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Abstract

S

Much research ;sg focused on the effects of pathogenic mitochondrial mutations on health.
Notwithstﬂthe mechanisms regulating the link between these mutations and their
1

effects remain elusive in several cases. Here, we propose that certain mitochondrial mutations

may disrlipt tion of a set of mitochondrial-transcribed small RNAs, perturbing
comm etween mitochondria and nucleus, leading to disease. Our hypothesis
synthes;i 0 lines of supporting evidence. Firstly, several mitochondrial mutations cannot

be directly linked to effects on energy production or protein synthesis. Secondly, emerging

studies hhribed the existence of small RNAs encoded by the mitochondria and

proposed olvement in RNA interference. We present a roadmap to testing this
hypOtheSi:
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IntrodW
The mito intracellular organelles that have retained their own genome of

mitochBhJFIPPRA (mtDNA), encoding 37 known functional products; 13 proteins involved
in oxidati\* horylation (OXPHOS), and 24 functional (mt-)RNAs involved in the
synthesis ﬁproteins. OXPHOS, the metabolic pathway used to oxidize nutrients for the
ultimate pwn of ATP, takes place across five enzyme complexes, four of which rely on
synergisti ions between protein subunits transcribed by the mtDNA within the
mitochon subunits transcribed from the nuclear genome, the latter of which are
translated W the cytoplasm and then transported into the mitochondria to exert their function
[1;2]. Dumlose synergistic coordination required between the mitochondrial and
nuclear proteinS that comprise these enzyme complexes, defects in one mitochondrial protein
are sufficien use a deficiency in OXPHOS [2]. One of the best-known examples of a
single ng deficiency in OXPHOS and debilitating symptoms is the mutation
T8993G [Z). This mutation changes one of the amino-acids in the protein MT-ATP6 from a
hydrophobj ine to a hydrophilic arginine, disrupting the function of this protein; when

this mutati esent in over 70% of the mtDNA copies of a cell, it causes a range of

symptomfuch as Neurogenic muscle weakness, ataxia and retinitis pigmentosa syndrome

(NARP 2l )

Similarly, Eent paradigm indicates that mutations impairing the function of mt-rRNAs
and mt-t ill affect the synthesis of the 13 mtDNA-encoded proteins, leading to the
impairment PHOS function. The mechanisms leading to impaired OXPHOS function
include mutations disrupting RNA editing sites on the mt-tRNA, and mutations that interfere

with the interaction between mt-tRNAs and mitochondrial elongation factor (eg. mtEF-Tu)
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[3, 4]. There are over 200 mutations in the mt-tRNAs that have been associated with diseases,
and in numerous cases mutations have been described that unambiguously affect OXPHOS
function, witheclear negative consequences for human health. However, the causal links
between t jons and subsequent diseases are sometimes weak, and less than half of
H . . . .
these ZOOSutatlons have a known mechanism of action [4]. Studying these mechanisms of
action is mes challenging due to the presence of mitochondrial heteroplasmy within
cells. Mito rial heteroplasmy is a phenomenon in which multiple copies of mtDNA

within thwll carry different sets of mutations, rendering it difficult to disentangle the

effects of mutalf mtDNA from the original wild-type mtDNA copies with which they

coexist. Thj nomenon is likely to have significantly contributed to the presence of
discrepan igscveral cases between the theorised mechanisms by which these mutations
are predicmfect human health and the observed results of experimental studies. In this
paper, nt and further explore discrepancies in links between mtDNA mutations
and mitocho diseases, and present evidence for an alternative mechanism through

which mtDNA mutations might generally affect health; a mechanism that is independent of

direct alte!tions to OXPHOS function.

