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Abstract Mitochondrial translation depends on the macromolecular components 

imported from the cytosol, which include translation factors, ribosomal proteins, 

aminoacyl-tRNA synthetases, and a variable number of small noncoding RNAs. 

The lasts are essentially tRNAs, but other small RNAs, like mammalian 5S rRNA, 

are also concerned by the RNA mitochondrial targeting pathway. If their impor-

tance in mitochondrial translation was demonstrated in each case where it was 

addressed, the precise function of these molecules differs from one system to 

another: in many cases they complement lacking mtDNA encoded counterparts, 

in others can fulfill conditional functions, finally they can complement the lack of 

needed mitochondrial enzymatic activities. In any case, it appears that the innated 

capacity of mitochondria to import small RNA molecules is supplied by specific 
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additional protein, often performing their “second job” to deliver the needed RNA 

in the organelle. This mechanism, still not understood in details, remains the 

unique natural pathway of nucleic acids delivery in mitochondria, and is therefore 

of a significant interest as a tool permitting to target this organelle with potentially 

therapeutic molecules and thus addressing a very important bulk of human pathol-

ogies linked with dysfunctions of mitochondrial translation machinery.

4.1  Introduction

This chapter focuses the role of mitochondrially targeted cytosolic RNA molecules 

in the organellar translation. Mitochondria import the majority of macromolecules 

from the cytosol, including almost a thousand of proteins and a various number 

of small noncoding RNAs. Mitochondrial targeting of RNAs is nowadays to be 

considered as a quasi-ubiquitous process, found in almost all studied biological 

systems (for review, see Entelis et al. 2001c; Rubio and Hopper 2011; Salinas 

et al. 2008). In all studied cases, naturally imported RNAs are small and noncod-

ing: they are essentially tRNAs, but larger RNAs (like 5S rRNA, MRP, or RNase P 

RNA components) or smaller ones (like microRNAs) were described as mitochon-

drially targeted. A major part of these molecules clearly refer to protein synthesis 

machinery (tRNAs, 5S rRNA, RNase P). So far, different cases of RNA import 

of even similar types of molecules may have different functional implications—

sometimes they are clearly essential, sometimes only conditionally important, in 

some cases their implication in mitochondrial translation is still not evident. The 

first part of the chapter tries to review these different cases with the emphasis on 

still unclear functional issues or contradictory data.

Mitochondrial DNA mutations are the recognized source of neuromuscular 

pathologies (Ruiz-Pesini et al. 2007). This large group of “mitochondrial dis-

eases” includes mutations in virtually all mtDNA encoded genes and often have a 

strong impact on mitochondrial translation (Smits et al. 2010). One of their main 

features is the phenomenon of heteroplasmy, meaning the simultaneous pres-

ence of mutant and wild-type genomes in the same cell, the level of heteroplasmy 

determining the pathogenic effect of the mutation. All these pathologies have no 

efficient classical therapy and many attempts are currently done to develop alter-

native gene therapy strategies. Two main approaches were proposed—the “allo-

topic” one was to express in the nucleus the lacking or therapeutically active 

molecule and to address into mitochondria; and the “antigenomic” one, which 

aims to decrease the heteroplasmy below the threshold pathogenic level by 

addressing into the organelle specific recombinant molecules (Smith et al. 2004). 

If both strategies may use imported protein, nucleic acids delivery into mitochon-

dria appears as more attractive. Therefore, in the second part of the chapter, we 

shall focus here RNA targeting into mitochondria, since many recent studies were 

aimed to exploit this pathway as a tool to correct dysfunctions of the mitochon-

drial translation machinery.
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4.2  Imported tRNAs and Mitochondrial Translation

4.2.1  Plants

The situation in higher plants appears as the most evident—up to now, in all cases 

mitochondrially imported RNA species were limited to tRNAs and, also in all 

cases, imported tRNA species strictly corresponded to those whose genes were 

absent in mtDNA (Dietrich et al. 1992; Kumar et al. 1996; Salinas et al. 2008; 

Schneider and Marechal-Drouard 2000). The mechanism of this pathway is 

actively studied. Aminoacyl-tRNA synthetases, another component of the trans-

lation machinery, were formerly implicated in tRNA mitochondrial targeting 

(Dietrich et al. 1996; Small et al. 1992), while at the mitochondria level, Voltage 

Dependent Anion Channel (VDAC) and/or TOM complex were involved in tRNA 

translocation across mitochondrial membranes (Salinas et al. 2006, 2008).

There still is no evident evolutionary explanation why a given tRNA gene was 

conserved in mtDNA and the other—not, as well why there is a so significant vari-

ation in the imported tRNAs among different plant species, ranging from few to 

more than a half of the mitochondrial set. One could assume therefore that the 

emergency of tRNA import was polyphyletic and occurred many times during evo-

lution, maybe in a sporadic way (Kumar et al. 1996). The similarity of mitochon-

drial and nuclear genetic code in plants may, at some extent, explain this situation: 

indeed nuclear-encoded and mitochondrially addressed tRNAs not only can func-

tion both in cytosolic and organellar translation, but also cannot become poten-

tially toxic nonsense/missense suppressor tRNAs in the cytosol.

The question arises if there exist any regulatory mechanism which would per-

mit to optimize mitochondrial translation by differential tRNA import efficiency. 

A priori there is no limitation for that, taking into account that mitochondrial sub-

set of tRNA is a minor one comparing to the cytosolic pool. Indeed, in the case 

of a lower plant cells, in C. reinhardtii, mitochondrial abundance of nuclear DNA 

encoded tRNA was found to be in correlation with mtDNA genes codon usage 

(Vinogradova et al. 2009), which may reflect the existence of a kind of retrograde 

control of RNA import or, alternatively, a controlled system of RNA degradation 

in the organelle.

4.2.2  Trypanosomes

The group of Trypanosomatidae represents an extreme case, where all or almost 

all tRNAs are nuclearly encoded (Hauser and Schneider 1995; Rubio et al. 2000; 

Schneider 1994; Schneider and Marechal-Drouard 2000; Simpson et al. 1989). 

The need of these molecules for mitochondrial translation appears as evident, 

since no mtDNA-coded tRNA genes were ever identified while mitochondrial 

translation of the kinetoplast DNA (trypanosomal equivalent of mtDNA) is rather 
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standard. The situation on these protozoans was recently exhaustively described in 

(Schneider 2011), therefore, we focus here only few translation-related issues.

In such trypanosomatids as Trypanosoma brucei or Leishmania tarentolae, cyto-

solic and mitochondrial pools of tRNAs are not identical, the exception concerning 

the initiator tRNAMet and the tRNASec, both found only in the cytosolic compart-

ment of the cell (Geslain et al. 2006; Tan et al. 2002b). This fact refers directly to the 

absence of functional need of these tRNA species in the mitochondrial compartment. 

Mitochondrial initiation of translation does not require special eukaryotic initiator 

tRNA since a portion of mitochondrially imported cytosolic elongator tRNAMet is 

formylated by specific tRNAMet-formyltransferase (Charriere et al. 2005; Tan et al. 

2002a). This formylated elongator tRNA is then recognized by the mitochondrial 

bacterial type initiation factor. This is just an example of the higher extent of mito-

chondrial translation flexibility, which is observed also in other species, as described 

below. Also, as in many other cases, it is difficult to explain how such mechanism 

was retained in evolution. It clearly demonstrates that many features of mitochon-

drial translation may have sporadic origins, and therefore being species/genera-specific. 

On the other hand, it also illustrate strictly classical functional explanation of RNA 

import in terms of translation processes, without involving “alternative functions” 

of imported RNA molecules, as for tRNASec, whose presence in trypanosomatid 

mitochondria would be obsolete, in the absence of selenoproteins.

4.2.3  Yeast

In ascomycetes yeast Saccharomyces cerevisiae the situation with imported tRNAs 

is all but simple, taking into account that mtDNA appeared to encode all the set 

of tRNAs, in theory able to fulfill translational activity (Foury et al. 1998). So 

far two cases of tRNA import were independently described. The first concerns 

one out of two cytosolic tRNALys, tRNALys
1

(

tRNALys
CUU, or tRK1

)

. This cyto-

solic tRNA was partially found in the mitochondrial compartment of the cell in 

1979 (Martin et al. 1979), while the second tRNALys
(

RNALys
UUU, tRK2

)

 resided 

only in the cytosol. The mechanism of tRK1 delivery into yeast mitochondria was 

studied in details and involved several targeting factors (Enolase-2 as an RNA 

chaperone and the cytosolic precursor of mitochondrial lysyl-tRNA synthetase 

pre-Msk1p) and the TOM/TIM translocators (Entelis et al. 2006; Kamenski et al. 

2007b; Kolesnikova et al. 2010; Tarassov et al. 1995), issues recently reviewed 

elsewhere (Rubio and Hopper 2011; Salinas et al. 2008; Schneider 2011). Up to 

more recent studies its function in the mitochondria was not clear. Indeed, mtDNA 

codes for another tRNALys (tRK3), which, due to its modification of the wobble 

position (cmnm5S2 U) was predicted to decode both AAA and AAG lysine codons 

in the organelle. Several alternative functions (like participating in splicing or 

mtDNA replication priming) were proposed for mitochondrial tRK1 (reviewed in 

Entelis et al. 2001c), so far these hypotheses never found experimental evidence. 

Finally, a peculiar mechanism was uncovered. It was shown that mitochondri-

ally encoded tRK3 anticodon wobble base was undermodified (underthiolated) at 
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higher temperatures, and, as a consequence loses the ability to efficiently decode 

the very rare mitochondrial AAG codons, while the imported CUU anticodon 

bearing tRK1 complements this deficiency (Kamenski et al. 2007a; Tarassov et al. 

2007) (Fig. 4.1). This mechanism was the first case of mitochondrial translational 

Fig. 4.1  tRNA import into yeast mitochondria is a mechanism of translational adaptation to stress 

conditions. At the left side of the scheme, normal conditions of growth (30 °C), when both lysine 

codons can be read by mtDNA encoded tRK3. At the right side—at higher temperature tRK3 wob-

ble position of the anticodon in undermodified (underthiolated) which prevents efficient decoding 

of the AAG lysine codon, while imported tRK1 becomes essential for mitochondrial translation
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adaptation to stress conditions. So far many questions remains to be solved. tRK1 

is imported in mitochondria in a constitutional manner, and not only at higher tem-

perature, while its function in mito-translation becomes detectable only at elevated 

one. So it is not clear if it participates in translation in a permanent way and if it is 

more or equally efficient to decode AAG codons in normal conditions. In this con-

text it is worth to stress that tRK1 is aminoacylated by the cytosolic lysyl-tRNA 

synthetase (KARS), imported into mitochondria in aminoacylated form and can-

not then be reacylated in the organelle by the mature mitochondrial synthetase 

(MSK1), the last one able to charge only tRK3 (Tarassov et al. 1995). This obvi-

ously limits the efficiency of tRK1 use in mitochondrial translation. It is still not 

evident if there exist any regulatory mechanisms governing this targeting. Indeed, 

it was demonstrated that differential deregulation of the proteasomal degradation 

of proteins (ubiquitin/26S proteasome system, UPS) may have various effects on 

tRK1 import (either increasing of decreasing it) (Brandina et al. 2007), which may 

reflect existence of such a regulation. So, once more, the function of the imported 

tRNA species was strictly classical while no evidence of any other “alternative” 

function was ever found.

The second described case of tRNA import in yeasts concerns tRNAGln  species. 

Formation of Glutaminyl-tRNAs can, in principle, proceed either by a specific 

glutaminyl-tRNA synthetase (QRS), as in eukaryotic cells and many bacteria, or 

by misaminoacylation of the corresponding tRNAGln by the nondiscriminating 

glutamyl-tRNA synthetase (ERS) with subsequent transamidation of the aminoacyl 

residue in Glu-tRNAGln to generate Gln-tRNAGln, as it is found in the majority of 

bacteria and all the archea (Feng et al. 2005; Ibba and Soll 2004). The last pathway 

is also used in mitochondria, so far in yeast amidotransferase activity has not been 

characterized for long time and, to explain how the glutamine decoding system 

could function, a new mechanism involving tRNA import was proposed (Rinehart 

et al. 2005) (Fig. 4.2a). Following this scheme, mtDNA encoded tRNAGln
UUG, due 

to a specific wobble base modification (mcm5S2U or cmnm5S2U, cited differently 

in different reports), can decode only CAA glutamine codons (hypothesis based on 

earlier studies, reviewed in Yokoyama and Nishimura 1995). The two isoacceptor 

tRNAsGln (anticodons CUG and UUG) would be imported from the cytosol, along 

with the cytosolic QRS, which proceeds the aminoacylation in the “eukaryotic” 

fashion permitting decoding of the other two glutamine codons (CAG and CAA). 

This hypothesis responds to the question how glutamination may occur when no 

amidotransferase is present. It is also in agreement with the idea that mitochondrial 

enzyme, mERS, cannot generate Glu-tRNAGln, the required intermediate for the 

transamidation pathway (Rinehart et al. 2005). However, more recently, a new het-

erotrimeric complex with amidotransferase activity (GatA/GatF/GatB) was charac-

terized, which, once assembled in mitochondria, can modify the mtDNA encoded 

tRNAGlu misacylated by nondiscriminating cytosolyc ERS, partially imported into 

the organelle (Fig. 4.2b) (Frechin et al. 2009). Such a mechanism eliminates the 

functional need of tRNAGln import, and indeed, the latter study failed to detect any 

considerable amount of cytosolic tRNAsGln in yeast mitochondria. Furthermore, 

the incapacity of the modified U in the wobble position of the mitochondrial 
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tRNAGln
UUG, to pair with both A and G in the codon’s first position is not sup-

ported by many reports (for example, Kurata et al. 2008; Umeda et al. 2005). Still 

remains the possibility that both mechanisms may coexist, but the former one 

being minor in terms of efficiency.

4.2.4  Mammalians

For a number of years it was assumed that mammalian mitochondria do not 

import any tRNA (Enriquez and Attardi 1996a, b; Enriquez et al. 1996), since 

no significant amounts of cytosolic tRNAs were detected in these organelles by 

classical hybridization methods. So far, a more recent study suggested that such 

pathway may, however, exist. It was proposed that a system which resembles to 

that proposed for yeast (see above) to import tRNAsGln into mitochondria would 

also exist in human cells (Rubio and Hopper 2011; Rubio et al. 2008) basing on 

the same reasoning as for the yeast system, the authors suggested that the modi-

fied wobble U34 of the mtDNA encoded tRNAsGln would affect decoding CAG 

codon, according to commonly agreed codon-anticodon recognition rules (Agris 

et al. 2007; Sprinzl and Vassilenko 2005). So, to fulfil complete set of decoding, 

Fig. 4.2  tRNAGln in yeast mitochondria. a The model proposing simultaneous import of both 

two cytosolic tRNAGln and the cytosolic QRS. b The model proposing the generation of mito-

chondrial tRNAGln by the nondiscriminating cytosolic ERS and tripartite amidotransferase (Gat 

FAB AdT), both imported into mitochondria
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mitochondria must import corresponding nuclear-encoded tRNAGln isoacceptors 

(CUG and UUG anticodons) from the cytosol (see the scheme corresponding to 

the yeast system, Fig. 4.2a). Indeed, these two cytosolic tRNAs were detected in 

purified rat and human mitochondria by a more sensitive RT-PCR approach (Rubio 

et al. 2008). These data are in agreement with the fact that mammalian mitochon-

dria were already described as able to import tRNAs in artificial way (Entelis 

et al. 2001b; Kolesnikova et al. 2002), and also import other RNA molecules in 

vivo (Magalhaes et al. 1998; Smirnov et al. 2008a; Yoshionari et al. 1994), so 

their innate capacity to internalize RNA is out of doubt. So far, the fact that these 

tRNAs are detectable only by RT-PCR indicates on tiny amounts of them in mito-

chondria. Furthermore, the transamidation pathway, allowing to complement the 

absence of mitochondrial QRS, was described (Nagao et al. 2009). This last study 

permitted to demonstrate that human mitochondrial ERS can misaminoacylate 

the mtDNA encoded tRNAGln by a glutamate, which is modified by a heterotrim-

eric transamidase hGatCAB imported into mitochondria. This mechanism makes 

the functional issue of the cytosolic tRNAsGln import not evident. The possibil-

ity remains open that both pathways are coexisting but the tRNA-based having a 

minor functional input.

In the context of this chapter, one can also cite the results of a systematic analy-

sis of human mitochondrial transcriptome, where not only cytosolic tRNAGln was 

also detected, but also tRNALys and tRNALeu ones (Mercer et al. 2011). However, 

there is no hint for the moment if this was due to contamination problems or cor-

responds to the in vivo situation, since no plausible function for cytosolic tRNALys 

and tRNALeu in human mitochondrial compartment was ever assigned.

4.3  Import of 5S rRNA in Mammalians and Mitochondrial 

Translation

Found for the first time in beef liver mitochondria, nuclear DNA encoded 5S 

rRNA appeared to be nearly the most abundant ribonucleic acid species inside the 

organelles (Yoshionari et al. 1994; Magalhaes et al. 1998; Entelis et al. 2001a). Its 

presence in mitochondrial matrix was somewhat unexpected, since 5S rRNA genes 

have disappeared from mitochondrial genomes of animal cells, and this compo-

nent was believed to be replaced by new proteins, so typical for mitochondrial 

ribosomes (Smits et al. 2007). Furthermore, no 5S rRNA was detected in large-

scale purified mammalian mitoribosomes (Sharma et al. 2003). On the other hand, 

a recent series of works, focused on function of this small but important molecule, 

showed clearly that 5S rRNA, being an extremely conservative ribosomal com-

ponent, administers the clockwork-like mechanism of all main functional sites of 

ribosomal machine (Smith et al. 2001; Kiparisov et al. 2005; Kouvela et al. 2007). 

This fact suggests that the total loss of 5S rRNA cannot possibly occur, if only 

the mitoribosome has not suffered some substantial structural reorganization of its 
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protein component before (what is probable only in very dynamic systems, exem-

plified by some protists). How did eukaryotic cells solve the problem of 5S rRNA 

loss from mitochondrial genomes? One of possible ways, as mentioned above, 

consists in direct substitution of this RNA with new ribosomal proteins forming 

the central protuberance (yeast, trypanosomatids) (Sharma et al. 2009; Smirnov 

et al. 2008a). Still, the obvious existence of cytosolic 5S rRNA import pathway in 

mammalian cells, as well as recent data discussed below, suggest that in the latter 

case, the role of the lost component may be performed by its cytosolic ortholog.

5S rRNA targeting into mammalian mitochondria mechanisms were recently 

described. This pathway includes RNA protein interaction involving at least 

two cytosolic precursor of mitochondrial proteins, preMRP-L18, and rhodanese 

and involves, as in the case of yeast tRNA mitochondrial import, structural rear-

rangements of the imported RNA molecule (Smirnov et al. 2008b, 2010, 2011) 

(Fig. 4.3). In the context of this chapter, it is worth to note that preMRP-L18 

protein belongs to the L5-family of proteins which are direct interactants with 

5S rRNAs in all known ribosomes. As a matter of fact, no MRP-L18 homologue 

was ever found in yeast mitochondria where no 5S rRNA is imported. This fact 

is to be considered as an indirect evidence on the involvement of the imported 

Fig. 4.3  5S rRNA import 

and cellular translation 

in mammalians. The 

intracellular distribution of 

5S is ruled by a succession 

of RNA–protein interaction 

and chaperone events, which 

withdraw a minor portion of 

the cytosolic pool of the RNA 

from the RPL5 dependent 

nuclear re-export and 

further cytosolic translation 

to address it toward 

mitochondrial matrix where 

it is hypothesized to become 

a part of mitochondrial 

translation machinery
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RNA molecule in mitochondrial ribosome, and is not in direct contradiction with 

the previously described “5S rRNA-less mitoribosome” lacking also many ribo-

somal proteins described thereafter (Dennerlein et al. 2010; Kolanczyk et al. 

2010; Richter et al. 2010; Rorbach et al. 2008; Soleimanpour-Lichaei et al. 2007; 

Wanschers et al. 2012). Further analysis revealed that, indeed, a sub-population 

of mitochondrially localized 5S rRNA co-purified with mitochondrial ribosomes, 

being essentially associated with monosomal fraction, but not with the fraction 

of the large ribosomal subunit. This result may mean that the association of 5S 

rRNA with the mitochondrial ribosomes is leaky and the RNA molecule is easily 

lost upon subunits dissociation, which would explain why it was not previously 

detected. This idea was also in a good agreement with the fact that inhibition of 

5S rRNA import by siRNA-downregulation of targeting factors (either rhodanese 

or MRP-L18) strongly affected mitochondrial translation (Smirnov et al. 2011). It 

is clear that additional functional and structural studies are needed to validate the 

“ribosomal” function of the imported rRNA, but all currently available data are 

in favor of it. Once more, as in the case of tRNA import in yeast mitochondria, 

the primary function of the imported RNA seems to be exploited in the organelle, 

while no evidence for any other alternative function was found.

4.4  Import of RNase P RNA in Mammalians  

and Mitochondrial Translation

Another case of RNA import that might be indirectly related to mitochondrial 

translation concerns the RNA component of 5′-end tRNA processing enzyme, 

RNase P in mammalians. RNases P were long time considered as obligatory con-

taining a ribozyme (Joyce 1989). Since many species (but not all) do not possess 

corresponding genes in their mitochondrial genomes, it was suggested that they 

import this 200–300 bases long RNA from the cytosol. In the case of mamma-

lian cells, the first experimental evidence of the presence of RNase P RNA in the 

mitochondria was reported more than 20 years ago (Doersen et al. 1985), which 

corroborated with a further study (Puranam and Attardi 2001). So far, the amount 

of this RNA associated with mitochondria was extremely low, which raised a 

debate about the existence of the RNase P RNA import pathway, along with that 

of MRP RNA, a related RNA species [mitochondrial RNA processing (MRP) 

enzyme RNP complex, proposed to participate in the initiation of mtDNA replica-

tion] (Chang and Clayton 1989; Topper et al. 1992). Furthermore, more recently 

RNA-free (only proteinaceous) mitochondrial RNase P was characterized in sev-

eral species, including mammalians (Pavlova et al. 2012; Gutmann et al. 2012; 

Gobert et al. 2010; Holzmann et al. 2008; Rossmanith and Potuschak 2001). 

This discovery made unclear the role of the tiny amounts of RNase P RNA (H1 

RNA) in mammalian mitochondria. So far, another study suggested a new pos-

sible function of this RNA. Indeed, RNA import into mammalian mitochondria, 
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including three RNAs hypothesized to be targeted into the organelle, namely 5S 

rRNA, MRP RNA, and RNase P (RNA H1), was reported to depend on a pro-

tein associated with the inner mitochondrial membrane or intermembrane space, 

PNPT1 (PNPase, polynucleotide phosphorylase). Inhibition of PNPT1 resulted in 

a decrease of RNA import. tRNA processing was also analyzed and it was demon-

strated that in conditions of PNPT1 downregulation single tRNA genes produced 

correctly maturated tRNA, while processing of tandem ones was affected. It was 

then proposed that RNA-containing RNase P may be required only for maturation 

of the laters (Wang et al. 2010). This defect is expected to affect not only the very 

tRNA maturation (and therefore its functionality in translation), but also mRNA 

one, since tRNA secondary structures are thought to serve as signals of primary 

multicistronic transcript cleavage (Ojala et al. 1981). More recently, analysis of a 

case of pathological mutations in PNPT1 gene (causing a respiratory chain defi-

ciency), demonstrated that when PNPase was reduced, translation in mitochon-

dria was also affected, while overexpression of a wild-type gene fully restored the 

deficiency (Vedrenne et al. 2012). In the context of this chapter, it is noteworthy 

to mention that in PNPT1 mutants not only RNA H1 import appears as affected 

(von Ameln et al. 2012), but also 5S rRNA one (Vedrenne et al. 2012), which may 

be the main reason for translational deficiency. At this moment, the exact mean-

ing of the H1 RNA presence in mammalian mitochondria is still subject to debate, 

although coexistence of both RNA-containing and RNA-free RNases P remains a 

plausible possibility.

