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Abstract  

Mitochondrial gene editing holds great promise as a therapeutic approach for mitochondrial 

diseases caused by mutations in the mitochondrial DNA (mtDNA). Current strategies focus on 

reducing mutant mtDNA heteroplasmy levels through targeted cleavage or base editing. 

However, the delivery of editing components into mitochondria remains a challenge. Here we 

investigate the import of CRISPR-Cas12a system guide RNAs (crRNAs) into human 

mitochondria and study the structural requirements for this process by northern blot analysis of 

RNA isolated from nucleases-treated mitoplasts. To investigate whether the fusion of crRNA with 

known RNA import determinants (MLS) improve its mitochondrial targeting, we added MLS 

hairpin structures at 3’-end of crRNA and demonstrated that this did not impact crRNA ability to 

program specific cleavage of DNA in lysate of human cells expressing AsCas12a nuclease. 

Surprisingly, mitochondrial localization of the fused crRNA molecules was not improved 

compared to non-modified version, indicating that structured scaffold domain of crRNA can 

probably function as MLS, assuring crRNA mitochondrial import. Then, we designed a series of 

crRNAs targeting different regions of mtDNA and demonstrated their ability to program specific 

cleavage of mtDNA fragments in cell lysate and their partial localization in mitochondrial matrix 

in human cells transfected with these RNA molecules. We hypothesize that mitochondrial import 

of crRNAs may depend on their secondary structure/sequence. We presume that imported 

crRNA allow reconstituting the active crRNA/Cas12a system in human mitochondria, which can 

contribute to the development of effective strategies for mitochondrial gene editing and potential 

future treatment of mitochondrial diseases. 
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1. Introduction 

Mitochondria play a vital role in eukaryotic cells, serving various functions, but their primary 

significance lies in the production of energy in the form of ATP through oxidative 

phosphorylation in the mitochondrial respiratory chain [1]. Although most of the organelle's 
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macromolecules are encoded by the nuclear genome, mitochondria possess their own 16.5 kb 

DNA (mtDNA) which encodes 13 subunits of four out of the five OXPHOS complexes, 22 tRNAs 

and 2 ribosomal RNAs [2 – 4] (Fig. 1A). Mutations in these proteins, tRNAs or ribosomal RNAs 

can affect mitochondrial ATP production, resulting in a wide range of mitochondrial diseases, 

often associated with neuromuscular disorders [5, 6]. The severity of mitochondrial diseases is 

highly associated with heteroplasmy level – a state when mutant and wild-type (WT) mtDNA 

molecules coexist in the same cell [7]. Taken together, mtDNA pathogenic mutations affect 1 in 

5000 individuals worldwide [8]. To date, these pathologies have not found adequate treatment 

[9].  

Mitochondrial gene editing offers a promising therapeutic approach to restore healthy 

mitochondrial function by reducing mutant mtDNA heteroplasmy level [10]. Currently, two main 

strategies have been proposed. The first strategy involves decreasing of mtDNA heteroplasmy 

level by inducing targeted cleavage of mutant mtDNA molecules. Due to the lack of repair 

mechanisms for double-strand breaks in human mitochondria, linearized mtDNA will be rapidly 

degraded, enabling the replication of WT mtDNA molecules to reconstitute the mtDNA pool [11]. 

Various mitochondria-targeted nucleases have been developed to degrade mutant mtDNA and 

adjust heteroplasmy ratios. Mitochondria-targeted restriction endonucleases (mitoREs), both 

native and artificial ones (mitoARCUS), have been successfully used to reduce mutated mtDNA 

levels in human cultured cells and mouse models [12 – 15]. However, such systems are highly 

limited by the occurrence of unique recognition sites, allowing targeting of specific pathogenic 

mutations in mtDNA. Additionally, the development of artificial nucleases demands significant 

time and resources. The mitoREs limitations were addressed by creating nucleases that are 

able to target specific sites in mtDNA by utilizing specific DNA recognition modules - zinc-finger 

proteins for mitoZFNs and TAL effector proteins for mitoTALENs. These approaches have 

demonstrated efficacy in modifying heteroplasmy ratios in cybrid cells and mouse models [16 – 

24].  

The second strategy, which can also be applicable for homoplasmic mutations, consists of the 

use of base editors in order to reverse mutations without introducing a break in mtDNA. Two 

types of base editors are currently employed for mtDNA editing: mitochondria-targeted TALE-

linked or ZFN-linked double-stranded DNA deaminase (DddA)-derived cytosine base editors 

(DdCBEs) and mitochondria-targeted TALE-linked adenine deaminases (TALEDs) [25 – 29]. 

