protein in RNA
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interference, and its role is to use a miRNA to bind an mRNA and block its translation (Ha and Kim
2014). Furthermore, this protein has been found to co-localize with the mitochondria, thus
providing a connection between Ago2 and the mitochondria. Although the reasons for
colocalization of Ago2 to the mitochondria remain unknown, the ability of Ago2 to directly bind
small RNAs and its connection to the mitochondria makes it a likely partner for the small
mitochondrial RNAs.

Investigating the ability of the small mitochondrial RNAs to bind Ago2 is facilitated by the
wealth of data accumulated in the last two decades on the nuclear miRNAs (Fire et al. 1998).
Indeed, Ago2 is one of the first proteins discovered in the RNA interference mechanism and
multiple studies on its role in cell regulation make for a wealth of publicly available datasets of
small RNA sequencing libraries that are freely accessible (Ambros 2004; Ha and Kim 2014). The
accessible data mostly consists of studies where Ago2 has been isolated while bound to the RNAs
interacting with this protein, including the small mitochondrial RNAs. These studies have been
performed on multiple species and tissues, however, the authors discarded the sequences aligning to
the mitochondria in their original works. We therefore aim to re-purpose the original sequencing
data from these studies and investigate the ability of Ago2 to bind these RNAs. Furthermore, we
aim to identify how much the small mitochondrial RNAs have in common with nuclear RNAs, thus
validating their role in cell regulation.

This chapter can be divided into three main sections. In the first section of the chapter, we
investigate whether the small mitochondrial RNAs can bind Ago2, the main protein of the RNA
interference. We leveraged several published datasets online, where the RNAs sequenced were
obtained through the immunoprecipitation with Ago2. We were able to find multiple studies in mice
and humans where the small mitochondrial RNAs can bind Ago2. Our results are quite reliable, as
the small mitochondrial RNAs expression was consistently higher in Ago2-immunoprecipitation

treatments compared the mock-immunoprecipitation (only 1gG) treatments across several cell lines
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and multiple biological replicates, thus providing the first evidence of that the small mitochondrial

RNAs may play a hitherto unrecognised role in RNA interference.

In the second section of the chapter, we investigate the conservation of expression and
sequence of the small mitochondrial RNAs across several key model organisms. We compared the
expression of the small mitochondrial RNA encoded within one particular RNA that we identified
(our previous analysis had verified its ability to bind Ago2 across multiple cell lines), which we
name the mt-tRNA Met because it sits within the mitochondrial tRNA for Methionine. By analysing
the expression pattern of this small RNA across several key vertebrates, from Homo sapiens to
Danio rerio, we confirmed its presence in all the Chordata phylum. Furthermore, by comparing the
sequence of this small RNA to the sequence covering the rest of the mt-tRNA Met gene, we found
that the region encoding the small RNA is more conserved. Therefore, these analyses identified at

least one bone fide small mitochondrial RNA with miRNA-like features.

In the last section of the chapter, we perform several analyses to identify targets of this small
mitochondrial RNA that could be linked to human health. Through a combination of computational
and experimental techniques, we present strong evidence that the mitochondrial small RNA
encoded in the mt-tRNA Met can bind a gene called CASP8 And FADD Like Apoptosis Regulator
(CFLAR). The small RNA binds a region at the edge of the 3’ untranslated region (UTR) of
CFLAR. Interestingly, the coding region of this mMRNA is only ~2Kb, while the UTR is ~12Kb. The
CFLAR isoform having this ~12Kb UTR is a promoter of apoptosis, thus suggesting that this small
RNA is involved in apoptosis regulation. Moreover, we found that this ~12Kb UTR is present but
not expressed in other primates. In fact, while the ~12Kb UTR can be found in the same genomic
region, the other primates analysed have the UTR at least 1Kb distant from the CFLAR gene,
indicating that this region does not serve as a binding site for this small mitochondrial RNA in non-

human primates. Thus, these analyses suggest the presence of a human-specific pathway of
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regulation led by the small mitochondrial RNAs. This work is now under review in Current Biology

as a Research Article.
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CHAPTER TWO

The genomic origins of  small
mitochondrial RNAs: are they transcribed
by the mitochondrial DNA or by
mitochondrial pseudogenes within the
nucleus (NUMTSs)?
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Abstract

Several studies have linked mitochondrial genetic variation to phenotypic modifications; albeit the
identity of the mitochondrial polymorphisms involved remains elusive. The search for these
polymorphisms led to the discovery of small non-coding RNAs, which appear to be transcribed by
the mitochondrial DNA (“small mitochondrial RNAs”). This contention is, however, controversial
because the nuclear genome of most animals harbours mitochondrial pseudogenes (NUMTS) of
identical sequence to regions of mtDNA, which could alternatively represent the source of these
RNAs. To discern the likely contributions of the mitochondrial and nuclear genome to transcribing
these small mitochondrial RNAs, we leverage data from six vertebrate species exhibiting markedly
different levels of NUMT sequence. We explore whether abundances of small mitochondrial RNAs
are associated with levels of NUMT sequence across species, or differences in tissue-specific
mtDNA content within species. Evidence for the former would support the hypothesis these RNAs
are primarily transcribed by NUMT sequence, while evidence for the latter would provide strong
evidence for the counter hypothesis that these RNAs are transcribed directly by the mtDNA. No
association exists between the abundance of small mitochondrial RNAs and NUMT levels across
species. Moreover, a sizable proportion of transcripts map exclusively to the mtDNA sequence,
even in species with highest NUMT levels. Conversely, tissue-specific abundances of small
mitochondrial RNAs are strongly associated with the mtDNA content. These results support the
hypothesis that small mitochondrial RNAs are primarily transcribed by the mitochondrial genome

and that this capacity is conserved across Amniota and, most likely, across most metazoan lineages.

Introduction

For the past four decades, biologists have routinely harnessed the genetic variability found within
the mitochondrial DNA (mtDNA) sequence as an evolutionary marker, to help in resolving the
population genetic processes shaping patterns of evolutionary divergence across natural populations
and divergent taxa (Avise 2000; Avise et al. 1987; Bandelt et al. 1995; van Oven 2010). These
inferences were typically made under the assumption that this genetic variation is associated with
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no phenotypic alterations to the organism, and therefore has evolved under a neutral equilibrium
model (Ballard and Kreitman 1995). However, the results of numerous studies to emerge over the
past two decades have challenged the assumption of selective neutrality of the mitochondrial
genome, by showing that mitochondrial genetic variation is often tied to phenotypic expression, or
by revealing adaptive signatures of mutational variation within the mtDNA sequence (Dowling
2014; Ballard and Pichaud 2014; Vaught and Dowling 2018; Ballard and Whitlock 2004; Bazin,
Glémin, and Galtier 2006; James, Piganeau, and Eyre-Walker 2016).

For example, several studies on vertebrate and invertebrate study systems have leveraged
experimental designs able to partition mitochondrial from nuclear genetic effects on organismal
function (Camus et al. 2017; Tourmente et al. 2017; Morales et al. 2018; Innocenti, Morrow, and
Dowling 2011; Estopinal et al. 2014; Mossman et al. 2016; Harrison and Burton 2006). These
uncovered a role for mitochondrial genetic variation in the regulation of physiological, life-history,
and health-related phenotypes. These studies were further augmented by studies reporting intriguing
associations between particular mitochondrial haplogroups and patterns of disease penetrance in
humans (Marom, Friger, and Mishmar 2017; Chalkia et al. 2018; Sloan, Fields, and Havird 2015;
Singh and Kulawiec 2009; Hudson et al. 2014). For example, Marom et al. (2017) observed that
certain diseases, such as Type 2 diabetes and Parkinson’s disease, are enriched in humans carrying
particular mtDNA haplogroups (haplogroups H, J, and K), while Hudson et al. (2014) noted
associations between mtDNA haplogroups and the risk of developing several complex diseases,
including ischemic stroke, Parkinson’s disease, multiple sclerosis, and schizophrenia. Yet, while it
is clear that mitochondrial genetic variation regularly affects phenotypic expression, uncovering the
candidate mtDNA mutations involved in the regulation of these effects has proven difficult, given
that the mutations that lie in the mtDNA sequence generally appear in tight linkage disequilibrium
and are thus inherited as a block.

Most studies that have sought to uncover the candidate polymorphisms that underpin the

mitochondrial genotype-phenotype linkage, have focused on genetic variants within the protein-
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coding region of the mtDNA (Camus et al. 2015; Harrison and Burton 2006; Singh and Kulawiec
2009; Weihe et al. 2009). Some of these studies identified candidate polymorphisms that confer a
modification to the protein-coding sequence (Dowling, Tompkins, and Gemmell 2015; Patel et al.
2016; Camus et al. 2015). However, in several other cases, the polymorphisms underpinning the
association between particular mtDNA haplogroups and patterns of phenotypic expression remained
elusive, but do not appear to involve substitutions to the amino acid sequence (Camus et al. 2017,
Hopkins et al. 2017; Takasaki 2009). For example, Hopkins et al. (2017) reported that specific
mutations in the mitochondrial origin of replication (ORI) in humans are associated with the
progression to aggressive grades of prostate cancer. Other studies have proposed that mitochondrial
regulation of the phenotype may proceed via mechanisms other than direct changes to the protein
coding sequence. Indeed, recent studies have reported the discovery of previously uncharacterized
RNAs, which are putatively transcribed by the mitochondria, and that may serve important
functions (Larriba, Rial, and Del Mazo 2018; Riggs et al. 2018; Mercer et al. 2011; Pozzi et al.
2017; Ro et al. 2013).

The importance of mitochondrial RNAs (mtRNAs), such as ribosomal RNAs (mt-rRNA)
and transfer RNAs (mt-tRNA), which are necessary for translation of messenger RNA (mt-mRNA),
has long been recognized (Storz 2002). However, in recent years, several independent studies have
reported the presence of small non-coding RNASs that appear to be encoded by the mtDNA in fish,
mammals, and clams, and the authors of these studies have suggested a role for these RNAS in
driving phenotypic changes such as improved anoxia tolerance and involvement in sex
determination (Pozzi et al. 2017; Riggs et al. 2018; Sanchez et al. 2011; Larriba, Rial, and Del
Mazo 2018). The presence of these “small mitochondrial RNAs”, across several species, suggests
they might play a role in cell regulation.

This suggestion, however, is controversial, and it remains debated whether these small
RNAs are non-functional, representing degraded residues of longer, well-known RNAs (Houseley

and Tollervey 2009), or functional in their own right, representing a nucleic part of a
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ribonucleoprotein (Hogan et al. 2008). Ribonucleoproteins usually use small RNA to recognize
specific DNA or RNA targets with which to bind, to exert their function (Hogan et al. 2008). A
classic example of such a mechanism is RNA interference (RNAI), a process in which microRNAS
(miRNA) of approximately 22 nucleotides in length, each with a specific sequence, lead the RNA-
induced silencing complex (RISC) to the target MRNA where the protein can inhibit the translation
of the mRNA (Ambros 2004; Cloonan 2015; Ha and Kim 2014).

In 2017, Pozzi and colleagues proposed that some of these mitochondrial small RNAs could
use RNAI to shape patterns of nuclear gene regulation, thus invoking a hitherto unrecognized
mechanism by which the mitochondria could broadly shape patterns of phenotypic expression
(Pozzi et al. 2017). Furthermore, this prediction coincides with recent studies of Innocenti et al.
(2011) and Baris et al. (2017), both of which identified an abundance of nuclear genes that are
seemingly involved in the regulation of mitochondrial-nuclear interactions, but which had no
previously known involvement in mitochondrial function. The proteins encoded by these nuclear
genes are generally not transported into the mitochondrion, and thus it is unclear how their
regulation could be affected by genetic polymorphisms within the mtDNA. The discovery of small
mitochondrial RNAs may help to address these outstanding questions, if these RNAs are able to
target a broad range of nuclear genes that have no previous known association with mitochondrial
function. However, currently, even the origin of these small RNAs remains controversial. This is
because the nuclear genome of eukaryotes is littered with mtDNA sequence in the form of nuclear
mitochondrial pseudogenes (Nuclear Mitochondrial DNA Segment, NUMT), which in theory could
represent the source of these small RNAs.

The presence of NUMTs makes it difficult to definitively identify the origin of small
mitochondrial RNA, since in many metazoans, much of the mtDNA sequence is duplicated via
shorter inserts throughout the nuclear genome, with the NUMT sequence being almost identical to
that of the mitochondrial DNA of origin (Lopez et al. 1994; Gaziev and Shaikhaev 2010). However,

despite their widespread presence among most eukaryotes, the function of NUMTSs remains largely
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unknown, and for the most part, they are considered non-functional elements (Hazkani-Covo,
Zeller, and Martin 2010). Indeed, because the genetic code differs between mitochondrial and
nuclear genomes, the mitochondrial sequences would not make the same protein using the nuclear
code, and therefore these NUMTs are widely regarded as pseudogenes (Lopez et al. 1994).
Furthermore, these sequences are “tuned” to be transcribed and translated using proteins specific to
the mitochondria, suggesting the inability of the NUMTSs to produce functional proteins even when
entire genes are translocated to the nuclear genome (Smits, Smeitink, and van den Heuvel 2010).
Yet, although NUMTs may not express proteins, they may still express small RNAs. Because
NUMTSs are mitochondrial in origin, any small RNAs they encode would be nearly identical in
sequence to mMRNAs encoded by mtDNA, rendering it difficult to determine whether small RNAs
that have previously been identified are transcribed by the mitochondrial or nuclear genome.
Fortunately, NUMTs have several unique features relative to the mtDNA, and these features
can be used to formulate two sets of testable predictions that allow the putative source of these
small mitochondrial RNAs to be discerned. One of the features is that the amount of NUMT
sequence differs greatly across metazoan species (Rogers and Griffiths-Jones 2012; Hazkani-Covo,
Zeller, and Martin 2010). For example, the mouse harbors around 25 times more NUMT sequence
than the chicken (~37 Kb or 0.15% of the mouse nuclear genome, ~1.52Kb or 0.01% of the chicken
nuclear genome (Calabrese, Simone, and Attimonelli 2012; Bensasson, Feldman, and Petrov 2003).
Another feature is that the NUMT amount is stable across tissues, while the mtDNA copy number
changes greatly across different tissues. Here, we take advantage of these species differences in
NUMT content, and tissue-specific differences mtDNA copy number, to home in on the probable
origin of the small mitochondrial RNAs. Our inferences hinge on the assumption that the abundance
of the small mitochondrial RNAs is correlated with the abundance of their source molecules, be that
the amount of NUMT sequence, or copies of mtDNA. We contend that this assumption is plausible
given the large differences (greater than a thousandfold) in both the amount of NUMT sequence

present across distinct species, and in the number of mitochondria found across distinct tissues
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within a species. Based on this assumption, we formulate two predictions. Firstly, if the small
mitochondrial RNAs are encoded primarily by NUMTs, then we predict that the level of
transcription of these RNAs across species will be correlated to the amount of species-specific
NUMT sequence. Species with large amounts of NUMT sequence should possess smaller
mitochondrial RNAs than species with low amounts of NUMTs. On the contrary, if the
mitochondrial DNA encodes the small mitochondrial RNAs, then it is predicted that there will be no
correlation between the amount of NUMT sequence and the abundance of small mitochondrial
RNAs across species. The second prediction leverages the observation that the copy number of
NUMT pseudogenes will be stable across tissue types within a species, but the copy number of
mtDNA molecules will differ greatly. Thus, if generally transcribed by NUMT sequence, we predict
that the small mitochondrial RNAs will not exhibit predictable differences in abundance across
tissue-types. In contrast, if transcribed by the mtDNA, then we predict the abundance of these small
RNAs will be higher in tissues that are rich in mitochondria relative to tissues that are poor in
mitochondrial content. In particular, tissues that exhibit naturally-enriched levels of mitochondria,
such as the cancerous cells, would be predicted to show increased abundances of small
mitochondrial RNAs when compared to their healthy counterparts that have less mitochondria
(Williams et al. 2015; Vyas, Zaganjor, and Haigis 2016; Zhu et al. 2017).

Here, we tested these predictions, using publicly available data stored in the Short Read
Archive (SRA) in the NCBI. Many miRNA-sequencing datasets are available for model organisms,
such as chicken and mice, which can be repurposed to examine the profiles of small mitochondrial
RNAs across species and tissues. To clarify, these datasets consist of RNA sequencing data in
which the transcripts have been selected using a size-selection approach that selects transcripts
smaller than 50nt. Due to this method, the small mitochondrial RNAs, the targets of our study, are
represented in these libraries. Using these data, we first tested whether the amount of NUMTSs
present in the nuclear genome of a given species is associated with the amount of small

mitochondrial RNA transcribed, across several species of the Amniota clade. We then focused on
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expression patterns of small mitochondrial RNAs across three tissues of mice and chicken, two
species with very different amounts of NUMT sequence. To address the second prediction, we
compared abundances of small mitochondrial RNA from a mitochondria-rich tissue and a
mitochondria-poor tissue, in human datasets. Then, to further probe this prediction, we compared
small mitochondrial RNAs abundance in a tissue naturally enriched in mitochondria (cancerous

tissue) to its healthy counterpart with physiological levels of mtDNA copies.

Results

The small mitochondrial RNAs are widely expressed across tissues in Amniota

We first tested whether the abundance of small mitochondrial RNAs changes with the amount of
NUMT sequence across species. We used data from Meunier et al., (2013), who analyzed tissue-
specific RNA libraries from each of six species of the Amniota clade. Each of these species is
characterized by differing degrees of NUMT sequence insertions. We quantified the percentage of
small RNAs that map to the mtDNA in each of these samples and compared this to the percentage
of reads mapping to NUMT sequence (Fig.1A). Accordingly, we can define three different type of
reads: the mtDNA reads, which include the total pool of reads that map to the mtDNA (those that
map exclusively to the mtDNA as well as those that map both to mtDNA and NUMT sequence);
mtDNA-only reads, which map unambiguously and exclusively to the mtDNA and exclude the
sequences present in the NUMTSs; and NUMT reads, which represent the reads that map both to the
mtDNA and NUMT sequence. Generally, species with high levels of NUMTs have high
proportions of reads that map jointly to both mtDNA and NUMTs (Fig.1B). However, even in
species that have very high levels of NUMTS, such as the opossum, at least 25% of the mtDNA
reads are nonetheless comprised of mtDNA-only reads. Notably, the chicken is characterized by
very low levels of NUMT sequence. In this species, the percentage of mtDNA reads that map

exclusively to the mtDNA sequence is about 95% across all sampled tissues.
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We next investigated whether associations exist between the amount of NUMT sequence
and the percentage of mtDNA reads across the different tissues of each species (Fig.2). Although
we note there are insufficient samples per tissue and species to warrant formal statistical analysis (n
= 1 data point per tissue per species), the analysis highlights an absence of any clear relationship

between the NUMT content and total abundance of mtDNA reads across the six species.

Small mitochondrial RNA abundance is independent of the NUMT content

To further probe associations between NUMT content and abundances of mtDNA reads, we
conducted a further set of analyses that focused on two of the six species surveyed above (chicken
and mouse). These species exhibit very different NUMT contents (chicken 1.52 Kb, mouse 37.67
Kb), with many supporting small RNA-seq datasets available for each. Our analyses focused on
three different tissue types, for which there are numerous samples available in public databases: the
brain, heart, and liver (Reznik et al. 2016; Rooney et al. 2015).

Our analyses of tissue-specific abundances of mtDNA reads reinforce the large difference
in levels of NUMT reads between the two species. In the chicken datasets, there are consistently
lower levels of NUMT reads per tissue than in the mouse datasets (Mann Whitney, U =0, n =80 p
= 0.0001, Fig.3). The mouse datasets show moderate levels of NUMT reads, which nonetheless
rarely surpass the amount of mtDNA-only reads. Specifically, while the percentage of NUMT reads
in the brain (median 1.18 + 0.73%) is similar to the percentage of mtDNA-only reads (median 1.87
+ 0.4%), the heart and liver have a greater representation of mtDNA-only reads (medians of 3.75 +
0.53% and 1.44 £ 0.1% respectively) than NUMT reads (medians of 2.65 + 0.27% and 1.00 = 0.1%
respectively, Supplementary Material Table S2).