4.5  Import of Micro RNAs and Mitochondrial Translation

Several recent studies, essentially systematic ones, have found microRNAs (miR-

NAs) in mitochondria of liver cells, myoblasts, HeLa cells etc. (Bandiera et al. 

2011; Barrey et al. 2011; Bian et al. 2010; Kren et al. 2009). If the question of their 

origin is still open, at least for some of them nuclear coding and mitochondrial 

import was hypothesized. The mechanisms of this targeting were still not studied. 

This type of small noncoding RNA molecules participate usually in regulation of 

mRNA translation and stability (Fabian et al. 2010). There is still very little infor-

mation on possible involvement of imported miRNAs in mitochondrial transla-

tional regulation. So far, it was already reported that miR-181c miRNA species 

would be nuclear-encoded, mitochondrially targeted, and regulating mitochondrial 

cytochrome oxidase (COX) subunit 1 mRNA translation (Das et al. 2012). One can 

expect that further examples of such regulation may appear in the future. In this 

context it is also crucial to determine with precision the real origin of these RNAs, 

since the mitochondrial targeting for molecules having homology with mtDNA is 

sometimes thorough to prove and requires specific model systems of in vitro and 

in vivo import, as it was done for tRNAs or 5S rRNAs for yeast, plant, or mam-

malian systems. Besides the mechanistic aspect of potential microRNA import into 

mitochondria, it will also be challenging to identify the exact functions of a given 
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imported microRNA in mitochondrial translation. Indeed, since in other biologi-

cal systems they were essentially implicated in cap-dependent translation regula-

tion (Fabian et al. 2010), which is not existing in mitochondria, one can reasonably 

expect the existence of other, still not discovered mechanisms.

4.6  Import of RNA as a Tool to Correct Dysfunctions 

in Mitochondrial Translation

Mutations in the mtDNA are an important cause of human diseases, which affect 

essentially (but not exclusively) the nervous system and the muscles. Diseases 

associated with deleterious mutations of the mtDNA are often severe neuromuscu-

lar disorders, such as for example the syndromes MERRF, MELAS, CPEO, KSS, 

or LHON. Each of these diseases is to be considered as “rare” (<1:5,000–10,000), 

but their global socio-medical input is very important and often underestimated. 

Among the over 350 mtDNA pathogenic mutations characterized to-date in the rela-

tively small human mitochondrial genome (16,569 base pairs), more than 140 are 

located in tRNA genes, over 70 in protein-coding genes, and a few in the rRNA 

genes, the rest 120 being deletions of variable size (Ruiz-Pesini et al. 2007). Most 

of these mutations affect mitochondrial translation, either in specific (one mRNA) or 

nonspecific (nonfunctional tRNAs or rRNAs) manner. To-date, these diseases do not 

have efficient curative therapies. The gene therapy approach therefore represents an 

open possibility, which may be followed in two directions. The first one, commonly 

referred to as “allotopic expression” (Smith et al. 2004), is to express the gene of 

interest in the nucleus and to target its product into mitochondria where it would 

replace its mutant counterpart. The second direction, referred to as “anti- genomic” 

(Taylor et al. 2001), is to inhibit the replication of mutant mtDNA molecules, 

thus favoring the replication of wild-type genomes. This approach is based on the 

 heteroplasmy of most deleterious mtDNA mutations, i.e., within each cell mutated 

mtDNA molecules coexist with wild-type ones. As clinical symptoms are detected 

only above a relatively high proportion of mutant mtDNA, even partial inhibition 

of the propagation of mutant versions of mtDNA is expected to permit a significant 

rescue of mitochondrial functions. Here below we describe how both strategies were 

experimentally tested by exploiting the RNA mitochondrial pathway, in each case 

observing improvement of mitochondrial translation affected by mtDNA mutations.

4.6.1  Allotopic Strategy

The first description of successful allotopic strategy using RNA import refers to 

the yeast model, where a nonsense mutation in mtDNA encoded COX2 subu-

nit was functionally complemented by an engineered mitochondrially targeted 
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cytosolic tRNA (Kolesnikova et al. 2000). This study, validating the idea of 

exploiting the RNA import for correction of mtDNA mutations effects, demon-

strated that eukaryotic type tRNAs can be functional in mitochondrial transla-

tion. A similar approach was further applied to two different pathogenic mutations 

in human mitochondrial tRNAs genes. The first one concerned a point mutation 

A8344 > G localized in the tRNALys gene, often associated with the MERRF syn-

drome (Myoclonic Epilepsy with Red Ragged Fibers). In this study (Kolesnikova 

et al. 2004), we used the fact that human mitochondria are able to import the yeast 

tRNAsLys (tRK1, see above) or their mutant derivatives (Entelis et al. 2002, 2001b; 

Kolesnikova et al. 2002). Several versions of specifically designed importable 

tRNA versions were indeed shown to partially correct all mitochondrial functions 

affected by the MERRF mutation. In the context of this chapter, it is noteworthy 

that this mutation in the tRNALys affects modification of the anticodon, which 

leads to a recognition of AAA or AAG lysine codon with different efficiencies (the 

last one is less efficiently read) and consecutive abortive or inefficient translation 

(Kirino et al. 2004; Yasukawa et al. 2001). Mitochondrially targeted cytosolic tRN-

ALys was shown to reverse this defect of translation and, as the functional con-

sequence, to improve other mitochondrial functions, both in model immortalized 

cybrid cells or in patient derived primary fibroblasts (Kolesnikova et al. 2004).

The second, more recent successful attempt to apply allotopic strategy using 

RNA import concerns another point mutation in the mitochondrial tRNALeu gene, 

A3243 > G, causing the MELAS disease (Mitochondrial Encephalopathy, Lactic 

Acidosis, Stroke-like episodes). In this case no naturally imported tRNALeu was 

available neither in human nor in yeast cells, so a set of chimeric tRNAs with 

switched aminoacylation identity was created based on tRK importable versions. 

It was found that introduction of leucinylation identity elements [essentially 

localized in the anticodon (Giegé et al. 1998)] in the context of yeast cytosolic 

tRNAsLys did not affect their capacity to be mitochondrially targeted into yeast, 

but more important, also into human mitochondria. It was then demonstrated that 

the imported recombinant tRNA was able to be correctly aminoacylated by the 

Leucine (either in the cytosol or in the organelle) and to participate in mitochon-

drial translation. Transient or stable expression of the importable tRNA in model 

cybrid cells bearing the MELAS mutation lead to a significant rescue of mito-

chondrial translation, and consequently other mitochondrial functions (respiration, 

electron transfer complexes activity, etc.) (Karicheva et al. 2011).

Several alternative strategies, but which also can be termed as “allotopic”, were 

developed by another team, studying the RNA mitochondrial import mechanisms 

in a trypanosomatid Leishmania tropica. An important part of the results of this 

team (Goswami et al. 2006) were subject of controversy which is still not resolved 

(Schekman 2010), therefore we shall not discuss here the mechanistic aspects 

of this pathway, but in the context of the current chapter, is would be worthy to 

mention recent development of this study leading to propose a therapeutic use of 

RNA import. All these studies exploit the mitochondrial inner membrane anchored 

RIC (RNA Import Complex) to deliver RNAs with therapeutic capacities into 

mitochondria (Adhya 2008). If RIC was described as facilitating tRNA delivery 
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into Leishmania mitochondria, it was also proposed that it can be internalized by 

cultured human cells in a caveolin-1-dependent manner and to be then inserted 

in human mitochondrial membranes (Mahata et al. 2006). This insertion was 

described to promote import of cytosolic tRNAs into human mitochondria, which 

permitted to complement translation defects caused either point mtDNA mutation 

in either tRNALys (MERRF) or 2 kb deletion (KSS, Kearns-Seyre syndrome). A 

related method was more recently used to address any type of mtDNA mutation, 

comprising single and multiple deletions, or even more generally many types of 

mitochondrial dysfunction, as altered ROS production. To this end the RIC recon-

stituted from recombinant proteins was complexed with synthetic transcripts cov-

ering significant or all coding portions of mammalian mtDNA, by introducing into 

these transcripts a previously identified “import signature” (a short hairpin struc-

ture present in all imported Leishmania tRNAs), and addressing it into affected 

cells or tissues (Jash and Adhya 2011, 2012; Mahato et al. 2011; Jash et al. 2011).

A recent development of allotopic strategy described exploited the newly iden-

tified RNA import mitochondrial factor, PNPT1 (PNPase, polynucleotide phos-

phorylase). This inner membrane localized protein was formerly shown to be 

the part of RNA mitochondrial delivery machinery and its specificity relayed to 

recognition of a conserved hairpin structure in the imported H1 RNA molecule 

(Wang et al. 2010). This “import signature”, referred to as RP sequence, was 

fused to either tRNALys or tRNALeu expressed in nucleus, which promoted their 

import into human mitochondria and corrected in a significant manner translation 

defects due to MERRF or MELAS mutations, correspondingly (Wang et al. 2012) 

(Fig. 4.4). As a matter of fact, the same RP import signature permitted to address 

into mitochondria much larger RNA molecules in the PNPase-dependent manner, 

like COX2 mRNA expressed in the nuclueus (Wang et al. 2012).

Allotopic strategy can also be imagined by using the artificially induced pro-

tein-driven RNA import, which is not strictly corresponding to the natural RNA 

import pathway focused in the chapter, still being worth to be mentioned here. 

Indeed, covalent (Seibel et al. 1995; Vestweber and Schatz 1989) or noncovalent 

(Sieber et al. 2011b) complexing of nucleic acids with mitochondrially imported 

proteins or even peptides can promote their co-internalization into the organelles, 

and thus can be used for mitochondrial addressing functionally active molecules, 

as tRNAs, or even mRNAs, into mitochondria bearing pathogenic mutations.

4.6.2  Antigenomic Strategy

Reducing the heteroplasmy level of mtDNA mutations below the pathogenic thresh-

old was attempted by many strategies, including addressing into mitochondria 

peptide nucleic acids (PNAs), specific restriction enzymes, using mitochondrial 

substrates and, on the level of the organism, specific diets (reviewed in Smith and 

Lightowlers 2010; Smith et al. 2004), all of these approaches are valuable but still 

have many technical limitations. The first validation of RNA import as a tool for 
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antigenomic strategy was recently described by our team (Comte et al. 2013), the 

model concerned a large 8 kb long deletion from base 8363 to 15438 and including 

several structural genes and 6 tRNA ones. This heteroplasmic deletion provokes the 

KSS disease and is characterized by a significant, though not very dramatic, changes 

in mitochondrial translation pattern, which may be explained by a 2–3 lower copy 

number of the genes localized within the deletion. The rationale of the approach was 

to target mitochondria with short oligoribonucleotides complementary to the new 

sequence generated by the mutation which could affect replication of only mutant 

mtDNA molecule. Two types of RNA molecules were used as vectors to address 

“therapeutic” oligoribonucleotides into mitochondria; the first one was based on 

5S rRNA, where the so-called β-domain, dispensable for mitochondrial targeting 

(Smirnov et al. 2008b), was replaced by the oligonucleotides corresponding to either 

the H- or L-strands of mtDNA region surrounding the deletion (Fig. 4.5). The second 

RNA-vector was based on mini-RNAs resulting form SELEX experiments held on 

importable tRNA sequences, which represent a simple two-hairpin structures where 

the linker can be replaced by oligonucleotides of interest (Kolesnikova et al. 2010). 

It was demonstrated that both types of chimeric RNA molecules were addressed 

into mitochondria of cultured human cells and that their import was accompanied 

by a reproducible decrease of the ratio between mutant and wild-type mtDNA. This 

shift of heteroplasmy (transient in the case of transient transfection and stable when 

Fig. 4.4  Two allotopic gene therapy models exploiting PNPase -promoted RNA import. At the 

left side is schematically presented the tRNA import into human mitochondria, which permits 

complementation of tRNA mutations in mtDNA (MERRF, MELAS). RP, RNA import signature 

of RNase P H1 RNA fused to the pre-tRNA, which targets the RNA into mitochondrial. At the 

right side—a similar approach but when RP sequence was fused to an mRNA (COX2 respiratory 

subunit)
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Fig. 4.5  Antigenomic gene therapy models exploiting RNA mitochondrial import. In both cases, 

a large deletion associated with the KSS disease was addressed. At the upper left side—the use 

of natural import of 5S rRNA, whose recombinant versions were stably expressed in cybrid cells. 

The antigenomic oligonucleotide replacing the 5S rRNA β-domain is in red. At the upper right 

side—FD short tRNA derivatives were used for transient transfection of cybrid cells. At the 

 bottom, the schema illustrates the specificity of anti-replication effect of the recombinant mito-

chondrially targeted RNAs: no effect on wild-type mtDNA replication (left) and inhibition of 

KSS mutant mtDNA (right)
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recombinant RNAs were stably expressed) resulted in a restoration of a normal mito-

chondrial translation patters, thus producing a curative effect (Comte et al. 2013).

4.7  Concluding Remarks

To summarize the main issues of this chapter, one can remark that RNA targeting 

into mitochondria is, in the majority of studied cases, intimately linked to mito-

chondrial translation, either in direct (tRNAs, rRNA) or nondirect (regulation of 

translation by miRNA) manner. As it was stressed many times (Sieber et al. 2011a; 

Schneider 2011; Rubio and Hopper 2011; Salinas et al. 2008), RNA import, even 

sharing a number of common features among species, still is considered as emerged 

many times upon evolution. One can suggest that innate capacity of mitochondria to 

import short RNAs was used to either complement or to optimize the organellar bio-

synthetic apparatus. It is interesting to note that if the proteins participating in this 

pathway vary enormously among species and often are “moonlighting” (performing 

their secondary jobs, i.e., enolase, aminoacyl-tRNA synthetases, rhodanese, riboso-

mal protein MRP-L18, PNPase, etc.), each time when the imported RNA function 

inside the organelle was investigated in details, it was rather a classical one in trans-

lation (tRNA, 5S rRNA) and not alternative. The functionality of these imported 

molecules and the flexibility of the overall process make the RNA import pathway 

an extremely promising tool for the future gene therapy of mitochondrial patholo-

gies, and the first model systems described here above are well illustrating this idea. 

Indeed, RNA mitochondrial import might be altered in order to either send in the 

organelles fully functional translation-related molecules to replace the mutant ones 

or to promote a reduction of mutant mtDNA to correct translation defects.
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ABSTRACT

Mitochondrial mutations, an important cause of

incurable human neuromuscular diseases, are

mostly heteroplasmic: mutated mitochondrial DNA

is present in cells simultaneously with wild-type

genomes, the pathogenic threshold being generally

>70% of mutant mtDNA. We studied whether

heteroplasmy level could be decreased by specific-

ally designed oligoribonucleotides, targeted into

mitochondria by the pathway delivering RNA

molecules in vivo. Using mitochondrially imported

RNAs as vectors, we demonstrated that oligoribo-

nucleotides complementary to mutant mtDNA

region can specifically reduce the proportion of

mtDNA bearing a large deletion associated with

the Kearns Sayre Syndrome in cultured transmito-

chondrial cybrid cells. These findings may be

relevant to developing of a new tool for therapy of

mtDNA associated diseases.

INTRODUCTION

Mitochondria are responsible for many cellular processes
ranging from respiration to apoptosis, and their dysfunc-
tions have severe consequences. Mammalian mitochon-
drial DNA (mtDNA) is a closed circular molecule of

16.5 kb, encoding 13 core proteins that contribute to
oxidative phosphorylation, 2 ribosomal RNAs (rRNAs)
and 22 transfer RNAs (tRNAs) needed for the biosynthe-
sis of these 13 peptides in the mitochondrial matrix
(Figure 1A). More than 200 human neuromuscular incur-
able diseases were associated with mtDNA mutations (1).
One of the striking particularities of the majority of these
pathologies is the simultaneous presence of mutant and
wild-type (WT) mitochondrial genomes in the same cell,
the heteroplasmy (2). Two approaches were proposed to
address mtDNA-associated pathologies by gene therapy.
In some cases, defects may be rescued by targeting into
mitochondria nuclear DNA-expressed counterparts of the
affected molecules, approach called ‘allotopic’ strategy
(3–7). Reducing the level of heteroplasmy, ‘antigenomic’
strategy, is another possibility. To this last goal, several
approaches were tested. One example is mitochondrial tar-
geting of restriction endonucleases cleaving mutated
mtDNA molecules (8–10). Another one was to specifically
design synthetic peptide nucleic acids (PNA) molecules
inhibiting mutant mtDNA replication. They revealed to
be efficient in vitro but not able to cross the inner mito-
chondrial membrane and, as a result, not capable of inter-
acting with mtDNA in vivo (11–14).
We have exploited RNA mitochondrial import pathway

to target into human mitochondria RNAs able to hybrid-
ize with the mutated mtDNA and to inhibit selectively its
replication. Import of nuclear DNA-encoded RNAs into
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mitochondria is a widely spread phenomenon; however,
the types, number of imported RNAs and targeting mech-
anisms vary among species (15–17). Mammalian mito-
chondria were reported to import several types of small
non-coding RNAs (18), including several microRNAs
(19–21), some tRNAs (in natural or artificial manner)
(22,23), RNA components of RNase P and MRP endo-
nuclease (24,25) and 5S rRNA (26–28). Recently, we
demonstrated that 5S rRNA import mechanism can rely
on protein import factors identified as the mitochondrial
enzyme rhodanese and the precursor of mitochondrial
ribosomal protein MRP-L18 (29,30), interacting
with two structural motifs of the 5S rRNA molecule
(Figure 1B), whereas the third motif, so called
b-domain, may be either deleted or replaced without loss
of import capacity (31). Additionally, analysis of artificial
import of yeast tRNAs derivatives into human
mitochondria (26) permitted us to design short synthetic
RNAs (referred to as FD-RNA) comprising two domains
of the tRNA (Figure 1C) and characterized by a high ef-
ficiency of mitochondrial import (32). Here, we show that

these two types of molecules can serve as vectors to deliver
into mitochondria oligoribonucleotides with a therapeutic
potential.

MATERIALS AND METHODS

Clinical case

Patient T was diagnosed with a Kearns Sayre Shy
syndrome at the age of 15 years. He was the second
child of non-consanguinous parents and had a healthy
brother. He first came to medical attention at the age of
9 years for progressive left ptosis, ophthalmoplegia, mild
deafness and walking difficulties. He was hospitalized at
the age of 15 years. Physical examination disclosed mild
ataxia and muscle weakness with amyotrophy. Brain
imaging showed white matter hypersignals. Biological
analyses showed high CK at 10 times normal values,
high protein (2.65 g/l) and lactate (5.6mM) levels in CSF
and high lactate (2.7mM) in blood. Histological examin-
ation of deltoid muscle biopsy showed numerous fibers

Figure 1. KSS deletion in human mtDNA and anti-genomic RNAs design. (A) Genetic maps of wild-type and mutant KSS mtDNAs. Target
sequence, the sequence of deletion boundaries is shown in red. (B) Secondary structure of human 5S rRNA and its functional elements. Below,
secondary structures of recombinant 5S rRNA b-domains (inserts in red). The arrows show the deletion point. (C) The structures of yeast tRNALys,
short synthetic FD-RNA and two recombinant RNAs containing inserts corresponding to L- and H-strands of KSS-mtDNA (in red). Two domains
derived from the tRNA (32) are shown in pink and blue. The arrows show the deletion boundaries point.

2 Nucleic Acids Research, 2012
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with important mitochondrial proliferation (‘ragged red
fibres’) and completely defective cytochrome c oxidase
histochemical reaction. Spectrophotometric assays of
muscle mitochondrial activities showed high values of
both citrate synthase and succinate dehydrogenase
activities (above the 95th centile of normal values) reflect-
ing the muscle mitochondrial proliferation as well as low
values (below or at the 5th centile of normal values) for
cytochrome c oxidase (complex IV) activity and for the
ratios of complex I, III, or IV activity to either citrate
synthase or complex II. Southern blot analysis of total
DNA from muscle showed the presence of a large size
deletion involving 72% of the mtDNA molecules. Direct
sequencing of the patient’s mtDNA showed that the
deletion spanned from nucleotide 8363 to 15 438,
thus removing 7075 base pairs including 9 structural
genes (MT-ATP8, MT-ATP6, MT-CO3, MT-ND3, MT-
ND4L, MT-ND4, MT-ND5, MT-ND6 and part of MT-
CYB) and 6 tRNA genes (MT-TG, MT-TR, MT-TH,
MT-TS2, MT-TL2 and MT-TE).

Transmitochondrial cybrid cell line construction

Cultured skin fibroblasts were derived from the patient’s
skin biopsy according to routine procedure. After their
first passage, they were enucleated and fused to a human
rho0 osteosarcoma cell line (143B) kindly provided by
Prof. E. Shoubridge, Montreal Institute of Neurology,
and cloned by limit dilution as reported (33). Of more
than 80 screened clones, only two had the mtDNA
deletion, involving 65% mtDNA molecules in one case
and 20% in the second case. 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.

Plasmids and recombinant RNAs

For replication in vitro, two human mtDNA fragments
were cloned in pUC119, 430 bp fragment (nucleotides
15 251–15 680 of mtDNA) referred to as WT-DNA
and 512 bp fragment (nucleotides 8099–8365/15 438–
15 680 of mutant mtDNA) comprising the fusion of the
two boundaries of the Kearns Sayre Syndrome (KSS)
deletion, referred to as KSS-DNA. Cloning was per-
formed by polymerase chain reaction (PCR) with
primers listed in the Supplementary Table S1. For the
real-time PCR calibration curves, two plasmids containing
the 12S rRNA region not touched by the KSS deletion
(nucleotides 109–1714 of mtDNA) and the deleted
region (nucleotides 10 739–11 839 of mtDNA) were con-
structed using pUC119 vector.

All recombinant 5S rRNA versions’ genes were cloned
into pUC119 as described (31). Recombinant RNAs were
obtained by T7 transcription using the T7 RiboMAX
Express Large Scale RNA Production System (Promega)
on the plasmid DNA or the corresponding PCR products.

For synthesis of fluorescently labeled RNA transcript,
Alexa Fluor 488-5-UTP (Molecular Probes) was incor-
porated in RNA during 2 h T7-transcription by T7-RNA
polymerase (Promega). Reaction mixture of total volume
20 ml contained 0.5 mg of DNA template, 80 u of T7-RNA

polymerase (2 additions of 40 u each), 0.5mM of ATP,
0.5mM CTP, 0.5mM GTP, 0.37mM UTP, 0.125mM
Alexa Fluor 488-5-UTP, 10mM DTT and 40 u of
RNaseOUT (Invitrogen). T7-transcript was purified by
PAGE. To check the incorporation of the label in
purified transcript, we compared the dye absorbance at
492 nm with the absorbance at 260 nm using NanoDrop
Microarray Program. The efficiency of labeling obtained
was approximately five labeled UTP per one RNA
molecule.
For in vivo expression, 5S rRNA gene versions were

PCR cloned either in pBK-CMV phagemid vector
(Stratagene) or in pcDNA3neo/zeo vector (Invitrogen),
as described (31).