Although strategies based on mitoZFNs and mitoTALENs show promise for mtDNA targeting, 

they still have limitations. Designing and engineering monomers for specific mtDNA recognition 

is a challenging and resource consuming task. Moreover, the large size of protein coding 

sequences exceeds the capacity of current virus-based delivery systems, such as adeno-

associated virus (AAV) [30, 31]. 

In this regard, CRISPR-Cas systems, while having shorter coding sequences, offer greater 

flexibility for DNA recognition experiments compared to protein-only systems due to their 



reliance on DNA–RNA interactions for specific mtDNA site recognition [32]. Thus, they enable 

faster change of the DNA recognition site by use of different guide RNAs keeping the protein 

component constant. However, the two-component system necessitates the assembly of a 

functional machine within the mitochondria, which requires direct delivery of both the protein 

and RNA components into the mitochondrial matrix [33]. The import of proteins into 

mitochondria can be effectively achieved by fusing a mitochondrial targeting sequence (MTS) to 

the N-terminus of the protein of interest [34]. The MTS consists of an amphipathic α-helical 

peptide sequence that is recognized by receptors of the translocases of the outer membranes 

(TOM) that direct the protein to the mitochondrial matrix. Recent studies from our and other 

laboratories demonstrated mitochondrial targeting of Cas nucleases bearing various N-terminal 

MTS (listed in Table 1). 

In contrast, the import of gRNA component into mitochondria poses a significant challenge for 

applying CRISPR-Cas systems. In most of recent publications (Table 1), CRISPR/SpCas9 

system have been applied, but the mitochondrial import of gRNA has never been convincingly 

demonstrated, thus raising uncertainty on the possible use of this system for mtDNA 

manipulations [35]. We suggest two main reasons for this. First, the use of plasmids expressing 

gRNAs in the nucleus, being well established for the nuclear DNA applications, seems to be not 

convenient for gRNA mitochondrial targeting due to the need of efficient gRNA export from the 

nucleus (Fig. S1A), which cannot be assured in the absence of the signals for RNA export [36 – 

38]. Second, sgRNAs of Cas9 system are rather long (about 100 bp) (Fig. S1B) [39], which can 

strongly decrease their mitochondrial targeting [40].  

To address these problems, in this study, we deliver gRNAs into cells by direct Lipofectamine 

transfection (Fig. S1A), which had been used in our lab previously to provide mitochondrial 

import of various types of small non-coding RNAs [41, 42], including SpCas9 sgRNA [33]. Then, 

we use an alternative CRISPR/Cas system, the Type V CRISPR/Cas12a, characterized by a 

shorter crRNA of 40-44 nucleotides (Fig. S1B) [43], which may represent a better substrate for 

mitochondrial import compared to sgRNA. Finally, we apply our long-term expertise and recent 

findings [44] to avoid possible false-positive data and provide evidence of AsCas12a crRNA 

targeting into mitochondria in transfected human cells. 

Studies by our and other laboratories had shown that the motif required for the transport of RNA 

molecules into mitochondria is not a sequence, but a hairpin structure (Fig. S1C) [45, 46]. These 

structures, referred to as MLS (mitochondrial localization signal), were initially discovered in our 

Selex experiments and further successfully tested for anti-replication strategy in a variety of 

human cell lines [33, 41, 42]. 

We aim to critically investigate whether various AsCas12 crRNAs can be successfully imported 

into human mitochondria and to study the structural requirements for this process. We show that 

fusion of crRNAs with MLS is not required for their targeting into mitochondria. 

 



Table 1. Recently developed mitochondrial CRISPR/Cas systems  

Cas 
nuclease  

sgRNA/crRNA  
 

RNA delivery 
Detection of 

sgRNA/crRNA 
localization 

Effect on 
mtDNA  

Reference 

SpCas9 

Unmodified sgRNA; 
sgRNA bearing 

yeast tRK1 F- and 
D-hairpins 

RNA transfection 
Northern blot 

hybridization of total 
and mitoplast RNA 

decrease of mtDNA 
copy number; 

no shift in 
heteroplasmy level 

  [33]

SpCas9 Unmodified sgRNA 
Transcribed from 

plasmid under control 
of U6 promoter 

Not verified 

 
decrease of mtDNA 

copy number; 
 