Overall, when comparing mtDNA-only to NUMT reads across all of the chicken samples,
by pooling together the data from all tissues, the percentage of NUMT reads usually comprises less
than 0.1% of the small RNA library (Fig.4), confirming observations derived from the dataset of

Meunier et al. (2013) that we report in Fig. 1. Furthermore, we observed high abundances of
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mtDNA-only reads in the chicken samples, represented as a proportion of the total small RNA reads
per library, ranging from 0.8 to 12% across the three tissues. Patterns observed across mouse
samples similarly reinforced the results of our analysis of the Meunier et al. (2013) dataset. We
detected a high percentage of NUMT reads in all tissues, which reflects the high amount of NUMT
sequence in the mouse genome (~37KDb).

This pattern suggests that, at least in the chicken, the majority of the mtDNA reads must be
transcribed directly from the mtDNA. The source of the mtDNA reads in mice remains open to
question, and technically, it is possible that the NUMTSs play a secondary role in their transcription.
Notwithstanding, it must be noted that all NUMT reads also map to the mtDNA, and thus the
mtDNA would remain the most likely candidate site for their transcription. Indeed, if the NUMTSs
play a sizable role in the transcription of mtDNA reads, we would expect that the total pool of
mtDNA reads would be significantly lower in the chicken than in the mouse, given the much lower
NUMT content of the chicken genome of NUMT sequence in the chicken. While there are no
differences in the proportion of mtDNA-only reads between the species (U = 621, n =79, p = 0.12),
the chicken samples do exhibit a meaningful reduction in the abundance of mtDNA reads when
compared to the mouse samples (U = 493, n = 79, p = 0.003). While at first, this result would
suggest a role for the NUMTSs in the transcription of small mitochondrial RNA, closer scrutiny of
the tissue-specific samples suggests otherwise. While both the chicken liver and brain samples show
statistically significant reductions in the abundance of mtDNA reads relative to the equivalent
tissues in mice (liver U = 37, n = 27, p = 0.004; brain U = 38, n = 26, p = 0.009), the heart samples
of the two species do not differ (U = 68.5, n = 26, p = 0.43). See Supplementary Material Table S1

for full statistical analyses.

The abundance of small mitochondrial RNAs is due to a few transcriptional hotspots
We next assessed whether differences in the abundances of NUMT and mtDNA-only reads across

the two species are attributable to changes in the expression of small mitochondrial RNA molecules
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transcribed across many different regions of the mtDNA sequence, or by high levels of transcription
at just a few specific sequence regions. In the chicken, almost all the mtDNA reads align to the
rRNA16S, aligning just after the 2Kb mark (Fig.5A-B). This peak aligns to mtDNA-only reads,
consistent with expectation given the high percentage of mtDNA-only reads reported above for this
species. Indeed, NUMT reads are almost entirely absent, and only minor peaks of mtDNA-only
reads can be seen in the brain and heart samples.

In the mouse, hotspots of expression of mtDNA reads were observed in the heart and liver.
This was not the case for expression patterns in the brain, in which many different transcripts across
the coding, tRNA and rRNA regions of the mtDNA sequence were observed (Fig.5C-D). In
particular, the abundance of mtDNA reads present in the mouse heart and liver is attributable to one
hotspot of transcription (close to position 12Kb in the mtDNA) aligning to mt-tRNA Ser2 gene.
Due to the similarity between mtDNA and NUMT sequence, this peak could technically be either
mtDNA or NUMT encoded (they are NUMT reads). The second large peak, comprising a mix of
NUMT and mtDNA-only reads, is present in all samples, aligning on mt-rRNA16s and mt-tRNA
Val genes, suggesting very high conservation of these mtDNA reads across tissues in the mouse.
The abundance of mtDNA reads in the brain samples show a diffuse pattern of expression of
thousands of transcripts across the entire coding sequence of mtDNA, lacking specific hotspots of

transcription, which is difficult to explain, based on our current knowledge.

Abundance of small mitochondrial RNAs is closely associated with mtDNA content

We extended our investigation, turning to RNA libraries from humans, to examine the correlation
between the abundance of mtDNA reads and mtDNA content, across tissues that are likely to
exhibit strong differences in their mitochondrial content. We collated small RNA sequencing data
from three studies, two from the brain (a putatively mitochondria-rich tissue) and one from the
bladder epithelium (a putatively mitochondria-poor tissue). We calculated the percentage of small

RNA reads mapping to the mtDNA sequence across each of these tissues (Fig.6). The
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mitochondria-rich brain samples have higher levels of transcription of mtDNA reads (U = 1, n = 66,
p = 0.0001). In fact, the mean abundance of mtDNA reads in the brain (3.46 = 0.37%) is more than
thirty-fold more than the mean abundance in the bladder epithelium (0.15 + 0.01%).

Finally, to further probe the relationship between expression profiles of mtDNA reads and
mtDNA content, we leveraged data from a recent study examining the small RNA profiles of
bladder samples taken from patients with bladder cancer relative to healthy patients (Itesako et al.
2014). It has previously been shown that cancerous bladder cells show higher levels of mtDNA than
healthy bladder cells (Williams et al. 2015). The samples from cancerous tissue, with enriched
mtDNA content, contained over fivefold more mtDNA reads than the samples from healthy tissue
(U =0, n=10 p = 0.008) (Fig.7). This result reinforces the observation that levels of small
mitochondrial RNAs are tightly linked to the total content of mtDNA within a tissue type, thus
supporting the contention that these RNAs are transcribed by the mtDNA, and not by NUMT

sequence within the nuclear genome.

Discussion

Here, we present two lines of support for the hypothesis that the mtDNA is the primary source of
small mitochondrial RNA transcription. Furthermore, our study demonstrates that the high levels of
small mitochondrial RNA transcripts observed across the sampled small RNA datasets are largely
attributable to a smaller set of tissue-specific transcripts; an observation that supports the contention
that these transcripts are likely to confer a functional role.

The first line of support for the hypothesis comes from our observation that abundances of
small mitochondrial RNA were not correlated to levels of NUMT sequence across species. One
striking example of this point comes from the case of the opossum, a species with almost 10 times
more NUMT sequence (~2093Kb) than the platypus, monkey, and human. Despite this order of
magnitude difference in the level of NUMT reads, the proportion of mtDNA reads mapping to

NUMT sequence was not tangibly higher across major tissues of the opossum relative to those of
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these other species. Furthermore, the presence of small mitochondrial RNAs in the chicken, a
species with a distinct paucity of NUMT sequence, represents definitive evidence of the ability of
the mtDNA to transcribe small mitochondrial RNAs. In this species, the transcripts mapping to the
mtDNA do not map to any other part of the genome and their presence can thus only be explained
by transcription from the mtDNA sequence. Indeed, across six species examined, we observed high
proportions of reads mapping exclusively to the mtDNA sequence, confirming that transcription of
small RNAs from the mitochondria occurs generally across vertebrates. Furthermore, we were able
to confirm these general patterns by focusing on patterns in two species for which we had high
levels of inferential power, given that RNA libraries were available from a number of independent
studies for each of these species, and at high levels of replication.

The second line of support comes from analyses that show a tight link between expression
levels of the small mitochondrial RNAs, and the mtDNA content of particular tissues. Our analyses
are based on the assumption that a tissue with the high-energy demands, such as the brain (Picard
and McEwen 2014; Davey, Peuchen, and Clark 1998; Veltri, Espiritu, and Singh 1990), will have
more mitochondria than a tissue with putatively low demands, such as the epithelium (Gibson et al.
1996). On this, while there is evidence that brain tissue is rich in mitochondria (Picard and McEwen
2014; Davey, Peuchen, and Clark 1998), there is less direct evidence that epithelium tissue is low in
mitochondria. However, despite not knowing the number of mitochondria, we argue that the
difference in energy consumption between these two tissues should make our assumption
reasonable. Under this assumption, if the mitochondria are the main source of mtDNA reads, we
predict the mitochondria-poor tissue to express lower levels of these RNAs than their mitochondria-
rich counterpart. Our predictions were supported. In fact, the abundance of mtDNA reads is
strikingly higher in brain samples than in epithelium samples. Moreover, this result is supported by
the analysis of cancerous cells naturally enriched in mtDNA (Williams et al. 2015; Vyas, Zaganjor,

and Haigis 2016). The cancerous cells showed a fivefold increase in their abundance of mtDNA
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reads, supporting the hypothesis that the mtDNA is a main player in the transcription of mtDNA
reads.

We note that our lines of evidence support previous experiments performed in cell lines. In
fact, Ro et al. (2013) investigated the origin of the small mitochondrial RNAs by analysing the
expression of cells with depleted mitochondria (Rho0). The authors found that RhoO cells have
strong downregulation of small mitochondrial RNAs transcription, thus adding a complementary
layer of evidence that support our findings, and showing that NUMTSs have very little if any role in
transcribing the small mitochondrial RNAs.

Further investigations into the origins of small mitochondrial RNAs should seek to leverage
allelic differences between NUMT sequences and mtDNA. Over time, NUMT sequences are
expected to diverge from their ancestral mtDNA sequence, accumulating SNPs that are unique to
NUMT sequences and not found in the mtDNA. In theory, this divergence should provide an
opportunity for future studies to investigate whether small mitochondrial RNAs that map
exclusively to NUMT sequence exist. Currently, limitations in the available data preclude such an
analysis. Given that different individuals are expected to harbour different SNPs in both mtDNA
and NUMTSs (i.e., natural allelic variation in these regions of sequence), such analysis would require
both DNA and RNA data originating from the same individual (or from the same sets of
individuals). Furthermore, small mitochondrial RNAs exist in very short sequences (~30nt),
presenting small mutational targets in which is unlikely multiple mutations will occur. Therefore,
such mutations would rarely lead to tangible molecular divergence between mtDNA and NUMT
sequence. This will make future analyses based on molecular divergence challenging.

Considering the evidence presented here, we propose that the small mitochondrial RNA
reads that map jointly to both mtDNA and NUMTs should be assumed to originate from the
mtDNA. Moreover, we argue that we can safely assume that all small RNAs aligning to mtDNA,
including in species not tested in our study, are likely to be transcribed by the mtDNA, and not by

NUMTSs. In fact, the lack of evidence that the NUMTSs are transcribed, or play functional roles in
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any metazoan, aligns well with our hypothesis (Hazkani-Covo, Zeller, and Martin 2010). Previous
studies have identified and explored the putative function of small mitochondrial RNAs in other
species (Riggs et al. 2018; Pozzi et al. 2017; Mercer et al. 2011). Our results provide strong support
that their analyses and interpretations are unlikely to have been confounded by transcripts encoded
by NUMTSs present within the nuclear genome.

We have provided evidence to support the ability of the mtDNA to transcribe small RNAs in
chickens, mice and humans. Thus from an evolutionary perspective, this allows us to date the
evolution of this ability to at least the birth of the Amniota clade. However, while our study is the
first to deeply investigate the origin of the small mitochondrial RNAs, it is not the first to have
identified the presence of these molecules. In fact, prior to this study, previous studies had identified
small mitochondrial RNAs in humans, chicken, mice, fish, and clams (Pozzi et al. 2017; Riggs et al.
2018; Mercer et al. 2011, Larriba, Rial, and Del Mazo 2018; Bottje et al. 2017; Ro et al. 2013). This
degree of conservation in the presence of these RNAs suggests that the ability to transcribe small
RNAs from the mtDNA is conserved well beyond the Amniotes, extending to the origin of
Protostomia around 600 Mya. Furthermore, we note a recent report of small mitochondrial RNAs in
plants (Stone et al. 2015). Thus, we speculate that the ability of the mtDNA to transcribe small
RNAs may date back to the early origins of eukaryogenesis, when the mitochondrial-eukaryote
endosymbiosis was still in the incipient stages of evolution. While almost without evidence, such a
possibility is intriguing, and worthy of further investigation.

Characteristics that are evolutionary conserved across many species tend to be linked to
specific functions, since patterns of sequence conservation are shaped by strong selection
(Margoliash 1963; Zuckerkandl and Pauling 1965; Kimura 1968). The fact that numerous metazoan
species are able to transcribe small mitochondrial RNAs therefore provides hints of likely
functionality. tRNAs are known for being one of the source for microRNA-like molecules named
tRNA-derived RNA fragments (tRFs). These tRFs seem to be produced by both nuclear and

organelle tRNAs. We hypothesize that such functionality would likely come through the
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involvement of these small RNAs in the RNAiI mechanism. RNAI represents one of the most
conserved molecular mechanisms among eukaryotes, the function of which is regulated by small
non-coding nuclear RNAs of the same length of the small mitochondrial RNAs (Ha and Kim 2014).
Importantly, our study shows that most small mitochondrial RNAs originate from the mt-tRNAs,
aligning well with a previous study of human RNA that found evidence of a mt-tRNA binding to
Ago2 (Ha and Kim 2014). Ago2 is a key protein involved in the regulation of RNAI, and which is
present outside of the mitochondria and within the cytoplasm (Maniataki and Mourelatos 2005).
Further connection to the tRNAs is represented by their general involvement with RNAI (Lee et al.
2009; Cloonan 2015). In fact, tRNAs encoded by the nucleus are a known source of small RNAs
(~30nt) involved in RNAI, thus suggesting that the small mitochondrial RNAs might be generated
in similar manner. Supporting this hypothesis, a recent study showed that organelles in plants also
encode tRNA-derived small RNAs (Cognat et al. 2017). These results match the predictions made
by Pozzi et al. (2017), who upon analysis of levels of expression, sequence lengths, and
complementarity to target mMRNAs, proposed a putative role for a subset of highly transcribed small
mitochondrial RNAs in RNAIi. Therefore, we argue that the presence of polymorphisms in
sequences harbouring small RNAs may alter their function through interfering with the

complementarity between small RNA and mRNA target.

Conclusion

We have presented several lines of support for the hypothesis that the mitochondrial genome is able
to consistently transcribe small RNAs, across species, and in a tissue-specific manner. The next
frontier is now to home in on the question of whether these small RNAs play a functional role in the

regulation of the organismal phenotype via mitochondrial-nuclear sequence interactions.

Material and Methods
Data
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The data for the first analysis, which includes samples from the brain, cerebellum, heart, kidney,
and testis of several species (Monodelphis domestica, Homo sapiens, Macaca mulatta,
Ornithorhynchus anatinus, Mus musculus, and Gallus gallus) are published in (Meunier et al.
2013), and are accessible in the Short Reads Archive in NCBI with the ID PRINA174234. All
individuals analysed were males, and in all mammals the brain samples originated from the
prefrontal cortex. Full information and origin of all samples are described in Meunier et al. 2013.

To compare the correlation between the NUMT content and small mitochondrial RNAs
abundance, we used the data from over 10 samples for three different tissues in two different
species: Mus musculus and Gallus gallus. The data from Mus musculus, which includes samples
from the brain, liver, and heart, comes from several studies. The 13 brain samples include four from
PRINA232648 (Hu et al. 2014), five from PRINA283972 (Malmevik et al. 2016), and four from
PRINA326768 (Woldemichael et al. 2016). As described by the articles just cited, the samples
originated from hippocampal neurons and neuroblastoma cell cultures. The 14 liver samples include
one from PRJINA203543 (Yamtich et al. 2015), one from PRJNA401785, and 12 from
PRINA407374 (Hao and Waxman 2018). The original articles did not specify any specific section
of the liver used for the sequencing. The 12 heart samples include three from PRINA219640
(Crippa et al. 2016), seven from PRINA314812 (Ooi et al. 2017), and two from PRINA421014
(Huang et al. 2018). As described in the original articles, all samples were obtained from mouse
heart ventricles. The data from Gallus gallus, which includes samples from brain, liver, and heart,
comes from several studies. The 13 brain samples are from PRINA396511 (Warnefors et al. 2017).
The 13 liver samples include 10 from PRINA396511 (Warnefors et al. 2017) and three from
PRINA434773. The 14 heart samples include 12 from PRINA396511 (Warnefors et al. 2017), and
two from PRINA204941. Details on the sections from which these samples were extracted are
unavailable.

To study the correlation between the mtDNA content and the abundance of small

mitochondrial RNAs, we used data from Homo sapiens, which includes samples from brain and
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bladder from several studies. The 36 brain samples comprised 11 from PRINA272617 (Hoss et al.
2015), and 25 from PRINA394722 (Pantazatos et al. 2017). All the tissues were samples from the
prefrontal cortex. The 10 bladder samples (5 controls and 5 cancer) are from PRIDB2583 (Itesako
et al. 2014).

NUMT sequence estimation

The amount of NUMT sequence per genome of each species was extracted from a previously
published article (Hazkani-Covo, Zeller, and Martin 2010). These authors had documented NUMT
content by aligning the mitochondrial genome of each species on the respective nuclear genome
using blastn with a cut-off value of 0.0001 (e-score). For our study, we selected only high quality
genomes, thus eliminating the chance of mischaracterization of NUMTSs due to assembly problems.
The amount of NUMTSs for each species (absolute and relative to the nuclear genome) is: chicken
(1.52Kb, 0.0001%), mouse (37.67Kb, 0.0015%), platypus (244.198Kb, 0.0081%), monkey
(261.622Kb, 0.0087%), human (266.478Kb, 0.0087%), opossum (2093.63Kb, 0.0698%).

The amount of NUMTSs in each species is not always stable. The NUMT amount might
differ slightly across individuals analysed within a given species, however this possibility cannot be
tested without specific genomic data from the individuals analysed. Nonetheless, we expect that
variability in NUMT amount across individuals within a species will be far lower than levels of
variability across species. The differences between chicken and other high-NUMT amount species
is between ~15 (mouse) and ~700 fold (opossum). Thus, we argue that such variability should not
affect our results.

The genome sequences of the individuals included in this study are likely to be slightly
different from the reference genomes used. In fact, both NUMTSs and mtDNA show slight variation
across individuals. However, we estimate that any such variation is likely to have had at most a
negligible effect on our study. Indeed, we accounted for these differences by using non-stringent

criteria during the alignment: a relatively small seed and allowing for a mismatch of one nucleotide
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in the sequence. Thus, unless multiple SNPs would arise in the short sequences encoding the small
mitochondrial RNAs under study, the effects would likely be negligible.

Library Analysis

To obtain the percentage of reads mapping exclusively to the mtDNA (denoted mtDNA-only reads)
versus those that map both to NUMTS and mtDNA (denoted NUMT reads), we applied a custom
pipeline for each of the samples. At first, we aligned the RNA library to the reference mitochondrial
genome of the species of interest, obtaining the mtDNA reads (these are all reads that map to
mtDNA, both mtDNA-only and the NUMT reads). Then, we aligned the mtDNA reads onto the
nuclear genome to obtain the reads mapping both to the nuclear and mitochondrial genome; which
we defined as the NUMT reads (i.e. these reads mapped to both the mtDNA and to NUMT
sequence). The reads of each library were aligned to their NCBI reference genomes using Bowtie2
(Langmead and Salzberg 2012), using the default settings of the --local function and a seed of 18
nucleotides with one mismatch allowed (-n 1). From the output of Bowtie2, we retained the overall
percentage of reads mapping to the mitochondrial and nuclear (NUMTSs) genomes. All the format
conversion of the datasets during the analysis was done using standard approaches with samtools
(Li et al. 2009) and bedtools (Quinlan and Hall 2010). The results are plotted using MATLAB and
Statistics Toolbox Release 2018b, The MathWorks, Inc., Natick, Massachusetts, United States. To
identify hotspots of transcription, the alignment files (MtDNA reads) for each sample were
converted to a BedGraph format using bedtools (Quinlan and Hall 2010), and all samples from each
tissue were merged using the cat function in the terminal. These data were then plotted using the
package Circlize in R (Gu et al. 2014).

