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I.A.Organization and function of mitochondria
lLA.1. Mitochondria are essential organelles
[.LA.1.1. Structure and dynamics of mitochondria

Mitochondria are organelles found in almost every eukaryote and commonly
known as the “powerhouses of the cell” due to their major role in energy production.
Under electron microscopy, they appear as round or elongated compartments
delimited by two lipid bilayer membranes which delimit individual sub-compartments,
the internal mitochondrial matrix and the intermembrane space (IMS). The outer
mitochondrial membrane (OMM) faces the cytosol and contains specific proteins and
channels to facilitate transport of diverse molecules to and from the mitochondrial
matrix or membranes. The inner mitochondrial membrane (IMM) folds and protrudes
into the matrix to from cristae. (Figure 1A) (Palade, 1953; Sjostrand, 1953).

Mitochondria are usually represented as isolated “bean-shaped” particles lying
in the cytosol, however their shape, size and organization vary greatly in living cells.
Mitochondria undergo frequent events of fusion and fission. They can form large
dynamic interconnected networks spreading all over the cells (figure 1B)
(Westermann, 2010). Elongated mitochondria are often observed in metabolically
active cells, since the fusion can improve the efficiency of mitochondrial functions
through sharing of components and gene products. In contrast, quiescent cells
present more isolated mitochondria. Fission, or division, is required for proliferation of
mitochondria, quality control to eliminate non-functional organelles and mobility along
cytoskeletal tracks to ensure correct distribution of mitochondria throughout the cell.
Hence, the mitochondrial structure and dynamic adapt in response to changes in
physiological conditions in order to maintain correct activity where it is needed,
depending on cell type and developmental stages (Scorrano, 2013). Recent studies
showed that mitochondria can even be transferred from healthy cells to injured or
mitochondrially deficient cells in culture in order to compensate the loss of
mitochondrial functions. (Berridge et al., 2016; Sinha et al., 2016). However, this
seems to be a rare event in organismo and the mechanisms allowing for such

transfer are not completely understood.
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Figure 1. Mitochondrial structure and dynamic.

A) Transmission electron microscopy image of an isolated mitochondrion in ultrathin sections of
human fibroblast (left) and its schematic representation (right). Adapted from (Westermann,
2010). B) Confocal microscopy images of mousse embryonic fibroblasts labelled with an
antibody against an outer-membrane protein (TOM20). Mitochondrial network in physiological
conditions is usually composed of tubular mitochondria (ctrl), knockdown of a fusion protein
(Mfn1-kd) induces fragmented and isolated mitochondria while knockdown of a fission protein
(Drp1-kd) induces hyperfused long mitochondria. Scale bars: 10um. Adapted from (Tilokani et
al., 2018).

[.A.1.2. Mitochondrial functions

In most eukaryotic cells, more than 90% of energy is produced in the form of
ATP during the oxidative phosphorylation taking place in mitochondria. This process
relies on the “pumping” and accumulation of protons in the IMS by the electron
transport chain (ETC), also known as the respiratory chain, composed of four
enzymatic complexes located in the IMM. The accumulation of protons in the IMS
generates an electrochemical gradient, or membrane potential, between the IMS and
the matrix. Protons are then released into the matrix at the level of the Fo.F; ATP
synthase, also located in the inner membrane and often referred to as the fifth
complex of the respiratory chain (Figure 2). ATP synthase uses the free energy of
the proton flux to generate ATP from ADP and inorganic phosphate inside the matrix
(Rich and Marechal, 2010).
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Figure 2. Respiratory chain complexes.

Schematic representation of the four respiratory chain complexes and the Fq-F; ATP
synthase. Black arrows indicate the path of the electrons along the four complexes. Large
beige arrows indicate the transfer of protons across the IMM. Subunits encoded by the
mitochondrial genome are highlighted in different colors. Pi: inorganic phosphate. Cyt c:
cytochrome c; CoQ: coenzyme Q;. Adapted from (Zeviani and Di Donato, 2004).

Electrons are delivered to the respiratory chain during the oxidation of two
electron carrier cofactors, NADH and FADH2, at the level of complex |I (NADH
dehydrogenase) and complex Il (succinate dehydrogenase). Electrons are then
transported to coenzyme Q (CoQ) by iron-sulfur clusters. Reduced CoQ can diffuse
in the inner membrane to contact complex Ill (cytochrome ¢ reductase) and transfer
the electrons to cytochrome c in the IMS. The complex IV (cytochrome c oxidase) will
ultimately use the electrons to reduce oxygen into water. The transport of electron
induces the simultaneous translocation of protons across the membrane at the level
of complexes I, lll and IV (Efremov et al., 2010).

Most of the electron carrier cofactors used to power the proton pump originally
come from the Krebs, or tricarboxylic acid (TCA), cycle taking place in the matrix
(Figure 3). Through 8 enzymatic steps, oxaloacetate and acetyl-coA are converted
into citrate and progressively oxidized back to oxaloacetate while electrons removed
during this process are used to regenerate NADH and FADH2 (Osellame et al.,
2012). In order to sustain the cycle, pyruvate, the product of oxidation of glucose by

glycolysis, is imported from the cytosol and can be converted either into acetyl-coA
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by pyruvate dehydrogenase or into oxaloacetate by pyruvate carboxylase. Acetyl-coA
is also produced during the progressive cleavage of long-chain fatty acids in the
process of B-oxidation similarly taking place inside mitochondria (Eaton et al., 1996).
Finally, glutamine and branched-chain amino-acids can also be converted by
different enzymes into pyruvate, acetyl-coA or other Krebs cycle intermediates
(Spinelli and Haigis, 2018).

Oxidative phosphorylation

N
FAD FADH2 n
NADH NAD

Other
intermediates

AN

Aminoacids
Oxaloacetate

T

Pyruvate —> Acetyl-coA <«——— Fatty acids
B-oxidation

Pyruvate <——— Glucose Fatty acids
Glycolysis

Figure 3. The Krebs cycle fuels the electron transport chain.

Most of NADH and FADH2 (red) supplying the oxidative phosphorylation in electrons comes
from the Krebs cycle. Glucose, fatty acids and amino acids can be converted into Krebs cycle
intermediates to sustain the cycle. NADH molecules are also product of other processes such
as glycolysis and -oxidation.



Besides their role in energy production, mitochondria are involved in many
other cellular functions and the diversity of these functions varies between different
eukaryotes and cell types. Mitochondria are essential for the biosynthesis of many
metabolites and constituents used by the cells like nucleotides, cholesterol, fatty
acids and amino acids (Spinelli and Haigis, 2018). Importantly, mitochondria ensure
the synthesis of iron-sulfur clusters, essential cofactors of cellular enzymes including
many subunits of the respiratory chain or proteins involved in DNA maintenance and
protein translation (Lill and Muhlenhoff, 2005).

All eukaryotic organisms (except one isolated case (Karnkowska et al.,
2016)) appear to retain the iron-sulfur cluster biogenesis pathway, and it was
suggested that in some organisms it is the main reason for keeping the organelle
(Dellibovi-Ragheb et al., 2013).

Mitochondria play a role in other various cellular processes like apoptosis,
calcium signaling, thermogenesis or removal of toxic products.

Apoptosis, or programmed cell death, is an important mechanism used to
control cell proliferation or to remove defective and infected cells. Mitochondria-
dependent apoptosis is initiated by the release of cytochrome c, from the IMS to the
cytosol. Cytochrome c will then interact with other proteins to form the apoptosome
and induce the subsequent cleavage and activation of caspases leading to apoptosis
(Estaquier et al., 2012).

Intracellular calcium concentration governs many functions of the cells from
cell proliferation to cell death and can be modulated by extracellular signals.
Mitochondrial functions are also strongly regulated by calcium signaling. When
cellular calcium concentration rises, it enters into mitochondria by the mitochondrial
calcium uniporter (MCU) mainly at the level of specific ER-mitochondria contact sites.
The increase in calcium concentration promotes the acceleration of Krebs cycle
enzymes and subsequently increases ATP synthesis. Mitochondria can also serve as
calcium “sink” for the regulation of physiological calcium signaling (Contreras et al.,
2010).
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I.LA.2.  Mitochondria are chimeric organelles

Many features of mitochondria indicate that these organelles have an
endosymbiotic origin (Yang et al., 1985; Gray et al., 1999; Zimorski et al., 2014).
First, mitochondria ensure functions that are well conserved among eukaryotes,
suggesting they appeared during the same early evolutionary event involving the last
eukaryotic common ancestor (LECA). Second, contrary to most organelles, they are
delimited by two different membranes: the outer membrane composition is similar to
other eukaryotic membranes while the inner membrane shares physical properties
and composition with bacterial plasma membranes. For example, cardiolipin is a lipid
found in bacterial membranes and it also represents 20% of the IMM, where it is
required for the activity and correct localization of several mitochondrial membrane
proteins and participates in generation of the membrane potential (Joshi et al.,
2009). Most importantly, mitochondria contain their own genome, though encoding
only between 3 and 67 proteins. Proteins encoded by the mitochondrial genome, as
well as nuclear-encoded protein imported into mitochondria, share high similarity with
their a-proteobacterial orthologues implying that the mitochondria had a bacterial
ancestor (Timmis et al., 2004). These three particular features are notably shared
with plants chloroplasts, likely inherited through another endosymbiotic event

involving cyanobacteria.

[.LA.2.1. Human mitochondrial genome

LA.2.1.1. Organization of the mitochondrial genome

The human mitochondrial genome is a circular double-stranded DNA present
in 100 to 1000 copies per cell depending of the cell type. It is relatively small and
compact (16,569 bp), and encodes 13 essential subunits of the oxidative
phosphorylation along with 22 tRNAs and 2 rRNAs required for their translation
(Figure 4). The gene repartition between the two strands is uneven. The heavy
strand (H-strand), named for its high proportion of purines leading to a higher density,
contains most of the protein-coding genes, 14 tRNAs as well as the two ribosomal
RNAs, 12S and 16S rRNAs. The light strand (L-strand) contains only one protein-
coding gene (MT-ND6) and a few tRNA genes. Mitochondrial RNAs are transcribed
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as long polycistronic transcripts from 3 promoters, situated in the =1.1 kb-long non-
coding region (NCR), one for the L-strand (LSP) and two for the H-strand (HSP1 and
HSP2), and further processed into individual RNA species. Mitochondrial

transcription will be further detailed in section 1.B.2.1.

HSP1

Human mtDNA
16569 bp

Figure 4. Map of the human mitochondrial DNA.

The H-strand (outer circle), encodes 14 tRNAs, 10 mRNAs (for 12 proteins) and the 2
ribosomal RNAs. The L-strand (inner circle) encodes 8 tRNAs and 1 mRNA. The 3 promoters
for transcription (HSP1, HSP2 and LSP) as well as the 2 replication origins (Oy and O\) are
indicated by arrows. The D-loop is part of the NCR and is involved in transcription and
replication regulation and mtDNA association with IMM. tRNAs are annotated by their single
letter code. Mt-RNR1: 12S rRNA. Mt-RNR2: 16S rRNA. Adapted from (Gorman et al., 2016).

12



Mitochondrial DNA (mtDNA) is organized in nucleoids, structures containing 1
or more mtDNA molecules (Cavelier et al., 2000; Brown et al., 2011) which ensure
DNA compaction and association with several proteins involved in its replication,
expression and maintenance. These include the mitochondrial single-strand binding
protein (mt-SSB) which coats and protects single-stranded DNA regions, the DNA
polymerase y (POLG), the Twinkle helicase involved in replication and transcription
and translation factors such as the mitochondrial RNA polymerase (POLRMT) and
some mitochondrial ribosomal proteins (Bogenhagen, 2012). Contrary to the nuclear
genome, the compaction of mtDNA is not ensured by histone proteins. Instead, the
main protein involved in nucleoid formation is the mitochondrial transcription factor A
(TFAM) (Kukat et al., 2015). TFAM covers the mtDNA, with approximately 1 subunit
per every 16-17bp, and is sufficient to induce the formation of nucleoid in vitro
(Figure 5). Several studies showed that mitochondrial nucleoids are maintained
close to the mitochondrial membranes by the AAA+ ATPase protein (ATAD3). This
localization may compartmentalize transcriptional and translational events close to
IMM in order to facilitate the incorporation of the newly synthesized proteins into the
membrane (Brown et al., 2011; He et al., 2012).

The presence of a second genome in the cells implies that every DNA-related
function, from replication to translation, as well as DNA maintenance and repair, must
occur both in the nucleus and in mitochondria. However, the corresponding
mitochondrial mechanisms often differ greatly from those used for the nuclear

genome.
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Figure 5. MtDNA is organized in nucleoids.

A) Cryo-electron tomography of a bovine heart mitochondrion. Green: compact mtDNA
nucleoids; Blue: cristae; Gray: outer mitochondrial membrane. B) Schematic representation
of how TFAM (red) covers the mtDNA in a concentration-dependent manner and induces the
mitochondrial genome compaction by forming bridges between neighboring mtDNA strands
(black arrows). Adapted from (Kukat et al., 2015)

.LA.2.1.2. Mechanisms of mitochondrial DNA replication

The mitochondrial replisome contains the DNA polymerase y, a heterotrimer
composed of one catalytic subunit (POLG1) and 2 accessory subunits (POLG2)
required for improved processivity and rate of replication (Yakubovskaya et al.,
2006). Other major proteins are the helicase Twinkle, essential to unwind DNA during
the progression of the replication fork and the mt-SSB protecting the parental single-
stranded DNA during the replication. To initiate replication, POLG needs RNA
primers created by POLRMT through aborted transcription events. These primers are

subsequently removed by specific ribonucleases, including RNase H1, before the
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DNA ligase Ill can ligate the ends of the newly synthetized DNA strands (Al-Behadili
et al., 2018).

Replication and gene expression are mainly regulated at the level of the NCR
(figure 6) which contains 2 transcription starting sites, the light strand promoter (LSP)
and the heavy strand promoter 1 (HSP1) as well as the origin of replication of the H
strand (Oy). The NCR also contains a Termination Associated Sequence (TAS) ~100
nucleotides downstream of Oy which induces frequent premature arrest of the
replication. This leads to the formation of a small DNA fragment named 7S DNA
which hybridizes to the L strand, displacing the H strand and forming a D-loop. While
the D-loop is required for replication regulation, its exact role remains unclear
(Gustafsson et al., 2016).

D-loop region

HSP

3" HSP transcript

LSP transcript 3’ 75 DNA 3*|
o [HTHTHTHTHTITATATATHTITT
tRNAF |= CSB3 CSB2 CSB1 r TAS tRNA P
- — - { : : : : : :
500 400 300 200 100 1/16,569 16,500 16,400 16,300 16,200 16,100

Figure 6. The non-coding region of human mtDNA.

The non-coding region, a ~1.1-kb sequence located between the genes for tRNA™™ and
tRNAP™, plays a major role in regulation of replication and transcription. It contains the
promoters for the H strand (HSP) and L strand (LSP) as well as the replication origin of the H
strand (Oy). CSB1, CSB2 and CSB3 are conserved sequence blocks. Interruption of L strand
transcription at CSB2 eventually results in formation of the RNA primer required for the
replication of the H strand. The termination associated sequence (TAS) induces frequent
premature arrest of the H-strand replication leading to the formation of 7S DNA. Association
of 7S DNA with mtDNA results in the displacement-loop (D-loop). TAS is also involved in the
transcription termination of the full length HSP transcripts. Adapted from (Gustafsson et al.,
2016).
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The mechanism by which the human mtDNA replicates is still under debate
since at least three different models have been proposed (Pohjoismaki and Goffart,
2011) (Figure 7). The strand-asynchronous, or strand displacement model, was the
first described (Clayton, 2003). In this model, the replication starts with the synthesis
of the H strand from its origin of replication Oy and the replication fork moves
unidirectionally. The single parental H strand is then progressively displaced and
protected by mtSSB (Miralles Fuste et al., 2014). The replication origin of the L
strand (O,) is exposed when the replication fork reaches approximately 2/3 of the
mtDNA. When released, the O_ ssDNA region folds into a stem-loop structure
recognized by POLRMT to produce the second RNA primer and the replication of the
L-strand can start.

The second model, Ribonucleotide Incorporation ThroughOut the Lagging
Strand (RITOLS), is very similar except that the displaced single-stranded DNA
would be coated with RNA instead of mtSSB (Yasukawa et al., 2006). This model
was suggested after the observation of RNA-DNA hybrids as replication
intermediates.

The third model resembles the conventional strand-coupled DNA synthesis
where both the lagging and the leading strands are produced simultaneously from
another region, Ori Z, located between O_ and Oy. Under this model, the replication
forks move bidirectionaly with the formation of Okazaki fragments on the lagging
strand (Bowmaker et al., 2003). It is probable that different mechanisms can actually

be used depending on the cell type or energetic state (Herbers et al., 2018).
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O

Figure 7. Mitochondrial DNA replication models.

A) Strand-displacement asynchronous model. Replication of the H strand initiates at Oy The
TWINKLE helicase (blue) participates in the displacement of the parental strand (grey) while
DNA polymerase (purple) progressively synthesizes the new strand (black). The displaced
parental strand is then either protected by association with mtSSB (green) or, according to
the RITOLS model, by RNA. When the H-strand replication machinery passes O, a stem-
loop structure is formed in the displaced H-strand and the RNA polymerase (orange)
synthesize the primer required to initiate the L-strand replication. Adapted from (Gustafsson
et al., 2016). B) The synchronized model. The replication fork moves bidirectionally from an
alternative origin of replication (Ori Z) with formation of Okazaki fragments on the lagging
strands (dotted lines).

.LA.2.1.3. Mitochondrial DNA heteroplasmy, repair and elimination

Since cells contain several copies of mitochondrial genomes, one can expect

that some mutations can be tolerated as long as enough wild-type molecules remain
to ensure the expression of the correct genes. Indeed in human cells, mutated and
wild-type mtDNA molecules can coexist, a property called heteroplasmy. The
observation that mtDNA had a mutation rate 10 to 20 times higher than nuclear DNA
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first lead to the hypothesis that there were very few repair systems. However, many
repair pathways have been further identified in mitochondria.

First, POLG possesses an efficient 3'-to-5' exonuclease activity to correct
errors during replication. The removal of altered bases by base excision repair (BER)
and the repair of single-strand breaks (SSBR) have also been demonstrated (Bohr et
al., 2002). Some actors of these pathways have been identified, such as
mitochondrial DNA glycosylases required for the recognition and cleavage of the
damages as well as POLG and DNA ligase Il to fill-in the removed nucleotides and
ligate the strands. While Microhomology Mediated End Joining (MMEJ) was
proposed as the main mechanism for the repair of double-strand breaks (DSB) (Tadi
et al., 2016), such a mechanism does not seem to be efficient and seems to be
rather unfaithful by inducing small deletions of mtDNA after repair. In fact, it has been
shown that DSB-containing molecules are preferentially degraded to avoid deletions
(Moretton et al., 2017). The degradation seems to be performed, at least partially, by
the exonuclease activity of the mitochondrial DNA polymerase itself (Nissanka et al.,
2018).

[.LA.2.2. Cytosolic-mitochondrial transport of molecule

Many metabolites (pyruvate, nucleotides, coenzymes ...) and ions must be
translocated across the mitochondrial membranes. The OMM contains multiple
voltage-dependent anion channels (VDAC) which make it permeable to molecules
smaller than 5 KDa. On the other hand, the inner membrane is very impermeable and
specific membrane mitochondrial carriers and transporters are required to allow the
selective and controlled passage of molecules such as ADP-ATP carrier (Palmieri
and Pierri, 2010).

In all groups of eukaryotes, some RNAs are also imported in the mitochondria
and usually participate in the mitochondrial genome expression (Sieber et al.,
2011a). However, contrary to protein mitochondrial import (see below), the
mechanisms involved in RNA import in human mitochondria are less understood and
will be discussed more in detail in section I.B.3.

Most mitochondrial genes have been progressively transferred to the nuclear
genome since the original endosymbiosis (Timmis et al., 2004) and human mtDNA

retained only a few genes required for the synthesis of respiratory chain subunits.
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However, mitochondria require more than 1500 proteins to ensure all their functions.
Those proteins need to be imported inside mitochondria through different complexes
present in both the outer and inner membranes. Moreover, cytosolic mMRNAs
encoding mitochondrial proteins may be translated in the vicinity of OMM to facilitate
their import (Matsumoto et al., 2012; Williams et al., 2014).

Five different pathways contribute to the import of nuclear-encoded
mitochondrial proteins (Figure 8). Each of them recognizes a different targeting
signal present in the protein and can target it to specific mitochondrial localization.
The complex of the translocase of the outer membrane (TOM) is the “entry gate” for
four of the five pathways. It is composed of several receptor proteins that identify the
targeting signal and a B-barrel protein of the VDAC family which form a channel for
the passage of the proteins across the outer membrane. After being recognized by
TOM, the proteins are redirected to other complexes according to their final
destination (Wiedemann and Pfanner, 2017).

The main import pathway requires a pre-sequence targeting signal of 15 to 70
aminoacids. This sequence, usually found on the N-terminus, forms an amphiphilic
helix and is present in the majority of pre-proteins destined for the matrix and in many
inner-membrane proteins (Vogtle et al., 2009). After the recognition of the
hydrophobic surface of the pre-sequence helix and the passage through the TOM
complex, proteins are delivered to the translocase of the inner membrane 23
(TIM23). The binding of the pre-sequence activates the TIM23 channel by a
conformational change dependent of the membrane potential (van der Laan et al.,
2007). From there, the translocation into the matrix is driven by the pre-sequence
translocase-associated motor (PAM) located on the matrix side of the inner
membrane, consuming ATP in the process. If the protein contains an additional
hydrophobic sorting signal, the translocation will stop inside TIM23 and the protein
will be laterally released in IMM. In the end, the pre-sequence is cleaved by the
mitochondrial processing peptidase (MPP) present in the matrix and, in some cases,
the pre-proteins are further processed by mitochondrial intermediate peptidases
(MIPs).
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Figure 8. Mitochondrial protein import pathways.

Schematic representation of mitochondrial protein import pathways. Different targeting
signals direct nuclear encoded precursor proteins on specific routes to their final
mitochondrial locations. The translocase of the outer membrane (TOM) is the main complex
for protein translocation through OMM. Pre-sequence-containing proteins will be targeted to
TIM23 and either inserted in IMM or translocated in the matrix. The pre-sequence is then
cleaved by the mitochondrial processing peptidase (MPP). Carrier proteins of IMM are
transported with the help of the small TIMs to TIM22 and inserted in IMM. Proteins with a
cysteine motif (CxnC) are taken in charge by the mitochondrial import and assembly (MIA)
machinery and released in IMS. B-barrel-containing proteins will be inserted in OMM by the
sorting and assembly machinery (SAM). Finally, proteins with a-helical transmembrane
segments or a single N-terminal a-helix are directly inserted in OMM by the mitochondrial
import (MIM) complex. A¥ : Membrane potential across IMM. Adapted from (Dudek et al.,
2013)
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Other proteins destined for the inner membrane are mainly mitochondrial
carriers and proteins with several transmembrane domains that do not contain a pre-
sequence. Instead they harbor internal import signals recognized by TOM receptors.
These proteins being highly hydrophobic, their redirection through the hydrophilic
inter-membrane space to the specialized TIM22 complex is mediated by chaperone
proteins called small TIM chaperones (Koehler et al., 1998). Similar to TIM23-
directed proteins, the lateral release of proteins in IMM by the TIM22 channel
requires the mitochondrial membrane potential.

Most proteins destined for the IMS harbor characteristic motifs containing
cysteine residues. After their passage through the TOM complex, the mitochondrial
import and assembly (MIA) machinery present in the IMS catalyzes the formation of
intramolecular disulfide bonds between the cysteines. This promotes the
conformational stabilization of the proteins and release in IMS. (Wrobel et al., 2013;
Longen et al., 2014).

Finally, proteins can be inserted in OMM by two different pathways. The TOM
complex recognizes a C-terminal structure in [B-barrel-containing proteins and
translocates them in IMS where they are handed over to the small TIM chaperones.
The incorporation into the membrane is achieved by the sorting and assembly
machinery (SAM) located in OMM (Kutik et al., 2008). Proteins with a-helical
transmembrane segments or a single N-terminal helix are taken in charge by the
mitochondrial import (MIM) complex. The mechanisms of this pathway are not fully
understood, but TOM complex does not seem to play a decisive role here, and it was
even postulated that some proteins do not require any complexes to be inserted in
OMM (Wiedemann and Pfanner, 2017). Moreover, some mRNASs are targeted to the
mitochondrial surface and the involvement of TOM and MIM complexes in the co-
translational translocation of the corresponding proteins remains unclear (Eliyahu et
al., 2010).

[.A.2.3. Mitochondrial pathologies

.LA.2.3.1. Mitochondria are involved in diverse cellular disorders

Mitochondria are involved in many essential metabolic pathways and their
dysfunctions can lead to the development of diverse human pathologies.
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Mitochondrial disorders are particularly challenging because they can result from
mutations of either the nuclear or the mitochondrial genome (Filosto and Mancuso,
2007). Since mtDNA encodes 13 proteins of the electron transport chain and the
RNAs required for their synthesis, mtDNA mutations usually induce defects of the
respiratory chain function and impaired energy production. Typical symptoms of
mitochondrial diseases are myopathy, neurodegeneration, lactic acidosis,
gastrointestinal impairments, deafness and blindness and the most frequent
pathologies are neuromuscular syndromes because of the high energy requirement
of neuronal and muscular tissues (DiMauro and Schon, 2003). Mutations of nuclear
genes encoding other respiratory chain subunits or cyto-mitochondrial transport
machineries may also induce respiratory chain defects. Moreover, nuclear mutations
can affect genes involved in the mitochondrial genome stability, replication and
expression (Rusecka et al., 2018). Although the term “mitochondrial disease” often
implies only the impairment of the respiratory chain, some neurodegenerative
pathologies have been linked to mutations in nuclear genes encoding mitochondrial
proteins that are not directly related to respiration (Filosto et al., 2011). For example,
mutations in the PINK1 gene, encoding a kinase participating in regulation of
mitochondrial quality control of IMM, affect the PINK1/Parkin pathway involved in
mitochondrial dynamics and lead to Parkinson’s disease. Similarly, mutations in the
FXN gene encoding the mitochondrial protein frataxin, involved in the assembly of
iron-sulfur clusters, are responsible for Friedreich’s ataxia. Mitochondrial dysfunctions
or deregulations in general have been also associated with other human disorders,
such as the metabolic defect (Auger et al., 2015), self-immune diseases (Walker et
al., 2014), aging (Bratic and Larsson, 2013) and cancer (Zong et al., 2016).

I.LA.2.3.2. Pathologies linked to mtDNA mutations

More than 300 different mtDNA pathogenic mutations, affecting about 1 in
10,000 people, have been reported to date (Gorman et al., 2015). Since paternal
MtDNA is eliminated during fertilization, mutation inheritance follows a non-mendelian
pattern where only maternal mtDNA is transmitted to the child (Zhou et al., 2016),
except some recently reported cases (Luo et al., 2018a). Symptoms usually appear
early in life, with a progressive aggravation which often leads to death. They may be
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manifested in a tissue-specific manner but are generally multi-systemic with neuronal
and muscular tissues frequently affected.

While some mtDNA mutations are often associated with specific syndromes
(Filosto and Mancuso, 2007), the same genetic alteration may results in various
phenotypes in different individuals. Indeed, most mutations are recessive and usually
heteroplasmic (see section 1.A.2.1.3) with a mixture of both mutant and wild-type
mtDNA in the same cells. Symptoms often appear when the level of heteroplasmy
reaches a pathological threshold, usually 60-90% of mutated mtDNA depending on
the mutation, the tissue and the age of the patient (figure 9). Higher levels of mutant
mtDNA are often associated with more severe symptoms and different levels of
heteroplasmy for the same mutation may lead to various phenotypes (Picard et al.,
2014). In addition, heteroplasmy levels may change over time due to random
segregation of mitochondrial genomes during mitosis, resulting in daughter cells
containing different mtDNA mutation levels (Craven et al., 2017). This mechanism is
supposedly at the origin of the radical difference in heteroplasmy that may be
observed between a mother and a child. In the germ line, cells divide rapidly inducing
a reduction of mtDNA copy number per cells which is not compensated by mtDNA
replication. This genetic “bottleneck” associated with random distribution of mtDNA
produces cells with relatively few mtDNA molecules and, consequently, highly
variable levels of heteroplasmy (Cree et al., 2008).

Alternatively, since the mitochondrial genome normally replicates even in non-
mitotic cells, other theories suggest that a replicative advantage of mutated DNA may
be involved in increasing heteroplasmy over time, although the mechanisms thereof
are not completely understood. For example, smaller mtDNA molecules formed after
big deletion events are expected to replicate faster than wild-type mtDNA molecules
(Bradshaw et al., 2017).
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Figure 9. Mitochondrial heteroplasmy.

Within a cell, mutated (red mitochondria) and wild type (green mitochondria) mtDNA
molecules can coexist, a property called heteroplasmy. Low levels of heteroplasmy (i.e. low
proportion of mutated genomes) are usually tolerated. Respiratory chain defects appear
when the proportion of mutant mtDNA molecules reaches the pathogenic threshold.
Importantly, random segregation of mtDNA during mitosis can lead to modification of the
heteroplasmy level in daughter cells in both directions.

I.A.2.3.3. Therapies for mitochondrial pathologies

So far, there is no effective treatment to cure mitochondrial diseases. In the
majority of cases, therapies are limited to palliative treatment, though many different
approaches are currently used and under development (Gorman et al., 2016).
Nutritional supplement cocktails of anti-oxidants and vitamins are frequently
administered to increase mitochondrial functions or biogenesis and relieve metabolic
stress. In some mitochondrial diseases caused by enzyme deficiency, symptoms can
be attenuated by administration of the deficient enzyme, enzyme product or co-
enzyme (Repp et al., 2018). In some cases, organ transplantation can be performed
but is only temporarily effective due to the multi-systemic nature of most

mitochondrial diseases and their rapid progression.
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Stimulation  of  mitochondrial  biogenesis, = mitochondrial  oxidative
phosphorylation and even reduction of heteroplasmy seem to be also achievable with
specific diets, like high-fat or ketogenic diets, and physical exercise (Taivassalo and
Haller, 2005; Ahola-Erkkila et al., 2010; Frey et al., 2017). Those methods seem to
be somewhat effective and improve patient conditions, or at least delay the
progression of the disease. Recent studies suggest that hypoxia (11% of O, instead
of approximatively 21% in the atmosphere) may also alleviate the symptoms of
mitochondrial disorders linked to the respiratory chain, as it was shown for a mouse
model of Leigh syndrome. How hypoxia is beneficial remains unclear but it may
trigger a cellular adaptive pathway and prevent damages caused by extensive use of
the defective ETC (Jain et al., 2016).

None of the strategies cited previously can remove the primary cause of the
mitochondrial disease, i.e. mutation. Extensive research is conducted to develop
gene therapies to cure mitochondrial diseases. However, most tools developed for
the editing of the nuclear genome are not suitable for the mitochondrial genome,
mainly because DNA cannot be efficiently addressed to the mammalian
mitochondria. Up to date, possible gene therapy strategies addressing mtDNA
mutations can be organized in 3 main categories (Figure 10). The allotopic strategy
aims to express the wild-type product of the corresponding mutated mitochondrial
gene in the nucleus and then to target it inside mitochondria. The anti-genomic and
anti-replicative strategies, on the other hand, tend to specifically eliminate the
mutated mMtDNAs. All those strategies face the same challenge to import

macromolecules inside mitochondria.

Allotopic strateqy:

Many attempts have been made to express mitochondrial-encoded proteins
from nuclear genes and import them inside mitochondria. Mitochondrial-encoded
proteins are believed to be so hydrophobic that their genes could not be transferred
to the nuclear genome because they would preferentially be targeted to the
endoplasmic reticulum (Bjorkholm et al., 2017). Thus, the allotopic approach
remains challenging because of the high hydrophobicity of the mitochondrial-
encoded proteins which generally do not reach their expected mitochondrial
destination. Nevertheless, this approach was successfully applied to target into

mitochondria ATP8 and ATP6 proteins fused to a pre-sequence signal resulting in
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rescue of the phenotype due to mutation affecting these two overlapping genes
(Boominathan et al., 2016).

Allotopic strategy Anti-genomic strategy Anti-replicative strategy
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Figure 10. Different gene therapy strategies to cure mitochondrial diseases.

The allotopic strategy aims to re-express the wild-type variant of a mutated mtDNA-encoded
protein or RNA from the nucleus and target it to the mitochondria to compensate the defect
due to the mutation. This strategy however does not remove the mutation responsible for the
pathology. Both the anti-genomic and anti-replicative strategies aim to reduce the level of
heteroplasmy below the pathogenic threshold. While the anti-genomic strategy uses
nucleases to cut specifically the mutated mtDNA, the anti-replicative strategy targets to
mitochondria a molecule that can specifically anneal to the mutated mtDNA and slow down
its replication. This confers a replicative advantage to wild-type mtDNA. MTS: Mitochondrial
targeting sequence.
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Mutations in mitochondrial tRNA genes can also be the cause of pathologies.
For example, the G-to-A substitution at the position 3243 of the mitochondrial
genome (mM.3243A>G) affects the tRNA-“YR and represents one of the most
common pathogenic mtDNA mutations, usually leading to MELAS (myopathy,
encephalopathy, lactic acidosis and stroke-like episodes) syndrome (Manwaring et
al., 2007: Gorman et al., 2015) and mutation in position 8344A>G of tRNA"® cause
a mutation leading to MERRF (myoclonic epilepsy and ragged-red fibers) syndrome.
Our team demonstrated that yeast tRNA"°cyy (tRK1) can be imported into human
mitochondria (see section 1.B.3) and rescue a defect in human tRNA"® caused by a
mutation leading to MERRF syndrome (Kolesnikova et al., 2004). Similarly, when
tRK1 was modified to gain the identity determinant of tRNA"YR) it could partially

rescue the defect due to the common m.3243A>G mutation (Karicheva et al., 2011).

Anti-genomic strateqy:

The anti-genomic strategy aims to cleave specifically the mutated genomes
with nucleases in order to eliminate the mutated mtDNA or at least reduce the level of
heteroplasmy below the pathogenic threshold. The main challenge of this strategy
resides in the design of nucleases that can recognize specifically the mutant mtDNA.
Initially, this strategy was developed with restriction nucleases and proved to be
effective to reduce the heteroplasmy levels for mutations generating specific
restriction sites (Tanaka et al., 2002). However those enzymes lack the possibility to
be adapted for various mtDNA mutations. In this regard, nuclease domains have
been fused to protein motifs that can recognize specific nucleotides, as transcription
activator-like effector nucleases (TALENS) and zinc-finger nucleases (ZFNs). Those
motifs can be organized in order to target specific DNA sequences and this approach
has been successfully used to reduce the heteroplasmy levels of mtDNA mutations in
vivo (Bacman et al., 2018; Gammage et al., 2018). TALENs and ZFNs grant more
flexibility than restriction nucleases but their design is relatively complex and time
consuming.

To date, the CRISPR/Cas9 technology is the easiest and fastest tool used for
nuclear genome editing (Jinek et al., 2012). This technology relies on a ribonucleic
complex composed of the endonuclease Cas9 associated with an easily designed
short single guide RNA (sgRNA) leading the recognition and cleavage of specific
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DNA sequences. While CRISPR/Cas9 is widely used for the nuclear genome, it is yet
to be successfully applied for mitochondrial mutations (Jo et al., 2015; Gammage et
al., 2017). Recent data obtained by our team showed that both the protein and RNA
can be imported in mitochondria and the complex can cleave mtDNA (Loutre et al.,
2018b). This raises the possibility of future utilization of Crispr/Cas9 to edit the
mitochondrial genome, although it would require additional adaptation and
optimization of the system (Verechshagina et al., 2018).

Anti-replicative strateqy:

The anti-genomic strategies may result in considerable off-target cleavage
and/or induce drastic diminution of the mtDNA copy number which, in a prospect of
therapeutic application, can be detrimental for the patient with already defective
mitochondria. In that regard, anti-replicative strategies may be another approach to
reduce the level of heteroplasmy. The idea is to target to mitochondria molecules that
will specifically anneal to mutant mtDNA and interfere with its replication, giving a
replicative advantage to the wild-type genome. Our team worked on the mechanisms
of import of small non-coding RNAs in mitochondria (the only nucleic acid naturally
targeted into mitochondria) and identified the import determinants of tRK1 and 5S
rRNA (see section I1.B.3.2 and Figure 16) (Smirnov et al., 2008; Kolesnikova et al.,
2010). Interestingly, the tRK1 import determinants can be added to small RNA
molecules in order to target them into mitochondria. Similarly, part of 5S rRNA, the -
domain, can be replaced by another RNA sequence without disturbing its import. By
using these import determinants to target into mitochondria anti-replicative RNA
sequences, our team was able to induce mild heteroplasmy shifts (around 20%) in
human cells heteroplasmic for either a point mutation in the MT-ND5 gene
(m.13514A>G) leading to MELAS syndrome or a large deletion (nt 8363 to 15438)
associated with Kearns Sayre Syndrome (KSS) (Comte et al., 2013; Tonin et al.,
2014) In the first part of my thesis, | contributed to the optimization of the anti-
replicative strategy using the 5S rRNA import determinants (see section Il.A).

For the development of other therapeutic strategies against mitochondrial
diseases the complete knowledge of RNA species located inside mitochondria can
be crucial. Mitochondrial RNome comprises the mtDNA transcripts (transcriptome)

and RNA species imported from the cytosol (importome).
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|.B.Human Mitochondrial RNome

1.B.1. Importance of sub-cellular RNA
compartmentalization

Eukaryotes have developed a complex and effective internal organization
composed of enclosed compartments, or organelles, delimited by intracellular
membranes (Diekmann and Pereira-Leal, 2013). Those compartments provide
functionally specialized area, physically separate cellular processes to prevent
interference from other pathways, serve for transport of molecules and isolate
degradation processes and toxic components from the rest of the cell. Through local
modification of intracellular composition and volume reduction, they also sustain high-
rate enzymatic reactions. For example, the nucleus contains the main genome and
the machinery needed for its maintenance. It separates the RNA transcription and
maturation processes from translation in the cytosol, allowing fine regulation and
quality control (Martin and Koonin, 2006). The endoplasmic reticulum and the Golgi
apparatus are hubs of protein translation, maturation and transport processes.
Mitochondria ensure the production of the energy through oxidative phosphorylation
as well as many other essential functions. Such an organization, however, requires
efficient targeting pathways to ensure the proper localization of the molecules within
the cell (Rothman and Wieland, 1996; Kim and Hwang, 2013).