The first @ ncy: linking mitochondrial mutations to energy production

The first discrepancy to have emerged between theory and experimental observation is that,

M

contrar tation, disease-associated mtDNA mutations linked to impaired energy

{

production are Offen located within mitochondrial genes that are not directly associated with

E

the mitochondriad complex exhibiting OXPHOS deficiency. An example is the missense

mutati C located within the gene MT-NDS5, which encodes one of the subunits at the

A

core of the mitochondrial Complex I. Indeed, there are multiple studies linking this mutation

to mitochondrial diseases such as MELAS and Leigh Syndrome (LS), where the authors
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found OXPHOS deficiency in presence of this mutation [5—8]. Theoretically, it is expected
that the OXPHOS deficiency in the case of this mutation will be directly linked to
dysfunctio omplex I. Yet, associations between this mutation, the activity of individual
OXPHOS , and overall OXPHOS deficiency have been shown to be highly
. H I ) )
variable asoss patients with MELAS and LS. For example, Ng et al. 2018 found that in the
skeletal tiQf 10 patients affected by either MELAS or LS, only half exhibited an

associated OS deficiency. Surprisingly, across the patients with normal OXPHOS,

there wew:lts with high frequency of this mutation (~80% in heteroplasmy).
Furthermore, acjss the five of the ten patients with a clear OXPHOS deficiency, only one
had exhibﬁciency to Complex I only, while the other four exhibited deficiencies to

Complex em with other complexes (variable across patients). Indeed, in one of the

patients, m:plex I and II were affected, even though Complex II is formed only by
nuclea s and it is therefore expected to function independently of mutations in the
mtDNA. If t tation T3094C affected the assembly of Complex I, then we would expect
this complex to be consistently affected and to observe frequent OXPHOS deficiency,
however, Mffects of this mutation on OXPHOS function generally, and Complex I
function s lly, are inconsistent regardless of heteroplasmy levels or pedigree of the
patients [5[“Ftrthermore, if Complex I deficiency were to create consistent downstream

effects onSthe function of the other four complexes, we would expect most of the other

h

[

comple onsistently affected, rather than the high variation in affected complexes

across the patiefts studied. Thus, while mutation T3094C is known to cause OXPHOS

G

deficiency rectly affecting Complex I, there is some inconsistency with this

interpreta

A

Other studies present similar discrepancies when it comes to linking mitochondrial genes

harbouring candidate pathogenic mutations to their effects on phenotype. We can see clear
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examples of these discrepancies in studies of the A3243G mutation. A3243G is located on
the mt-tRNA Leu and is one of the most common mutations in mitochondrial disease, and the

major knoﬂ cause of MELAS [9, 10]. However, studies investigating this mutation

have reve | unexpected findings. For example, Li and Guan (2010) reported that
overex;reEOf Leucyl-tRNA synthetase 2 (LARS2) partially recovered mt-tRNA Leu
productiongn culrid cells carrying the A3243G mutation. Along with an increase in mt-tRNA
Leu expreme authors found a slight increase in ATP production in the cybrid cells, thus
supportinwcted link between the expression of mt-tRNA Leu and ATP production.
However, closef§gcrutiny of their study challenges this interpretation. When overexpressing
LARS2, th rs observed a range of effects that cannot be linked to mt-tRNA Leu, but
that mighﬂused the observed changes in ATP production. Among these effects, there
was an inm acetylation of mt-tRNAs Met and Ala, and increased synthesis of proteins
MT-C

-COII [11]. Due to the similar amount of Leucine across all mtDNA-

encoded pro there is no obvious connection between the increased synthesis of these

two proteins and the recovery in expression of mt-tRNA Leu. However, the increased

synthesis @f these proteins can be easily linked to the slight increase in ATP production, thus
challengiﬁea that the recovery of mt-tRNA production was the direct cause of either
increased p synthesis or ATP production. Similarly, in another study investigating the
role of A3243G in pigmentary retinopathy, Chichagova et al. [12] discovered cells with this
mutatiowi as much energy as healthy cells, albeit while still presenting pathogenic
features [%Eproviding a practical case in which the A3243G mutation does not cause
detectable d es in energy production per se, but is nonetheless still presumed as the

cause o SC.

The second discrepancy: variable positions of pathogenic mutations across mt-tRNAs

This article is protected by copyright. All rights reserved.