Mitochondria isolation

Mitochondria from beef liver were isolated as described in
(26,34). Mitochondria from cultured HepG2 or cybrid
human cells were isolated as described in (34) by several
rounds of high (20 000g) and low (4000g) centrifugations.
After the second round of high-speed centrifugation of
mitochondria, they were re-suspended in the buffer
[0.44M mannitol, 20mM Tris–HCl (pH 7.0), 20mM
NaCl and 1mM EDTA] and centrifuged through two
layers of sucrose (0.5M and 1.5M). Mitochondria were
collected on the top of the 1.5M layer and harvested by
high-speed centrifugation. The integrity of mitochondria
was checked by a citrate synthase assay (35).

In vitro import

To isolate proteins directing import in vitro (IDP), HepG2
cells were harvested in phosphate-buffered saline (PBS)
containing 1mM EDTA, washed with PBS, suspended
in NPMD buffer [20 mM Na-Phosphate buffer, pH 6.5
(alternatively replaced by Tris–HCl, pH 7.5), 150mM
NaCl, 1mM MgCl2, 5mM DTT] containing the cock-
tail of protease inhibitors (Boehringer-Mannheim) and
disrupted by sonication. Cellular debris was removed
by centrifugation, nucleic acids were removed by
polyethylenimine treatment (36), proteins were pre-
cipitated by ammonium sulfate (80% of saturation) and
dialyzed against the NPMD buffer. Import conditions
were as described in (26,31) with several modifications.
The standard assay (100 ml) contained isolated
mitochondria (100mg of mitochondrial protein), 3
pmoles of 50-end 32P-labelled RNA and 10 mg of IDPs in
the ‘import buffer’ [0.44M mannitol, 20mM HEPES-
KOH (pH 6.8), 50mM KCl, 2.5mM MgCl2, 1mM
ATP, 5mM DTT, 0.5mM PMSF, 0.1mM DIFP,
0.5mM, phosphoenol pyruvate and 1 unit of pyruvate
kinase]. The import assay was carried out at 30�C for
20min (37). After treatment with a mixture of nucleases
(20 u/ml of micrococcal nuclease, 15 mg/ml of RNase A
and 25 u/ml of phosphodiesterase in 2� concentrated
stock), mitoplasts were generated by treatment with
digitonin, at 100 mg per mg of mitochondrial protein.
After incubation for 15min at 25�C, mitoplasts were har-
vested by centrifugation and washed twice as described
(38). Mitoplasts were then lysed in 1% SDS, 0.1M
sodium acetate (pH 4.8) and 0.05% diethyl pyrocarbonate

Nucleic Acids Research, 2012 3
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at 100�C, and mtRNA was phenol extracted. RNAs were
analyzed by denaturating gel electrophoresis, and import
was quantified using PhosphorImager (Typhoon-Trio, GE
Healthcare).

Isolation of protein fraction containing replication
enzymes from beef liver mitochondria

Partial purification of mammalian mitochondrial replica-
tion enzymes was performed essentially as described in
(39,40). One gram of mitochondria (mitochondrial
protein) was lysed in 20mM Tris–HCl, pH 8.0, 0.1M
NaCl, 20mM EDTA, 10% Glycerol, 14mM 2-mercap-
toethanol, 1% Triton X-100 (v/v), 1mM PMSF and
0.1mM DIFP for 15min at 4�C. After removing debris
(40 000g, 1 h), the supernatant was diluted 1.5 times with
20mM Tris–HCl, pH 8.0, 20mM EDTA, 10% Glycerol,
14mM 2-mercaptoethanol and 1mM PMSF and loaded
on DE52 cellulose column equilibrated with the same
buffer with 70mM NaCl. The main peak eluted at 0.3M
NaCl characterized by maximal activity was used in all
analysis. Activity of the DNA polymerase and/or
primase was checked by assaying 1–2 ml aliquots of the
protein fraction in the presence of single-stranded DNA,
[a-32P]-dCTP and either presence or absence of random
primers (pd(N6) (Promega) in 20mM Tris–HCl, pH 7.5,
20mM MgCl2, 75mM KCl, 0.1mg/ml of BSA, 1mM
2-mercaptoethanol, 100 mM of each dATP, dGTP and
dTTP. The assay was performed at 37�C for 1 h, the
10% TCA-precipitated material fixed on a membrane
and radioactivity measured in scintillation counter.
Incorporation of [a-32P]-dCTP into nascent DNA was
maximal (0.3 pmoles/mg) in the presence of random
primers and 3-fold decreased in the absence of primers,
indicating that eluted protein fraction contained mito-
chondrial enzymes capable of priming and elongating
nascent DNA molecules.

In vitro replication assay

Double-stranded replication template was prepared by
PCR on the cloned mtDNA fragment, to obtain 430 bp
fragment (nucleotides 15 251–15 680 of mtDNA) referred
to as WT-DNA and 512 bp fragment (nucleotides
8099–8365/15 438–15 680 of mutant mtDNA) referred to
as KSS-DNA. To obtain single-stranded templates, we
used the method described in (11). Mainly, the same
PCRs were performed, but one of the primers was
biotinylated (Supplementary Table S1). The PCR
products were then fixed on Streptavidin-agarose beads
(Fluka), the dsDNA denatured in NaOH (0.1M) and
the non-biotinylated strand was eluted and ethanol
precipitated.
For the replication assay, 100 ng of dsDNA or ssDNA

was mixed in final volume of 10 ml with [32P]-50-labeled
specific primer (designed in the way to generate full-size
replication products of similar size for both WT and KSS
mtDNA fragments) in 10mM Tris–HCl, pH 7.5, 1mM
EDTA (TE), heated to 90�C and slowly cooled to 37�C.
Then, the mixture was adjusted to 20mM Tris–HCl, pH
7.5, 20mM MgCl2, 75mM KCl, 0.1mg/ml of BSA, 1mM
2-mercaptoethanol, 100 mM of each dNTP and 0.5 ml of

mitochondrial protein fraction was added. The reaction
was carried out in the presence of variable amounts of
recombinant RNAs at 37�C for 1 h. Replication was
stopped by addition of 10 ml of 0.2% SDS and 20 ml of
TE-saturated phenol, nucleic acids were ethanol-
precipitated and analyzed by 6.5% denaturing PAGE
followed by phosphor imaging in Typhoon-Trio (GE
Healthcare).

Transient and stable transfection of cybrid cells

Transient transfection with synthetic RNAs was per-
formed as described in (31,41), with minor modification:
for 2-cm2 well of 80% confluent cells, we used 0.25mg
RNA. Transfections were performed with Lipofectamin-
2000 in OptiMEM medium (Invitrogen), as proposed in
the supplier’s protocol. OptiMEM was changed to a
standard DMEM medium the next day after the transfec-
tion. The efficiency of transfection was estimated
by fluorescence-activated cell sorting (FACS) analysis of
transfected cells for Alexa Fluor 488 fluorescence 48 h
after transfection (in collaboration with Fanny
Monneaux and Frederic Gros, IBMC, Strasbourg).
Transfection procedure did not lead to detectable
decrease of viability of the cells or to significant change
of the overall mtDNA amount, suggesting the absence of
recombinant RNAs toxicity.

For stable transfection, 0.5–1.0mg of corresponding
linearized plasmid DNA was used for each 10-cm2 well
of 85%-confluent cells. Transfection was performed with
Lipofectamin, as described in the supplier’s protocol.
Selection (200–400 mg/ml of G418 for pBK-CMV-cloned
versions and 150–200mg/ml of Zeocine for pcDNA3-zeo)
was applied after 48 h. Subsequent cloning was performed
by serial dilution method.

RNA stability and mitochondrial import in vivo

Mitochondria were isolated from cybrid cells as described
earlier (31,34), treated with digitonin to generate
mitoplasts (mitochondria devoid of their outer
membrane) and RNase A to get rid of non-specifically
attached RNA. Such a treatment allows to obtain
mitochondria completely free of cytosolic RNA contam-
ination, including 5.8S rRNA, which can be strongly
attached to the outer mitochondrial membrane upon cell
disruption. However, during the RNase and digitonin
treatment and multiple re-purification of organelles by
centrifugation, an important part of mitochondria can
be partially disrupted, and thus mitochondrial RNA can
be partially degraded. In fact, we recover only 20–50% of
intact mtRNA, and this yield varies in different experi-
ments (Supplementary Figure S5B). Total and mitochon-
drial RNA were isolated with TRIZol reagent
(Invitrogen).

Expression and mitochondrial import of recombinant
5S RNAs were detected by one-step reverse transcriptase
(RT)-PCR (Qiagen) with primers listed in Supplementary
Table S1. The PCR products were separated by gel
electrophoresis, visualized by ethidium bromide staining
and quantified using G-Box software. For quantification
of recombinant 5S RNA molecules in cells and
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mitochondria, known amounts (0.5–500 fg) of correspond-
ing T7-transcripts were used as a template for RT-PCR
(Supplementary Figure S8). Linear dependence between
the fluorescence of PCR fragment and the template RNA
amount was obtained in the range from 0.5 to 50 fg RNA
per assay, thus allowing the semi-quantitative estimation of
recombinant 5S RNA molecules presence in cells and
mitochondria.

Stability and mitochondrial import of small artificial
FD-RNA molecules were analyzed by Northern
hybridization of total and mitochondrial RNA with
32P-labeled oligonucleotide probes against the FD recom-
binant RNA or against control cytosolic and mitochon-
drial RNA (Supplementary Table S1). To compare the
stability of different recombinant RNA, relative
concentration of each RNA in various time period
after transfection was calculated as a ratio between the
specific probe signal and the signal for cytosolic 5.8S
rRNA probe.

Relative amount of each imported RNA inside
the mitochondria was estimated after quantification
by Typhoon-Trio scanner as a ratio between the signal
obtained after hybridization with FD probe and the
signal obtained after hybridization with a probe against
the mitochondrial tRNALeu in the same RNA prepar-
ation, as described previously (31). To compare import
efficiencies of different RNA molecules, total level of
each RNA molecules in transfected cells should be taken
into account and normalized. For this, the amount of
imported RNA inside the mitochondria was divided by
the ratios calculated in the same way but in total RNA
preparation, which indicate the total level of recombinant
RNA in the cells.

To quantify the recombinant RNA molecules in the
mitochondrial fraction after transfection, the signal
obtained after mitochondrial RNA hybridization with
specific probe was compared with the signals correspond-
ing to 10–50 ng of corresponding T7-transcripts loaded on
the same gel. The values were normalized to the amount of
cells used for mitochondria isolation. MtDNA molecules
were quantified by real-time qPCR (iCycler, MyiQ

TM

Real-Time Detection System, Biorad).

mtDNA heteroplasmy level analysis

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

Heteroplasmy level was analyzed by real-time qPCR
using SYBR Green (iCycler, MyiQ

TM

Real-Time
Detection System, BioRad) with primers listed in the
Supplementary Table S1. Two pairs of primers
were used: 1) amplifying the 210 bp fragment of 12S
rRNA gene region (nucleotides 1095–1305 in mtDNA)
not touched by the KSS deletion as a value showing all
mtDNA molecules, and 2) amplifying the 164 bp fragment
of the deleted region (nucleotides 11 614–11 778) as a value

showing WT mtDNA molecules. All reactions were per-
formed in a 20 ml volume in triplicates. PCR using water
instead of template was used as a negative control. PCR
was performed by initial denaturation at 95�C for 10min,
followed by 40 cycles of 30 s at 95�C, 30 s at 60�C and 30 s
at 72�C. Specificity was verified by melting curve analysis
and gel electrophoresis. The threshold cycle (Ct) values of
each sample were used in the post-PCR data analysis by
MyiQ

TM

software, if only the standard deviation (SD) of
triplicate samples was less than 0.2. In each experiment,
the absolute amounts of the PCR product were
determined by using in parallel the serial dilutions of
known amounts of linearized plasmid DNA (104–107

copies per sample). The KSS heteroplasmy level was
calculated using the formula: mutant mtDNA/total
mtDNA=1ÿ (WT mtDNA/total mtDNA). To evaluate
mtDNA content upon transfections with recombinant
RNAs, real-time PCR was performed using 12S rRNA
gene specific probes for mtDNA and Actin gene-specific
ones for nuclear DNA (for sequences of the primers, see
Supplementary Table S1).

mtDNA isolation and replication intermediate
analysis on 2D native agarose gel

Seven hundred square centimeters of 80%-confluent
TSFR cybrids cells was transfected with 70 mg of FD-H
RNA, and mitochondria and mtDNA were isolated in 4
days after transfection as described in (42) with small
modifications. Cells were disrupted in hypotonic buffer
[HEPES (pH 7.8) 20mM, KCl 5mM, MgCl2 1.5mM,
DTT 2mM, BSA 1mg/ml and PMSF 1 mM] using a
tight-fitting Dounce homogenizer and immediately mixed
with 2.5�MSH buffer [Mannitol 525mM, sucrose
175mM, HEPES (pH 7.8) 20mM, EDTA 5mM, BSA
1mg/ml, DTT 2 mM and PMSF 1 mM]. After several
rounds of centrifugation, mitochondria were treated with
DNase I (Boehringer Mannheim) at 4�C for 15min.
DNase I activity was inhibited by addition of 15mM
EDTA, mitochondria were washed two times with
1�MSH buffer [Mannitol 210mM, sucrose 70mM,
HEPES (pH 7.8) 20mM, EDTA 2mM, DTT 2 mM and
PMSF 1 mM] and purified on sucrose gradient as
described (42).
For 2D native agarose gel (2DNAGE), 2 mg of mtDNA

was digested by FastDigest BlpI enzyme following manu-
facturer’s recommendations (Fermentas). Cleavage sites
are referred in the following list (co-ordinates/fragment
length, bp): 788–1093/306; 1094–1248/155; 1249–4533/
3285; 4534–5646/1113; 5647–5699/53 and 5700–787/
11 657 (WT mtDNA) or 4583 (KSS mtDNA). Neutral
2D-AGE was performed by the standard method and
run on 0.5% agarose gel for the first dimension and on
1% agarose gel containing 0.5mg/ml EtBr for the second
dimension, as described (43,44). Blots were hybridized
with radiolabeled PCR fragment (nucleotides 8099–8365/
15 438–15 931 of mutant KSS mtDNA), exposed to
PhosphorImager screen, revealed by Typhoon-Trio (GE
Healthcare) and analyzed by ImageQuantTL software
(GE Healthcare).

Nucleic Acids Research, 2012 5
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Recombinant RNA modeling

To predict secondary structures of recombinant RNA
molecules and estimate their free energy (dG), the
‘Mfold’ program was used (45,46); 5S rRNA variants
secondary structures were corrected in accordance with
data published (47,48). To estimate melting temperatures
for DNA–DNA and RNA–DNA duplexes, we used
IDT Sci-Tools OligoAnalyser 3.1 software (49). Specific
hybridization with target mtDNA was tested using
Southern-blot hybridization of WT and KSS double-
stranded replication templates (see earlier), corresponding
plasmids and mtDNA fragments with 32P-labeled recom-
binant RNAs in 1�PBS at 37�C.

In vivo mitochondrial translation

Analysis of mitochondrial protein synthesis was per-
formed as described previously (22) with minor modifica-
tions. Briefly, 600� 103 cells were incubated for 10min in
DMEM w/o methionine (Sigma) in the presence of 100 mg/
ml of emetine to block cytoplasmic translation, followed
by 30min with 200 mCi/ml [35S]-methionine (Amersham)
and, finally, 10min chase in the normal growth medium.
Cells were solubilized in a Laemmli’s buffer, sonicated for
5 s to break cellular DNA, incubated for 10min at 37�C
and 100 mg of protein was run on a 10–20% gradient
SDS-PAGE. Protein amounts loaded were before
normalized by anti-tubulin and anti-porin immunoblot-
ting of the same preparations. Visualization and quantifi-
cation were performed using Typhoon-Trio and
ImageQuantTL software (GE Healthcare).

RESULTS

Design of RNA-based mitochondrial vectors

To test the anti-genomic strategy (Figure 2A), we used as a
model mtDNA containing a large deletion (nucleotides
8363–15 438) underlying a case of a frequent mitochon-
drial pathology, the KSS (Figure 1A). The deletion in
mtDNA generates a new sequence at the fusion of the
deletion boundaries, further referred to as KSS-DNA,
which can serve as the target for the anti-genomic
RNAs. To use 5S rRNA and FD-RNA as mitochondrial
vectors, the distal portion of the b-domain of 5S rRNA
(Figure 1B) and the linker part between hairpin domains
in FD-RNA (Figure 1C) were replaced by sequences cor-
responding to either H- or L-strand of KSS-DNA
(referred to as 5S-H and 5S-L or FD-H and FD-L corres-
pondingly). The choice of the insert length was driven by
secondary structure and melting temperature prediction
(Table 1 and Supplementary Figure S1). To avoid forma-
tion of stable alternative structures for FD-RNA-L,
carrying the longest insertion of 22 bases, a C to G
mismatch was introduced (Figure S1), resulting in com-
parable predicted melting temperature for hybrids
between the recombinant RNAs and mutant KSS
mtDNA (Table 1). According to Tm predictions, anneal-
ing of recombinant RNAs to WT mtDNA should be
negligible at 37�. To validate the selected versions experi-
mentally, we hybridized labeled recombinant RNAs with

mtDNA fragments under physiological conditions,
demonstrating specific annealing with the mutant (KSS)
but not with WT mtDNA (Figure 2A and B and
Supplementary Figure S2).

All the recombinant RNAs were tested for their import
into isolated human mitochondria as described in (26). It
was observed that the insertion sequences did not affect
the capacity of RNA molecules to be internalized by
mitochondria (Figure 2B). Mitochondrial targeting of

Figure 2. (A) Scheme of the anti-genomic strategy. (B) Southern hy-
bridization of wild-type or KSS mtDNA fragments with labeled recom-
binant RNAs (FD-L and FD-H) at 37�C. (C) In vitro import of the
recombinant RNAs. Autoradiography of isolated from purified
mitochondria RNA separated in denaturing 10% PAAG is presented;
5S rRNA derived molecules above and FD-RNA derived ones below.
The size of RNA molecules is shown at the right. ‘Input’, 1–5% of
RNA used for each assay, representing 30–150 fmoles of labeled RNA.
Mitochondria (+) corresponds to the import assay, Mitochondria (ÿ)
to the mock import assay without mitochondria, used as a control for
non-specific protein–RNA aggregation. (D) The import efficiencies, ex-
pressed in fmoles of protected RNA to 0.1mg of mitochondrial protein,
as described elsewhere (32); n, number of independent experiments;
n=3–6, as detailed upon each graph.
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FD-H RNA revealed to be less important compared to
FD-L and FD RNAs, however, still rather efficient. This
can be explained by a possibility of an alternative second-
ary structure for this RNA, missing the D stem-loop
domain and thus less efficient as an import substrate
(Supplementary Figure S1).

To test whether recombinant RNAs imported into
mitochondria are able to interfere with replication of the
mutant mtDNA, an in vitro replication run-off assay was
first established (Supplementary Figure S3), permitting to
replicate both strands of mtDNA PCR-amplified frag-
ments. Addition of recombinant RNAs containing
KSS-H or KSS-L inserts inhibited replication of KSS-
DNA in a dose-dependent manner. In contrast, the
presence of the recombinant RNAs did not significantly
inhibit replication of WT mtDNA, supporting the above
data suggesting that recombinant RNAs can discriminate
KSS-DNA from the WT one (Figure 2B). The
anti-replicative effect of FD-RNAs was more pronounced
than that of 5S-L and 5S-H RNAs and allowed up to 60%
inhibition (Supplementary Figure S3). These values are
comparable with those previously reported for PNA
(11), which indicates that natural RNAs can be as efficient
as synthetic PNAs for the anti-genomic strategy.

Transfection of cybrid cells with anti-replicative RNA

To validate the anti-replicative effect of recombinant
RNAs in vivo, we constructed a transmitochondrial
cybrid cell line containing mitochondria from fibroblasts
of a patient diagnosed with KSS syndrome. Heteroplasmy
level (proportion of mutant KSS mtDNA to all mtDNA
molecules) has been analyzed by real-time PCR with
primers listed in the Supplementary Table S1. The
cybrid cell line obtained was characterized by presence
of 65%±2% of KSS mutation in mtDNA, the level
being stable upon more than 3 months of continuous cul-
tivation. The sequence of deletion boundaries was shown
to be the same in five independent clones and corres-
ponded to deletion of nucleotides 8363–15 438 in
mtDNA, as was shown by direct sequencing of the
patient’s mtDNA (Figure 1A). However, only a very
weak (10%±2%) decrease of oxygen consumption can
be detected in cybrid cells (not shown). The same situation
was already reported for many other mutations in
mtDNA, where the respiration defects detected in
patients’ muscles and nervous tissues have been promin-
ently decreased and almost not detectable in fibroblasts
and cybrid cells (50,51). On the other hand, the absence
of strong respiration phenotype facilitated the manipula-
tions with the cultured cells and allowed us to use this cell

line as a model to validate the anti-replicative effect of
recombinant RNAs in vivo.
Because the in vitro anti-replicative effect of FD-RNAs

was more pronounced, for the in vivo assay, we performed
the transient transfection of KSS cybrid cells with FD-L
and FD-H RNA. First, the efficiency of transfection was
evaluated by FACS using fluorescently labeled FD-H
RNA, and it was shown that >95% of cells were trans-
fected (Supplementary Figure S4). Then, cells were trans-
fected with non-labeled FD-RNAs, and amount of RNA
internalized by cells was evaluated by Northern
hybridization of total cellular RNA comparing with the
signals of the known amounts of T7-transcripts loaded on
the same gel. By this approach, we could estimate that
approximately 15% of RNA added to cells were
internalized and can be detected in full-size form 24 h
after transfection (not shown). We also measured the deg-
radation ratio of recombinant RNA in cybrid cells at dif-
ferent time points spanning a 10-day period after
transfection. Surprisingly, recombinant RNAs were de-
tectable in cybrid cells up to 6 days after transfection,
stability of RNAs FD-H and FD-L being slightly more
prominent than that of RNA FD (Figure 3A).
Relative efficiency of RNA mitochondrial import was

analyzed by Northern hybridization of RNA isolated
from purified RNase-treated mitochondria 48 h after
cybrid cells transfection with various RNAs (Figure 3B).
As a negative control, cells were transfected with a
short artificial RNA containing no import determinants
(referred to as Control RNA, Figure 3B and
Supplementary Figure S5A and B). Contrary to this
RNA found not to be associated with mitochondrial
fraction, recombinant FD-L and FD-H RNA were even
more efficiently imported into mitochondria than
FD-RNA without insert (Figure 3B and Supplementary
Figure S5B). The quantitative discrepancy between in vitro
(Figure 2B) and in vivo import data can be explained by
different RNA folding in cells and, also, by an advantage
of more flexible molecules containing linkers between the
two structured domains interacting with the protein
import factors.
The quantity of recombinant RNAs in the mitochon-

drial fraction 2 days after transfection (estimated by
Northern hybridization comparing to known amounts of
corresponding T7-transcripts used as quantitative refer-
ence) corresponded to a value of 3.2±0.5� 104 RNA
molecules per cell. Comparing these values with mtDNA
amount, measured by real-time PCR as 1.0±0.1� 103

molecules per cell, we can estimate the RNA:mtDNA
molar ratio in organello as 30:1. This estimation validate

Table 1. Melting temperatures prediction for hybrids between the recombinant RNAs and mutant or wild-type mtDNA regions (SD=1.3�C,

‘‘b’’, bases)

RNA Homology with
KSS mtDNA

Tm for
KSS mtDNA

Homology with
wt mtDNA
(50-deletion boundary)

Tm for 50-deletion
boundary

Homology with wt mtDNA
(30-deletion boundary)

Tm for
30-deletion
boundary

5S-H 15 b 52.1�C 8 b 18.2�C 8 b 28.1�C
5S-L 14 b 45.2�C 7 b 16.1�C 8 b 16.6�C
FD-H 15 b 52.1�C 9 b 24.2�C 7 b 21.9�C
FD-L 21 b (1 mismatch) 51.4�C 12 b 34.4�C 10 b (1 mismatch) 27.7�C
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Figure 3. The effect of recombinant RNA mitochondrial targeting on heteroplasmy level in KSS cybrid cells. (A) Recombinant RNA stability in
transiently transfected KSS cybrid cells. At the left, an example of Northern hybridization of total RNA isolated in different time after transfection
(indicated below) with probes against FD-RNAs used for transfection (FD, FD-L or FD-H) and against 5.8S rRNA to quantify the level of
recombinant RNA in the cells. At the right, time dependence of RNA decay, SD is calculated from at least four independent experiments.
(B) Mitochondrial import of recombinant FD-RNAs in transiently transfected cybrid cells. Northern hybridizations of RNA extracted from cells
or purified mitochondria 48 h after transfection. Above, RNAs used for transfection are indicated; control is an artificial RNA not imported into
mitochondria (Supplementary Figure S5A). Relative efficiencies of mitochondrial import are shown below, import of FD-RNA is taken as 1
(±SD=0.1, results of one from three independent experiments are presented). (C) Time dependence of KSS heteroplasmy level upon transient
transfection of cybrid cells with various RNA (indicated at the right); KSS, mock-transfected cybrid cells. SD is calculated from three independent
experiments.
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our strategy, because the same order of recombinant RNA
molar excess allowed us to decrease mtDNA replication
in vitro up to 60% (Supplementary Figure S3).