RNA molecules are involved in many key cellular functions from protein
translation with messenger RNAs (mMRNAs) and ribosomes to many aspects of gene
regulation ensured by non-coding RNAs (ncRNAs). Similarly to proteins, the
functions and the regulation of RNAs depend on their specific subcellular localization.
Asymmetric spatial distribution of mMRNAs was first observed for large or polarized
cells, like neurons and oocytes, as a way to locally synthesize proteins and spatially
restrict translation (Bashirullah et al., 1998). The localized translation ensures that
the proteins are synthesized where they are required, preventing their unwanted
activity in other parts of the cell. It also promotes the association of proteins
translated in the same region to form larger complexes and facilitates the regulation

of gene expression.
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This mechanism was initially shown to be crucial during embryogenesis and
early development (Jung et al., 2014) but the improvement of cellular fractionation
methods, organelle purification and microscopy techniques revealed that RNA
targeting to subcellular locations is a prevalent feature among eukaryotes in all cell
types and stages of life (Cody et al., 2013). For instance, it has been known for a
long time that some mMRNAs are targeted to the endoplasmic reticulum (ER) together
with ribosomes and with help of the signal recognition particle (SRP) (Walter and
Blobel, 1982; Grudnik et al., 2009) in order to couple the translation with the
transport of the nascent proteins into the ER lumen or membrane (Reid and
Nicchitta, 2015). mRNAs are also targeted to other organelles like nucleus,
peroxisomes or mitochondria (Weis et al., 2013) as it has been observed for mRNAs
translated by ribosomes bound to the mitochondrial outer membrane to promote the
import of nascent proteins into mitochondria (Figure 11) (Matsumoto et al., 2012;
Gold et al., 2017).

Besides its necessity for localized translation, the subcellular RNA localization
plays a major role in the regulation of RNA biogenesis and gene expression. In the
nucleus, long non-coding RNAs (IncRNA) act as regulators of transcription through
remodeling of chromatin organization, histone modifications and alternative splicing.
Cytosolic ncRNAs interact with mRNAs and proteins to influence mRNAs stability and
promote or repress translation. (Geisler and Coller, 2013; Rinn and Guttman,
2014). Membrane-less particles composed of RNAs associated with RNA-binding
proteins (located in the cytosol as P-bodies and stress granules) are involved in
MRNA storage, decay and translation regulation, although the exact extent of their
function remains unclear and it is still an active field of research (Luo et al., 2018b).

Recent studies showed that mitochondrial surface can serve as a platform for
some post-transcriptional RNA processing and maturation steps. The best studied
example of this pathway is pre-transfer RNA (pre-tRNA) maturation in yeast
(Chatterjee et al., 2018). Some pre-tRNAs are exported in the cytosol and
addressed to mitochondrial surface to undergo splicing and modification (figure 11).
The resulting tRNAs are then imported back to the nucleus to complete maturation.
Re-import in the nucleus is a feature found in many eukaryotes and may be involved
in tRNA quality control or translation regulation by temporary depleting the pool of
tRNAs available in the cytosol. Fully matured and functional tRNAs can then be re-

exported in the cytosol to participate in translation (Hopper et al., 2010). In
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mammals, pre-tRNAs are transcribed, spliced and modified to yield functional tRNAs
in the nucleus before they are exported in the cytosol (Rubio and Hopper, 2011).

Besides being a meeting point where RNAs are addressed to undergo
translation or post-transcriptional maturation, mitochondria also possess their own
genome producing a few RNAs required for mitochondrial functions (Anderson et
al., 1981). Moreover, some RNAs encoded in the nucleus have been reported to be
imported inside mitochondria (Sieber et al., 2011a). Thus, mitochondrion is a
particularly interesting model to study the sub-cellular localization of RNA (Figure
11).
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Figure 11. A generalized view of RNA localization to mitochondria.

Cytosolic tRNAs can localize to the mitochondrial surface for maturation or, along with
MRNAs and ribosomes, to participate in translation of proteins destined for mitochondria.
Some tRNAs and other ncRNAs may also be translocated into mitochondria were they often
participate, in translation of mitochondrial MRNAs or regulation of gene expression. Note that
all these mechanisms are not necessary present in every eukaryote.
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1.B.2. Mitochondrial Transcriptome
[.B.2.1. Mitochondrial-encoded RNA biogenesis

1.B.2.1.1. Mechanisms of mitochondrial transcription

MtDNA is transcribed as polycistronic transcripts from three different
promoters (Montoya et al., 1982) (Figure 12A). Transcription from LSP, located in
the non-coding region, produces long RNA containing 8 tRNAs and the ORF of
NADH dehydrogenase subunit 6 (MT-NDG6). H strand transcription can be initiated
either at the level of HSP1, also in the non-coding region, or HSP2, located within the
tRNAP™ gene, near the 5" extremity of the 12S rRNA gene. The initiation at the level
of HSP2 has been largely debated (Litonin et al., 2010), mainly because in vitro data
on the HSP2-derived transcript were confounded by the overlap with the HSP1
transcription, and the HSP2 transcription seems to require supercoiling of mtDNA,
not obtained with the linearized DNA substrate used in vitro. Moreover, initiation at
the level of HSP2 may require more factors than for HSP1 (Zollo et al., 2012; Zollo
and Sondheimer, 2017). It has been suggested that HSP2 initiates the transcription
of a long polycistronic RNA containing all the genes of the H strand, except for
tRNAP™ (2 rRNAs, 13 tRNAs and 10 ORFs) while initiation at HSP1 produces a
shorter transcript containing only tRNA"", tRNAY® and the two rRNAs, leading to a
higher amount of these RNAs in comparison to the rest of the transcriptome (Chang
and Clayton, 1984) (Figure 12B).

Mitochondrial transcription is carried out by a single-subunit DNA-dependent
RNA polymerase (POLRMT). Two additional proteins, the mitochondrial transcription
factor B2 (TFB2M), and the mitochondrial transcription factor A (TFAM) participate in
the initiation of the transcription (Falkenberg et al., 2002; Shi et al., 2012). TFAM
binds to a region upstream of the transcription start positions and induces the
bending of mtDNA (Malarkey et al., 2012). This allows the recruitment of POLRMT
by direct interaction with TFAM and mtDNA. The initiation complex is then completed
through the recruitment of TFB2M which performs the unwinding of the promoter
region to initiate the mitochondrial RNA synthesis (Hillen et al., 2018). Then, TFB2M
disassociates from the complex and the transcription can continue (Sologub et al.,
2009) (Figure 13). TFAM may not be strictly required for transcription since in vitro

experiments showed that initiation can happen in the absence of TFAM (Zollo et al.,
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2012), although at a very low level. Low concentrations of TFAM increase the level of
transcription while high concentrations repress it (Lodeiro et al., 2012), indicating

that TFAM may play a role as a modulator of transcription efficiency.
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Figure 12. Human mitochondrial transcription units.

A) mtDNA is transcribed as three polycistronic RNAs. Transcription from HSP1 and LSP
promoters ends in the region of the tRNA""YR) gene, probably mediated by the protein
MTERF1. Transcription from HSP2 ends at the termination associated sequence (TAS)
located in the NCR. B) The transcript from LSP contains only the coding sequence for the
ND6 subunit of complex | and 8 mt-tRNAs. HSP1- and HSP2-derived transcripts overlap and
both produce the ribosomal RNAs, but only transcription from HSP2 is believed to result in
transcription of all H-strand genes. The release of individual RNAs is mediated by processing
of tRNAs according to the tRNA punctuation model. Processing at non-canonical (tRNA-less)
sites, indicated with black arrows, is, however, not well understood. tRNAs are annotated by
their single letter code. S1: tRNA®UN: S2: tRNAAEY: | 1: tRNASUCUR): | 2: tRNARUEUN,
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Transcription initiated at LSP often terminates prematurely at the conserved
sequence block CSBII in the non-coding region due to the formation of a G-
quadruplex in the nascent RNA (Wanrooij et al., 2010). This structure is formed by
the stacking of planar guanine quartets one onto another and is stable enough to
weaken the association of POLRMT with the RNA and stimulate transcription
termination. The small RNA, named 7S RNA, released from this abortive transcription
event can serve as primer for the replication of the H strand of mtDNA (Agaronyan
et al., 2015). The mitochondrial transcription elongation factor (TEFM) can associate
with POLRMT in order to increase the processivity of the transcription machinery and
avoid the premature termination at CSBII, thus leading to the synthesis of the long
polycistronic RNA (Posse et al., 2015).

Mitochondrial transcription termination remains poorly understood. The
mitochondrial termination factor 1 (MTERF1) is the only factor involved in termination
that has been identified so far. Its binding to mtDNA can mediate termination by
interfering with the transcription elongation machinery. MTERF1 induces termination
of the transcription of the L strand as well as short H strand transcripts. Its binding

site has been localized within the tRNA-€/(VYR)

gene (Kruse et al., 1989; Terzioglu et
al., 2013). Termination for the long H-strand transcript happens somewhere in the
non-coding region, probably at the level of TAS and may involve so-far unidentified

protein factors (Figure 12A).
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Figure 13. Initiation of the mitochondrial transcription.

TFAM induces the bending of mtDNA and POLRMT is further recruited to the transcription
start site. The initiation complex is completed with the interaction of TFB2M to initiate RNA
synthesis. TFB2M then disassociates from the complex so the transcription can progress.
Adapted from (Gustafsson et al., 2016).
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.B.2.1.2. Maturation and fate of mitochondrial-encoded RNAS

Mitochondrial encoded RNAs arise from the same three polycistronic
precursor transcripts which are then processed into individual RNA molecules.
Despite this, individual RNAs show a large variation in steady-state expression levels
which cannot be imputed to transcription regulation alone (Mercer et al., 2011). This
suggests that mt-RNA abundance is mainly regulated by post-transcriptional
mechanisms affecting transcript stability.

Most of the mitochondrial RNA processing proteins are clustered in distinct
foci called mitochondrial RNA granules (MRG), formed in close proximity of nucleoids
(Antonicka and Shoubridge, 2015).

Since tRNA genes often flank rRNA and protein-coding genes, most individual
transcripts are released according to the “tRNA punctuation model” (Ojala et al.,
1981b) (Figure 12B, Figure 14). The cloverleaf structures of tRNAs are specifically
recognized and excised at 5’ by the enzyme RNase P (Rossmanith et al., 1995)
composed of 3 protein subunits (MRPP1, MRPP2 and MRPP3) and in 3’ by the
mitochondrial RNase Z, ELAC2 (Brzezniak et al., 2011). However the “tRNA
punctuation model” is not sufficient for the complete release of all individual
transcripts since some mRNAs are not flanked by tRNAs on both sides (Figure 12B).
The mechanisms of cleavage at the sites that cannot be processed by RNase P and
ELACZ remain unclear, however, some factors have been identified. For example
Fas-Activated Serine/Threonine Kinase 2 (FASTK?2) is required for the maturation of
the MT-ND6 transcript, flanked by mt-tRNA®" only on its 5’-terminus (Popow et al.,
2015), The pentatricopeptide repeat domain protein 2 (PTCD2) is involved in the
cleavage between the MT-ND5 and MT-CYB ORFs (Xu et al., 2008) and the G-rich
Sequence Factor 1 protein (GRSF1) co-localized with RNA granules, interacts with
RNase P and may participate in the processing of several mtRNAs, including MT-
ATP6/ATP8-MT-CO3 precursor (Jourdain et al., 2013).

Human mtDNA is very compact. RNAs do not contain any introns and don’t
need to be spliced. However other maturation events are required to obtain functional
mt-RNAs. mt-tRNA genes do not encode the 3’ terminal CCA, which s,
consequently, added later on by the ATP(CTP):tRNA nucleotidyltransferase 1
(TRNT1) (Nagaike et al., 2001). Interestingly, the mitochondrial tRNA™" also lacks a
3’ terminal A73 discriminator nucleotide, preventing the addition of the CCA
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trinucleotide by TRNTL1. This single A is provided by the addition of a polyadenylic
acid (poly(A)) tail to the tRNA by the mitochondrial poly(A) polymerase (mtPAP),
which is further processed by the 3’ phosphodiesterase exonuclease 12 (PDE12)
(Fiedler et al., 2015). Similarly, 7 of 11 mRNAs do not possess a complete stop
codon and contain only U or UA at their 3’ termini after processing. For these
MRNAs, the completion of the termination codon UAA is also ensured through the
addition of a poly(A) tail by mtPAP. Except for MT-ND6 mRNA, all mt-mRNAs are
polyadenylated (Hallberg and Larsson, 2014). In the eukaryotic cytosol, poly(A) tails
confer stability and promote initiation of translation while in bacteria, it stimulates
RNA degradation. In mitochondria, the role of poly(A) tails on mRNA turnover seems
to depend on their length, regulated by the actions of both mtPAP and PDE12, and
vary greatly for each RNA (Temperley et al., 2010b; Rorbach et al., 2011). A recent
study showed that abnormal mt-tRNAs can also undergo extensive polyadenylation

and are then degraded by the mitochondrial degradosome (Toompuu et al., 2018).
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Figure 14. Maturation and degradation of mitochondrial RNAs

MtDNA is transcribed as polycistronic RNAs, individual transcripts are released according to
the ““RNA punctuation model” through the cleavage of tRNAs at 5’ by RNase P and at 3’ by
ELAC2. The 3’ terminal CCA of the tRNAs is added by TRNT1, and chemical nucleotide
modifications, important for the tRNA stability and decoding ability, are introduced by several
specific enzymes. mtPAP adds 3’ poly(A) tails to mtRNAs and the lengh of the tail is
regulated by the action of PDE12. LRPPRC/SLIRP complex promotes mRNA stability and
facilitates RNA polyadenylation and translation. The first step of mitochondrial RNA
degradation may be induced by LACTB2 endonucleolytic cleavage and RNAs are further
degraded by the mitochondrial degradosome composed of PNPase and SUV3. REXO2
eliminates the short oligonucleotides produced by the degradosome.

Contrary to nuclear-encoded mRNAs, mt-mRNAs do not possess a 5 7-
methylguanosine cap involved in mRNA stability and translation (Montoya et al.,
1981). The stability of mitochondrial mRNAs is regulated by the leucine-rich
pentatricopeptide repeat-containing (LRPPRC) protein which associates with the
stem-loop-interacting RNA-binding protein (SLIRP) to facilitate RNA polyadenylation
and translation and protect mt-mRNA from degradation (Chujo et al., 2012). To date
the main candidate for the mitochondrial degradosome is the trimeric 3-5
exoribonuclease polynucleotide phosphorylase (PNPase) in complex with the
DNA/RNA helicase SUV3 (Borowski et al., 2013). However, different functions and

mitochondrial sublocalization have been reported for PNPase, resulting in some
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controversy about its role in the organelle. PNPase has been observed in the matrix
and/or in IMS (Chen et al., 2006; Borowski et al., 2013). In the matrix, PNPase was
suggested to be involved in RNA decay but also processing and stabilization of RNA
transcripts (Nagaike et al., 2005; Wang et al., 2014). In IMS it is believed to be a
central factor for the nuclear-encoded RNA import inside mitochondria (Wang et al.,
2010) and may, upon release in the cytosol, also play a role in apoptosis (Liu et al.,
2018). However, all those functions are not necessary exclusive. The PNPase-SUV3
complex can only degrade RNA to 4-nt-long oligonucleotides. At least one other
nuclease is required to complete the degradation of the short oligonucleotides and it
has been suggested that this was performed by the exonuclease REXO2 (Bruni et
al., 2017) (Figure 14). Finally, the metallo-B-lacatmase protein LACTB2 is an
endoribonuclease identified recently and may perform the initial endonucleolytic
cleavage of mRNA to facilitate the degradation by the mitochondrial degradosome
(Levy et al., 2016). L-strand transcripts containing G-quadruplex structures can be
efficiently degraded only in presence of the GRSF1 proteins which melts
guadruplexes to facilitate the degradation by the degradosome complex (Pietras et
al., 2018).

Notably, mt-tRNAs contain modified nucleosides which are important for their
stability and decoding ability. For instance, N*-methylation of adenine or guanine at
position 9 of tRNAs (m'R9) is present in most tRNAs and prevents the alternative
base-pairing interactions to allow the correct folding of tRNAs. This modification is
introduced in the precursor transcript by a subcomplex of RNase P composed of
MRPP1 and MRPP2 (Reinhard et al., 2017). The third subunit (MRPP3) of RNase P
is then recruited to cut the 5 end of the tRNA. Conversion of uridine into
pseudouridine is another common nucleoside modification stabilizing the structure of
tRNAs at different position and is performed by several mitochondrial pseudouridine
synthases, depending of the position (Bohnsack and Sloan, 2018). Modification of
U34, althought often present in cytosolic tRNA, is absent in many mt-tRNAs
recognizing 4 codons families (see next section).

Position 37 downstream of the anticodon is also frequently modified in order to
facilitate stable codon-anticodon interactions. For example, the enzymes TRIT1 and
CDK5RAP1 are responsible for the modification of adenine with a 2-methylthio-N6-
isopentenyl group (ms2i®As;) leading to accurate decoding and increased translation

efficiency. ms2i®As; is a specific feature of mitochondrial tRNAs and is not found in
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nuclear-encoded tRNAs (Yarham et al., 2014; Fakruddin et al., 2017). Ribosomal
16S and 12S rRNAs also require post-transcriptional modification of nucleosides,
such as methylation and pseudouridynylation, for the assembly of the mitochondrial
ribosomes (Bohnsack and Sloan, 2018). Similarly to mt-tRNAs, the number of

modifications found to date in mt-rRNAs is less than for cytosolic rRNAs.

[.B.2.2. Mitochondrial transcripts
.B.2.2.1. Translation related RNAs : mRNAs, tRNAs and rRNAs

MRNAS :

mt-mRNAs do not contain any introns, Shine-Dalgarno sequences, 5’ cap and
have no or very short untranslated regions (UTR) (Temperley et al., 2010b). The
MT-CO1, MT-ND6 and MT-ND5 mRNAs contain longer 3' UTRs covering the
neighbor open reading frame (ORF) or tRNA in the antisense direction; they are
currently of unknown function. Interestingly, the MT-ND6 and MT-ND5 3’ UTRs were
also observed as stand-alone long non-coding RNAs (AP, Rackham et al., 2011).
The MT-ND4L/ND4 and MT-ATP8/ATP6 mRNAs are bicistronic as their ORFs are
overlapping by 7 and 46 bp, respectively. How the translation of both polypeptides for
each bicistronic RNA is performed remains unclear. Either the ribosome repositions
itself after the translation termination on the first ORF to restart the translation on the
second one, or the upstream ORF serves as 5 UTR for the correct positioning of
ribosomes on the downstream ORF (Gao et al., 2017). The absence of long UTRs in
human mitochondrial genome may suggest that regulation of gene expression is
performed directly through protein binding in the ORF.

Human mitochondrial genetic code differs slightly from the nuclear one (Table
1) (Anderson et al., 1981). First, all NADH dehydrogenase subunit mt-mRNAs
(except for the MT-ND4/4L mRNA) contain non-conventional initiating codons, AUU
or AUA, encoding isoleucine in the cytosol (Fearnley and Walker, 1987). Notably,
human mitochondria contain only one tRNAM" which participates in both initiation and
elongation and recognizes up to three different codons (AUG used both in initiation
and elongation, and AUA and AUU exclusively employed in initiation of select mt-
MRNAs). NSUN3 and ABH1 are the two enzymes involved in the modification of the
position 34 of this unique tRNA™®', producing m°Cs, and f°Caa, respectively (Haag et

al., 2016). The UGA stop codon actually encodes tryptophan in the mitochondria,
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and the AGA and AGG codons, coding for arginine in the nuclear genetic code, are
mitochondrial stop codons used in the MT-CO1 and MT-ND6 transcripts. AGA and
AGG mitochondrial stop codons are so-called hungry codons since neither a tRNA
nor a termination factor correspond to them. This situation may induce a -1 frameshift
leading to conventional UAG stop codon translation termination (Temperley et al.,
2010a). This makes a total of 4 different stop codons in mitochondrial genetic code
(Table 1).

Universal Mitochondrial
Codon _ _
genetic code genetic code
UGA STOP Trp
AUA lle Met
AUU lle Met
AGA Arg STOP
AGG Arg STOP

Table 1. Differences between the mammalian mitochondrial and the universal
genetic codes

tRNAS :

Human mitochondrial genome codes for a set of 22 tRNAs, this is a minimal
number of tRNAs sufficient to decode all the amino-acids. In mammalian
mitochondria, nine four-codon families are decoded by only one tRNA bearing
unmodified U in the wobble position (first position of the anticodon) and only two
tRNAs (tRNA"" and tRNA®") have two isoacceptor forms (Szymanski and
Barciszewski, 2007). Moreover, there are no tRNAs AAG and AGG codons and only
one methionine tRNA which can function both for transaltion elongation and initiation.

Mt-tRNAs are characterized by a rather high adenine and uracil content and
some tRNAs have non-canonical secondary structure (Suzuki et al., 2011). For
example, mt-tRNAS®®C") |acks the entire D-arm preventing the folding into the
canonical cloverleaf structu re; mt-tRNA”" and mt-tRNA™" lack the conventional D-

loop/T-loop stabilizing interactions. The unusual features of mt-tRNAs, and the
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reduction of the set of mt-tRNA genes seem to be a consequence of the size

reduction of the mitochondrial genome

rRNAS :

12S rRNA and 16S rRNA of the human mitochondrial ribosome are encoded
by mtDNA. All ribosomal proteins are, however, encoded by the nuclear genome and
imported inside human mitochondria. 16S rRNA and over 80 mitoribosomal proteins
(MRPLs) assemble to form the large ribosomal subunit (mt-LSU, 39S), while 12S
rRNA and 30 mitoribosomal proteins (MRPSs) assemble into the small ribosomal
subunit (mt-SSU, 28S). Both subunits form together the complete 55S mitochondrial
ribosome. (Bogenhagen et al., 2014). Mammalian mitochondrial ribosomes have a
higher protein/RNA mass ratio (1:2) than cytosolic ribosomes (2:1) (Agrawal and
Sharma, 2012). Indeed, recent structural analysis of mammalian mitochondrial
ribosome showed that it only contains three RNAs: the two canonical large rRNAs
and, surprisingly, the mt-tRNAY® in human or the mt-tRNA”"™ in porcine and bovine
(Greber et al., 2015; Rorbach et al., 2016). The tRNAs were discovered in the
central protuberance of the ribosome, where 5S rRNA is usually found. The function
of these tRNAs is still unclear, but the presence of mt-tRNAY® and mt-tRNA™™ as
structural elements is most likely related to the position of the genes in the
mammalian mitochondrial genome (Figure 4). This gives a spatial proximity as well

as stoichiometry for the assembly of ribosomes.

1.B.2.2.2. Other non-coding RNAs

IncND5, IncND6 and IncCytb :
The light strand polycistronic transcript spans almost the entire length of the
mitochondrial DNA while it only encodes 8 tRNAs and the MT-ND6 ORF separated

by long stretches of non-coding sequences. Similarly, the H-strand polycistronic

transcript contains short regions of non-coding sequence, especially at the level of
the genes present in the L- strand (Figure 12B). It is important to note that detection
of non-coding RNAs is easily confounded by the presence of partially processed
MRNA precursors and RNA turnover products (Mercer et al., 2011; Kuznetsova et
al., 2017). Strand-specific deep sequencing revealed three abundant RNA transcripts
corresponding in anti-sense to the MT-ND5, MT-ND6 and MT-CYB genes
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accordingly named IncND5, IncND6 and IncCytb (Rackham et al., 2011). LncND5
and IncND6 are found as individual transcripts but also as MT-ND6 and MT-ND5
MRNA 3'UTRs, respectively. The function of the three IncRNAs remains elusive, but
they have been suggested to either stabilize or regulate the expression of their anti-

sense counterparts by forming intermolecular duplex structures.

7S RNA and LC-RNA :
7S RNA is a non-coding polyadenlyated RNA of about 200 nt transcribed from

LSP promoter (Ojala et al., 1981a). This RNA spans the proximal region of the origin
of replication Oy in the non-coding mtDNA region and its 3’ end map to the CSB1
region (Figure 6). However from the same promoter another ncRNA, named LC-RNA
(light strand coding region RNA) can be transcribed. It was suggested that 7S RNA
acts as a primer for the mtDNA replication from Oy (Jemt et al., 2015; Kuhl et al.,
2016). LC-RNA is rather involved in the formation of an R-loop by hybridization with
MtDNA in the NCR and may participate in mitochondrial DNA segregation (Akman et
al., 2016).

Chimeric transcripts :

SncmtRNASs is a long chimeric transcript which contains a hairpin structure
comprising the 16S rRNA sequence fused to a sequence derived from the
complementary strand (Villegas et al., 2007; Yang et al., 2013). Other RNAs,
named ASncmtRNAs were found to combine the antisense sequence of the 16S
rRNA fused to either 310 (ASncmtRNA-1) or 545 (ASncmtRNA-2) nucleotides of the
sense strand. These RNAs supposedly form long and stable double-stranded
structures. Their origin and role remains unclear, however these chimeric RNAs were
characterized by different expression in highly proliferating normal and tumor cells
(Burzio et al., 2009). Surprisingly, these RNAs were also detected in the nucleus
which suggests their export from mitochondria through an unknown mechanism
(Landerer et al., 2011).

Another chimeric RNA encoded by the mitochondrial DNA, called LIPCAR
(long intergenic noncoding RNA predicting cardiac remodeling) was detected in the
plasma of patients suffering from chronic heart failure. LIPCAR is composed of
sequences of MT-CO2 and MT-CYB genes and its expression was upregulated at

the late stage of the left ventricular remodeling and in cases of chronic heart failure.
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Its function is unknown but its presence in plasma of patients is used as a biomarker

of cardiovascular pathologies (Kumarswamy et al., 2014)

1.B.3. Mitochondrial RNA Importome

The organization of the mitochondrial genome and the corresponding
transcripts are well conserved in mammals but vary in other species. Notably, in
some species, tRNAs for select amino acids are not encoded by the mitochondrial
genome and must be imported from the cytosol. This range from few tRNAs in plants
to the complete set of tRNA in protists such as T. brucei (Hancock and Hajduk,
1990) and L. tarentolae (Simpson and Shaw, 1989) lacking all mitochondrial tRNA
genes. Even in species with a complete set of tRNAs encoded by the mitochondrial
genome, tRNA import from the cytosol was observed, such as in baker yeast S.
cerevisiae (Martin et al., 1979). In this case it was demonstrated that the nuclear-
encoded tRNA"°cyy (tRK1) imported into yeast mitochondria becomes essential for
mitochondrial translation under stress conditions where its organellar counterparts fail
to function (Kamenski et al., 2007). Thus, in apparently all eukaryotes (animals,
plants, fungi and protists), some nuclear-encoded RNAs are imported into the
organelle.

Import of other noncoding RNAs was also reported in mammalian cells (\Wang
et al., 2010; Kim et al., 2017). In this section | will present the RNAs reported to be
imported in human mitochondria (Table 2) and what is known on their import

mechanisms.

[.B.3.1. RNA imported into human mitochondria

tRNAS .
Human mtDNA encodes an apparently complete set of tRNAs required for the

translation of mitochondrial proteins (see section 1.B.2.2.1). Thus, it is not surprising

that tRNAs do not seem to be the main type of imported RNAs in human
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mitochondria. However, similarly to other organisms, some tRNAs were reported to
be imported even though their mitochondrial counterpart already exist in the
organelles.

In yeast S. cerevisiae, tRNA"°cyy (tRK1), one of the 2 nuclear encoded
tRNA™S, is partially redirected to mitochondria while the mitochondrial genome
already encodes a tRNA"® (tRK3) able to decode both mitochondrial lysine codons
(Martin et al., 1979), AAA and AAG. It was later demonstrated that tRK3 requires the
2-thio modification of the wobble position U34 to AAG codon, and that the wobble
position was hypomodifed at 37°C, leading to a codon recognition defect. Thus
import of tRK1, although dispensable at 30°C, becomes essential for AAG codons
translation at 37°C (Kamenski et al., 2007). Interestingly, yeast tRK1 was shown to
be also imported in human mitochondria when artificially introduced in the cells
(Kolesnikova et al., 2000). While such a situation is unnatural, it proves that an
undiscovered tRNA import pathway exists in human and suggests that some nuclear-
encoded human tRNAs may a priori be imported in human mitochondria
(Kolesnikova et al., 2004).

Indeed, tRNA®"cus and tRNA®",us were reported to be imported inside
mammalian mitochondria (Rubio et al., 2008) and that this import could provide
efficient mitochondrial translation in the case where the decoding of the GAG
glutamine codon is compromised, for example if the wobble position of mt-tRNA®" is
not correctly modified. However it is important to note that this hypothesis was not
verified. An RNA-seq study based on the analysis of RNA enrichment in RNase-
treated mitoplasts (mitochondria devoid of the outer membrane) in comparison to
crude mitochondria also identified some nuclear-encoded tRNA, including
tRNA®" s, within human mitochondria (Mercer et al., 2011). The same study also

highlyted the mitochondrial enrichement of several other nuclear tRNAs.
S5S rRNAs :

5S ribosomal RNA (5S rRNA) is a component of the LSU of most organisms,
although often absent in the mitochondrial ribosomes of unicellular eukaryotes
(Greber and Ban, 2016). It plays a structural role, acting as a scaffold
interconnecting the LSU and the SSU. (Bogdanov et al., 1995; Kouvela et al.,
2007; Amunts et al., 2015). 5S rRNA is not encoded by the mammalian
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mitochondrial genome but was found present in abundance in mammalian
mitochondria by several teams (Yoshionari et al., 1994; Magalhaes et al., 1998;
Entelis et al., 2001; Smirnov et al., 2011; Autour et al., 2018). For a long time, it
was believed that 5S rRNA mitochondrial import was required for its incorporation in
the mitochondrial ribosome. However, as mentioned previously, recent studies
showed that mammalian mitochondrial ribosomes do not contain stably integrated 5S
rRNA and instead contain mitochondrially encoded tRNAs (Greber et al., 2015;
Rorbach et al., 2016), leaving a question mark on the mitochondrial function of 5S
rRNA. Nevertheless, even though 5S rRNA is not an integral component of the
mitochondrial ribosome, our laboratory showed that knockdown of the rhodanese
protein, involved in 5S rRNA import in human, leads to decrease of the mitochondrial
protein synthesis (Smirnov et al., 2010). This suggests that 5S rRNA is required for
the mitochondrial protein synthesis and may be involved in regulation of

mitochondrial translation or the assembly of mitochondrial ribosomes.

RNase P RNA component (H1 RNA) :

The RNase P activity is found in all living organisms where its main function is
to remove the 5 leader sequence from tRNA precursors. As mentioned in section
1.B.2.1.2, this activity is also critical for the processing of mitochondrial polycistronic
transcripts in the tRNA punctuation model (Ojala et al., 1981b). Two types of RNase
P can be found in different organisms: RNase P ribonucleoproteins, composed of a
catalytic RNA components (H1 RNA) and protein factors and protein-only RNases P
(PRORP) (Klemm et al., 2016). Interestingly, in human mitochondria, the RNase P
activity is ensured by a proteinaceous complex composed of three subunits, MRPP1,
MRPP2 and MRPP3 (Holzmann et al., 2008). However, a 340-nt RNA
corresponding to the nuclear HL RNA was also detected in mitochondria
(Bartkiewicz et al., 1989; Puranam and Attardi, 2001), although, its function
appears to be redundant. It is important to note that some bacteria and archaea
encode both RNA-based and protein-only RNases P (Nickel et al., 2017), and a
similar situation may be possible in mitochondria, taking into account that RNase P
activity is not always limited to tRNA maturation and different RNases P may have

different substrate specificities (Klemm et al., 2016).
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MRP RNA (RMRP) .

In the nucleus, MRP RNA (RMRP) is the catalytic component of the
mitochondrial RNA processing (MRP) complex involved in the 5’ end maturation of
5.8S rRNA (Schmitt and Clayton, 1993). RMRP was also reported to play a role in
the cell cycle regulation (Gill et al., 2004) and to associate with the telomerase
reverse transcriptase (TERT) for the synthesis of double-stranded RNA further
processed into short interfering RNAs (siRNAs) (Maida et al., 2009). However, while
RMRP mainly localizes in the nucleus, part of RMRP is found in mitochondria and its
function was initially studied in isolated mouse mitochondria (Chang and Clayton,
1987, 1989). It was proposed to be involved in mitochondrial RNA processing as well
as in the cleavage of the transcripts complementary to the origin of replication Oy,
forming the RNA primer for the leading strand of mitochondrial DNA replication.
However, further studies showed that the transcription-replication switch did not
seem to require a nuclease activity since the RNA primer formation is a consequence
of a premature arrest of the mitochondrial RNA polymerase (see section 1.A.2.1.2)
(Agaronyan et al., 2015). Moreover, it was shown that only the 3’ region (about 130
nt) of the nuclear RMRP was imported inside mitochondria, the RNA being somehow
processed upon or during the mitochondrial import (Chang and Clayton, 1987; Noh
et al., 2016), likely leading to the loss of catalytic activity. Recent studies showed that
RMRP in mitochondria interacts with GRSF1, a component of mitochondrial RNA
granules, and contributes to the mitochondrial function and metabolism (Jourdain et
al., 2013). Interestingly RMRP and H1 RNA are structurally and evolutionary related
(Esakova and Krasilnikov, 2010), suggesting that their import could be directed by
similar mechanisms. Indeed, a short hairpin structure necessary for mitochondrial

import (import determinant) has been identified in both RNAs (Wang et al., 2010).
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modification of mt-tRNAS"

RNA Cytosolic function Putatlvcfa mltqchondrlal Comments References
unction
. . s . (Yoshionari et al., 1994)
5S rRNA Compone_nt of the cytosolic Reg“'a“‘”.‘ of mt-translation Absent from mt-ribosomes (Magalhaes et al., 1998)
ribosome and/or mt-ribosome assembly .
(Entelis et al., 2001)
Processing of polvcistronic A protein-only RNase P is (Bartkiewicz et al., 1989)
H1 RNA Pre-tRNA processing RNAg reé)urgors already present in (Puranam and Attardi, 2001)
P mitochondria (Wang et al., 2010)
hTERC RNA component of Mltochondrl_a—cytosol Not yet conflrmed by other (Cheng et al., 2018)
telomerase communication studies
Different studies disagree
. . . . : on the identity of :
mMiRNAs Gene expression regulation | Gene expression regulation mitochondria localized (Geiger and Dalgaard, 2017)
mMiRNAs
Mitochondrial RNA .
RMRP 5.8S rRNA maturation processing and formation of RMRP is  cleaved upon (Chang and Clayton, 1987)
S : import (Noh et al., 2016)
replication RNA primer
Required for increased No direct evidence of its
SAMMSON | Facilitate the import of p32 mitochondrial protein resence inside (Leucci et al., 2016)
IncRNA protein into mitochondria synthesis in highly dividing pres : (Vendramin et al., 2018)
mitochondria
melanoma cells
tRK1 Participates in translation Participates in translation Artificial system (Kolesnikova et al., 2000)
Gin Participate in translation to
tRNA cue compensate for post- Only one report, not yet
Participate in translation - ) ) ’ . (Rubio et al., 2008)
tRNAS™, o transcriptional incorrect confirmed by other studies

Table 2. Human mitochondrial imported RNAs.
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SAMMSON IncRNA :

SAMMSON is a IncRNA that predominantly localizes to the cytoplasm of
human melanoblasts and melanoma cells (Leucci et al., 2016; Vendramin et al.,
2018). SAMMSON interacts with the protein p32, involved in the regulation of the
mitoribosome assembly in mitochondria. The knockdown of SAMMSON impairs the
p32 targeting to mitochondria and causes mitochondrial protein synthesis defects,
thus, SAMMSON seems to be required for increased mitochondrial protein synthesis
in highly dividing melanoma cells. Since SAMMSON associated with mitochondria, it
has been suggested that its role in p32 addressing to mitochondria could be linked to
its own mitochondrial import. However, the SAMMSON IncRNA import has not been

demonstrated yet.

hTERC :

Recently, the RNA component of the human telomerase, hTERC, encoding
the sequence of the simple repeats added to the ends of DNA (telomere) (Gall,
1990), was also identified as imported into mitochondria (Cheng et al., 2018). In this
study, the hTERC import was initially suspected by the identification of a region
similar to that of the H1 RNA import determinant (Wang et al., 2010). Surprisingly,
deletion of this sequence in hTERC significantly increased the import efficiency
instead of abolishing it. Similarly to RMRP, hTERC was observed to be processed
upon mitochondrial import into a shorter 195 nt RNA. Since the processed version of
hTERC was detected mostly in the cytosol, the authors suggested the mitochondrial
re-export of the processed RNA. According to their hypothesis, the mitochondrial
import-processing-reexport pathway of hTERC would relay the functional state of
mitochondria to the nucleus and other cellular compartments. However, the evidence
is lacking that the hTERC processing indeed occurs within the mitochondrial matrix

and not simply at the mitochondrial surface.

microRNAS :

Small non-coding RNAs are ubiquitously found in organisms and often play a

role in gene expression regulation (Rother and Meister, 2011). Deep-sequencing of
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mitochondrial RNAs allowed the detection of many small RNAs in mitochondria.
(Mercer et al., 2011; Sripada et al., 2012). Of those, more than 150 micro-RNAs
(miRNAS) were detected in mitochondria and were subsequently called “mitomiRs”.
mMiRNAs are small noncoding RNA molecules of about 22 nucleotides that target and
repress mRNAs at the level of stability and/or translation through the recruitment of
the RNA-induced silencing complex (RISC) (Fabian et al., 2010; Huntzinger and
lzaurralde, 2011). They are transcribed as primary microRNAs (pri-miRNAs) which
are processed in the nucleus by the DROSHA/DGCR8 complex into precursor
(pre)microRNAs, exported to the cytoplasm and further processed by DICERL1 into
mature miRNAs. Then, they associate with the RNA-binding protein Argonaute 2
(AGO2), a component of RISC, and bring the complex to the target mRNA, usually by
annealing to a specific region in the 3’ UTR.