35U90| 7 SUOWIWOD dA IR0 et (dde sy Aq pauseno ae SajolLe VO ‘8Sh JO SajNni 10} Akeid 1T aulluO A3|1A UO (SUONIPUOD-pUR-SLLLIB)LICD" AS |1 AReIq1 U1 UO//:SANY) SUORIPUOD pUe SWB 1 34} 88S *[¥202/20/T0] U0 Aelqiaujuo AS]I ‘|1UN0D YoIeasay [BIIPSIA PUY UIfeaH [euolieN AQ 92000202 S210/200T OT/10p/u0d" A8 | imAelq 1 pui|uoy//:Sdy woiy papeojumod ‘9 ‘TZ0Z ‘8/8TTZST


https://paperpile.com/c/epOTBB/UDhWP+gaIzl
https://paperpile.com/c/epOTBB/lJZYp
https://paperpile.com/c/epOTBB/UDhWP

The mitochondrial genome harbours 22 mt-tRNAs, which play a fundamental role in the
translation of proteins. Mutations in mitochondrial mt-tRNA genes have been linked to
impairment igamitochondrial protein synthesis through a range of mechanisms [12]. Indeed,
mutationsms can involve sites that require RNA editing, or sites that are important
for the- imhree-dimensional structure of the RNA, thus potentially altering the
interactionggof mmt-tRNAs with the ribosomal proteins and other RNA-binding proteins.
Among tl‘ubinding proteins able to bind mt-tRNAs, probably the most important are
the amino tRINA synthetases responsible for protein translation in the mitochondria, and

interfering wi e binding between mt-tRNAs and these proteins is a possible cause of

Us

diseases [1 iscrepancy between theory and experimental observation, however, arises

I

when con the highly conserved function and structure of different mt-tRNAs. Such

strong conse W n implies that the pathogenic potential of a mutation at a particular point in

d

the mt ence should be similar among mt-tRNAs; thus, a mutation associated with

impaired pro ynthesis at one position of the nucleotide sequence in one mt-tRNA should

M

in theory be associated with similar impairment when found at the identical position of other

mt-tRNASY Contrary to expectations, however, the position of pathogenic mutations is

specific to@t—tRNA.

Indeed;‘tations found within the mtDNA sequence are not pathogenic and are

widesp populations. Mutations that are shared by many people, and that can be
traced bac mmon ancestor, are classified in groups named mtDNA haplogroups [14].
Haplogro ions are generally used for phylogenetic purposes to infer evolutionary
relationsid etween related taxonomic units; [15], and traditionally different haplogroups

were not considefed to incur differences in their effects on components of health and fitness
(neutral sensu lato ; [16]). Noticeably, positions of neutral and pathogenic mutations are

similar, highlighting the tRNA-specific nature of pathogenic mutations (Fig.1A). An
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interesting example is represented by mutations found near nucleotide positions 27,36 on mt-

tRNA Histidine and 31,42 respectively on mt-tRNAs Leucine. These mutations are in similar

positions 1 mt-tRNA structure, however, the mutations in the mt-tRNA for the amino

acid Leu ELAS, while those on the mt-tRNA for histidine do not have any
 — ) ) . .

known negtlve effects, and are indeed widespread among populations with haplogroup L1

(position QL3 (position 36; [14]). Furthermore, some mt-tRNAs (e.g. mt-tRNA Leul)

are associ ith many more pathogenic mutations compared to other mt-tRNAs,

suggestinm-tRNA conservation is not as strict for all mt-tRNAs despite them having

similar fu@d structure.