Statistical Analysis

The percentages of aligned small mitochondrial RNAs (mtDNA reads) extracted from (Meunier et
al. 2013) were grouped first by species, creating six groups in which each data point represented the
value of a different tissue from the same species (brain, cerebellum, heart, kidney, and testis). A

formal statistical test of these data was not appropriate, because there is no independent replication
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of data points for each tissue in each species. The mtDNA content changes drastically among
tissues, thus pooling the tissues in each species to perform a formal statistical test would result in an
unreliable result.

The analyses of the chicken and mouse samples (heart, brain, liver), as well as the human
samples (brain and bladder), were performed using the same tools. We conducted the analysis using

standard functions in R and Past3 (https://folk.uio.no/ohammer/past/). The percentage of mtDNA

reads aligned from each sample was clustered by tissue type. The distributions obtained were tested
for normality using the Shapiro-Wilk test (Shapiro and Wilk 1965), and in every case, the null
hypothesis was rejected. Therefore, to test the difference between each distribution we used a two
way Mann-Whitney U test (Mann and Whitney 1947).
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Fig.1 The abundance of small mitochondrial RNAs across species exhibiting different NUMT
content. In (A), the percentage of small RNAs, relative to the total RNAs in the sample, that align
exclusively to the mtDNA in five distinct tissues of six separate species. The NUMT content of
each species is denoted in parentheses beside the species name, and the species are ordered by
ascending NUMT content. Furthermore, the percentage of NUMTSs present in their nuclear genome
is denoted below the name of each species. Different tissues are represented by distinct colours:
brain (violet), cerebellum (cyan), heart (light blue), kidney (light brown), and testis (yellow). The
percentage of reads mapping to the mtDNA, both mtDNA-only and NUMT reads together, is shown
on the Y-axis. On the same axis, the percentage of reads in the RNA libraries that map both to the
mtDNA and to the nuclear genome (NUMTSs reads) is highlighted in light green. For example, in
the case of O. anatinus (platypus), the heart samples show ~3% of NUMT reads and ~7.5% of
mtDNA-only reads, for a total of 10.5% mtDNA reads. In (B), the percentage of NUMT reads as a
proportion of the overall mtDNA reads, for each sample. While in G. gallus, less than 10% of
mtDNA reads map the NUMTS, in most samples of the other species almost half of the mtDNA
reads map jointly to the NUMT sequence. Despite this, even in species with the highest level of
NUMT sequence, around one-third of the mtDNA reads map uniquely to the mtDNA.
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Figure 2
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Fig.2 The relationship between the percentage of small mitochondrial RNAs in each tissue and
NUMT content (Kb), across six species. There are six samples for each combination species/tissue,
and each data point represents a sample of a single tissue from a single species. For example, in the
top left plot we can see a data point at the 2000 mark on the X-axis, which indicates that small
mitochondrial RNAs comprised less than 2% of the RNA library extracted from the kidney of a
species with over 2000Kb NUMTs length (Opossum).
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Figure 3
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Fig.3 Boxplots of percentages of NUMT reads (those mapping both to the mtDNA and the nuclear
genome) and mtDNA-only reads in the brain, heart, and liver, across samples taken from chicken
and mouse. The percentage of reads in the RNA library mapping to the mtDNA is shown on the
vertical axis. The NUMT boxes show the percentage of reads mapping jointly to both mtDNA and
NUMT sequence (NUMT reads). The mtDNA-only boxes show reads mapping exclusively to the
mtDNA and not to NUMT sequences (mtDNA-only reads). The horizontal line in each box
indicates the median of the distribution, and the light grey circles indicate individual data points.
The distributions were tested using Mann-Whitney U test and significance (p < 0.05) is indicated
with an asterisk.
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Fig.4 Boxplots showing the percentages of NUMT reads and mtDNA-only reads across all tissues
pooled (heart, brain, and liver) of chicken and mouse. The percentage of reads in the RNA library
mapping to the mtDNA is shown on the Y-axis. The NUMT boxes show the percentage of reads
mapping to both mtDNA and NUMT sequence (NUMT reads). The mtDNA-only boxes show the
reads mapping only the mtDNA and not the NUMTs (mtDNA-only reads). The horizontal line in
each box indicates the median of the distribution, and the light grey circles indicate individual data
points. The distributions were tested using Mann-Whitney U test and significance (p < 0.05) is
indicated with an asterisk.
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Fig.5 Expression profiles of small mitochondrial RNAs across three tissues of chicken (A & B) and
mouse (C & D). Circular representations of (A) chicken mtDNA and (C) mouse mtDNA, in which
three concentric circles show the number of reads aligning to each portion of the genome across the
three tissue types. From the outer to the inner circle, we can see the expression of mtDNA reads in
the liver (brown), heart (magenta) and brain (blue). The scale of each circle is not constant but
changed accordingly to highlight the differences in expression among samples within a given tissue.
However, within each tissue and species, the scale is constant across different regions of the
mtDNA. The makers placed every 2kb show the approximate location of the genes in the genome.
These markers are placed to facilitate the comparison with the linear representations. Linear
representations of the chicken (B) and mouse (D) mtDNA, in which small mitochondrial RNAs are
mapped to the sequence position, with both mtDNA reads (blue) and mtDNA-only reads (red). The
portion of the mtDNA reads not covered by the mtDNA-only reads represent the sequences that
map both the mtDNA and the nucleus (NUMT reads). The median number of reads mapping to a
specific portion of the mtDNA represents the level of expression in this plot.
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Fig.6 The percentage of small mitochondrial RNAs mapping to the mtDNA in the brain (putatively
mitochondria-rich) and bladder epithelium (mitochondria-poor) tissue of humans. The percentage of
mMtDNA reads in the bladder epithelium can barely be seen because the amount is so low when
compared to the brain mtDNA reads (less than 0.5% of all aligned reads). The horizontal line in
each box indicates the median of the distribution, and the light grey circles indicate individual data
points. The distributions were tested using Mann-Whitney U test and significance (p < 0.05) is
indicated with an asterisk.
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Figure 7
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Fig.7 The percentage of small mitochondrial RNAs mapping to the mtDNA in two different types
of cells: healthy (control) and cancerous (cancer). The horizontal line in each box indicates the
median of the distribution, and the light grey circles indicate individual data points. The
distributions were tested using Mann-Whitney U test and significance (p < 0.05) is indicated with
an asterisk.
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CHAPTER THREE

Mitochondria Interference: a role for small
mitochondrial RNAs as mediators of
mitochondrial diseases?
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Abstract

Investigation into the causes of mitochondrial diseases has centred on identifying mutations in the
mtDNA sequence affecting mitochondrial respiratory capacity. We contend that pathogenic
mitochondrial mutations will not always exert their negative effects through impairment of energy
production via oxidative phosphorylation. Rather, we hypothesise that specific mutations could
affect the function of a set of small RNAs transcribed within the mitochondrial DNA, perturbing
communication between mitochondria and nucleus, leading to disease. Our hypothesis relies on two
lines of evidence. Firstly, mutations underlying mitochondrial diseases often cannot be directly
linked to negative effects on energy production or protein synthesis. Secondly, several studies have
described the existence of functional small RNAs encoded by the mitochondria and speculated
these RNAs may play influence the organismal phenotype through RNA interference. We
synthesise these lines of evidence, presenting a roadmap to investigate the capacity of these small

RNAs to act as mediators of mitochondrial diseases.

The Mitochondrial diseases

The mitochondria are intracellular organelles that have retained their own genome, encoding 37
known functional products. The mitochondrial genome encodes 13 proteins involved in oxidative
phosphorylation (OXPHOS), and 24 functional RNAs involved in the synthesis of such proteins.
These proteins act synergistically to produce ATP, and defects in one protein are sufficient to cause
a deficiency in OXPHOS [1]. Likewise, mutations impairing the function of ribosomal and tRNAs
affect the synthesis of these 13 proteins, leading to the impairment of OXPHQOS function.
Dysfunctional OXPHOS characterizes a group of genetic disorders defined as mitochondrial
diseases [1,2]. Importantly, this definition assumes that in most cases the diseases will be
underpinned by defective OXPHOS, thus leading to the hypothesis that ultimately all pathogenic
mtDNA mutations linked to mitochondrial disease will affect the ability of the mitochondria to
produce energy [1]. This hypothesis is grounded upon several empirical studies, which have

demonstrated that several mitochondrial diseases (eg. Mitochondrial encephalomyopathy, lactic
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acidosis, and stroke-like episodes, MELAS) are indeed associated with dysfunctional OXPHOS [3—
5]. MELAS is arguably the best studied of mitochondrial diseases, a pathology where over 80% of
the cases feature a mitochondrial mutation thought to impair mitochondrial protein translation in the
mt-tRNA Leucine [5,6]. Indeed, authors using cell cultures demonstrated that the overexpression of
nuclear proteins involved in protein translation partially suppress the MELAS phenotype [5].
Another example is the study on cerebellar ataxia, where the authors found that patients with
specific mitochondrial mutations have dysfunctional OXPHOS [7]. Notwithstanding, while it is
clear that several mtDNA mutations do negatively affect OXPHOS, and ultimately result in
mitochondrial disease, there are several other cases for which striking discrepancies between
theoretical predictions and empirical results remain unanswered. In this paper, we document and
explore these discrepancies, and discuss an alternative mechanism by which mtDNA mutations

might confer disease; a mechanism that is independent of direct alterations to OXPHQOS function.

The first discrepancy: mitochondrial mutations and energy

The first discrepancy between theory and practice is that disease-associated mutations impairing
energy production are usually located in mitochondrial genes that are not directly associated with
the OXPHOS deficiency. We return to the case study of cerebellar ataxia described above for an
example [7]. By analysing the functionality of OXPHOS in cultured cells from patients with
cerebellar ataxia, the authors found that the protein complex most affected by pathogenic mutations,
T14709C and A8344G, is Complex I. However, these mitochondrial mutations are in the mt-tRNAs
GIn and Lys, both without any specific relation to proteins of Complex 1. This finding is puzzling,
especially because individuals carrying the mutation T14709C have been found to be healthy in
several cases [8]. Indeed, although these mutations have been linked to several mitochondrial
diseases, nothing is known as to the underpinning mechanism linking the mutated tRNA to
mitochondrial disease [9]. Likewise, other studies present similar discrepancies when it comes to
alignment of the mitochondrial genes harbouring the candidate pathogenic mutations and the

OXPHOS complexes that are ultimately affected. For instance, a recent study investigated the
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mutation A3243G, arguably one of the most common mutations in mitochondrial diseases and,
probably, the main cause of MELAs [10,11]. In this study on pigmentary retinopathy, the authors
discovered that cells with this mutation produced as much energy as the healthy ones, albeit while
still presenting pathogenic features [10]; thus providing a practical case whereby the A3243G
mutation does not cause detectable decreases in energy production but are nonetheless still
presumed to cause mitochondrial disease.

We contend that this discrepancy in the hypothesized universal association between disease-
associated mtDNA mutations and OXPHOS function may provide insights into why the symptoms
associated with disease-causing mtDNA mutations are so heterogeneous in their manifestation.
Mitochondrial diseases such as MELAS include many symptoms, from stroke-like episodes, to
diabetes mellitus and pigmentary retinopathy. Among the symptoms, heart-related symptoms are
quite common and, due to the high energy demands of the heart, can easily be linked to a lack of
energy [12]. According to the current paradigm, it is thought that the effects of pathogenic mtDNA
mutations are heterogeneous due to tissue-specific differences in loads of mutant to wild type
mtDNA, under heteroplasmy, meaning that the biochemical threshold, between functional and
dysfunctional, is surpassed in some tissues but not others across a lifespan within individuals [1].
However, some mutations do not fit this paradigm. In fact, symptoms such as pigmentary
retinopathy, or diabetes, affect cells not known for their high-energetic demands, and which are
therefore likely to be less sensitive to mutations affecting OXPHOS, making any connection
between the mitochondria and their pathogenesis less easily reconciled. In fact, the studies of
cerebellar ataxia and pigmentary retinopathy discussed above indicate that disease-associated
mutations in mitochondrial genes that appear to cause dysfunctional OXPHQOS are often not
associated with OXPHOS proteins, suggesting that an alternative explanation is required for how

these mutations result in mitochondrial diseases.
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The second discrepancy: mitochondrial tRNAs mutations
The mitochondrial genome harbours 22 tRNAs, which play a fundamental role in the translation of

proteins. Mutations in mitochondrial tRNA genes have been linked to impairment in mitochondrial
protein synthesis [13], by interfering with the binding between tRNA and aminoacyl-tRNA
synthetases responsible for protein translation in the mitochondria [14]. A discrepancy between
theory and practice, however, arises when considering the highly conserved function and structure
of different tRNAs. Such strong conservation implies that the pathogenic potential of a mutation
should be similar among tRNAs, thus a mutation associated with impaired protein synthesis at one
position of the nucleotide sequence in one tRNA should be associated with similar impairment
when found at the identical position of other tRNAs. Contrary to expectations, however, the
position of pathogenic mutations is specific to each tRNA. Indeed, many mutations found within
the mtDNA sequence are not pathogenic and widespread across populations. Mutations that are
shared by many people in the same population and that can be traced back to a common ancestor
are classified in groups named mtDNA haplogroups [15]. Haplogroup mutations are generally used
for phylogenetic purposes (to infer evolutionary relationships between related taxonomic units)[16],
and traditionally are not considered to incur negative effects (neutral sensu lato [17]). Noticeably,
positions of neutral and pathogenic mutations are similar, highlighting the tRNA-specific nature of
pathogenic mutations (Fig.1). An interesting example is represented by mutations found near
nucleotide positions 27,36 on mt-tRNA Histidine and 31,42 respectively mt-tRNAs Leucine. These
mutations are in similar positions in the tRNA structure, however, the mutations in the tRNA for the
amino acid Leucine cause MELAS, while those on the tRNA for histidine do not have any known
negative effects, and are indeed widespread among populations with haplogroup L1 (position 27)
and L3 (position 36)[15]. Furthermore, some tRNAs (e.g. tRNA Leul) have many more pathogenic
mutations compared to other tRNAS, suggesting that tRNA conservation is not as strict for all

tRNAs despite them having similar function and structure.
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Indeed, when it comes to the role of tRNA mutations in mitochondrial disease, the discrepancy
between theory and practice extends to the function of these RNAs. Indeed, if pathogenic mutations
on the tRNAs exerted their negative effects through impairment of their ability to translate mMRNAS
into proteins, we would then predict that all mtDNA-encoded proteins possessing the particular
amino acid translated by the mutant tRNA variant would be affected. This prediction is not upheld.
For example, biochemical studies comparing mitochondrial enzyme functionality in tissue samples
of patients suffering from MELAS, relative to control samples, brought about by the A3243G
mutation in tRNA Leucine 1 reported that only two (I and IV) of five mitochondrial protein
complexes are affected by this mutation; despite each of the complexes comprising of similar
leucine content (13 to 20%)[18]. Furthermore, another study investigating the effect of mutations in
tRNA Leucine found that the mutation A3243G, common in MELAS patients, downregulates
translation of MT-ND4 and MT-ND?5 only, leaving all the other mitochondrial proteins unaffected
[5]. Interestingly, these two genes are known to vary in expression depending on the mtDNA
haplotype [19]. In fact, a similar downregulation of ND4 and ND5, linked to mtDNA mutations
generally, has been observed in other animals. Studies in fruit flies (Drosophila melanogaster) have
reported mtDNA haplotype-mediated effects on the expression of ND5 and ND4, with the candidate
mutations proposed to lie within the affected protein-coding genes themselves [20], suggesting that
the expression of these proteins is sensitive to mechanisms that are unrelated to dysfunctional
tRNAs. Taken together, these data highlight the presence of a discrepancy between theoretical and
practical knowledge, where researchers have by tradition assumed that mitochondrial mutations in
tRNAs will lead to impaired protein synthesis. Had this assumption been supported, then the
associated impairment would be expected to be general across multiple protein complexes
exhibiting high representation of the relevant amino acids. Instead, we argue that mutations in
mitochondrial tRNAs, which have previously been associated with mitochondrial diseases, do not

consistently lead to impaired OXPHOS, and thus the reasons for the pathogenicity of these
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mutations are yet to be adequately explained, and warrant consideration of an alternative

hypothesis.

Population-specific effects

Mitochondrial-encoded proteins must interact with nuclear proteins to properly synthesize ATP, and
any mismatching that might occur between mtDNA- and nuclear-encoded proteins could be
pathogenic [21]. In fact, several mitochondrial mutations seem to be pathogenic only when in the
presence of population-specific nuclear alleles [22,23]. For example, a recent study found that
certain diseases, such as Type 2 diabetes and Parkinson’s disease, are enriched in Caucasians
carrying particular mitochondrial haplotypes [24]. The same mitochondrial mutations have no effect
on Asian populations, suggesting that these mutations have to interact with population-specific
nuclear alleles to be pathogenic. Likewise, another study found that a specific haplotype (N9a)
confers resistance to Type 2 diabetes in people of Asian descent [25]. Indeed, there is emerging
evidence that the biochemical threshold of mutant to wild type mtDNA molecule per cell, required
to cause Type 2 Diabetes, differs across populations and background mtDNA haplotype. In Asians
carrying the N9a haplotype, the frequency of mutated mitochondria must exceed 88% to confer a
pathological phenotype, while in Europeans carrying other haplotypes (U,J,T) a frequency of 20%
is sufficient to confer the same phenotype [22,26-30].

The mechanism underpinning the context-dependent pathogenicity of mtDNA mutations, across
different nuclear genomic contexts, remains unknown. The current consensus hypothesis advocates
that the proteins encoded by specific nuclear alleles could bind with more, or less, affinity to the
interacting proteins encoded by specific mitochondrial alleles [31], with a lower affinity between
the two alleles resulting in a deficiency in ATP production. Such a hypothesis hinges on the
assumption that all alleles involved will affect the interactions between mitochondrial and nuclear
proteins. However, most mutations do not affect protein structure (i.e., they are synonymous
mutations), albeit emerging evidence suggests that synonymous mutations can nonetheless be

functional, including those in the mtDNA sequence [20,32,33]. Furthermore, even mutations that
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affect protein structure may not necessarily cause defective OXPHOS [22]. For example, a recent
study found that protein-protein binding domains are not as evolutionary conserved as previously
thought [34], thus suggesting that non-synonymous mutations might not always be associated with
negative phenotypic effects. Other evidence of possible communication between the mitochondria
and the nucleus without the use of proteins comes from a recent meta-analysis of the mtDNA in
humans [24]. In this work, the authors found that specific mitochondrial haplotypes are positively
associated with longevity in Caucasians [24]. The polymorphisms that delineate these haplotypes
are present in both coding and non-coding regions, with no specific mutation appearing to act as the
main mediator underpinning the association with longevity. Nonetheless, mutations in the non-
coding region seem to play a role, despite not being able to affect protein structure, reinforcing the
idea of protein-independent mito-nuclear interactions. Considering this evidence, we argue that
defective OXPHOS alone cannot explain all phenotypic effects associated with mitonuclear
interactions in humans, and, in the next section, we propose an alternative framework to interpret

these studies.