Transient effect of imported RNAs on mutant
mtDNA in vivo

Heteroplasmy levels (percentage of mutant KSS mtDNA
to all mtDNA molecules) were measured in cybrid cells at
different time points spanning a 10-day period after trans-
fection (Figure 3C). We observed a decrease of the pro-
portion of mutant mtDNA by 15–25% in cells transfected
by recombinant RNA containing either KSS-DNA-H or
KSS-DNA-L inserts but not in mock-transfected ones or
cells transfected with FD-RNA (mitochondrially imported
but having no homology to the mt-DNA), indicating that
mitochondrially imported RNA molecules can function as
anti-genomic agents in human cells. Because the effect of
the inserts complementary to both mtDNA strands was
similar, in the next experiment two recombinant
RNA molecules, FD-L and FD-H, were used for trans-
fection simultaneously. Both RNAs were detected in
the mitochondria simultaneously in comparable amounts
(Figure 3B and Supplementary Figure S5B) and provided
the most pronounced decrease of heteroplasmy level by
35%±2% (Figure 3C).

To ascertain the absence of a non-specific effect on rep-
lication that reduced total mtDNA levels in cells, we
estimated mtDNA amounts in WT and KSS cybrid cells
after transfection with RNAs FD-L and FD-H
(Supplementary Figure S6A). Using real-time PCR, we
compared ratios between mtDNA (gene 12S rRNA) and
nuclear DNA (gene of actin, see Supplementary Table S1).
Variations of this ratio, taken as 1 24 h after transfection,
did not correlate with the heteroplasmy shift. For WT
cells, levels of mtDNA were stable in the range of 10%,
comparable to natural fluctuation values, thus indicating
that no depletion effect has been caused by adventitious
reduction in replication of the WT mtDNA. In KSS
cybrid cells, a slight decrease of 25% from initial
mtDNA level has been observed, probably due to replica-
tion pausing caused by anti-replicative RNAs.

The shift of heteroplasmy in cybrid cells was reprodu-
cibly observed with a 4–6 days delay in respect to the cells
transfection; however, the initial level was consistently
restored within 7–8 days. The temporal character of the
effect could be a consequence of the recombinant RNA
degradation and/or of the novel mtDNA deletion forma-
tion and propagation. The latter suggestion was verified
by direct sequencing of mtDNA isolated at different time
points after cybrid cells transfection with recombinant
RNAs. No heterogeneity of the deletion boundaries was
found (Supplementary Figure S6B), proving the absence
of other mutant mtDNA molecules that could not be
affected by recombinant RNAs.

Taking into account the degradation ratio of recombin-
ant RNA in the cells (Figure 3A), one can suggest that the
restoration of heteroplasmy level in 7–8 days after trans-
fection coincides perfectly with the time period when
RNA/mtDNA molar ratio should be greatly decreased,
being no more detectable by Northern hybridization.

Thus, one can suggest that the stabilization of the
heteroplasmy shift could be achieved by stable expression
of anti-genomic RNA molecules in the cells.

RNA affects mutant mtDNA replication in vivo

To demonstrate that anti-replicative RNA molecules
affect mutant mtDNA replication in vivo, we used
2DNAGE. This technique separates DNA molecules on
the basis of size and shape, thus permitting to detect
various types of replication intermediate (RI) in specific
and predictable way (42,52). We compared RIs of mtDNA
isolated from WT and KSS cybrid cells (Figure 4A),
digested with restriction enzyme BlpI, chosen to separate
fragments of different types of mtDNA, as indicated at the
Figure 1A. Because of heteroplasmy, after hybridization
of digested mtDNA with PCR fragment of Cyt b region,
we can see one (for WT mtDNA) or two (for KSS
mtDNA) main spots, corresponding to DNA fragments
of WT and mutant KSS mitochondrial genomes and,
therefore, to two sets of RIs (see cartoon interpretation
on Figure 4B, panel d).
As it was demonstrated previously (53), mtDNA frag-

ments containing the replication origin OH produce two
types of RIs, bubble arc and simple Y arc, their relative
abundance being altered markedly: when larger fragments
of mtDNA were studied, the bubble arc signal increased,
with a concomitant decrease in signal from the Y arc
(illustrated on a scheme above panel d). Analysis of two
DNA fragments on the same gel is a rather unusual situ-
ation for 2DNAGE approach, therefore RIs correspond-
ing to WT mtDNA fragment are not well separated in our
system; however, they correspond perfectly to the pre-
dicted pattern (54). We can detect bubble arc-type RI cor-
responding to WT mtDNA fragment, as well as
slow-moving Y arcs, sensitive to S1 nuclease treatment
(55,56) (Figure 4A and B). The intermediates of mutant
KSS mtDNA replication can be partially masked by WT
mtDNA fragment; however, we detected the descending
part of a Y arc-type RI and a weak bubble arc, visible
upon longer exposition of the blot (not shown).
We compared RIs of mtDNA isolated from KSS cybrid

cells at different periods of time after transfection with
RNA FD-H (Figure 4B, panels a–c) and, as a control,
with a yeast tRNA (tRK1, panels e–g). The patterns of
RIs corresponding to WT mtDNA fragment are rather
similar in post-transfected cells (Figure 4B) indicating
that the replication of WT mtDNA was not significantly
altered by recombinant RNA. In contrast, we reprodu-
cibly observed a prominent spot on a small Y
arc-resembling RI corresponding to the mutant mtDNA
fragment 4 days after transfection with RNA FD-H but
not immediately after transfection or 8 days later
(Figure 4B, panel b, see also Supplementary Figure S7
for two other examples of similar experiments). This
kind of spots, caused by a marked increase of RIs
around a specific point, had been previously described as
mtDNA replication pauses in the sites of specific protein
binding (43,44), thus allowing us to suggest that the
anti-replicative RNA FD-H enhances replication pausing
at the site of its annealing to mutant mtDNA (Figure 4C).
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The origin of a new RI resembling a small Y arc is still not
clear. We can hypothesize that it might be due to increased
rate of lagging-strand initiation as proposed in (57).
Indeed, a stalled leading H-strand may coincide with the
alternative initiation of an L-strand through strand
switching of the polymerase, resulting in a set of forks
expected to form a Y arc upon 2DNAGE analysis (58).
In non-transfected cells (Figure 4A) or in cells trans-

fected with yeast tRNALys in the same conditions, we
cannot detect any RIs corresponding to replication
pausing (Figure 4B, panels e–g). As mentioned before,
yeast tRNALys is efficiently imported into human

mitochondria (Supplementary Figure S5B) but does not
contain any homology to human mtDNA (Figure 1C) and
should not affect its replication. Thus, all our data clearly
demonstrate that the recombinant RNA imported into
mitochondria in vivo leads to a specific replication pause
of the mutated mtDNA.

Stable effect of imported RNAs on mutant
mtDNA in vivo

Because all our attempts to express FD-RNA in the cybrid
cells in stable manner under the control of external

Figure 4. Recombinant RNA affects mutant mtDNA replication in vivo. (A) The 2DNAGE electrophoresis analysis of mtDNA isolated from
wild-type (WT) and KSS cybrid cells. MtDNA was digested with BlpI, blotted and hybridized with P32 labeled fragment of the Cyt b gene
(Figure 1A). Radio autographs detect DNA fragment of 11 645bp for wild-type mtDNA and two fragments of 11 645 and 4570 bp for heteroplasmic
mtDNA, indicated as WT and KSS on the cartoon at the panel d. (B) The 2DNAGE analysis of mtDNA isolated from KSS cybrid cells in different
periods of time after transfection with RNA FD-H (panels a–c) and as a control with yeast tRNA (tRK1, panels e, f and g) immediately after
transfection (panels a and e), in 4 days (panels b and f) and in 8 days (panels c and g). Panel d, schematic representation of replication intermediates:
in green, replication intermediates corresponding to wild-type mtDNA and in blue, corresponding to mutant mtDNA. b, bubble arcs; Y, y arc; SMY,
slow migrating y arcs. The site of presumptive replication pausing is shown by arrow. (C) Schematic representation of three mtDNA replication
models (see ‘Discussion’ for details and references) and possible effect of anti-replicative recombinant RNA FD-H. OH, OL and OZ, origins of
H-strand, L-strand, and strand-coupled replication, respectively.
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promoters were unsuccessful, we used another set of re-
combinant RNA molecules based on 5S rRNA, one of
which was previously shown to be expressed, correctly
maturated and mitochondrially targeted in human cells
(31). Recombinant 5S rRNA genes (Figure 1B) were
cloned into a phagemid vector in the context optimal for
correct transcript processing, as described previously (31),
and used for a stable transfection of KSS cybrid cells.
Transfectants selected for their resistance to appropriate
antibiotic were cloned. Approximately 20–25 individual
clones of each series—containing the empty vector, WT
or recombinant 5S rRNA genes—were characterized by
similar growth rates, suggesting the absence of toxic
effect of the transgenes expression.

The KSS mutation heteroplasmy level was analyzed in
each clone. Control cell lines (mock-transfection, transfec-
tion with the empty vector or with the vector containing
the WT 5S rRNA gene) generated clones with little vari-
ations of heteroplasmy (Figure 5A), whereas for cells
transfected with 5S-L and 5S-H RNA genes, the occur-
rence of 30% clones with decreased proportion of mutant
mtDNA was observed (Figure 5A). The lower
heteroplasmy levels found in these clones (51–54% for
cells containing 5S-L gene and 37–52% for those contain-
ing 5S-H gene) were then stable during 3 months of con-
tinuous cultivation (Figure 5B and C).

To test the effect of the simultaneous expression of both
5S-L and 5S-H RNAs, the cell line derived from the clone
5S-H2, characterized by the lowest heteroplasmy level
(37%±2%), was transiently transfected with plasmid
containing the 5S-L gene. The resulting cell line, referred
to as 5S-H2+5S-L, was characterized by an additional
shift of the heteroplasmy, from 37%±2% to
30%±2% of mutated mtDNA molecules (Figure 5B).
Expression of both recombinant 5S rRNA molecules in
this cell line was confirmed by RT-PCR analysis with
insert-specific primers (Supplementary Figure S8A).
Mitochondrial import of recombinant 5S rRNAs was de-
tected in all the clones expressing 5S-L or 5S-H RNA by
RT-PCR with RNA isolated from purified mitochondria
devoid of cytosolic contaminants (Supplementary
Figure S8B).

The level of recombinant 5S rRNA expression in the
clone 5S-H2 was estimated as 30±5 molecules per cell
using semi-quantitative RT-PCR (Supplementary Figure
S8C). This very low expression is not surprising taking
into account the competition of mutant 5S rRNA with
much more abundant WT 5S rRNA molecules for inter-
action with protein factors of transcription, processing
and export from the nucleus. In the same cell line, 8±2
molecules of recombinant 5S rRNA per cell were found
inside the mitochondria (Supplementary Figure S8C),
indicating the very high efficiency of import (25%), as
it was shown previously. This value is certainly
under-estimated, because a significant part of mitochon-
drial RNA has been usually degraded during
the mitochondria isolation and purification (see Sup-
plementary Figure S5B and ‘Materials and Methods’
section).

Because the respiration phenotype of KSS cells can be
hardly detectable, we used the assay of mitochondrial

protein synthesis to compare WT cells, KSS cybrid cells
and a clone of KSS cells expressing recombinant 5S rRNA
(5S-H2) (Figure 5D and E). Cybrid cells were
characterized by the �25% decrease of total mitochon-
drial translation. As expected, the synthesis of proteins
encoded by the portion of mtDNA deleted in KSS
mutants (Figure 1A) was affected in a more prominent
way, the ratio between Cyt b and Cox1 proteins being
twice lower in cybrid cells comparing to control cell line.
Remarkably, in the clone 5S-H2, the total level of trans-
lation and the Cyt b synthesis were partially restored
(Figure 5D and E). For Cox3 protein, a prominent
decrease in KSS cybrid cells and re-increase in the clone
5S-H2 (Figure 5E) have also been observed.
The results obtained should be considered as a

promising indication on the possibility to obtain
a curative effect on the mitochondrial dysfunction by a
heteroplasmy shift. So far, one cannot exclude that
selected individual clones can have a slightly varying
nuclear background issued from the transfection proced-
ure. To explore this possibility, we analyzed individual
subclones of the 5S-H2 cell lines after prolonged cultiva-
tion and subsequent cloning. As mentioned earlier, this
transgenic line was stable during 3-month-long cultiva-
tion; however, upon additional 6-week cultivation and
subsequent recloning, one among >100 individual
subclones retaining the resistance to G418 was chara-
cterized by a spontaneous loss of 5S-H expression (as
demonstrated by PCR and RT-PCR, Supplementary
Figure S8A and D). This derivant cell line, designed as
5S-H2ko, was analyzed for mitochondrial translation by
pulse-chase assay (Figure 5D and E). It was indeed
observed that the effect of improved mitochondrial trans-
lation found in the original 5S-H2 cell line was lost, and
the ratio of mitochondrially synthesized polypeptides in
5S-H2ko line was nearly identical to that of the initial
KSS cybrid cell line. This result indicates that the
curative effect observed in 5S-H2 line was due to the
presence and, most probably, mitochondrial import of
the recombinant 5S rRNA.
In conclusion, a weak but stable expression and mito-

chondrial import of the recombinant 5S rRNAs in KSS
cybrid cells allowed us to obtain cell lines characterized by
a stable shift of mitochondrial heteroplasmy level
accompanied, for the best expressor, by an improvement
of mitochondrial translation.

DISCUSSION

RNA import pathway as a therapeutic tool

Mutations in mtDNA have been associated with a wide
variety of human disorders (1). Many patients suffering
from mtDNA defects harbor subpopulations of mutated
and WT mtDNA molecules within the same cell and
tissue, a state known as heteroplasmy (14,59). Because
there is no effective treatment for these often devastating
pathologies, one attractive approach would be to
specifically target mutant mtDNA to prevent it
from replicating, thereby allowing propagation of only
WT genomes. Application of such an ‘anti-genomic,’
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Figure 5. Analysis of clones obtained after stable transfection of KSS cybrid cells with 5S rRNA genes. (A) Heteroplasmy variations in series of
clones of KSS cybrid cells after stable transfection with 5S rRNA genes (indicated at the right). ‘No change,’ number of clones where the
heteroplasmy shifts were comparable to natural fluctuation values (0–5%); ‘low KSS,’ the proportion of KSS mtDNA reduced by >10% and
‘high KSS,’ the proportion of KSS deletion increased by >10%. (B) Stability of the heteroplasmy level in individual clones. Two clones of each series
are presented: KSS, mock-transfected KSS cybrid cells, clones from ‘no change’ set; 5S, cells transfected with the wild-type 5S rRNA gene, clones
from ‘no change’ set are presented; 5S-H and 5S-L, cells transfected with corresponding recombinant 5S RNA genes, clones from ‘low KSS’ series,
see also (C); 5S-H2+5S-L, clone 5S-H2 transfected with 5S-RNA-L gene. (C) Analysis of heteroplasmy levels in individual clones. All clones resulting
from transfection with 5S-L and 5S-R RNAs where the hetroplasmy shift was >10% are presented, number of independent qPCR measurements
n=3. An example of such an assay, demonstrating that the shifts observed were significant and cannot be explained by errors of qPCR, is given in
the Supplementary Figure S9. At the right, the summary of heteroplasmy shifts induced by 5S-L and 5S-H RNA is presented. (D) Analysis of
mitochondrial protein synthesis in wild type, KSS cybrid cells, a clone of KSS cells expressing recombinant 5S rRNA (5S-H2) and the derivant of the
same cell line after the loss of recombinant 5S rRNA expression (5S-H2ko), as indicated above the panel. Autoradiography of SDS-PAGE is
demonstrated, products of mitochondrial translation are indicated at the left. @ tubulin and @ porin, immunoblotting of the same preparations,
using as a loading control. The lower panel represents Ponceau S staining of the corresponding membrane. (E) The graphs represent the total level of
mitochondrial translation (normalized to the amount of mitochondrial porin) and the ratio of signals corresponding to individual proteins. Cytb and
Cox3, cytochrome b and subunit 3 of cytochrome oxidase, proteins encoded by the portion of mtDNA deleted in KSS mutants; CoxI and Nd2,
subunit 1 of Cytochrom oxidaze and subunit 2 of NADH-dehyrogenase complexes, the both proteins encoded by the mtDNA region not touched by
the KSS deletion.
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or ‘anti-replicative’, strategy is confronted to two main
problems: facilitating the translocation of the anti-
genomic oligomers through the double mitochondrial
membrane and allowing their access and specific binding
to mutated region of mtDNA. To resolve the first
problem, the natural pathway of RNA import into yeast
and human mitochondria can be useful. Our recent studies
permitted to identify the import determinants in tRNA
and 5S rRNA structures, and a set of small RNA mol-
ecules with significantly improved efficiency of import into
human mitochondria was designed on this basis (31,32).
In this study, to create a vector system able to target
‘therapeutic’ oligonucleotides into deficient human
mitochondria, we inserted into these RNAs short (14–21
bases) sequences corresponding to the boundaries of a
large deletion in mtDNA associated with a neuromuscular
syndrome KSS. All the recombinant RNAs so obtained
were proven to retain their capacity to be internalized
by human mitochondria in vitro (in isolated human
mitochondria) and in vivo (in cultured cybrid cells).
These data indicate that the pathway of RNA import
into mitochondria can serve for targeting anti-replicative
oligoribonucleotides into mitochondrial matrix.

The second problem consists in specific binding of the
anti-replicative oligonucleotides to mutated region of
mtDNA. In a previously published study (11,60), synthetic
PNAs were used to increase, comparing to oligodeoxynu-
cleotides, the selective and stable binding to the region of
mtDNA around the mutation site. However, RNA–DNA
duplexes are considered to be, in general, more stable that
DNA–DNA ones (49), so the stretch of ribonucleotides
could target the mtDNA duplex, especially in the region
of the replication machinery progression, where it is
already at least partially destroyed by the helicases. Our
in vitro replication assay showed that, indeed, specific
oligoribonucleotides interfere with mtDNA replication,
reducing it to the level comparable with that described
for PNA. Therefore, RNA molecules having an important
advantage as natural mitochondrial import substrates
were also suitable for selective inhibition of mutant
mtDNA replication in vitro.

Anti-replicative RNA action in vivo

The mechanism of human mtDNA replication is still a
subject of intense debate (61–63). The idea of
anti-replicative heteroplasmy shift as a therapeutic
strategy (11) was initially based on the strand-displacement
mtDNA replication model that suggested the existence
long single-stranded RIs (64). According to this model,
leading-strand (H, heavy strand) synthesis starts at a
fixed point (OH) and advances approximately two-thirds
of the way around the molecule before second-strand
(L, light strand) synthesis is initiated (Figure 4C). More
recently, another two classes of RIs were described in mam-
malian mitochondria. Detection of RNA–DNA hybrid
intermediates of mtDNA replication gave rise to a model
involving Ribonucleotide Incorporation Throughout the
Lagging Strand (RITOLS) (55,56). This model shares
many features with the strand-displacement one, the main
difference consisting in the presence of displaced H-strand

not in a single-stranded form covered by SSB protein but in
the form of RNA–DNA hybrid, where the lagging strand
RNA may be created by primase or by a nascent RNA
transcript hybridizing with the displaced H-strand in the
30–50 direction (55).
Another type of RIs, DNA–DNA duplexes, especially

predominant in cultured human cells recovering from
mtDNA depletion, has been proposed as compatible
with the products of conventional strand-coupled DNA
synthesis, initiating from sites dispersed across the broad
zone named ori Z (52,53). Alternatively, these DNA–
DNA duplexes could be considered as a consequence of
frequent initiation of lagging-strand DNA synthesis re-
sulting in an increased rate of conversion of RITOLS
RIs to dsDNA ones (57,58).
According to the scheme shown at Figure 4C, for all

the three current models of mtDNA replication,
mitochondrially imported anti-replicative RNA should
cause a replication stalling at the site of RNA annealing
to the mutant mtDNA due to impairing of the replication
fork progression. The similar mechanism has
been proposed to explain the replication forks arrest in
the D-loop region, namely due to the inability of the
replisome helicase to separate regions of short RNA–
DNA hybrid (53). In full agreement with our expectations,
analysis of mtDNA RIs on the 2DNAGE revealed a clear
site of replication pausing detectable only on the fragment
of mutant KSS mtDNA isolated from cells transfected
with recombinant RNA FD-H (Figure 4B). This is a
direct demonstration of recombinant RNA ability to
stall the mutant mtDNA replication in vivo.