Indeed, wcomes to the role of mt-tRNA mutations in mitochondrial disease, the
discrepancy between theory and experimental observation extends to the function of these
RNA:s. I:\m pathogenic mutations in the mt-tRNAs exerted their negative effects
throug airment of their ability to translate mRNAs into proteins, we would then predict
that al -encoded proteins possessing the particular amino acid translated by the
mutant mt-tRNA variant would be affected. This prediction is not upheld. For example,

biochemihes comparing mitochondrial enzyme functionality in tissue samples of

patients s |@ from MELAS relative to control samples, brought about by the A3243G

mutatimNA Leucine 1, reported that only Complex I and IV are affected by this

mutati omplex IIl and V were unaffected [17]; despite each of the complexes
comprising_similar leucine content (ranging from 13 to 20%). Taken together, the data
highlight ence of a discrepancy between theoretical expectation and experimental
observati ere researchers have by tradition assumed that mitochondrial mutations in mt-
tRNAs will lead®o impaired protein synthesis. However, if this assumption were to be the

case, then the associated impairment would be expected to be general across multiple protein

complexes exhibiting high representation of the relevant amino acids. Instead, we propose
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that mutations in mt-tRNAs, which have previously been associated with mitochondrial

diseases, do not consistently lead to impaired OXPHOS, and thus the reasons for the

pathogenici f these mutations are yet to be adequately explained, and warrant
considera ternative hypothesis.
N

An alternhpothesis

We propom(istence of a mechanism we call ‘mitochondrial interference’ to explain the
discrepan%ussed above (Fig.1B). Under this hypothesis, we contend that some
occurrenc itochondrial disease may originate from mutations within small RNAs
encoded : mitochondrial genome. In particular, we hypothesize the existence of
functional@{NAs encoded in the mitochondria that are able to interfere with nuclear
regulatio opose that these (mt-)small RNAs can modify nuclear protein expression
through RNA Thterference. RNA interference is a process in which a small RNA leads a
protein com o a target mRNA, blocking its translation [18]. The mechanism used to
block lation varies depending on both the proteins and small RNAs involved. For
example, ﬂans, miRNAs can guide both Argonaute 1 and Argonaute 2 to a target
mRNA, b block translation using different mechanisms. Argonaute 1 blocks mRNA
translation ding to the target mRNA and physically preventing the ribosome from
translatinQﬁontrast, Argonaute 2 has a catalytic domain in its structure that enables the
degradam target mRNAs, thus both eliminating the mRNA itself and blocking its
translation. Norgtheless, in all types of RNA interference, the small RNA recognizes the
target mRNA thanks to the partial complementarity of their sequences, and therefore
mutati ther sequence, small RNA or target, could disrupt RNA interference function.

It is well known that disruption of the interaction between miRNAs (nuclear small RNAs)

and their target mRNAs can be pathogenic [19]. We propose that mutations in the mtDNA
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sequence that do not affect either protein structure or synthesis, may affect other currently
cryptic products in the mitochondrial genome, including the expression and function of small
non-codin s. According to our hypothesis, and supported by the emerging evidence
presented propose that these mitochondrial small RNAs are encoded within other
H , .
known m@pNA genes, such as mt-tRNAs and coding genes. The occurrence of mutations
within the gima As nested within known mt-tRNA and mt-coding genes, might explain

the discrep f how these mutations can consistently confer mitochondrial disease without

necessarile an associated effect on protein structure or synthesis.

J

The mitochondu@l interference hypothesis provides an alternative explanation for the

observed icity of several mitochondrial mutations. Indeed, the wide range of targets

13

that mt-sma As could affect, unrelated to ATP production, could explain many of the

d

various s observed in humans. Indeed, most nuclear mRNAs have tissue-specific
expres nd specific small RNAs likely affect different mRNA targets depending on the

tissue red [20, 21]. Therefore, the disruption of small RNA-mediated regulation could

M

be expected to cause tissue-specific effects, and be pathogenic only in specific tissues,

[

consistent at is commonly observed in the case of many mitochondrial diseases [2].

Important dffects of mutations in these small RNAs will not only be expected to reduce

the affinit heir target, but may also enhance their affinity with other targets, thus

n

creatin ge of possible, and complex, effects, which may explain the wide range of

{

disease sy linked to mitochondrial mutations. Moreover, our hypothesis provides an

L

alternativ ation for the observation of pathogenic mitonuclear interactions. In fact,

while s that disrupt fundamental cellular function, such as energy production, cannot

A

be expected to D@ widespread in a population due to strong purifying selection against them
[22, 23], the force of purifying selection may conceivably be less intense on mutations

affecting small RNAs if disruption of the target mRNAs does not cause systemic cellular
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dysfunction. While this parallel hypothesis provides a theoretical explanation for the
discrepancies that we have outlined above, it ultimately hinges on solid evidence of the

existence 0 ctional small mitochondrial RNAs. Such evidence is starting to emerge, and

we discus Xt section.