While most of them seems to be nuclear-encoded and imported inside
mitochondria or associated with OMM, a few miRNAs were also identified as
probably mitochondrially encoded (Bandiera et al., 2011; Barrey et al., 2011;
Sripada et al., 2012). For example ASncmtRNA-2, a chimeric transcript combining
sense and anti-sense sequences of the mitochondrially encoded 16S rRNA
supposedly characterized by different expression in highly proliferating normal and
tumor cells (Burzio et al., 2009) may function as miRNA precursor involved in cell
cycle regulation (Bianchessi et al., 2015).

In silico analysis revealed multiple putative miRNA-binding sites on the
mitochondrial DNA (Barrey et al., 2011). However, mitochondrial mMRNAs contain no
or small 3' UTR regions and only some components of RISC, such as AGO2, seems
to localize to the mitochondrial matrix (Bandiera et al., 2011; Zhang et al., 2014;
Geiger and Dalgaard, 2017), suggesting that mitomiRs may have other mechanisms
of action in mitochondria. Indeed, some mitochondrial microRNAs were shown to
enhance transcription instead of inhibiting it. miR-1, for example, is able to stimulate
the translation of multiple mtDNA-encoded transcripts, while repressing some nuclear
DNA-encoded mRNAs in the cytosol (Zhang et al., 2014). miR-181c was also shown
to regulate mitochondrial genome expression in the heart (Das et al., 2012). Other
non-canonical functions of mitochondrial miRNAs can be expected and many
hypotheses have been proposed. Besides roles in regulation of mitochondrial gene
expression, it was also suggested that imported miRNAs could undergo post-

transcriptional modifications in mitochondria leading to structural changes, adjusting
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their RNA or protein interaction specificity, before to be exported back to the cytosol
(Geiger and Dalgaard, 2017). To date, the function of most mitochondrial miRNAs
remains unknown, but they have been suggested to play roles in cell survival, cell
division and energy metabolism as well as in diseases like cancer (Duarte et al.,
2014; Sripada et al., 2017). It is important to keep in mind that only 7 miRNAs
localized to the mitochondria were identified in at least 3 different studies while most
mitochondrial miRNAs were identified in only 1 or 2 studies (Geiger and Dalgaard,
2017).

Many other types of small non-coding RNAs have been detected in
mitochondria, ranging from small nuclear or nucleolar RNAs (sn and snoRNAs) and
piRNAs to tRNA fragments (Mercer et al., 2011; Sripada et al., 2012). To
demonstrate whether those small RNAs are indeed located inside the mitochondria
or represent the cytosolic contaminants, new experimental approaches should be

developed.

[.B.3.2. Mechanisms of import

Although the mitochondrial RNA import is ubiquitously found among
eukaryotes, the mechanisms that direct the mitochondrial targeting and transfer of
RNAs into the mitochondrial matrix seem to differ greatly between organisms (Figure
15) (Schneider, 2011; Salinas-Giege et al., 2015). In a general manner, the
mitochondrial RNA import answers three criteria: 1) the presence of selective signals,
or import determinants, within the imported RNA, 2) the existence of a mechanism to
deviate the RNA from its cytosolic function and redirect it to the mitochondrial
surface, and 3) the use of a translocation pathway to transfer the RNA across the
mitochondrial membranes. In most cases, targeting signals within RNAs can be
found but seem to differ between RNAs and species (Duchene et al., 2009).

Mechanisms of RNA import in plant mitochondria remain elusive. In vitro
import tests suggest that the tRNA import does not require cytosolic factors, however,
mutations disrupting aminoacylation of tRNAs prevent their import in vivo and
addition of protein factors improves tRNA import rates in vitro. This indicates a
potential involvement of aminoacyl-tRNA synthetases as carrier proteins to direct
tRNA to mitochondria (Sieber et al., 2011b; Salinas-Giege et al., 2015), although
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other unidentified factors may participate in this process. The mitochondrial tRNA
transport across the membranes is ATP-dependent and requires the presence of the
membrane potential (Delage et al., 2003). VDAC was identified as the main channel
for translocation of tRNAs across the outer mitochondrial membrane, with the
participation of complexes of the protein import machinery (Tom20 and Tom40)
(Salinas et al., 2006; Salinas et al.,, 2018). However, the mechanism of

translocation through the inner membrane is still unknown (figure 15A).
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Figure 15. Mitochondrial RNA import pathways in different organisms

A) Mitochondrial RNA import in plants. The targeting of RNA to mitochondria may not require
cytosolic factors. Translocation across OMM requires Tom20, Tom40 and the VDAC channel.
Mechanisms of translocation across IMM are unknown. B) Mitochondrial RNA import in T.
brucei. tRNAs are directed to the mitochondrial import by the translation elongation factor
eEFla and the ATOM complex mediates the translocation though OMM. C) Mitochondrial
RNA import in S. cerevisiae and human. RNAs are targeted to mitochondria by the
association with various nuclear-encoded proteins normally localized inside or in the vicinity
of mitochondria. Translocation into the mitochondrial matrix is mediated by the protein import
machinery in S. cerevisiae (TOM and TIM). In human, the translocation mechanism is
unknown but seems to require the protein PNPase located in IMS. A¥: membrane potential
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The mitochondrial tRNA targeting to mitochondria in T. brucei seems specified
by a signal in the T-loop of tRNAs recognized by the cytosolic elongation factor
eEFla (Crausaz Esseiva et al., 2004). The translocation into the mitochondrial
matrix is also ATP-dependent but, contrary to plants, does not require VDAC and
only requires components of the protein import apparatus ATOM (archaic translocase
of the outer membrane) complex (Figure 15B) (Bouzaidi-Tiali et al., 2007;
Niemann et al., 2017).

The S. cerevisiae and human RNA import pathways seem to share similar
features, although not fully understood. Studies performed on some imported RNAS,
such as tRK1 and 5S rRNA, shed light on how the import may occur and uncovered
general rules that may be similar for most imported RNAs, although the involved
factors may differ depending on the RNA (Figure 15C). For instance, imported RNAs
should contain specific import determinants recognized by protein factors ensuring
the deviation of a part of the RNA pool from its cytosolic pathway to mitochondria
(Kazakova et al., 1999; Smirnov et al., 2008; Gowher et al., 2013). In yeast,
translocation in the mitochondrial matrix is then performed by the import protein
machinery, while in human, translocation through the membranes remains elusive
but seems to require the protein PNPase (Wang et al., 2010). For both organisms,
another pathway independent of any cytosolic factors (Rinehart et al., 2005; Rubio
et al., 2008) has been demonstrated by in vitro experiments, suggesting that different
RNAs might take different routes to be imported inside mitochondria.

Below | will discuss two main steps of RNA import into human mitochondria: 1)
targeting of selected RNAs to mitochondria and 2) their translocation through the

mitochondrial membranes.

1.B.3.2.1. RNA targeting to human mitochondria

Up to date, import of two RNAs into human mitochondria had been studied in
details: endogeneous 5S rRNA and yeast tRNAYScyy (tRK1). Our research team first
studied the import of tRK1 into yeast S. cerevisiae mitochondria. It was demonstrated
that the glycolytic enzyme enolase (Eno2p) binds to tRK1 to form a complex that is
directed to the mitochondrial surface (Entelis et al., 2006). Interaction of Eno2 with
tRK1 induces a conformational change of the tRNA which is then handed over to the

precursor of the mitochondrial lysyl-tRNA synthetase (preMSK). Then, it was shown
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that tRK1 can be targeted to human mitochondria if expressed or introduced into
human cells (Kolesnikova et al., 2004). Proteins implicated in this pathway seem to
be similar to those identified in yeast (human enolase and preKARS2)(Gowher et al.,
2013; Baleva et al., 2015)

Import determinant of tRK1 were identified as being the CUU anticodon,
specifically the 34 position, and nucleotides of the acceptor arm (Kazakova et al.,
1999). Those determinants are responsible for the conformational change of TKR1
upon binding to each carrier protein (Kamenski et al., 2010; Kolesnikova et al.,
2010). Upon biding with enolase, tRK1 adopts an “F-structure” composed of 3 stem-
loops. The 3’ extremity of the tRNA interacts with the 3’ part of the T-loop to form a
new arm called F-stem loop (Figure 16A). The change of conformation also induces
rearrangement within the anti-codon arm and variable region while the D-loop is
conserved. F-loop and D-loop were further identified as being the essential import
determinant, sufficient to induce mitochondrial import of small synthetic RNAs (FD-
RNA) (Kolesnikova et al., 2010).

Upon binding with enolase, tRK1 adopts an alternative secondary structure
named “F-structure” composed of three stem-loops (Kazakova et al., 1999;
Kamenski et al., 2010; Kolesnikova et al., 2010). The 3’ extremity of the tRNA
interacts with the 3’ side of the T-arm to form a new arm called the F-stem-loop
(Figure 16A). The change of conformation includes also a rearrangement within the
anti-codon arm and the variable region while the D-arm is preserved. The F- and D-
stem-loops were further identified as being the essential import determinants. Fused
to an oligoribonucleotide of 20-25 bases, these hairpin structures can induce
mitochondrial import of the resulting small synthetic RNA (Kolesnikova et al., 2010;
Comte et al., 2013; Tonin et al., 2014; Dovydenko et al., 2015)
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Figure 16. Import determinants of tRK1 and 5S rRNA.

A) Left: the cloverleaf secondary structure of tRNA™°c, (tRK1) of S. cerevisiae. Right: the F-
structure of tRK1 adopted upon binding with enolase. The 3’ part of the acceptor stem
interacts with the 3’ side of the T-arm to form a new arm (F-stem). The import determinants
(shown as boxes) form two stem loops in the F-structured RNA Blue : D-arm, Red : acceptor
stem. Adapted from (Gowher et al., 2013). B) 5S rRNA is a 120-nt-long RNA structured in
three domains (a, B and y). The interaction with TFIIIA (binding site highlighted in green) is
required for 5S rDNA transcription and the nuclear export of 5S rRNA. The interaction with
the cytosolic ribosomal protein L5 (in yellow) directs its nuclear re-import and incorporation in
the cytosolic ribosome. The interaction with the precursor of the mitochondrial ribosomal
protein MRP-L18 and the enzyme rhodanese at the level of the import determinants (in blue)
specifies the 5S rRNA import into mitochondria. Adapted from (Smirnov et al., 2011)
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The 5S rRNA import in human mitochondria follows a similar pattern and the
import determinants were also identified (Figure 16B) (Smirnov et al., 2008). 5S
rRNA is a highly structured RNA of about 120 nucleotide composed of three
domains, namely a, B and y, and transcribed by RNA polymerase Il with the help of
the transcription factor IlIA (TFIIIA) in the nucleus. It is believed to be exported to the
cytosol in complex with TFIIIA where it interacts, through its B-domain, with the
cytosolic ribosomal protein L5 (Steitz et al., 1988). 5S rRNA is then imported back in
the nucleus to be integrated in the cytosolic ribosome. In the cytosol, 5S rRNA can
also interact, through its y-domain, with the precursor of the mitochondrial ribosomal
protein L18 (pre-MRPL18) and be redirected to the mitochondria (Smirnov et al.,
2011). Similarly to tRK1 and enolase, the interaction with pre-MRP-L18 induces a
change in conformation of the 5S rRNA molecule and allows the interaction of the 5S
rRNA a-domain with the second carrier, the rhodanese protein (thiosulfate
sulfurtransferase) and ultimately import into the mitochondrial matrix (Smirnov et al.,
2010; Autour et al., 2018). The a and y domains are essential for the mitochondrial
targeting of 5S rRNA, whereas the [B-domain is only involved in the 5S rRNA
incorporation in the cytosolic ribosome. Not surprisingly, the removal of the 3-domain
or its substitution with a short RNA sequence does not alter the import of 5S rRNA
and may even increase its targeting to mitochondria (Smirnov et al., 2008).

The mechanisms of mitochondrial targeting of other RNAs are less studied but
it is probable that other protein factors destined for the mitochondrial matrix are
involved. For example, a recent study showed that the RMRP export from the
nucleus was mediated by the protein HUR and, once in mitochondria, this RNA
interacts with GRSF1 (Noh et al., 2016). One of the two proteins may be responsible
for the targeting of the RNA to the mitochondrial surface. Similarly, the main
candidate for the mitochondrial targeting of miRNAs is the RISC component AGO2,
also detected inside mitochondria. However further studies should be performed to

validate this hypothesis.

1.B.3.2.2. Translocation through the mitochondrial membranes

Compare to protein import pathways (section 1.A.2.2), mechanisms for RNA
translocation across the mitochondrial membranes in human are not well understood.

It was shown that the process was ATP-dependent, required the presence of the
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membrane potential and might involve the protein import apparatus, as it was
observed in yeast (Tarassov et al., 1995; Entelis et al., 2001). RNA translocation
through OMM can be mediated by TOM complex and/or VDAC channel (I. Tarassov,
unpublished results).

Up to date, the protein PNPase is a major candidate possibly involved in RNA
translocation through IMM (Figure 15C) (Wang et al., 2010). PNPase is an
evolutionarily conserved 3’ to 5 exoribonuclease encoded by the nuclear gene
PNPTL1. It was found to possess a mitochondrial localization pre-sequence at its N-
terminus and localized both in mitochondrial IMS and the matrix (Chen et al., 2006;
Borowski et al., 2013). On the one hand, as discussed previously (section 1.B.2.1.2),
PNPase is a major component of the RNA degradosome and is involved in mtRNA
processing and turnover (Nagaike et al., 2005; Borowski et al., 2013; Wang et al.,
2014). On the other hand, PNPase was shown to modulate the import level of several
RNAs (Wang et al., 2010). Mutations in human PNPase are linked to mitochondrial
diseases characterized by respiratory chain defects, associated with both
mitochondrial RNA processing defects and altered RNA import (Vedrenne et al.,
2012; von Ameln et al., 2012; Matilainen et al., 2017)

Since PNPase is a nuclease, the mechanism by which it is involved in RNA
import remains puzzling. It was postulated that PNPase can recognize small stem-
loop structures within RNAs acting as import determinants. Such structures are parts
of import determinants found for 5S rRNA and tRK1 (Figure 16) but were also
identified in HL RNA and RMRP (Wang et al., 2010). Precursors of miRNAs are also
known to adopt stable stem-loop structures that could be recognized for RNA import
by PNPase.
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Figure 17. Structure of the human polynucleotide phosphorylase

A) Domain organization of human PNPase. B) Structure of human PNPase revealed by
small-angle X-ray scattering (SAXS). PNPase assembles into a homotrimer, the S1 and KH
domain form two pores one onto the other at the entry of the RNase PH channel containing
the active site. Each PNPase monomer is represented with a different color. Adapted from
(Golzarroshan et al., 2018) C) Schematic model of PNPase bound to RNA (the S1 pore is
not shown for simplicity). If the 3’ overhang is long enough, the RNA can access the active
site (AS) and be degraded. However, structured RNAs cannot enter in the KH pore. Many
mitochondrially imported RNAs contain structured import determinants preventing their
degradation. Adapted from (Lin et al., 2012).

The structure studies start to reveal how the selection for RNA mitochondrial
import may occur at the level of PNPase (Lin et al.,, 2012). A PNPase monomer
consists of two RNase PH domains (PHI and PHII), a so-called a-helical domain, and
two RNA-binding domains, KH S1 (Figure 17A). Three monomers assemble into a
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“‘doughnut’-shaped homotrimer with a central channel formed by the six RNase PH
domains, where the catalytic site is located (Figure 17B). The KH domains were
shown to be important for single-stranded RNA binding and degradation. They form a
“‘pore” at the entry of the PH channel through which the 3’ end of a single-stranded
RNA enters and subsequently interacts with the catalytic site (Lin et al., 2012).
However, the pore is too narrow to allow the passage of a structured RNA. A recent
study proposed that it is the S1 domains, also forming a pore on top of the KH
domains, which interact with structured double-stranded RNAs (Golzarroshan et al.,
2018). If the length of the 3’ overhang of the bound RNA is too short, it will prevent
the entry of the RNA into the KH pore and the PH channel, protecting it from
degradation (Figure 17C) (Wang et al., 2010; Lin et al., 2012). Still, this hypothesis
should be experimentally validated.

How the RNA translocation to the mitochondrial matrix can occur after the
interaction with PNPase, remains unknown. In any case, PNPase cannot form a
transmembrane channel; therefore, it can be implicated in the selection of imported
RNA molecules and their targeting to an IMM channel which has not been identified

up to date.

1.B.4. |dentification of Imported RNAs

While the mitochondrial transcriptome is relatively well established the
diversity of nuclear-encoded RNAs addressed to mitochondria and their functions
remain largely unknown. The absence of an RNA gene in the mitochondrial genome
when the gene product is required for mitochondrial functions is the first indication of
mitochondrial RNA import and was particularly obvious in the case of tRNAs in some
protists as Kinetoplastida (Simpson and Shaw, 1989; Hancock and Hajduk, 1990).
However, adequate experimental techniques to detect and confirm the import of RNA
in the organelles are essential, and many strategies have been employed over the

years.
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.B.4.1. Classical cellular fractionation

Isolation of mitochondria :

Methods to validate the import of a candidate RNA are usually based on
cellular fractionation to isolate mitochondria (Figure 18) (Claude, 1946). Isolation of
mitochondria requires an initial step of cell homogenization in conditions that maintain
the mitochondrial integrity, usually followed by differential centrifugations. Low-speed
centrifugation allows the removal of cellular debris and nuclei while mitochondria
remain in the supernatant. Mitochondria are then recovered by high-speed
centrifugations and can be used for in vitro import tests.

For this, a radiolabeled RNA transcript is added to the isolated mitochondria
with or without cytosolic protein factors facilitating import, as well as ATP and ATP-
regeneration system. Upon incubation, a ribonuclease treatment is performed to
degrade the RNAs outside the mitochondria. The RNAs present in the mitochondrial
matrix are protected from the RNase degradation by mitochondrial membranes.
Isolated RNAs are separated by polyacrylamide gel electrophoresis (PAGE), and the
presence of the candidate RNA at the end of the procedure is assessed by
autoradiography. Examples of mitochondrial isolation and in vitro import test
procedure are provided in (Mager-Heckel et al., 2007; Wang et al., 2015).

A slightly different experiment can be performed to check the in vivo import of
the endogenous RNA (figure 18). In this case, RNAs are directly extracted from the
isolated mitochondria to analyze the mitochondrial RNA composition. However, more
stringent purification steps are required to avoid cytosolic contamination. This may
include, for example, an additional sucrose or Percoll gradient centrifugation step to
eliminate other membrane-bounded organelles. However, differential centrifugation
usually fails to eliminate efficiently all the cytosolic components tightly associated with
mitochondria. To improve the purity of the mitochondrial sample, the outer membrane
of mitochondria is usually removed. The generation of mitoplasts (mitochondria
without the outer membrane) can be achieved by two different approaches: either
with detergents such as digitonine, which preferentially permeabilize cholesterol-rich
membranes such as OMM, or by inducing slight swelling of mitochondria and rupture
of the mitochondrial membrane by osmotic shock (Petit et al., 1998; Zischka et al.,
2008).
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Figure 18. Analysis of mitochondrial RNA import by cellular fractionation.

Schematic representation of the experimental procedure for isolation of mitochondria and
RNA import analysis. Isolated mitochondria are retrieved by cellular homogenization followed
by differential centrifugation. Crude mitochondria can be used for in vitro import tests with
radiolabeled RNA transcripts. RNase treatment eliminates RNAs outside the mitochondria,
and the imported radiolabeled RNAs can be detected by autoradiography. In order to analyze
endogenous mitochondrial RNAs, cytosolic RNA contaminants can be eliminated by the
removal of OMM (mitoplast generation) followed by RNase treatment. Then extracted RNAs
can be detected by various methods.

Since conditions of treatment are always in balance between the removal of

the mitochondrial outer membrane and preservation of the inner membrane (Cannon
et al., 2015), moderate treatments are preferred, albeit they can only partially remove
the outer membrane in a population of mitochondria (Fuller and Arriaga, 2004;

Zischka et al., 2008). Mitoplasts are also usually treated with ribonucleases, unable
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to cross IMM, to digest remaining cytosolic RNA contaminants. RNA extraction can

then be performed to analyze the mitochondrial RNA composition.

Analysis of the samples :

Mitochondria always interact with other cellular components like the
endoplasmic reticulum (Marchi et al.,, 2014), Golgi, endosomes, some RNA-
containing organelles such as P-bodies (Huang et al., 2011), stress granules, RNA
granules (Cande et al., 2004; Aravin and Chan, 2011) and, of course, the cytosolic
ribosomes engaged in translation at the surface of OMM (Matsumoto et al., 2012;
Gold et al., 2017). Hence, caution should be taken when analyzing mitochondrial
RNA samples, since cytosolic contaminant RNAs have variable susceptibility to
purification treatments (Cannon et al., 2015).

Northern blotting and RT-qPCR are routinely performed to detect RNAs in
samples of isolated mitochondria. However, for both methods the identity and
sequence of the candidate RNA must be known and only a limited number of RNAs
can be analyzed. This also implies that only a few cytosolic control RNAs can be
examined to estimate the purity of the mitochondrial samples. On the contrary, next-
generation sequencing (RNA-seq) offers the possibility of large scale analysis of
mitochondrial RNA import and detection of unsuspected imported RNAs. The
experimental design of RNA-seq and the analysis procedure may vary greatly
according to the analyzed system and the biological question. The sequencing of
RNA itself may exploit completely different methodologies, depending on the
commercial instrument used (Hrdlickova et al., 2017).

In a general manner, RNA-seq consists first in the reverse transcription of the
RNAs to creation a complementary DNA (cDNA) library because most sequencing
instruments are designed for DNA sequencing. However, some recently developed
instrument such as Nanopore technology allows the direct sequencing of RNA
molecules (Garalde et al., 2018). For this, adapter sequences must be ligated to the
cDNA extremities, which are also required for both PCR amplification and
sequencing. In the end, the sequence reads obtained virtually represent the complete
RNome and can be mapped onto a reference genome, or assembled together to
reconstitute the sequence of the corresponding transcripts. It is important to note that

the diversity of approaches that can be used for RNA-sequencing, including removal

61



of some RNA species (rRNA depletion), differences in equipment and reagents and
sensitivity complicates the comparison of data obtained by different laboratories.

Large-scale analyses of mitochondrial RNA samples by RNA-seq have been
attempted by several laboratories (Bandiera et al.,, 2011; Mercer et al., 2011;
Sripada et al., 2012; Rackham and Filipovska, 2014). However, in most cases it
remains unclear to what extent the analyzed RNA samples contain cytosolic RNA
contaminants. Indeed, RNA-seq provides high detection sensitivity capable to reveal
trace amounts of contaminant RNA and it appears practically impossible to obtain
completely pure mitochondria by conventional isolation methods. Moreover, standard
approaches of purification of mitochondria are based on nuclease degradation of
cytosolic contaminants, and laboratories often fail to provide clear controls to
demonstrate that RNAs are protected from the nuclease treatment by mitochondrial
membranes and not by other factors (Cannon et al., 2015). In fact, most published
studies aimed to investigate mtDNA-encoded transcripts rather than mitochondrial
RNA import, so the elimination of contaminating cytosolic RNAs during mitochondrial
isolation was not of critical importance. Consequently, the procedures were
successful to investigate the mitochondrial transcriptome (Mercer et al., 2011) but
were often indecisive and sometimes even contradictory in what concerns the
nuclear-encoded RNAs residing in the organelles.

Altogether, RNA-seq studies of mitochondrial RNome failed to give a clear
view of the mitochondrial RNA importome. However, to date, RNA-seq remains the
only convenient strategy for large-scale analysis of RNomes. Thus, the methodology
must be adapted in order to draw an accurate list of mitochondrially imported RNAs.
The second part of my thesis consisted in the development of a new approach
allowing the RNA-seq-mediated detection of nuclear-encoded RNAs in mitochondria
while taking into account the inevitable presence of cytosolic RNA contaminants. The
principle of this method and the results | have obtained are presented in the second

part of this manuscript.

[.B.4.2. In situ detection of RNA by microscopy

Any results generated by genome-wide approaches such as RNA-seq need to
be validated with orthogonal techniques. Convincing evidence of the mitochondrial

import of a specific RNA in mitochondria can be obtained by direct observation of the
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RNAs inside the mitochondrial matrix by microscopy imaging methods. Various
approaches have been developed to this end, either by incorporating exogenous
RNA aptamers binding a fluorescent substrate to the candidate RNA (Dolgosheina
and Unrau, 2016), or by direct observation of the endogenous RNA by fluorescence
in situ hybridization (FISH).

Fluorescent RNA aptamers

Contrary to some proteins, RNAs cannot produce intrinsic fluorescent signal.
Thus, fluorescent tools that had already been successfully used to study cellular
proteins, such as the green fluorescent protein (GFP), had to be adapted to image
RNAs in cells. MS2 tagging was the first system to provide GFP-mediated imaging of
RNA localization (Bertrand et al., 1998). The bacteriophage MS2 coat-protein, which
can be fused to GFP, is specifically recruited to a short RNA element consisting of
two hairpins (MS2 aptamer) that can be inserted into the RNA of interest. However,
unbound GFP leads to high background levels that can mask the specific
fluorescence signal. In order to increase the signal to background ratio, several
repeats of the MS2 aptamer must be incorporated in the RNA, leading to long
insertions of hundreds of nucleotides.

Improvement of the technique was achieved with the development of a series
of RNA aptamers that can capture specific fluorophores and become fluorescent.
Unbound fluorophores are poorly fluorescent and become highly fluorescent only
when bound by the aptamer. (Babendure et al., 2003; Huang et al., 2014). Several
aptamers were successfully developed, including Spinach, Broccoli and Mango
(Paige et al., 2011; Filonov et al., 2014; Autour et al., 2018), with each generation
providing a better affinity for the fluorophore, higher fluorescence and better
resistance to photo-bleaching. Latest improvement of the RNA aptamer-based
fluorescent systems allowed for the detection of the first RNA localized to
mitochondria, 5S rRNA (Autour et al., 2018). It is important to note that, even if RNA
aptamers are relatively small (40 to 100nt), their presence modifies the intrinsic
structure of the concerned RNA, leading to a potential loss of RNA function or proper
localisation, which is particularly relevant for short RNAs. Therefore, detection of

endogenous RNAs looks especially appealing as it minimally disturbs the system,
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avoiding the disruption of the RNA structure or mis-localization due to tagging or

overexpression of an exogenous molecule.

Microscopy imaging of endogenous RNA molecules

Detection of specific nucleic acids in the cell can be performed by
fluorescence in situ hybridization (FISH) (Lecuyer et al., 2007). In FISH, specially
designed nucleic acid probes coupled with fluorophores specifically hybridize with
DNA or RNA molecules inside fixed cells. This technique was used to detect the
mitochondrial localization of RNAs, such as microRNAs (Barrey et al., 2011).
However, simple FISH Initially lack sensitivity since probes usually provide weak
signals. Many efforts were made to improve FISH methodology aiming to easily
detect signals obtained from a single molecule (smFISH). For example, the branched
DNA technology increases the signal-to-background ratio by use specific DNA
probes, annealing to a target RNA molecule and ultimately serving as platform for the
binding of numerous fluorophore-labelled oligonucleotides (Player et al., 2001).
However, conventional fluorescence microscopy is limited by relatively low spatial
resolution because of the diffraction of light. This diffraction limit is about 200-300 nm
in the lateral direction and 500-700 nm in the axial direction (Huang et al., 2009)
and correspond to the same order of size than isolated mitochondria (diameter of
300-500 nm). Thus, it is impossible to clearly distinguish between RNAs present
inside the mitochondrial matrix or simply co-localized with the mitochondrial surface.

Since several years, super-resolution microscopy allows for images to be
taken at a resolution up to 10 fold higher than the one imposed by the diffraction limit,
which may prove useful to detect candidate transcripts inside organelles (Brown et
al., 2011; Kuzmenko et al.,, 2011; Jakobs and Wurm, 2014). Super-resolution
microscopy may in principle also determine the sub-mitochondrial localization of
RNAs and glean additional information on their functions within the organelle
(Antonicka and Shoubridge, 2015)

[.B.4.3. Mitochondrial RNA capture methods

A common view is that RNAs are never “naked” within the cell, and constantly
interact with proteins. Based on this, numerous methods have been developed to
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detect RNA-protein interactions and identify specific RNA-binding proteins and their
ligands. Mainly, cross-linking immunoprecipitation coupled with deep sequencing
(CLIP-seq) permits the identification of RNAs associated with a specific RNA-binding
protein (Ule et al., 2003). In CLIP-seq, RNAs and proteins in direct contact with each
other are covalently crosslinked together and the bait protein is then
immunoprecipitated under stringent conditions. The crosslinked RNAs attached to the
protein can then be sequenced. In recent years, those methods were adapted to
detect localization of RNAs for example, by co-immunoprecipitation of the RNA
partners of proteins with characteristic subcellular localization. Since usually only one
protein is immunoprecipitated, these methods can only provide a partial view of a
subcellular RNome.

A recent study provided a more comprehensive approach based on a
methodology initially developed for proteome charting (Kaewsapsak et al., 2017;
Fazal, 2018). First, an ascorbate peroxidase (APEX) that can oxidize biotin-phenol
(BP) had been targeted to a specific cellular sub-localization (Rhee et al., 2013). The
BP oxidation by H,O, then created radicals covalently attached onto protein residues
thus leading to the biotinylation of proteins in a close radius (< 20 nm) from APEX
and allowing their subsequent enrichment by streptavidine affinity purification (APEX-
RIP). Since phenoxyl radicals can also react with electron-rich nucleobases such as
guanine, leading to the biotinylation of RNA species, this approach can also be used
to profile sub-cellular RNome by RNA-seq (APEX-seq). The APEX methodology
proved to be effective in membrane-enclosed compartments such as mitochondria
and was used to profile mMRNAS revealing the absence of nuclear-encoded mRNAs in
the mitochondrial matrix (Fazal, 2018). However, the method remains to be applied
for small non-coding RNAs since they constitute most of the RNAs identified or
suggested to be imported into mitochondria.

Another study proposed a similar approach based on the oxidation of
guanosine induced by the accumulation of singlet oxygen generated from spatially
confined fluorophores, but this system remains to be applied to mitochondria (Li et
al., 2017; Li et al., 2018).
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ll. Experimental Results
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l.A. 5S rRNA mediated anti-replicative strategy

During my thesis, | worked on two major projects related to mitochondrial RNA
import. The first project was in continuity of the research performed by the laboratory
on the development of an anti-replicative strategy targeting pathogenic mitochondrial
DNA mutations.

Symptoms of mitochondrial pathologies due to mitochondrial genome
mutations usually correlate with high mtDNA heteroplasmy level. One therapy
approach would be to reduce the heteroplasmy level below the pathogenic
threshold. Our laboratory previously identified import determinants required for 5S
rRNA targeting into mitochondria (figure 16) and showed that the 3-domain could be
replaced by another RNA sequence without affecting the import ability (Smirnov et
al., 2008). It has been demonstrated that mitochondrial targeting of recombinant 5S
rRNA (rec.5S rRNA) harboring a RNA sequence complementary to mutated mtDNA
region can induce a shift of heteroplasmy level in human transmitochondrial cybrid
cells. The results obtained with this anti-replicative strategy were promising, although
efficiency of cellular expression of the rec.5S rRNA molecules remained very low
(Comte et al., 2013). The first part of my thesis consisted in the pursuit of this work
with the purpose to increase the cellular expression of the anti-replicative molecules
and thus enhance the heteroplasmy shift. In this regard, my objectives were to:

i) Generate heteroplasmic cell lines stably expressing different anti-

replicative rec.5S rRNAs molecules

i) Estimate rec.5S rRNAs mitochondrial import in vivo

iii) Measure the effect of rec.5S rRNAs on heteroplasmy level in different cell

growth conditions.

iv) Extend this anti-replicative approach to a point mutation of mtDNA.
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.A.1. Model of study

Previous work was focused on a large deletion of 7075bp (nt 8363 to 15438)
of the mitochondrial genome associated with Kearn Sayre Syndrome (KSS). This
deletion causes the disappearing of 9 protein encoding genes and 6 tRNA genes
(Comte et al., 2013). The team also developed the anti-replicative strategy for a
point mutation in the MT-ND5 gene (13514 A>G) associated with MELAS-like
syndrome (Tonin et al., 2014) (Figure 19). The deletion in MtDNA causes the
apparition of a new DNA sequence formed at the boundaries junction which highly
differs from that of wild-type mtDNA. This facilitates the design of RNA molecules
able to specifically discriminate mutant and wild-type mtDNA molecules. On the
contrary, mtDNA bearing the point mutation only differs from wild-type mtDNA by one

nucleotide, increasing the challenge to design specific anti-replicative molecules.

12S RN D-loop

IATP6 COX3
NDS5 mutation (13514 A>G) KSS deletion (A8363-15438)
L strand 5’ ..TTCTACTCCAAAGGCCACATCATCGAA.. 3’ L strand 5’ .CTCTTTACAGTGCTTACTTCTCTT.. 3’
H strand 3’ ..AAGATGAGGTTTCCGGTGTAGTAGCTT.. 5’ H strand 3’ ..GAGAAATGTCACGAATGAAGAGAA.. 5’

Figure 19. The two mtDNA mutations used as models for the anti-replicative
strategy.

For each mutation, a part of the nucleotide sequence is presented. KSS deletion A8363-
15438 causes the loss of 15 genes and creates a new sequence formed at the boundaries
junction. The MT-ND5 point mutation (13514 A>G) is highlighted in red.
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Since no technology allows a direct modification of mtDNA, the only way to
obtain immortalized cells containing heteroplasmic population of mutant and wild-type
mtDNA consists in the generation of cybrid transmitochondrial cell lines. Since these
cells can be cultivated virtually indefinitely, they are a common model used for
mtDNA studies. Cybrid (cytoplasmic hybrid) cells are created from the fusion of
enucleated patients cells bearing mutation in mtDNA with immortalized cells deprived
of mMtDNA (po cells) (Figure 20A). Cybrid cell lines used in the work described here,
were obtained by the fusion of patient's cytoplasts bearing either KSS deletion or the
MT-ND5 point mutation and the nuclei of immortalized po osteosarcoma 143B cells
(Corona et al., 2001; Comte et al., 2013).

Previous work performed by our laboratory with stably expressed rec.5S rRNA
molecules targeting the KSS deletion provided data on a decrease of heteroplasmy
levels in several clones of cells. However plasmids bearing the gene of the anti-
replicative molecules were inserted randomly into the genome of cybrid cells leading
to relatively weak expression (about 305 rec.5S rRNA molecules/cell). Moreover,
the different clones also harbored variable expression due to the insertion of the
genes in different region of the nuclear genome, complicating the comparison of the
effect of the different anti-replicative rec.5S rRNA. My work aimed to obtain increased
and homogeneous expression levels of the rec.5S rRNA genes to enhance the
heteroplasmy shift in the cybrid cell lines harboring either the KSS deletion or the MT-
ND5 point mutation. For this | used the Flp-In™ T-rex™ system (Figure 20B) which
allows the integration of genes in transcriptionally active region of the nuclear
genome. The first step consisted in the random integration of the Flp Recombination
Target (FRT) site along with the LacZ-Zeocin fusion gene. By measuring the B-
lactosidase activity provided by the fusion gene, we selected Zeocin-resistant clones
were the FRT site was integrated in a transcriptionally active region of the nuclear
genome. The selected clones were then transfected with pcDNATMS5/FRT/TO
plasmids containing different rec.5S rRNA genes. Co-transfection with the pOG44
plasmid expressing the Flp recombinase ensured the integration of the gene at the
level of the FRT sites and thus provided a guaranty that the integration of the

different rec.5S rRNA genes occurred in the same chromosome region.
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Figure 20. Targeted insertion of rec.5S rRNA molecules in transmitochondrial
cybrid cellular model using Flp-In™ T-REx™ system.

A) Generation of transmitochondrial cybrid cell line. Cybrid cell lineS are generated by the
fusion of immortalyzed p, cells (blue) and cytoplasts from patient harboring a mutation in
mtDNA (red). Removal of mtDNA to generate p, cells is usually achieved by ethidium
bromide (EthBr) treatment which intercalates in DNA and alters mitochondrial replication. B)
The Flp-In™ T-rex™ system. Using Flp-In™ T-REx™ Core Kit, a recombination FRT site and
the LacZ-Zeocin fusion gene are inserted randomly in the genome of cybrid cells bearing
either the ND5 13514 A>G mutation or the KSS deletion. This allows the selection of zeocin-
resistant transfected cells and the estimation of the transcription activity by measuring 3-
lactosidase activity. The selected clone is then co-transfected with the plasmid containing the
rec.5S rRNA genes and the plasmid pOG44 expressing the Flp recombinase directing the
insertion at the level of the FRT site.
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1.A.2. KSS mutation heteroplasmy shift is modulated
by cell growth conditions

The Flp-In™ T-rex™ system was first applied for the anti-replicative strategy
targeting the KSS mutation in human cybrid cells aiming to increase the expression
level of the anti-replicative rec.5S rRNAs compared to random insertion of the
plasmids (Comte et al., 2013). Several clones of transmitochondrial cybrid cells
bearing the KSS deletion and containing an FRT sites (KSS-FRT-clone) were
generated and selected by their -galactosidase activity. Rec.5S rRNA molecules
containing an insertion sequence targeting the KSS deletion were designed in silico
in a way that the secondary structure of the 5S rRNA was retained and were selected
based on their melting temperature prediction and ability to specifically hybridize to
mutant mtDNA in vitro.

After introduction of the plasmid DNA bearing the selected rec.5S rRNA genes
in the genome of the KSS-FRT-clone, the expression of the rec.5S rRNA molecules
was measured by semi-quantitative RT-PCR, and the in vivo import inside
mitochondria was assessed by Northern blot hybridization. The Flp-In™ T-rex™
system allowed an improvement of rec.5S rRNAs expression compared to the
previous study (up to = 2000 molecules per cell), although expression levels still
varied between the cell lines. The effect of the rec.5S rRNA molecules on the KSS
heteroplasmy was estimated by quantifying mutant and wild-type mtDNA molecules
by gPCR. Of note, shifts in heteroplasmy levels were detected only for rec.5S rRNA
versions targeting the L-strand of mtDNA. The decrease of the heteroplasmy was
also dependent on the expression level of the rec.5S rRNA since lower expression of
a same molecule did not impact the heteroplasmy level. The effect of the cell growth
conditions on the heteroplasmy shift induced by the rec.5S rRNA molecules was also
investigated. Applying selective conditions favorable for the cells where the mutant
mtDNA proportion had been successfully decreased, id est in absence of glucose in
the medium, improved the detection of the heteroplasmy shifts (for discussion of
these data, see also section Ill.A).