An alternative explanation

We propose the existence of a mechanism we call ‘mitochondrial interference’ to explain the
discrepancies discussed above (Fig.2). Under this hypothesis, we contend that some occurrences of
mitochondrial disease may originate from mutations within small RNAs encoded in the
mitochondrial genome. In particular, we hypothesize the existence of functional small RNAs
encoded in the mitochondria that are able to interfere with nuclear regulation. We predict that these
small RNAs can modify nuclear protein expression through RNA interference. RNA interference is
a process in which a small RNA leads a protein complex to a target mMRNA, blocking its translation
[35]. The small RNA can recognize the target mMRNA thanks to the partial complementarity of their
sequence, and mutations of either sequence, small RNA or target, could disrupt RNAI function.
Disrupting the interaction between small RNAs and targets is often pathogenic [36]. Therefore,

mutations in the mtDNA sequence that do not affect either protein structure or synthesis, may affect
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other products in the genome, including the expression and function of small non-coding RNAs.
According to our hypothesis, and the data presented in the next paragraph, we propose that these
mitochondrial small RNAs are encoded within other known mtDNA genes, such as tRNAs and
protein-coding genes. The occurrence of these small RNA mutations, nested within known tRNA
and coding genes, can explain the discrepancy of how these mutations can consistently confer
mitochondrial disease without causing an associated effect on protein structure or synthesis (Fig.3).
The mitochondrial interference hypothesis provides an alternative explanation for the observed
pathogenicity of several mitochondrial mutations. Indeed, the wide range of targets that small
RNAs could affect, unrelated to ATP production, could explain many of the various symptoms
observed in humans. Indeed, most nuclear mMRNASs have tissue-specific expression, and specific
small RNAs likely affect different mMRNAs depending on the tissue considered [37,38]. Therefore,
the disruption of small RNA mediated regulation should be expected to cause tissue-specific effects,
and be pathogenic only in specific tissues, consistent with what is consistently observed in
mitochondrial diseases [1]. Importantly, the effects of mutations in these small RNAs will not only
be expected to reduce the affinity with their target, but may also enhance their affinity with other
targets, thus creating a wide range of possible, and complex, effects; which may explain the wide
range of disease symptoms linked to mitochondrial mutations. Moreover, our hypothesis provides
an alternative explanation for the observation of pathogenic mitonuclear interactions. In fact, while
mutations that disrupt fundamental cellular function, such as energy production, cannot be expected
to be widespread in a population due to the strong purifying selection against them [39,40],
mutations affecting small RNAs can. The small mitochondrial RNAs are regulators acting on
MRNAs, and thus unless the target mMRNAs are necessary for fundamental cellular functions,
polymorphisms in these small RNAs are unlikely to be lethal. While this alternative hypothesis
provides a theoretical explanation for the discrepancies that we outlined above, it ultimately hinges
on solid evidence of the existence of functional small mitochondrial RNAs. Such evidence is

starting to emerge, and we discuss it in the next section.
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Recent discoveries supporting the existence of mitochondrial interference

Recently, a new class of mitochondrial small non-coding RNAs of unknown function was identified
in humans [41]. These small RNAs are between 20 and 30 nucleotides long and usually encoded
within mt-tRNAs. These mitochondrial RNAs are similar to other well-known nuclear small RNAs
such as microRNAs and piwi-interacting RNAs, having similar size, being transcribed in small
clusters, and having longer RNA precursors [41-44]. Thus, we contend it is probable that they
interact with the same proteins as the nuclear small RNAs [45]. Several lines of evidence already
support this contention. We note that most of the proteins that are associated with regulation by
piwi-interacting RNAs are localized on the mitochondrial membrane [46—48]. Furthermore, mt-
tRNAs interacting with Argonaute 2, a key protein in the RNA interference mechanism, were
recently identified in humans [45]. Additionally, a recent study found evidence that changes in
cellular mitochondrial content have profound effects on global variability in protein expression
[49], indicating a pervasive effect of the mitochondria on patterns of gene expression across the
nuclear genome. In fact, the amount of small RNAs is correlated with the amount of mtDNA [42],
and thus the amount of small mitochondrial RNAs present within a cell might directly underlie
changes in protein expression. Moreover, several studies have now reported the widespread
presence of small mitochondrial RNAs across vertebrates, including humans, and that the sequences
encoding these small RNAs lie within other mitochondrial genes [42-44,50-52]. Taken together,
these emerging studies indicate that mitochondrial small RNAs exist and are widespread, and that
they might even provide the means to manipulating nuclear expression on behalf of the
mitochondria. Moreover, these studies provide the backbone of preliminary evidence to suggest that
mitochondrial interference may be a previously-overlooked genetic mediator of mitochondrial

effects on human health.

Solving the discrepancies

The mitochondrial interference hypothesis can resolve the discrepancies between theory and

practice noted above. The A3243G mutation, which is located within the mt-tRNA Leul, has been
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consistently associated with many different symptoms, spanning from retinal neurodegeneration to
stroke-like episodes [7,10]. The diversity of symptoms associated with this mutation is difficult to
explain based on the current paradigm, which assumes that variation in levels of tissue-specific
heteroplasmy will confer differences in the degree of impaired OXPHOS across tissues. However,
this diversity could be explained if the mutation A3243G was located within a small mitochondrial
RNA. Indeed, contrary to what is predicted under the current paradigm, the association of mutation
A3243G to OXPHOS dysfunction is very weak, and thus heterogeneity in tissue-specific loads of
A3243G should not expected to affect cell energy production. On the other hand, both
mitochondrial and nuclear genomes exhibit tissue-specific expression [42], thus the interactions
between the RNAs of both genomes will be predicted to lead to tissue-specific effects. Furthermore,
mutations in nuclear miRNAs, or on their targets, are known to affect their function, thus we expect
a similar effect involving the mitochondrial small RNAs and their mRNA targets. In this scenario,
the mutation A3243G could affect different nuclear mRNA transcripts in each tissue, depending on
which transcript is expressed. Thus, this prediction aligns with studies finding a correlation between
the amount of mutated mtDNA heteroplasmy across multiple tissues and severity of the symptoms
[1]. Indeed, a study found that the amount of mtDNA is positively correlated with the expression of
small mitochondrial RNAs [42], thus if the load of non-mutated (healthy) mtDNA decreases, the
amount of functional small mitochondrial RNAs will decrease, leaving only non-functional small
mitochondrial RNAs encoded by the mtDNA carrying the mutation A3243G. This hypothetical
scenario is supported by one, previously ignored, published finding. The first study reporting the
presence of small mitochondrial RNA encoded in the mitochondria found that mt-tRNA Leul
encodes a small mitochondrial RNA in the region where the mutation A3243G is located [41]. This
small mitochondrial RNA is differentially expressed across multiple cell lines, supporting the
presence of tissue-specific interactions[41]. Furthermore, the authors found no correlation between
the expression of mt-tRNAs and the expression of small mitochondrial RNAs, suggesting that these

small mitochondrial RNAs were not simply bioproducts of RNA turnover from the mt-tRNAs.

PAGE | 75


https://paperpile.com/c/PDEqiP/zPuy9+E77ga
https://paperpile.com/c/PDEqiP/EVFxC
https://paperpile.com/c/PDEqiP/v5FCQ
https://paperpile.com/c/PDEqiP/EVFxC
https://paperpile.com/c/PDEqiP/SpDC4
https://paperpile.com/c/PDEqiP/SpDC4

Therefore, we know that patients harbouring the mutation A3243G are expressing a mutated small
mitochondrial RNA with unknown function, that might explain the pathogenicity of the mutation
A3243G.

The mitochondrial interference hypothesis can resolve the discrepancies found while
investigating the effect of mtDNA mutations across populations, and a good example would be the
previously-mentioned study on Type 2 Diabetes and Parkinson’s disease [24]. In that study, the
same mitochondrial haplotypes conferred differences in effects between Caucasian and Asian
populations. Under our hypothesis, we would predict that the Caucasian population is the only
population possessing the nuclear allelic target of the pathogenic small mitochondrial RNA.
Therefore, if this were the case, then such a nuclear allele would not be pathogenic by itself; that is,
because the hypothetical small RNA binds a non-coding region of the mRNA, the effect of this

mutation would appear only if paired to the mitochondria harbouring the pathogenic small RNA.

Concluding Remarks

Demonstrating both the existence and pervasiveness of mitochondrial interference is complex given
that any such interference would involve interactions between two genomes — mitochondrial and
nuclear. However, our hypothesis provides three key predictions that can be tested (Fig.4). Our first
prediction is that the small mitochondrial RNAs can interfere with mRNA translation. This
prediction can be tested by leveraging bioinformatic analyses to identify the targets of these small
mitochondrial RNAs, then injecting small mitochondrial RNAs whose sequences specifically target
candidate mRNAs of interest into cell cultures, and, finally, by performing a western blot to verify
the downregulation of the translated proteins. However, this experiment carries several risks.
Reliable identification of the mMRNAs targeted by the small mitochondrial RNAs targets might be
difficult; as previously seen with miRNAs, modern methods have strong confirmation bias and do
not perform well with novel RNAs [53]. Nonetheless, this risk might be compensated by using

high-throughput approaches, such as sequencing the entire proteome of multiple injected cell
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cultures, thus avoiding the necessity of a target identification [54]. By testing this prediction
experimentally, it would be possible to verify the action of the small mitochondrial RNAs as
inhibitors of mMRNA translation. Our second prediction is that the small mitochondrial RNAs can
bind to key proteins of RNAI. This prediction can be tested through RNA immunoprecipitation
sequencing (RIP-seq) experiments, with nuclear proteins key to RNAI — such as Ago2, or Piwi.
RIP-seq technique involves an RNA and RNA-binding protein co-immunoprecipitation, followed
by RNA sequencing, thereby revealing all the RNAs able to bind the RNA-binding protein [55-57].
Testing the small mitochondrial RNAs ability to bind to Ago2, or Piwi, would have power to
resolve the question of whether small mitochondrial RNAs may regulate patterns of nuclear gene
and protein expression through RNA interference. The third prediction is that the function of cells
that harbour pathogenesis-inducing mtDNA mutations (located within candidate small
mitochondrial RNAs) can be restored through injection of the small mitochondrial RNA
counterparts that lack the mutation. While the implementation of these approaches is not without its
challenges, they offer promising avenues to experimentally test the key predictions of the
mitochondrial interference hypothesis and therefore deserve immediate research attention.

In sum, the mitochondrial interference hypothesis proposes a new framework for the investigation
of mitochondrial diseases. Current studies of the genetics underpinning the expression of
mitochondrial diseases focus mostly on effects on mitochondrial energy production. Instead, we
propose a role for the mitochondria beyond energy production, which involves regulation of the
nuclear genome through mitochondrial small RNAs. We contend that recently discovered small
mitochondrial RNAs may interfere with nuclear regulation and may therefore confer mitochondrial
disease in a hitherto undescribed biological context; a context independent of OXPHOS
functionality. Here, we have discussed small mitochondrial RNAs and their potential biomedical
implications, highlighting their similarity with nuclear RNAs involved in the RNA interference
mechanism. However, while focusing our attention on the potential role of these small RNAs in

mitochondrial diseases, the potential implications extend beyond mitochondrial diseases per se,
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influencing common diseases such as Type 2 Diabetes. In conclusion, we hope that the

mitochondrial interference hypothesis will inspire clinicians, medical scientists, and the scientific

community in general to pursue new pathways in the study of mitochondrial biology in general, and

mitochondrial diseases in particular.
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Figures

[ Pathogenic mutation

Neutral mutation

mt-tRNA Histidine mt-tRNA Leucine 1

Fig.1 Variability in the position of mtDNA mutations across mt-tRNAs. Two human mt-tRNAs are
shown (mt-tRNA Histidine on left, and Leucine 1 on right), in which nucleotides with different
colours represent neutral (light blue) and pathogenic (orange) mutations. Neutral mutations are
mutations without any known negative effects on fitness. The labels next to the neutral mutations
indicate the haplogroup in which that mutation is common. These haplogroups have different
frequencies depending on the population considered. For example, the haplogroup L is the most

common in African populations.
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Fig.2. A schematic representation of the mitochondrial interference hypothesis. The mitochondrial
genome transcribes small mitochondrial RNAs (mt-small RNA) that can bind a complementary
MRNA made by the nucleus. Then the mt-small RNA binds the target mRNA in a region with
similar sequence. This binding stops the translation of the nuclear mRNA, thus changing the
expression of a nuclear gene. This process could in theory target virtually any nuclear gene, and

thus could result in dysfunction of innumerable phenotypes.
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Fig.3 A representation of the misclassification of pathological mitochondrial mutations. Pathogenic
mutations found in genes encoding proteins and tRNAs will be usually linked to dysfunction in
these genes. However, the mitochondrial interference hypothesis suggests that such mutations might
instead affect the transcription of mitochondrial small RNAs (mt-small RNAs) encoded within the
protein coding sequence or the tRNAs. If so, these mutations affecting mt-small RNAs will have

been previously overlooked and misclassified as mutations affecting either protein or tRNA

function.
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Fig.4 A schematic representation of the experiments necessary to verify the three key predictions of
the mitochondrial interference hypothesis. Prediction 1 is that the small mitochondrial RNAs can
interfere with mRNA translation. It can be tested by measuring expression of target proteins after
injection of candidate mt-small RNAs, proving that their action is to inhibit protein expression. This
involves injecting small mitochondrial RNAs (1.a) targeting specific mRNAs, which will cause
mitochondrial interference (1.b), with protein downregulation then verified through western blot
analysis (1.c). Prediction 2 is that the small mitochondrial RNAs can bind to key proteins of RNAI.
It can be tested by determining whether small mitochondrial RNAs are bound to Argonaute 2 in
vivo. It involves cross-linking Ago2 with the small mitochondrial RNAs (2.a), precipitated them
using antibodies (2.b), purify the RNAs by removing the proteins (2.c), and, ultimately, sequencing
the small mitochondrial RNAs (2.d). Prediction 3 is that the function of cells that harbour
pathogenesis-inducing mtDNA mutations can be restored through injection of the small
mitochondrial RNA counterparts that lack the mutation. This experiment involves two stages. In the
first, the pathogenic mutations in the patient are identified though cell cultures (3.a) and sequencing
(3.a). In the second, unmutated small mitochondrial RNAs corresponding to the mutated
mitochondrial regions will be injected in the cell cultures, then the function of the healthy cells will
be verified through histological and physiological analyses depending on the pathology

investigated.
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In Brief & Graphical Abstract

We show that the mitochondrial genome encodes miRNAs able to bind Ago2. In particular, the mt-
miRNA encoded within the gene mt-tRNA Met is conserved across multiple vertebrates and has a
unique target in humans, CFLAR. The regulatory region of CFLAR is present only in humans,
suggesting that the mt-miRNA Met might be part of a human specific regulatory pathway.
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The biogenesis of mt-miRNAs is different from that of nuclear miRNAs

The mt-miRNA encoded in mt-tRNAwmet has been conserved for over 300 Mya

The mt-miRNAwet targets CFLAR, a transcript involved in apoptosis

The target region in CFLAR is present only in humans
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Summary
Mutations within the mitochondrial genome have been linked to many diverse phenotypes. The

mechanisms that explain the manifold array of mitochondrial genotypic effects on organismal
function, and their context-dependency, have however remained a mystery. Here, we demonstrate
that mitochondria are involved in nuclear gene regulation via RNA interference; transcribing
mitochondrial (mt-)miRNAs able to bind nuclear mRNAs that previously had no known
involvement in mitochondrial function. We identify one mt-miRNA that exhibits particularly high
conservation in sequence and expression across vertebrates. We then screened for candidate targets
of this mt-miRNA involved in insulin regulation, finding that this mt-miRNA represses CLFAR, an
enhancer of apoptosis in the human brain. Through comparative analysis of CFLAR across
primates, we show that the UTR bound by this mt-miRNA is present only in a human-specific
CFLAR isoform. Our findings thus uncover a novel mechanism via which the mitochondria can

regulate patterns of nuclear gene expression.

Introduction

Interest in mitochondrial biology is on the rise, with a growing number of studies
highlighting the complex role of the mitochondria in cell regulation (Picard, Wallace, and Burelle
2016; Sloan et al. 2018; Sprenger and Langer 2019). Among these, numerous studies have found
that sequence variation in the mitochondrial DNA (mtDNA) can affect the expression of a range of
life-history and health related traits, from fertility, to longevity and thermal tolerance (Lajbner et al.
2018; Camus et al. 2017; Rand, Fry, and Sheldahl 2006; Song and Lewis 2008; Yee, Sutton, and
Dowling 2013; James and Ballard 2003). Furthermore, while it is well known that the mtDNA can
harbour loss-of-function mutations conferring mitochondrial disease in humans (Wallace 2018),
emerging studies implicate mtDNA mutations in a range of other late-onset diseases not previously
linked to mitochondrial function (Hudson et al. 2014). For example, Hopkins et al. (2017) recently
reported an association between the frequency and type of mtDNA mutations and aggressiveness of
prostate cancer. Furthermore, the phenotypic effects of these mtDNA mutations appear to be
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routinely moderated by the nuclear genetic background alongside which the mtDNA mutations are
co-expressed (Hill et al. 2018), suggesting a broad role for intergenomic regulation (“mitonuclear
communication”) involving exchange of proteins, metabolites and genetic products between
genomes (Wu et al. 2019; Moriyama, Koshiba, and Ichinohe 2019; Zhu, Ingelmo, and Rand 2014).
The mechanistic basis of the molecular interactions that underpin mitonuclear regulation of cellular
and organismal function, however, remains elusive.

In 2019, Kopinski et al. provided new insights into how the mitochondria communicate with
the nucleus, reporting a key role for mitochondrial metabolites and subcellular redox levels. The
authors found that variation in the level of intracellular mtDNA heteroplasmy (i.e. the frequency of
normal to mutant mMtDNA molecules) modulates mitochondrial metabolites, influencing the
abundance of substrate necessary for methylation and acetylation of specific histones, thus affecting
patterns of nuclear expression (Kopinski et al. 2019). Their findings were to some degree consistent
with those of a previous study by Guantes et al. (2015), who reported strong correlations between
mtDNA content and changes to the epigenetic and transcriptional profile of the cell. However,
Guantes et al. (2015) found that some of the mtDNA-content mediated changes to cellular
regulation were unlikely related to the presence of mitochondrial metabolites. Furthermore, they
found that mtDNA content also shapes patterns of post-transcriptional regulation; a type of
regulation that is not usually affected directly by histone methylation. Mitochondrial-mediated
modification to levels of protein translation, affected by post-transcriptional modifications to gene
expression, would require a mechanism that is able to interfere with mRNA translation. To date,
such a mechanism is unknown to exist.

Mitochondrial RNAs (mt-RNASs) represent a possible mediator of patterns of mitochondrial-
mediated post-transcriptional regulation. Functional mt-RNAs are well-known in the form of the 22
tRNAs and 2 rRNAs encoded by the typical vertebrate mitochondrial genome. However, novel
types of RNAs of mitochondrial origin have recently been identified. For example, Dhir et al.

(2018) described a new class of double-stranded RNAs encoded in the mitochondria that are able to
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trigger antiviral signaling in humans (Dhir et al. 2018). Although to date these double-stranded
RNAs have only been identified in humans, different types of novel small mitochondrial RNAS
have been described in multiple species across two metazoan phyla, Chordata and Mollusca (Ro et
al. 2013; Riggs et al. 2018; Larriba, Rial, and Del Mazo 2018; Bottje et al. 2017; Mercer et al. 2011;
Pozzi et al. 2017; Pozzi and Dowling 2019). Yet, despite increasing interest in the putative role
these small mitochondrial RNAs may play in the regulation of cellular function, clear evidence of
their functionality remains absent.

Given similarities in their length and sequence to microRNAs, Pozzi et al. (2017)
hypothesized involvement of small mitochondrial RNAs in the regulation of mRNA translation
through RNA interference (RNAI) (Pozzi et al. 2017). RNA. is a process in which a microRNA
(miRNA) leads a protein complex to block translation of a target mMRNA (Ambros 2004; Ha and
Kim 2014). miRNAs are partially complementary to a regulatory region of the mRNAs, and due
this close mMiIRNA-mRNA affinity, the protein complex is able to precisely bind its target mMRNA
and hinder its binding to the ribosome (Ambros 2004; Cloonan 2015). Within this protein complex,
the main protein binding the miRNAs is Ago2, an endonuclease shared across multiple species
necessary for RNAIi (Ha and Kim 2014; Cloonan 2015). Interestingly, Ago2 has previously been
reported to co-localize with mitochondria (Bandiera et al. 2011; Zhang et al. 2014) and, moreover,
to associate with mitochondrial tRNA (mt-tRNAwet) in the cytoplasm (Maniataki and Mourelatos
2005). Accordingly, Ago2 is an excellent candidate to further probe the hypothesis that the small
mitochondrial RNAs serve a similar role as nuclear encoded miRNAs in RNAI, and therefore

constitute mitochondrial miRNAs (hereafter, “mt-miRNAs”).