I
Recent di es supporting the existence of mitochondrial interference.

Recently, mlass of mitochondrial small non-coding RNAs of unknown function was

identified in hunjans [24]. These small RNAs are between 20 and 30 nucleotides long and

U

usually emithin mt-tRNAs. These mitochondrial RNAs are similar in structure to

other well nuclear small RNAs such as microRNAs and piwi-interacting RNAs,

d

having sirfil , being transcribed in small clusters, and having longer RNA precursors
[24-27 W8We contend it is possible that they interact with the same proteins as do
nuclear As. Several lines of evidence already support this contention [28]. We note
that most of the proteins that are associated with regulation by piwi-interacting RNAs are
localized Mitochondrial membrane [29-31]. Furthermore, mt-tRNAs interacting with
Argonaut@4), a key protein in the RNA interference mechanism, were recently
identiﬁrans [28]. Additionally, a recent study found evidence that changes in

cellula drial content have profound effects on global variability in protein

expressiont [32], indicating a pervasive effect of the mitochondria on patterns of gene
expressiOrEhe nuclear genome. Although there are multiple possible pathways that the
mitochondis 1ight use to influence gene regulation, these effects align with the
mitochondria rference hypothesis. In fact, the amount of small mitochondrial RNAs
within any particular tissue is correlated with mtDNA copy number [25], and thus the

abundance of small mitochondrial RNAs present within a cell might directly underlie changes
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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 small RNAs lie within other mitochondrial genes [25-27, 33-35]. Taken
together, ging studies indicate that mitochondrial small RNAs exist and are
widespr-easm)ugh their function remains to be verified, these small RNAs have some
parallels tognudlgar small RNAs involved in modulation of gene expression, and thus may
play a role ¢ manipulation of nuclear expression on behalf of the mitochondria. These
studies prwbody of preliminary evidence to suggest that mitochondrial interference

may be a prev105ly overlooked genetic mediator of mitochondrial effects on human health.

Solving tlﬂpancies

We propo, he mitochondrial interference hypothesis has capacity to resolve at least
some of the'diSefepancies between theory and experimental observation outlined above. The
A3243G mutatign, which is located within the mt-tRNA Leul, has been consistently
associ ny different symptoms, spanning from retinal neurodegeneration to stroke-
like episodes [9, 36]. The diversity of symptoms associated with this mutation is difficult to
explain ba the current paradigm, which assumes that variation in levels of tissue-
specific h my will confer differences in the degree of OXPHOS impairment across
tissues.ﬁ this diversity could be explained if the mutation A3243G was located
within mtochondrial RNA. Indeed, genes of both the mitochondrial and nuclear
genomes @issue-speciﬁc expression [25], thus the interactions between the RNAs of
both genomes will be predicted to lead to tissue-specific effects. We predict that functional
effects g from mutations in mitochondrial small RNAs and their mRNA targets will

be similar to effects resulting from mutations in nuclear miRNAs, or in their targets.
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We propose that mutation A3243G may lie within a small mitochondrial RNA and predict
that the abundance of both this small RNA and its target within any given cell or tissue
lineage is !i pathology of that lineage. Thus, we predict that mutations within this small
mitochon ay affect different nuclear mRNA transcripts in each tissue, depending
N I . : .
on whlchSranscrlpt is expressed, and cause the various symptoms associated with the
mutation 48§. These predictions are supported by one, previously ignored, but intriguing
published . The first study reporting the presence of small mitochondrial RNAs found

that mt-twl encodes a small mitochondrial RNA precisely in the region where the

mutation is located [24]. This small mitochondrial RNA is differentially expressed
across muli ell lines, supporting the presence of tissue-specific interactions [24].
Furtherm uthors of that study found no correlation between the expression of mt-
tRNAs axpression of small mitochondrial RNAs, suggesting that these small
mitoch i As were not simply bioproducts of RNA turnover from the mt-tRNAs.
Therefore, s vidence already exists that patients harbouring the mutation A3243G are

expressing a mutated small mitochondrial RNA with unknown function, which might explain
the patho%icitz of the mutation A3243G.
”~\