 

 [47] 

 

LbCas12a 

Unmodified crRNA; 
crRNAs with the 
stem-loop motifs 

from RNase P RNA 
and from yeast tRK1 

Transcribed from 
plasmid under control 

of U6 promoter 

Northern blot 
hybridization of total 

and mitochondral RNA 

Increase of mtDNA 
copy number 

  [48]

SpCas9 

Unmodified sgRNA; 
sgRNA with the 

stem-loop motif from 
RNase P RNA 

Transcribed from 
plasmid under control 

of U6 promoter 

Laser scanning 
microscopy of Alexa 

fluor 488-labeled 
RNA; RT-qPCR on 

total and mitochondrial 
RNA 

Small reduction of 
mutant mtDNA 

 [49]

SpCas9 

Unmodified sgRNA; 
sgRNA with the 

stem-loop motif from 
RNase P RNA 

Transcribed from 
plasmid under control 

of U6 promoter 
Not verified 

Generation of 
InDels 

(<0.05%) 
  [50]

SpCas9 
SpCas9-BE3 

Unmodified sgRNA; 
sgRNA with the 

stem-loop motif from 
RNase P RNA 

Transcribed from 
plasmid under control 

of U6 promoter 
Not verified 

No change in 
mtDNA copy 

number; 
Unspecific C to T 

substitutions 

 [51]

SpCas9 Unmodified sgRNA 
Transcribed from 

plasmid under control 
of U6 promoter 

Laser scanning 
microscopy of FAM-

labeled sgRNA 

 
decrease of mtDNA 

copy number; 
 

 

[52] 

 

 

2. Materials and methods 

2.1 Design of AsCas12a crRNAs 

RNAfold [53] and Mfold web servers [54] were used to predict secondary structures of 

AsCas12a crRNAs. To predict secondary structures of crRNAs upon dimer formation, 

RNAcofold web server was used [53]. In order to search for the potential off-target sites of 

AsCas12a RNA-guided endonuclease, we used Cas-OFFinder algorithm [55].  

In the reference human mtDNA sequence (GenBank NC_012920 gi:251831106), 530 

sequences representing the canonical AsCas12a "TTTV" PAM (Fig. S1B) were found [56]. 

Following the PAM sites, subsequent 5' – 3' 20 bp sequences of spacers were supplemented at 

the 5' -end by the AsCas12a scaffold sequence – "UAAUUUCUACUCUUGUAGAU" [43]. 

crRNAs were analyzed for predicted probability of introducing unwanted changes (off-targets) 

into the nuclear genome by the AsCas12a-crRNA complex, as well as for predicted secondary 

structures. crRNAs were rated according to these parameters and 27 of them were chosen for 

mitochondrial targeting assays (Table S3).  

 

2.2 In vitro transcription of AsCas12a crRNAs bearing import determinants 



crRNAs were in vitro transcribed using HiScribe™ T7 High Yield RNA Synthesis Kit (New 

England BioLabs) according to the manufacturer's protocol. As a DNA template, we used PCR 

amplicons obtained from the plasmids encoding non-modified (NM) crRNAs and modified 

versions bearing RNA import determinants (MRP, HD, HF) using Phusion™ High-Fidelity DNA 

Polymerase (Thermo Scientific) (Fig. S2). T7 promoter was added to the sequence of forward 

primer (Table S1). In vitro transcribed crRNAs were purified using TRIzol™ Reagent (Invitrogen) 

according to the manufacturer's protocol. RNA concentrations were measured using NanoDrop 

1000 Spectrophotometer V3.5 (Thermo Scientific). The quality of synthetic crRNAs was verified 

by electrophoresis in 8 M urea denaturing 10 % polyacrylamide gel.  Following 1 h migration at 

20 mA, EtBr-stained gel was visualized by Hero Lab Transilluminator UVT-28M (Herolab 

GmbH). 

2.3 Chemical synthesis of AsCas12a crRNAs 

The oligoribonucleotides were synthesized using an automatic DNA/RNA synthesizer ASM 2000 

(Biosset Ltd.) at 500 nmol scale on 1000 Å Universal support CPG (Primetech ALC, 41 μmol/g) 

as described before [57]. Synthetic crRNAs were protected with terminal 2’-O-Methyl (2’-O-Me) 

and phosphorothioate (PS) modifications [58] (Fig. S3). 