Here, we investigate mitochondrial involvement in RNAI by verifying the presence of
multiple features of miRNAs in the mitochondrial small RNAs. Firstly, we sought to verify binding
between the mitochondrial small RNAs and Ago2. To this end, we leveraged published datasets of
RNA sequencing (RNA-seq) and RNA-binding-protein co-immunoprecipitation sequencing (RIP-

seq) (Townley-Tilson, Pendergrass, and Marzluff 2006). These datasets come from pre-published
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studies that reported novel mechanistic insights into RNAI. We re-purposed these datasets to
investigate the capacity for mtDNA-mediated involvement in RNAI. Secondly, we tested whether
the mitochondrial small RNAs are generated by pre-mitochondrial small RNAs, similarly to the
case of miRNAs. To achieve this, we screened for the presence of matching transcriptional profiles
between datasets of long and small RNAs extracted from the same individuals, which enabled us to
determine if the mt-miRNAs are transcribed from transcripts of ~70nt length, as commonly happens
in the miRNAs (Ha and Kim 2014). Thirdly, given that miRNAs have been shown to be conserved
across multiple clades, we explored levels of sequence conservation in the mitochondrial small
RNAs. We compared the presence of mitochondrial small RNAs that exhibit features like the
miRNAs across multiple model organisms by using small RNAs-seq datasets from multiple
independent and taxonomically diverse studies. Finally, we investigated the presence of mRNA
targets for the most conserved of the small mitochondrial RNAs. We used a mix of computational
and experimental methods to determine the presence of a target for the mt-miRNA. By combining
multiple datasets and approaches, our study provides the first evidence of a functional relationship
between the mitochondrial small RNAs and RNAI; thus, supporting the hypothesis that these RNAS

are mitochondrially transcribed miRNAs (mt-miRNAS).

Results
Mt-miRNAs bind Ago2

To investigate the ability of the small mitochondrial RNAs to bind Ago2, we analysed a
RIP-seq dataset including two different human cell lines; neural progenitor and teratoma-derived
fibroblast. This dataset includes all the small RNAs that bind to Ago2, however, our focus was only
on the mt-miRNAs, which have been previously ignored. Accordingly, we identified mt-miRNAs
binding Ago2 in each of the two cell lines (Fig.1). Through this analysis, we found that the mt-
miRNAs are present only in the Ago2 immunoprecipitations (IPs), mostly in the regions coding for

mt-tRNAs, while the control IP samples have almost no mt-miRNA present. The expression of the
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mt-miRNAs differs across the different cell line types, which are reflective of different tissues,
confirming previous studies demonstrating that mitochondrial transcription is usually tissue-specific
(Mercer et al. 2011; Pozzi and Dowling 2019; Scheibye-Alsing et al. 2007). Aside from Ago2 RIP-
seq, the authors of the original dataset performed other treatments on their samples to verify
genuine binding of their focal miRNAs with Ago2. One of these treatments is particularly
significant for our study: RNase | treatment. RNase | is an endonuclease able to digest RNAs that
remain unbound to proteins, thus higher concentrations of RNAase | will be more effective in
eliminating  RNA contamination. We analysed samples treated with different RNase |
concentrations and found that higher concentrations of RNase | have no effect on transcription
levels of mt-miRNAs (See Sl Fig.S1). Furthermore, we performed a gene-by-gene analysis on both
Ago2-1P and control IP samples to verify whether the transcriptional signatures of the mt-miRNAs
are consistent with them representing functional RNAs or noise (Pozzi et al. 2017; Mercer et al.
2011). These analyses showed that the mt-miRNAs with the highest level of transcription are
encoded within mt-RNAs, confirming what found by previous studies in other human cell lines
(Mercer et al. 2011; Ro et al. 2013). Due to the large number of genes analysed, the results of the
gene-by-gene analysis are in the SI Fig.S2. Our analysis of the Ago2-IP samples provides the first

evidence that the mt-miRNAs bind to Ago2, demonstrating their involvement in RNAI.

Mt-miRNAs are encoded in mt-tRNAs and protein-coding genes.

To further investigate the transcriptional signature of mt-miRNAS across tissues and species,
we expanded the number of datasets analysed, by including more cell lines from humans and mice
from other independent studies. This analysis confirmed the presence of mt-miRNAs binding to
Ago2 in human (HeLa) and mouse embryonic cell lines (Scherer, Syverton, and Gey 1953) (Fig.2).
To verify the enrichment of mt-miRNAs in Ago2-IP samples, we calculated the fold change
between samples of the same cell line in which one samples had undergone the IP process, and the
other had not. Through this experiment, we identified an enrichment in mt-miRNAs across Ago2 IP

samples in both species. In HelLa cells, a mix of tRNAs and protein-coding genes are enriched for
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these mt-miRNAs, providing the first evidence the mt-miRNAs can be encoded within both mt-
tRNAs and protein coding genes. Nonetheless, the most enriched mt-miRNA (5fold higher
expression) is encoded in the mt-tRNA Met. This finding supports a previous study which found
that mt-tRNA Met binds to Ago2 outside the mitochondria (Maniataki and Mourelatos 2005). The
high expression of the mt-miRNAwet in these samples (HeLa cells), and in the previous analysis
(neural progenitor and teratoma-derived fibroblast cell lines, Fig 1) suggests that although the mt-
mMIiRNAS have tissue-specific expression, some mt-miRNAs are conserved across tissues. The
analysis of the mouse samples provides similar results. We found the mouse embryonic stem cells
are enriched for mt-miRNAs encoded across multiple genes. Notably, the genes enriched for mt-
miRNAs in the mouse samples differed from those in the human HeLa cell lines, with mt-ATP8 the
only mt-miRNA exhibiting high expression in the Ago2-1P samples of both species.

To better understand the differences and similarities in the results between human and
mouse samples, we performed a gene-by-by gene analysis of the transcriptional signature of the mt-
miRNAs across the mouse embryonic stem cells and HelLa cell lines (See SI Fig.S3-4).
Surprisingly, closer scrutiny of the putative mt-miRNA at mt-ATP8 in both species showed that the
mt-miRNA is only likely to exist in humans (Fig.3A). In fact, while the human mt-ATP8 encodes
an mt-miRNA (32nt long) with clear start and end, the same gene in mouse has only noise, without
any clear transcriptional signature presence. This suggests that the enrichment patterns of the mt-
miRNAs are accurate in predicting the presence of mt-miRNAs only when paired with detailed
analysis of the mt-miRNAs transcriptional signature. Furthermore, we identified unusual
transcriptional signatures that might shed light on some aspects of the biogenesis of the mt-
miRNAs. Indeed, some mt-miRNAs are not fully encoded within a gene but overlap across two
different genes (Fig.3B). We were able to identify this phenomenon only in the mouse samples,
where both mt-miRNA Phe and mt-miRNA Thr partially overlap with the neighbour gene (an
overlap of up to 6bp). Moreover, both of these mt-miRNAs have isoforms, “mt-isomiRs”, similar to

observations in previous studies of nuclear miRNAs (Budak et al. 2016; Tan et al. 2014; Desvignes
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et al. 2015). These mt-miRNAs feature two different isoforms of different lengths: the short mt-
isomiR ends where the first gene ends, while the longer mt-isomiR overlaps on the second gene by
several nucleotides. Interestingly, these isoforms are quite long compared to other small RNAs such
as miIRNA (Ha and Kim 2014). In fact, the mt-isomiRs Phe are 32nt and 37nt long respectively,
while the mt-isomiRs Thr are 37nt and 43nt long. Due to the length of these mt-isomiRs, it is
possible that the longer isoform may represent a transitional stage for the shorter mature form. This
phenomenon would be similar to what happens in piwi-interacting RNAs (piRNAs), in which
proteins located on the surface of the mitochondria edit the length of piRNAs during their
maturation process (Kim 2006; Nishimura et al. 2018; Ding et al. 2017; Bronkhorst and Ketting
2018). While the mechanism underpinning the generation of these mt-isomiRs remains unknown,
our analysis provides the first report of mt-miRNAs encoded across the boundaries of genes, and, in

general, the presence of mitochondrial products encoded across genes.

Mt-miRNAs and nuclear miRNAs have a different maturation process

Due to the presence of mt-isomiRs of different length, we investigated the possibility of
these RNAs representing transition stages of the mt-miRNA maturation process. To address this, we
re-purposed an RNA-seq dataset used for a study of the renal disease, Autosomal polycystic kidney
disease, which includes several kidney samples from transgenic mice (Woo et al. 2017). The
analysed dataset contains RNA samples in which the researchers had extracted both small and long
RNAs, separately from the same individual mice (Woo et al. 2017). By comparing the
transcriptional signature of small and long RNAs in the same samples, we can screen for the
presence of matching transcriptional signatures, to determine whether either the start or end of each
mt-miRNA matches with the expression of a mt-long RNA. However, we did not identify any
matching transcriptional signatures between small and long RNAs (Fig.4 Sl Fig.S5). The small
RNA samples show high levels of expression of mt-miRNAs in the mt-tRNAs Met and Ser 1, while

the long RNAs samples have no distinct transcriptional hotspots. In fact, although most biological
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replicates of the long RNAs samples have a similar pattern of expression, we were not able to
identify any signal suggesting the presence of functional RNAs. Thus, we argue that the consistent
noisy pattern present in the long RNAs samples is most likely explained by the different chemical
properties of the sequences, which would lead to some parts of the sequence being slightly
overrepresented than others (Ross et al. 2013). On the contrary, the small RNA dataset exhibited a
pattern concordant with the expression of mt-miRNAs: ~30nt sequences with clear cut start and end
positions, consistent across multiple biological replicates (SI Fig S5). Thus our results suggest that
the mt-miRNAs are not processed from pre-mt-miRNAs, as previously suggested, but are more
likely to be matured directly from the polycistronic mt-RNA (Mercer et al. 2011; Rorbach and

Minczuk 2012) from which mt-tRNAs and mt-rRNAs are matured.

Mt-miRNAwet is conserved across Chordata.

Nuclear miRNAs are usually conserved across species (Kenny et al. 2015; Lee, Risom, and
Strauss 2007), and we investigated whether mt-miRNAwet, Which is conserved in both human and
mouse (Fig. 1, 4), would be conserved in other model organisms. Thus, we analysed the expression
and primary sequence of mt-miRNAwmet across two tissues of four model organisms and verified its
conservation in Chordata (Fig 5). The four model organisms (human, mouse, chicken, and
zebrafish) show a very consistent transcriptional signature for the mt-miRNAwmet across both brain
and liver samples (Fig 5A). In fact, in all species the mt-miRNAwmet 3 end is at the beginning of the
Mt-tRNA Met gene, while the 5° end is ~32nt after. However, one of the tissues has a different
signature. Samples from the human liver exhibit a noisier transcriptional signature, suggesting that
despite its broad conservation, this mt-miRNA might not be ubiquitously expressed across all
tissues. Indeed, this result aligns with one of our previous findings in mouse, as we did not find the
mt-miRNAwet in mouse embryonic stem cells, either transcribed or bound to Ago2. Similarly, to the
transcriptional signature, we found that the primary sequence of the mt-miRNAwme was highly

conserved across the four model organisms (Fig 5B). The mt-miRNAwmet sequence is almost
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identical in all species, having only one polymorphism in amniotes, and four in zebrafish. When
comparing the number of polymorphisms in the mt-miRNAwet to the polymorphisms in the rest of
the mt-tRNA Met, we found that the polymorphisms are underrepresented in the mt-miRNAwet. In
fact, in human, mouse and chicken there are around 4 times more mutations in the rest of the mt-
tRNAwmet compared to the mt-miRNAwet (1/30 against 5/39), while in zebrafish there are around 2
times more (4/30 against 10/39). This suggests that the region harbouring the mt-miRNAMet might
be under stronger purifying selection than its counterpart, which might be explained by the presence
of overlapping selection due to the dual role of these regions in encoding both mt-miRNAwme: and

mt-tRNA Met.

The mt-miRNAwet targets CFLAR in human temporal lobe

We investigated the function of the very conserved mt-miRNA, mt-miRNAwet, by verifying
the presence of target mMRNAs in the most well-characterized species, humans. To investigate the
targets of mt-miRNAwmet, we screened all 67087 human transcripts using a computational target
predictor, which found 8709 potential targets (Fig 6A). These targets have different scores, as some
of them are more likely to be a genuine target compared to the others. However, since it is
impossible to establish a fully objective threshold, we filtered these potential targets for a specific
function. Although probably this mt-miRNA target many transcripts, we decided to focus on genes
involved in insulin regulation, because this pathway is at the intersection of many diseases in which
mitochondrial mutations and nuclear miRNAs appear to be involved (C. Lee et al. 2015; Mohlke et
al. 2005; Chalkia et al. 2018; Duarte, Palmeira, and Rolo 2015; Heni et al. 2015). By filtering for
insulin regulation, we identified 74 transcripts. These transcripts were then validated by using brain
Ago2-1P samples enriched in miRNAs targets (Fig 6B). These brain samples are an ideal tissue to
study the presence of these targets, given that mitochondrial mutations are related to many
neurodegenerative diseases (Takasaki 2009; Délle et al. 2016). Through this analysis we were able

to validate one of the transcripts of the gene CASP8 and FADD-like apoptosis regulator (CFLAR),
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which, as the name suggests, is a key protein in the regulation of a caspase (CASP8) involved in the
apoptosis pathway. However, as the mt-miRNAwmet might not be the only miRNA binding this
region, we verified how many nuclear miRNAs are able to bind the same region. By using programs
for in silico prediction of miRNA targets in humans, we found that 13 nuclear miRNAs can bind the
same region (Fig 6C). Nonetheless, by analysing other Ago2-1P samples from a similar part of the
brain we found that none of these nuclear miRNAS are expressed in brain tissue, while the mt-
miRNAwet is present (Fig 6D). To verify that the absence of these miRNAs was not due to technical
mistakes, or bias of the library, we analysed three other common miRNAs (let-7, mir9, and mir100)
finding that they are expressed in the brain, and in some instances, at a similar expression level to

the mt-miRNAwet. This analysis thus confirms that mt-miRNAwe: binds to the CFLAR UTR.

To Dbetter understand the function of mt-miRNAwme, we investigated the function and
evolution of its target, CFLAR. By comparing the CFLAR genomic region across six primates with
high-level nuclear genome sequencing, we found that the human CFLAR has a unique structure that
might be related to the presence of the binding site of mt-miRNAwmet (Fig7A). Indeed, the binding
site of mt-miRNAwet is near the end of the 12kb 3> UTR of CFLAR. This is puzzling given the
human CFLAR transcript consists of ~2kb of protein-coding sequence and its UTR is 6 times
longer than the coding region. Furthermore, this UTR is not present in the transcript of any other
species, and it is absent from the CFLAR gene of other primates. However, a sequence of 12kb
length is unlikely to be absent from closely related species, thus we expanded our investigation to
the flanking regions of the CFLAR gene. Through this analysis we found that other primates have
the UTR vaguely conserved in the flanking regions of the CFLAR gene (Fig7B, See Sl Fig.S6).
This evidence suggests that the 12kb UTR of CFLAR is conserved and transcribed only in humans,

thus its regulation by mt-miRNAwet is probably possible only in humans.

Discussion
The mtDNA is involved in RNA interference.
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Our study confirmed the presence of two shared features of nuclear miRNAs and mt-
miRNAs, suggesting a role for the mtDNA in RNAI. The first shared feature is the ability to bind to
Ago2. We provided definitive evidence that the mt-miRNAs can bind Ago2, the key protein in gene
regulation through RNAI. Although we found some noise in the Ago2-IP samples, the genes having
clearly defined mt-miRNAs were strongly upregulated in the comparison between Ago2-IP and
mock-IP, thus supporting a genuine binding of these RNAs to Ago2. We verified the consistent
presence of mt-miRNAs binding to Ago2 across multiple independent studies, suggesting that
technical differences in RNA preparation, or sequencing, did not significantly affect the mt-
miRNAs. Furthermore, our analyses uncovered clear transcriptional signatures across multiple
genes and samples, confirming similar patterns observed in previous studies that analysed the
expression patterns of small mitochondrial RNAs not bound to Ago2 (Pozzi et al. 2017; Pozzi and
Dowling 2019; Mercer et al. 2011). The second shared feature is the conservation of an mt-miRNA
across multiple species. This feature is present in many miRNAs (Lee, Risom, and Strauss 2007;
Ambros 2004), and has been used before for phylogenetic purposes (Lee, Risom, and Strauss 2007;
Sempere et al. 2006; Kenny et al. 2015). However, ours is the first study to demonstrate that some
mt-miRNAs are conserved across multiple diverged species within Chordata. Although the
conservation of miRNAs usually relies on verifying the presence of the miRNA sequence in the
genome of the target species, this method was not possible for the mt-miRNAs because their
sequence lies cryptic within the sequence of other host genes — in the case of mt-miRNAwet, this
small RNA lies within the first half of the mt-tRNA Met gene. Thus, the presence of this sequence
across multiple species only proves that the host gene is conserved. Nonetheless, by using small
RNA expression data, we showed that the mt-miRNAwet is expressed across multiple tissues and
species with a conserved transcriptional signature. Arguably, this level of evidence is more reliable
than the benchmark generally used for the identification of miRNAs, because we not only
demonstrated the presence of the sequences within the genome, but also showed a clear and

conserved transcriptional signature. Indeed, the conservation of these RNAs, in both sequence and
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expression, across species suggests a function, and the only known function of Ago2 is inhibition of
mMRNA translation (Ha and Kim 2014; Cloonan 2015). However, definitive proof that the mt-
miRNAs act in RNAI in the same way as the miRNAs is still warranted. Indeed, to verify if the
effect is similar, it would be necessary to know the target of specific mt-miRNAs and demonstrate
their downregulation in protein expression through western blot analysis (Taylor et al. 2013).
However, as a preliminary investigation of this phenomena, we used a mix of computational and
experimental data to identify bone fide targets of the mt-miRNA that are most likely to be

functional.

The mt-miRNAMet - the selfish miRNA?

By investigating whether the mt-miRNAwet targets any mRNA in the human brain, we
uncovered evidence that mt-miRNA might be involved in the protection of mitochondria from
apoptosis. We identified strong evidence that CFLAR is a target of mt-miRNAwmet. CFLAR is a
pseudo-caspase with multiple alternative transcripts known for having anti-apoptotic effect (S. A.
Sarkar et al. 2009; He and He 2013). However, the mt-miRNAwet targets only a specific isoform of
CFLAR, named CFLAR¢L, since this is the only transcript transcribing the 12kb UTR hosting the
Ago2 binding site. CFLARL is different from the other transcripts (Yu, Jeffrey, and Shi 2009;
Tsuchiya, Nakabayashi, and Nakano 2015), and it is one of the most efficient activators of
procaspase-8, a key factor in apoptosis (Chang et al. 2003). The activation of procaspase-8 is a
known trigger of apoptosis, a cellular mechanism in which the mitochondria are destroyed, along
with the hosting cell (Chang et al. 2003). This process is fundamental for eukaryotic organisms,
however, it means extinction for the genetic material within the cell, thus this process could be
negatively selected at cellular level, even if it was under positive selection at the organismal level
(increased fitness of the individual). Intriguingly, a mitochondrion expressing an RNA such as mt-
miRNAwme:, would likely have an advantage relative to other mitochondria within a cellular

environment if it was associated with a decreased possibility its host cell would die (Rand 2001).
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This is supported by the evidence that the mitochondrial genome is under strong selection
(Ferguson and von Borstel 1992; MacAlpine, Perlman, and Butow 2000). Therefore, we
hypothesize that this mt-miRNA might be protecting mitochondrial fitness at cellular level, thus
being the first “selfish miRNA”, a miRNA expressed from an organelle which “protects” its own

genome from a cellular mechanism.