Population-specific effects

The mitochondrial interference hypothesis could help advance understanding of observed
variation in penetrance in effects of mtDNA mutations across populations, where the same
mutations are known to confer different effects depending on the individual ancestry. For
example, a recent study found that a specific mt-haplogroup (N9a) is associated with
increased resistance to Type 2 diabetes in people of Asian descent [37]. There is increasing
evidence of cases in which the effects of pathogenic mitochondrial mutations changes
depending on the genetic context and environment in which these mutations are expressed.

The mutation T3394C is often found in patients suffering from Leber hereditary optic
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neuropathy (LHON). Ji et al. (2012) studied the pathogenicity of this mutation in different
Asian population contexts — Han and Tibetan, creating cell lines that carried the mutation on
different mtDNA haplogroup backgrounds, M9 (enriched in Tibetan populations), B4c and
F1 (enriched in Han populations). They found complex I-specific activity and basal NADH-
linked respiration was substantially higher (and representative of levels in control lines) when
the mutation was placed on the M9 background relative to the other two backgrounds,
revealing a haplotype-specific effects of this mutation. Intriguingly, the M9 haplotype with
the T3394C is greatly enriched in high-altitude Tibetan populations, suggesting that it has
been shaped under positive selection in these populations (i.e. adaptive in high altitude, but
pathogenic in low altitude populations). According to Ji et al. (2012) this observation
suggests that the effect of specific mitochondrial mutation on human health depends on the
genetic background (population and haplotype) and environment (altitude) [38]. Indeed Kang
et al. (2015) identified a candidate list of numerous mtDNA mutations that are enriched in
high altitude Tibetan populations, which they contend may be involved in adaptation to
hypoxia, and thus serve beneficial effects in these populations, despite being pathogenic in
other human populations. This suggests that these mutations may have coevolved with
nuclear targets to moderate these effects at high altitude. The contention that nuclear loci will
moderate the effects of mtDNA mutations is not new; indeed, there are many known nuclear
modifiers of mtDNA mutations associated with human disease [39]. The observation that the
pathogenicity of mtDNA mutations depends on the genetic background might be explained
by the mitochondrial interference hypothesis. Indeed, under the mitochondrial interference
hypothesis, we would propose that at least some of the mutations defining the mt-haplogroup,
such as T3394C, lie within small mitochondrial RNAs, and that Tibetans and other Asian
populations have different nuclear alleles interacting with the mutated small mitochondrial
RNA. Therefore, the pathogenic phenotype should not have the same penetrance across all
populations carrying the mutated small mitochondrial RNA but would have high penetrance
only when a particular target nuclear allele is paired with the mutated small mitochondrial

RNA, creating a population-specific effect. This hypothesized population-specific effect
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depends on the interactions of the RNAs made by both the mitochondria and nucleus. Indeed,
according to our hypothesis, the small mitochondrial RNA should bind a non-coding region
of the target nuclear mRNA, and if this region has a population-specific polymorphism that
increases the affinity for the mutated small mitochondrial RNA, then the regulation of the
mRNA having such polymorphism would be disrupted when in presence of the mutated small

mitochondrial RNA, thus manifesting the pathogenic phenotype.