2.4 Cell culture conditions and RNA transfections 

HEK 293 cells and the hAsCas12a HEK 293 T-REx stable cell line [57] were maintained at 37 

°C, 5 % CO2 in essential modified Eagle’s medium (EMEM) (Sigma-Aldrich) containing 1 g/L D-

glucose and supplemented with 1.5 g/L sodium bicarbonate (Sigma-Aldrich) and 0.11 g/L 

sodium pyruvate (Sigma-Aldrich), 10 % fetal bovine serum (Gibco, Fisher Scientific), 100 mg/L 

Penicillin-Streptomycin (Sigma-Aldrich) and 2.5 mg/L Amphotericin B (Sigma-Aldrich). The 

human osteosarcoma cell line 143B was cultivated under the same conditions, with the 

exception of the medium, which was based on Dulbecco's Modified Eagle Medium (DMEM) 

(Sigma-Aldrich) containing 4.5 g/L of D-glucose. 

Before each experiment, cell cultures were tested for mycoplasma contamination by PCR with 

DreamTaq Green PCR Master Mix (Thermo Scientific), as described [59] (see primers in Table 

S1). Total DNA isolated with NucleoSpin® Tissue Mini Kit (Macherey-Nagel) according to the 

manufacturer's protocol was used as a PCR template.  

For AsCas12a crRNAs mitochondrial import analysis, cells were transfected at 80 % confluency 

in 75 cm2 cell culture flask with 6 μg of chemically-synthesized or T7-transcribed crRNA using 

20 μL of Lipofectamine™ 2000 transfection reagent (Invitrogen) in 9 mL Opti-MEM™ reduced 

serum medium (Gibco, Fisher Scientific). 6 h after transfection, the medium was changed to 12 

mL of EMEM, and cells were left to propagate for another 48 h. 

 

2.5 Test of AsCas12a/crRNAs activity in cell lysate 



As DNA substrates for in vitro cleavage tests, we used mtDNA fragments amplified with 

Phusion™ High-Fidelity DNA Polymerase (Thermo Scientific) from genomic DNA isolated from 

T-REx cell line (T-REx™-293 Cell Line, Invitrogen, kat. # R71007) by NucleoSpin® Tissue Mini 

Kit (Macherey-Nagel) according to the manufacturer's protocol. DNA oligonucleotides used for 

the template DNA amplification are listed in Table S1.  

For the in vitro cleavage assay, the hAsCas12a HEK 293 T-REx stable cell line was used [57].  

Cells with inducible expression of the AsCas12a nuclease were cultured in 6-well plate. The 

expression of the nuclease was activated at 80 % confluency by the addition of tetracycline to a 

final concentration of 100 ng/mL. 24 hours after induction, cells were washed with 1× phosphate 

buffered saline (PBS) and lysed by 50 µL/cm2 lysis buffer (20 mM HEPES-KOH pH 7.5, 100 mM 

KCl, 5 mM MgCl2, 1 mM DTT, 5 % glycerol, 0.1 % Triton X-100 and Protease Inhibitor cocktail 

(Roche Diagnostics)) and then rocked for 10 min at 4 °C. To remove cell debris, lysates were 

centrifuged for 10 min at 1000 g, 4 °C. The resulting supernatant was divided into aliquots and 

stored at −80 °C. 

Cleavage reactions were carried out in a total volume of 20 μl and contained 18 μl of cell lysate, 

150 ng of PCR-obtained DNA substrate and 50 ng of crRNA.  Reactions were incubated for 30 

min at 37 °C. After incubation, reactions were purified with NucleoSpin® PCR Clean-up Kit 

(Macherey-Nagel) according to the manufacturer's protocol. Analysis of cleavage products was 

performed by electrophoresis in 1 % agarose gel (w/v) in 1× TAE buffer. EtBr-stained gels were 

visualized by Hero Lab Transilluminator UVT-28M (Herolab GmbH). 

Alternatively, to verify AsCas12a/crRNA functionality in cells, the hAsCas12a HEK 293 T-REx 

stable cell line was cultured in a 12-well plate and transfected at 80 % confluency with 

increasing amounts of AsCas12a crRNA (175, 250, 375 ng/cm2) using Lipofectamine™ 2000 

transfection reagent (Invitrogen) in 500 µL of Opti-MEM™ reduced serum medium (Gibco, 

Fisher Scientific). After 6 hours of transfection, the medium was changed to 2 mL of EMEM 

supplemented with 100 ng/mL of tetracycline to activate the nuclease expression. After 24 

hours, the cell lysates were prepared as described above. The in vitro cleavage reactions 

contained the appropriate DNA template, but no additional crRNA was added (except for the 

control reaction). 