Effect of imported RNAs on mtDNA heteroplasmy

To test the anti-replicative RNA efficiency in human cells,
the changes of heteroplasmy level in KSS transmito-
chondrial cybrid cells were measured upon the presence
of recombinant RNAs in mitochondria. Two different
strategies were used. First, cells were transiently trans-
fected with small artificial RNA molecules containing
structural determinants of mitochondrial import and
15–21 bases insertions complementary to the region of
mtDNA around the KSS deletion site. Our data show
that this approach allows targeting a rather high level of
recombinant RNA inside the mitochondria, and this re-
producibly coincides with a shift of KSS mtDNA
heteroplasmy level from 65% to 40–50%, detected
within the 4–6 days period after transfection. This
change of heteroplasmy, if stable, should be enough to
rescue phenotypic defects of oxidative phosphorylation
(59,65). However, the restoration of the initial 65% of
mutant mtDNA in 7–8 days was consistently observed,
most probably being a consequence of the recombinant
RNA degradation, followed by accelerated replication of
shorter mutant mtDNA molecules due to the previously
hypothesized effect of ‘replicative advantage of deleted
mtDNA’ (65,66).
To check whether the permanent presence of recombin-

ant RNA in human cybrid cells would lead to a
more stable effect on the heteroplasmy, another strategy
was used, consisting in a stable expression of 5S
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rRNA-based recombinant RNA genes. This approach
appeared to have also some inconvenient features,
because the expression of recombinant 5S rRNA genes
was relatively weak, detectable by RT-PCR only, which
can be explained by competition with more than 200 nat-
urally present 5S rRNA genes for the transcription and
nuclear export protein factors. A variation in the recom-
binant RNA expression in different clones led to various
effects on the heteroplasmy level—no changes were
detected in 70% of clones, and only in 8 from 25 clones
of each series the shift of KSS mtDNA heteroplasmy level
from 65% to 37–54% was observed. On the other hand,
this strategy provided a heteroplasmy shift stable during
several weeks of cells cultivation, which is a first successful
attempt to change the proportion of mutant mtDNA in
living cells by exploiting RNA import.
In our previous study, we have shown that 5S rRNA

molecules with substitution of the helix III and loop C
(Figure 1B) by a heterologic sequence can be imported
into isolated human mitochondria (which was confirmed
also in this study, Figure 2A), but had been imported
in vivo 20 fold more efficiently than the WT 5S rRNA,
probably due to the absence of competition between mito-
chondrial import factors and the ribosomal protein L5 for
binding to a mutant 5S rRNA (31). This finding has been
confirmed in this study, because at least 25% of recom-
binant 5S rRNA internalized by cells has been found in
purified mitochondrial fraction (Supplementary Figure
S8C). Nevertheless, the amount of stably expressed recom-
binant 5S rRNA was almost 1000-fold lower than in cells
transiently transfected with recombinant FD-RNAs.
Surprisingly, this weak but stable expression of the recom-
binant 5S rRNA was sufficient for a shift of mitochondrial
heteroplasmy level (Figure 5). We can hypothesize that the
persistent presence of even small amounts of
anti-replicative 5S rRNA in mitochondria might have an
effect on the mutant mtDNA comparable with that of
more abundant but rapidly degradable small FD-RNA.
Most part of pathogenic mutations in mtDNA lead to

the manifestation of biochemical and clinical defects only
when a threshold level of heteroplasmy has been reached.
This level may be different not only for different muta-
tions but also for the same mutation in various tissues (2).
Normally, phenotypic effect of mtDNA mutation is much
more prominent in muscles and nervous tissues than in
fibroblasts (50,67). This was exactly the case of KSS
deletion, for which low values (below or at the 5% of
normal) for cytochrome c oxidase (complex IV) activity
and for the ratios of complex I, III or IV activity to either
citrate synthase or complex II in patient’s muscles contain-
ing 72% mutant mtDNA has been shown. However,
cybrid cells containing 65% mutant mtDNA, generated
and used in this study, were characterized by a very low
(10%±2%) decrease of oxygen consumption comparing
to control 143B cell line. Thus, this is not surprising that
the mitochondrial translation was only slightly affected
(25% decrease in KSS cybrids). We can hypothesize that
in cybrid cells, normal mtDNA (which is present in pro-
portion 1:3 to mutant molecules) supports the level of mt
tRNA expression sufficient for almost normal mitochon-
drial translation. Nevertheless, our data show that a stable

shift of heteroplasmy can result in partial restoration of
specific mitochondrial translation defects found in KSS
cybrid cells (Figure 5E).

Both strategies described here for cultured human cells
can be developed as a potential basis for therapy of mito-
chondrial diseases. Stable expression of 5S-based recom-
binant RNA in cells should be optimized to give more
pronounced effects on the heteroplasmy. Transient trans-
fection approach also appears to be an interesting perspec-
tive, because it represents not genetic but rather
pharmacological intervention, which can give positive
results if the way to stabilize the effect of anti-replicative
agents could be found.

To summarize, we demonstrate here for the first time
that the replication of mtDNA containing a known patho-
genic mutation may be specifically affected by RNA mol-
ecules bearing oligonucleotide stretches complementary to
the mutant region and that these molecules may be
targeted into human mitochondria using artificially engin-
eered RNA based on 5S rRNA or tRNA as vectors.
Although the inhibitory effect was partial (15–35%
decrease of mutated mtDNA level), it may have a long-
term therapeutic interest, because only high levels of mu-
tations in human mtDNA become pathogenic.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1–9.
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Table S1. Oligonucleotides used in the study. 

 

Name Sequence, 5'>3' Purpose 

FDpcr AAGAGCCCTGTAGGG FD-RNAs detection 

T7pr GGGATCCATAATACGACTCACTATA T7 promotor  

1095 F  TAGCCCTAAACCTCAACAGT qPCR for 12S rRNA gene 

quantification 

1305B  TGCGCTTACTTTGTAGCCTTCAT qPCR for 12S rRNA gene 

quantification 

11614F  CATTGCATACTCTTCAATCAGC qPCR for KSS deletion 

quantification 

11778B  CGACTGTGAGTGCGTT qPCR for KSS deletion 

quantification 

Control 

RNA 

GAGAACTAAGCACTG 

 

Control RNA detection by 

Northern hybridization 

FD GAGTCATACGCGCTACCGATTGCGCCAACAAGGC FD-RNAs detection by 

Northern hybridization, 

homology to the D-arm of 

tRK1 

15251-

15680F 

CTTAAAGCTTCACACGATTCTTTACCTTTC Cloning of the WT 

mtDNA fragment 15251-

15680, forward 

15251-

15680R 

TCTTTGGAATTCGTTTGGATATATGGAGGATGG Cloning of the WT 

mtDNA fragment 15251-

15680, reverse 

8099-

8365/1543

8-15680F 

TACTACAAGCTTACAGATGCAATTCCCGGACG Cloning of the KSS 

mtDNA fragment 8099-

8365/15438-15680, 

forward 

8099-

8365/1543

8-15680R 

TCTTTGGAATTCGTTTGGATATATGGAGGATGG Cloning of the KSS 

mtDNA fragment 8099-

8365/15438-15680, 

reverse 

5.8S Hm 

F/T7 

TAGATCTAATACGACTCACTATAGACTCTTAGCGGT

GG 

RT-PCR of 5.8S rRNA 

5.8S Hm R GGCCGCAAGTGCGTTCGAAG Northern hybridization 

and RT-PCR of 5.8S 

rRNA 

KSSrtF CCTGAATACAGTGCTTAC RT-PCR 5S-KSS-L  

KSSrtR CCTGAAAAGTAAGCACTG RT-PCR 5S-KSS-H  

KSS-F-bio biotin-TCAGTAGACAGTCCCACCCTC purification of ssDNA-

KSS, forward 

WT-F-bio biotin-ACAGATGCAATTCCCGGACG purification of ssDNA-

WT, reverse 

R-bio biotin-GTTTGGATATATGGAGGATGG purification of ssDNA-

KSS, reverse 

HmLmit GAACCTCTGACTGTAAAG mt-tRNA-Leu detection 

by Northern hybridization

Actin-F TCACCCACACTGTGCCCATCTACGA qPCR quantification of 

nuclear DNA 

Actin-R CAGCGGAACCGCTCATTGCCAATGG qPCR quantification of 

nuclear DNA 

 



A

G

C

C

C

U A
C

A

G

G

G

C

U

C  U  U  3'OH

C

C

5'   G

G

C

G

C  AGUAAGCACUGUAAAU G

C

G

C

A

A

U
C G

G
U

A FD-RNA-H

A

G

C

C

C

U A
C

A

G

G

G

C

U

C  U  U  3'OH

C

C

5'   G

G

C

G

C  CUCUUUACAGUGCUUACUUCUC G

C

G

C

A

A

U
C G

G
U

A FD-RNA-L

A

G

C

C

C

U A
C

A

G

G

G

C

U

C  U  U  3'OH

C

C

5'   G

G

C

G

C  CUCUUUACA     UUCUC G

C

G

C

A

A

U
C G

G
U

A

G

A

C

U

G U

C U

A

G

C

C

C

U A
C

A

G

G

G

C

U

C  U  U  3'OH

C

C

GGCGCAAUCG UUCUC

G

U

C

G

U

A

C

A

C

G

U
A

C

C

C

C G

UUU

5'   G

G

C

G

C  AGUAAGCACUGUA

C

G

C

A

A

U
C G

G
U

A

A

G

C

C

C

U A
C

A

G

G

G

C

U

C

C

C

G

A U

A U  3'OH

G U

A U

A

G

C

C

C

U A
C

A

G

G

G

C

U

C  U  U  3'OH

C

C

5'   G

G

C

G

C  CUCUUUACAGUGCUUAGUUCUC G

C

G

C

A

A

U
C G

G
U

A FD-RNA-L

dG =17,4

dG =17,4

dG =17,4

dG =16,4

dG =18,1
dG =19,7

1

2a

2b

2c

3 4

A

B

Figure S1.  Design of FD RNA-based  mitochondrial vectors. The free energy (dG) of each 

RNA is indicated below in kcal/mol. (A)  Secondary structure of FD-RNA-L predicted by 

Mfold. The structure n˚1 corresponds to the  FD RNA L in which the 17th  C  of insertion is 

replaced by G  (in blue), leading to only one structure.  The  predicted alternative  structures  

2a,b,c  correspond  to  the  FD RNA L without this mismatch. (B) Secondary structure of 

FD-RNA-H predicted by Mfold. The structure n˚3 corresponds to the molecule in which an 

U has been introduced between the 3' part of the insert and the F helix (shown in blue).  n˚4 

corresponds to the secondary structure of  FD RNA H  without additional U. 
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Figure  S2.    Analysis  of  the specificity of FD-L and  FD-H   RNAs interaction with 

mutant  mtDNA  by  Southern hybridisation.  (A) Hybridization of 32P-labeled RNAs 

with PCR-ampified fragment containing either the  KSS deletion boarders or a nearby 

localized WT mtDNA sequence  (localization of the primers is indicated by the arrows 

in the left picture). (B) Hybridisation of labeled FD-L RNA with SacI-cleaved mtDNA 

and (as control) with the plasmid containing KSS deletion boundary region. At the left, 

restriction maps of WT and KSS mtDNA. MT-TK, the tRNA(Lys) gene.



A

B

}

WT DNA KSS DNA

FD-H RNA

RNA/DNA ratio 0    10   25 0    10   25

Full-length

replication product (X)

Abortive

replication products (Z)

Predicted truncated 

replication product (Y)

Full-length replication product  Truncated replication products (Y+Z)

0

10

20

30

40

50

60

70

0 10 20 30

0

20

40

60

80

100

0 10 20 30

WT - mtDNA

0       5      25     50 0       5      25     50 0       5      25     50
RNA/DNA ratio

FD-L

FD-H

5S-L

5S-H

FD-L

FD-H

KSS - mtDNA

RNA/DNA ratio

0

20

40

60

80

100

5 25 50

WT-FD-L

WT-FD-H

KSS-5S-L

KSS-5S-H

KSS-FD-L

KSS-FD-H

Figure S3. The effect of recombinant RNA on mtDNA replication in vitro. Replication 

run-off assay comprised PCR-amplified mtDNA fragments containing wild-type mtDNA 

or KSS-mtDNA sequences, [32P]-5'-labeled specific primers and a mitochondrial protein 

fraction containing replication enzymes obtained from beef liver mitochondria. (A) 

Autoradiography of denaturing PAGE demonstrating in vitro replication of KSS or wild 

type mtDNA fragments in the presence of increasing amounts of FD-H recombinant RNA. 

RNA/DNA molar ratio is shown below the panel. Several bands of intermediate abortive 

replicaton products (Z) can appear due to degradation of the main truncated product of 

predicted size (Y). The graphs at the right represent the relative amounts of mtDNA 

replication products upon increasing amounts of FD-H RNA, 100%, replication in absence 

of RNA. (B) The anti-replication effect of various recombinant RNAs. Only the full-size 

replication product is shown and quantified here. The autoradiograph represent one of the 

experiments, the diagrams at the right result from 4 independent experiments.
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Marker Events % Gated % Total Mean Geo Mean

Al l 25727 100.00 86.49 4.67 4.06

M1 278 1.08 0.93 20.90 16.08

Sample ID: TSFR CTL Gate: G1

Gated Events: 25727

Marker Events % Gated % Total Mean Geo Mean

Al l 22539 100.00 83.06 196.43 136.17

M1 22135 98.21 81.57 199.85 143.26

Sample ID: TSFR Optimem Fluo Gate: G1

Gated Events: 22539
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Figure S4. Verification of the efficiency of cybrid cells transient transfection with FD-L RNA by FACS. 

X-axis  indicates   the  number   of   collected  cells,  Y-axis  -  the intensity of fluorescence.   The upper

pannel  corresponds  to  cells transfected  with  non-fluorescent RNA,   while  the  bottom  one - to cells

transfected with  FD-L RNA labeled by Alexa 488.    The percentage of fluorescent cells present  in the 

selected window M1 is outlined by a red square.
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Control RNA

5S rRNA

Days after transfection

Figure S5A. Analysis  of the stability of the control non-imported  RNA in transfected KSS cybrid 

cells.  Upper pannel : predicted secondary structure of the control RNA.  Bottom pannel: Northern 

hybridisation of total RNA extracted from transiently transfected cells with 32P-labeled RNA-

specific probe   (Control RNA)  and  5S  rRNA  probe (as a quantitative control). At the lower 

panel, Ethidium Bromide staining of the same gel is shown. The graph at the right represents the 

time-dependence of RNA decay (as in Fig. 3A, see Methods for details). Detected amount of RNA 

at day 1 compared to day 2 after transfection is very important, probably due to attachment of 

RNA-containing Lipofectamin granules on the cell surface, thus, this value can be over-estimated. 

The rate of Control RNA degradation in cybrid cells in 2, 3 and 4 days after transfection is 

comparable to those of imported FD-RNAs (Fig. 3A), so the absence of Control RNA in the 

mitochondria in 2 days after transfection (Fig. 3B) proves the selectivity of RNA import process.
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Figure S5B. Mitochondrial import of recombinant FD-RNAs in transiently transfected cybrid 

cells. An example of urea-PAGE separation (upper panel) and hybridisation analysis of RNA 

isolated from cells (lanes 1-5) and purified mitochondria (lanes 6-10), as indicated below, 2 days 

after transfection with RNA indicated at the right. Hybridisation probes are indicated at the left. 

The signals in the mitochondrial fraction are weaker with the probe to mt-tRNA as compared to the 

total sample, indicating on the partial loss of mtRNA during the mitochondria isolation and 

purification.Total RNA samples were isolated from the twice less amount of cultured human cells 

comparing to starting material for mitochondria purification (25 cm2 of cells). 



Figure S6 A.  Results of real-type qPCR analysis of heteroplasmy levels (at the left) and of the ratio 

between mitochondrial and nuclear DNA (at the right) in wild type (WT) and KSS cybrid cells (KSS) 

transfected with two recombinant anti-replicative RNAs, FD-H and FD-L. B.    Analysis  of  the  

stability  of  the  KSS deletion joint point in transfected cybrid cells.  An example of the PCR-

amplified mtDNA sequence is  presented, which demonstrate  the absence of  heterogeneity  of  the  

inititial  deletion  boundaries.  Such verifications were systematically performed  at  different  time  

points  after  transient  transfection,  as  well  as in stably transfected clones.    
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Figure S7. Recombinant RNA affects mutant mtDNA replication in vivo. (A) Schematic 

representation of replication intermediates (RI): in green, RI corresponding to wild type 

mtDNA; in blue, corresponding to mutant mtDNA. b, bubble arcs; Y, y arc; SMY, slow 

migrating y arcs.  (B,C) Native 2D agarose gel electrophoretic analysis of mtDNA 

isolated from KSS cybrid cells. MtDNA was digested with BlpI, blotted and hybridised 

with P32 labelled fragment of the Cyt b gene (as in Fig.4). Results of two undependent 

experiments are presented, left panels - mtDNA isolated from cells in 4 days after 

transfection with anti-replicative RNA FD-H; right panels - mtDNA from mock-

transfected cells (treated with Lipofectamin but without any RNA), isolated and 

separated in the same conditions as one presented at the left. The site of replication 

pausing, visible only in cells transfected with FD-H RNA, is shown by arrow.
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5S-H

KSS

5S-H2

5S-L1

-RT +RT

5S-L

-RT +RT

5,8S Mt tRNA Leu

-RT +RT -RT +RT

KSS

5S-H2

5S-H2+5S-L

5S-H

-RT +RT

5S-L 5S wt

-RT +RT -RT +RT

Stable expression

Figure S8.   Expression and import of recombinant RNAs in stable clones.  (A) RT-PCR analysis of  

expression of 5S-H or both recombinant 5S RNAs in stable cell lines. (B) Mitochondrial import of 

recombinant 5S rRNAs detected by RT-PCR. Amplified RNAs are indicated above the panel, cell lines 

are shown at the left: KSS, mock-transfected cells; 5S-H2, clone expressing 5S-H RNA; 5S-L1, clone 

expressing 5S-L RNA; 5S-H2ko, subclone of 5S-H2 which has lost 5S-H RNA expression. -RT, control 

without reverse transcriptase. ND, non-determined. (C) Semi-quantitative RT-PCR of 5S-H in the stable 

clone 5S-H2. RNA samples coresponding to known amount of cells (Total) or mitochondria (mt) were 

analysed, in parallel with fixed amounts of the corresponding T7-transcript. Full-size PCR product is 

indicated by the arrow. (D) PCR analyses of the presence of the transgene in the 5S-H2ko cell line.
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        12S, for total mtDNA copies                        ZDC, for wild-type mtDNA copies 

        

 

 

Identifier SQ Mean SQ Std. Dev. Ct Mean Ct Std. Dev. SQ zdc/12s correction KSS deletion   

 12S for total mtDNA         

WT                  1,32E+07 1,24E+06 15,02 1,36E-01 5,67E-01 1,00E+00 0%  

Mt                  2,52E+06 9,96E+04 17,39 5,67E-02 2,05E-01 3,61E-01 64%  

clone 5S-H5   5,88E+06 5,50E+05 16,18 1,37E-01 2,96E-01 5,22E-01 48%  

clone 5S-H8   1,23E+07 1,14E+06 15,12 1,34E-01 3,14E-01 5,54E-01 45%  

clone 5S-H7   9,44E+06 4,87E+05 15,5 7,40E-02 3,26E-01 5,76E-01 42%  

clone 5S-H2   1,82E+07 2,29E+06 14,56 1,82E-01 3,76E-01 6,64E-01 34%  

 ZDC for wt mtDNA         

WT                  7,49E+06 3,58E+05 15,25 6,89E-02      

Mt                  5,16E+05 5,05E+04 19,15 1,43E-01      

clone 5S-H5    1,74E+06 1,07E+05 17,37 8,85E-02      

clone 5S-H8    3,86E+06 2,04E+05 16,21 7,71E-02      

clone 5S-H7    3,08E+06 3,03E+04 16,54 1,43E-02      

clone 5S-H2    6,85E+06 4,10E+05 15,38 8,57E-02      

 

 

Figure S9. An example of the real-time qPCR experiment. 12S and ZDC, two pairs of primers, 

amplifying the 210 bp fragment of 12S rRNA gene region as a value showing all mtDNA molecules, and the 

164 bp fragment of the deleted region (ZDC for Common Deletion Zone) as a value showing only wild type 

mtDNA molecules. On the middle panels, the melting curves following 40 cycles of amplification are 

presented. Lowed panels represent the standard calibration curves, obtained with 5 serial dilutions of linearized 

plasmid DNA (10
4
-10

7
 copies per sample). The same DNA was used to set up standard curve reactions in every 

plate in the study. Below the panels, experimental data and heteroplasmy calculation for DNA isolated from 

clones expressed 5S-H RNA. WT and Mt, DNA isolated from wild-type and cybrid KSS cells. Ct, Threshold 

cycle; SQ, Starting Quantity. Mean values and standard deviations (Std. Dev.) were estimated from analysis of 

each sample in triplicate. 
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a b s t r a c t

Defects in mitochondrial genome can cause a wide range of clinical disorders, mainly neuromuscular

diseases. Most of the deleterious mitochondrial mutations are heteroplasmic, meaning that wild type

and mutated forms of mtDNA coexist in the same cell. Therefore, a shift in the proportion between

mutant and wild type molecules could restore mitochondrial functions. The anti-replicative strategy

aims to induce such a shift in heteroplasmy by mitochondrial targeting specifically designed molecules in

order to inhibit replication of mutant mtDNA. Recently, we developed mitochondrial RNA vectors that

can be used to address anti-replicative oligoribonucleotides into human mitochondria and impact het-

eroplasmy level, however, the effect was mainly transient, probably due to a rapid degradation of RNA

molecules. In the present study, we introduced various chemically modified oligonucleotides in anti-

replicative RNAs. We show that the most important increase of anti-replicative molecules’ lifetime can

be achieved by using synthetic RNAeDNA chimerical molecules or by ribose 20-O-methylation in

nuclease-sensitive sites. The presence of inverted thymidine at 30 terminus and modifications of 20-OH

ribose group did not prevent the mitochondrial uptake of the recombinant molecules. All the modified

oligonucleotides were able to anneal specifically with the mutant mtDNA fragment, but not with the

wild-type one. Nevertheless, the modified oligonucleotides did not cause a significant effect on the

heteroplasmy level in transfected transmitochondrial cybrid cells bearing a pathogenic mtDNA deletion,

proving to be less efficient than non-modified RNA molecules.

! 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

RNA is increasingly used in clinical application [1]. RNA-based
therapeutics includes inhibitors of mRNA translation, agents of
RNA interference, ribozymes and aptamers binding various mo-
lecular targets. However, RNA is relatively unstable in vivo due to
the plethora of ribonucleases in serum and in cells. Challenges with
the delivery, specificity and stability of RNA therapeutics have
spawned the development of chemically modified oligonucleotides
[2]. Recently, we developed RNAvectors that can be used to address
therapeutic oligoribonucleotides into human mitochondria [3].

Mitochondrial disorders represent a heterogeneous group of ge-
netic diseases characterized by an oxidative phosphorylation defi-
ciency, resulting fromeither nuclearormitochondrial genemutations
[4,5]. Human mitochondrial genome (mtDNA) is a closed circular
double-stranded molecule of 16,5 kb able to replicate autonomously
and encoding only 13 polypeptides, 2 ribosomal RNA (12S and 16S)
and 22 tRNA, the vast majority of mitochondrial proteins and several
RNAs being encoded in the nucleus and imported via the cytosol.
Variousdefects in themitochondrial genome (deletions, duplications,
point mutations) can cause a wide range of clinical disorders, mainly
neuromuscular diseases. Up to now, no efficient therapeutic treat-
menthas beendeveloped against these pathologies. Sincemostof the
deleterious mitochondrial mutations are heteroplasmic, meaning
that wild type andmutated forms of mtDNA coexist in the same cell,
the shift in proportion between mutant and wild type molecules is
expected to restore mitochondrial functions [6].