Testing t hondrial Interference hypothesis

SC

Demonstr h the existence and pervasiveness of mitochondrial interference is complex

U

given tha such interference would involve interactions between two genomes —

mitochondgial and nuclear. However, our hypothesis provides three key predictions that can

E)

be tested ur first prediction is that small mitochondrial RNAs can interfere with the

d

translation of nuclear mRNAs. This prediction can be tested by leveraging bioinformatic

analyses to 10®mify the targets of these small mitochondrial RNAs, then injecting small

\

mitoch! As whose sequences specifically target candidate mRNAs of interest into

cell cultuggs, and, finally, by performing a western blot to verify the downregulation of the

f

translated A similar experiment and proof-of-concept was performed recently,

where the synthesized candidate small mitochondrial RNAs as single-strand RNAs

and inject@d these into the gonads of a species of clam, finding that the injected RNAs

A

disrupt ¢ pathway of methylation in the clam gonads in a time-sensitive manner

{

[40]. Performingga similar experiment in human cell culture would require modifications,

U

such as usin nsient transfection to deliver the small RNAs [41]. However, these
experi rry several risks. While using transient transfection to deliver synthetic small
RNAs might deliver some results, researchers found that these methods induce the presence

of high-molecular RNA complexes, which are not induced with other methods such as
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plasmid transfection [41]. Unfortunately, since the mechanisms underlying the biogenesis of

small mitochondrial RNAs remain unknown, researchers are currently unable to leverage

methods
consistent e a target small mitochondrial RNA, but must instead introduce the
target s-mTNAs transiently into the focal cells and tissues (e.g. transient transfection).
Other riskggin thgse experiments are linked to the ability to accurately identify the mRNAs
targeted lQmall mitochondrial RNAs; as previously seen with miRNAs, modern
methods an confirmation bias and do not perform well with novel RNAs [42].
Nonethele@e risks might be offset by using high-throughput approaches, such as
analysing t ire proteome of multiple injected cell cultures, thus avoiding the necessity of
a target iﬁtion step [43]. By testing this prediction experimentally, it would be

possible t@whether or not small mitochondrial RNAs may act as inhibitors of mRNA

translati

Our se ediction is that the small mitochondrial RNAs can bind to key proteins of RNA
interference. This prediction can be tested through RNA immunoprecipitation sequencing

(RIP-seq) hents, with nuclear proteins key to RNA interference— such as Argonaute (1

to 4), or he RIP-seq technique involves an RNA and RNA-binding protein co-

immurmon, followed by RNA sequencing, thereby revealing all the RNAs able to

bind t “Bding protein [44—46]. Testing the ability of small mitochondrial RNAs to
bind to A (1 to 4), or Piwi, would have power to resolve the question of whether
small mitﬁal RNAs may regulate patterns of nuclear gene and protein expression
throug interference. Furthermore, by investigating if the small mitochondrial RNAs

bind to multiplE®Argonaute and Piwi proteins, it would be possible to distinguish between

specific interactions, wherein a small mitochondrial RNAs binds to a specific Argonaute or
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Piwi protein consistently, from potentially false interactions, where a small mitochondrial

RNAs is found to bind all proteins with similar abundance.

The third don is that the function of cells that harbour pathogenic mtDNA mutations
(located within candidate small mitochondrial RNAs) can be restored through injection of the

small mi

1

ial RNA counterparts that lack the mutation. However, experiments

investigatiiig the Bffect of pathogenic mtDNA mutations usually measure the recovery of the

C

cells by their OXPHOS activity, which might not work when investigating the

S

mitochon erference hypothesis. Indeed, OXPHOS activity might not be affected,

U

either directly oglindirectly, from mutations within small mitochondrial RNAs, as we do not

know the f their effect on gene regulation. Therefore, other methods should be used

to verify the effect of small mitochondrial RNAs injections, such as measuring if the cell

an

transcriptogge proteome are restored upon injection of the small mitochondrial RNAs to
levels ar to that observed in wild-type cells. Nonetheless, designing a reliable

experi ould be challenging, given we currently have no understanding of mechanisms

%

of small mitochondrial RNA biogenesis and transport [47], thus providing synthetic small

1

mitochon As directly in the cytoplasm cannot accurately mimic the cell ‘healthy

state’. Thg génous small mitochondrial RNAs, or their precursors, have to move through

0

the mitoc ial membrane to interact with nuclear transcripts, and a mechanism for such a

N

proces n. If this process exists, it might not only transport the small mitochondrial

RNAs, bu t be involved in their regulation, for example through RNA modifications,

Lit

thus maki ation of cellular function through small mitochondrial RNAs challenging

for no ithstanding, while the implementation of these approaches is not without its

A

challenges, theY®dffer promising avenues to experimentally test the key predictions of the

mitochondrial interference hypothesis, and therefore we believe deserve research attention.