In conclusion, the improved expression of the anti-replicative molecules based
on 5S rRNA structure in human cybrid cells induced a stable shift in the heteroplasmy
level of a large mtDNA deletion. This shift was dependent on the mtDNA strand

targeted by the rec.5S rRNA and was increased for higher expression level of the
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anti-replicative molecules. Moreover, the observed impact on heteroplasmy can be
modulated by cell growth conditions. The results are presented in the recent
publication (Loutre et al., 2018a)
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Publication : Loutre, R., Heckel, A.M., Jeandard, D., Tarassov, |., and Entelis,
N. (2018a). Anti-replicative recombinant 5S rRNA molecules can modulate the
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Abstract

Mutations in mitochondrial DNA are an important source of severe and incurable human dis-
eases. The vast majority of these mutations are heteroplasmic, meaning that mutant and
wild-type genomes are present simultaneously in the same cell. Only a very high proportion
of mutant mitochondrial DNA (heteroplasmy level) leads to pathological consequences. We
previously demonstrated that mitochondrial targeting of small RNAs designed to anneal with
mutant mtDNA can decrease the heteroplasmy level by specific inhibition of mutant mtDNA
replication, thus representing a potential therapy. We have also shown that 5S ribosomal
RNA, partially imported into human mitochondria, can be used as a vector to deliver anti-
replicative oligoribonucleotides into human mitochondria. So far, the efficiency of cellular
expression of recombinant 5S rRNA molecules bearing therapeutic insertions remained
very low. In the present study, we designed new versions of anti-replicative recombinant 5S
rRNA targeting a large deletion in mitochondrial DNA which causes the KSS syndrome, ana-
lyzed their specific annealing to KSS mitochondrial DNA and demonstrated their import into
mitochondria of cultured human cells. To obtain an increased level of the recombinant 5S
rRNA stable expression, we created fransmitochondrial cybrid cell line bearing a site for Flp-
recombinase and used this system for the recombinase-mediated integration of genes cod-
ing for the anti-replicative recombinant 5S rRNAs into nuclear genome. We demonstrated
that stable expression of anti-replicative 5S rRNA versions in human transmitochondrial
cybrid cells can induce a shift in heteroplasmy level of KSS mutation in mtDNA. This shift
was directly dependent on the level of the recombinant 5S rRNA expression and the
sequence of the anti-replicative insertion. Quantification of mtDNA copy number in trans-
fected cells revealed the absence of a non-specific effect on wild type mtDNA replication,
indicating that the decreased proportion between mutant and wild type mtDNA molecules is
not a consequence of a random repopulation of depleted pool of mtDNA genomes. The het-
eroplasmy change could be also modulated by cell growth conditions, namely increased by
cells culturing in a carbohydrate-free medium, thus forcing them to use oxidative phosphory-
lation and providing a selective advantage for cells with improved respiration capacities. We
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discuss the advantages and limitations of this approach and propose further development of
the anti-replicative strategy based on the RNA import into human mitochondria.

Introduction

Mitochondria are essential organelles of human cells because of their fundamental roles in sev-
eral critical cellular processes including energy generation, Fe-S clusters production, calcium
homeostasis and apoptosis. They contain their own genome, in multiple copies per cell, allow-
ing the synthesis of 13 polypeptides which are all essential components of the mitochondrial
oxidative phosphorylation complexes in human cells. Mutations in mitochondrial DNA
(mtDNA) have been associated with a wide variety of human disorders ranging from optic
atrophy, deafness, diabetes to peripheral neuropathy or myopathy [1]. Most of the pathogenic
mutations in human mtDNA are heteroplasmic (i.e. coexistence of mutant and wild-type
genomes in a same cell) and their phenotypic expression is intimately linked to the ratio
between mutant mtDNA molecules and wild-type ones (heteroplasmy level) [2]. This ratio can
be variable in different tissues of the patient and even in different cells of the same tissue and
can change with age [3]. Phenotypic expression of mtDNA mutations can be different for the
various loads of the same mutation [4]. Typically, the biochemical defects and associated
symptoms will only appear if the heteroplasmy level exceeds a given threshold generally com-
prised between 60% and 95% of mutant mtDNA, and subtle heteroplasmy changes can have
dramatic effects on a patient’s phenotype. Thus, the downshift of heteroplasmy level could
potentially provide a therapeutic strategy for the mitochondrial disorders, and several labora-
tories work for establishing methods for removing detrimental mtDNA sequences (rev. in [5]).

For instance, the anti-genomic strategy consists in the specific cleavage of mutant mtDNA
by targeted specific endonucleases [6], zinc finger nuclease [7] or transcription activator-like
effector nuclease (TALEN) [8, 9]. Limitations of this strategy consist in important off-target
cleavage, which leads to elimination of more than 85% of mtDNA pool thus decreasing the
therapeutic potential (as it was recently demonstrated by Gammage et al. [10]), and the chal-
lenge to engineer the protein which has to recognize specific DNA sequences. MitoTALENs
specificity also depends on the sequence of the DNA target site and thus not all the point muta-
tions can be discriminated from the wild-type sequences [10].

Another approach, so-called anti-replicative strategy, consists in targeting mitochondria
with small molecules able to specifically anneal with mutant mtDNA and to interfere with its
replication [11, 12]. Many organisms import non-coding cytosolic RNAs into the mitochon-
dria (rev. in [13-15]). Our team has studied the molecular mechanisms of yeast tRNA®
import into yeast and human mitochondria [16, 17] and identified structural import determi-
nants able to target oligonucleotides into mitochondria of human cells [18]. These mitochon-
drial RNA vectors had been applied to target anti-replicative oligonucleotides, designed to
specifically anneal with mutant mtDNA, into human mitochondria. In these studies, RNA
mitochondrial import induced the heteroplasmy shift in several cellular models: a) human
cybrid cells and patient’s fibroblasts bearing a heteroplasmic point mutation in ND5 gene [19]
and b) human cybrid cell line bearing 60% of mtDNA affected by a large deletion (nucleotides
8363-15438) underlying a case of frequent mitochondrial pathology, the Kearns Sayre Syn-
drome (KSS) [12].

Another type of RNA mitochondrial vectors is based on 5S rRNA expressed in nucleus and
partially imported into human mitochondria [20-22]. 5S rRNA is a highly conserved and
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mtDNA; arrows indicate the deletion point.

https://doi.org/10.1371/journal.pone.0199258.9001

essential component of the large ribosomal subunit of all organisms, the only exceptions being
mitochondrial ribosomes of yeast and mammals [23]. However, 5S rRNA seems to be the
most abundantly imported RNA in mammalian mitochondria. Our studies demonstrated that
5S rRNA import mechanism relies on protein factors identified as the mitochondrial enzyme
rhodanese and the precursor of mitochondrial ribosomal protein MRP-L18 [24, 25], interact-
ing with two structural motifs located in the oo and y domains of 5S rRNA (Fig 1a), while a
third motif corresponding to the distal part of the B domain and allowing the interaction with
cytosolic ribosomal protein L5 may be either deleted or replaced without loss of import capac-
ity [26]. This finding was exploited to demonstrate that 5S rRNA can function as a vector to
deliver oligoribonucleotides into human mitochondria.

Our previous attempts to stably express 55 rRNA-based recombinant RNA (rec.5S rRNAs)
in human cybrid cells resulted in a very weak expression level, estimated at merely 30+5 mole-
cules per cell, though it allowed a moderate heteroplasmy shift. Moreover, variation in the
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rec.5S rRNAs expression obtained in different clones of transfected cells led to diverse effects
on the mitochondrial heteroplasmy level (no shifts were detected in 70% of clones) [12].

In the present study, we aimed to increase the expression level of anti-replicative rec.5S
rRNAs in human cybrid cells in a stable manner, and to verify if this expression can decrease
the proportion of mutant mtDNA.

Results
Design of recombinant 5S rRNA molecules

To use 55 rRNA as a mitochondrial vector targeting mtDNA molecules affected by the KSS
deletion, the distal portion of the B-domain of 55 rRNA (Fig 1a) was replaced by sequences
corresponding to either H- or L-strand (standard annotation of two mtDNA strands, Heavy
and Light ones) of the mtDNA at the junction of the KSS deletion boundaries [12].

Previously, we designed two rec.5S rRNA versions bearing insertions corresponding to 13
nucleotides of the H-strand (5S-KSS-13H) or to 14 nucleotides of the L-strand (5S-KSS-14L)
[12]. RNA 5S-KSS-13H was shown to be efficiently imported into isolated human mitochon-
dria in vitro as well as in vivo, in cells transfected with corresponding RNA transcript [26]. In
addition to these rec.5S rRNAs, we designed two new versions bearing insertions of 15 nucleo-
tides (5S-KSS-15H and 5S-KSS-15L). For all these rec.5S rRNAs, the secondary structure pre-
dictions have been thoroughly analyzed (Fig 1b). All the versions were characterized by a
classical 55 rRNA scaffold where the structure of the regions needed for interaction with tran-
scription factor TFIIIA and the structural determinants of mitochondrial import have not
been altered. Cofold analysis of the annealing between rec.5S rRNAs and the mutant mtDNA
allowed prediction the length of the duplex region corresponding to 14 and 15 bp for 55-KSS-
14L and 5S-KSS-15L versions, and being slightly longer for 55-KSS-13H and 5S-KSS-15H mol-
ecules (15 and 17 bp respectively, Fig 2). According to melting temperature predictions, Tm
values are also different for rec.5S rRNAs targeting the L-strand of mtDNA (52.1°C and
56.6°C) and those targeting the H-strand (45.2°C and 48.9°C). Annealing of rec.5S rRNAs to
wild-type mtDNA should be negligible at 37°C. This has been directly demonstrated by in
vitro hybridizations of labeled rec.5S rRNAs with mtDNA fragments under physiological con-
ditions (S1 Fig); the signal can be detected only for mutant mtDNA but not for the fragments
of wild type mtDNA.

Import of rec.5S rRNA molecules into human mitochondria

To evaluate the import efficiency of rec.5S rRNA variants in vivo, we transfected human cells
with corresponding T7 transcripts as described previously [27]; RNA isolated from cells and
from purified mitoplasts were analyzed by Northern blot hybridization (Fig 3 and S2 Fig).
Hybridization with a probe to mt tRNA"?
chondrial RNA transcript in mitoplasts preparations (this is not so visible for 55-KSS-13H

clearly demonstrates the enrichment of mito-

transfection, since a larger amount of total RNA was loaded on gel). Comparing to this enrich-
ment, the levels of cytosolic contamination (probe to 5.8S rRNA) in mitoplasts fractions were
quite negligible (<5%), therefore the samples can be used for quantification. To estimate the
import efficiencies for various rec.5S rRNA, the ratio between the signals of the rec.5S rRNA
in the mitoplast fraction and in total RNA preparation was normalized to that of the mito-
chondrial tRNA"? in the same samples as described previously [26] (for details, see the Mate-
rials and methods section). Resulting import efficiencies obtained upon quantification of two
transfection experiments were expressed as a percentage of the endogenous wild type 5S rRNA
import efficiency (taken as 100%) estimated in control non-transfected cells (Table 1 and S2
Table).
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https://doi.org/10.1371/journal.pone.0199258.g002

The data demonstrate that all the rec.5S rRNA molecules can be imported into human
mitochondria at the levels comparable with that of endogenous 5S rRNA. Surprisingly, only
one version, 55-KSS-13H, was characterized by improved import abilities. The reasons for this
are uncertain, additional studies of folding and detailed structure of this RNA molecule can
help to further improvement of the recombinant RNA import into mitochondria.

Stable expression of rec.5S rRNA in human cybrid cells

Attempting to obtain an increased level of the stable expression of selected rec.5S rRNAs in
human cybrid cells, we used the Flp recombinase-mediated integration of a gene of interest
into specific genomic location by Flp-In™ T-Rex™ Core system (Invitrogen). To check the
impact of rec.5S rRNA stable expression on the heteroplasmy level, we first had to introduce
the FRT site into nuclear genome of the KSS cybrid cell line. These cells, obtained by the fusion
of the patient’s cytoplasts with nuclei of immortalized osteosarcoma cells, contain a heteroplas-
mic population of mutant and wild type mtDNA molecules and were characterized by a small
decrease of oxygen consumption [12]. Zeocin-resistant clones obtained after transfection with
the pFRT/lacZeo plasmid were characterized by similar growth rates and by a single integrated
FRT site, as determined by Southern blot hybridization (S3 Fig).

Because integration of the pFRT/lacZeo plasmid into the genome occurs randomly, expres-
sion levels of the lacZ-Zeocin fusion gene will be dependent on the transcriptional activity of
the surrounding sequences at the integration site. Thus, Zeocin-resistant clones were screened
for B-galactosidase activity levels. For all of them, specific -gal activities were 4 to 8-fold lower
compared to the commercial HEK 293 T-Rex™ Flp-In ™ cells (53 Table). Clone 5, selected for
further experiments (referred to as FRT-KSS cell line), was characterized by the highest -gal
activity and by 51+5% KSS heteroplasmy level.

PLOS ONE | https://doi.org/10.1371/journal.pone.0199258 June 18,2018 5/20


https://doi.org/10.1371/journal.pone.0199258.g002
https://doi.org/10.1371/journal.pone.0199258

o o
@ ’ PLOS | ONE MtDNA heteroplasmy modulation

B
O

EthBr

Probes :

rec 5S

5S

5.8S - & i ‘

Vmt “ . P s .

Fig 3. In vivo test of rec.5S rRNA import into human mitochondria. Northern blot analysis of rec.5S rRNA variants in total (T) and mitoplast (M) RNA
preparations from cells transfected with various RNA, as indicated above the panels; NT, non-transfected cells; tr, 5ng of corresponding T7 transcript used for cell
transfection. Gels stained with Ethidium bromide (EthBr) and hybridized with probes indicated at the left are shown. Rec 58, probes corresponding to the
insertion sequence specific for each rec.5S rRNA variant; 5.85 and Vmt, probes to cytosolic 5.85 rRNA and mitochondrial tRNA"¥. 58, probe to 55 rRNA, can
hybridize with endogenous 5S rRNA and with rec.5S rRNA versions (which are 5-8 nucleotides shorter), thus giving double bands clearly visible in 13H-M
sample. The long strip marked by * on the panel “tr13H, EthBr” is due to an artifact; 5ng of the transcript (tr13H) can be visible only by probing.

https://doi.org/10.1371/journal.pone.0199258.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0199258 June 18,2018 6/20


https://doi.org/10.1371/journal.pone.0199258.g003
https://doi.org/10.1371/journal.pone.0199258

o o
@ ’ PLOS | ONE MtDNA heteroplasmy modulation

Table 1. Relative efficiencies of rec.5S rRNA mitochondrial import.

5S rRNA Relative import efficiency, % of endogenous 5S rRNA
Endogenous 55 rRNA 100%
5S-KSS-13H 200 + 30
5S-KSS-14L 90 +5
5S5-KSS-15L 70*
5S5-KSS-15H 90 + 15

* Data of one transfection experiment

https://doi.org/10.1371/journal.pone.0199258.t001

Genes of rec.5S rRNA versions with natural flanking regions were cloned into pcDNA™5/
FRT/TO vector and then integrated into FRT site of the nuclear genome of FRT-KSS cybrid
cell line. Expression levels of rec.55 rRNAs have been assayed by semi-quantitative RT-PCR
using corresponding T7-transcripts to create a calibration curve (Fig 4) and by real-time RT-
qPCR (54 Table).

We performed several independent transfections of FRT-KSS cells with pcDNA™5/FRT/TO
plasmids. The first observation was that the expression of the transgenic rec.5S versions varied
in different cell lines even though the FRT system is dedicated to provide a controlled level of
expression directed from a given locus. Indeed, we generated lines either with high rec.5S
rRNAs expression levels (referred for as 55-K$$-13H and 55-KSS-14L"), or those charac-
terized by low expression for 55-KSS-13H, 55-KSS-14L and 5S-KSS-15L, or a medium expres-
sion level for 5S-KSS-15H (Table 2 and S4 Table). One may explain the observed variability in
the expression level by multiple insertions of pcDNA™5/FRT/TO-13H and -14L plasmids into
nuclear genome in the case of the best expressers 55-KSS-13H™ and 55-KSS-14L™", while sin-
gle copy of rec.5S rRNA gene has been integrated in other transgenic lines. If this stands true,
it can indicate that the rec.5S rRNAs expression level could be improved by integration of mul-
tiple copies of rec.5S rRNA gene in nuclear genome.

Shift of the heteroplasmy levels in transgenic cell lines

To check if the stable expression of rec.5S rRNA molecules can induce a mtDNA heteroplasmy
shift in the human cybrid cells, we cultivated FRT-KSS cell lines for 8 weeks and measured the
mutant mtDNA load by real-time qPCR as described previously [12]. Cells issued from inde-
pendent transfections were cultivated separately, each one divided into 4 parallel cultures.

5
55-KSS-14L fy
in vitro transcripts Total RNA 5 4 X
01fg 1fg 10fg -RT +RT £ 3 /
s 2 2
B — R-0,9944
— — — | 51 <
0
-1,5 -1 -0,5 0,5 1 1,5

Log (RNA quantity)

Fig 4. Quantification of 5S-KSS-14L RNA expression by semi-quantitative RT-PCR. On the left, PAGE analysis of the RT-PCR reactions
performed on the total cellular RNA or known amounts of purified T7-transcripts, as indicated above the panel. On the right, an example of
the calibration curve used for quantification of 55-KSS-14L RNA (in red) in cybrid cell line.

https://doi.org/10.1371/journal.pone.0199258.g004
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Table 2. Amounts of anti-replicative molecules in rec.5S rRNA expressing cell lines.

Rec.5S rRNA Number of rec.5S rRNA/cell
53-KSS-13H 2000200
55-KSS-13H 200430
55-KSS-14L" 20004200
5S5-KSS-14L 300450
58-KSS-15H 1300200
55-KSS-15L 200430

https://doi.org/10.1371/journal.pone.0199258.t002

Total DNA was isolated from a portion of cells every 2 weeks and analyzed by 2-3 independent
qPCR experiments with each measure performed in triplicates. First, we compared the KSS
heteroplasmy levels in the transgene and control cell lines after cultivation in a high glucose
medium, but failed to detect any significant shift of the proportion between mutant and wild-
type mtDNA molecules during 8 weeks cultivation (Fig 5a, “high glucose” samples).

To investigate if the selection for better mitochondrial respiration could create an advantage
for cells with decreased heteroplasmy levels, we cultivated transgenic cells in a carbohydrate-
free medium. In these conditions, only pyruvate and amino acids are available as carbon
sources and cells should rely on mitochondrial oxidative phosphorylation to produce ATP.

Cybrid cells FRT-KSS were able to grow in a medium without addition of glucose and dem-
onstrated only little heteroplasmy variations after 8 weeks of culture (Fig 5a) indicating that
there were no significant random fluctuations in heteroplasmy. In all transfected cell lines with
low expression of rec.5S rRNA versions, a very moderate decrease of the KSS heteroplasmy
level has been observed in selective conditions. Statistically significant impact on the hetero-
plasmy has been detected only in 55-KSS-15H expressing cells, where the mutation load was
shifted from 51+4% to 41+2% (P-value<0.01) (Fig 5a). For this cell line, we obtained a tiny
decrease (about 5% of heteroplasmy shift) after 4 weeks of cultivation (not shown), after 8
weeks we detected statistically significant decrease (10% of heteroplasmy shift), and this level
didn’t change during further cultivation up to 4 months, and remained stable after freezing-
thawing of the cells.

We next applied selective conditions to the cell lines with best expression of a rec.5S rRNA,
namely 5S-KSS-13H" and 55-KSS-14L™". In the case of 55-KSS-13H™", proportion of the
mutant mitochondrial genomes has been significantly decreased in a clear time-dependent
manner to reach 13+3% (Fig 5b). This level was thereafter stable during cell cultivation in a
media either with or without glucose. Noteworthy, the 55-KSS-13H RNA was characterized by
2 fold improved import into mitochondria (Table 1), which may explain, along with its high
expression, the improved effect on the heteroplasmy load compared to the other rec.5S rRNA
versions.

We suppose that the stable expression and mitochondrial import of the anti-replicative 5S
rRNAs in cybrid cells can induce a shift of equilibrium between mutant and wild-type mito-
chondrial genomes. This shift can be more or less dramatic depending on the level of 55 rRNA
expression. Thereafter, cells can adapt to a new equilibrium (may be by reprogramming of
metabolic pathways, as it was demonstrated for MELAS mutation in [4]) and the obtained new
heteroplasmy level remains stable during further cultivation.

On the other hand, high expression of the 55-KSS-14L" version did not induce an impor-
tant decrease of heteroplasmy. Since two rec.5S rRNA versions, 13H and 14L, are designed to
target different mtDNA strands, one can hypothesize that the different anti-replication action
of these rec.5S rRNA molecules may be related to the asymmetric replication mechanism spe-
cific for mammalian mtDNA (see Discussion for details).
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Fig 5. Effect of rec.5S rRNA expression on the heteroplasmy level of KSS mutation. (a) Proportion of KSS mtDNA
(Y axis) in cybrids cell lines with low expression of rec.5S rRNA versions (see Table 1) after 8 weeks of cultivation in
high glucose or glucose-free media, as indicated. (b) Time-depended decrease of KSS mutation load in cells expressing
high amounts of rec.5 rRNAs 55-K$S-13H™ and 58-K$S-14L™ in glucose-free medium. (c) MtDNA copy numbers
normalized to nuclear gene TST1, measured in the same cell populations as in (b). Cells issued from independent
transfections were cultivated separately; each population was divided into 4 parallel cultures. Total DNA was isolated
from a portion of each cell cultures every 2 weeks and analysed by 2-3 independent qPCR experiments, each measure
performed in triplicates. Standard deviations are calculated from qPCR data obtained on the independently cultured
cells (n = 4). Statistical differences were determined with a two-tailed Student’s #-test (*, p < 0.05; **, p < 0.01; ***,

p < 0.001).

https://doi.org/10.1371/journal.pone.0199258.9005
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To ascertain the absence of a non-specific effect on replication that could reduce total
mtDNA copy number in transfected cells, we estimated mtDNA amounts in FRT-KSS cybrid
cell line before transfection, and in 55-KSS-13H™® and 55-KSS-14L" cells after 4 and 8 weeks
of cultivation in glucose-free medium (Fig 5¢). Using real-time PCR, we measured a copy
number of all mtDNA molecules (gene 12S rRNA) compared to nuclear DNA (gene of rhoda-
nese TST1). We detected ~20% decrease of mtDNA copy number in 55-KSS-13H" cell line.
In theory, inhibition of the replication of 50% of mtDNA genomes (bearing KSS mutation)
should cause a 25% decrease of mtDNAcn after one round of the replication. It is difficult to
build a mathematical model for the action of anti-replicative molecules, since we do not know
the velocity of mtDNA replication and exact level of affected mutant genomes. Still, some
small level of mtDNA copy number downshift can be anticipated. Noteworthy, in case of an
unspecific effect on mitochondrial replication process, we might expect a much more impor-
tant depletion of mtDNA due to replication stalling of both, mutant and wild type mitochon-
drial genomes. Therefore, our results indicate that no depletion effect has been caused by an
eventual off-target effect on the wild-type mtDNA replication.

Obtained new data indicate that the impact of anti-replicative rec.5S rRNA molecules on
the mutant mtDNA load is strongly dependent on the amount of rec.5S rRNA molecules.
High levels of RNA expression and mitochondrial import seem to be necessary to affect the
mutant mtDNA replication and thus change the proportion between mutant and wild-type
mitochondrial genomes.

Discussion
5S rRNA as a mitochondrial RNA vector

Natural pathway of small non-coding RNA trafficking into mitochondria has been described
in phylogenetic groups as diverse as protozoan, plants, fungi and animals [28, 29]. Small 55
ribosomal RNA is one of the most abundant cytosolic RNA imported into mitochondria. It
had been reported that 5S rRNAs are expressed from large nuclear gene arrays (100-200
genes) and that a small portion of its cellular pool can readily be found within mitochondria in
different organisms, from flies to humans [20, 21, 30]. In mammals, the mitochondrial func-
tion of 5S rRNA is not known. Cryo-electronic microscopy analysis recently demonstrated
that the mitochondrial ribosomes from pig liver and human cultured cells do not contain 58
rRNA, but its place in the central protuberance of the large ribosomal subunit is occupied by
mitochondrial tRNA™* or tRNAY* correspondingly [31, 32]. The absence of the canonical
function for 5S rRNA in human mitochondria raised some doubts concerning its mitochon-
drial import [33, 34]. This opinion, not supported by direct experimental data, does not make
a distinction between two independent points: 1) mitochondrial localization of a small portion
of the cytosolic 55 rRNA pool and 2) 5S rRNA integration into the large subunit of the mito-
chondrial ribosome. The absence of 5S rRNA in the large ribosomal subunit does not refute
the ability of the mammalian organelle to import RNA from the cytoplasm. Moreover, the
mitochondrial import of small amounts of RNA may indicate on a regulatory function of these
molecules, for instance, 5S rRNA might participate in the assembly of mitochondrial ribosome
(I. Tarassov, in preparation).

Even being rather inefficient compared to protein mitochondrial import, RNA targeting
can be used to address into human mitochondria tRNA molecules replacing those affected by
mtDNA mutation [18, 35] or the anti-replicative oligonucleotides with a therapeutic potential
[12, 19, 36].

We previously demonstrated that 5S rRNA can function as a vector to deliver oligoribonu-
cleotides into human mitochondria, and this principle has been successfully applied by three
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independent laboratories [30, 37, 38]. In the present study, we analyzed mitochondrial import
of four 5S rRNA molecules bearing the 14-15 bases substitutions in the distal portion of the -
domain. We detected the presence of all the rec.5S rRNA versions in purified mitoplasts, and
their import efficiencies were close to that of endogenous wild type 55 rRNA.

In contrast to small artificial anti-replicative RNAs used previously for the transient trans-
fection of human cells [19], recombinant molecules based on 5S rRNA structure can be
expressed in cells in a stable manner due to the internal promoter region recognized by RNA
Polymerase III, then be processed, exported from the nucleus and imported into mitochondria.
Nevertheless, the discrepancy between 100-200 copies of wild-type 55 rRNA gene and a
unique gene of rec.5S rRNA per genome creates a competition between 55 rRNA molecules
for the transcription, maturation and export protein factors. Thus, the high expression of
rec.5S rRNA molecules in human cells should be a prerequisite of their anti-replicative activity.

Expression of anti-replicative rec.5S rRNA molecules

In the present study, we used the Flp recombinase-mediated integration of a gene of interest
into transcriptionally active genomic location. This approach allowed an improvement of
rec.5S rRNAs expression compared to the random insertion of plasmid DNA bearing rec.5S
rRNA genes [12]. Nevertheless, a significant heteroplasmy shift has been detected in cells bear-
ing only one version of rec.5S rRNA genes, namely 5S-KSS-13H, expressed at the high level
(Table 2). Lower expression of the same molecule did not affect mutant mtDNA load, indicat-
ing on an anti-replicative RNA concentration threshold. Surprisingly, 55-KSS-15H version,
which differs by 2 bp longer duplex predicted with mutant mtDNA, provided only a small het-
eroplasmy decrease. This can be explained by a slightly lower expression and lower mitochon-
drial import of this RNA. Another difference between these constructs consists in direct
orientation of 55-KSS-15H gene in respect to CMV promoter in the pcDNA™5/FRT/TO clon-
ing vector, in contrast with the inverse orientation of 5S-KSS-13H gene. Thus, we cannot
exclude possible synthesis of a longer 5S-KSS-15H transcript from external CMV promoter,
which could be detected by RT-PCR therefore compromising the full-size 55-KSS-15H RNA
quantification. These considerations should be taken into account in the further studies aim-
ing to increase the expression of anti-replicative RNA molecules in a more reproducible way
by using constructs bearing only promoters for RNA polymerase III.

The mechanism of human mtDNA replication is still a subject of intense debate (rev. in
[39]). The idea of anti-replicative heteroplasmy shift as a therapeutic strategy [11] was initially
based on the strand-displacement mtDNA replication model [40] that suggested the existence
of long single-stranded replication intermediates (54 Fig). Discovery of RNA-DNA hybrid
intermediates gave rise to RITOLS model (Ribonucleotide Incorporation Throughout the Lag-
ging Strand) [41]. A third model proposed conventional strand-coupled DNA synthesis, initi-
ating from sites dispersed across the broad zone named ori Z [42]. Apparently, all the three
mtDNA replication mechanisms can take place in mitochondria, depending on the growth
conditions and the energetic state of the cells. For instance, recent analysis of mtDNA replica-
tion in mice tissues had shown that liver and kidney cells use the asynchronous mechanism,
while heart, brain and skeletal muscle employ a strand-coupled replication mode [43].

Previously, we have directly demonstrated mtDNA replication stalling induced by small
anti-replicative RNA, detected as a new replication intermediate on 2D agarose gel [12]. This
stalling, occurred at the site of the RNA annealing due to impairing of the replication fork pro-
gression, which can be suggested for all the three current models of mtDNA replication (54
Fig), since the replisome helicase is unable to displace RNA from the short RNA-DNA hybrids
[42]. Our present data indicate that anti-replicative RNAs 55-KSS-13H and 5S-KSS-15H,
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bearing insertions complementary to mtDNA L-strand, are able to induce a downshift of the
KSS mutation load. Expression of two other rec.5S rRNA versions, 5S-KSS-14L and 5S-KSS-
15L, designed to target the H-strand of mtDNA, had no significant impact on the KSS hetero-
plasmy level. This can be related to asymmetric strand-displacement mechanism of human
mtDNA replication, supposing that at the first step, only L-strand is used as a template for
DNA synthesis [40], therefore, its targeting by anti-replicative RNAs 55-KSS-13H and 5S-KSS-
15H, as shown schematically on S4 Fig, should be more efficient compared to the H-strand tar-
geting RN As. This is relevant to recently published data providing a strong support of the
strand-displacement model of mtDNA replication in cultured cells [44].

One should also take into account that melting temperatures predicted for rec.5S rRNA-
mtDNA duplexes are lower for 55-KSS-14L and 5S-KSS-15L versions (45.2°C and 48.9°C)
compared to 55-KSS-13H and 5S-KSS-15H ones (52.1°C and 56.6°C, Fig 2). This can provide
another reason for the poor anti-replicative abilities of 55-KSS-L versions. Noteworthy, a very
recent paper from the lab of Pierre Rustin [45] provided a set of evidences that human mito-
chondria are maintained at close to 50°C if the respiratory chain is functional. We can hypoth-
esize that in fully active mitochondria, 55-KSS-14L and 55-KSS-15L RNAs cannot anneal to
mtDNA due to increased temperature in mitochondrial matrix.

All these considerations will help to optimize the anti-replicative RNA structure and to
design rec.5S rRNA molecules targeting not only mtDNA deletions, but also pathogenic point
mutations, as it was done for small artificial RNAs [12].

Selective cell growth conditions improved the anti-replicative RNA effect

Warburg and Crabtree effects describe the ability of rapidly proliferating cells to favor glycoly-
sis. Recent studies suggest that cells can adapt to mitochondrial dysfunction by switching to
glycolysis, despite aerobic conditions [46]. Development of transmitochondrial cybrids by
fusion of enucleated somatic cells harboring pathological mtDNA mutations with a cell line
depleted of their mtDNA has enabled the study of consequences of mtDNA mutations [47].
However, cybrid cells cultured in media with high concentrations of glucose tend to acquire
highly glycolytic phenotypes, which make them less suitable as models for studying mitochon-
drial dysfunction.

Attempts have been made to overcome this phenomenon, by substituting glucose with galac-
tose, which does not support anaerobic glycolysis [48]. This is usually explained by the fact that
galactose cannot be oxidized to pyruvate without prior conversion to glucose, which consumes
two molecules of ATP, thus making anaerobic glycolysis useless as a source of energy [49]. Nev-
ertheless, some cell lines cannot utilize galactose, but can grow in a carbohydrate-free media,
apparently relying on the metabolism of pyruvate and amino acids, thus galactose-containing
media can be replaced by carbohydrate-free ones. It was demonstrated that the activity of all
respiratory chain complexes tended to be higher in the glucose-starved cells [50], since they are
forced to rely on mitochondrial oxidative phosphorylation to meet their energy requirements.

Previously, few studies addressed the question of metabolically induced mtDNA hetero-
plasmy shifting. The ketogenic medium has been shown to shift the heteroplasmy level of
cybrid cells towards the wild type [51]. Another report demonstrated that the apparently
homoplasmic 100% MELAS cybrid cells kept in low-glucose medium have shifted their hetero-
plasmy level to 90% [52]. However, a more recent publication from the same research team
demonstrated that the improvement of mitochondrial function in MELAS cybrid cells exposed
to a diet combining low glucose and ketone bodies was not connected to a heteroplasmy shift,
but to increase of the mtDNA copy number [53], therefore, the selective pressure alone was
not capable to induce the heteroplasmy shift.
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Noteworthy, in our experiments, shifts in mutant mtDNA proportion have been detected
only for cells cultivated in a medium poor in glucose. These data are in accordance with the
hypothesis that culturing mutant cells in a low-glucose medium and thus forcing them to use
oxidative phosphorylation would create a selective advantage for cells with improved respira-
tion capacities.

Conclusions

In the present study, we attempted to induce the heteroplasmy shifting by stable expression of
anti-replicative 5S rRNA molecules capable to slow the mutant mtDNA replication in human
transmitochondrial cybrid cells and thus decreasing proportion between mutant and wild type
mtDNA molecules. We provide the strategy of anti-replicative rec.5S rRNA selection based on
the melting temperature prediction and analysis of mitochondrial import. The heteroplasmy
shift, dependent on the level of the recombinant 5S rRNA expression and import, can be mod-
ulated by cell growth conditions. Applying selective conditions favorable for the cells where
the mutant mtDNA proportion has been successfully decreased, allowed detection of the
change in heteroplasmy load for cybrid cells bearing a large deletion in mtDNA. In contrast to
recently developed engineered nuclease technology, which induced a substantial off-target
effects and a significant depletion of mtDNA [10], we detected only a small decrease of
mtDNA copy number, which can be caused by the stalling of the mutant KSS genomes replica-
tion. This indicates that the decreased proportion between mutant and wild type mtDNA mol-
ecules is not a consequence of a random repopulation of depleted pool of mtDNA genomes,
but can be induced by the anti-replicative 55 rRNA expression.

Considering the possible therapeutic applications, the advantage of the stable rec.5S rRNA
expression consists in non-reversible heteroplasmy shift, in contrast with a transient KSS
mutation load decrease obtained previously by use of small anti-replicative RNAs [12]. Never-
theless, we detected the obvious limitations of the approach used: need of high level of rec.5S
rRNA expression and an important variability of this level in transfected cells, influencing the
impact on the heteroplasmy. Further development of the strategy can be achieved by integra-
tion of multiple copies of anti-replicative rec.5S rRNA molecules expressed from external
PolIIl promoter by use of plasmid or viral vectors.

In conclusion, our data demonstrate that expression of anti-replicative molecules based on
58 rRNA structure in human cybrid cells can induce a stable shift in a heteroplasmy level of
pathogenic mutations in mtDNA. This shift, dependent on the rec.5S rRNA sequence and the
level of its expression, can be modulated by cell growth conditions, thus opening possibility to
improve models of gene therapy exploiting the anti-replicative strategy.

Materials and methods
Human cell lines and culture conditions

Human transmitochondrial cybrid cells containing 65+2% of mtDNA molecules affected by
KSS deletion (nucleotides 8363-15438) obtained by the team of Dr A. Lombes, Inst. Cochin,
Paris [12] were cultivated in DMEM medium (Sigma) containing 4.5 g/L glucose, 0.584 g/L L-
glutamine and supplemented with 50 mg/L uridine and 3.7 g/L sodium bicarbonate (for glu-
cose-rich conditions). For glucose-free conditions, DMEM base (Sigma) was supplemented
with 50 mg/L uridine, 3.7 g/L sodium bicarbonate, 0.584 g/L L-glutamine and 108 mg/L
sodium pyruvate. Cybrid cells transfected with pFRT/lacZeo were cultivated in media contain-
ing 100 pg/mL Zeocin (Invitrogen). Cells transfected with pcDNA™5/FRT/TO were cultivated
in media supplemented with 150pg/mL Hygromycin B-Gold (InvivoGen).
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Design and synthesis of recombinant 5S rRNA molecules

Secondary structures of rec.5S rRNA were predicted using the Mfold software [54] and cor-
rected in accordance with data on human 5S rRNA structure [55]. Analysis of the annealing
between rec.5S rRNAs and the mtDNA was performed by RNAcofold web server, University of
Vienna. To estimate melting temperatures for RNA-DNA duplexes, we used IDT Sci-Tools
OligoAnalyzer 3.1 software [56].

Rec.5S rRNAs were obtained by T7 transcription using the T7 RiboMAX Express Large-
Scale RNA Production System (Promega) and gel-purified. To create PCR templates, we used a
two-step protocol: PCR1 was performed on a plasmid bearing the human 5S rRNA sequence
under the control of the T7 promoter [26] using forward primer n°1 and reverse primers n°2 to
5 (S1 Table). Resulting PCR1 product was used as forward primer for PCR2 performed on the
same plasmid template with reverse primer n°6 creating a DNA fragment containing rec.5S
RNA sequence under the control of the T7 promoter. Plasmid or PCR fragment were cleaved
by BglII (Fast Digest, ThermoScientific) to assure formation of the exact 55 rRNA 3’ end.

Rec.5S rRNA in vitro hybridization and in vivo import test

To test specific rec.5S rRNA annealing with target mtDNA, wild-type or mutant mtDNA frag-
ments (nucleotides 15,251-15,680 of wild-type mtDNA or 8,099-8,365/15,438-15,680 of
mutant mtDNA) were amplified as described previously [12] using primers n°7 and 8 or n°8
and 9 respectively, separated on 1% agarose gel, blotted to Amersham Hybond-N membrane
(GE Healthcare) and hybridized with 32p_labeled recombinant RNA in 1X PBS at 37 °C.
Hybridization signals were revealed by Typhoon Trio (GE Healthcare).