We demonstrated that replication of mitochondrial DNA con-
taining a pathogenic mutation can be specifically affected by RNA

Abbreviations: SO, synthetic oligonucleotides; KSS, Kearns Sayre Shy syndrome.
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molecules bearing oligonucleotide stretches complementary to the
mutated region. These molecules can be targeted into human
mitochondria using artificially engineered RNA based on the 5S
rRNA or tRNA as vectors [3]. We have previously developed several
successful models based on themitochondrial import determinants
of the yeast tRNALys

CUU (further referred to as tRK1). Analysis of
conformational rearrangements in this RNA demonstrated that
protein factors binding and subsequent RNA import require for-
mation of an alternative structure, different from a classic L-form
tRNA model, characterized by bringing together the 30-end and
TJC loop and forming the structure referred to as F-hairpin.
Exploiting these data, we designed a set of short synthetic RNAs
comprising two domains of tRK1 alternative structure, D-arm and
F-hairpin, characterized by a high efficiency of mitochondrial tar-
geting [7]. These molecules, fused to oligonucleotide stretches
complementary to the mtDNA mutated region, were able to shift a
heteroplasmy level in cells containing a large deletion in mtDNA.
However, the effect was not permanent, disappearing in 7e8 days
after transient transfection, probably due to a rapid degradation of
RNA molecules [3].

In the present study, we attempted to increase the stability of
the “anti-replicative” RNA molecules in human cells. For this pur-
pose, we introduced into these molecules various chemically
modified oligonucleotides and tested their impact on the efficiency
of their hybridization with mtDNA in vitro, RNA stability, mito-
chondrial targeting and the effect on heteroplasmy in human
cybrid cells in culture.

2. Materials and methods

2.1. Transmitochondrial cybrid cell line, transient transfection with

RNA

Cultured skin fibroblasts derived from a patient diagnosed
with a Kearns Sayre Shy syndrome were fused to a human rho0
osteosarcoma cell line (143B) as described [3]. Cybrid cells used
in this study contained 65 # 2% mutant mtDNA bearing a large
deletion spanned from nucleotide 8363 to 15,438 thus removing
7075 base pairs including 9 structural genes and 6 tRNA genes.

Transient transfection with synthetic RNAs was performed as
described in Refs. [8,9], with minor modification: for 2 cm2 wells
of 80%-confluent cells we used 0.25 mg of RNA. Transfections
were performed with Lipofectamin-2000 in OptiMEM medium
(Invitrogen), as described in the supplier’s protocol. OptiMEM
was changed to a standard DMEM medium the following day
after the transfection. Transfection procedure did not lead to any
detectable decrease of viability of the cells or to significant
change of the overall mtDNA amount (measured by qPCR as
described in Ref. [3]), suggesting the absence of synthetic RNAs
toxicity.

2.2. Mitochondria isolation, assays for RNA stability and

mitochondrial import

Mitochondria from cultured cybrid human cells were isolated as
described in Ref. [10] by several rounds of high (20,000 g) and low
(4000 g) centrifugations. After the second round of high-speed
centrifugation of mitochondria, they were re-suspended in the
breakage buffer (0.44Mmannitol, 20mMTriseHCl (pH 7.0), 20mM
NaCl, 1 mM EDTA) and centrifuged through two layers of sucrose
(0.5 M and 1.5 M). Mitochondria were collected on the top of the
1.5 M layer and harvested by high-speed centrifugation. Mito-
chondriawere treated with RNase A and digitonin to get rid of non-
specifically attached RNA. Total and mitochondrial RNA were iso-
lated with TRIzol reagent (Invitrogen).

Stability andmitochondrial import of synthetic RNAmolecules
were analysed by Northern hybridization of total and mitochon-
drial RNA with 32P-labelled oligonucleotide probes against syn-
thetic RNAs or against control cytosolic and mitochondrial RNA.
The following probes were used: D-loop (50-GAGTCA-
TACGCGCTACCGATTGCGCCAACAAGGC-30); 5.8S (50-GGCCGCAAGT
GCGTTCGAAG-30); 5S (50-CATCCAAGTACTACCAGGCCC-30); tRNAThr

(50-TCTCCGGTTTACAAGAC-30); KSS part (50-GCTAAGTAAGCACTGT
A-30). To compare the stability of different recombinant RNA, relative
concentration (R0,., Rt) of each RNA in various time period (t) after
transfectionwascalculatedasa ratiobetweenthespecificprobesignal
and the signal for 5S rRNA probe. The half-life period of RNA was
calculated as t1/2 ¼ ln 2/k, where the degradation constant k can be
estimated according to the formula: ln Rt/R0 ¼ kt.

Relative amounts of each imported RNA inside mitochondria
were estimated after quantification in the Typhoon-Trio scanner as
a ratio between the signal obtained after hybridization with a
specific probe and the signal obtained after hybridization with a
probe against the mitochondrial tRNAThr in the same RNA prepa-
ration, as described previously [8].

2.3. Mutant mtDNA heteroplasmy level analysis

Heteroplasmy level was measured by real-time PCR using SYBR
Green (iCycler, MyiQ" Real-Time Detection System, BioRad) as
described previously [3]. Two pairs of primers were used: (1)
amplifying the 210 bp fragment of 12S rRNA gene region (nucleo-
tides 1095e1305 in mtDNA) not touched by the KSS deletion as a
value showing all mtDNA molecules, and (2) amplifying the 164 bp
fragment of the deleted region (nucleotides 11,614e11,778) as a
value showing wild type mtDNA molecules. All reactions were
performed in a 20 ml volume in triplicates. PCR using water instead
of template was used as a negative control. PCR was performed by
initial denaturation at 95 %C for 10min, followed by 40 cycles of 30 s
at 95 %C, 30 s at 60 %C, and 30 s at 72 %C. Specificity was verified by
melting curve analysis and gel electrophoresis.

2.4. Chemical synthesis of modified oligonucleotides

All the oligonucleotides (Fig. 1) were synthesized on an auto-
matic ASM-800 RNA/DNA synthesizer (Biosset, Novosibirsk, Russia)
at 0.4 mmol scale using solid phase phosphoramidite synthesis
protocols [11] optimized for this instrument. The DNA phosphor-
amidites, 20-O-TBDMS-protected RNA phosphoramidites, 20-OMe-
pyrimidine RNA phosphoramidites, 20-F-pyrimidine RNA phos-
phoramidites and appropriate supports were purchased from Glen
Research (USA). Attachment of 30-O-DMTr-thymidine [12] to the
CPG-500 solid carrier (SigmaeAldrich) containing carboxylic
groups was carried out as in Ref. [13]. A 5-ethylthio-H-tetrazole has
been used as activator with 5, 10, 6 and 10 min coupling steps
respectively for the phosphoramidites mentioned above. After
standard deprotection, oligonucleotides were isolated via prepar-
ative electrophoresis in 12% polyacrylamide/8 M urea gel, followed
by elution with 0.3 M NaOAc (pH 5.2)/0.1% SDS solution and
precipitated with ethanol. Purified oligonucleotides were charac-
terized by electrophoretic mobility in 12% denaturing poly-
acrylamide gel and by MALDI-TOF mass spectrometry (Autoflex III,
Bruker Daltonics, Germany).

2.5. Synthetic RNA hybridization and thermal denaturation assays

To predict melting temperatures for DNAeDNA and RNAeDNA
duplexes, we used IDT Sci-Tools OligoAnalyser 3.1 software [14].
Thermal denaturation experiments were performed on a Cary 300
BioMelt Spectrophotometer equipped with Temperature Probes
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Accessory Series II (Varian Inc., Australia) in a buffer containing
10 mM sodium cacodylate, pH 7.4, 150 mM NaCl and 2 mM MgCl2.
The oligonucleotides (2.0 mM each strand) were mixed, denatured
by heating and subsequently cooled to the starting temperature of
the experiment. The rate of temperature change was 0.5 %C/min.
Duplex melting temperatures (Tm) were calculated using the ther-
modynamic parameters DH and DS that have been obtained by
fitting procedure of UVemelting curves registered at two different
wavelengths (260 and 270 nm) [15] according to the two-state
model [16]. The parameter determination error did not exceed 5e
10%. Specific hybridization with target mtDNA was tested using
Southern-blot hybridization of wild type (nucleotides 15,251e

15,680 of mtDNA) and KSS (nucleotides 8099e8365/15,438e
15,680 of mutant mtDNA) fragments with 32P-labelled synthetic
RNAs in 1xPBS at 37 %C as described previously [3].

3. Results

3.1. Stability of modified oligonucleotides in human cells

Chemical substitutions at the 20-hydroxyl group with 20-OMe,
20-F and 20-deoxy in combinationwith terminus capping chemistry
often improve the stability of therapeutic oligonucleotides [17]. To
test this methodology, we used a small artificial RNA D22L (Fig. 1),

5'   G

G

C

G

C  TTACAGTGCTTAC 3'OH

C

G

C

A

A

U

C G

G

U

A

D13L-DNA

A

G

C

C

C

U A
C

A

G

G

G

C

U

C  UU  3'OH

C

C

TTACAGTGCTTAC G

F13L-DNA

5'   G

G

C

G

C AGTAAGCACTGTA 3'OH

C

G

C

A

A

U

C G

G

U

A

D13H-DNA

A

G

C

C

C

U A
C

A

G

G

G

C

U

C  UU  3'OH

C

C

GTAAGCACTGTAA G

F13H-DNA

5'   G

G

C

G

C CUCUUUACAGUGCUUAGUUCUC T
inv

3'

C

G

C

A

A

U

C G

G

U

A

D22L -T

5'   G

G

C

G

C CUCUUUACAGUGCUUAGUUCUC 3'OH

C

G

C

A

A

U

C G

G

U

A D22L-Me

5'   G

G

C

G

C CUCUUUACAGUGCUUAGUUCUC T
inv

3'

C

G

C

A

A

U

C G

G

U

A D22L-Me-T

5'   G

G

C

G

C CUCUUUACAGUGCUUAGUUCUC 3'OH

C

G

C

A

A

U

C G

G

U

A D22L-F

5'   G

G

C

G

C CUCUUUACAGUGCUUAGUUCUC T
inv

3'

C

G

C

A

A

U

C G

G

U

A D22L-F-T

Nucleotides with methyl group

DNA A T C G

RNA import déterminant

Nucleotides with fluor group

Tinv Inverted thymidine

5'   G

G

C

G

C  CTCTTTACAGTGCTTAGTTCTC T
inv

3'

C

G

C

A

A

U

C G

G

U

A
D22L-DNA-T

5'   G

G

C

G

C  CTCTTTACAGTGCTTAGTTCTC 3'OH

C

G

C

A

A

U

C G

G

U

A

D22L-DNA

A T C G

A T C G

5'   G

G

C

G

C CUCUUUACAGUGCUUAGUUCUC 3'OH

C

G

C

A

A

U

C G

G

U

A D22L-4Me

5'   G

G

C

G

C  CUCUUUACAGUGCUUAGUUCUC 3'OH

C

G

C

A

A

U

C G

G

U

A D22L

R : - F

R : - O - CH3

R : - H

OO

O R

O-O P

Base

O

O HOThymidine

OO

O R

O-O P

Base

O

R : - H
R

Fig. 1. Structures and nucleotide modifications of synthetic oligonucleotides used in the study.
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which was previously shown to be imported into human mito-
chondria [18]. This molecule represents the fusion of the D-arm of
imported tRNALys (tRK1) [7] with a 22-nucleotide sequence corre-
sponding to a fragment of human mtDNA at the boundaries of a
large deletion found in patients with Kearns Sayre Syndrome (KSS)
[3]. Since this anti-genomic part of themolecule (referred to as KSS-
part) should be the most sensitive to nucleases, we synthesized a
set of D22L derivatives containing substitutions at the 20-hydroxyl
group with or without addition of inverted 30-30 thymidine nucle-
otide at the 30 terminus (Fig. 1). All the pyrimidine nucleotides of
the KSS-part contained 20-OMe and 20-F groups in the versions
D22L-Me and D22L-F correspondingly. In the D22L-4Me molecule,
only four nucleotides localized in the nuclease-sensitive sites [17]
contained the 20-OMe groups. In D22L-DNA molecules, all the nu-
cleotides of KSS-part were in 20-deoxy form, thus forming a set of
chimerical RNAeDNA molecules. We also synthesized and tested
chimerical RNAeDNA molecules containing RNA F-hairpin struc-
ture as the mitochondrial import determinant [7] and DNA KSS-
part of 13 nucleotides complementary to either H- or L-strand of
mtDNA (F13H and F13L correspondingly).

All versions were tested for their stability in human cells. For
this, cultured cybrid cells were transfected with synthetic oligo-
nucleotides (referred to as SO). The transfection procedure did not
lead to detectable decrease of viability of the cells, suggesting the
absence of SO toxicity. The amounts of SO internalized by cells and
their degradation rate was evaluated by Northern hybridization of
total cellular RNA with specific probes at different time points
spanning a 6-day period after transfection (Fig. 2). The non-
modified RNA molecule D22L demonstrated a rather low stability
in cells, characterized by a half-life period of 17.7 þ/& 0.8 h. On the
other hand, protection of its 30-terminus by inverted 30-30 thymi-
dine resulted in an increase of stability to 36.0 þ/& 1.5 h. Surpris-
ingly, 20-modifications of all the pyrimidine nucleotides in D22L-
Me and D22L-F molecules did not lead to further increase of their
stability comparing to D22L, while 20-O-methylation in only four
positions, representing the U-A, C-A and U-G sites, previously
identified as major cleavage sites for serum endoribonucleases [19],
resulted in a strongly increased lifetime of the D22L-4Memolecule.
A strong effect on SO stability was also detected for molecules

containing a DNA KSS-part. For these chimerical SO, increased
stability was detected if 30 terminus had been protected by RNA
hairpin structure in F13L-DNA or by inverted 30-30 thymidine in
D22L-DNA-T (Figs. 1 and 2).

The above data indicate that an increase of anti-replicative
molecules lifetime in transfected cells can be achieved either by
the use of RNAeDNA chimerical versions and RNA molecules
bearing 20-OMe groups in nuclease-sensitive sites.

3.2. Mitochondrial import of SO and mtDNA heteroplasmy analysis

To determine the impact of modified nucleotides on the mito-
chondrial import of SOs, we compared the amounts of D22, D22-
Me, D22-Me-T, D22-DNA and D22-DNA-T in purified RNase-
treated mitochondria 2 days after transfection (Fig. 3). Hybridiza-
tion data using SO-specific probes were quantified and normalized
to the amounts of loadedmtRNA, estimated by hybridizationwith a
probe to a mitochondrial transcript (mt tRNAThr). The results
demonstrate that chemical modifications do not inhibit the mito-
chondrial import of the molecules. Moreover, for the versions
contained 20-OMe groups, we detected an increased efficiency of
import in comparison with the non-modified RNA D22L. Amounts
of chimerical molecules inside mitochondria were comparable to
those of non-modified RNA D22L. Therefore, the presence of
inverted thymidine at 30 terminus and modifications of ribose in
KSS-part of SO had no negative effect on the mitochondrial uptake
of these molecules, probably indicating on a correct interaction of
the modified SO with protein import factors and mitochondrial
membrane receptors and channels.

To induce a shift of the mutant mtDNA proportion, the thera-
peutic anti-replicative molecules should anneal in a very specific
manner to mutant mitochondrial genomes, but not to wild-type
ones. Predicted and experimentally measured melting tempera-
ture values for the hybrids between the SO and mutant KSS mtDNA
show the increased stability of the duplex for chimerical and 20-O-
modified oligonucleotides comparing to D22 (Table 1). To assay the
specificity of modified SO annealing to mtDNA, we performed
Southern blot-hybridization of labelled SO with fragments of
mutant and wild-type mtDNA at 37 %C in buffer containing

Fig. 2. Stability of synthetic oligonucleotides in transiently transfected cybrid cells. Northern hybridization of total RNA isolated in 2e6 days after cell transfection (“D2-6”, as

indicated above the lanes) with various SO-specific 32P-labelled probes (the SO is indicated above each panel, the probe e at the left). Probes used for hybridization: D-loop or KSS-

part, specific for SO used for transfection; 5S, against 5S rRNA to quantify the level of SO in the cells. Below each panel, a half-life time for corresponding SO is indicated; #SD was

calculated from n ¼ 3 independent experiments.
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physiological concentrations of NaCl (150 mM) (Fig. 4). The results
clearly demonstrate that all the SO analysed could hybridize only
with mtDNA fragment containing the deletion boundaries, but not
with the wild-type mtDNA fragment.

Modified SOs are thus capable to be targeted into human
mitochondria in living cells and to anneal with the mutant form of
mtDNA, so we anticipated to detect their effect on the KSS deletion
heteroplasmy level. We therefore measured the percentage of
mutant KSS mtDNA to all mtDNA molecules by real-time qPCR in
cybrid cells transfected with various SO at different time points
spanning a 6e8 day period after transfection (Fig. 5). Contrary to
our expectations, only non-modified RNA D22H induced a repro-
ducible decrease of hetroplasmy level by 20 þ/& 2% with a 5e6
day delay in respect to the cell transfection. The effect had a
temporal character, since the proportion of mutant mtDNA re-
increased within 7e8 days after transfection, as it was previ-
ously shown for molecules containing two import determinants
[3]. Among all the modified SO tested, only chimerical molecule
D22-DNA induced a 15% shift of the heteroplasmy in 4 days after
cell transfection. The other versions did not cause any significant
effect on the heteroplasmy level. Therefore, the modifications of
20-OH ribose group, as well as inverted thymidine residue added
to 30 terminus, had a negative effect on the anti-replicative abili-
ties of the SO, most probably due to the inability of the modified
molecules to form correct and stable complex with mutant mtDNA
in vivo.

4. Discussion

4.1. Stability of the modified oligonucleotides in human cells

Serum and cell homogenates are known to contain ribonucle-
ases that belong to the RNase A-, 30-exonuclease-, and phosphatase
families, which cleave RNA more readily at sites within single
strand regions and loops [19]. Modifications at the 20 position of the
sugar ring, including 20-OMe and 20-F, confer to the oligonucleotide
the capacity to adopt an RNA-like C30-endo (N-type) sugar pucker,
which is themost energetically advantageous conformation of RNA.
Thus, such modifications increase WatsoneCrick binding affinity
and, due to the proximity of the 20-substituent and the 30-phos-
phate, improve nuclease resistance [20]. In full agreement with the
expectation, the degradation rate of chimeric RNAeDNA molecules
in human cells was much lower than that of non-modified RNA
D22L. Protection of the 30 terminus by 30-30 inverted thymidine was
also very efficient for all the versions, indicating that 30-exonu-
cleolitic degradation has a very important impact on the SO decay
in cells.

Surprisingly, we detected only a very slight increase in stability
for the molecule D22-Me, inwhich all the pyrimidine residues bore
20-OMe groups, and no effect of 20-F groups in D22-F version. At the
same time, methylation of four predicted nuclease-sensitive sites
resulted in a very important increase of a half-life time of the D22-
4Me molecule. To explain these data, one can hypothesize that

Fig. 3. Mitochondrial import of synthetic oligonucleotides in transiently transfected cybrid cells. On the left panel, an example of Northern hybridization of RNA extracted from

purified mitochondria 48 h after transfection. Above the autoradiographs, SO used for transfection are indicated. On the left, hybridization probes: D-loop, specific for SO used for

the transfection; 5.8S, against 5.8S rRNA to check the absence of cytosolic contamination in mitochondrial samples; tRNAThr, against mitochondrial tRNA to normalize the level of

recombinant RNA to amount of loaded material. On the right panel, the diagram shows relative efficiencies of mitochondrial import. Import efficiency of D22L RNAwas taken as 1. In

all series #SD ¼ 0.1, resulting from n ¼ 3 independent experiments.

Table 1

Predicted and measured melting temperatures for hybrids between synthetic oligonucleotides (SO) and mutant (KSS) or wild-type (WT) mtDNA regions (SD ¼ 2.7%).

SO Homology

with KSS

mtDNA (b)

Measured Tm
for KSS

mtDNA (%C)

Predicted Tm
for KSS

mtDNA (%C)

Homology

with WT

mtDNA (50

deletion

boundary) (b)

Tm for 50

boundary

deletion (%C)

Homology with

WT mtDNA (30

deletion boundary)

(b)

Tm for 30 boundary

deletion (%C)

D22L 22 50 52.1 12 34,4 11 33.5

D22L-Me 22 56 52.1 12 34.4 11 33.5

D22L-4Me 22 ND 52.1 12 34.4 11 33.5

D22L-Me-T 22 56.5 ND 12 ND 11 ND

D22L-F 22 62 ND 12 ND 11 ND

D22L-F-T 22 62.5 ND 12 ND 11 ND

D22L-DNA 22 61.5 62.8 12 45.3 11 43.5

D22L-DNA-T 22 61.5 ND 12 ND 11 ND

D13H-DNA 13 ND 50.8 7 21.2 7 20.2

D13L-DNA 13 ND 49.6 8 26.9 6 12.4

F13H-DNA 13 ND 49.6 6 12.4 8 26.9

F13L-DNA 13 ND 49.6 8 26.9 6 12.4
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modification of 16 pyrimidine nucleotides of 22-nucleotide anti-
mtDNA part of the molecule might induce substantial changes in
the geometry of RNA molecule, the instability of the D-helix and,
therefore, the vulnerability of the 50- part of the molecule. Note-
worthy, modification of only 4 nucleotides did not disturb the
structure of the D-arm, thus improving the stability of the whole
molecule.

4.2. Mitochondrial import of modified oligonucleotides

To target SO molecules into mitochondria, we used the native
RNA mitochondrial import, a pathway that appears to be the
unique natural mechanism of nucleic acids targeting into these
organelles. While protein mitochondrial import mechanisms are
well studied, RNA trafficking into mitochondria is not totally un-
derstood due to the complexity of its mechanism and the variability
between species. This pathway has been detected in phylogenetic
groups as diverse as protozoan, plants, fungi and animals [21e23].
Several teams studied RNA structural determinants necessary for
mitochondrial import and their implications for therapeutic pur-
poses. Studies of tRNA import into mitochondria of Leishmania

tropica resulted in a model of RNA targeting into mammalian
mitochondria by use of the tag sequence comprising the 23-
nucleotide D-arm of tRNATyr and a protein complex RIC, detected
only in this particular protozoan organism [24]. Another team
proposed to use the 20-nucleotide stem-loop sequence of the
RNase P RNA component (H1 RNA) as a signal, that enables longer
fusion RNAs to be imported into human mitochondria [25].

We have developed several successful therapeutic cellular
models based on import determinants of a yeast tRNA, tRK1 [26,27].
Recently, we demonstrated that anti-replicative ribonucleotides
flanked by only one stem-loop structures, D or F, can be efficiently
imported into human mitochondria in vitro and in vivo [18]. In the
present study, we show that not only RNA, but also DNA oligonu-
cleotides as well as sequences contained modified nucleotides can
be efficiently imported into mitochondria of living human cells if
flanked by an RNA stem-loop structure. We can hypothesize that
such small hairpin RNA domains might be recognized by mito-
chondrial membrane proteins allowing subsequent translocation of
RNA molecules into the organelles. Mammalian polynucleotide
phosphorylase (PNPase), enzyme at least partially localized in the
mitochondrial intermembrane space [28,29], may function as such
an RNA receptor to recognize these import signals and to allow the
translocation of correctly tagged “importable” RNA molecules.