Conclusion
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In sum, the mitochondrial interference hypothesis proposes a new framework for the
investigation of mitochondrial diseases. Current studies of the genetics underpinning the
expression itochondrial diseases focus mostly on effects of sequence mutations on
OXPHOS jon. In addition, we propose a role for the mitochondria in the regulation
of the n-uCSar_gene expression through mitochondrial small RNAs. We contend that recently
discoveredgsmall mitochondrial RNAs may interfere with nuclear regulation and may
therefore ¢ itochondrial disease in a hitherto undescribed biological context; a context
independew(PHOS functionality. Here, we have discussed small mitochondrial RNAs

and their potential biomedical implications, highlighting their similarity with nuclear RNAs

involved in A interference mechanism. However, while focusing our attention on the
potential these small RNAs in mitochondrial diseases, the potential implications
extend be itochondrial diseases per se, influencing common diseases such as Type 2
Diabet s a range of late-onset diseases recently identified to have mitochondrial

involvement In conclusion, we hope that the mitochondrial interference hypothesis will
inspire clinicians, biomedical scientists, and the general scientific community to pursue new
pathwayss the study of mitochondrial biology in general, and mitochondrial diseases in

particular.
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FIGUREMst figure a) we represented the variability in the position of mtDNA
mutations t-tRNAs. Two human mt-tRNAs are shown (mt-tRNA Histidine on left, and
Leucine 1 on righf), in which nucleotides with different colors represent neutral (light blue) and
pathogeni e) mutations. Neutral mutations are mutations without any known negative
effects on fj - The labels next to the neutral mutations indicate the haplogroup in which that
mon. These haplogroups have different frequencies depending on the

red. For example, haplogroup L is the most common in African populations.

In the second figure b) we show 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 mtsmall RNA binds the
target mRNA in a region with similar sequence. This binding stops the translation of the nuclear
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mRNA, thus changing the expression of a nuclear gene. This process could in theory target
virtually any nuclear gene, and thus could result in the dysfunction of innumerable phenotypes
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FIGURE 2 A's tic representation of the experiments necessary to verify the three key
predicti itochondrial interference hypothesis. Prediction 1 is that the small
mitochondrial RNAs can interfere with mRNA translation. It can be tested by measuring the
expression of target proteins after injection of candidate mt-small RNAs, proving that their
action is tMrotein expression. This involves injecting small mitochondrial RNAs (1.a)

targeting specific mRNAs, which will cause mitochondrial interference (1.b), with protein

a II As can bind to key proteins of RNAI. It can be tested by determining whether
small mito inl RNAs are bound to an Argonaute protein (eg Ago2), or Piwi, in vivo. It

precipi using antibodies (2.b), purifying the RNAs by removing the proteins (2.c),
and, ultHuencing the small mitochondrial RNAs (2.d). Prediction 3 is that the function
of cells th r pathogenesis-inducing mtDNA mutations can be restored through injection
of the small mitodhondrial RNA counterparts that lack the mutation. This experiment involves
two stages” irst stage, the pathogenic mutations in the patient are identified though cell
cultures (3. equencing (3.b). In the second stage, unmutated small mitochondrial RNAs
corres o the mutated mitochondrial regions are injected into the cell cultures (3.c),
then the fun f the healthy cells verified through histological and physiological analyses

depending on the pathology investigated (3.d)
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Recently a e of small RNA encoded within the mitochondrial genome has been
discoveredi Ini ork we hypothesize that these small mitochondrial RNAs can interfere with
ession through RNA interference. We discuss the implications of this

how to test it. E
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