The in vivo import assay on the cells transfected with rec.5S rRNA molecules was performed
as described previously [17, 26, 27]. Briefly, 40h post transfection, cells were disrupted, mito-
chondria were isolated by differential centrifugation, treated with RNase A (Sigma) 10 pg/ml for
10 min at 25°C, washed three times, then treated with of 0.1% digitonin (Sigma) solution for 10
min at 25°C to disrupt the mitochondrial outer membrane. The mitoplast pellet was washed
and resuspended in TRIZol reagent (Invitrogen). RNA isolated from the mitoplasts and from an
aliquot of the transfected cells were separated by 8% urea-PAGE and analysed by Northern blot
hybridization with **P-labeled oligonucleotide probes (S1 Table, n"25-29). To avoid the discrep-
ancies caused by the loading of different amounts of material, we used the hybridization signals
corresponding to the mitochondrial tRNA"* as a loading control. Thus, we take into account
not the absolute intensity of hybridization signals but the ratio between the signals correspond-
ing to rec.5S rRNAs and the host mitochondrial valine tRNA either in mitoplast RNA prepara-
tions (Ratio I) or in the total cellular RNA (Ratio II). Import efficiency of each rec.5S rRNA was
calculated as a quadruple ratio between Ratios I and II and expressed in the form of percentage
of the efficiency thus obtained for the endogenous wild type 5S rRNA in non-transfected cells.

.. RI
Import efficiency = Rl

rec.5S rRNA

RI (mitoplast RNA) = ————

(mitoplast ) mt tRNA Val
BHSrRNA
RII (total RNA) = > 22
mt tRNA Val

Cytosolic contamination was checked by hybridization with a probe to 5.85 rRNA, a compo-
nent of cytosolic ribosomes. The levels of cytosolic contamination were subtracted from the
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import efficiency values for each rec.5S rRNA version (S2 Table). In control experiments, mito-
chondria were lysed before RNase treatments to demonstrate that all the RNAs were completely
degraded (not shown).

Production of a human transmitochondrial cybrid cell line bearing FRT
site

To generate a KSS cybrid cell line bearing an FRT site, we used the Flp-In™ T-Rex™ Core sys-
tem (Invitrogen). Cybrid cells were transfected with the pFRT/lacZeo plasmid according to the
manufacturer’s protocol, and Zeocin-resistant clones were isolated.

To determine the number of FRT sites in each zeocin-resistant clone, genomic DNA was
extracted, digested with HindIII (ThermoScientific), separated on a 1% agarose gel and blotted
to Amersham Hybond-N membrane (GE Healthcare). To detect FRT sites, a fragment of the
lacZ gene was amplified according to the manufacturer’s protocol (Invitrogen) and **P-
labelled using Prime-a-gene Labelling System (Promega). After hybridization at 65°C and
washing, signals were revealed by phosphorimaging in Typhon Trio (GE Healthcare).

Specific B-galactosidase activity in cellular lysate were determined for each clone by use of
the B-gal assay kit (Invitrogen) following manufacturer’s instructions and quantified as nmol
of hydrolyzed substrate ONPG/30 min/mg of cellular protein.

Generation of transmitochondrial cybrid cell lines expressing rec.5S rRNA

Rec.5S rRNA genes were obtained by a two-step protocol: 1) PCR1 with partially overlapping
primers: forward primers n°10 (for 55-KSS-15H and 5S-KSS-15L) or n°12 (for 5S-KSS-13H
and 5S-KSS-14L) and reverse primers n°2 to 5. 2) Resulting DNA fragments were used as for-
ward primers for PCR2 with reverse primer n°11 (for 55-KSS-15H and 5S-KSS-15L) or n°13
(for 55-KSS-13H and 5S-KSS-14L) and a plasmid containing human 5S rRNA gene with flank-
ing regions [26] as a template.

Then, rec.5S rRNA genes were cloned into the pcDNA™5/FRT/TO plasmid vector (Invitro-
gen) and verified by sequence analysis. Cybrid FRT-KSS cells were co-transfected with
pcDNA™5/FRT/TO-rec.5S rRNA constructs and pOG44 plasmid encoding Flp recombinase
(Invitrogen) at a molar ratio 1:10 using Lipofectamine 2000 (Invitrogen). Forty-eight hours
after transfection, Hygromycin B-gold (150pg/mL) (Invitrogen) was added to the medium for
selection.

Rec.5S rRNA quantification

Total cellular RNA was isolated with TRIZol reagent (Invitrogen). Levels of rec.5S rRNA
expression were assayed by semi-quantitative RT-PCR with forward primers specific to the
anti-replicative insert (primers n°18 to 21) (S1 Table) and reverse primer corresponding to the
3’-end of 5S rRNA (primer n°22) using One-step RT-PCR kit (QIAGEN). For each recombi-
nant RNA, serial dilutions of the corresponding T7-transcript were used to create a calibration
curve and thus estimate the amount of rec.5S rRNA molecules per cell. Control no-RT reac-
tions were performed for each RNA sample. RT-PCR products were PAGE separated, visual-
ized by ethidium bromide staining and quantified using G-box Software. This approach
provided reproducible data, SD = 15-20%.

RT-qPCR was performed in two steps, first by reverse transcriptase Revertaid H minus
(Thermofisher) with primer n°22, second by real-time qPCR kit Sso Advanced Universal
SYBR Green Supermix (Biorad), primers n°18 to 21 (S1 Table), in triplicates, with no-RT con-
trol reactions. Amplification cycles were performed with C1000 Touch, CFX96 Real-Time
Detection System thermocycler (BioRad). PCR was performed by initial denaturation at 95°C
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for 10 min, followed by 40 cycles of 10s at 95°C and 45s at 55°C. The threshold cycle (Ct) val-
ues of each sample were used in the post-PCR data analysis by BioRad CFX Manager software
3.0. Absolute amounts of cDNA in each reaction were estimated by use of calibration curves
made with corresponding plasmid DNA.

Analysis of the heteroplasmy level and mtDNA copy number

Cells issued from independent transfections were cultivated separately, in 4 parallel cultures
each one, total DNA was isolated from a portion of cells every 2 weeks and analyzed by 2-3
independent qPCR measurements in triplicates.

To isolate total DNA, cells were solubilized in 0.5 ml of buffer containing 10mM Tris-HCl
pH 7.5, 10mM NaCl, 25mM Na-EDTA and 1% SDS. Then, 10 pl of proteinase K solution (20
mg/ml) was added and the mixture was incubated for 2 h at 50°. Finally, 50 pl of 5M NaCl was
added and DNA was precipitated by isopropanol.

Heteroplasmy level for KSS deletion was analyzed by real-time qPCR using SYBR Green
(C1000 Touch, CFX96™ Real-Time Detection System, BioRad) as described previously [12].
This approach allows quantification of the level of KSS deletion within a sample by comparing
specific amplification of two different mtDNA regions, located within and outside of the dele-
tion, in separate reactions. To improve the accuracy of the test, we estimated absolute amounts
of DNA in each reaction by use of calibration curves and thus we calculated the ratio between
all mtDNA molecules (mutant and wild-type) and the wild-type ones. Differences in KSS dele-
tion level less than 5% were not considered as significant.

Primers are listed in the S1 Table. Two pairs of primers were used: 1) n°14 and 15 amplify-
ing a 210bp fragment of 12S rRNA gene (nucleotides 1095-1305 in mtDNA) not affected by
the KSS deletion as a value showing all mtDNA molecules, and 2) n°16 and 17 amplifying a
164 bp fragment in the deleted region (nucleotides 11 614-11 778) as a value showing only
wild-type mtDNA molecules. Nuclear DNA quantification was performed using primers to
rhodanese gene TST1 (S1 Table). All reactions were performed in a 20 pl volume in triplicates.
PCR was performed by initial denaturation at 95°C for 10 min, followed by 40 cycles of 30s at
95°C and 30s at 60°C. The threshold cycle (Ct) values of each sample were used in the post-
PCR data analysis by BioRad CFX Manager™ software 3.0. In each experiment, absolute
amount of DNA templates were determined using serial dilutions of linearized plasmid DNA
bearing a corresponding sequence. The KSS heteroplasmy level was calculated using the for-
mula: mutant mtDNA/total mtDNA = 1 — (WT mtDNA/total mtDNA). Data obtained on
independently cultivated cells (n = 4) by 3-4 independent qPCR measurements were statisti-
cally processed using the two-tailed Student’s t-test; values of p < 0.05 (*), p < 0.001 (***) were
considered to be statistically significant.

Supporting information

S1 Fig. Specific annealing of rec.5S rRNAs to mutant KSS mtDNA. Southern hybridization
of wild-type (WT) or KSS mtDNA fragments (Mut) with 32p_labelled rec.5S rRNAs “5S-KSS-
15H” and “5S-KSS-15L” (as indicated at the right) at 37°C in 1xPBS.

(TIF)

S2 Fig. In vivo test of rec.5S rRNA import into human mitochondria. Northern blot analysis
of rec.5S rRNA variants in total and mitoplast RNA preparations from cells transfected with
various RNA (as indicated above the panels). Originals gel stained with Ethidium bromide
(EthBr) and hybridized with probes indicated at the left, as on Fig 3.

(DOCX)
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S3 Fig. Analysis of the FRT site copy number in isolated transmitochondrial cybrid
KSS-FRT cell lines. Southern blot hybridization of genomic DNA from three KSS-FRT clones
(2, 5 and 8) compared to commercial HEK 293 T-Rex™ Flp-In™ cells.

(TIF)

S4 Fig. Schematic representation of three mtDNA replication models and possible effect of
anti-replicative rec.5S rRNA (modified from [12]).
(TIF)

S1 Table. List of oligonucleotide primers.
(DOCX)

$2 Table. Quantification of mitochondrial import efficiencies of rec.5S rRNA.
(DOCX)

§3 Table. Characteristics of three isolated transmitochondrial cybrid KSS-FRT cell lines
compared to commercial HEK 293 T-RexTM Flp-InTM.
(DOCX)

$4 Table. Quantification of anti-replicative molecules in rec.5S rRNA expressing cell lines
by two approaches: Semi-quantitative one step RT-PCR and two steps real-time RT-qPCR.
(DOCX)
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heteroplasmy in a glucose-dependent manner

Romuald Loutre, Anne-Marie Heckel, Damien Jeandard, Ivan Tarassov and
Nina Entelis

S1 Table. List of oligonucleotide primers.

N° Name Sequence

1 T7-prom 5' GGGATCCATAATACGACTCACTATA 3'

2 KSS-13H-rev 5 AGGCCCGACCCTGCTTAGCTACAGTGCTTACTTTTCAGGGTGGTATGGCCGTA 3’

3 KSS-14L-rev 5" AGGCCCGACCCTGCTTAGCTAAGTAAGCACTGTATTCAGGGTGGTATGGCCGTA 3’
4 KSS-15H-rev 5’ AGGCCCGACCCTGCTTAGCTTTACAGTGCTTACTTTTCAGGGTGGTATGGCCGTA 3’
5 KSS-15L-rev 5" AGGCCCGACCCTGCTTAGCTAGAAGTAAGCACTGTTTCAGGGTGGTATGGCCGTA 3/
6 55-Bglll 5’ GGAGATCTAAGCCTACAACACCCGG 3’

7 Cytbwt F 5' CTTTAAAGCTTCACACGATTCTTTACCTTTC 3'

8 Cytbwt R 5' TCTTTGGAATTCGTTTGGATATATGGAGGATGG 3'

9 Lysmt F 5' TCATACAAGCTTACAGATGCAATTCCCGGACG 3'

10 5'-HindlII-55 5' CCAAGCTTGGGCGGGGCTGGGCTCTTGGGGCAGCCAGGCGCCTCCTTCAGCGCCTACGGCCATACCACCC 3!
11 3'-BamHI-55 5' CCGGATCCAAAGCCAAAGAAAAGCCTACAACACCCG 3'

12 5'-BamHI-55 5'CCGGATCCGGGCGGGGCTGGGCTCTTGGGGCAGCCAGGCGCCTCCTTCAGCGCCTACGGCCATACCACCC 3!
13 3'-HindlII-55 5' CCAAGCTTAAAGCCAAAGAAAAGCCTACAACACCCG 3'

14 1095 F 5' TAGCCCTAAACCTCAACAGT 3'

15 1305 B 5' TGCGCTTACTTTGTAGCCTTCAT 3'

16 11614 F 5' CATTGCATACTCTTCAATCAGC 3'

17 11778 B 5' CGACTGTGAGTGCGTT 3'

18 RT-55-KSS-H 5' CACCCTGAAAAGTAAGCAC 3'

19 RT-55-KSS-L 5' CCTGAATACAGTGCTTAC 3'

20 RT-15H-KSS 5' GAGAAGTAAGCACTGTAAAG 3'

21 RT-15L-KSS 5' CCCTGAAACAGTGCTTAC 3'

22 | RT-35-Antisens | 5t AAGCCTACAACACCC 3'

23 TST1-For 5' GTGGATGTTCCGTGTGTTTGG 3'

24 TST1-Rev 5' CAGCACCTGCTCGTAGGTC 3'

25 | Anti-insert 13H,15H| 5' GCTTACAGTGCTTACTT 3'

26 | Anti-insert 14L,15L | 5* AAGTAAGCACTGTTTCAG 3'

27 | MttRNAValine | 5' TGGGTCAGAGCGGTCAAGTTAAGTTGAAATCTCC 3'

28 | Anti-585rRNA | 5' GGCCGCAAGTGCGTTCGAAG 3'

29 Anti-5SrRNA | 5' AAAGCCTACAACACCCGGTATTCCC 3'




S2 Table. Quantification of mitochondrial import efficiencies of rec.55 rRNA.
A, data of the transfection experiment 1, see Fig. 3.

RNA 15H 13H 15L 14L endogenous 5S rRNA
signals ratios rec 5S/VVmt | 5,85/Vmt | rec 5S/Vmt | 5,85/Vmt | rec 55/Vmt | 5,85/Vmt | rec 5S/Vmt | 5,85/Vmt 5S /Val 5,85/Vmt
Mitoplast RNA (Ratio I} 0,38 0,27 0,82 0,15 ND a7 033 1,02 0,06
Total RNA (Ratio |l) 1T o 1,51 8,98 1,36 3,91 4,29 4,17
Ratio | /Ratio |I 0,215 0,05 0,53 0,01 0,27 0,08 0,237 0,015
Import efficiency” 0,165 0,52 0,19 0,22

Relative import eff. 75% 235% 86% 100%

B, data of the transfection experiment 2, see S2 Figure.

RNA 15H 13H 15L 14L endogenous 5S rRNA
signals ratios rec 5S/Vmt | 5,85/Vmt | rec 58/ Vmt | 5,85/Vmt | rec 58/Vmt | 5,85/Vmt | rec 55/Vmt | 5,85/Vmt 5S /Val 5,85/Vmt
Mitoplast RNA (Ratio I} 0,11 0,03 0,34 0,06 0,55 0,03 0,11 0,02 0,73 0,01
Total RNA (Ratio |l) 0,37 1,05 0,71 0,89 2,75 0,93 0,42 1,2 2,76 1,2
Ratio | /Ratio |I 0,29 0,03 0,49 0,07 0,2 0,03 0,26 0,02 0,26 0,01
Import efficiency” 0,26 0,42 07 0,24 0,25

Relative import eff. 104% 168% 68% 96% 100%

* Levels of cytosolic contamination (estimated as Ratio | /Ratio Il for cyt 5.85 rRNA) were subtracted from the impont efficiencies (Ratio | /Ratio Il for rec.5S rRNA).

Endogenous 55 rRNA import was analyzed in non-transfected cells and taken as 100%. Data on the endogenous 35S import efficiency for the

individual transient transfections are not shown due to cross-hybridization of the 5S probe with rec.5S rRNA molecules.




S3 Table. Characteristics of the three isolated transmitochondrial cybrid KSS-FRT cell lines
compared to commercial cells HEK 293 T-Rex™ Flp-In™.

KSS pERT cell line KSS pFRT 2 KSS pFRT 5 KSS pFRT8  HEK 293 T-Rex™ Flp-In™
Number of FRT site 1 1 1 1

B-gal Specific Activity

. . . 23 +£10 3143 15 +6 125 16

(in nmol of hydrolyzed ONPG/30 min/protein mg)

KSS heteroplasmy level 52 +5% 51 +4% 52 +5% /

S4 Table. Quantification of anti-replicative molecules in rec.5S rRNA expressing cell lines by two
approaches: semi-quantitative one step RT-PCR and two steps real-time RT-gPCR.

Rec.5S rRNA Number rec.5S rRNA/cell Number rec.5S rRNA/cell

RT-PCR semi-quant. real time RT-qPCR

5S5-KSS-13HY 2000+200 7408

5S-KSS-13H 200430 75+3
5S-KSS-14LW 20004200 ND

5S-KSS-14L 300450 120+5

5S5-KSS-15H 1300+200 50045

5S-KSS-15L 200430 70+3

Values obtained by two steps RT-qPCR are ~ three fold decreased compared to those of semi-quantitative RT-
PCR. This can be explained by two factors: 1) different efficiency of cDNA synthesis, since different enzymes
had been used for the One-step and for two steps RT-PCR reactions; 2) discrepancy of cell quantification mode
in experiments performed now and a year ago. Despite the difference in absolute values, we obtained the same
proportion of the rec.5S rRNA expression among the cell lines: the best expression for 55-KSS-13H®, lower for
5S-KSS-15H and rather small expression for other lines. Thus, we believe that new RT-qPCR data do not change
the main claims of our study.

S1 Figure. Specific annealing of rec.5S rRNAs to mutant KSS mtDNA. Southern hybridization of
wild-type (WT) or KSS mtDNA fragments (Mut) with 3*P-labelled recombinant 5S rRNAs “5S-KSS-
15H” and “5S-KSS-15L" (as indicated at the right) at 37°C in 1xPBS.

WT Mut

@ | Ethidium Bromide
staining

i 55-KSS-15H



S2 Figure. In vivo test of rec.5S rRNA import into human mitochondria. Northern blot analysis of
rec.5S rRNA variants in total and mitoplast RNA preparations from cells transfected with various
RNA (as indicated above the panels). Originals gel stained with Ethidium bromide (EthBr) and
hybridized with probes indicated at the right, as on Fig 3.

Mitoplast RNA Total RNA

EthBr

Probes :
13H
15L = -
55 BTty =ABsa~
58S . C L L L
Vmt ?Q‘.‘. albBaas

Probe 13H can hybridize with rec.5S rRNA-KSS-13H and rec.5S rRNA-KSS-15H, the signal for rec.5S rRNA-
KSS-15H is much weaker due to a mismatch; the same is for the probe 15L (hybridization with rec.5S rRNA-
KSS-14L is weaker than with rec.5S rRNA-KSS-15L). 5S w/o insert corresponds to cells transfected with wild
type 5S rRNA transcript; in this case RNA import was not quantified due to important degradation of mitoplast
RNA. Probing with 5.8S rRNA revealed that the mitoplast RNA from cells transfected with rec.5S rRNA-KSS-
13H was contaminated with cytosolic RNAs, this sample could not be quantified; another transfection
experiment is shown on Fig 3.



S3 Figure. Analysis of the FRT site copy number in the isolated transmitochondrial cybrid KSS-FRT
cell lines. Southern blot hybridization of genomic DNA from three KSS-FRT clones (2, 5 and 8)
compared to commercial HEK 293 T-Rex™ Flp-In™ cells.

HEK 293
KSS pFRT cell lines T-Rex

Flp-In

S4 Figure. Schematic representation of three mtDNA replication models (see ‘Discussion’ for
details and references) and possible effect of anti-replicative rec.5S rRNA-KSS-13H, annealed to the
L-strand of mtDNA at the KSS deletion boundaries, on the replication fork progression. OH, OL and
0z, origins of H-strand, L-strand, and strand-coupled replication, respectively. Modified from (Comte
etal., 2013).
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11.A.3. Application of the anti-replicative strategy to a
point MtDNA mutation 13514A>G.

Contrary to mtDNA deletions, which induce the formation of a DNA sequence
which highly differs from that of wild-type mtDNA, point mutation only differs by one
nucleotide, thus raising the challenge for the design of specific anti-replicative
molecule. Previously, small artificial RNA vectors had been applied to target anti-
replicative oligonucleotides into human mitochondria. In these studies, RNA
mitochondrial import induced the heteroplasmy shift in human cybrid cells and
patient’s fibroblasts bearing the heteroplasmic point mutation 13514 A>G in MT-ND5
gene (Tonin et al., 2014). The aim of my study was to develop the rec.5S rRNA
molecules targeting this point mutation. The overall methodology remains similar to

the one used for the KSS mutation.

[I.LA.3.1. Design and selection of anti-replicative rec.5S rRNAs

targeting the ND5 point mutation

[ILA.3.1.1. In silico structure and melting temperature predictions

Rec.5S rRNA targeting the 13514 A>G point mutation were designed to
replace a part of the B-domain (nt 24 to 49 of 5S rRNA) (Figure 16B) with a RNA
sequence complementary to the mutated mtDNA region. The sizes of the inserted
RNA sequences ranged from 15 to 17 nucleotides and target either L or H mutant
mtDNA strand. As for the rec.5S rRNAs targeting the KSS deletion, the different
molecules were named according to the size of the insert and the strand to which the
sequence corresponds (Figure 21A). For example 5S-ND5-15H rec.5S rRNA

contains an insert of 15 nucleotides targeting the L-strand of the mutated mtDNA.
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H strand
3’ .TTCGATGATGTGGCCTTTGGAGTAGAA. 5’

5S-ND5-15H: ATGATGTGGCCTTTG 5S-ND5-15L: CAAAGGCCACATCAT
5S-ND5-16H: ATGTGGCCTTTGGAGTAG 5S-ND5-16L: TCCAAAGGCCACATCA
58-ND5 17H: GATGTGGCCTTTGGAGTAG 55-ND5-17L: ACTCCAAAGGCCACATCA
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@® 13514A>G mutation

@ 5S rRNA nucleotide annealing to mtDNA
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Figure 21. Anti-replicative insert sequences and secondary structure of rec.5S
rRNA targeting 13514A>G NDS5 point mutation.

A) Secondary structure prediction of the rec.5S rRNA molecules using the RNA Folding form
software (Mfold). The size of the inserted RNA sequences ranged from 15 to 17 nucleotides
and target either L or H-strand of mutant mtDNA. The different molecules are named
according to the size of the insert, the strand to which the sequence correspond and the
gene containing the mutation. The 13514A>G mutation is highlighted in red.

B) Secondary structure of the human 5S rRNA.
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In silico prediction of the rec.5S rRNA secondary structure were first
performed by the RNA Folding form software (Mfold) in order to select the molecules
that retained the general secondary structure of 5S rRNA, including the structural
motif of interaction with TFIIIA which mediates the nuclear export of 5S rRNA and the
a et y domain import determinants (Figure 21B). Ideally, the region containing the
anti-replicative insert should not be structured to ensure optimal hybridization with the
target mtDNA. However, it was not possible to avoid the formation of short helices. Of
note, the nucleotide discriminating wild-type from mutant mtDNA is often localized in
this helix structure. The versions of rec.5S rRNAs for which many alternatives
secondary structured were predicted have not been selected for further analysis.

Since mutant and wild-type mtDNA only differs by one nucleotide, it was
important to select the insertion sequences with the highest discrimination ability. In
this regard, melting temperatures (Tm) of the rec.5S rRNA regions annealing to
target mtDNA sequence were analyzed with the OligoAnalyzer 3.1 tool (IDT-DNA)
(Table 3). Molecules with high predicted differences in melting temperature for each
RNA-DNA duplex formed with mutant and with wild-type mtDNA molecules (ATm)
are expected to provide more specific hybridization. Since some 5S rRNA
nucleotides at the boundaries of the inserts may participate in the annealing to the
target mtDNA sequence (i.e. for 5S-ND5-16H, 17H and 17L) they were also taken

into account in this analysis (shown in orange in Figure 21A).

Rec.5S Insert size | Annealing to Tm (°C) Tm (°C)

rRNA (nt) mMDNA (nt) | (Mutant DNA) | (Wild-type DNA) ATm
5S-ND5-15H 15 15 49,2 35,4 13,8
5S-ND5-16H 16 18 55,7 45,4 10,3
5S-ND5-17H 17 19 56,6 47,6 9,2
5S-ND5-15L 15 15 49,2 40,8 8,4
5S-ND5-16L 16 16 54,3 47 7,3
5S-ND5-17L 17 18 58 52,1 5,9

Table 3. Melting temperatures prediction for duplexes between rec.5S rRNAs
mutation and mutant or wild-type mtDNA regions.
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These in silico analyses led to the selection of the 6 rec.5S rRNA presented in
Figure 21A harboring a priori all the elements necessary to be correctly exported
from nucleus, imported into mitochondria and specifically anneal to mutant

mitochondrial genome.

IILA.3.1.2.  In vitro selection of specific rec.5S rRNA

In order to determine which of the selected rec.5S rRNA would efficiently
induce a shift in the heteroplasmy level, their capacity to specifically anneal to mutant
mMtDNA was tested in vitro. For this, we developed a test of hybridization in solution.
The anti-replicative rec.5S rRNA molecules were obtained by in vitro transcription
from PCR fragments containing the gene of rec.5S rRNA under T7 promoter.
Transcripts were incubated with equimolar amounts of oligonucleotides
corresponding to the mutant or wild-type mtDNA sequences in physiological
conditions (1xPBS, 37°C). The formation of RNA/DNA hybrid complexes was
assessed by electrophoretic mobility shift assay (EMSA) on non-denaturing
polyacrylamide gel (Figure 22).

All the rec.5S rRNA targeting the H-strand of mtDNA (15L, 16L, 17L) showed
several bands in presence or absence of mtDNA, indicating that these RNA molecule
can be folded into alternative structures and/or form dimers. Only the 5S-ND5-17L
version demonstrated a partial mobility shift only in presence of mutant
oligonucleotide, which indicates its ability to specifically hybridize to the target
MtDNA. While for this RNA the highest melting temperature of DNA/RNA duplex was
predicted, the ATm was low, so a high specificity of its annealing to mutant mtDNA
was rather unexpected (Table 3). Of note, the observed EMSA signal seemed
relatively low and may indicate on a weak hybridization. Concerning rec.5S rRNAs
targeting the L-strand of mtDNA, both 5S-ND5-17H and, at a lesser extent, 5S-ND5-
16H versions showed a prominent shift in the presence of mutant mtDNA
oligonucleotide. Moreover, no shift was observed with the wild-type mtDNA indicating
that the interaction with mutant mtDNA was specific. Both 5S-ND5-16H and 17H
versions presented similar predicted secondary structure, Tm and ATm, and the
difference observed may be inputted to the additional nucleotide of 5S-ND5-17H
rec.5S rRNA able to anneal to mutant mtDNA (Table 3). 5S-ND5-15H had a rather
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low Tm that may prevent its hybridization to mtDNA in physiological conditions.
Taking into account these data, 16H, 17H and 17L rec.5S rRNAs were selected for
the further in vivo experiments and their genes were cloned into a

pcDNATv5/FRT/TO plasmid for integration in ND5-cybrid-FRT cell line genome.

L strand 5’ TCAGAGGTTTCTACTCCAAAGACCACATCATCGAAACCGCAA 3’
Mutant L-strand 5’ TCAGAGGTTTCTACTCCAAAGGCCACATCATCGAAACCGCAA 3’

H-strand 5’ TTGCGGTTTCGATGATGTGGTCTTTGGAGTAGAAACCTGTGA 3’
Mutant H-strand 5’ TTGCGGTTTCGATGATGTGGCCTTTGGAGTAGAAACCTGTGA 3’

L strand H strand
mut WT @ mut WT+@ mtWT @ mut WT+@
!.
/’ —
- NN
/
5S-ND5-15H 5S-ND5-15L
H strand
mut WT+ @ mut WT+ @
| \
| | /
1
/ .'\
‘ |
I
sk ey !
5S-ND5-16H 5S-ND5-16L
L strand H strand

mut WT @ mut WT+ @ mt WT & mut WT+ O

58-ND5-17H 58-ND5-17L

Figure 22. In vitro hybridization specificity assay

Rec.5S rRNAs were incubated in presence of oligonucleotides corresponding to the
complementary wild-type (WT) or mutant mtDNA (mut) sequences (upper panel). The
formation of RNA/DNA complex was assessed by electrophoretic mobility shift assay. For
each version of rec.5S rRNA, the polyacrylamide gel stained with ethidium bromide is shown
at the left and the density profiles at the right. Rec.5S rRNA transcripts alone were loaded as
a control of migration (@) and the corresponding density profiles are represented in blue.
Black arrows indicate the bands corresponding to the free rec.5S rRNAS; green arrows
indicate the bands corresponding to RNA/DNA complexes.
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[I.LA.3.2. Production of a human transmitochondrial cybrid cell

line bearing FRT site.

Using the Flp-In™ T-rex™ system, three Zeocin-resistant clones named ND5-
cybrid-FRT were selected. As for the KSS deletion, the clone that can provide the
better expression for the rec.5S rRNAs was determined by measuring the specific -
galactosidase activity (Figure 23A). The commercial HEK (Human embryonic kidney)
293 T-rex™ Flp-In™, with virtually optimal insertion of the FRT-site, was used for
comparison. All the obtained clones harbored at least twice less B-galactosidase
activity than the commercial cells. Clone 3 showed the weakest activity up to 15
times less than HEK 293 T-rex'™ Flp-In™. Clones 1 and 2 were retained for further
experiments.

Several FRT sites may be introduced in nuclear genome when using the Flp-
IN™ T-rex™ system which could promote recombination events between the FRT
sites, subsequently leading to deleterious chromosome rearrangements. In order to
select clones containing only one FRT site, | performed Southern blot hybridization
with total DNA extracted from the clones and digested with two restriction enzymes:
Xbal and Hindlll (figure 23B). DNA fragments containing FRT sites were revealed
with a radiolabeled probe targeting the lacZ-Zeocin gene. Two bands were observed
for the clone 1, indicating that two FRT sites were integrated in the nuclear genome.
On the other hand, clone 2 harbors only one FRT site and was selected for the
transfection with the plasmids containing the 5S-ND5-16H, 17H or 17L rec.5S rRNAs
genes. However, it is important to mention that clone 2 growth rate was reduced
compared to the original cybrid cell line and that cells were fragile and showed a high

mortality upon transfection.
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Figure 23. Characteristics of three independant transmitochondrial ND5-cybrid-
FRT-cell lines.

A) B-galactosidase specific activity measured in cell lysates by the « [-gal Assay kit »
(Invitrogen). B) Number of FRT-sites introduced in nuclear genome of the ND5-cybrid-FRT
clones with the highest B-galactosidase activity. DNA was digested with Xbal or Hindlll
restriction enzymes and the fragments containing an FRT site were revealed by southern blot
with a radiolabelled DNA probe targeting the LacZ-Zeocin fusion gene. The commercial HEK
293 T-rex"™ Flp-in™, bearing a unique FRT site and the KSS-cybrid-FRT cell line are shown
for comparison.
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[I.LA.3.3. Impact of the rec.5S rRNAs on the ND5-cybrid-FRT cell

line heteroplasmy

Transfected cells were too fragile to be cultivated in absence of glucose, thus,
they were cultivated only in standard glucose containing medium. After 1 month of
culture, the mtDNA heteroplasmy was measured. The 13514A>G mutation leads to
the apparition of a restriction site for the Haelll enzyme (GGCC), absent from wild-
type mtDNA, and allows the assessment of the heteroplasmy level by restriction
fragment length polymorphism (RLFP). For this, the mtDNA region containing the
mutation was amplified by PCR with one primer bearing a fluorophore (Dovydenko
et al., 2015). The PCR products were then digested with Haelll, and fragments
separated on polyacrylamide gel and quantified. Heteroplasmy level was estimated
by the ratio of the fluorescence intensity of the shorter band, corresponding to the
mutant mtDNA, over the sum of the two bands (Figure 24). Initial heteroplasmy level
of clone 2 was measured in a similar way and was estimated at 73 £ 2.5%.

No decrease of heteroplasmy was observed for 5S-ND5-16H and 17L rec.5S
rRNA versions. Impressively, cells transfected with 5S-ND5-17H showed an
important reduction of heteroplasmy of about 55%. However, this cell line was
extremely fragile and had been eventually lost, making it impossible to repeat the
heteroplasmy measurement. Moreover, the fragility of the cells also made impossible
the analysis of rec.5S rRNA expression and import levels. Nevertheless, the
heteroplasmy decrease was observed for one version of rec.5S rRNAs, suggesting a
specific effect depending on the anti-replicative molecule. These first results suggest
that the anti-replicative strategy can be applied for point mutations as well as for large
deletions of mtDNA. However, more experiments are required to reproduce the data
and to demonstrate the direct correlation between the expression of the anti-

replicative RNA molecules and the observed heteroplasmy shift.
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Figure 24. Heteroplasmy level of ND5-cybrid-FRT cell lines transfected with
rec.5S rRNAs after 1 month of culture.

Haelll restriction site appears in the case of the 13514 A>G mutation and allows the measure
of heteroplasmy level by restriction fragment lenght polymorphism (RFLP) (Upper panel).
Fluorescent PCR fragments of mtDNA were digested with Haelll and separated on
polyacrylamide gel (middle panel). The level of heteroplasmy was quantified by the ratio of
the intensity of the lower band (mutant mtDNA) over the sum of the 2 bands (lower panel).
Error bars correspond to 3 different measurements for cells transfected with rec.5S rRNAs
and 4 different measurements for the initial clone 2.
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11.B. Landscaping of human RNA importome by
ColLoC-seq

Mitochondrial RNA import is actively studied, yet, little is known about
mitochondrial RNA importome and the import of some RNAs often remains
controversial. One of the main problems in the identification of imported RNAs is the
apparent impossibility to obtain mitochondria deprived of cytosolic contaminants
which confound results obtained with sensitive large scale analyses approaches
(RNA deep-sequencing). Moreover, the functions of imported RNAs inside the
mitochondria often remain elusive, either because of their apparent redundancy with
other RNAs encoded by the mitochondrial genome or because the mitochondrial
function of imported RNA can differ from the cytoplasmic one.

Nevertheless, broaden knowledge on RNA mitochondrial import may provide
better tool for the development of therapies using RNA import pathways and shed
light on diseases related to RNA import defects. Thus, my second project consisted
in the development of a new large scale method to discriminate unequivocally
imported RNA from contaminants. In this regard, my objectives were to:

i) Establish a robust approach allowing the identification of RNA present in
human mitochondria

i) Validate its ability to decipher 3 groups of RNAs: mitochondrial encoded
transcripts, nuclear encoded contaminants and nuclear-encoded transcripts partially
imported in mitochondria.

iif) ldentify new RNA imported into human mitochondria and validate their
import by other approaches.

In standard approaches for mitochondria isolation, purity of the samples is
assessed by the presence or the absence of one or few cytosolic RNAs. However,
RNAs can demonstrate different sensitivity to purification treatments (Cannon et al.,
2015). While one cytosolic RNA, serving as “control”, is apparently not detected in
the samples, other RNAs may persist and would only be removed with more stringent
purification procedures. Thus, it is virtually impossible to be sure that the
mitochondrial RNA samples are indeed deprived of cytosolic contamination. Since

RNA-seq is a sensitive method able to detect even trace amounts of RNAs, large
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scale analyses of mitochondrial importome are systematically confounded by the
persistence of these contaminant RNAs. To address this problem, we developed a
new large scale method, named “controlled level of contamination coupled with deep-
sequencing” (CoLoC-seq) to distinguish unequivocally between imported RNAs and

mere contaminants.

11.B.1. CoLoC-seq pilot experiment

[1.B.1.1. CoLoC-seq methodology

Since the presence of contaminants cannot be neglected, CoLoC-seq aims to
follow the depletion dynamic of RNA species in increasingly purified mitochondria,
rather than to simply detect RNAs in patrtially purified mitochondria samples. One can
expect that RNAs, whether they localize in mitochondria, outside mitochondria or
both (partially imported RNAs) will present different pattern of depletion in
progressively decontaminated mitochondrial samples. Thus, even if both cytosolic
and mitochondrial RNAs persist in the samples, they could be differentiated one from
another.

CoLoC-seq methodology is similar to classical mitochondrial isolation
experiment followed by deep-sequencing (Figure 18) except that the crude
mitochondria preparation is split in a series of identical samples which are then
treated separately to achieve different level of purification. In order to improve
accuracy and facilitate the distinction between imported RNAs and contaminant
RNAs, the differential treatment must rely on a parameter that can provide
guantitative, and not qualitative, analysis. Two steps of the usual mitochondrial
isolation protocol, the treatment of mitochondria to remove the OMM usually
performed with digitonin, and the ribonuclease treatment, rely on concentration of
reagent that can be easily controlled and varied during the experiment. However,
digitonin treatment may lead to the IMM rupture, limiting the range of concentrations
that can be used and the efficiency of the model. Thus, RNase treatment seemed to

be a convenient choice to establish CoLoC-seq procedure.
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Figure 25. CoLoC-seq regression model.

A) Regression model of the RNA depletion dynamics in CoLoC experiment. RNase should
exponentially degrade cytosolic RNAs but do not affect the RNA pool protected inside
mitochondria. B) Graphical representation of the predicted RNA depletion dynamics for three
types of transcripts (mt-encoded RNAs, partially imported RNAs and cytosolic only RNAS).

The depletion of RNAs can be modeled by a first-order decay regression
model, where RNAs are exponentially degraded under the action of ribonucleases.
The degradation rate depends on many factors, such as the sensitivity of the RNA to
ribonuclease treatment, the time of incubation or the concentration of the
ribonuclease. In CoLoC experiment, only the RNase concentration (A) varies
between the samples, and other parameters, including time of incubation, are fixed
and correspond to a constant specific to each RNA, termed “effective degradation
rate (k)" (figure 25A). Thus, cytosolic RNA degradation dynamics can be simplified
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to f(A) = e**. However, if a part of RNA pool resides in mitochondria, it will be
protected from degradation. This initial protected proportion (Po) is the important
parameter that discriminate contaminant RNAs from imported or mitochondrial
encoded RNAs. Upon RNase treatment, only the cytosolic RNA pool being exposed
to RNase (1-Po) is exponentially degraded. Hence, the depletion dynamic of dually
localized RNAs can be represented by a non-linear regression model.

f(A) = (1-Po)e ™™ + P

This model can be applied to the experimental data in order to estimate the
values of P and k’. Statistical significance of Py can be further assessed by testing
the null-hypothesis that Po = 0 (the RNA is not imported) and transcripts with
significant Py will be retained as candidates for mitochondrial import, whereas other
RNAs are considered as contaminants. Of note, the complete removal of cytosolic
RNAs is not required to distinguish contaminant RNA from transcripts partially
present inside the mitochondria.