4.3. The low anti-replicative capacity of modified oligonucleotides

Our data show that all of the ribose modifications used in the
study, as well as inverted thymidine residue added to 30 terminus,

led to a loss of the anti-replicative activity of the oligonucleotides.
This may be explained in several ways. First, the increased stability
of RNAemtDNA duplex might have a negative effect. To check this
possibility, we synthesized a set of RNAeDNA chimerical molecules
with a shorter, 13-nucleotide KSS-part (D13 and F13 versions,
Fig. 1). The choice of the length was driven by melting temperature
prediction (Table 1), aiming to adjust the Tm of the chimerical
molecules to those of non-modified RNA D22L. Contrary to D22L
and D22L-DNA, the chimerical molecules of D13 and F13 series had
no effect on the heteroplasmy level, indicating that there is no
direct correlation between the melting temperature of the duplex
of SO with mutant mtDNA and the anti-replicative effect of SO.

The second possible explanation consists in non-specific
annealing of SO not only to mutant mitochondrial genomes, but
also to wild-type ones. Even if in vitro hybridization of all the
modified SO with mutant mtDNA fragment was very specific, the
situation in vivo might be different due to specific ionic conditions
in the mitochondrial matrix and the implication of proteins. So far,
the version D22-DNA, characterized by a high Tm of duplex with
mutant mtDNA and also by rather high (>37%) Tm values for 50 and
30 boundaries of KSS deletion (Table 1), was the only one among the
modified SO that demonstrated the expected effect on the heter-
oplasmy level. This indicates that the predicted annealing with
wild-type mtDNA does not correlate with the absence of the spe-
cific stalling of mutant mtDNA replication.

All these considerations led us to a conclusion that the most
important feature could be the nature of the anti-replicative nucleic
acid. Apparently, only oligoribonucleotide stretches complemen-
tary to the mutated region of mtDNA can significantly influence its
replication by stalling the replisome progression. Deoxy-
oligonucleotides are much less efficient, probably due to the abil-
ity of the mitochondrial replisome helicase to denaturate DNAe
DNA hybrids, but not the regions of short RNAeDNA duplexes [30].
All the SO versions bearing ribose 20-OHmodifications and inverted
thymidine residues revealed the total loss of anti-replicative effi-
ciency. One can hypothesize that the C30-endo sugar conformation
and 30-30 inverted nucleotides might be recognized by the repli-
some or by other mitochondrial nucleoid proteins as non-natural
and quickly eliminated. The RITOLS model of mtDNA replication
suggests the presence of displaced H-strand not in the single-
stranded form, but essentially in the form of RNAeDNA hybrid
[31]. Therefore, short RNAeDNA duplexes will not be eliminated by
mitochondrial proteins and could cause a stall of the mutant
mtDNA replication, leading to a shift in proportion betweenmutant
and wild-type mitochondrial genomes.

The data presented here show that various nucleotide modifi-
cations protect RNA molecules introduced into human cells against
nucleolitic degradation. Modified oligonucleotides fused to import
determinants can be imported into mitochondria in living cells and

Fig. 4. Ability of synthetic oligonucleotides to discriminate wild type and mutant mtDNA. Southern hybridization of wild-type (WT) or mutant (KSS) mtDNA fragments with

labelled SO (indicated above each panel) under physiological conditions. The Ethidium Bromide stained gel is presented in the upper panel.
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Fig. 5. Effect of synthetic oligonucleotides on heteroplasmy level in transfected cybrid cells. Time dependence of KSS deletion heteroplasmy level followed during 6e8 days after

transfection of cybrid cells with various SO, indicated above each graph. #SD was calculated from at least three independent experiments; *, statistically significant data.
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can specifically anneal with mutant mtDNA. However, despite their
increased stability, such modified oligonucleotides are not likely to
be used as anti-replicative therapeutic agents. Thus, the problem of
the transient effect of short RNA molecules on the heteroplasmy
level [3] should be resolved by other means. For instance, a stable
expression of specific RNA molecules in the nucleus, or the use of a
non-toxic transfection procedure, allowing several consecutive
transfections of human cells with therapeutic RNA, may prove
promising for the future progress of RNA-based approaches of the
therapy of mitochondrial diseases.
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Background: Point mutations in mitochondrial 

genome cause severe clinical disorders. 

Results: We designed recombinant RNA 

molecules imported into mitochondria of human 

cells inducing a decrease of the proportion of 

mitochondrial DNA molecules bearing a 

pathogenic point mutation.

Conclusion: Imported recombinant RNAs can 

function as anti-replicative agents in human 

mitochondria. 

Significance: This is a new approach for therapy 

of mitochondrial diseases. 

ABSTRACT  

Defects in mitochondrial genome can 

cause a wide range of clinical disorders, 

mainly neuromuscular diseases. Up to now, 

no efficient therapeutic treatment has been 

developed against this class of pathologies. 

Since most of deleterious mitochondrial 

mutations are heteroplasmic, meaning that 

wild type and mutated forms of mtDNA 

coexists in the same cell, the shift in 

proportion between mutant and wild type 

molecules could restore mitochondrial 

functions. Recently, we developed 

mitochondrial RNA vectors that can be used 

to address anti-replicative 

oligoribonucleotides into human 

mitochondria and thus impact heteroplasmy 

level in cells bearing a large deletion in 

mtDNA. Here we show that this strategy can 

be also applied to point mutations in mtDNA. 

We demonstrate that specifically designed 

RNA molecules containing structural 

determinants for mitochondrial import and 

20-nucleotide sequence corresponding to the 

mutated region of mtDNA, are able to anneal 

selectively to the mutated mitochondrial 

genomes. Being imported into mitochondria 

of living human cells in culture, these RNA 

induced a decrease of the proportion of 

mtDNA molecules bearing a pathogenic point 

mutation in the mtDNA ND5 gene.   

RNA is increasingly used in therapeutic 

applications, including the agents of RNA 

interference, catalytically active RNA molecules 

and RNA aptamers that bind proteins and other 

ligands (reviewed in (1)). Here we use RNA 

molecules imported into human mitochondria to 

suppress negative effects of mutations in 

mitochondrial DNA (mtDNA). Involved in 

many metabolic pathways varying from cellular 

respiration to apoptosis, mitochondria are 

subcellular organelles essential for eukaryotic 

cells containing their proper genome, mtDNA. 

Human mtDNA is a closed circular double-

stranded molecule of 16,5 kb able to replicate 

autonomously and encoding only 13 

polypeptides, 2 ribosomal RNA (12S and 16S) 

and 22 tRNA, the vast majority of mitochondrial 

proteins and several RNAs being encoded in the 

nucleus and imported from the cytoplasm. 

Multiple alterations may occur in the 

mitochondrial genome (deletions, duplications, 

point mutations) resulting in severe impact on 

cellular respiration and therefore leading to 
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many diseases, essentially muscular and 

neurodegenerative disorders. To date, more than 

250 pathologic diseases were shown to be 

caused by defects in mtDNA (2). The majority 

of these mutations are heteroplasmic, meaning 

that mtDNA coexists in 2 forms, wild-type and 

mutated, in the same cell. The occurrence and 

severity of pathologic effects depend on the 

heteroplasmy level, clinical symptoms appearing 

at the threshold of the order of 60 to 80%, 

depending on the mutation and the type of cells 

(3). 

 Various strategies have been proposed to 

address these pathologies, unfortunately for the 

vast majority of cases no efficient treatment is 

currently available. In some cases, defects may 

be rescued by targeting into mitochondria 

nuclear DNA-expressed counterparts of the 

affected molecules, an approach called allotopic 

strategy  (4,5). Allotropic expression of mtDNA-

encoded polypeptides has been demonstrated in 

yeast, but in mammalian mitochondria results 

are contradictory (reviewed in (6)). We have 

exploited RNA mitochondrial import pathway, 

which is the only known natural mechanism of 

nucleic acid delivery into mitochondria 

(reviewed in (7)), to develop two successful 

models of allotopic rescue of a mtDNA mutation 

by targeting recombinant tRNA into 

mitochondria (8,9).  

Another strategy that might be termed as 

"anti-genomic", which consists in addressing 

into mitochondria endonucleases specifically 

eliminating mutated mtDNA, was also described 

(10,11). Another approach, referred to as anti-

replicative, aims to induce a shift in 

heteroplasmy level by targeting specifically the 

replication of mutant mtDNA, thus giving a 

propagative advantage to wild type genomes. 

This strategy has first been tested in vitro using 

peptide nucleic acids (PNAs) with high affinity 

to mutant mtDNA (12). It was demonstrated that 

PNA oligomers complementary to mutant 

mtDNA can specifically inhibit its replication in

vitro, however, it remained non-applicable to 

living cells due to impossibility to introduce 

PNA molecules into mitochondria in vivo (13). 

To overcome this obstacle, we proposed to use 

RNA mitochondrial import.  

Analysis of the yeast tRNA
Lys

CUU 

mitochondrial import mechanism demonstrated 

that binding to mitochondrial targeting protein 

factors and subsequent RNA translocation across 

mitochondrial membranes require formation of 

an alternative structure, different from a classic 

L-form tRNA model, characterized by bringing 

together the 3’-end and T�C loop and forming 

the structure referred to as F-hairpin. Exploiting 

these data, we designed a short synthetic RNA 

comprising two domains of the yeast tRNA
Lys

CUU 

alternative structure, D-arm and F-hairpin (Fig. 

1), characterized by a high efficiency of 

mitochondrial targeting (14). These molecules, 

fused to oligonucleotide stretches 

complementary to the mtDNA mutated region, 

were able to shift a heteroplasmy level in cells 

containing a large deletion in mtDNA, providing 

the first validation of the anti-replicative 

approach in vivo (15).

 Here we show that this approach is not 

limited to large rearrangements in mtDNA,  but 

can be applied to point mutations. We provide a 

protocol to design an oligonucleotide able to 

anneal to mtDNA bearing a point mutation but 

not to wild type one, and an original assay to test 

the specificity of hybridization in vitro. A series 

of recombinant molecules, including RNA-DNA 

chimera, have been tested for mitochondrial 

import in human cultured cells and their ability 

to induce a shift of the heteroplasmy level. We 

demonstrate that RNA molecules containing 

mitochondrial targeting determinants and a 20-

nucleotide sequence corresponding to the 

mutated region of mtDNA, are able to 

selectively target mutated mitochondrial 

genomes. Being imported into mitochondria of 

cultured transmitochondrial human cells bearing 

a pathogenic point mutation in ND5 gene, these 

RNA significantly decreased the proportion of 

mutated mtDNA molecules. 

EXPERIMENTAL PROCEDURES

Recombinant RNA modelling and synthesis – To 

predict secondary structures of recombinant 

RNA and estimate their free energy (dG), the 

Mfold (16), IDT Sci-Tools OligoAnalyser 3.1 

and ViennaRNA platforms were used. To 

estimate melting temperatures for DNA–DNA 

and RNA–DNA duplexes, we used IDT Sci-

Tools OligoAnalyser 3.1 software (17).  

 The recombinant RNAs were obtained 

by T7 transcription using the T7 RiboMAX 

Express Large Scale RNA Production System 

(Promega) on the corresponding PCR products 

and gel-purified. For PCR, the following 

oligonucleotides containing a T7 promoter 

(underlined) were used:  

FD16L (5’-TAA TAC GAC TCA CTA TAG 

CGC AAT CGG TAG CGC ACT CCA AAG 

GCC ACA TGA GCC CCC TAC AGG GCT C-
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3’) ; FD16H (5’-TAA TAC GAC TCA CTA 

TAG CGC AAT CGG TAG CGC ATG TGG 

CCT TTG GAG TGA GCC CCC TAC AGG 

GCT C-3’) ; FD20L (5’-TAA TAC GAC TCA 

CTA TAG CGC AAT CGG TAG CGC ACT 

CCA AAG GCC ACA TCA TCG AGC CCC 

CTA CAG GGC TC-3’) ; FD20H (5’-TAA TAC 

GAC TCA CTA TAG CGC AAT CGG TAG 

CGC GAT GAT GTG GCC TTT GGA GTG 

AGC CCC CTA CAG GGC TC-3’) ; FD25L

(5’-TAA TAC GAC TCA CTA TAG CGC AAT 

CGG TAG CGC GTT TCT ACT CCA AAG 

GCC ACA TCA TGA GCC CCC TAC AGG 

GCT C-3’) ; FD25H (5’-TAA TAC GAC TCA 

CTA TAG CGC AAT CGG TAG CGC ATG 

ATG TGG CCT TTG GAG TAG AAA CGA 

GCC CCC TAC AGG GCT C-3’) with primers 

T7 (5’-GGG ATC CAT AAT ACG ACT CAC 

TAT A-3’) and FD-rev (5’-AAG AGC CCT 

GTA GGG-3’). 

To test the recombinant RNA annealing to target 

mtDNA, fragments of wild type and mutant 

mtDNA were amplified using primers 

hmtGluRT (5’-GTT CTT GTA GTT GAA ATA 

C-3’) and CRC-F (5’-CAT ACC TCT CAC TTC 

AAC CTC C-3’), separated on 1% agarose gel, 

blotted to Hybond-N membrane and hybridized 

with 
32

P-labelled recombinant RNAs in 1xPBS 

at 37°C. After PhosphorImager quantification 

(Typhoon-Trio, GE Healthcare), hybridization 

specificity was calculated for each RNA as 1 - 

(ratio between signals for wild type and mutated 

DNA fragments). Thus, for recombinant RNA 

annealed only to mutant DNA fragment, the 

hybridization specificity value reached 1, and for 

RNA annealed equally to mutant and wild type 

fragments, this value was close to 0. At least 

three independent experiments were performed 

for each RNA. 

Chimeric oligonucleotides synthesis – Chimeric 

oligonucleotides D20L-DNA and D20H-DNA 

were synthesized on an automatic ASM-800 

RNA/DNA synthesizer (Biosset, Russia) at 0.4 

µmol scale using solid phase phosphoramidite 

synthesis protocols (18) optimized for this 

instrument. The DNA and 2'-O-TBDMS-

protected RNA phosphoramidites and 

appropriate supports were purchased from Glen 

Research (USA). A  5-ethylthio-H-tetrazole has 

been used as activator with 5 and 10 min 

coupling steps, respectively. After standard 

deprotection, oligonucleotides were purified by 

12% polyacrylamide/ 8M urea gel and 

characterized by MALDI-TOF mass 

spectrometry (Autoflex III, Bruker Daltonics). 

Synthesis of fluorescently labeled RNA transcript 

– Alexa Fluor 488-5 UTP (Molecular Probes) 

was incorporated into RNA during 2 h T7-

transcription by T7-RNA polymerase (Promega). 

Reaction mixture of total volume 20 µl 

contained 0.5 µg of DNA template, 80 u of T7-

RNA polymerase (2 additions of 40 u each), 

0.5mM of ATP, 0.5mM CTP, 0.5mM GTP, 

0.37mM UTP, 0.125mM Alexa Fluor 488-5-

UTP, 10mM DTT and 40 u of RNaseOUT 

(Invitrogen). T7-transcript was purified by 

PAGE. To check the incorporation of the label in 

purified transcript, we compared the dye 

absorbance at 492nm with the absorbance at 

260nm using NanoDrop ND1000 V3.5.2 

Microarray software. The efficiency of labelling 

obtained was approximately two labeled uridines 

per one RNA molecule. 

RNA FD20H, used for the microscopy, contains 

13 uridine residues (Fig. 2): one at the end of F-

stem region, three in the loops and nine in the 

anti-replicative part of the molecule, which is 

not responsible for the mitochondrial import 

efficiency. Therefore, the labelling should not 

significantly alter the secondary structure and 

mitochondrial import of the RNA molecule. 

Transient transfection of cybrid cells – 

Transmitochondrial cybrid cell lines obtained by 

fusion of fibroblast-derived cytoplast from 

patient and a 143B rho° cell line (19) were 

kindly provided by M. Zeviani (National 

Neurological Institute 'Carlo Besta' of Milan). 

Cells were cultivated at 37°C and 5% CO2 in 

DMEM (Sigma) containing 4,5g/L of glucose 

supplemented with fetal calf serum (Gibco), 

penicillin/streptomycin, uridine (50 mg/L) and 

fungizone (2,50 mg/L) (Gibco).  

 Transient transfection of cybrid cells 

with RNA and chimeric molecules was 

performed as described in (20,21), with a minor 

modification: for 2 cm
2
 well of 80% confluent 

cells, we used 0.25 µg RNA. Transfections were 

performed with the Lipofectamine 2000 in 

OptiMEM medium (Invitrogen), as proposed in 

the supplier’s protocol. OptiMEM was changed 

to a standard DMEM medium 8 hours after the 

transfection. Transfection procedure did not lead 

to detectable decrease of viability of the cells or 

to a significant change of the overall mtDNA 

amount verified by real-time qPCR as described 

(15). 
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RNA stability and mitochondrial import in vivo – 

Mitochondria were isolated from the cybrid cells 

as described earlier (22,23), treated with 

digitonin to generate mitoplasts (mitochondria 

devoid of the outer membrane) and RNase A to 

get rid of non-specifically attached RNA. Such a 

treatment allows to obtain mitochondria free of 

cytosolic RNA contamination, which was tested 

using a probe for cytosolic 5.8S rRNA, normally 

strongly attached to the outer mitochondrial 

membrane upon cell disruption. Total and 

mitochondrial RNA was isolated with TRIzol 

reagent (Invitrogen). 

 Stability and mitochondrial import of 

recombinant molecules were analyzed by 

Northern hybridization of total and 

mitochondrial RNA with 
32

P-labelled 

oligonucleotide probes followed by 

PhosphorImager quantification (Typhoon-Trio, 

GE Healthcare).  

The probes used:  "D-loop" probe specific for 

recombinant molecules (see Fig. 1),  

(5’-GAG TCA TAC GCG CTA CCG ATT GCG 

CCA ACA AGG C-3’), hybridization 

temperature 50°C; cytosolic 5.8S rRNA probe, 

(5’-GGC CGC AAG TGC GTT CGA AG-3’), 

hybridization temperature 50°C; probe against 

the mitochondrial tRNA
Val

, (5’-GAA CCT CTG 

ACT GTA AAG-3’), hybridization temperature 

45°C.  

 To compare the stability of different 

recombinant RNA, the relative concentration of 

each RNA in various time periods after 

transfection was calculated as a ratio between 

the D-loop probe signal and the signal for 

cytosolic 5.8S rRNA. The relative amount of 

each imported RNA inside the mitochondria was 

estimated as a ratio between the signal obtained 

after hybridization with the D-loop probe and the 

signal with a probe against the mitochondrial 

tRNA
Val

 in the same RNA preparation. To 

compare import efficiencies of different RNA 

molecules, the total level of each RNA molecule 

in transfected cells was taken into account and 

normalized as described previously (22). At least 

three independent experiments were performed 

for each RNA. 

Confocal microscopy – Cybrids cells cultivated 

in 2 cm
2
 chambers slide (Lab-Tek) were 

transfected with Alexa Fluor 488-5-UTP labelled 

RNA. At different time periods after 

transfections, living cells were stained with 

TMRM (Tetramethylrhodamine Methyl Ester), 5 

µM for 15 min at 37°C, washed and imaged in 

DMEM without red phenol. The LSM 700 

confocal microscope (Zeiss) was used in 

conjunction with Zen imaging software and 

images acquired with a Zeiss 63x /1,40 oil 

immersion objective with resolution 1024x1024. 

The excitation/ emission laser wavelengths were 

488 nm (green channel) and 555 nm (red 

channel). Images were analysed using ImageJ 

(24) and JACoP plugin (25). Co-localization 

analysis were performed on multiple cells and 

optical sections. Pearson's correlation coefficient 

between two fluorophores was estimated (26,27) 

providing a measure of correlation between the 

intensities of each channel in each pixel. Its 

values range from −1 to +1, with a value of -1 

indicating no significant correlation, while +1 

indicates perfect correlation. In control 

experiments, cells were treated with Alexa Fluor 

488-5 UTP in amounts corresponding to labelled 

RNA. 

MtDNA heteroplasmy level analysis – To isolate 

total DNA from transfected cells, 1 cm
2
 of 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 µl of proteinase 

K solution (20 mg/ml) was added and the 

mixture incubated for 2 h at 50°C; 50 µl of 5M 

NaCl was added, the DNA was precipitated with 

isopropanol and used for PCR amplification. 

Heteroplasmy level was analyzed by restriction 

fragment length polymorphism (RFLP) on a 

125-bp PCR fragment encompassing nucleotides 

13430 to 13555 of mtDNA obtained with 

primers CRC-F 5’-CAT ACC TCT CAC TTC 

AAC CTC C-3’ and CRC-R 5’-AGG CGT TTG 

TGT ATG ATA TGT TTG C-3’ (19). The 

A13514G mutation creates an HaeIII-specific 

cleavage site, giving two fragments of 80 and 45 

bp. The HaeIII-digested fragments were 

separated on a 10% PAGE and stained with 

ethidium bromide. The proportion of mutant 

versus total mtDNA was calculated by 

densitometry using G-Box and GeneTools 

analysis software (Syngene) from the data of 

three independent experiments.  

The digestion control was performed for each 

reaction. For this, a 600-bp PCR fragment 

encompassing nucleotides 1216 to 1813 of 

mtDNA obtained with primers CRS-F 5’-CGA 

TAA ACC CCG ATC AAC CTC-3’ and CRS-R 

5’- GGT TAT AAT TTT TCA TCT TTC CC-3’ 

was cleaved by HaeIII to 350 and 250-bp 

fragments in the same tube as 125-bp PCR 

fragment containing the A13514G mutation site. 
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Mitochondria quantification – 2 cm
2
 wells of 

80% confluent cybrid cells and control wild type 

143B cells, transfected with FD20H RNA, were 

stained with 5 µM TMRM and 200 nM 

MitoTracker
®
 Green during 15 min in culture 

media. The intensity of fluorescence was directly 

measured in a culture plate in DMEM without 

red phenol by VICTOR
TM 

X3 multilabel plate 

reader (Perkin-Elmer) at 485 nm (green channel) 

and 555 nm (red channel), in triplicate for each 

sample. After fluorescence measurement, cells 

were detached and quantified by flow cytometry 

using CyFlow FACS and FloMax software 

(Partec). Activity of complex I was measured 

using a kit MitoSciences
®
 (Abcam). 

For Western blot immunodecoration, rabbit 

polyclonal antibodies (Abcam) were used: anti-

VDAC1 (ab 15895) and anti-MT-ND5 (ab 

83985). Antibodies against human MT-COX1 

were kindly provided by A. Lombes (Inst. 

Cochin, Paris, France). 

RESULTS 

Design of anti-replicative RNA molecules – As it 

was reported previously, the helix-loop domains 

of FD RNA can serve as signals for RNA 

mitochondrial import, and this molecule can be 

used as a vector to deliver various sequences 

into the organelles (15). Recently, we also 

demonstrated that only one D-arm structure can 

be sufficient for mitochondrial targeting of 

recombinant molecule to mitochondria in living 

cells (28,29). 