The mt-miRNAMet is involved in a human-specific regulation pathway

Our results suggest that the regulation of CFLAR by mt-miRNAwet is probably unique to
humans. Indeed, mt-miRNAwet binds a UTR not transcribed in any other species. UTRs are not
translated into proteins, and their role is usually to harbour regulatory sequences, thus, the presence
of such a long UTR is puzzling (Yoon et al. 2008). Its presence, a long UTR sequence might be
explained if this sequence harbours important regulatory sequences for this gene, such as the
binding region for mt-miRNAMet. Our study supports this hypothesis, as a shortening or loss of
this UTR, as seen in the other primates, would remove the binding site necessary for mt-miRNAwet
to regulate CFLAR expression, thus disrupting transcript regulation. Indeed, losing this regulatory
region might cause an increase of CFLARL and potentially cell death through apoptosis (Tsuchiya,
Nakabayashi, and Nakano 2015). Furthermore, our finding of a human-specific regulatory pathway
for CFLAR aligns with the conflicting results found in experiments on CFLAR function (Tsuchiya,
Nakabayashi, and Nakano 2015). In fact, most experiments have been performed in humans and
mice, which although express the same protein, do not share the same regulatory region (Irmler et
al. 1997; Shu, Halpin, and Goeddel 1997; Micheau et al. 2002). Indeed, mouse, like all other
species, do not possess the 12kb UTR. Therefore, experiments on CFLAR function have conflicting
results across humans and mice most likely due to the presence of species-specific regulation, such
mt-miRNAwet as in humans, supporting the finding that mt-miRNAwet is part of a human-specific

pathway.

Are the mt-miRNAs acting outside the mitochondria?
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Notwithstanding the ability of the mt-miRNAs to bind Ago2, their function is expected to be
exerted outside the mitochondria. However, the mechanism that would lead the mt-miRNAs out of
the mitochondria and into the cytoplasm remains unknown. The ability to bind Ago2 suggests the
ability of mt-miRNAs to translocate outside to reach the protein, most likely using the same, yet not
fully characterized, transport mechanism used by other nucleic acids. Indeed, proteins like the
PNPase have been demonstrated to be involved in RNA translocation through the mitochondrial
membrane (Wang et al. 2012). Furthermore, a recent study showed that small mtDNA fragments
travel outside of the mitochondria through mitochondrial pores that might be used by small RNAs
too, since they have very similar characteristics (Moriyama, Koshiba, and Ichinohe 2019). Our
study is not the first supporting the ability of mt-miRNAs to move outside the mitochondria.
Indeed, Maniataki and Mourelatos (2005) previously reported that the mitochondrial mRNA mt-
tRNA Met (that we have shown here encodes mt-miRNAwet), is able to bind Ago2 outside the
mitochondria. Furthermore, two other studies have previously provided evidence that Ago2 might
be able to move inside of the mitochondria or to co-localize with it (Bandiera et al. 2011; Zhang et
al. 2014). These studies performed western blots targeting Ago2 in samples with mitochondria-
isolates, finding a positive signal for this protein. However, we believe the results of these studies
better reflect co-localization of Ago2 and mitochondria than transport of Ago2 into the
mitochondria. In fact, in the analyses of both Bandera et al. (2011) and Zhang et al. (2014), the
Ago2 band was incredibly faint in the mitochondrial fractions, while other co-localization studies
have revealed that Ago2 is very often co-localized with mitochondria (Olivieri et al. 2010; Vagin et
al. 2013; Rogers et al. 2017). In sum, this indicates that Ago2 is being localized on the surface of
the mitochondria, similarly to other proteins involved in RNAI (Vagin et al. 2013; Rogers et al.
2017). In this case, the evidence of mt-miRNA binding Ago2 suggests the presence of a mechanism
enabling small RNAs transport through the mitochondrial membrane, potentially through PNPase
(Dhir et al. 2018; D. Sarkar and Fisher 2006). Furthermore, we are aware of many types of small

RNAs moving between mitochondria and cytoplasm, such as MitomiRs (Duarte, Palmeira, and

PAGE | 106


https://paperpile.com/c/22YQVC/cod95
https://paperpile.com/c/22YQVC/5C5Jb
https://paperpile.com/c/22YQVC/2Ejrv+rvFQL
https://paperpile.com/c/22YQVC/2Ejrv+rvFQL
https://paperpile.com/c/22YQVC/kw80c+0l2lQ+MhTa8
https://paperpile.com/c/22YQVC/kw80c+0l2lQ+MhTa8
https://paperpile.com/c/22YQVC/0l2lQ+MhTa8
https://paperpile.com/c/22YQVC/0l2lQ+MhTa8
https://paperpile.com/c/22YQVC/XLo9G+FcYgQ
https://paperpile.com/c/22YQVC/5HgUy

Rolo 2015), nuclear miRNAs localized within the mitochondria; and double-stranded RNAsS, acting
in the cytoplasm to trigger an immune response (Dhir et al. 2018). The mt-miRNAs might use the

same, as-yet uncharacterized transport mechanism used by these other RNAs.

A new class of RNA without a new name

Small mitochondrial RNAs have been previously reported and given multiple new names
across a series of studies. The first study reporting their existence did not explicitly name these
RNAs, simply mentioning the presence of highly expressed small mitochondrial RNAs (Mercer et
al. 2011). In 2013, Ro et al. showed that small mitochondrial RNAs were encoded in both mouse
and humans, potentially having a function in mitochondrial regulation (Ro et al. 2013). This study
named these RNAs as ‘mitosRNAs’, however, they annotated thousands of RNAs in this new class,
in which the described RNAs had very different sizes (from ~15nt to ~120nt), were barely
expressed, and had no associated evidence of function. In 2017, another group tried to name these
RNAs using other standards (based on small RNAs of high expression, they called them small
highly transcribed small RNAs; smithRNASs), but introducing further confusion as to the
nomenclature of these RNAs (Pozzi et al. 2017). This confusion persists due to the lack of precise
standards when classifying new functional RNAs. Therefore, we have decided to keep the
nomenclature simple and reasonable, adhering to the historical precedent, and following the
example set by the authors discovering one of the most famous classes of small non-coding RNAs:
the piRNAs (Grivna et al. 2006; Kim 2006). The discoverer of the piRNAs used their ability to bind
the protein Piwi as the criterion to define them. Thus, we classify only those small mitochondrial
RNAs able to bind Ago2 as mt-miRNAs. Furthermore, as mentioned above, we believe that further
increasing the RNA nomenclature would not benefit the scientific community (Ro et al. 2013; Pozzi
et al. 2017; Srinivasan and Das 2015), hence we propose adding a simple prefix (mt-) to define this

class of small RNAs (Budak et al. 2016). Along with tRNAs and rRNAs, which receive the prefix
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mt- when referring to those encoded by mtDNA, we contend that miRNAs that bind Ago2 should

similarly receive the same prefix when encoded in the mtDNA.

Some mt-miRNAs are inexplicably long

Some mt-miRNAs are almost twice the length of nuclear miRNAs but still able to bind
Ago2, a case never seen before. Given that the protein complex necessary for the RNAI usually
binds RNAs that are 20-30nt long (Ha and Kim 2014; Cloonan 2015), it remains unclear if longer
mt-miRNAs will have similar functions once bound to Ago2. Some small RNAs in C. elegans are
34nt long, longer than most mt-miRNAs (~32nt), and are able to bind another protein involved in
RNAI, Piwi (Ha and Kim 2014; Cloonan 2015)4). However, no previous miRNAs have been
reported as long as the long isoform of mt-miRNA Thr (41nt), which usually would suggest this mt-
miRNA is an intermediate precursor of the mt-miRNA. However, our analysis in paired long and
short mt-RNAs found no support for this precursor hypothesis, due to the lack of longer RNAs in
the mt-tRNA Thr. We suggest this RNA might be associated with a different function from
canonical miRNAs. Indeed, in studies using Ago2-1P samples, the RNAs of ~35 length are usually
considered fragments of miRNA targets, such as mMRNAs, and not miRNAs (Boudreau et al. 2014).
The hypothesis that the mt-tRNA Thr might be a target of Ago2 is supported by our analysis of mt-
miRNAs in RNA-seq samples without Ago2-IP treatment in mouse. In these samples, we found
clearly defined transcriptional signatures in several mt-tRNAs, such as mt-tRNA Ser 1, but not in
the mt-tRNA Thr, suggesting that the mt-tRNA Thr does not encode for any small RNA and what
was found in the Ago2-IP samples is a fragment of a longer RNA bound to Ago2. However, the
samples analysed in both studies come from different tissues, thus it is possible that lack of mt-
miRNAs from mt-tRNA Thr results from tissue-specific expression. The presence of long mt-
miRNAs or the binding of Ago2 to these mt-tRNAs is puzzling, and without any obvious

explanation. Nonetheless, this result shows that the mt-miRNAs and the miRNAs do not share a
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similar biogenesis, as the mt-miRNAs are not matured from ~70nt pre-miRNAs as are the nuclear

miRNAES.

Multiple gene layers in the mitochondria.

Our study shows that the mtDNA harbours multiple gene layers, and that the products of
overlapping genes are selected during the primary mt-RNA maturation. We demonstrated that the
mt-miRNAs are encoded within other genes, specifically protein-coding genes or mt-tRNAs,
aligning to observations of previous studies (Pozzi et al. 2017; Pozzi and Dowling 2019; Ro et al.
2013; Riggs et al. 2018; Bottje et al. 2017; Mercer et al. 2011; Larriba, Rial, and Del Mazo 2018).
Likewise, other mitochondrial products are encoded within multiple genes: double-stranded RNAs
(Dhir et al. 2018), long non-coding RNAs (Rackham et al. 2011), and proteins (C. Lee et al. 2015;
C. Lee, Yen, and Cohen 2013; K. H. Kim et al. 2018). However, some of these mitochondrial
products have been better described than others. The double-stranded RNAs have been discovered
only very recently, and function in the immune response (Dhir et al. 2018). The function of long
non-coding RNAs is still unknown, but their nuclear counterparts are known for having extensive
roles in gene expression regulation (Mattick 2003). There are also several newly discovered
mitochondrial proteins, with ‘humanin’ the first and most intensely studied (Hashimoto et al.
2001). This protein is encoded within rRNA 16S and, although its function is not fully understood,
it seems to somehow have protective effects against Alzheimer’s disease (Matsuoka 2009). Thus,
the number of functional mitochondrial products identified in recent years is quickly increasing,
providing strong support for the presence of multiple new regulatory layers within the
mitochondrial genome. These findings are intriguing because the presence of these novel
mitochondrial products suggests a reinterpretation of the candidate mechanisms by which
pathogenic mutations in the mtDNA sequence exert their effects on organismal health and function

may be required in several cases.

The mt-miRNAs change our perspective on mitonuclear interactions.
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The mt-miRNAs add another level of complexity to the dynamics of mitonuclear
communications. Indeed, because the mt-miRNAs share features with the miRNAs, we expect them
to affect cell biology in a similar manner. The miRNAs play pervasive roles in cell regulation
(Friedman et al. 2009), and the presence of mt-miRNAs indicates that the mtDNA might broadly
affect cell regulation as well. The mt-miRNAs might act as a vector to affect nuclear regulation in
many ways. Indeed, by using sequence complementarity, mt-miRNAs could lead Ago2 to interfere
with the gene expression of virtually any nuclear mRNA that exhibits partial sequence
complementarity (Cloonan 2015; Ambros 2004). This could help explain many of the diverse
phenotypes linked to mtDNA mutations observed in recent years (Hopkins et al. 2017; Hudson et
al. 2014; Dobler et al. 2014). Recent studies, for example, have demonstrated clear associations of
mtDNA mutations on a range of phenotypes, ranging from thermal tolerance, to cognitive function,
to fertility (Lajbner et al. 2018; Camus et al. 2017; Yee, Sutton, and Dowling 2013; Dowling,
Abiega, and Arngvist 2007; Roubertoux et al. 2003), as well as a range of human diseases not
previously associated with mitochondrial genetics (Hopkins et al. 2017; Hudson et al. 2014).
However, the mechanisms underpinning these diverse effects associated with the mitochondrial
genome are yet to be understood. We believe that RNAI, mediated through mt-miRNAs, might well
provide the explanation for the diversity of phenotypic effects associated with mitochondrial

sequence variation.

The unusual maturation of the mt-miRNAs.

The mitochondria generally transcribe long mt-RNA precursors encoding multiple genes
(D’Souza and Minczuk 2018), potentially including the mt-miRNAs. Indeed, the transcriptional
signature of the mt-miRNAs does not match the transcriptional signature of the long mitochondrial
RNAs (~70nt), suggesting that the mt-miRNAs are matured directly from the pre-mt-RNAs.
Mitochondrial genes are usually transcribed in few long polycistronic mt-RNA, RNAs including

multiple genes, and these RNAs are called pre-mt-RNAs (Van Haute et al. 2015). Although

PAGE | 110


https://paperpile.com/c/22YQVC/b4OZD
https://paperpile.com/c/22YQVC/8HdHt+5NXb7
https://paperpile.com/c/22YQVC/G3wLt+apRX5+ONcDh
https://paperpile.com/c/22YQVC/G3wLt+apRX5+ONcDh
https://paperpile.com/c/22YQVC/fTZIU+O7Goj+TpiL+zsK8+Jnm3o
https://paperpile.com/c/22YQVC/fTZIU+O7Goj+TpiL+zsK8+Jnm3o
https://paperpile.com/c/22YQVC/G3wLt+apRX5
https://paperpile.com/c/22YQVC/FybNz
https://paperpile.com/c/22YQVC/dLIst

previously the presence of intermediate RNAs were proposed for the mt-miRNAs (Pozzi et al.
2017), our results suggest that the mt-miRNAs originate from the pre-mt-RNAs. Indeed, we
identified multiple cases of specific isoforms of mt-miRNAs whose sequence spanned two genes. In
these cases, it is clear that miRNAs cannot originate from a mature tRNA, since they would then
lack part of the sequence. Furthermore, mt-tRNAs undergo a vast number of nucleotide
modifications through their maturation (Richter et al. 2018; Pan 2018), thus mt-miRNAs originating
from mature tRNAs will have these RNA modifications, thus escaping normal sequencing methods.
That is, it would be impossible for the mt-miRNAs presented in our analyses to exhibit these
modified nucleotides, given the methods used for the RNA sequencing would not have captured
these modified RNAs (Zheng et al. 2015). Therefore, according to our results, the mt-miRNAs
encoded in mt-tRNAs are either matured from them before the posttranscriptional modifications, or
directly from the mt-RNA precursor. Our study provides the first clues as to the biogenesis of the
mt-miRNAs and, in general, supports the hypothesis that the mitochondria regulates its products

mostly from the pre-mt-RNA (Sloan and Wu 2016; Lavrov et al. 2016).

Overlapping selection.

Mitochondrial genes are known to be under constant strong purifying selection (J. W.
Ballard and Kreitman 1995; Ballard and Whitlock 2004), however, the existence of multiple gene
layers suggests the presence of overlapping selection pressures that could alter the strength or
direction of selection on particular regions of mtDNA sequence. Indeed, theory suggests that
multiple products encoded within the same region of a gene would affect the selection pressure on
this region (Rogozin et al. 2002). We hypothesise that the presence of overlapping genes such as
mt-miRNAs and dsRNAs (Dhir et al. 2018), on canonical genes such as mt-tRNAs, will increase
the effect of purifying selection in order to preserve the function of these products. Our results
support this hypothesis, showing that within the mt-tRNA Met, the region harbouring the mt-

MiRNAMet has fewer polymorphisms than did the rest of the tRNA gene. While more analysis
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across a broad number of species and mt-miRNAs will be necessary to fully test this hypothesis,

this study provides the first evidence that this phenomenon might exist.
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Fig.1 The mt-miRNAs bind Ago2. In two different cell lines, Ago2-IP samples are enriched in
expression of specific mt-miRNAs when compared to a control IP, which contains only the IgG
antibody. On the Y-axis, all the canonical mitochondrial genes are listed. On the X-axis, there are
two biological replicates for each treatment. The two heatmaps are divided because they represent
experiments from different cell lines. The sample type and treatments are illustrated through
BioRender icons. The color scale is black-red-white, in which black and white indicate the lowest
and highest levels of expression respectively. As the mt-miRNAs are an uncharacterized type of
RNAs, we did not perform any normalization, thus the expression is measured in raw read counts.
Gene-by-gene analyses of the transcriptional signatures are shown in Figure S2.
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Fig.2 The mt-miRNAs are enriched in Ago2-1P samples. The plots show that Ago2-IP samples are
enriched in expression for specific mt-miRNAs when compared to the same sample without Ago2-
IP treatment. The enrichment is calculated though Log fold change, thus a fold change of two
means that the gene has four times higher expression when compared to its counterpart without
Ago2-IP treatment. We used a color scale of blue-green-yellow, in which blue and yellow indicate
the lowest and highest levels of expression respectively. As the mt-miRNAs are an uncharacterized
type of RNAs, we did not perform any normalization, thus the expression is measured in raw read
counts. The species used in each plot is indicated through small BioRender icons. A) The 3D-plot
shows patterns of mt-miRNA expression in Ago2-1P treated samples of HelLa cells. The three axes
represent three different biological replicates for each of the two treatments (IP and non-IP). B) The
plot shows patterns of mt-miRNA expression the Ago2-1P treated samples derived from mouse
embryonic stem cells. The two we represent two different biological replicates for each of the two
treatments (IP and non-IP). Gene-by-gene analyses of the transcriptional signatures are shown in
Figure S3 (human) and Figure S4 (mouse).
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Fig.3 mt-miRNAs are encoded across genes. A) shows the coverage of small RNAs within the gene
mt-ATP8 in human HeLa cell lines (upper left hand panel) and mice embryonic stem cells (lower
left hand panel), and highlights the difference between a transcriptional profile showing a genuine
mt-miRNA (human), and noise from the alignment of random small mitochondrial RNAs (mouse).
The total coverage for each position in the gene is indicated with a black line, while the number of
reads starting and ending at each position is indicated using green and red bars respectively. This
type of representation provides the resolution necessary to verify the presence or absence of an mt-
miRNA within a mitochondrial gene. As the mt-miRNAs are an uncharacterized type of RNAs, we
did not perform any normalization, thus the expression shown on the Y-axis is measured in raw
read counts. The X-axis shows the gene positions of each read. B) The panels represented on the
right side of the figure highlight the transcriptional profile of two mt-miRNAs encoded across genes
in mice embryonic stem cells. The first mt-miRNA (upper right-hand panel) is encoded mostly
within the mt-tRNA Phenylalanine; however, a long isoform of this mt-miRNA includes five
nucleotides of the gene mt-rRNA12s. The second mt-miRNA (lower right-hand panel) is encoded
mostly within the mt-tRNA Threonine; however, a long isoform of this mt-miRNA includes six
nucleotides of the gene mt-tRNA Proline. Small black arrows indicate either the end or start of mt-
genes where relevant.
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Fig.4 mt-miRNAs are not matured through pre-mt-miRNAs. The figure represents the
transcriptional profile of all canonical mitochondrial genes for both small and long RNAs. The
expression of small RNAs in each gene is indicated in dark blue, while the expression of long non-
coding RNAs, both polyadenylated and not, is represented in dark red. As the mt-miRNAs are an

uncharacterized type of RNAs, we did not perform any normalization, thus the expression is
measured in raw read counts. To see more replicates, check Figure S5.
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Figure 5
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Fig.5 mt-miRNAwet is conserved across species. In the figure panels, the expression and sequence
of the mt-miRNAwet are represented for several major model organisms: human (Homo sapiens),
mouse (Mus musculus), chicken (Gallus gallus), and zebrafish (Danio rerio). For each species,
tissues from two different organs are considered; brain and liver. The species and tissue of each
sample are indicated through BioRender icons. A) The coverage (read count) in the mitochondrial
genome, corresponding to the region of the mt-tRNA Met and mt-miRNAwet, is depicted. With
exception of human liver tissue, the mt-miRNA Met is present across all species and tissues. The Y-
axis represents the expression in raw reads count, while the X-axis represents the genomic positions
in the mitochondrial genome of reference for each species. B) We represented the mt-tRNA Met of
each species while highlighting in red the sequences corresponding to the mt-miRNAwme. We
highlight in orange the presence of polymorphisms across the species, by comparing reference
mitochondrial genomes of each species.
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LAR in brain tissue. The figure represents the identification