RNAs isolated from the samples of mitochondria treated with increasing
concentrations of RNase can be then converted into cDNA library for deep-
sequencing and the depletion dynamics of each transcript will be analyzed.

Using this methodology, it will be possible to distinguish the three groups of
transcripts. Contaminant nuclear-encoded RNAs should be gradually degraded,
mtDNA-encoded RNAs present exclusively in mitochondria will not be affected by
RNase treatment and nuclear-encoded partially imported RNAs should represent an

intermediate profile (Figure 25B).

[1.B.1.2. CoLoC proof of concept

To validate the model, | isolated mitochondria from HEK 293 cells, in
conditions routinely used in the laboratory, and divided crude mitochondria into 6
identical samples for RNase treatment. Since mitoplast are more fragile than
mitochondria and prolonged manipulation may induce IMM rupture, digitonin
treatment was performed after the RNase treatment to avoid degradation of
mitochondrial RNAs. The ribonuclease chosen for this pilot experiment was RNase A.
This endoribonuclease specifically hydrolyzes RNA between the 3'-phosphate group

of a pyrimidine (C or U) and the 5'-hydroxyl of the adjacent nucleotide and generates
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5’-hydroxyl and 3’-phosphate groups (Nogues et al., 1995; Yang, 2011). Such
termini are incompatible with standard ligation reactions used for RNA-seq library
preparation thus preventing the sequencing of degradation products (see next
section). Moreover, even if RNase A preferentially cleaves single-stranded RNAs, it
can also degrade double-stranded RNAs and is commonly used to remove
contaminant RNAs from mitochondrial fraction (Mercer et al., 2011, Comte et al.,
2013). Concentrations of RNase A typically used in our laboratory to eliminate
contaminant RNAs range between 5 to 10 pg/mL. However, this treatment may
induce disruption of mitochondrial integrity with subsequent partial degradation of
mt-encoded RNAs, as we observed previously (Loutre et al., 2018a). Thus, the
aliquots of mitochondrial samples were incubated with RNase A concentrations
ranging from 0.05 to 1 pug/mL then washed and treated with digitonin before RNA
extraction according to the protocol established previously (Loutre et al., 2018a).

RNA isolated from mitochondria were separated on a denaturing
polyacrylamide gel and then analyzed by Northern blothybrization to assess the
depletion dynamic of specific RNA species (Figure 26A). Staining of the gel with
ethidium bromide revealed a clear pattern of gradually degraded RNAs. For Northern
blot hybridization analyses, probes for three types of transcripts were selected: mt-
encoded RNAs represented by mt-tRNA? and mt-tRNA"®, nuclear-encoded partially
imported RNAs represented by 5S rRNA and cytosolic RNAs represented by 5.8S
rRNA and 7SL RNA. 7SL RNA is part of the signal recognition particle (SRP)
ribonucleoprotein complex which recognize the signal peptide of proteins and target
the translating ribosome to the ER (Walter and Blobel, 1982; Grudnik et al., 2009).
Since ER associates strongly with mitochondria, it is one of the main sources of
contamination of mitochondrial samples. Similarly, 5.8S rRNA is a major component
of the cytosolic ribosomes which were shown to be associated with OMM
(Matsumoto et al., 2012; Gold et al., 2017).
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Figure 26. CoLoC procedure allows the distinction between mitochondrial
RNAs and contaminant RNAs.

A) Northern blot analysis of CoLoC samples. Left panel: Ethidium bromide stained
polyacrylamide gel shows the progressive degradation of RNA upon increasing RNase A
treatment. Right panel: Northern blot detection of mt-encoded tRNAs (mt-tRNAY®, mt-
tRNA"?), partially imported RNA (5S rRNA) and cytoplasmic RNAs (7SL RNA, 5.8S rRNA).
T: Total cellular RNA; bs: RNA isolated from crude mitochondrial sample before sucrose
cushion purification; as: RNA from crude mitochondrial sample after sucrose cushion
purification; 0: isolated mitochondria treated with digionin; 0.05 to 1: isolated mitochondria
treated with the RNase A and digitonin B) Quantitative analysis of the Northern blot shown in
panel A. Proportion of remaining RNA (f(A)) compared to the untreated sample (0 pg/ml of
RNase A) normalized to mt-tRNA"™®. At the right, table shows the P, values obtained by fitting
the CoLoC regression model into the quantified Northern blotting data (OriginLab software).
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To determine the proportion of remaining RNA, the signal detected by
Northern blot hybridization were quantified (Figure 26B) as the ratio between the
signal corresponding to each specific RNA observed in individual samples and the
signal for the same RNA in the untreated sample (no RNase A added). To take into
account the eventual difference in the loading of the samples, the ratios were
normalized to the ratio calculated for a mitochondrial RNA, here mt-tRNA"®, serving
as an internal control.

Three different types of depletion dynamics expected by our model were
observed. First, mitochondrial RNAs, here exemplified with mt-tRNA"®, were virtually
not degraded. However, the small decrease of mt-tRNA"® compared to mt-tRNA"®
may indicate on a partial disruption of IMM despite the thorough efforts to maintain
mitochondrial integrity during CoLoC procedure. Since similar amounts of RNA were
loaded on the polyacrylamide gel (1pg of RNA for all the samples), Northern blot
hybridization data shows enrichment of mitochondrial transcripts compared to other
RNAs. Cytosolic RNAs (5.8S rRNA and 7SL RNA) are rapidly depleted and nearly
completely disappeared in the samples treated with the high concentrations of RNase
A (0.5 and 1 pg/mL). As expected, partially imported 5S rRNA demonstrated an
intermediate pattern with a significant pool being protected from RNase digestion.

The regression analysis of CoLoC data shows that only mitochondrial-
encoded RNAs (mt-tRNA Val) and imported RNAs (5S rRNA) present significant non-
zero Py values. These results demonstrate the possibility to distinguish the three
groups of transcripts with the CoLoC methodology and, consequently, to univocally
identify mitochondrial-resident transcripts.

[1.B.1.3. CoLoC-seq 1 experiment.

In order to identify imported RNAs and demonstrate the reliability of CoLoC
approach at a genome-wide level, another experiment was performed with the
purpose to sequence the RNA samples. A similar protocol was applied with
increased number of samples (from 6 to 8) to enhance the power of analysis. At the
end of the procedure, cDNA library preparation and sequencing was performed by
using an original cDNA generation protocol adapted to our methodology by Vertis
Biotechnologie AG (Freising, Germany) (Figure 27). This protocol is based on the

ligation of two adaptors that can only recognize 5-monophosphate (5’P) and 3'-
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hydroxyls (3’'OH) of the RNA. Since RNase A cleavage induces the formation of 5OH
and 3'P termini, most degradation products would be removed from the analysis and
thus only intact RNAs are retained for sequencing. Of note, RNA molecules can be
excluded from the sequenced pool by a single RNase A cleavage, which should
efficiently reduce potential biases caused by differences in RNA structure and
accessibility for cleavage. Following ligation of adaptors, RNAs were transcribed into
cDNA and further amplified by PCR using primers targeting the adaptors. cDNAs
were then fragmented by ultrasound and specific sequencing adaptors were ligated
to the fragments. A size-selection step was performed to keep sequences between
200 and 500 nt (72 and 372 nt after removal of adaptors sequences), then the cDNA
library was sequenced with an Illlumina next seq 500 platform giving 75 nt reads. It is
important to keep in mind that because of this size-cut, our dataset did not include

small RNAs such as miRNAs.

LA.1.1.1. General analysis of CoLoC-seq data.

Sequencing data provided 6.3 to 9.8 million reads per samples mapping to
64,957 genes, although most of reads corresponded to rRNA genes since no rRNA
depletion step was performed before sequencing. Initial coverage of mitochondrial
genes (“Opg/mL RNase A” sample) corresponded to only 0,79% of total aligned
reads, indicating the high cytosolic contamination of isolated mitochondria (Figure
28A). Progressive digestion of extramitochondrial RNAs resulted in 20,3 fold
enrichment of mtDNA-encoded transcripts in the sample with the highest RNase
concentration, confirming the degradation of nuclear-encoded RNAs.

Reads mapped to different loci of the human genome can bias the quantitative
analysis of RNA-seq data. Hence, high proportion of non-uniquely mapped reads or
reads that could not be aligned to any gene may indicate low quality of samples. All
the samples have shown a relatively low amount of uniquely mapped reads.
However, three samples (0.05, 0.5 and 1ug/mL of RNase A), were characterized by
the lowest amounts (19.19% 22.08% and 20.25% respectively) of uniquely mapped
reads (Figure 28A, left panel).
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Figure 27. Pipeline of the cDNA library generation and sequencing of CoLoC
RNA samples.

1. 5 Cap and 5’PPP termini are converted into 5° monophosphate by the CAP-Clip Acid
Pyrophosphatase. Then, adaptor sequences are ligated specifically to the 5P and 3'OH
extremities of RNAs. Since RNase A leaves 5’OH and 3’P termini, RNA degradation products
are unligatable. 2. RNA molecules bearing adaptors are then amplified by RT-PCR. 3 and 4.
cDNAs are fragmentated by ultrasound and adaptors required for sequencing are ligated to
the fragments. cDNAs are then separated on agarose gel to select fragments of 200 to 500
nt (128 nt corresponding to the sequence of adaptors). 5. Sequencing is performed on an
lllumina Next-Seq 500 platform providing reads of 75 nt.
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Since mtDNA-encoded RNAs are protected from RNase A treatments, their
proportion in each sample (compared to the untreated sample) were analyzed to
further assess the quality of the samples (Figure 28B). Interestingly, all samples
demonstrated relatively high level of variability both within and between samples. The
reason for this behavior remains unclear, although it may be due to the digitonin
treatment, performed independently for each sample, which may affect to some
extent the IMM integrity and induce partial degradation of mitochondrial RNAs. Once
again, 2 samples (0.5 and 1pg/mL of RNase A) were characterized by the highest
variability. Thus, the three samples (0.05, 0.5 and 1pg/mL of RNase A) of apparently
low quality were removed from subsequent analyses.

2 main cut-offs were applied to the sequencing data. First, all the genes with
less than 10 reads per sample have been eliminated, since so low coverage does not
provide any range for analysis and is not reliable. For the second cut off, mtDNA-
encoded RNAs were used as an internal reference against which all other transcripts
were evaluated to assess their proportion in the different samples. Genes with less
than 10% of reads remaining in the last sample compare to the untreated samples
were then set aside, as they corresponded most probably to the contaminant RNAs.
Strikingly, more than 99% of nuclear-encoded RNAs were rapidly depleted upon
increasing RNase concentration and only 50 RNAs survived the treatment at more
than 10% of their initial level. Of those, all the mtDNA-encoded (except 5 tRNAs) and
18 nuclear-encoded RNAs (see below) passed the coverage cut-off. Moreover, the
extremely low coverage for mt-CO3 mRNA, known to have an unligatable 5’ terminus
(Kuznetsova et al., 2017) and for U6 snRNA which possess a 3’phosphate instead
of 3OH (Lund and Dahlberg, 1992) demonstrated that sequencing of RNase A

degradation products was indeed avoided.
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Figure 28. General quality of the pilot CoLoC-seq dataset.

A) Statistics of the reads alignment to human reference genome hg38. Left panel: proportion
of uniquely aligned, multiple aligned or not aligned reads. Total amount of reads for each
samples are indicated at the top of each bars (in million reads) Right panel: proportion of
reads mapped to nuclear and mitochondrial human genome. B) Proportion of each
mitochondrial transcript in all the samples compared to the untreated sample and normalized
to the RPKM median of all mitochondrial transcripts (shown on the right). Samples annotated
in blue presenting apparently low quality were removed from further analyses. Samples are
annotated according to RNase A concentration (ug/mL) used for treatment of mitochondria.
RPKM : Reads Per Kilobase Million.
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11.B.1.3.3. Identification of candidates for RNA imported into
mitochondria

Variability of the data did not provide the opportunity to statistically analyze the
depletion dynamic of the 18 remaining cytosolic RNAs with the regression model
(Figure 29A). Therefore, identification of candidates for mitochondrial RNA import
was achieved by taking into account, for each transcript, the general depletion
dynamic and the proportion of remaining RNA in the sample treated with the highest
concentration of RNase. Selected candidates were characterized by a depletion
curve resembling a plateau and remaining in the range of variation of mt-encoded
RNAs, in contrast with other RNAs showing constant decrease upon increasing
concentrations of RNase A (Figure 29B, Figure 30). Thus, six small non-coding
RNAs were qualified as candidates for mitochondrial import. Surprisingly, the top-
scoring nuclear-encoded RNA detected in association with mitochondria is the
selenocysteine tRNA (tRNAF®®%)  responsible for selenocysteine incorporation
during cytosolic translation (Bulteau and Chavatte, 2015; Schoenmakers et al.,
2016). Its import, as well as putative function in mitochondria, has never been
suggested before. It is even more surprising since cytosolic tRNAs are poorly
covered in this dataset, which is often the case of libraries that do not include a
deaminoacylation step to increase the ligatability of 3’-termini of tRNAs.

Concerning RNA species previously suggested to be imported in
mitochondria, only 5S rRNA was identified at the first selection step. The RNA
component of RNase P (H1 RNA), although found to be imported by some other
studies (Bartkiewicz et al., 1989; Puranam and Attardi, 2001), behaved in this
experiment as a typical contaminant undergoing a rapid degradation. This suggests
that this RNA is either not imported in mitochondria or present in negligible amounts.
On the other hand, MRP RNA was previously suggested to be cleaved upon import
and only the 3’ part of the RMRP should be protected in mitochondria (Chang and
Clayton, 1987; Noh et al., 2016). Since the annotations of the reference genome
used to analyze our data take into account the entirety of the gene, the reads
corresponding to the protected part of this RNA may be hidden by the reads covering
the totality of the RMRP gene, preventing its detection after the second cut-off.
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Figure 29. Depletion dynamics of nuclear-encoded RNAs.

A) Profile of the 18 nuclear-encoded RNAs that passes two main cut-offs. B) Depletion
dynamic of 2 RNAs candidate for mitochondrial import (top panels) and 2 RNAs identified as
contaminant (bottom panel). C) Reads alignment and profile of the imported MRP RNA. Only
the 3’half of the RNA is protected from RNase treatment while the 5’ half behaves as a
contaminant. |



Closer inspection of the reads aligned to the RMRP gene clearly revealed different
patterns for the 3’ and 5’ regions of the gene (Figure 29C). Reads mapped to the &’
half of the molecule showed a distinct depletion upon RNase treatment while the
reads mapped to 3’ half showed a pattern characteristic for imported RNA, in
agreement with previous studies. Thereby, RMRP was also added to the list of
imported RNAs identified during this pilot experiment. Of note, the telomerase RNA
component TERC was also suggested to be cleaved upon mitochondrial import
(Cheng et al., 2018), however, the gene was poorly covered in this experiment,
making impossible to conclude on the RNA import.

In summary, the pilot CoLoC-seq experiment allowed to set a list of 7 RNAs
potentially imported inside mitochondria (Figure 30), all of them are small non-coding
RNAs, among which two RNAs were already identified as imported by previous
studies. However, because of the size cut-off during library preparation, the dataset
did not include miRNAs. Similarly, tRNAs were poorly covered and the sequencing
was performed at a the relatively low depth offered by the lllumina NextSeq platform.
One can expect that increasing the depth of sequencing and switching to protocols
adapted for the detection of tRNAs and miRNAs will increase the list of RNA
candidates for the import.

The CoLoC experiment can also be improved by adjusting and modifying the
critical steps of the mitochondria isolation procedure such as the digitonin treatment,
affecting the variability between the samples, and the ribonuclease treatment. In
addition, it is important to establish a control to assure that the candidates identified
with the CoLoC procedure are not protected by other factors than the mitochondrial

membranes. These optimizations are discussed in the next section.
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the highest RNase concentration.

RNA species are organized according to the proportion of remaining RNA in the sample
treated with 0.9 pg/mL RNase A. The 7 nuclear-encoded transcripts selected as candidate
are shown in red. (*) indicates RNAs previously identified as imported inside mitochondria.

11.B.2. Optimization of the CoLoC procedure

[1.B.2.1. Mitoplast generation

In the protocol used in previous CoLoC experiments mitoplasts were
generated after the mitochondrial samples are split and treated with RNase A. The
choice to remove the OMM only after RNase treatment was initially made to avoid
degradation of mt-encoded RNAs in the CoLoC procedure. However, the fact that
digitonin treatment is performed independently for each sample may promote
experimental variability which could be avoided by generating mitoplasts before the
splitting of the samples and incubation with RNase. Moreover, performing the RNase
treatment on mitoplast instead of mitochondria may facilitate the degradation of
contaminant RNAs strongly associated with the OMM. To test for this hypothesis, |
treated samples of mitoplasts with different concentrations of RNase A in conditions

similar to the CoLoC experiment and analyzed the depletion of various RNAs by
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Northern blot hybridization (Figure 31). To assess for mt-RNA degradation, an
artificial spike-in RNA (not present in human cells) was added to each samples
before the RNA isolation step to serve as a loading reference (see 1V.B.2).

The data of this experiment show that the pool of mt-tRNA"? remained intact in
absence of digitonin treatment but was strongly depleted when mitoplasts were
treated with RNase A. This demonstrates that mitoplast generation induced the
partial disruption of the IMM and should not be performed before RNase treatment.
As expected, cytosolic RNAs cyt-tRNAy,y and 5.8S rRNA were nearly completely
eliminated in both procedure. It is important to note that the cytosolic RNA depletion
was accentuated when the OMM was removed which indicates that digitonin
treatment facilitates the elimination of cytosolic RNAs.

Mitoplasts Mitochondria
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Figure 31. Impact of the digitonin treatment on the RNase A mediated
degradation of RNAs associated with mitochondria.

Mitoplasts generated by digitnonin treatment (left panels) and mitochondria (right panels)
were treated with different concentrations of RNase A (as indicated). RNAs samples
extracted at the end of the procedure were analyzed by Northern blot. The hybridization
signals were quantified as a proportion of the sample not treated by RNase A (Opg/mL) and
normalized to the signal of the spike-in RNA.

99



[1.B.2.2. Establishment of a Mock-CoLoC experiment

CoLoC-seq methodology is based on the protection of mt-resident transcripts
by the integrity of the IMM, which prevents the entry of ribonuclease in the
mitochondrial matrix. Using this principle, the pilot experiment allowed the
identification of new RNAs candidates for mitochondrial import. However, an
important control experiment should be performed to account for the possible
protection of RNAs by their intrinsic structure or by the association with proteins. In
this purpose, | established a “Mock-CoLoC” experiment carried out in a similar way
as for standard CoLoC except that the isolated mitochondria were lysed by a
detergent before RNase treatment. In such conditions all RNA molecules, including
those present inside the mitochondrial matrix, should be degraded.

For the first assay of the procedure, | used only one concentration of RNase A
(10pg/mL), and tested also a mix of RNase A and RNase T1 which should induce
degradation of all the transcripts. RNA samples were analyzed by Northern blot and
probed for different transcripts, including candidates identified during the CoLoC-seq
1 experiment, tRNAF®?¢ and 5S rRNA (Figure 32A). The proportion of remaining
RNA was quantified using the spike-in RNA, instead of mt-RNA, to normalize the
guantity of RNAs loaded on the gel for each sample. The clear depletion observed for
mt-encoded tRNA" indicates that mitochondrial RNAs are efficiently degraded and
no intact mitochondria survived the procedure. Cytosolic tRNA™" was also nearly
completely eliminated but, surprisingly, a proportion of 5S rRNA and tRNA[F®Ise
persisted in the samples. The persistence of these RNAs may indicate that they are
protected from degradation by other factors than the mitochondrial membrane, which
confounds the imported status determined by the pilot CoLoC experiment.
Nevertheless, these two RNAs were efficiently degraded by the RNase A/T1 mix
which shows that they are accessible for degradation and not protected inside
membrane vesicles that could be formed during the lysis procedure.

Survey of the literature on the ribonucleases activity revealed that RNase A
does not require any divalent metal-cofactor to cleave RNAs (Yang, 2011), however
presence of 100-200mM of salt (NaCl), which was nearly absent in the buffer used in
pilot CoLoC experiments, may increase the activity of RNase A (Park and Raines,
2000, 2001). Thus, a modified buffer containing 100mM NaCl (see section IV.B.3.1.2)
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was tested to improve the efficiency of cleavage of the persistent RNAs (Figure
32B). The data showed that the salt containing buffer greatly improved the
degradation of all RNAs, although a small proportion of 5S rRNA and tRNAF was
still observed after RNase treatment.

RNase A was initially chosen because of its property to leave termini that
cannot be ligated with the adaptors used for RNA-seq library. Other RNases, such as
RNase T1, RNase 1 (Yang, 2011) and Micrococcal Nuclease (MNase) (Sulkowski
and Laskowski, 1962), present similar properties. The efficiency of these various

RNases was also tested on mitochondrial lysates (Figure 33).
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Figure 32. RNA degradation in mitochondrial lysates treated with RNase A

Isolated mitochondrial were lysed with a detergent and treated with A) RNase A (10pg/mL) or
a mix of RNase A and RNase T1 (25U/mL) ) in similar conditions as for the pilot CoLoC
experiment and B) RNase A (10pg/mL) in standard CoLoC Buffer (Buffer 1) or improved
buffer containing 200Mm NaCL (Buffer 2). RNAs were analyzed by Northern blot (left panels)
and signal of each probes were quantified a in the same way as in figure 31.
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As expected RNases showed different specificity of cleavage, for example
RNase T1 was unable to cleave efficiently mt-tRNAY? while other RNases induced
complete elimination of this RNA. A similar case is observed with the only partial
degradation of 5.8S rRNA by MNase. 5S rRNA was poorly degraded by all the
RNases tested, and increasing nuclease concentration did not improve the
degradation of this RNA. However, the proportion of remaining 5S rRNA depended
on the RNase used. RNase A induced the best depletion of all probed RNAs,
including 5S rRNA, so this nuclease has been selected for further use in CoLoC and

Mock-CoLoC experiments.
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Figure 33. Degradation of mitochondria associated RNAs by different
ribonucleases in Mock-CoLoC experiment.

Isolated mitochondrial were lysed with a detergent and treated with different ribonucleases in
the concentrations indicated on the figure. The buffer used for RNase A corresponds to the
buffer 2 in figure 32. Extracted RNAs were analyzed by Northern blot and signals of each
probe were quantified in the same way as in figure 31. Black arrows indicate full length
transcript and grey arrows indicate degradation products that were not take into account for
the quantifications.
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[1.B.2.3. CoLoC and Mock-CoLoC in optimized conditions

After having determined that RNase A was indeed the best choice for our
procedure and improved the conditions of treatments, a second CoLoC experiment
was performed along with the corresponding Mock-CoLoC experiment. In each
experiment, ten samples of mitochondria were treated with RNase A in the range of
concentration from 0 to 3 pg/mL. RNase treatment was performed using the NacCl
containing buffer, and the time of incubation was also increased from 5 to 7 minutes
for technical convenience (see section IV.B.3.1.2). The spike-in RNA was added to
the Mock-CoLoC and also to the standard CoLoC samples to assess the level of
degradation of mt-encoded RNAs.

The RNA samples from both experiments were first analyzed by Northern blot
and probed for two mt-encoded RNAs (mt-tRNA'® and mt-tRNA™®) and five nuclear-
encoded RNAs (U6 snRNA, 5.8S rRNA, 5S rRNA, tRNAL® and cyt-tRNAYS ) as
well as for the spike-in RNA (Figure 34). Northern blot hybridization results confirmed
that, except 5S rRNA, no full-size RNA was detected if mitochondria had been lysed
with detergent before the RNase treatment (Figure 34B). This demonstrates that the
transcripts tested were not sufficiently protected from RNase A cleavage by particular
structure or associated proteins when mitochondrial membranes are disrupted. On
the other hand, 5S rRNA was only partially depleted as the RNase A concentration
increased and an important proportion of 5S rRNA persisted in all samples. This can
represent a case of RNA species protected from degradation by other factors than
the mitochondrial membrane.

In standard CoLoC experiment (Figure 34A), the proportion of mt-encoded
RNAs mt-tRNAY® and mt-tRNAY® remained stable as the RNase concentration
increased indicating that mt-RNAs are globally not affected by RNase treatment. Of
note, a moderate depletion was observed in 4 samples (1,3; 2; 2,3; and 2,6 pg/mL of
RNase A) which can be explained by a partial disruption of mitochondrial membrane
caused by the digitonin treatment performed independently between samples.
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Figure 34. Northern blot analysis of the optimized CoLoC and Mock-CoLoC
experiments.

A) CoLoC and B) mock CoLoC experiment were performed using optimized conditions and
RNAs were analyzed by Northern blot. Signal of each probes were quantified a in the same
way that in figure 31. T: total RNA; Mito: RNA extracted from crude mitochondria; Lysed
Mito: RNA extracted from mitochondrial lysate.

As expected, cytosolic RNAs 5.8S rRNA and U6 snRNA were rapidly
degraded upon RNase treatment. Unfortunately, hybridization signals for two
cytosolic tRNAs (tRNAS™C and cyt-tRNAYS,uu) were barely detected even in
absence of RNase. Thus, quantification of the proportion of cyt-tRNA"*y,u may be
biased since the signals were weak and close to the background level. Nevertheless,
the data show that cyt-tRNA"°yuu was partially depleted by low concentration of
RNase A but clearly reached a plateau level indicating that a proportion of this RNA

had been protected from the cleavage. Since this tRNA is completely eliminated in
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mitochondrial lysate samples, the protection can be provided by the integrity of
mitochondrial membranes and suggests a mitochondrial import. Of note, tRNAs were
generally poorly covered in the initial CoLoC-seq experiment so the import status of
most cytosolic tRNAs could not be assessed. Import of cyt-tRNA"Syuu might be
expected, since the yeast cyt-tRNA™® tRK1 is imported inside human mitochondria
(Kolesnikova et al., 2000).

5S rRNA showed a constant and slow depletion which clearly reached a
plateau level observed both in the CoLoC and in the Mock-CoLoC experiments
(Figure 34). This apparent protection independent on the integrity of mitochondrial
membranes becomes a confounding factor that demands a careful re-visiting of the
guestion of 5S rRNA mitochondrial import.

Northern blot analyses are limited by the detection level and number of RNA
species that can be probed. Thus, we performed the sequencing of samples of
CoLoC experiment performed in optimized conditions (CoLoC 2) aiming to obtain
new genome-wide data and to compare them with the data of the pilot CoLoC-seq

experiment (CoLoC 1).

11.B.3. Analysis of optimized CoLoC-seq data

Samples of CoLoC 2 treated with 0 — 3 pg/mL RNase A where sequenced as
previously (Section I1.B.1.3; Figure 27) except that no size-selection was applied
allowing the sequencing of small RNAs.

Sequencing data provided a number of reads comparable to the first
sequencing experiment (6.6 to 10.3 million reads per sample). Reads were mapped
against the human genome and aligned to a total of 794 597 genes. However, an
important proportion of the reads could not be aligned to any gene (Figure 35A)
which can be partially inputted to the difficulty to align shorter reads retained due to
the absence of size selection. On the other hand, the number of unaligned reads
increased from =38% in the untreated sample to =83% in the sample treated with the
highest concentration of RNase, suggesting that the treatment has affected the
quality of the reads, although the reason remains unclear. In the untreated sample,
3.9% of the aligned reads mapped to the mitochondrial genome, and this proportion

progressively increased up to 47.2% as the contaminant RNAs were eliminated by
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RNase treatment. (Figure 35A). In a general manner, RNase concentration above
lpg/mL did not seem to further improve mitochondrial enrichment since the
proportion of reads mapped to nuclear and mitochondrial genomes remains stable.

Reads corresponding to the spike-in RNA, although present in all samples,
were not considered and mitochondrial RNAs altogether were used as an internal
reference. Individual mitochondrial RNAs presented again a certain level of variability
both within and between samples (Figures 35B and 28B). This suggests that this
variability is intrinsic to the experimental procedure and may be inputted to different
factors such as the inconsistency of the digitonin treatment, the quality of the cDNA
fragmentation and biais in the ligation of the adaptors. Nevertheless, no distinctive
bias toward a particular sample was observed.

Identification of RNAs potentially imported inside mitochondria was conducted
in the same way as for the pilot CoLoC-seq experiment (Section 11.B.1.3.2). First,
genes presenting a sufficient coverage (10 or more reads in each sample) were
retained. Then, the proportion of reads for each transcript in RNase treated samples
compared to the untreated sample (Oug/mL RNase A) was calculated and normalized
to the median of mitochondrial RNAs; genes with a proportion less than 10% in the
last sample were eliminated. Finally, 77 nuclear-encoded RNAs and 33 mt-encoded
RNAs (all mitochondrial transcripts except tRNA*P tRNA®Y, tRNA*Y and tRNA'™)
were retained (Figure 36A).

Remarkably, most of the identified nuclear-encoded RNAs corresponded to
tRNA genes. Among them, we have found tRNAs involved in the incorporation of 14
from the 21 aminoacids. This important tRNA enrichment compared to the first
experiment may be explained by the absence of size-selection which previously
limited the recovering of small molecules. Interestingly, most of retained cytosolic
tRNAs showed depletion dynamics resembling those of partially imported RNAs
(Figure 36B). Among them we identified tRNAF®?¢ and tRNA®",uc, which had been
detected in the CoLoC 1 (Figure 30) as well as tRNA®Syyy which has been

persistent in Northern blot experiment (Figure 34A).
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Figure 35. General dataset of the optimized CoLoC-seq experiment

A) Statistics of the reads alignment to human reference genome hg38. Left panel: proportion
of uniquely aligned, multiple aligned and unaligned reads. Total amount of reads for each
samples are indicated at the top of each bars (in million reads) Right panel: proportion of
reads mapped to nuclear and mitochondrial human genome. B) Read proportion of each
mitochondrial transcript in each sample compared to the untreated sample and normalized
to the median of all mitochondrial transcripts (shown on the right), as in Figure 28B.
Samples are annotated according to RNase A concentration (ug/mL) used for the treatment
of mitochondria.

Unexpectedly, in this experiment five mRNAs were identified as potentially
imported. However, the low nhumber of reads compared to the size of the gene (less
than 1 read per kb) suggests that the reads can result from either only a few mRNA
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molecules or from an isolated small region of the gene. Further analysis is required to
determine the origin of the reads mapping to these five genes.

Besides tRNAs, six other non-coding RNAs showed depletion dynamics
profiles indicating on a partial protection from RNase degradation, including 5S rRNA
(Figure 36B). Contrary to CoLoC 1, H1 RNA was also clearly identified as protected
inside mitochondria, supporting previous evidence of its import (Bartkiewicz et al.,
1989; Puranam and Attardi, 2001).

Once again, RMRP did not survive the treatment at more than 10% read and
was initially considered as a contaminant RNA. Then, the reads aligned to the RMRP
gene were verified and demonstrated the same dual pattern for the two parts of the
RNA as in CoLoC 1 data, supporting the import of the 3’half of the molecule (Figure
36B).

Of note, snoRNAs were not detected in CoLoC 2. This discrepancy between
two experiments may be explained by the changes of the CoLoC procedure, notably
the composition of the buffer for RNase treatment. Yet, four RNAs (5S rRNA, RMRP,
tRNABeSeC and tRNACY,uc) were consistently identified in the two experiments
(Figure 30 and 36A). In summary, the data of two independent ColLoC-seq
experiments validated the new approach and allowed identification of a set of
potentially imported RNAs. These results should be confirmed by sequencing of
another set of independently obtained CoLoC samples and the samples issued from
several Mock-CoLoC experiments. Moreover, mitochondrial import of identified RNA

candidates should also be validated by orthogonal methods.
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Figure 36. Selection of candidate for mitochondrial import in the second
CoLoC-seq experiment.

A) Diagram representing the 110 RNAs which remained at more than 10% at the highest
RNase concentration to which was added RMRP (see in the text section). RNAs highlighted
in red correspond to candidates also identified in CoLoC 1 (Figure 30). (*) indicates RNAs
previously identified as imported inside mitochondria. B) Examples of the depletion dynamics
of candidate RNAs. Reads aligned to the MRP RNA gene are shown to demonstrate the
difference in behavior between the 3’ part (imported) and 5’ part of the RNA. Grey curves
correspond to the depletion dynamics of the mt-encoded RNAs.
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11.B.4. In cell confocal microscopy imaging of RNAs
candidate for mitochondrial import

One of the method to study the RNA imported into mitochondria (see section
[.LA.4) consists in in situ RNA visualization by fluorescent microscopy. Single-
molecule fluorescent in situ hybridization (smFISH) permits clear visualization of
subcellular localization for individual RNA species (Barrey et al., 2011; Kwon, 2013;
Urbanek et al., 2015) and has been successfully used for detection of mitochondrial
transcripts (Antonicka et al., 2013). This method is currently being established in our
laboratory by Dr. Anna Smirnova using branched DNA technology, which improve
signal-to-noise ratio by increasing the number of fluorophore at the level of a unique
target RNA molecule (Player et al., 2001; Battich et al., 2013) (Figure 37A).

Different sets of gene-specific probe pairs designed by Affymetrix eBioscience
were used to detect the following transcripts: 1) as a control for cytosolic localization,
RAN mRNA (encoding RAN protein, a member of the RAS oncogenic proteins
family); 2) for mitochondrial localization, mtDNA-encoded MT-CO1 mRNA; 3) three
RNAs candidates for mitochondrial import (55 rRNA, RMRP and tRNAF®™ %) (Figure
37B and C). Mitochondria of HepG2 cells were labelled with either Mitotracker Red, a
dye which accumulates in mitochondria (Chazotte, 2011), or with fluorescent
antibodies targeting the OMM protein TOM20. Images were obtained using confocal
laser scanning microscopy.

The mt-encoded COlI mRNA demonstrated nearly complete co-localization
with the mitochondrial marker as expected for an RNA exclusively localized in
mitochondrial matrix (Figure 37B). In contrast, most of RAN mRNAs molecules anti-
co-localized with mitochondria, although the Ilimited resolution provided by
conventional confocal microscopy resulted in detection of stochastic co-localization
events.

Probes used to detect RMRP RNA specifically targeted the 3’ half of the
molecule. As expected, most of the detected RMRP molecules were localized to the
nucleus where this RNA participates in the maturation of ribosomal RNAs (Schmitt
and Clayton, 1993). A small proportion of the RMRP molecules were also localized
in the cytosol partially associated with mitochondria.
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Figure 37. Imaging of mt-resident RNA in HepG2 cells by confocal microscopy
using branched DNA technology.

A) The branched DNA smFISH technique. Pairs of gene-specific DNA probe anneal to the
targeted RNA to allow the binding of preamplifier and amplifier DNA in a tree-like structure
serving as a platform for the binding of ~400 fluorophore molecules. Adapted from (Battich
et al., 2013). B) Confocal microscopy imaging of mt-encoded mRNA (CO1 mRNA) and
cytosolic-encoded mRNA (RAN mRNA) in HepG2cells. C) Confocal microscopy imaging of
three nuclear-encoded RNAs candidate for the mitochondrial import in HepG2 cells.
Mitochondria are visualized using either Mitotracker red or TOM20 antibodies. Nuclei are not
labelled and are easily identified by the absence of mitochondria in the center of the cells.
Data are kindly provided by Dr. Anna Smirnova.
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tRNASISe¢ \yas detected as a low abundant transcript (= 13 molecules per
cells) mainly localized to the cytosol. Some molecules were clearly co-localized with
mitochondria (Figure 37C). Further experiments and statistical analysis of the data
are needed to ensure if numbers of tRNAS® and RMRP RNA co-localization
events are significantly different from stochastic co-localization with mitochondria
obtained for the cytosolic RAN mRNA.

5S rRNA is very abundant within the cell, and smFISH using branched DNA
technology revealed that an important pool of this RNA was co-localized with
mitochondria (Figure 37C). By triple staining of mitochondria, 5S rRNA and 5.8S
rRNA (two major RNA components of the cytosolic ribosomes) we were able to
guantify and compare the mitochondrial co-localization for these two rRNAs (Figure
38). Surprisingly, for both rRNAs, similar levels of co-localization with mitochondria
(15+4%) have been obtained. Due to rather low level of resolution, this can be
explained by the tight association of the cytosolic ribosomes with the outer
mitochondrial membrane.

Data obtained by smFISH show that all the tested RNA candidates were to
some extent associated with mitochondria. However, due to the diffraction of light,
confocal microscopy does not provide sufficient resolution to visualize whether RNA
molecules are located inside the mitochondrial matrix. Decisive evidence for the RNA
import into the mitochondria can be obtained by super resolution microscopy
approaches, which can provide sufficient resolution to image the sub-mitochondrial
location of the RNA molecules. (Brown et al., 2011; Kuzmenko et al., 2011; Jakobs
and Wurm, 2014).
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Figure 38. Imaging of 5S rRNA and 5.8S rRNA in HepG2 cells by confocal
microscopy using branched DNA technology.