To apply the anti-genomic strategy to point 

mutations, we use as a model the A13514>G 

mutation inducing amino acid replacement 

D393>G in ND5 gene of human mtDNA, which 

encodes one of membrane domain subunits of 

the respiratory complex I (30).  This mutation 

was initially found in two unrelated patients with 

MELAS-like syndrome (19). To target the 

mutant mitochondrial genome, a series of RNA 

molecules were constructed, bearing sequences 

complementary to a mutated region of ND5 gene 

inserted between two helix-loop domains of a 

short artificial FD RNA (Fig. 1).  

 Firstly, we analyzed the secondary 

structure predictions for FD RNA molecules 

bearing insertions of 16, 20 and 25 nucleotides 

corresponding to a fragment of ND5 gene, 

referred to as FD16L, FD16H, FD20L, FD20H, 

FD25L and FD25H; R for sequence of H-strand 

and S - for L-strand of mtDNA. For each 

sequence, a series of insertions bearing 

nucleotide G or C corresponding to the mutation 

A13514>G (for either H or L strand) in various 

positions (Fig. 1) were analyzed by several 

softwares (see Materials and Methods) with 

similar results. Only molecules with  a low 

probability of alternative folding were retained 

for further studies (Fig. 1). To check the ability 

of the selected versions for a specific annealing 

with mutated, but not wild type mtDNA, labelled 

recombinant RNAs were hybridized under 

physiological conditions with PCR-amplified 

mtDNA fragments either containing the 

mutation or not (Fig. 2). Versions FD25L and 

FD25H were not able to discriminate between 

mutant and wild type mtDNA; the shorter RNA 

molecule FD20H (but not FD20L) demonstrated 

specific annealing with the A13514G bearing 

mtDNA but not with wild type one. Annealing 

of molecules FD16H and FD16L was rather 

specific for mutant mtDNA; however, the 

efficiency of their hybridization at 37°C was 

reproducibly lower when compared to FD20H. 

We also tested chimeric molecules, containing a 

stem-loop RNA import determinant and DNA-

inserts corresponding to FD20H and FD20L 

sequences, referred to as D20H-DNA and D20L-

DNA (Fig. 2). Chimeric RNA-DNA molecule 

D20L-DNA demonstrated a higher ability to 

discriminate between mutant and wild type 

mtDNA when compared to FD20L. Thus, the 

recombinant molecules with 20 nucleotide 

insertions (FD20L, FD20H, D20L-DNA and 

D20H-DNA) have been selected for the further 

analysis. 

Mitochondrial import of recombinant RNA – To 

study the localization of recombinant RNA 

molecules in cultured human cells, an approach 

was developed consisting in cell transfection 

with Alexa Fluor-488 labelled RNA FD20H and 

its subsequent co-localization with the 

mitochondrial network by means of fluorescent 

confocal microscopy (Fig. 3). RNA molecules 

(green fluorescence) have been detectable in 

cells in 24h after transfection  (Day 1) as green 

dots, most probably being in RNA-

Lipofectamine vesicles, without obvious co-

localization with the mitochondria (red 

fluorescence). 3-4 days after transfection, the 

distribution of the green label drastically 

changed, the amount of dots was reduced, and 

RNA molecules were now mostly dispersed 

within the cell, displaying clear partial co-

localization with the mitochondrial network. 

Pearson's correlation coefficient (26) increased 
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up to 0,7 for Day 4, indicating on mitochondrial 

targeting of FD20H RNA in living human cells.  

To measure the recombinant RNAs stability in 

cultured cells and the efficiency of their import 

into the mitochondrial matrix, cybrid cells were 

transfected with in vitro synthesised recombinant 

RNAs and chimeric molecules. Their 

degradation rate in transfected cells was 

evaluated by Northern hybridization of total 

cellular RNA at different time points spanning a 

6-day period after transfection (Fig. 4A). 

Recombinant molecules were detectable in 

cybrid cells at least 6 days after transfection. The 

chimeric version D20L-DNA revealed to be 

more stable than FD20L and FD20H. Such result 

suggests that the "insertion" part, lacking strong 

secondary structures, gives a prominent impact 

on the degradation of recombinant molecules. 

Thus, recombinant molecules in which RNA 

insertions were replaced by DNA sequences 

demonstrated improved stability in the living 

cells. 

 Since the microscopy data can give only 

a rough indication on the mitochondrial import 

of RNA molecules, we performed Northern blot 

hybridization experiments. For this, cells were 

transfected with purified recombinant molecules. 

The mitochondrial import was analyzed by 

hybridization of the whole cell RNA and RNA 

isolated from purified and RNase treated 

mitoplasts (mitochondria where the outer 

membrane was removed by digitonin) as 

described previously (15,22,29). The absence of 

signal in the mitochondrial RNA after 

hybridization with the probe against the 

cytoplasmic 5.8S rRNA indicates that the 

treatment of mitochondria with ribonuclease and 

digitonin removed all contamination by 

cytoplasmic RNA (Fig. 4B). Hybridization 

signals obtained with the D-loop probe specific 

for all the recombinant molecules were 

normalized to the amounts of loaded mtRNA, 

estimated by hybridisation with a probe to a 

mitochondrial transcript (mt tRNA
Val

). The data 

show that the import efficiencies of RNA 

molecules FD20H and FD20L were close to 

each other and to that of the chimeric molecule 

D20L-DNA. 

Imported RNA can shift point mutation 

heteroplasmy level in cybrid cells – 

Transmitochondrial cybrid cell line containing 

patient's mitochondria with 35% of mtDNA 

molecules bearing A13514G mutation (referred 

thereafter as ND5 mutation) were transfected 

with in vitro synthesised recombinant RNA and 

chimeric RNA-DNA molecules. Heteroplasmy 

levels (percentage of mutant ND5 mtDNA to all 

mtDNA molecules) were measured at different 

time points after transfection by RFLP analysis 

of PCR-amplified mtDNA fragment (Fig. 5 

A,B). We observed a reproducible decrease of 

the proportion of mutant mtDNA in cells 

transfected by recombinant RNA containing 

FD20H inserts. The heteroplasmy shift became 

visible 3 days after transfection, then the 

heteroplasmy continued to decrease and reached 

the stable level of 15+/-5% in 6 days after 

transfection.  

Remarkably, in cells transfected with FD20H 

RNA, the decrease of mutant mtDNA correlated 

to increased amount of mitochondria per cell 

measured as MitoTracker Green fluorescence 

(Fig. 5C). Moreover, the same increase of the 

fluorescence was detected by TMRM dye that is 

readily sequestered by active mitochondria, 

indicating on a fully energized state of 

mitochondrial membranes (31). To investigate if 

the partial correction of the heteroplasmy had an 

effect on the ND5 protein level, we compared 

the steady state amounts of ND5 in cybrid cells 4 

and 5 days after transient transfection with the 

FD20H RNA by immunoblotting and observed a 

slight but very reproducible increase of the 

relative amount of ND5 in transfected cybrid 

cells (Fig. 6). 

In parallel experiments, mock-transfected cybrid 

cells demonstrated no heteroplasmy shift (Fig. 5 

A, B). Cell transfection with FD20L RNA led to 

a very small heteroplasmy decrease, reaching the 

level of 27+/-5% in 7 days. We do not consider 

this change as significant, taking into account 

the heteroplasmy variations in mock-transfected 

cells (Fig. 5A).  Different effects of FD20H and 

FD20L RNA molecules are in perfect correlation 

with the more specific hybridization of FD20H 

RNA with mutant mtDNA (Fig. 2). Surprisingly, 

chimeric molecule D20L-DNA, characterized by 

a rather specific hybridization with mutant 

mtDNA in vitro, high stability in cells and 

efficient import into mitochondria, was not able 

to influence the  heteroplasmy level. 

 Our data show that mitochondrially 

imported RNA (but not DNA) molecules can 

function as anti-genomic agents in human cells, 

affecting the amount of mitochondrial genomes 

bearing a point mutation.
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DISCUSSION 

Specific annealing of RNA to mtDNA bearing a 

point mutation – The anti-replicative approach 

aiming to shift heteroplasmy levels in mtDNA 

below the pathogenic threshold has been 

recently applied to cells containing a large 7 kb 

deletion in mtDNA (15). In this case, a new 

sequence generated at the fusion of the deletion 

boundaries has been inserted into RNA vector 

molecules, and specific annealing only with the 

mutant but not with wild type mtDNA was 

demonstrated for recombinant RNA molecules. 

In the present study, we investigated whether 

this strategy can be extended to point mutations 

in the mitochondrial genome. The first question 

we addressed was: could a recombinant RNA 

importable into human mitochondria anneal in a 

specific way with only the mutant mtDNA 

containing a point mutation, but not with wild 

type one?  

Using Southern hybridization under conditions 

designed to approximate the intracellular ionic 

environment, we demonstrated that the sequence 

of 20 nucleotides corresponding to H-strand of 

mutated (A13514G) region of mtDNA (FD20H) 

can discriminate between fragments of mutant 

and wild type mtDNA. This was rather 

surprising, since the melting temperature 

predictions for hybrids between recombinant 

RNAs and mutated or wild type mtDNA (Table 

1) show Tm values above 37°C. Given that, all 

RNA molecules tested are likely to anneal to 

mutant and wild type mtDNA fragments in the 

permissive conditions applied. According to the 

Tm predictions, we have started our experiments 

with shorter insertions of 8–10 nucleotides, 

which should anneal to mutant, but not to wild 

type mtDNA. Surprisingly, we were not able to 

detect any signal with these RNA molecules 

used as probes for Southern blot hybridization, 

and no effect on heteroplasmy level in 

transfected cells (not shown). Then, we 

gradually increased the length of the 

complementary part from 11 to 25 nt and 

obtained specific hybridization (Fig. 2) for 

molecules containing 16 and 20 nt insertions. 

We suppose that the discrepancy between 

predictions and experimental data is due to the 

absence of softwares adapted to calculate the Tm 

of RNA-DNA duplexes containing a mismatch. 

Another possible explanation consists in 

formation of alternative secondary structures in 

RNA molecules which can not be predicted by 

available softwares.  

Another interesting issue: hybridization of RNA 

containing an insertion of the same length 

corresponding to the complementary L - strand 

of mtDNA (FD20L) was much less selective. 

This discrepancy can be explained by different 

base pairing: for FD20H, mismatch C*A 

decreases the Tm of hybridization with wild type 

mtDNA by 10°C (Table 1) comparing to mutant 

mtDNA (predicted by IDT Sci-Tools 

OligoAnalyser 3.1 software for mismatch

containing hybrids). In contrast, for FD20L, a 

corresponding mismatch is G-T, which 

decreases Tm by only 5,5°C, allows annealing of 

FD20L RNA with both mtDNA fragments at 

37°C.The above data show that a point mutation 

can be selectively addressed by RNA containing 

20 nucleotide stretch, however, for transitions A-

>G (in L-strand of mtDNA), sequences 

corresponding to H-strand would have more 

selective effect and vice versa, for G->A 

transitions, only L-strand sequences should be 

used. 

Pathogenic mutation in ND5 gene – mtDNA 

mutation A13514>G that we use as a model in 

present study, is localized in NADH 

dehydrogenase ND5 subunit of the respiratory 

complex I. This is the first and largest enzyme of 

the respiratory chain (45 subunits, total size are 

about 1 MDa), coupling electron transfer 

between NADH and ubiquinone to the 

translocation of four protons across the inner 

mitochondrial membrane (32). The L-shaped 

complex consists of hydrophilic and membrane 

domains. Three largest transmembrane subunits 

ND2, 4 and 5 at the far end of the membrane 

arm are homologous to each other and likely 

participate in the conformation-coupled proton 

translocation (33). Mutation A13514>G induces 

amino acid replacement D393>G localized in a 

very conserved region of ND5 transmembrane 

helix 12 (34,35), forming the second half of the 

proton channel, and involved in a cascade of 

conformational changes leading to proton 

translocation. Therefore, any mutation 

exchanging the negatively charged D393 to 

uncharged amino acid residue could disturb the 

transport of the proton through the ND5 subunit 

channel of respiratory complex I.      

 The ND5 gene turned out to be 

frequently mutated (30). Point mutation 

A13514>G inducing amino acid replacement 

D393>G has been detected in four unrelated 

patients with MELAS-like and Leigh syndromes 

(19,36,37). Another transition, the frequently 
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reported and well-documented G13513>A, 

affects the same D393 residue in the ND5 gene, 

but the amino acid replacement is different, 

D393>N (reviewed in (30)). A prominent 

clinical feature detected in patients with these 

mutations was a visual loss due to optic atrophy, 

indicating an exquisite sensitivity of the optic 

nerve to damage caused by alteration of the ND5 

D393 residue (38). Thus, search for D393 

mutations has been proposed to be a part of the 

routine screening for mitochondrial disorders 

(19). 

 More recently, among the patients with 

Leigh-like syndrome and D393>N mutation in 

ND5, several cases were reported characterized 

by normal complex I activity in muscle (36,39). 

The authors suggested that the relatively low 

mutant heteroplasmy and normal respiratory 

chain activities in muscle do not necessarily 

represent the situation in affected tissue such as 

brain and/or optic nerve. Thus, even low 

mutation load in D393 in the presence of normal 

respiratory chain analysis may be considered as 

pathogenic (36), illustrating the complexities of 

correlating A13514>G heteroplasmy levels with 

biochemical phenotype in patient’s muscle and 

fibroblasts. This can be a characteristic feature 

of NADH dehydrogenase complex, since it was 

recently demonstrated that even a low dose of 

wild type ND6 gene is sufficient to drive 

assembly of near normal levels of complex I (6). 

Effect of imported RNAs on mtDNA 

heteroplasmy – As we have shown previously, 

mitochondrially imported anti-replicative RNAs 

can cause a replication stalling at the site of 

RNA annealing to the mutant mtDNA due to 

impairing of the replication fork progression 

(15). Nevertheless, we obtained only a transient 

shift of heteroplasmy in cells bearing a large 

deletion in mtDNA, the initial heteroplasmy 

level being restored in 6-8 days after cell 

transfection with anti-replicative RNA. This can 

be explained by recombinant RNA degradation, 

followed by preferential replication of shorter 

mitochondrial genomes bearing deletion, due to 

the previously reported effect of "replicative  

advantage of deleted mtDNA" (40). In the 

present study, we successfully obtained a stable 

decrease of the proportion of mtDNA molecules 

containing ND5 point mutation after transfection 

of cybrid cells with anti-replicative RNA FD20H 

(Fig. 5). Since no difference was expected in the 

rate of replication for wild type and mutant 

mtDNA, we can suggest that even after 

degradation of recombinant RNA, the induced 

shift in ND5 point mutation heteroplasmy level 

may become stable. The  maintenance of wild 

type mtDNA enrichment was previously 

reported for several mutations (41,42).  

 Among several anti-replicative 

recombinant molecules, characterised by 

comparable stability in cells and mitochondrial 

import efficiency (Fig. 4), only one, FD20H, was 

able to induce a prominent heteroplasmy shift. 

This RNA molecule demonstrated the highest 

ability to discriminate between mutant and wild 

type mtDNA (Fig. 2). Chimeric molecule, 

containing the same sequence of the insertion 

part as FD20H, but in the form of DNA, was not 

capable to shift the heteroplasmy level (Fig. 5). 

These data provide an additional proof of 

recombinant RNA action at the level of mtDNA 

replication, since it was suggested that 

mitochondrial replisome helicase can separate 

DNA-DNA hybrids, but not regions of short 

RNA-DNA hybrids in the mtDNA D-loop (43). 

Thus, only mitochondrially imported RNA (but 

not DNA) molecules are likely to function as 

anti-replicative agents in human mitochondria.  

 Cybrid cells used in the present study, 

containing 35% of mtDNA molecules bearing 

the A13514>G mutation, were almost 

asymptomatic, characterized by a very slight 

decrease of all the measurable parameters as 

oxygen consumption, levels of ATP and ROS 

and complex I enzymatic activity compared to 

wild type 143B cell line (not shown). So far, we 

observed a prominent decrease of amount of 

mitochondria in cybrid cells, measured by use of 

MitoTracker Green, a mitochondria-selective 

fluorescent label, accumulating in the matrix 

(Fig. 5C) (44). Notably, transfection with anti-

replicative RNA FD20H, leading to an important 

decrease of the level of  ND5 point mutation, 

caused, at the same time, a recovery of 

mitochondrial content.  

 Despite the normal complex I enzymatic 

activity, we observed a significant decrease of 

the ND5 subunit in cybrid cells compared to 

wild type 143B cells (Fig. 6), which can be  

caused by instability of mutant protein or by low 

translation rate of mutant mRNA. Importantly, 

the shift of the heteroplasmy level induced by 

the anti-replicative RNA FD20H, caused also a 

partial rescue of the ND5 content, detected by 

the measurement of the steady state level of 

ND5 in transfected cells.  

 All our data indicate on the possibility to 

obtain a curative effect of mitochondrial 



Mitochondrial import of RNA as a therapeutic tool

9

dysfunctions in human cells by a heteroplasmy 

shift induced by short RNA molecules targeted 

into mitochondria. Although the inhibitory effect 

was partial, it may have a long term therapeutic 

interest, since only high levels of mutations in 

human mtDNA become pathogenic. The 

validation of the anti-replicative RNA strategy 

for a point mutation in mtDNA in cultured 

cybrid cells can be considered as an important 

step to further develop an efficient therapy of 

mitochondrial diseases. 
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FIGURE LEGENDS 

FIGURE 1. Design of anti-replicative RNAs targeting A13514>G mutation in human mtDNA. 

Human mtDNA genetic map and sequence of the mutated region of ND5 gene are presented, 

A13514>G mutation shown in bold;  FD-RNA stem-loop import determinants are in gray. Design of 

recombinant RNA FD20H containing 20-mer corresponding to the H-strand of mtDNA is shown, see 

text for details.  

FIGURE 2. Ability of recombinant molecules to discriminate wild type and mutant mtDNA. (A)

Predicted secondary structures of anti-replicative molecules. Stem-loop import determinants are 

shown in gray. D20H-DNA and D20L-DNA, chemically synthesized chimeric molecules, RNA 

insertion has been replaced by DNA one. (B) Southern hybridization of wild type (WT) or mutant 

(A13514G) mtDNA fragments with labelled recombinant RNAs (indicated at the left) under 

physiological conditions. (C) Graphical representation of hybridization specificity of different 

recombinant molecules (indicated below the graphs). The hybridization specificity was calculated for 

each RNA as 1 - (ratio between hybridization signals for wild type and mutated DNA fragments). 

Thus, for recombinant RNA annealed only to mutant DNA fragment, the hybridization specificity 

value reached 1, and for RNA annealed equally to mutant and wild type fragments, this value was 

close to 0. ±SD calculated from 3 independent experiments. 

FIGURE 3. Confocal microscopy of human cells transfected with fluorescently labelled  RNA.

(A) Confocal microscopy of 143B cells transfected with Alexa-Fluor 488 labelled FD20H RNA 

(green) at various time periods after transfection (as indicated above the panels). Control, cells mock-

transfected with Alexa Fluor 488-5 UTP. TMRM, visualization of mitochondrial network by red 

staining. (B) Quantification of RNA co-localization with mitochondria. Pearson’s correlation 

coefficients were estimated for multiple cells and 6-10 optical sections in two independent 

experiments. Its values normally range from −1 to +1, with a value of -1 indicating no significant 

correlation, while +1 indicates perfect correlation. 
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FIGURE 4. Anti-replicative RNA stability and mitochondrial import in transiently transfected 

cybrid cells. (A) On the left, an example of Northern hybridization of total RNA isolated in 3-6 days 

after cell transfection (as indicated below) with various recombinant molecules (indicated above the 

panels). Probes used for hybridization: D-loop, specific for all recombinant molecules used for 

transfection; 5S, against 5S rRNA to quantify the level of recombinant RNA in the cells. On the right, 

time-dependence of RNA decay, ±SD calculated from at least 4 independent experiments. (B) 

Mitochondrial import of recombinant molecules in transiently transfected cybrid cells. Northern 

hybridizations of RNA extracted from cells (Total RNA) or purified mitoplasts (Mito RNA) 48h after 

transfection. Above, RNAs used for transfection are indicated. On the left, hybridization probes: D-

loop, specific for recombinant molecules used for the transfection; Cytoplasmic 5.8S, against 5.8S 

rRNA to check the absence of cytosolic RNA in mitochondrial samples; Mitochondrial tRNA
Val

, to 

normalize the level of recombinant RNA to amount of loaded material.  

FIGURE 5. The effect of recombinant RNA on heteroplasmy level in transfected cybrid cells. 

(A) Time dependence of A13514G mutation heteroplasmy level followed during 7 days after 

transfection of cybrid cells with different recombinant molecules. Mut, mock-transfected cybrid 

A13514G cells; Wild type, mock-transfected 143B cells; Mut+FD20L, FD20H or D20L-DNA, cybrid 

cells transfected with corresponding recombinant molecule. (B) An example of RFLP analysis for 

DNA samples isolated in 3-7 days (as indicated above) after cybrid cells transfection with 

recombinant molecules indicated at the right. Heteroplasmy levels (%) are indicated below the panels. 

Digestion control was performed for each reaction, as shown at the left panel. For this, 600-bp PCR 

fragment of mtDNA was cleaved by HaeIII to 350 and 250-bp fragments in the same tube as 125-bp 

PCR fragment spanning A13514G mutation site. Size of fragments is indicated at the left of each 

panel. (C) Evaluation of total and energised mitochondria content in 143B (Wild-type) and cybrid 

cells (A13514G) transfected with RNA FD20H during 8 days after cell transfection. MitoTracker 

Green (upper panel) and TMRM (lower panel) fluorescence normalized to the number of cells, values 

of wild type cells were taken as 1. 

FIGURE 6. The effect of FD20H RNA on the level of mitochondrial proteins in transfected 

cybrid cells. (A) Steady-state level of mitochondrial proteins in transfected cells. Total cellular 

proteins were immunodecorated with anti-VDAC1 (porin, nuclear DNA encoded protein of outer 

mitochondrial membrane), anti-MT-COX1 or anti-MT-ND5 antibodies as indicated. WT, parental 

143B cell line; CY, A13514G cybrid cell line; D0, D4, D5, days after cells transfection with FD20H 

RNA. (B) Diagram showing the ratio of signals detected for mitochondrial proteins, at 0, 4 and 5 days 

after transfection with FD20H RNA. C/P, COX1 protein amount normalized to porin as a control, 

N/P, ND5 protein amount normalized to porin. The values at D0 for the wild type cell line was taken 

as 1. The error bars correspond to 3 independent experiments. 
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.................................................................................................................................................................... 

Table 1. Melting temperature predictions for hybrids between recombinant RNAs and mutated or 

wild type (WT) mtDNA regions.  

RNA     Insert (bp)     Tm for mutated DNA     Tm for WT DNA*       � Tm  

FD16L          16                         48.4°C                         40.2°C                   8.2°C 

FD16H          16                         48.4°C                         35.0°C                 13.4°C

FD20L          20                         54.9°C                         49.3°C                   5.6°C 

FD20H          20                         52.8°C                         42.9°C                  9.9°C

FD25L          25                         59.0°C                         54.9°C                  4.1°C

FD25H          25                         59.0°C                         52.2°C                  6.8°C

* predicted by IDT Sci-Tools OligoAnalyser 3.1 software for mismatch containing DNA-DNA 

hybrids. � Tm, predicted decrease of Tm for wild type mtDNA comparing to mutated mtDNA. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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