of an mRNA target for the mt-miRNAwmet. A) A schematic representation of the target prediction
used to identify the CFLAR gene. Briefly, we analysed the UTR of all human transcripts,
identifying 8,709 possible targets through in silico prediction. Across these targets, we extracted
only the ones involved in insulin response, a mechanism key in many mitochondria-related

diseases. We then experimentally val

idated these targets by using an Ago2-1P dataset. B) We

experimentally validated the binding between Ago2 and CFLAR by analysing a dataset composed
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of three independent brain tissue samples. In this dataset Ago2 has been cross-linked to target
MRNAs, and these RNAs have been isolated by size selection in gel. We show the high coverage
present in the region predicted to bind mt-miRNAwmet on the CFLAR 3’ UTR across three biological
replicates. The X- and Y- axes represent the positions within the 3° UTR of CFLAR and the
abundance of reads. C) a schematic representation of the binding of mt-miRNAwet and the CFLAR
nuclear miRNAs, a group of miRNAs predicted to bind this region of CFLAR in humans. A list of
these miRNAs is present on the side of the figure, using the nomenclature present on miRBase. D)
The boxplot represents the expression of four miRNAs, and a group of miRNAs named here
CFLAR miRNAs. The expression is represented as the percentage representation of a given miRNA
relative to the entire pool of miRNAs. Due to the absence of all the CFLAR miRNAs, we
represented them as one group of pooled miRNAs (CFLAR miRNA). The presence of let-7, mir9,
and mi100 to highlight that common miRNAs are expressed in a comparable way to mt-miRNAwmet
in the brain samples that we analysed.
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Figure 7
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Fig.7 The mt-miRNAwet can regulate CFLAR in humans only. In this figure, the genomic region of
CFLAR is represented across multiple species, showing its conservation across primates A) A
schematic representation of the genomic region of the CFLAR across multiple primates. We
highlight the presence of this ~12kb UTR only in humans and show that the region binding mt-
miRNAwet is at the end of the UTR. B) We made a schematic representation showing that the
~12kb UTR present in humans is not translated anymore in primates but can be found at a short
distance from the CFLAR gene (between 1 and 5 kb). No other miRNAs bind the CFLAR region
bound by mt-miRNAwmet. To see more details about the alignment of the genomic region of CFLAR

between humans and other primates see Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples
Prefrontal cortex (BA9) from healthy Obtained from individuals PRINA272617
individuals in the original study
Liver samples from healthy individuals and Obtained from individuals PRJINA347838
patients suffering of chronic hepatitis C (CHC) in the original study
Temporal lobe (TL) from patients undergone Obtained from individuals PRJINA299324
surgical temporal lobectomies in the original study
Deposited Data
Human brain tissues (TL) Maragkakis M. et al. 2016 PRJINA299324
Human brain tissues (BA9) Hoss AG. et al. 2015 PRJINA272617
Human liver tissues (CHC) Butt AM. et al. 2016 PRJINA347838
HelLa cell culture Zhang K. et al. 2018 PRJINA473925
Neuronal progenitor cell culture Young-Soo Kwon PRJINA438936
teratoma-derived fibroblast cell culture Young-Soo Kwon PRJINA438936
Mouse brain tissues Viljetic B. et al. 2017 PRJNA309689
Mouse liver tissues Jee D. etal. 2018 PRJINA395699
Mouse embryonic stem cell culture (MESC) Zamudio JR. et al. 2014 PRJINA218026
Mouse kidney tissues Woo YM. et al.2017 PRJINA342099
Chicken brain and liver tissues Warnefors M. et al. 2017 PRJINA396511
Zebrafish brain and liver tissues Vaz C. et al. 2015 PRJINA245824
Experimental Models: Cell Lines
Hela cell culture Xiang-Dong Fu GSM3168220
Neuronal progenitor cell culture Young-Soo Kwon GSM3052811
teratoma-derived fibroblast cell culture Young-Soo Kwon GSM3052815
Mouse embryonic stem cell culture (MESC) Jesse R Zamudio GSM1224442
Experimental Models: Organisms/Strains
Mouse Brain tissues from mix of strains 129 The Jackson laboratory N0:002448
and C57BL/6 N0:000664
Mouse liver tissues from strain B6.Cg- The Jackson laboratory N0:008610
Tg(Vavl-icre)A2Kio/J vavl-cre
kidney tissues from mice with floxed Pkd1 Stefan Somlo NA
Chicken brain and liver tissues Peter Jensen NA
Zebrafish brain and liver tissues from Obtained from individuals NA

Singapore strain

in the original study

Software and Algorithms

BowTie2 Langmead and Salzberg http://bowtie-
2012 bio.sourceforge.net/bowtie2/index.shtml
Bedtool Quinlan and Hall 2010 https://bedtools.readthedocs.io/en/late
st/
Samtool Li H. et al. 2009 http://samtools.sourceforge.net/

R package circlize

Gu Z. et al. 2014

https://jokergoo.qgithub.io/circlize book

/

MATLAB The MathwWorks, Inc. https://au.mathworks.com/
MR-micro T Maragkakis M. et al. 2011 http://diana.imis.athena-
innovation.gr/DianaTools/
LastZ Harris RS. 2007 https://help.rc.ufl.edu/doc/LASTZ
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request about the reagents can be directed to the Lead Contact, Andrea
Pozzi (andreapozzi.a@gmail.com). However, as the data are sourced from previously published
articles, we can only redirect you to the appropriate source, and we cannot personally provide full

details of each reagent.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
This study is based on published data deposited in the Sequence Read Archive (SRA) in NCBI, thus

all information listed here are sourced from the original study where the data were obtained.

Cell lines

According to the original authors (Zhang et al., 2018), HelLa cells were grown on 15 cm plates
using MEDM plus 10% FBS. The neuronal progenitor (NP) and teratoma-derived fibroblast (TDF)
cell culture, were derived from human embryonic stem cells (hESC). The differentiation of hESC
into NP was induced by replacing the original growing medium with DMEM/F12 supplemented
with 2% B27, 100ng/ml FGF, 100ng/ml EGF and 5ng/ml heparin. Further details on the methods
can be found at GSE115146 in the Gene Expression Omnibus (GEQO) database and in the original

article.

The differentiation of hESC into TDF was induced by injection of resuspended cells into mice
homozygous for severe combined immune deficiency spontaneous mutation (SCID). The tumors
grew in after 6 weeks were then removed and cultured in a medium of 10% FBS, nonessential
amino acids, 2mM glutamine, 1% penicillin/streptomycin and 0.55uM B-mercaptoethanol. Further
details on the methods, as described by the original authors, can be found at GSE112006 in the

Gene Expression Omnibus (GEO) database.

According to the original authors (Zamudio et al., 2014), the embryonic stem cell culture (MESC)

were grown on gelatinized tissue culture plates in Dulbecco’s Modified Essential Media
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supplemented with multiple other nutrients. The full list of nutrients and details about the growing

method can be found at GSE50595 in the GEO database and in the original article.

Model organisms

According to the original authors (Jee et al., 2018; Viljetic et al., 2017), the experiments on mice
sourced from the Jackson laboratory were carried out in compliance with their institutional

protocols, thus we believe that correct ethics for the experiments have been followed.

According to the original authors (Woo et al., 2017), the experiments on mice sourced by Stefan
Somlo were carried out in compliance with the Animal Care and Use Committee (IACUC) rules at
Sookmyung Women’s University. Therefore, we believe that correct ethics were followed during

the experiment.

According to the original authors, the samples from the chickens were sourced by Peter Jensen,

however, there is not any further details about how the chickens were housed and maintained.

According to the original authors (Vaz et al., 2015), the zebrafish (Singapore strain) were
maintained according to the Animal Care and Use Committee (IACUC) rules. Therefore, we

believe that correct ethics were followed during the experiment.

Human samples

The BA9 samples were obtained by the original authors (Hoss et al., 2015), and the gathering of the
samples were exempt from ethics approval because the study involves only tissue collected post-
mortem, and consequently not classified as human subjects. This decision was taken by the Boston

University School of Medicine Institutional Review Board (Protocol H-28974).

The CHC samples were obtained by the original authors (Butt et al., 2016), and the original authors
declared that written informed consent for the use of biological samples and clinical records was

given by all the participants. Furthermore, they declared that their work was done in accordance
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with the ethical guidelines of the 1975 Declaration of Helsinki and the International Conference on

Harmonization Guidelines for Good Clinical Practice.

The TL samples were obtained by the original authors (Maragkakis et al., 2016; Nakaya et al.,
2013), and the authors provided only a brief description of the samples. Indeed, they only mention
that the samples come from temporal surgical lobectomy of three unrelated individuals. Although
no statements on ethics is present in the original articles, we believe that is likely that the correct
ethics approval processes are followed in the institution where the experiments where performed

(University of Pennsylvania).

METHODS DETAILS

Ago2 co-immunoprecipitation sequencing

According to the original authors (Zhang et al., 2018), before the Ago2 immunoprecipitation (IP) of
HeLa cells, the cultures were UV irradiated at 400mj. The IP was performed using Anti-Ago2
(Abnova, H00027161-M01), and following the IP the RNA libraries were made and sequenced
using Hi-Seq 2500. Further details can be found in the original article and in the GEO database

(GSE115146).

According to the original authors, before the Ago2-IP of the NP and TDF, the cultures were UV
irradiated at 400mj. The IP was performed using Anti-Ago2 (ProteinTech) and following the IP the
RNA libraries were made and sequenced using Hi-Seq 2000. Further details can be found in the

GEO database (GSE112006).

According to the original authors (Zamudio et al., 2014), the mESC cells have been modified to
leave only a modified Ago2 active in these cells. This modified Ago2 gene is known as FLAG-
hemagglutinin (HA)-tagged hAgo2 (FHAgo2), thus has a specific epitope that can be targeted for

IP. Furthermore, contrary to the experiments in other cell lines, in this case the cell cultures were
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lysed before the UV-cross linking and IP. Further details can be found in the original article and in

the GEO database (GSE50595).

The Ago2-IP of the TL samples were performed using 2A8 Anti-Ago monoclonal antibody tethered
to Protein A Dynabeads (Invitrogen), according to the original authors (Maragkakis et al., 2016).
Further details can be found in the original article and in the BioProject NCBI database

(PRINA299324).

Ago2 immunoprecipitation miRNA targets enrichment

The original authors of the study performed the mRNA target enrichment (Maragkakis et al., 2016),
and we describe here a short summary of their method. After the Ago2-IP of the three brain
samples, the authors isolated longer RNAs (miRNA targets) using nitrocellulose filter, and 8%
PAGE gels. Once the targets were purified, they have been re-amplified by PCR and sequenced.
Further information about the methods can be found in previous works of the authors (Maragkakis

et al., 2016; Nakaya et al., 2013).

Mt-miRNAs sequence alignment

The alignment of the RNA-seq libraries, both with and without IP, were performed using BowTie2
(Langmead & Salzberg, 2013). We did not remove the adapter for each library, and instead used the
soft clipping provided by bowtie2 through the setting --local. Due to the possible differences
between the reference genome used, and the sequence of the individual used for analysis, we used
non-stringent parameters in the alignment. Thus, for the alignment we set a seed of 20 nucleotides (-
L 20) and we allowed up to 1 mismatch (-N 1) between the small RNA and the reference genome.
To gauge the overall amount of small RNAs within one gene, we used samtools idxstats function
(Li et al., 2009), which outputs the reads aligning to each chromosome. Likewise, to obtain the
coverage for each nucleotide, and thus identify the mitochondrial genes having the transcriptional

signature of a mt-miRNA, we used the function genomecov of bedtools (Quinlan & Hall, 2010). To
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generate the total coverage for each gene, we used the setting genomecov -d -i while for the 5 and
3’ coverage we added the setting -5 and -3 respectively. To generate the correct format to plot the
gene coverage in the R package circlize, we used the parameter -bg instead of -d on bedtools
genomecov. The alignment was done using the current reference genomes for human

(NC_012920.1) and mouse (NC_005089.1).

Mt-miRNAwmet polymorphism identification

The identification of polymorphism on the mt-miRNAwmet across multiple species was performed by
visual comparison of the sequences downloaded from the mt-tRNAs database mitotRNAdb

(http://mttrna.bioinf.uni-leipzig.de/mtDataOutput/\Welcome). We only used the reference sequences

to establish the presence of polymorphisms, and we did not include any population data, because
the quality of population data (i.e. the frequency of specific polymorphisms) are very different
across the organisms considered. Therefore, we used the reference genome present in mitotRNAdb
for Danio rerio (NC_002333.2), Gallus gallus (NC_001323.1), Homo sapiens (NC_012920.1), and

Mus musculus (NC_005089.1).

Mt-miRNAwet target prediction

The in silico prediction of the mt-miRNAwet target was done using the web-server MR-microT
(Kanellos et al., 2014; Reczko et al., 2012), a program able to use a custom miRNA sequence to
identify potential target mMRNAs in the human genome (using the database Ensembl v84). This
program outputs both a score, indicating how likely is the predicted target to be real, and the regions
of the sequence where miRNA and mRNAs are predicted to interact. As mentioned in the results,
the list of potential targets predicted by this program is 8,709, which we filtered using the gene
ontology (GO) term Insulin Response (G0O:0032869) to obtain a list of 74 potential targets. To
experimentally verify these targets, we extracted the coverage of each gene using bedtools (Quinlan
& Hall, 2010) with settings genomecov -d -i , and then inspected by eye for the presence of

sequences in the regions corresponding to the prediction of MR-micro T. Although this method
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might be missing several targets of this gene (false negative), we focused on finding targets that
have the highest chance of being real (true positive). It is worth noting that the mRNA target
identified using this method, CFLAR, has a MR-micro T score with high likelihood to be predictive

(>0.8) according to the authors of the program (Kanellos et al., 2014; Reczko et al., 2012).

Comparative analysis mt-miRNAwmet and nuclear miRNAs

The miRNAs were quantified using the output of samtools flagstat option, which provides the
number of aligned reads, both the total amount and as a percentage of the RNA pool, for the
specified reference sequence. We used mt-tRNA Met as the reference sequence to quantify the
amount of mt-miRNA Met reads expressed, indeed, over 90% of the reads come from the region of
the mt-miRNAwet, thus using the coverage of the entire mt-tRNA Met provides a very good
approximation of mt-miRNAwet without excluding any of its isoforms. To identify miRNAs that
might be binding the same regions as mt-miRNAwme, we used TargetscanHuman 7.2

(http://www.targetscan.org/) using CFLAR as a query, and then we annotated all the miRNAs

predicted to bind the same, or similar, positions of mt-miRNAwmet. Using this approach, we
annotated 13 miRNAs: hsa-miR-6747-3p, hsa-miR-6778-3p, hsa-miR-150-5p, hsa-miR-186-3p,
hsa-miR-4698, hsa-miR-4731-5p, hsa-miR-5589-5p, hsa-miR-6506-5p, hsa-miR-619-5p, hsa-miR-
5089-5p, hsa-miR-6504-3p, hsa-miR-4438, hsa-miR-5095, hsa-miR-7151-3p. To quantify the

nuclear miRNAs, we used the sequences present in miRBase (http://www.mirbase.org/) as a

reference sequence for samtools. However, none of these nuclear miRNAs was found in brain
tissues. To verify the absence of artifacts, or errors in our analysis, we used the same method to
quantify common, well-known miRNAs. The miRNAs we chose are hsa-Let7a-1, hsa-miR-9-5p,
hsa-miR-100. The similar abundance of these miRNAs to the mt-miRNAwmet confirmed the likely
absence of artifacts or errors in the analysis, thus confirming the absence of other known miRNAs

binding the same position of mt-miRNAwet.

CFLAR Untranslated region analysis
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We verified the presence of the 3’ untranslated region (UTR) of 20kb length found in Homo sapiens
across multiple species by searching on the online version of blastn using default settings

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch). After not finding any hit on

blastn, we tested the presence of this UTR across several species in the Gene database of NCBI

(https://www.ncbi.nlm.nih.gov/gene). Due to the lack of this UTR across any other species, we

focused more detailed analysis on species closer to Homo sapiens as they are more likely to have
some trace of this sequence. Thus, we selected five other high-quality genomes from different
primates and compared the full genomic region of CFLAR. The species involved are Homo sapiens
(ID: 8837), Pan troglodytes (ID: 459872), Pan paniscus (ID: 100972044), Pongo abelii (ID:
100172025), Gorilla gorilla (ID: 101130329), and Papio anubis (ID: 101006231). The alignment of

the different regions was made using LastZ (http://www.bx.psu.edu/~rsharris/lastz/), with settings --

step=10 --nogapped --ambiguous=iupac --matchcount=20 --format=rdotplot , which provided a

matrix of the alignment that was then used for the dotplot in R.
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SUPPLEMENTARY FIGURES

The layout of the figures is according to the CellPress policy and the figures resolution is low to
avoid having a thesis of over 100 Mbs. Zoom in to see the pattern in a single plot.

The figure S1 highlights the lack of effect from different concentrations of RNase I, across multiple

mitochondrial genes.

In the following figure, we show the transcriptional signatures of putative small RNAs across all
mitochondrial genes, gene by gene. The gene order is protein-coding, rRNAs, tRNAs, and within
each group, the genes are in alphabetic order. In the following paragraph, we highlight the genes
encoding mt-miRNAs, using the same prerequisite criteria as in the manuscript (i.e. transcriptional
signatures with clear cut ends across multiple biological replicates indicate the presence of an mt-
miRNA). Among the protein-coding genes, none of the genes has mt-miRNAs fitting the rationale
for mt-miRNAs identification. Among the genes encoding for the two mt-rRNAs, only the mt-
rRNA12s have an mt-miRNAs encoded at position 250 which is consistently transcribed across
multiple biological replicates and have well-defined start and end. Among the mt-tRNA genes, only
mt-tRNA Phe (trnF), mt-tRNA Met (trnM), mt-tRNA GIn (Q), and mt-tRNA Trp (trnW) are

consistently transcribed across multiple biological replicates and have well-defined start and end.
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Figure S2 highlights the enrichment of Ago2-IP samples compared to 1gG-IP samples, across

multiple mitochondrial genes.

In the following figure, we show the transcriptional signature of small RNAs across all
mitochondrial genes, divided by gene for neuronal progenitors (NP) and teratoma-derived fibroblast
(TDF). The gene order is protein-coding, rRNAs, tRNAs, and within each group, the genes are in
alphabetic order. In the following paragraph, we highlight the genes encoding for mt-miRNAs,
following the same prerequisites as outlined in the manuscript (that transcriptional signatures with

clear cut ends across multiple biological replicates indicate the presence of an mt-miRNA).

In neuronal progenitors (NP)

Among the protein-coding genes, none of the genes has mt-miRNAs fitting the prerequisites for mt-
miRNA identification. Among the genes encoding for the two mt-rRNAs, none of the genes has an
mt-miRNA consistently transcribed across multiple biological replicates and a well-defined start
and end. Among the mt-tRNA genes, only mt-tRNA Phe (trnF), mt-tRNA Met (trnM), mt-tRNA
Ser 2 (trnS2), and mt-tRNA Tyr (trnY) have mt-miRNAs consistently transcribed across multiple

biological replicates and having well-defined start and end.

In teratoma-derived fibroblast (TDF)

Among the protein-coding genes, only ATP8 encodes for an mt-miRNAs fitting the rationale for
mt-miRNAs identification. Among the genes encoding for the two mt-rRNAs, none of the genes
has an mt-miRNA consistently transcribed across multiple biological replicates and has a well-
defined start and end. The peaks are due to the overlap of many different small RNAs partially
overlapping. Among the mt-tRNA genes, only mt-tRNA Glu (trnE), mt-tRNA Phe (trnF), mt-tRNA
Met (trnM), mt-tRNA GIn (trQ), mt-tRNA Ser 1 (trnS1), mt-tRNA Ser 2 (trnS2), mt-tRNA Trp
(trnW) and mt-tRNA Tyr (trnY) have mt-miRNAs consistently transcribed across multiple

biological replicates and having well-defined start and end.
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Figure S3 highlights the enrichment in mt-miRNAs of specific genes after Ago2-IP treatment,

across multiple mitochondrial genes.