Left panel: Confocal microscopy imaging of 5S rRNA and 5.8S rRNA (as indicated at the
left) using branched DNA smFISH technology. Red: 5S rRNA; Green: 5.8S rRNA; White:
TOM20 immunofluorescent visualization. Middle panel: Object-based image segmentation.
Fluorescent signals were transformed into delineated objects using ImageJ plugin
« squassh » as described in (Rizk et al., 2014). Red: TOM20; Green: 5S rRNA or 5.8S
rRNA; Yellow: overlap of the two signals. Right panel: Object-based quantification of the
overlapping signals (% of co-localized signals shown in yellow) for 5S rRNA or 5.8S rRNA
with TOM20 (presented as the mean of the quantification of 12 individual cells). Data are
kindly provided by Dr. Anna Smirnova.
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Ill.  Conclusions and
perspectives
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In apparently all eukaryotes some nuclear-encoded RNAs are imported into
the mitochondria (Schneider, 2011; Kim et al., 2017). In the context of human
pathologies caused by mtDNA mutations, our laboratory currently work on developing
therapeutic strategies based on the natural pathway of RNA import into mitochondria,
by targeting tRNA molecules to replace deficient mt-encoded tRNAs (Kolesnikova et
al., 2004; Karicheva et al., 2011) or by modulating mtDNA mutation load with anti-
replicative oligonucleotides (Comte et al., 2013; Tonin et al., 2014) (Figure 11).
Better understanding of the mechanisms governing the import of RNA into
mitochondria, as well as of the diversity of imported RNA species can benefit the
development of therapeutic strategies. During the first part of my thesis, | continued
the research performed by our laboratory on the development of an anti-replicative
strategy targeting pathogenic mtDNA mutations and shed light on different factors
that can be taken into account to improve the efficiency of the strategy. In the second
part of my thesis | focused on the development of an original genome-wide method to
identify RNA species present inside mitochondria and | identified new RNAs

candidates for import into human mitochondria.

lIILA. 5SS rRNA mediated anti-replicative strategy

5S rRNA as a vector for the anti-replicative strategy

Most mtDNA mutations compromising mitochondrial functions are
heteroplasmic and usually result in the development of mitochondrial pathology only
when the heteroplasmy level reaches a pathogenic threshold. The anti-replicative
strategy developed in our laboratory aim to induce the decrease of mMtDNA
heteroplasmy level below the pathogenic threshold by targeting RNA molecules able
to slow the mutant mtDNA replication.

5S ribosomal RNA is an abundant nuclear-encoded RNA and a major
component of the ribosome of most organisms (Bogdanov et al., 1995; Kouvela et
al., 2007; Amunts et al., 2015) except some mitochondrial ribosomes (Greber and
Ban, 2016). In human cells, a subset of the 5S rRNA cellular pool is imported into
mitochondria (Entelis et al., 2001; Autour et al., 2018), although this RNA is not a
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component of the mitochondrial ribosome, which contains instead the mt-tRNA"?
(Rorbach et al., 2016). Our laboratory demonstrated that removing or replacing the
B-domain of 5S rRNA does not affect its targeting to mitochondria (Smirnov et al.,
2008). Thus, 5S rRNA molecules can be used as a vector to import into mitochondria
short RNA sequences (Zelenka et al., 2014; Autour et al., 2018), including anti-
replicative oligonucleotides targeting mutated mtDNA molecules (Comte et al.,
2013). In contrast to the small anti-replicative RNAs based on the import
determinants of the yeast tRNA"® tRK1 (Kolesnikova et al., 2010: Tonin et al.,
2014), the rec.5S rRNAs molecules conserve the internal promoter region recognized
by RNA polymerase lll and nuclear export signals (Figure 21). Therefore, these RNA
molecules can be expressed in cells in stable manner.

As it was suggested previously, replacement of the B-domain, interacting with
the L5 ribosomal protein which redirects the 5S rRNA into the nucleus to be
assembled into the ribosome, should increase the addressing of the RNA molecules
to mitochondria (Smirnov et al., 2008), since 5S rRNA is not a structural component
of the mitochondrial ribosome, one can expect that the anti-replicative rec.5S rRNAs
would be available to anneal to mtDNA. However, 5S rRNA may interact with other
factors inside mitochondria which can prevent or reduce their anti-replicative
efficiency. Further investigation of 5S rRNA function in mitochondria may shed light
on these factors and facilitate the design of rec.5S rRNAs free of interactions, aiming

to increase their availability for annealing with mutant mtDNA.

Design of the anti-replicative 5S rRNA molecules

The rec.5S rRNA construct designed and used in this study contained different
anti-replicative insertions replacing the distal portion of the B-domain and targeting
either the large KSS deletion (Comte et al., 2013) or the point mutation in the MT-
ND5 gene (Tonin et al., 2014) (Figure 19). The anti-replicative sequences varied in
length (between 13 to 17 nt) and in sequence according to the targeted mtDNA
strand (L- or H-strand). In silico secondary structure predictions were used to assure
that the inserted sequences did not alter the 5S rRNA structural elements required for

RNA expression and targeting to mitochondria.
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To slow the replication of mutant mtDNA, inserted sequences should anneal to
the mtDNA molecule containing the mutation but not to the wild-type mtDNA
molecules. The initial expectation was that rec.5S rRNAs targeting the MT-ND5 point
mutation may also hybridize partially with the wild-type mtDNA molecule since the
sequences only differs by one nucleotide. In this regard, we estimated the predicted
difference in melting temperature for each RNA-DNA duplex formed with mutant and
with wild-type mtDNA molecules (ATm). Then, hybridization of selected rec.5S rRNA
versions with mutant mtDNA were tested in vitro by two approaches: blot-
hybridization with labeled RNA probes for the KSS deletion and hybridization in
solution followed by gel-shift analysis for the MT-ND5 point mutation (Figure 22).
Surprisingly, rec.5S rRNAs designed to specifically anneal with the mtDNA bearing
13514 A>G point mutation, either specifically hybridized to the mutant mtDNA
molecules or did not anneal to any mtDNA fragments, even for the version 5S-ND5-
17L characterized by low predicted ATm (Table 3). This may be explained by the
alternative folding(s) of the rec.5S rRNA molecules which was not predicted by RNA
fold software and could prevent their hybridization with mtDNA.

Rec.5S rRNA versions, selected by in vitro hybridization, were thereafter
expressed in human cultured cells. Three mtDNA replication mechanisms have been
suggested to take place in mitochondria and may apparently depend on the growth
conditions or the energetic state of the cells (Herbers et al., 2018) (Figure 8). The
anti-replicative strategy induces a stalling of the replication fork at the site of RNA
annealing (Comte et al., 2013) and this may take place for all three models of
replication. According to the asymmetric strand displacement model, the replication
of the L-strand starts after the release of the origin of replication O_ by the
displacement of the H-strand. In this context, rec.5S rRNAs annealing to the L-strand
of mtDNA should be more efficient compared to the H-strand targeting RNAs since
they induce the stalling of the replication of H-strand mtDNA and also prevent the
release of OL. In our experiments, significant heteroplasmy shifts were effectively
observed only with rec.5S rRNA versions containing insert targeting the L-strand of
MtDNA  (5S-KSS-13H; 5S-KSS-15H; 5S-ND5-17H), supporting the strand
displacement model.
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Expression and import levels of rec.5S rRNAs impact the efficiency of the anti-

replicative strategy

Previously, plasmid DNAs bearing the genes of rec.5S rRNA targeting the
large KSS deletion (nucleotides 8363+15438) were inserted randomly into the
nuclear genome of human transmitochondrial cybrid cells (Comte et al., 2013). This
method yielded a series of clones characterized by variable and weak expression of
the anti-replicative molecules and, in most cases, no detectable effect on the KSS
heteroplasmy level. Nevertheless, expression of 30+5 anti-replicative molecules per
cells seemed to be sufficient to induce a moderate decrease of heteoplasmy level.
During my thesis, | designed similar rec.5S rRNAs containing insertions from 13 to 17
nt targeting either the KSS deletion or a point mutation in the MT-ND5 gene (13514
A>G) (Figure 19) with the aim to increase the expression level of the rec.5S rRNAs
and to determine whether this can enhance the heteroplasmy shift.

Transmitochondrial cybrid cell lines expressing the rec.5S rRNA were
produced using the Flp-In™ T-Rex™ system (Invitrogen) which allows the Flp
recombinase-mediated integration of a gene of interest into a transcriptionally active
genomic location (Figure 20). For these cell lines, RT-PCR quantification of the
rec.5S rRNAs molecules targeting the KSS deletion demonstrated that all the rec.5S
rRNAs genes were expressed 10-100 fold more efficiently (200-1000 molecules per
cells) compared to the clones obtained previously. Thus, the Flp-In™ T-Rex™ system
allowed an improvement of rec.5S rRNAs expression compared to the random
insertion of plasmid DNA bearing rec.5S rRNA genes. However, the levels of rec.5S
rRNAs expression varied between different lines of cybrid cells. A heteroplasmy shift
has been detected only in cell lines with the highest expression of two rec.5S rRNA
molecules (5S-KSS-13H and 5S-KSS-15H). Lower expression of the same rec.5S
rRNA molecules did not induce a decrease of heteroplasmy, suggesting an anti-
replicative RNA concentration threshold.

High expression of rec.5S rRNA might compensate for a low import efficiency
of rec.5S rRNAs. Proportion of 5S rRNA molecules imported inside mitochondria was
previously estimated at =1% of the cellular 5S rRNA pool in HepG2 cells (Entelis et
al., 2001). In our experiments, all the rec.5S rRNA versions targeting the KSS
deletion were detected in purified mitoplasts, and their import efficiencies were close
to that of endogenous wild-type 5S rRNA. Only 5S-KSS-13H demonstrated a higher
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import efficiency which can explain, along with its higher expression, the stronger
effect on the heteroplasmy level compared to 5S-KSS-15H. Still, the level of rec.5S
rRNAs expression remained rather weak compared to the amount of endogenous 5S
rRNA molecules estimated at =3,2x10° molecules per cells (Entelis et al., 2001).
Indeed, one gene of rec.5S rRNA has been inserted into nuclear genome, while
endogenous 5S rRNA molecules are expressed from 100 to 200 genes usually
organized in tandem clusters of several repeats (Sorensen and Frederiksen, 1991).
This huge difference in expression levels and strong competition for the import
factors may explain why, even if the distal part the B-domain leading to the
incorporation into the cytosolic ribosome was removed, the rec.5S rRNAs did not
demonstrate an improved import efficiency. Thus, high expression of rec.5S rRNA is
required to ensure that anti-replicative molecules are present inside mitochondria in
sufficient amounts to induce a decrease of the mutant mtDNA load.

In perspective, improved stable expression of the recombinant RNA molecules
could be achieved by insertion of tandem repeats of the rec.5S rRNA genes. On the
other hand, mitochondrial import of the 5S rRNA molecules could also be increased
by overexpression of the protein factors involved in this pathway, hamely preMRPL18
and Rhodanese (Smirnov et al., 2010; Smirnov et al., 2011) or PNPase (Wang et
al., 2010; Vedrenne et al., 2012).

Induction of the heteroplasmy shift is improved by selective cell growth condition

Multiple studies suggest that human cells in culture can compensate the
energetic defects caused by mitochondrial dysfunctions through glycolysis pathway
(Marroquin et al., 2007). Thus, even harboring a high heteroplasmy level of
pathogenic mtDNA mutation, cells can grow in the media containing high
concentrations of glucose. In contrast, in the media deprived of glucose, cells cannot
use glycolysis to meet their energy requirements and are forced to rely on
mitochondrial oxidative phosphorylation. In such conditions, the cells apparently favor
the metabolism of pyruvate and amino-acids and increase the activity of all
respiratory chain complexes (Cannino et al., 2012). Therefore, culturing the cells in
media deprived of glucose may create selective conditions favorable for cells with

enhanced mitochondrial oxidative phosphorylation. In the context of my thesis
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project, this would facilitate the detection of cells presenting a diminution of mtDNA
mutation load induced by the anti-replicative action of the rec.5S rRNA molecules.

For the KSS deletion, the highest decrease of the heteroplasmy was observed
in cell line expressing the 5S-KSS-13H rec.5S rRNA when cultivated in glucose-free
medium. On the contrary, the same cells cultivated in high glucose medium did not
show a significant reduction of the heteroplasmy. The level of the heteroplasmy in
cells expressing other rec.5S rRNAs versions or not expressing any rec.5S rRNAs
was not decreased in glucose-free medium indicating that the selective pressure
alone was not responsible for the heteroplasmy shift. Thus, the glucose-free medium
created a selective advantage for cells in which the action of the anti-replicative
rec.5S rRNA successfully decreased the mutant mtDNA proportion and facilitated
detection of the heteroplasmy shift.

Unfortunately, cybrids cells bearing 13514 A>G point mutation in the MT-ND5
gene were not able to grow in the absence of glucose. Indeed the cell line
demonstrated a diminished growth rate due to both the high heteroplasmy level
inducing defect in cellular respiration and the insertion of an FRT site. Another cell
line (clone 3, Figure 23), characterized by an increased vitality, can be used to
reproduce the experiment. However, one can expect a reduced effect on the
heteroplasmy level since this line demonstrated a low [(-galactosidase activity

compared to the clone 2 used in my experiments.

Optimization of the anti-replicative therapeutic strategy

The data obtained during my thesis revealed a few parameters that can be
taken into account to improve the efficiency of the anti-replicative therapeutic
approach based on 5S rRNA. Longer anti-replicative sequences are more efficient,
although the constraint of preserving the structural elements of the 5S rRNA
molecule limits the maximum length of the insertion. The effect on the heteroplasmy
depends on an expression threshold, which might, as mentioned previously, be
achieved by integration of multiple copies of anti-replicative rec.5S rRNA molecules
and/or by the overexpression of import factors. Selective growth conditions in
absence of glucose also greatly improve the effect of the anti-replicative RNA
molecules and should be considered for the future application of therapeutic

strategies, although the results should be confirmed for other mutations.
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In this study, the anti-replicative sequences were designed to ensure that the
predicted melting temperature exceeded the physiological 37°C. However, a recent
paper suggested that human mitochondria may maintain the temperature close to
50°C if the respiratory chain is functional (Chretien et al., 2018). In this context, the
annealing of our anti-replicative molecules (Table 3; (Loutre et al., 2018a)) to
MtDNA may be less efficient than expected. Future design of new anti-replicative
RNAs should take into account this eventual difference of temperature both for in
silico and in vitro estimations of their ability to anneal to mtDNA.

To date, little is known about the diversity of RNA imported into mitochondria
of human cells and the import of some RNAs often remains controversial. One can
expect that therapeutic strategies based on the import of RNA into mitochondria will
benefit from broaden knowledge on the RNA import and function inside mitochondria.
Notably, the discovery of RNA species imported inside human mitochondria may
provide new vectors for the anti-replicative strategy and shed light on the
mechanisms governing RNA import.

[11.B. Identification of RNA imported inside human
mitochondria by CoLoC-seq

Several laboratories attempted to profile the human mitochondrial RNome by
RNA deep-sequencing (Bandiera et al., 2011; Mercer et al., 2011; Sripada et al.,
2012). In these studies, identification of RNA imported into mitochondria relies on the
detection of nuclear-encoded RNAs in the mitochondrial fraction. Thus, due to the
high contamination of mitochondria by non-resident transcripts and the apparent
impossibility to obtain mitochondria deprived of cytosolic contaminants, results
concerning the import of RNAs inside mitochondria often remain indecisive.

Using standard approaches of mitochondria isolation, it is virtually impossible
to be sure that the mitochondrial RNA samples are indeed deprived of cytosolic
contaminations. During my thesis, | developed a new strategy to unequivocally
distinguish imported RNAs from mere contaminants based on their progressive
depletion in isolated mitochondria treated with increasing concentration of
ribonuclease, named “controlled level of contamination coupled with deep-

sequencing” (CoLoC-seq).
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The CoLoC regression model

CoLoC approach relies on the following of the RNA depletion dynamics in a
series of progressively decontaminated mitochondrial samples. The depletion
dynamics of each transcript is analyzed by fitting a simple nonlinear regression model
based on modified first-order kinetic equations (Figure 25). The model provides
statistical estimation of two parameters, the effective degradation rate k' and the
initial protected pool Po (i.e. proportion of molecules of a given transcript in principle
unavailable for degradation). Transcripts with significant PO are retained as
candidates whereas all other RNAs are declared as contaminants. Noteworthy, Py
does not represent the proportion of protected RNA in vivo, but in crude mitochondria
preparations. One should keep in mind that the absolute Py values are dependent on
the level of purification of isolated mitochondria, thus it can be variable from one
experiment to another. The approach based on this model was tested and our
experimental data demonstrated that it can be used to distinguish 3 types of
transcripts: not protected (cytosolic RNAS), completely protected (mt-encoded RNAS)
and partially protected (putative imported RNA) (Figure 26).

In CoLoC experiments, we expect that the RNA protection from RNase
treatment is provided by the integrity of the mitochondrial membrane, id est, the RNA
cannot be degraded because it is protected inside the mitochondrial matrix and
inaccessible to the ribonuclease. We should take into account that in crude
mitochondria preparation many factors can influence the RNA cleavage by
nucleases; the most important ones are the 3D RNA structure and interactions with
proteins which can protect RNA from degradation. To address this question |
established a control experiment, Mock-CoLoC, where mitochondrial membranes are
disrupted before RNase treatment. The efficiency of lysis was demonstrated by the
complete degradation of mt-encoded RNAs. Unfortunately, | have not yet obtained
the data of mock-CoLoC sequencing which is absolutely necessary to conclude on
the CoLoC-seq data. For instance, Northern blot data demonstrated that 5S rRNA,
previously identified as imported into mitochondria RNA (Yoshionari et al., 1994;
Magalhaes et al., 1998; Entelis et al., 2001; Smirnov et al., 2011; Autour et al.,
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2018), persisted in Mock-CoLoC experiment. The question of 5S rRNA import will be
discussed below.

Regression analysis was successfully applied to Northern blot data but
could not be applied to CoLoC-seq data due to great variability between the samples.
This is mostly intrinsic to the bias of the RNA-seq procedure, namely fragmentation
and ligation of adaptors steps. Although no statistical analyses were possible, | could
analyze the characteristic depletion dynamic of the RNA species to identify

candidates for mitochondrial import.
Biological significance of identified RNA candidates

Data of two independent CoLoC-seq experiments allowed identification of new
potentially imported RNAs. Both experiment revealed only a few number of
potentially imported RNAs suggesting that the mitochondrial RNA import in human is
a highly selective process. Except for five mRNAs and one long non-coding RNA
(Figure 36A), which deserved a more thorough analyses of the aligned reads, all the
identified imported RNAs are short non-coding RNAs. This is in accordance with the
results obtained by other studies (Mercer et al., 2011; Kaewsapsak et al., 2017)
where no long cytosolic mMRNAs were associated with mitoplasts. The differences in
the data of the two CoLoC experiments can be explained by 1) the different
conditions of RNase treatment which might facilitated the elimination of some RNA
species such as snoRNAs and 2) the absence of size cut-off in CoLoC 2 which
improved the coverage of tRNA genes. Importantly, four RNA candidates (5S rRNA,
RMRP, tRNAF™e and tRNAYY) were identified in both experiments while several
candidates were identified only in CoLoC 2 (7SL RNA, Y1 and Y3 RNAs, H1 RNA,
tRNAS).

H1 RNA was previously shown to be imported into mitochondria although its
mitochondrial function is not clear (see section 1.B.3.1). it was suggested that this
RNA cannot be completely degraded upon RNase treatments (Cannon et al., 2015)
and this may be responsible for its identification in CoLoC 2 experiment. Similarly,
7SL RNA showed a depletion profile of a cytosolic contaminant by Northern blot
hybridization (figure 26) and its identification as an imported RNA in CoLoC 2 was
surprising. The presence of this ER-associated RNA in mitochondrial fraction may be

explained by the close interaction between the endoplasmic reticulum and
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mitochondria (Marchi et al., 2014). Analyses of the depletion dynamics of these
RNAs in MocK-CoLoC experiments will provide further information on their sensitivity
to nuclease digestion and eventual mitochondrial import.

Non-coding Y RNAs had been discovered as components of Ro
ribonucloproteins implicated in RNA quality control in eukaryotes and in several
eubacteria (Stein et al., 2005; Kowalski and Krude, 2015). Four types of Y RNAs
are present in human cells and two of them, Y1 and Y3, were fairly persistent in
CoLoC 2 samples. Interestingly, in eubacteria D. radiodurans Y RNA can form a
complex with PNPase, thus regulating the selective degradation of misfolded RNA
molecules (Chen et al., 2013). In our laboratory, Y3 RNA had been detected in
association with human mitochondria (N. Entelis, unpublished data). Since human
PNPase is localized in the mitochondria (see section 1.B.2.1) one can hypothesize
that some Y RNAs might be partially imported into mitochondria to accomplish the
same function as in eubacteria - regulation of PNPase activity and substrate

specificity.
tRNAS :

Human mitochondrial genome encodes a set of 22 tRNAs sufficient for the
translation. Nevertheless import of cyt-tRNA®" into mammalian mitochondria has
been previously reported (Rubio et al., 2008), Our laboratory also demonstrated that
yeast tRNA™® (tRK1) can be imported into mitochondria of living human cells
indicating on the existence of a mechanism of tRNA mitochondrial import
(Kolesnikova et al., 2004). Many nuclear-encoded tRNAs (66 species, Figure 36A)
were retrieved as candidates in CoLoC 2; two of them were identified in both CoLoC
experiments (tRNAF’S¢¢ and tRNA%,c), and tRNA™S,uy was also detected in
mitochondria by Northern blot hybridization (figure 34). Noteworthy, tRNAYS uy has
been previously identified as a primer used for Human Immodeficience Virus (HIV)
genome replication and found in association with viral proteins and mitochondrial
lysyl-tRNA synthetase (Khoder-Agha et al., 2018), which can also indicate on its
possible interaction (not completely understood) with mitochondria.

Glutamate and lysine tRNAs decode two codon’s families (AAR and GAR). In
yeast, import of tRK1 into mitochondria was demonstrated to be essential for lysine

AAG codon translation in stress conditions (Kamenski et al., 2007). One can
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hypothesize that a similar mechanism may exist in human mitochondria for tRNAs
Lys, Glu and GIn. Even if the import of human cytosolic tRNA into mitochondria had
not been clearly demonstrated, we cannot exclude that this pathway may be required
in some cell types and/or special (stress) conditions. This can be studied by applying
our CoLoC approach on different cell types in various conditions.

The most exciting observation made in both CoLoC-seq experiments was the
identification of selenocysteine tRNA as candidate for mitochondrial import. In
human, tRNAF® s responsible for the selenocysteine incorporation in 25
selenoproteins, implicated in reduction-oxidation reactions (Gromer et al., 2005). In
eukaryotes, selenocysteine biogenesis and incorporation in proteins at the level of a
UGA codon required a specific pathway involved 7 proteins and a specific structure
present in the 3'UTR of the mRNA, named SECIS (selenocysteine incorporation
sequence) (Bulteau and Chavatte, 2015; Schoenmakers et al., 2016).
Selenocysteine incorporation by mammalian mitoribosomes has never been
hypothesized. Still, several mutations in the genes of protein factors of the
selenoprotein biosynthesis cause phenotypes reminiscent of typical mitochondrial
diseases (Anttonen et al., 2015; Schoenmakers et al., 2016; Schweizer and
Fradejas-Villar, 2016). Six out of seven proteins involved in translational insertion of
selenocysteine in human have confirmed mitochondrial isoforms or are suspected to
be mitochondrial (Papp et al., 2008; Zheng et al., 2015; Calvo et al., 2016). Thus,
the system of selenocysteine incorporation might exist in mitochondria, but its
mechanism may be different from the cytosolic one. Indeed, UGA triplets are not stop
codons and encode tryptophan in human mitochondria (Table 1). Moreover, mt-
mRNAs lacks 3’'UTR were SECIS elements are normally localized.

Since this hypothesis is really exiting, | have performed some preliminary
experiments to verify possible localization of selenocysteine pathway in human
mitochondria. | tried to verify the presence of several proteins of the selenocysteine
pathway in human mitochondria by western immunodecoration. Unfortunately,
antibodies used in these studies were not sufficiently specific and sensitive to detect
the proteins in the mitochondrial fractions. | also performed multiple Northern blot
hybridization experiments to validate the presence and to check an eventual

aminoacylation of tRNA[S®se

in purified mitochondria, but the data were not
reproducible. Similarly, confocal microscopy data demonstrating association of

tRNAsec with mitochondria (Figure 37) should be reproduced and statistically
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analyzed. In perspective, decisive evidence of tRNA®* participation in mitochondrial
translation may be obtained by direct incorporation of labeled selenium in
mitochondrial proteins

RMRP and 5S rRNA :

RMRP and 5S rRNA were identified in both CoLoC experiment and had been
previously suggested to be imported into human mitochondria. For RMRP, we
needed a closer inspection of the reads aligned to the RMRP gene to clearly detect
the different patterns for the 3’ and 5’ regions of the gene (Figure 29C). Only the
reads mapped to 3’ half showed a characteristic pattern of imported RNA, in
agreement with the previous studies (Chang and Clayton, 1987; Noh et al., 2016).
Thus, our CoLoC experiment provided a direct evidence of the processing of RMRP
and mitochondrial import of its 3’ half.

5S rRNA import was described by several independent laboratories and it was
demonstrated that preventing its import in the organelle impact mitochondrial
functions (Smirnov et al., 2010). However, Northern blot hybridization analysis of
Mock-CoLoC samples demonstrated that 5S rRNA was poorly degraded by RNase
treatments (Figures 32 and 33). This data rise a question concerning the import of
5S rRNA into human mitochondria, since many evidences of the mitochondrial
localization of this RNA rely on RNase based approaches (Yoshionari et al., 1994;
Magalhaes et al., 1998; Entelis et al., 2001)

Nevertheless, other evidences reported by different laboratories indicate that
this RNA can function as a vector to deliver RNA molecules to human mitochondria.
In the first part of my thesis | developed a therapeutic strategy based on the import of
anti-replicative 5S rRNA molecules. My results demonstrated that the expression of
these molecules can induce a shift in mtDNA heteroplasmy level (see section II.A;
(Loutre et al., 2018a). We also detected 5S rRNA associated with mitochondria by
fluorescent microscopy (figure 37 and 38). Another study has used 5S rRNA as a
vector to import RNA sequences inhibiting the translation of mitochondrially-encoded
proteins (Towheed et al., 2014). Another laboratory also developed a fluorescent in
vivo hybridization method using 5S rRNA mediated import of nucleic acid probes

targeting mitochondrial DNA or mRNAs (Zelenka et al., 2014). More recently, 5S
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rRNA molecules bearing the mango fluorogenic aptamer were also targeted into

mitochondria of living cells by fluorescent microscopy (Autour et al., 2018).

During my thesis | developed a new approach to identify imported RNA. This
method allowed to distinguish different types of RNA localization and permitted to
establish a list of RNA candidates for mitochondrial import, including previously
identified imported RNAs. The data should be reproduced and supported by the
sequencing of Mock-CoLoC samples. In mock-CoLoC experiment, RNA degradation
may be limited by the sequence specificity of the RNase used. Therefore, a further
Improvement of the CoLoC and Mock-CoLoC protocols may be achieved by the use
of mix of RNases. Indeed, the best degradation was obtained using RNase A/T1 mix
(Figure 32).

Candidates RNA consistently identified by CoLoC-seq experiments should be
validated by other methods. Confocal microscopy with smFISH already allowed the
detection of candidates associated with mitochondria. Coupling smFISH with super-
resolution microscopy techniques will allow the visualization of submitochondrial
location of the RNA candidates.

Other approaches for genome-wide identification of subcellular localization of
RNA were recently proposed (Kaewsapsak et al., 2017; Li et al., 2017; Fazal, 2018;
Li et al., 2018). These 2 approaches do not rely on cellular fractionation. The method
named Apex-RIP is based on the mitochondrial targeting of a protein which induces
proximity biotinylation of proteins and RNAs inside the organelle. Biotinylated RNAs
or RNAs interacting with biotinylated proteins can then be recovered by streptavidine
enrichment. We have started to apply this approach in our laboratory to compare the
results with our CoLoC-seq dataset. The second method which can be applied to
mitochondria follows a similar principle and allows the modification of both proteins
and RNAs (guanosine are oxidized to 8-oxoguanosine) localized to a subcellular
compartment.

Identification of new RNA species imported in mitochondria in various cell
types and conditions can reveal new mechanisms of the mitochondria gene
expression, regulation and mitochondria-nuclear cross-talk. Identification of new
RNAs through genome-wide approach can also help to uncover the general rules

governing the RNA traffic to mitochondria, import determinants and protein factors.
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This knowledge is a prerequisite for the development of new therapeutic strategies to

cure mitochondrial diseases for which no treatment currently exists.
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V. Materials and methods
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|.A.Materials

IV.A.1. Human cell lines

Cybrid cells bearing the KSS deletion :

Human transmitochondrial cybrid cells obtained by the fusion of the cytoplasts
generated from fibroblasts of a patient affected by the KSS deletion (nucleotides
8363 to 15438 of mtDNA) and mtDNA depleted 143B cells. Cybrid cells containing
65% mutant mtDNA used in this study were characterized by the 10+2% decrease of
oxygen consumption comparing to control 143B cell line. This cell line was obtained
by the team of Dr. A. Lombes (Inst. Cochin, Paris) (Comte et al., 2013).

Cybrid cells bearing the ND5 13514A>G point mutation:
Transmitochondrial cybrid cell lines obtained by the fusion of fibroblast-derived
cytoplast from and 143B cells pO cell line were kindly provided by M. Zeviani

(National Neurological Institute “Carlo Besta” Milan, Italy) (Corona et al., 2001).

T-Rex™ Flp-In™ cells :
Commercial cell line derived from HEK (Human Embryonic Kidney) 293 cells

containing the pFRT/LacZeo plasmid stably integrated into a transcriptionally active
genomic location (Invitrogen). This cell line is resistant to Zeocin (100ug/mL) and

blasticine (15ug/mL) antibiotics.

HepG2 cells :
Human immortalized cell line derived from a liver hepatocellular carcinoma.
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IV.A.2. DNA and RNA sequences

All DNA and RNA sequences used as primers for PCR amplification are listed in Table 4
and in supplementary material S1 Table (Loutre et al., 2018a). Primers used for Northern
blot hybridization are listed in Table 5.

The sequences of the spike-in RNA added to CoLoC experiment (see I1.B.2) is as followed:
5’ GAGAAGTAAGCACTGTAAAGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT
CAACTTGAAAAAGTGGCACCGAGTCGGTGCTTGCCTTGTTGGCGCAATCGGTAGCGCGTATGACTCTT
AATCATAAGGTTAGGGGTTCGAGCCCCCTACAGGGCTCCA 3

N° Name Sequence

1 T7-prom 5' GGGATCCATAATACGACTCACTATA 3'

2 | KSS-13H-rev |5/ AGGCCCGACCCTGCTTAGCTACAGTGCTTACTTTTCAGGGTGGTATGGCCGTA 3

3 | KSS-14L-rev |5’ AGGCCCGACCCTGCTTAGCTAAGTAAGCACTGTATTCAGGGTGGTATGGCCGTA 3

4 | KSS-15H-rev |5’ AGGCCCGACCCTGCTTAGCTTTACAGTGCTTACTTTTCAGGGTGGTATGGCCGTA 3
5 | KSS-15L-rev |5’ AGGCCCGACCCTGCTTAGCTAGAAGTAAGCACTGTTTCAGGGTGGTATGGCCGTA 3
6 | ND5-15H-rev |5/ AGGCCCGACCCTGCTTAGCTACTCCAAAGGCCACATTCAGGGTGGTATGGCCGTA 3
7 | ND5-15L-rev |5’ AGGCCCGACCCTGCTTAGCTATGATGTGGCCTTTGTTCAGGGTGGTATGGCCGTA 3
8 | ND5-16H-rev |5/ AGGCCCGACCCTGCTTAGCTACTCCAAAGGCCACATTTCAGGGTGGTATGGCCGTA 3’
9 | ND5-16L-rev |5’ AGGCCCGACCCTGCTTAGCTTGATGTGGCCTTTGGATTCAGGGTGGTATGGCCGTA 3’
10 | ND5-17H-rev |5’ AGGCCCGACCCTGCTTAGCTACTCCAAAGGCCACATCTTCAGGGTGGTATGGCCGTA 3’
11 | ND5-17L-rev |5’ AGGCCCGACCCTGCTTAGCTTGATGTGGCCTTTGGAGTTCAGGGTGGTATGGCCGTA 3’
12 5S-Bglll 5’ GGAGATCTAAGCCTACAACACCCGG 3’

13 CRC-F 5’ CATACCTCTCACTTCAACCTCC 3’

14 CRC-R 5’ AGGCGTTTGTGTATGATATGTTTGC 3’

Table 4. List of the primers used for PCR amplification

Target RNA Probe sequence ¢ e:%berr'g,lﬁ?:(zyc)
5S rRNA 5' AAAGCCTACAACACCCGGTATTCCC 3' 50
5.8S rRNA 5’ GGCCGCAAGTGCGTTCGAAG 3’ 50
7SL RNA 5’ AGAGACGGGGTCTCGCTATG 3’ 45
U6 SNRNA 5’ AAAATATGGAACGCTTCACGAATTTGC 3’ 45
Mt-tRNA"? 5’ TGGGTCAGAGCGGTCAAGTTAAGTTGAAATCTCC 3’ 45
mt-tRNA™® 5/ GGTCACTGTAAAGAGGTG 3’ 42

cyt-tRNAY*rr | 5 ACTTGAACCCTGGACC 3’ 42
cyt-tRNAM®® | 57 CTTCCGCTGCGCCACTCT 37 45
tRNAeTee 5/ TGAACCACTCTGTCGCTAGAC 3’ 42

spike-in RNA | 5/ TGGAGCCCTGTAGGGGGCTCGAAC 3’ 45

Table 5. List of the DNA probes used for Northern blot hybridization.
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IV.B. Methods

IV.B.1. Methods relative to the culture of human cell
lines

IV.B.1.1. Conditions of culture

All cell lines were cultivated at 37°C with 5% of CO2. All media were
supplemented with 10% FBS (Fetal Bovine Serum; Gibco), 100mg/L
penicillin/streptomycine (Gibco) and 2.5 mg/L Fungizone (Gibco).

Cybrid cells were cultivated in DMEM (Dulbecco’s Modified Eagle’s Medium;
Sigma) containing 4.5 g/L glucose and supplemented with 50 mg/L uridine (Gibco),
3.7 g/L sodium bicarbonate (Sigma). For glucose-free conditions, cells were
cultivated in DMEM without glucose (Sigma) supplemented with 50 mg/L uridine, 3.7
g/L sodium bicarbonate, 0.584 g/L L-glutamine (Sigma) and 108 mg/L sodium
pyruvate (Sigma). Cybrid cells transfected with pFRT/lacZeo plasmid (KSS-FRT and
ND5-FRT) were cultivated in media containing 100 ug/mL Zeocin (Invitrogen). Cells
transfected with pcDNA™5/FRT/TO were cultivated in media supplemented with
150pg/mL Hygromycin B-Gold (InvivoGen).

HepG2 cells were cultivated in MEM (Minimum Essential Medium; Sigma)
containing 1g/L glucose and supplemented with 50mg/L uridine and 2.2 g/L sodium
bicarbonate.

HEK 293 T-Rex™ Flp-In™ cells were cultivated in EMEM (Eagle’s Minimum
Essential Medium ; Sigma) containing 1g/L glucose and supplemented with 1,5g/L

sodium bicarbonate and 0.11 g/L sodium pyruvate.

When cells were grown to about 80% confluency (surface of the support
covered by the cells), cells were detached and divided. For this, the medium is
removed by aspiration and cells are washed with 1X PBS (Sigma). Cells are then
detached from their support by addition of Trypsine-EDTA 0.05% (Gibco)
(0.2mL/10cm?3) and incubation 5 min at 37°C. Trypsine is then inactivated by addition
of 5 volume of the growth medium. Cells are then collected by centrifugation at 600g

(210min, room temperature).

134



In order to prevent contamination with Trypsine in CoLoC and Mock-ColLoC
experiments, cells were detached by addition of 1X PBS supplemented with 2.5mM
EDTA and incubation 20 min at 37°C. After centrifugation, cells were washed with 1X
PBS.

IV.B.1.2. Cell transfection

For transfection with plasmid DNA or with RNA, cells are cultivated until they
reach 50-70% confluency. The medium is replaced with Opti-MEM (Gibco) pre-
heated at 37°C. All the transfection were performed using Lipofectamine 2000
reagent (Invitrogen). DNA/lipofectamin and RNA/lipofectamin complexes are
prepared according to the manufacturer's protocol and added to the cell for 6h. Opti-

MEM is then replaced by the standard medium (see previous section).

IV.B.2. Methods relative to 5S rRNA anti-replicative
strategy

IV.B.2.1. Design and synthesis of the recombinant 5S

rRNA molecules

Secondary structure of rec.5S rRNA weas predicted in silico using RNA folding
form software (Mfold) and corrected to be in agreement with the data on human 5S
rRNA structure (Szymanski et al., 2003). Tm of the RNA/DNA duplexes was
estimated using OligoAnalyzer software (IDT-DNA; version 3.1). The “Tm Mismatch”
tool, which calculates the Tm of a DNA/DNA duplexes containing a mismatch, was
used to estimate the impact of the 13514A>G point mutation.

Rec.5S rRNAs were obtained by T7 transcription using the T7 RiboMAX
Express Large Scale RNA Production System (Promega). The template was
produced by PCR with a two-step protocol using Phusion High-Fidelity DNA
Polymerase (ThermoScientific). The first PCR step was performed on a plasmid pUC
containing the sequence of human 5S rRNA under the control of the T7 promoter
(Smirnov et al., 2008) to amplify a DNA fragment containing a part of 5S rRNA
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sequence and the anti-replicative insert under the control of the T7 promoter. The
amplification was performed with the forward primer n°1 and one of the reverse
primer n°2 to 11 containing the sequence of the anti-replicative insert (Table 4). The
resulting PCR products were used as forward primers, along with the reverse primer
N°12, for the second PCR. The final PCR products contain the T7 promoter followed
by sequence of the rec.5S rRNA and Bglll restriction site. The purified PCR product
is then cleaved by the Bgll restriction enzyme (FastDigest Bglll, ThermoScientific) for
1h at 37°C to yield the correct 5S rRNA 3' end.

IV.B.2.2. In vitro hybridization assays

IV.B.2.2.1. Hybridization assay for Rec.5S rRNA version targeting the
KSS deletion

For the KSS deletion, the specific annealing of the rec.5S rRNA versions was
assessed by Southern blot hybridization. The radiolabeled rec.5S rRNAs were
hybridized to PCR fragments of wild-type mtDNA (nt 1521 to 15680) or mutant
mtDNA (nt 8099 to 8365 and 15438 to 15680) separated on 1% agarose gel and
blotted to Amersham-Hybond-N membrane (GE Healthcare).