In the following figure, we show the small RNAs transcriptional signature of all the mitochondrial
genes, divided by gene. The gene order is protein-coding, rRNAs, tRNAs, and within each group,
the genes are in alphabetic order. In the following paragraph, we highlight the genes encoding for
mt-miRNAs, following the prerequisite condition that transcriptional signatures with clear cut ends
across multiple biological replicates indicate the presence of an mt-miRNA. The samples are paired,
thus the samples of each treatment have to be compared to their corresponding number. For

example, Input; should be compared to Ago2'"; and not to Ago2'™.

Among the protein-coding genes, none of the genes has mt-miRNAs fitting our criteria for mt-
miRNA identification. Among the genes encoding for the two mt-rRNAs, none of the genes has an
mt-miRNA consistently transcribed across multiple biological replicates and a well-defined start
and end. Among the mt-tRNA genes, only mt-tRNA lle (trnl), mt-tRNA Glu (trnQ), and mt-tRNA
Serl (trnS1) are consistently transcribed across multiple biological replicates and have well-defined

start and end.

PAGE | 140



vrvn iiiiid
{
\
\
7
L EEUPE) 6
\
J

" PAGE | 141



Figure S4 highlights the enrichment in mt-miRNAs of specific genes after Ago2-IP treatment,

across multiple mitochondrial genes.

In the following figure, we show the small RNAs transcriptional signature of all the mitochondrial
genes, divided by gene. The gene order is protein-coding, rRNAs, tRNAs, and within each group,
the genes are in alphabetic order. In the following paragraph, we highlight the genes encoding for
mt-miRNAs, following the prerequisite condition that transcriptional signatures with clear cut ends
across multiple biological replicates indicate the presence of an mt-miRNA. The samples are paired,
thus the samples of each treatment have to be compared to their corresponding number. For

example, InputlP1 should be compared to Ago2'; and not to Ago2'®,.

Among the protein-coding genes, only COX1, COX3, and ND4L have mt-miRNAs our criteria for
mt-miRNA identification. Among the genes encoding for the two mt-rRNAS, none of the genes has
an mt-miRNA consistently transcribed across multiple biological replicates and a well-defined start
and end. Among the mt-tRNA genes, only mt-tRNA Glu (trng), mt-tRNA Phe (trnF), mt-tRNA
Leu2 (trnL2), mt-tRNA Met (trnM), and mt-tRNA Thr (trnT) have mt-miRNAs consistently

transcribed across multiple biological replicates and showing well-defined start and end.
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Figure S5 shows the expression of small and long mitochondrial RNAs across the entire

mitochondrial genome in mouse.

In the following figure, we show that the small RNA transcriptional signatures at stages, dayl (P1),
day3 (P3), and day7 (P7). There are three biological replicates for each stage, and for each
biological replicate both long and small RNAs have been sequenced. Thus, there is one small and
one long RNA sample for each biological replicate, providing the best comparison for matching
transcriptional signatures. The samples are not specifically enriched for any small or long RNAs,

thus they show a mix of coding and non-coding RNAs.
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The figure S6 shows the conservation of the CFLAR genomic region across five primates having a
high-quality sequenced genome.

In the following figure, we show five dot-plots comparing the CFLAR genomic region in human
(Homo sapiens) on the Y-axis to the respective region in chimpanzee (Pan troglodytes), bonobo
(Pan paniscus), gorilla (Gorilla gorilla), orango (Pongo abelii), and olive baboon (Papio anubis)
on the X-axis. In these plots each dot represents a sequence match between the two genomic
regions, thus showing the conservation of the region on the diagonal of the plot. The region of the
CFLAR 3’ UTR is highlighted in red, and the region of binding of mt-miRNAMet is highlighted in
blue. The binding region is barely visible, as it has been misplaced to neighbor regions in all

species, and it is not present on the diagonal.
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CHAPTER FIVE

General Discussion
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Discussion

In this thesis we investigated some of the fundamental questions about the small
mitochondrial RNAs, thus laying the necessary groundwork to start a new branch of mitochondrial
biology focused on the mt-miRNAs. First, we confirmed that the small mitochondrial RNAs are
indeed transcribed by the mtDNA, thus fulfilling for us and others a fundamental prerequisite, and
justifying the further study into the function of these RNAs. Second, we confirmed that these RNAs
are conserved across vertebrates spanning ~500mya of divergence (Shu et al. 1999). Third, we
confirmed that the small mitochondrial RNAs can bind Ago2, a key protein of RNA interference
(RNAI), thus proving strong evidence that the mt-miRNAs are involved in the regulation of gene
expression. This allowed us to use the name ‘mt-miRNAs”, since their ability to bind Ago2
suggests that they are the mitochondrial counterpart of the nuclear miRNAs. Finally, we
characterized the most conserved mt-miRNA, mt-miRNA Met, identifying one of its nuclear
targets, combining computation and experimental evidence. Through this investigation of
fundamental questions about the mt-miRNA, we contributed new advances to the fields of

molecular and evolutionary biology.

The evolutionary conservation of mt-miRNAs

Through the comparative analyses performed in the second and fourth chapters, we
demonstrated that the mt-miRNAs are conserved across multiple taxa. In the second chapter, we
confirmed the findings of previous studies about the conservation and expression of the mt-
miRNAs, while providing new insight in untested species and tissues. Indeed, on one hand we
confirmed the presence of the mt-miRNAs in Homo sapiens, Mus musculus, and Gallus gallus,
initially discovered by other researchers (Mercer et al. 2011; Bottje et al. 2017; Larriba, Rial, and
Del Mazo 2018; Ro et al. 2013). On the other hand, we presented for the first-time the presence of
mt-miRNAs from non-placental mammals, and we found tissue-specific transcriptional signatures

across multiple tissues for all the species studied. Interestingly, while the transcriptional signatures
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of the mt-miRNAs most expressed in each tissue were not conserved across chicken and mouse, in
the fourth chapter we demonstrate that the expression of a specific mt-miRNA (mt-miRNA-Met) is
conserved across these species. This means that although often the most expressed mt-miRNA
differs across tissues, some of them are conserved with lower expression in multiple tissues. For
example, in the fourth chapter we show that cell cultures from teratoma-derived fibroblast and
neuronal progenitor differ in their most-expressed mt-miRNAs, mt-miRNA Ser and mt-miRNA
Met respectively. However, the teratoma-derived fibroblast still expresses mt-miRNA Met,
although in lower amount. This phenomenon was not clear at the time of the second study, where
our focus was on the general expression of mt-miRNAs but became clear when we focused on
gene-by-gene analyses in the fourth chapter. This phenomenon indicates that while the most
expressed mt-miRNAs vary across species and tissues, specific mt-miRNAs can be conserved
across species and tissues. Indeed, the mt-miRNA Met is highly conserved across species and
tissues. In the fourth chapter, we analysed mt-miRNA Met conservation across four different key
vertebrates (human, mouse, chicken, zebrafish), revealing that this mt-miRNA sequence has
accumulated only a handful of mutations in the ~500mya since the origin of Chordata (Shu et al.
1999). The high level of sequence conservation of mt-miRNA Met suggests that other species
outside the phylum Chordata could plausibly also have this mt-miRNA. In fact, in my previous
research, we identified for the first time the mt-miRNAs outside the Chordata clade, finding a clam
(Ruditapes philippinarum) expressing many putative mt-miRNAs (Pozzi et al. 2017).
Unfortunately, the absence of immunoprecipitation data in this species prevented us from verifying
the function of these RNAs, however, through the evidence reported in the fourth chapter, we can
now say that the small RNAs mapping to the mitochondria identified in the R. philippinarum are
likely mt-miRNAs (thus functional). R. philippinarum is part of a different phylum (Mollusca),
which exhibits an ancient divergence from Chordata. Thus, considering that the mt-miRNAs are
conserved across such distant phyla, it is plausible that the mt-miRNAs are similarly conserved in

other metazoan phyla. This possibility is supported by the findings of other researchers, who
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discovered that even plant mtDNA expresses many small RNAs (Wu et al. 2015). By combining the
results of all these studies, we can speculate that these mt-miRNAs might have originated in the
ancestral eukaryote. In conclusion, while the discoveries made in this thesis provide solid evidence
that the mt-miRNAs are conserved in the Chordata, our results lay the foundation for further

research aiming to fully explore the mt-miRNAs origin and conservation across eukaryotes.

The function of mt-miRNAs

In the third and fourth chapter, we outline the path required to demonstrate the function of
the mt-miRNAs (Chapter 3) and then perform the first step in understanding their function (Chapter
4). In the third chapter we describe several approaches to investigate the function of the mt-
miRNAs, including outlining the experimental design that we chose to pursue in the fourth chapter.
In the fourth chapter we used RNA-immunoprecipitation data to validate the mechanism used by
the mt-miRNAs to exert their function. We chose this experimental design for two main reasons.
First, by discovering the mechanism of action of these RNAs, we can use the knowledge of such
mechanisms to understand how mitochondrial mutations affect organismal function. Second, we
proposed a well-known mechanism, RNAI, so that we could leverage the many datasets available.
These datasets originated from two decades of studies used to investigate how nuclear miRNAs
regulated protein expression through RNAI, thus, providing optimal data to investigate the function
of the mt-miRNAs. Therefore, by following the experimental design discussed in my third chapter,
we were able to provide compelling evidence in Chapter 4 that the mechanism of action of the mt-

miRNAs is through RNAI.

In this thesis we demonstrated that the mt-miRNAs are part of the RNAI mechanism,
through their binding to Ago2. However, we did not fully explore all the possible pathways through
which these RNAs could be involved. In fact, in the last chapter of this thesis we performed
analyses on multiple datasets to verify the presence of bona fide mt-miRNAs able to bind Ago2,
leaving less time to explore all the possible targets of the mt-miRNAs. In my thesis, we prioritized
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demonstrating that the mt-miRNAs can bind Ago2, a finding that we believe will provide crucial for
the future development of the field. Indeed, the main question to emerge since first documented
evidence of this new class of small mitochondrial RNAs is whether they are functional or degraded
RNAs from the mitochondria. By providing a link to a well-known molecular mechanism, RNAI,
we present the first solid evidence of function of the mt-miRNAs. In our opinion, providing a stable
ground for the field to develop by demonstrating the origin and function of these RNAs must be
done before starting to investigate all the possible phenotypes affected by these RNAs.
Furthermore, the single target we were able to identify by using very strict criteria and multiple

approaches (CFLAR) revealed a series of unexpected aspects of the mt-miRNAs.

The gene CFLAR is known as an oncosuppressor due to its ability to repress apoptosis
(Sarkar et al. 2009). However, not all products from this gene are the same. Indeed, while the gene
encoding the protein CFLAR is conserved across many mammals, its mRNA isoforms are not very
conserved. One of these isoforms, CFLARL, is the longest transcript (~14Kb) and the only one
known as an apoptosis activator (Yu, Jeffrey, and Shi 2009). Therefore, the CFLARL isoform, by
activating apoptosis, can increase the rate in which the mitochondria are destroyed. Coincidentally,
this isoform is the only one targeted by mt-miRNA Met, as all the other isoforms in humans and
other species lack the region binding mt-miRNA Met. The ability of this mt-miRNA to regulate a
protein that would destroy its host (the mitochondria) resembles a “defence mechanism” protecting
the mitochondria from the nucleus. This possible defence mechanism would involve the mt-miRNA
Met blocking the translation of CFLARL even though the nucleus expresses the gene to start the
apoptosis. This phenomenon would reflect a conflict between the two genomes, as the cell tries to
destroy itself while the mitochondria tries to survive. Although hard to verify, this eventuality is
fascinating. In fact, while it is well known that virtually all eukaryotic cells harbour many selfish
elements within their genome (i.e. transposons) this would be the first case of a miRNA at the
centre of an intragenomic conflict between mitochondrial and nuclear genomes. The mt-miRNA

Met interaction with CFLARL played out through Ago2, could be interpreted as the first case of
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endogenous genomic conflict. While most researchers are focused on how either the mitochondria
or the nucleus adapt to each other to keep collaborating (ie. ATP production), the presence of an
endogenous genomic conflict suggests that despite billions of years of coevolution, the nuclear

genome still has not fully domesticated its ancestral invader.

Another implication of the role of mt-miRNA Met in apoptosis is for human health. In fact,
both mitochondria and apoptosis are known to be relevant in diseases with high mortality rate, such
as Alzheimer’s disease (Shimohama 2000; Kukreja et al. 2014). Alzheimer’s disease is a
neurodegenerative disease in which neurons in the centers for memory and cognition slowly die
through apoptosis, leaving the person affected with multiple disabilities, such as frequent memory
loss (Shimohama 2000; Alzheimer 1907). Due to the key role of apoptosis regulation in this
disease, the mt-miRNA Met might be involved in this disease. Indeed, studies have demonstrated
that increases in the mutation rate in the mtDNA increase the degeneration of neurons, and thus,
mutations in the mt-miRNA Met might plausibly be contributing to this phenotype. Nonetheless,
identifying specific mitochondrial mutations able to increase neurodegeneration has been difficult,
indeed, as we still do not know which mechanism mitochondrial mutations would use. In
conclusion, more research would be necessary to understand if the mt-miRNA Met, and other mt-

mMiRNAs, are relevant for human health.

In the third chapter of this thesis, we described the potential role in human health of another
mt-miRNA, which, however, is yet to be characterized. This is the mt-miRNA encoded in position
3243 of the mtDNA. We will call this mt-miRNA 3243 due to the relevance of the mutations
appearing in position (Deschauer et al. 1999). In fact, it has been estimated that over 80% of the
individuals with Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS)
carry the A3243G mutation (Ikeda et al. 2018). The existence of mt-miRNA 3243 was documented
when the first comprehensive study about mitochondrial transcription was published (Mercer et al.

2011). However, probably due to the amount of data discovered in that article, the finding of mt-
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miRNA 3243 has been largely ignored. Nonetheless, we hope that through this thesis we provided
enough evidence for the mt-miRNAs existence and function to warrant more investigation of the the
mt-miRNA 3243 and its potential role in MELAS. As | am writing this Discussion during the
COVID19 pandemic, I am unsure on how research in the world will proceed, however, | hope that
as soon as possible we will be able to test the function of this mt-miRNA. The ideal method to test
if mt-miRNA 3243 has a role in MELAS would be by injecting mt-miRNAs with the nucleotide A
in position 3243 into cultured cells of patients having high level of A3243G mtDNA. Then it would
be important to compare key features such as mitochondrial functionality, transcriptome and

proteome between healthy cells and cells with mutated mtDNA.

Future Directions

The goal of this thesis was to characterize the mt-miRNAs. However, due to the novelty of
this field, we were able to only scratch the surface during my PhD studies. Therefore, I will
continue investigating this field in my postdoc. Luckily, this year | have been awarded a JSPS
Standard Postdoctoral Fellowship that will allow me to continue my research at Tohoku University,
Japan. As | plan to continue my research on the mt-miRNAs during my postdoc, and | have already
discussed at length how to investigate other aspects of the mt-miRNAs in my third chapter, | will

now discuss mostly the research | plan to do in my postdoc.

In this thesis | have described several molecular aspects of the mt-miRNAs, however, in my
postdoc I will focus on the most evolutionary aspect of these RNAs. In my postdoc, | plan to
investigate if the mt-miRNAs have a role in animal adaptation. In particular, I will leverage
published human genomes, both modern and ancient, to verify if there are signals of selection on
the mt-miRNAs. Scanning mitochondrial genomes for signs of selection has been done before,

however, not while considering the existence of “mitonuclear blocks (MBs)”.

An MB is a conceptual innovation which | defined as the pairing of a mt-miRNA that binds

a partially complementary nuclear mRNA and regulates its function through RNAI (Fig.1). In an
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MB only the mRNA has a direct effect on phenotypes and the mt-miRNA functions as a regulatory
element of the mRNA. Therefore, the same mt-miRNA can be involved in multiple functions by
affecting multiple mRNAs, forming multiple MBs. These multiple MBs regulate pathways within
the cell, and mutations in genes encoding for either the mitochondrial or the nuclear RNA can lead
to MB disruption and changes in the organism phenotype. Defining the MB is vital to adapt normal
methods used to study natural selection to the study of the mt-miRNAs. In fact, usually these
methods focus on only one genome (Bamshad and Wooding 2003), either mitochondrial or nuclear.
However, mutations arising on either part of the MB can modify the phenotype, thus, analyses
investigating only one genome (mtDNA) have lower power of detecting signals of adaptation
(Sloan, Fields, and Havird 2015). Instead, by identifying the MBs present in a species, it should be
possible to then verify the conservation of these MBs across populations exhibiting different

phenotypes.

mt-miRNA Partial
\ complementarity

nuclear mMRNA

Fig.1 In this figure, we represented a mitonuclear block (MB) where a mt-miRNA binds the regulatory region of
nuclear mRNA to regulate its translation.

The phenotype that | predict to be more likely influenced by MB disruption is thermal
tolerance. This prediction is based on the research previously done by other researchers on the
relationship between mtDNA mutations and phenotype changes (Mishmar et al. 2003; Camus et al.
2017). In fact, thermal tolerance is now one of the best-known cases where different mt-haplotypes
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can influence how fruit flies will react to changes in temperature. This research has been done in the
Dowling lab and spans multiple studies. In these studies, the authors found that along the east coast
of Australia, where a climatic cline is present, fruit flies have different frequencies of mt-
haplotypes, which correlate with the changes in temperature along the cline. Furthermore, the
researchers demonstrated that flies with the mt-haplotype more common in subtropical areas are
more resistant to heat shock when compared to the flies carrying the mt-haplotype more common in
temperate areas. This comparison holds when the flies are in an isogenic nuclear background (have
the same nuclear genome), thus demonstrating that variability in the mtDNA can affect thermal
tolerance. This convinced me that investigating whether MBs are conserved across populations that
live in different temperatures might reveal signs of adaptation in the mt-miRNA. In fact, | expect
populations living in warm and cold environments to have different MBs related to temperature
regulation. Finding that MBs favourable for cold environments in populations living in cold
environments and discovering the absence of such MBs in populations living in warm environments
would suggest that the mt-miRNAs are indeed adaptive. Moreover, by combining ancient DNA
(aDNA) data to data from modern populations would further improve the results. It is possible to
use the aDNA to verify the presence of specific MBs in ancient populations, and then verify if these
MBs persisted in more recent populations. By combining these genomics data to climatic data, we
can verify if specific populations lost MBs when the environment changed. In conclusion, by using
the findings of this thesis, in my postdoc I will be able to investigate if the mt-miRNAs are not only

functional, but adaptive.

Conclusion

In this thesis we elucidated aspects of mitochondrial biology that were previously unknown.
We characterized the mt-miRNAs by confirming their origin and function (in the second and fourth
chapter) while at the same time providing suggestions for the medical community on how to further
progress our findings in their own projects (in the third chapter). This thesis contributes to the

development of the field of mitonuclear communication, but at the same time, provides new
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information for core fields of biology, such as cellular and molecular biology. This thesis focuses
on a subject that has to date yielded less than 10 published works, albeit many of which have been
at the forefront of mitochondrial biology (Mercer et al. 2011; Bottje et al. 2017; Ro et al. 2013,
Larriba, Rial, and Del Mazo 2018; Ma et al. 2016; Riggs et al. 2018; Riggs, Woll, and Podrabsky
2019; Riggs and Podrabsky 2019). Thus, my work leverages a newly emerging field of research,
and tries to open the way for further research into this field by providing necessary information for
others to keep investigating how the mitochondria can affect so many diverse animal phenotypes,
influencing health (Picard, Wallace, and Burelle 2016), adaptation (Rand and Mossman 2020) and

speciation (Hill 2015).
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