Radiolabeling of rec.5S rRNAs :

2 ug of rec.5S rRNAs were dephosphorylated with 1U of alkaline phosphatase
(Roche) at 37°C for 40 min. RNAs are then extracted by addition of 1 volume of
acidic phenol. After centrifugation at 16 000g for 5 min at 4°C, the aqueous phase is
collected and the RNAs are precipitated with ethanol. 0,7ug of rec.5S rRNAs are
radiolabeled with 3pl y-[32P]-ATP in presence of 10U of T4 polynucleotide Kinase
(Promega) during 45 min at 37°C. Radiollabeled rec.5S rRNAs were then purified by
size exclusion chromatography on Micro Bio-Spin™ 6 Chromatography Columns
(BioRad).

Southern blot procedure :

DNA molecules are separated by electrophoresis on agarose gel (1%) in 1X
TBE buffer (Tris-borate 45Mm ; EDTA 1mM ; pH 8,3). The gel is incubated for 30 min
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in a depurinization solution (0.25N HCI) followed by a 15 min incubation in a
denaturation solution (1.5M NaCl, 0.5M NaOH). The gel is finally incubated twice in a
neutralization solution (1.5M NaCl, 0.5M Tris-HCI, pH8.0) for 10min. DNA molecules
are blotted onto Amersham Hybond N membrane by overnight capillary transfer in
SSC 10X buffer. DNA molecules are finally fixed on the nitrocellulose membrane
under UV exposition.

The membrane is first pre-hybridized for 1 h at 65°C in pre-hybridization buffer
(6X SSC 6X; 10X Denhardt solution; 0.2% SDS). Hybridizations were performed with
10mL of hybridization buffer (1X PBS; 0.1% SDS) containing the radiolabeled rec.5S
rRNA, during 6 hours at 37°C under rotation. Membranes were then washed 3 times
for 10 minutes with the washing buffer (2X SSC, 0.1% SDS). Hybridization signals
were revealed by Phophorimaging using Typhoon Trio scanner (GE Healthcare) and
guantified using the ImageQuantTL software. To eliminate the radioactive signal,
membranes were stripped with 3 x10 min incubations in stripping buffer (0.02X SSC;
0.1% SDS) at 80°C under agitation.

IV.B.2.2.2. Hybridization assay for rec.5S rRNA versions targeting the
NDS5 point mutation

For the 13514 A>G ND5 mutation, the specific annealing of the rec.5S rRNA
versions was assessed by in solution hybridization assay in presence of
oligonucleotides corresponding to the mutant and wild-type mtDNA sequences
(Figure 22). Rec.5S rRNAs and the olignoculeotides were unfodled at 95°C for 2 min
and allowed to refold in saline physiological conditions (37°C; 1X PBS; 1mM MgCI2)
for 5 min. Each rec.5S rRNA version was then mixed in equimolar amounts of either
the mutant or wild-type version of the corresponding mtDNA oligonucleotide. After 30
min incubation at 37°C, formation of RNA/DNA hybrid complexes was assessed by
electrophoretic mobility shift assay on 8% PAGE in 1X TAE (Tris-acetate 40mM ;
EDTA 1mM ; pH 7,1) at 4°C. Nucleic acids were stained in the gel with ethidium
bromide solution (0.5ug/mL) for 10 min and RNAs were visualized under UV G-Box

(Syngene). The density profiles were obtained with the GeneTools software.
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IV.B.2.3. RFLP quantification of heteroplasmy

To quantify the heteroplasmy level of the ND5 mutation, DNA was extracted
from the cells by resupending the cell pelet in 500 pl of RSB buffer (10 mM Tris-HCI
pH 7,5 ; 10 mM NaCl ; 25 mM EDTA ; 1% SDS) with 10 pl of proteinase K (20
mg/mL) and incubation 24h at 37°C. DNA was then precipitated with ethanol. A
region containing the mutation was amplified by PCR using primer 13 bearing a
fluorophore (FITC) at the 5’ terminus and the primer 14 (Table 4). The reaction was
performed with 2,5mM de dNTP, 0,5U of “Phusion” DNA polymerase (Thermo
Scientific) and 10 uM of each primer. PCR amplification was performed with an initial
incubation at 95°C during 5 min followed by 30 cycles of 30 sec (95°C, 56°C and
72°C). The final product (125 bp) was then digested with Haelll restriction enzyme
(FastDigest, Thermo Scientific) for 1 hour at 37° leading to a fluorescent product of
80bp and a non-fluorescent product of 45bp for the mutant DNA. The PCR and
digestion fragments were then separated on an 10% polyacrylamide gel and
fluorescent signals were detected by the “Typhoon TRIO” (GE Healthcare) and
guantified using the ImageQuantTL software. Heteroplasmy level was calculated by
the ratio between the fluorescent signal of the mutant mtDNA fragment (80bp) and
the total mtDNA fragments (80bp and 125bp).

Methods used for Generation of transmitochondrial cybrid cell lines expressing
rec.5S rRNA, In vivo import assay, quantification of rec.5S rRNA expression and
analysis of heteroplasmy level are described in details in attached paper (Loutre et
al., 2018a)

IV.B.3. Methods relative to CoLoC-seq experiments

IV.B.3.1. CoLoC and Mock-CoLoC procedures

IV.B.3.1.1. Isolation of crude mitochondria

1125 cm? to 2250 cm? of HEK 293 T-Rex'™ Flp-In™ cells (depending on the
number of analyzed samples) were cultivated to reach =80% confluency and
detached as described in section IV.B.1.1. Cells were resuspended in 30 mL of mito
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buffer (10mM Tris-HCI pH 6.7; 0.6M sorbitol). All the following procedures were then
perfomed at 4°C, unless mentioned otherwise. Cells were disrupted with a warring
blender 3x15s at high speed. Cellular debris and intact cells were removed by 3
centrifugations 3min at 1000g. The supernatant containing mitochondria was
collected and centrifuged for 30min at 21000g. The crude mitochondria pellet was
resuspended in mito buffer and the suspension was loaded on two sucrose cushions
(lower cushion : 10mM Tris-HCI pH6.7; 1.65M sucrose; upper cushion : 10mM Tris-
HCI pH6.7, 0.6M sucrose) and centrifuged for 1 hour at 45000g. Mitochondria fraction
at the interphase between the two cushions was collected, diluted with mito buffer
and centrifuged for 30min at 21000g. The pellet was thoroughly resuspended and
diluted in mito buffer to yield between 1.2 and 1.6 pg of protein/mL.

For Mock-CoLoC experiments, isolated mitochondria were disrupted using a
dounce homogenizer with 500uL of mito buffer supplemented with 0.5% of n-
dodecyl-B-D-maltoside. Intact mitochondria were eliminated by two successive
centrifugations at 160009 for 10 min. The lysate was then diluted with mito buffer to

yield between 1.2 and 1.6 ug of protein/mL.

IV.B.3.1.2. RNase treatment

. The suspension of mitochondria (or mitochondrial lysate) was then divided in
equivalent aliquots of 80ul. One volume of buffer 1 (10mM Tris-HCI Ph6.7, 0.6M
sorbitol, 5mM MgCl,; CoLoC 1 procedure) or buffer 2 (10mM Tris-HCI Ph6.7, 0.6M
sorbitol, 200mM NaCl; CoLoC 2 and Mock-CoLoC procedures) containing different
concentrations of RNase was added to the samples. In the case of incubation with
MNase, buffer 2 was supplemented with 10 mM CaCl,. Samples were incubated at
25°C 5 min for CoLoC 1 procedure or 7 min for CoLoC 2 (to facilitate the
manipulation of an increased number of samples). Samples were then 10 fold diluted
with mito buffer supplemented with 4mM EDTA and centrifuge for 15 min at 16000g.
Then, mitochondrial pellets were washed two times with mito buffer and centrifuged
again. For Mock-CoLoC experiments, RNAs were directly extracted with TRIzol

reagent after incubation with RNase A.
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IV.B.3.1.3. Mitoplast generation

To generate mitoplasts, mitochondrial pellet were resuspended in 800ul of
mito buffer supplemented with 30pg/mL of digitonin (Sigma) to final amount
corresponding to =250ug digitnonin per mg of mitochondrial proteins and incubated
at 25°C for 10min. Samples were then washed two times by addition of 1 mL of mito

buffer and centrifugation for 15 min at 160009 at 4°C.

IV.B.3.1.4. RNA extraction

Mitoplasts were resupended in 100ul of mito buffer and RNA was extracted by
TRIzol reagent. 100 ng of spike-in RNA (for CoLoC 2 and Mock-CoLoC) was added
to the samples before isopropanol precipitation. RNA pellets were resuspended in
20ul of milliQ water and RNA concentration was estimated by spectrophotometry

(Nanodrop).

IV.B.3.2. RNA analysis by Northern blot hybridizations

Isolated RNAs were separated by urea-PAGE (19:1 acrylamide/bisacrylamide,
8M Urea) in 1X TBE. The gel was then stained with ethidium bromide solution
(0.5pg/mL) for 10 min and RNAs were visualized under UV G-box (Syngene). RNAs
were electro-transferred to Amersham Hybond N+ membrane (GE Healthcare) in
TBE 0.5X buffer at 200mA overnight. RNAs were then fixed to the membrane by UV.

For Northern blot hybridization, 10 pmoles of oligonucleotide probes (Table 5)
were radiolabelled with 3ul of yATP **P (10 pCi/ul ; 3000 Ci/mmole) using 10U of T4
polynucleotide kinase (Promega) 45 min at 37°C. Oligonucleotides were then purified
by size exclusion chromatography with Micro Bio-Spin™ 6, Chromatography
Columns (BioRad). Membranes were pre-hybridyzed for 1 h at 65°C in hybridization
buffer (6X SSC; 10X Denhardt solution 10X; 0.2% SDS) Hybridizations were
performed with 10mL of hybridization buffer containing the radiolabeled probe during
at least four hours under rotation. Hybridization temperatures used for each specific
probe are listed in Table 5. Membranes were then washed 2 times for 15 minutes
with the washing buffer (5X SSC, 0.1% SDS). To eliminate the radioactive signal
before reprobing, membranes were stripped by 3x 15 min incubations in stripping
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buffer (0.5X SSC, 0.1% SDS) at 65°C under agitation. Hybridization signals were
then revealed by Phophorimager “Typhoon TRIO” (GE Healthcare) and quantified
using the ImageQuantTL software. The proportion of remaining RNA in each samples
was calculated by the ratio between the signals corresponding to the probed RNA in
the samples treated with RNase and the signals of the same RNA in the sample not
treated with RNase (Opg/mL). To avoid discrepancies caused by the loading of
different amounts of materials, the ratios were normalized to the ratio calculated for a
reference RNA (mt-encoded RNA or spike-in RNA). Regression analysis of CoLoC
data (Figure 26) was performed using the OriginLab software.

IV.B.3.3. RNA-Sequencing of CoLoC samples

LA.1.1.1. Sequencing procedure

Isolated RNAs were treated with DNAse | for 30 min at 37°C. Preparation of
the cDNA library and sequencing was performed by Vertis Biotechnologie AG
(Freising, Germany) (figure 27).

First, the RNA samples were treated with CAP-Clip Acid Pyrophosphatase
(Cellscript) in order to convert 5’PPP and CAP structures to 5' monophosphate (5'P).
Then, an oligonucleotide adapter was ligated to the 5'P ends of the RNA samples.
Afterwards, an oligonucleotide adapter was ligated to the 3' ends of the RNA
molecules. First-strand cDNA synthesis was performed using M-MLV reverse
transcriptase and the 3’ adapter as primer. The resulting full length cDNAs were
amplified with PCR and purified using the Agencourt AMPure XP kit (Beckman
Coulter Genomics). The full-length cDNA samples were treated with ultrasound (4
pulses of 30 sec at 4°C) and TruSeq sequencing adapters were ligated to the DNA
fragments. Finally, the DNA was PCR-amplified, barcode sequences were attached
to the 5'-ends of the DNA molecules and the samples were pooled in approximately
equimolar amounts. For CoLoC 1, the cDNA pool was size fractionated in the size
range of 200 — 500 bp using a preparative agarose gel. The library was sequenced

on an lllumina NextSeq 500 system using 75 bp read length.
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IV.B.3.3.5. Analysis of CoLoC-seq data

Reads quality was assessed using the fastQC software (version 0.11.4).
Reads were mapped to the annotated human genome hg38 (GRCh38, Ensembl) and
count using the “HISAT2” tool (version 2.0.4). Visualization of the reads alignment
(Figure 29 and 36B) was performed using the Integrated Genome Browser software
(IGB, version 9.0.2).

To identify candidate imported RNAs, low covered genes (less than 10 reads
per gene) were first eliminated and the depletion dynamic of the transcripts
corresponding to the genes passing the coverage cut-off was analyzed. For this, the
proportion of remaining RNA in each sample was calculated by the ratio between the
number of reads aligned in the samples treated with RNase A and in the untreated
sample (Opg/mL). This ratio was normalized to the median of the ratios of the mt-
encoded RNAs. For the selected candidates the proportion of corresponding reads
was >10% in the last sample (highest concentration of RNase) and the depletion

dynamic was characterized by the presence of a plateau.

IV.B.3.4. Microscopy analysis by smFish with branched
DNA technology

All confocal microscopy analyses were generously performed by Dr. Anna
Smirnova. The sets of oligonucleotide pairs annealing to the target RNAs were
purchased from Affymetrix eBioscience (Table 6). SmFish imaging using branched
DNA technology was performed on HepG2 cells by the View RNA® Cell plus assay
(Affymetrix eBioscience) with oligonucleotides conjugated to Alexa Fluor 647,
following the manufacturer’s instructions (Figure 37A). Immaging of mitochondria
was performed with mitotracker red or with primary antibodies against Tom20 and
secondary antibody conjugated with Alexa Fluor 488 (Molecular probes, A-21246)

Quantification of of 5S rRNA and 5.8S rRNA co-localization with mitochondria
had been performed with the ImageJ software and the plugin « squassh » as
described in (Rizk et al., 2014).
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Target RNA Affymr(]elgrri:](b(é?talog Region covered t;)éitrr;e oligonucleotide Number of pairs
CO1 mRNA VA6-12665 5923-7254 25
RAN mRNA VA6-3168573 1144-2520 25
RMRP VAG6-60000271 140-227 1
5S rRNA VA6-3173307 2-118 2
5.8S rRNA VA6-3170756 2-139 2
tRNAbesee VA6-6000450 2-83 1

Table 6. List of the set of probes used for branched DNA technology (smFish)

The pairs of oligonucleotides (24 nt each oligonuleotide) were purchased from Affymetrix
eBioscience. The sequences of the oligonucleotides are not revealed by the manufacturer.
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Introduction :

Les mitochondries sont des organites essentiels impliquées dans de
nombreuses fonctions des cellules eucaryotes telles que la formation des centres fer-
soufre, la B-oxidation des acides gras ou I'apoptose. Ces organites possédent deux
membranes les délimitant du reste du cytoplasme et abritant la chaine respiratoire,
qui permet la production de [I'énergie nécessaire aux cellules grace a la
phosphorylation oxidative. Les mitochondries ont aussi la particularité de posséder
leur propre génome qui, chez 'homme, est double brin, circulaire et présent en
plusieurs copies au sein d’'une méme cellule. La répartition des génes entre les deux
brins est inégale. Le brin lourd (brin H) contient la plupart des genes codant pour des
protéines, 14 ARNt ainsi que les deux genes codant pour des ARN ribosomiques. Le
brin de léger (brin L) ne contient qu'un seul gene codant pour une protéine et
quelques génes d’ARNt. Ce génome rudimentaire ne contient donc que des genes
nécessaires a la synthese de 13 protéines de la chaine respiratoire et est donc
largement insuffisant pour permettre aux mitochondries de réaliser toutes leurs
fonctions. Ainsi, la majorité des protéines et certains ARN sont encodés par le
génome nucléaire puis importés dans les mitochondries.

De maniére générale, I'import mitochondrial d'ARN répond a trois critéres: 1)
la présence de signaux sélectifs, ou déterminants d'import, au sein de I'ARN, 2)
I'existence d'un mécanisme permettant de détourner 'ARN de sa fonction cytosolique
et de le rediriger vers la surface mitochondriale, et 3) l'utilisation d’une voie
permettant de transférer 'ARN a travers les membranes mitochondriales.
Cependant, les mécanismes moléculaire d’import, ainsi que la diversité des ARN
importés dans les mitochondries des cellules humaines, sont encore peu connus et
jusqu'a présent, seul I'import mitochondrial de deux ARN, 'ARNr 5S et TARNt"® de
levure (tRK1), a été étudiée en détail pour les cellules humaines. Cela est
principalement dd aux limitations méthodologiques qui ne permettent pas de
distinguer sans ambiguité un ARN partiellement importés dans les mitochondries
d’'un ARN cytosolique simplement associés aux membranes mitochondriales. En
effet, les mitochondries sont fortement associées a d'autres composants cellulaires
tels que le réticulum endoplasmique, I'appareil de Golgi, les endosomes, ou les

ribosomes cytosoliques engagés dans la traduction a la surface des mitochondries.
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Le développement de techniques expérimentales adéquates pour détecter et
confirmer l'import d'ARN dans les mitochondries est donc essentiel.

Les mutations du génome mitochondrial peuvent affecter le bon
fonctionnement de la chaine respiratoire et la production d’énergie. Ces
dysfonctionnements sont a l'origine de pathologies mitochondriales variées, souvent
neuromusculaires car elles concernent principalement les organes les plus
demandeurs en énergie tel que les muscles, le coeur et le cerveau. Les symptdmes
apparaissent généralement tét dans la vie, avec une aggravation progressive
conduisant souvent a la mort.

Les molécules d’ADN mitochondrial sauvages et mutés peuvent coexister au
sein d’'une méme cellule, ce que I'on appelle hétéroplasmie. Les symptdmes dus aux
mutations de ’'ADN mitochondrial n’apparaissent souvent que lorsque le ratio d’ADN
muté par rapport au sauvage (niveau d’hétéroplasmie) excéde un certain seuil dit
pathogénique, généralement 60 a 90% de 'ADNmt muté, en fonction de la mutation,
du tissu et de I'age du patient. Des taux de mutation de 'ADN mitochondrial plus
élevés sont souvent associés a des symptémes plus graves.

Jusqu'a présent, il n'existe aucun traitement efficace pour guérir les maladies
mitochondriales et, dans la majorité des cas, les traitements sont uniquement
palliatifs. Cependant, de nombreuses approches de thérapie géniques sont en cours
de développement. La plupart des stratégies envisagées se basent alors sur I'import
de protéines et d’ARN afin de compenser la perte d'une fonction (stratégie
allotopique) ou de réduire le niveau d’hétéroplasmie sous le seuil pathogénique en
agissant sur lintégrité (stratégie anti-génomique) ou la réplication (stratégie anti-

réplicative) du génome mitochondrial muté.

Objectifs de these :

I. Le laboratoire « Trafic intracellulaire et pathologies mitochondriales » ou j'ai
réalisé ma thése utilise les voies d'import d’ARN afin de développer des stratégies
thérapeutiques. La premiere partie de ma these consistait a poursuivre le projet
d’utilisation de I'import de 'ARNr 5S afin d’adresser des séquences anti-réplicatives

dans les mitochondries. Mes objectifs étaient de :
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1) Générer des lignées cellulaires hétéroplasmiques pour deux types de
mutations du génome mitochondrial exprimant de maniere stable des ARNr 5S
recombinants anti-réplicatifs ;

2) Verifier I'expression et I'import de ces ARN in vivo ;

3) Mesurer leur effet sur I'hétéroplasmie dans différentes conditions de

croissance des cellules.

Il.

La seconde partie de ma thése a été de développer une nouvelle méthode
d’identification des ARN importés dans les mitochondries permettant de
différencier sans équivoque un ARN réellement importé d’'un simple contaminant
persistant apres purification des organites. Dans cet optique, mes objectifs étaient
de:

1) Développer une approche robuste pour identifier les ARN résidant dans les
mitochondries des cellules humaines ;

2) Valider l'approche sur la possibilité de différentier les 3 groupes de
transcrits : les transcrits encodés par le génome mitochondrial, les transcrits
contaminants encodés par le génome nucléaire et les transcrits partiellement
importés ;

3) Utiliser I'approche pour identifier de nouveaux ARN importés dans les

mitochondries et valider leur import par d’autres techniques.

Résultats :

I. Mon laboratoire d’accueil a précédemment identifié les déterminants
d’'import de 'ARNr 5S dans les mitochondries de cellules humaines. Ces recherches
ont montré qu’une partie de cet ARN, le domaine (3, pouvait étre remplacé par une
séquence complémentaire de 'ADN mitochondrial muté sans affecter I'import de
'ARN. Mon laboratoire d’accueil a aussi montré que ces ARNr 5S recombinants
exprimés de facon stable dans des cellules humaines pouvaient s’hybrider a '’ADN
mitochondrial et conduire a une baisse du niveau d’hétéroplasmie en génant
spécifiguement la réplication du génome muté. Lors de la premiére partie de mon
projet de thése j’ai poursuivi les travaux de I'équipe sur I'adressage de ces ARN anti-

réplicatifs dans les mitochondries. Deux mutations ont été utilisées comme modeles,
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une large délétion de 7075 pb (nucleotides 8363 a 15438) du génome mitochondrial
associé au syndrome de Kearn-Sayre (KSS) qui entraine la disparition de 9 génes
codant pour des protéines et de 6 géenes d'’ARNt ainsi que une mutation ponctuelle
dans le géne MT-ND5 (13514 A>G) associée au syndrome MELAS (mitochondrial
encephalopathy, lactic acidosis and stroke-like episodes).

En premier lieux jai congu de nouvelles versions d’ARNr 5S recombinants
contenant différentes séquences anti-réplicatives remplacant la partie distale du
domaine B et ciblant soit la délétion KSS, soit la mutation ponctuelle du gene MT-
ND5. Les séquences anti-réplicatives variaient en longueur (entre 13 et 17
nucléotides) et en séquence en fonction du brin de 'ADN mitochondrial ciblé (brin L
ou brin H). La structure secondaire des ARNr 5S recombinants a été prédite in silico
afin de s'assurer que les séquences insérées ne modifiaient pas les éléments
structurels de I'ARNr 5S nécessaires a I'expression et a I'adressage mitochondrial
des ARN.

Pour ralentir la réplication de I'ADN mitochondrial muté, les séquences
insérées doivent s'hybrider uniquement aux molécules d'’ADN mitochondrial
contenant la mutation. Les molécules capables de s’hybrider spécifiquement aux
génomes mutés et non aux génomes normaux ont été sélectionnées sur les
prédictions de températures de fusion des duplex ARN/ADN muté et ARN/ADN
sauvage in silico et par des tests d’hybridation in vitro.

La deuxieme étape a consisté a générer, a la base de cellules
transmitochondriales cybrides humaines portant les mutations d’ADN mitochondrial,
des lignées stables exprimant fortement les ARNr 5S recombinants dans le but
d’accroitre I'effet sur 'hétéroplasmie. Les cellules cybrides ont été précédemment
créées par la fusion de cellules de patients énucléés portant une mutation dans
I'ADN mitochondrial avec des cellules immortalisées dépourvues d'ADN
mitochondrial afin de pouvoir les cultivées presque indéfiniment. Afin d’exprimer
fortement et de maniéere stable les ARNr 5S recombinants dans ces cellules, jai
utilisé le systtme Flp-In™ T-rex™  qui permet lintégration d'un site de
recombinaison au sein du génome nucléaire de ces cellules. Parmi les différents
clones obtenus, j'ai sélectionné ceux pour lesquels le site de recombinaison FRT se
trouve dans une région transcriptionellement active du génome et n'impacte pas la

croissance cellulaire. En intégrant les différents plasmides contenant les génes des
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ARN anti-réplicatifs au niveau du site FRT, jai pu obtenir différentes lignées
cellulaires exprimant stablement les versions d’ARNr 5S recombinants.

Les cellules ont ensuite été cultivées dans difféerents milieux et I'expression,
l'import et I'effet sur 'hétéroplasmie des ARNr 5S recombinants ont été mesuré pour
chaque condition de culture. Des baisses significatives du niveau d’hétéroplasmie,
liees a I'expression des ARN recombinants anti-réplicatifs, ont été obtenues lorsque
les cellules étaient cultivées en absence de glucose. Cette diminution était plus
importante pour les cellules avec le plus fort taux d’expression des ARN anti-
réplicatifs. Ainsi les résultats obtenus durant ma thése ont permis de confirmer I'effet
anti-réplicatifs des ARNr 5S recombinants et d’identifier des conditions pouvant

améliorer leur effet thérapeutique. Ces résultats ont donnés lieux a une publication.

II. Les méthodes employées jusqu'a présent pour identifier les ARN
mitochondriaux a I'échelle globale se basent sur le séquencage des ARN (RNA-seq)
extraits de mitochondries isolées. Les résultats des séquencages ont révélé une
importante proportion d’ARN cytosoliques associés aux mitochondries. Cependant,
d’aprés des études sur plusieurs modeéles, I'import mitochondrial d’ARN est un
phénoméne hautement sélectif et la grande variabilité des données obtenues entre
les expériences réalisées par différents laboratoires suggére que la majorité des
ARN retrouvés ne sont pas importés dans les mitochondries. En effet, il semble
pratiguement impossible d'obtenir des mitochondries complétement pures par les
méthodes d'isolation conventionnelles et il est difficile de déterminer dans quelle
proportion les ARN cystosoliques sont présent dans les échantillons mitochondriaux.
De plus, les techniques de RNA-seq sont particulierement sensible et permette de
détecter les plus petites quantités d'’ARN contaminant. La présence de ces
ARN contaminants complique l'identification des ARN réellement importés dans les
mitochondries et, dans I'ensemble, les études d'ARN-seq sur le RNome
mitochondrial n‘ont pas permis de mieux comprendre l'import mitochondrial des ARN.
Cependant, a ce jour, la méthode de RNA-seq reste la seule stratégie permettant
I'identification a grande échelle des ARN. La méthodologie doit donc étre adaptée
afin d’établir une liste précise des ARN importés dans les mitochondries.

La seconde partie des travaux que jai réalisés durant ma thése a donc
consistée au développement d’une nouvelle stratégie, nommée « Controlled Level of

Contamination coupled with deep sequencing» (CoLoC-seq), permettant
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l'identification a grande échelle des ARN importés dans les mitochondries des
cellules humaines. Lors du processus de purification des mitochondries, celles-ci
sont généralement traitées avec une ribonucléase (RNase), incapable de traverser
les membranes mitochondriales, afin de dégrader les ARN contaminants.
Néanmoins, ce traitement ne suffit pas a éliminer de maniere sdre la totalité des ARN
présent a I'extérieur des mitochondries. Afin de pouvoir différencier les ARN
contaminants des ARN partiellement importés, CoLoC-seq se base non pas sur des
échantillons « statiques », traité avec une concentration unique de RNase, mais sur
la dynamique de déplétion des ARN en présence de concentrations croissantes de
RNase. Les ARN importés auront une dynamique de déplétion différente de celle des
ARN contaminant grace a la présence d’'une population des molécules protégées de
la dégradation par les membranes mitochondriales, ce qui peut étre établie par des
analyses cinétiques quantitatives.

J’ai réalisé différentes variantes du protocole d’isolement et de traitement des
mitochondries de cellules humaines et testé différentes RNases, ce qui m’a permis
de déterminer les conditions optimales pour différencier un ARN contaminant d’un
ARN importé dans les mitochondries. La dynamique de déplétion d’'un ARN par une
ribonucléase est une décroissance exponentielle qui peut étre facilement modélisée.
Afin de vérifier si le modéle élaboré était cohérent avec les données obtenues, et
ainsi valider la méthode, les ARN extraits a l'issue de mes expériences ont d’abord
été analysés par hybridation sur membrane pour observer la dynamique de déplétion
d’ARN de localisation connue (cytosolique, mitochondrial ou partiellement importé).
Les données que jai obtenues ont montré une nette corrélation entre les 3
différentes localisations des ARN et leur dynamique de déplétion.

Dans les expériences CoLoC, la protection des ARN contre le traitement a la
RNase devrait étre assurée par lintégritt des membranes mitochondriales.
Cependant, il faut tenir compte, du fait que de nombreux facteurs peuvent influer sur
le clivage de I'ARN par les nucléases, les plus importants étant la structure
tridimensionnelle des ARN et les interactions avec les protéines pouvant protéger
I'ARN de la dégradation. Pour répondre a cette question, j'ai mis en place une
expérience de contréle, Mock-CoLoC, qui consiste a lyser les mitochondries avant la
digestion des ARN par la RNase. L'efficacité de la lyse a été démontrée par la

dégradation compléte des ARN codés par le génome mitochondrial. Mes résultats
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préliminaires semblent confirmer que la majorit¢ des ARN sont complétement
digérés par la RNase en absence de membranes mitochondriales.

Les ARN obtenus aprés la réalisation de la méthode CoLoC ont ensuite été
séquenceés a haut débit. L’analyse des résultats de deux expériences indépendantes
de CoLoC-seq a permis de retrouver la totalité des ARN mitochondriaux ainsi que
differents ARN encodés par le génome nucléaire fortement associés aux
mitochondries. En appliquant notre modele cinétique sur le profil de déplétion de ses
ARN, jai pu déterminer que seulement un petit nombre d'ARN non-codant étaient
potentiellement importés dans les mitochondries, dont deux, 'ARNr 5S et ’ARN de la
RNase MRP, déja identifiés auparavant. Mes résultats ont ainsi corroboré les
données publiées précédemment sur I'import mitochondrial des ARN dans les
cellules humaines et il a été possible d’établir pour la premiére fois une liste des ARN
candidats pour I'import mitochondrial. L’import de certains ARN candidats a ensuite
été vérifié par microscopie a fluorescence (hybridation in situ) ce qui m’a permis de
constater leur co-localisation avec les mitochondries, validant ainsi les résultats

obtenus avec la méthode ColLoC.

Discussion et perspectives :

Lors de ma thése jai poursuivi le projet de mon équipe sur le développement
d’ARN adressés aux mitochondries a visés thérapeutiques et j'ai pu confirmer que
des ARN anti-réplicatifs basés sur 'ARNr 5S pouvaient diminuer le niveau
d’hétéroplasmie de deux mutations pathogéniques différentes.

Mes résultats ont aussi montré que leur effet est augmenté lorsque les
cellules sont cultivées en absence de glucose. Dans ces conditions la production
d’énergie par la phosphorylation oxidative mitochondriale devient essentielle pour la
croissance des cellules, ce qui permet de donner un avantage sélectifs aux cellules
présentant une amélioration des fonctions mitochondriales due a une baisse du
niveau d’hétéroplasmie. De plus, le taux d’hétéroplasmie des cellules cultivées dans
un milieu sans glucose mais n’exprimant pas les ARN anti-réplicatifs reste inchangé.
Ceci démontre que la pression de sélection seule n'est pas responsable de la
diminution du niveau d’hétéroplasmie.

L'utilisation du systéme Flp-In™ T-rex™ pour produire les lignées cellulaires
cybrides exprimant les molécules d’ARNr 5S anti-réplicatives a permis une

amélioration de l'expression des ARN anti-réplicatives de 10 a 100 fois par rapport a

174



l'insertion aléatoire des plasmides portant les génes d’ARNr 5S recombinants réalisé
précédemment par notre équipe.

J’ai aussi pu mettre en avant un effet de seuil d’expression des ARN anti-
réplicatif puisque les diminutions d’hétéroplasmie les plus importantes ont été
obtenues pour les ARNr 5S recombinants fortement exprimés tandis qu’une
expression plus faible des mémes molécules n’affectait pas le niveau
d’hétéroplasmie. Les ARN recombinants sont exprimés a partir d’'un seul gene et leur
import mitochondrial doit se faire en compétition avec les molécules d’ARNr 5S
endogene, exprimées a partir de plus d’'une centaine de génes. Une expression forte
des genes peut alors favoriser 'import des ARN anti-réplicatifs et permette d’obtenir
une diminution d’hétéroplasmie plus importante. Intégrer plus de génes d’ARN
recombinants ou surexprimer les facteurs protéiques d’import mitochondrial pourrait
améliorer l'effet anti-réplicatif. D’autre part, les ARNr 5S recombinants peuvent
interagir avec différents facteurs protéiques présent dans la matrice mitochondrial ce
qui peut empécher ou réduire leur efficacité anti-réplicative. Des études plus
approfondie de la fonction de 'ARNr 5S endogene dans les mitochondries pourront
étre réalisées afin de faciliter la conception d’ARN anti-réplicatif échappant a ses
interactions. Les conditions de croissance sélective en l'absence de glucose, qui
améliorent considérablement I'effet des molécules d'ARN anti-réplicatives, devraient
aussi étre considérées pour l'application future de stratégies thérapeutiques.

A ce jour, on en sait peu sur la diversit¢ des ARN importés dans les
mitochondries des cellules humaines et I'import de certains ARN reste souvent
controversé. La découverte de nouveaux ARN adressés dans les mitochondries de
cellules humaines pourrait fournir de nouveaux vecteurs pour la stratégie anti-

réplicative et éclairer les mécanismes régissant leur import.

Au cours de ma thése jai aussi pu développer une nouvelle méthode,
nommée ColLoC-seq, permettant de déterminer les ARN importés dans les
mitochondries. Mes résultats issus de deux expériences indépendantes m’ont permis
d’identifier de nouveaux ARN potentiellement importés dans les mitochondries des
cellules humaines et de confirmer I'import de deux ARN déja connus, 'ARNr 5S et
'ARN de la RNase MRP. L’ARN de la RNase P, dont I'import a aussi été suggéré par
différentes études, n’a cependant put étre validée que par une seule des deux

expériences réalisées. Les variations entre les données des deux expériences
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CoLoC peuvent étre expliquées par les différences des conditions expérimentales et
de la méthodologie de séquencage. De maniére générale, les deux expériences ont
révélé que seulement un petit nombre d'ARN non-codant était importés dans les
mitochondries de cellules humaines suggérant que, chez I'homme, ce processus est
hautement sélectif. Le séquengage des échantillons obtenus avec I'expérience
contréle,Mock-CoLoC, devra bien entendu étre réalisé pour s’assurer de la validité
des résultats obtenus.

Des protocoles adaptés pour le séquengage de certains types d’ARN pourront
aussi étre realisés afin d’élargir la liste des ARN criblés. Les ARNt notamment sont
trés structurés, présentent de nombreuses modifications de nucléotides et sont
amino-acylés, ce qui rend difficile leur séquencage. Mes résultats suggérent en effet
gue certains ARNt pourraient étre importés dans les mitochondries de cellules
humaines. Méme si, chez I'homme, limport d'’ARNt cytosoliques n’a pas été
clairement démontré, il est possible que cette voie puisse étre nécessaire dans
certains types de cellules et/ou dans des conditions particuliere de stress. Cela
pourra étre étudié en appliquant 'approche CoLoC-seq a différents types de cellules
et dans diverses conditions de culture.

Les ARN identifiés par la méthode ColLoC-seq devront étre validés par
d’autres méthodes. L’ARNt sélénocystéine par exemple, I'un des candidats a I'import
révélé au cours de mes expériences, a pu étre détecté par microscopie confocale
associé aux mitochondries bien que sa fonction mitochondriale reste pour le moment
inconnue. La présence de ses candidats au sein de la matrice mitochondriale
pourrait étre confirmée par [l'utilisation de techniques de microscopie a super-
résolution.

Afin de corroborer les résultats obtenus avec la méthode ColLoC-seq, une
autre approche a grande échelle pourra étre mise en ceuvre. Lors de ma thése, jai
donc commencé a optimiser une méthode initialement utilisée pour I'identification de
la localisation subcellulaire des protéines et qui a récemment été adaptée pour les
transcrits mitochondriaux. Cette méthode permet la biotinylation localisée des
protéines mitochondriales au moyen d’une peroxidase (Apex2) adressée dans
I'organite et la co-purification des ARN cross-linkés a ces protéines in vivo.

Les résultats obtenus au moyen de ces deux méthodes permettront d’'une part
de compléter la liste des ARN importés connus mais aussi de mieux comprendre

leurs mécanismes d’import. L’application de ces méthodes sur différents modéles
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cellulaires permettra de mieux comprendre le réle de I'import d’ARN au sein des
mitochondries et d’identifier les mécanismes moléculaires des pathologies associées
aux défauts de cette voie. Ces connaissances seront mises a profit lors du
développement de nouvelles stratégies thérapeutiqgues pour soigner les maladies

mitochondriales pour lesquelles aucun traitement n’existe actuellement.
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Résumeé

Les mutations dans le génome mitochondrial humain sont souvent associées a de graves maladies
neuromusculaires. Mon projet de thése a consisté tout d’abord au développement d’une stratégie
thérapeutique basée sur l'import mitochondrial de molécules d’ARN. J'ai pu démontrer que
'expression stable de molécules d’ARN recombinantes dans les cellules humaines permet de
diminuer le taux de mutations pathogéniques de 'ADN mitochondrial.

Dans une seconde partie, j’ai élaboré une nouvelle méthode, CoLoC-seq, permettant I'identification a
grande échelle des ARN localisés dans les mitochondries. En appliquant cette méthode sur des
cellules humaines, jai pu confirmer I'adressage mitochondrial de certains ARN cytosoliques non-
codant et identifier de nouveaux ARN potentiellement importés. Ces données permettront d’élargir
les connaissances sur les voies d’adressage mitochondrial des ARN, leurs mécanismes et leur
régulation, et d’optimiser les stratégies thérapeutiques basées sur I'import d’ARN.

Mitochondrie, RNome mitochondrial, Import d’ARN, Stratégie thérapeutique, Séquencage d’ARN.

Résumé en anglais

Mutations in the human mitochondrial genome are often associated with severe neuromuscular
disorders. The first part of my thesis project consisted in the development of a therapeutic strategy
based on the mitochondrial import of RNA molecules. | demonstrated that the stable expression of
recombinant RNA molecules in human cells induced the decrease of the pathogenic mutation load in
mitochondrial DNA.

In the second part, | developed a new method, CoLoC-seq, for the large-scale identification of RNA
species localized in the mitochondria. By applying this method to human cells, | confirmed the
mitochondrial targeting of some non-coding cytosolic RNAs and identified new potentially imported
RNAs. These data will broaden the knowledge on the pathway of RNA targeting into the
mitochondria, its mechanisms and regulation, and will allow optimization of the therapeutic strategies
based on RNA import.

Mitochondria, Mitochondrial RNome, RNA import, Therapeutic strategy, RNA sequencing.