 

2.6 Mitochondria isolation and fractionation 

Mitochondria were mainly isolated as described [42] with modifications. All procedures were 

carried out at 4 °C, unless specified differently. Briefly, transfected cells were washed once with 

1× phosphate buffered saline (PBS) and then detached and resuspended in 1 mL of prechilled 

Mito buffer (0.6 M sorbitol, 10 mM HEPES-KOH, pH 7.5, 1 mM EDTA). 50 μL of resuspended 

cells were taken for total RNA isolation. The rest of the cells were disrupted by 30 passages 

through 2 mL syringe with needle No26G (0,45x12 mm). Nuclei, cell debris and unbroken cells 

were pelleted by centrifugation for 10 min at 1000 g at 4 °C. The procedure was repeated 3 



times with transferring the resulting supernatant each time to a new ice-cold tube. Mitochondria-

rich pellet was obtained after high-speed centrifugation at 15,000 g at 4 °C for 30 min and then 

carefully resuspended in 150 μL of Mito buffer. 30 μL of resuspended mitochondria were taken 

for lysate preparation (see below). To decrease possible cytosolic RNA contamination, 120 μL of 

2× RNase A solution (20 μg/mL ribonuclease A from bovine pancreas, 4 mM MgCl2, 200 mM 

NaCl) was added to the purified mitochondria. The reaction was incubated at room temperature 

for 7 min and then stopped by adding 500 μL of Mito buffer containing 4 mM EDTA. RNase A 

was washed out by centrifugation at 15,000 g at 4 °C for 15 min 3 times with 500 μL of Mito 

buffer, each time discarding the resulting supernatant. After the last centrifugation, mitochondria 

were resuspended in 300 μL of Mito buffer. In order to obtain mitoplasts, mitochondria were 

treated with 20 μg of digitonin (Sigma-Aldrich) for 7 min at room temperature. The resulting 

mitoplasts were centrifuged for 15 min at 15,000 g at 4 °C and washed ones with 500 μl of Mito 

buffer. To proceed with RNA isolation, the mitoplast pellet was resuspended in 500 μL of 

TRIzol™ Reagent (Invitrogen) and was either stored at −80 °C or treated immediately. 

To prepare mitochondrial lysate, mitochondria were treated with n-dodecyl-β-D-maltoside 

(Sigma-Aldrich) (0.5 % final concentration (w/v)), 20 μg of digitonin (Sigma-Aldrich) and with an 

equal volume of 2× RNase A solution to degrade mitochondrial RNA and to demonstrate 

possible presence of RNase-resistant contaminant. After a brief pipetting, the mixture was left 

for incubation at room temperature for 10 min. To proceed with RNA isolation, the mitochondrial 

lysate was resuspended in 500 μL of TRIzol™ Reagent (Invitrogen). 

Submitochondrial fractionation was performed as previously described [44, 60] with 

modifications. In brief, the mitochondria-rich fraction corresponding to the pellet was obtained by 

differential centrifugation as described above. For the RNase A/T1 accessibility test, the 

mitochondrial pellet was carefully resuspended in 300 μL of Mito buffer and split into three 

aliquots. The mitochondrial pellet was sedimented again with an excess of Mito buffer. After 

that, mitochondria were carefully resuspended in 100 μl of Mito buffer (for intact mitochondria), 

swelling buffer (10 mM HEPES-KOH, pH 7.5, 1 mM EDTA) (for mitoplasts) and lysis buffer (10 

mM HEPES-KOH, pH 7.5, 1 mM EDTA, 0.5 % (w/v) n-dodecyl-β-maltoside) (to lyse 

mitochondria). Each tube was split into 2 aliquots, in which one was treated with 1.5 μL of 

RNase A/T1 mix (2 mg/mL, 5.000 U/mL; Thermo Fisher Scientific) for 10 min at room 

temperature. For RNA extraction, 500 μL of TRIzol™ Reagent (Invitrogen) were added to the 

reaction. 

 

2.7 Northern blot analysis 

RNA was purified from all the samples using TRIzol™ Reagent (Invitrogen) according to the 

manufacturer's protocol, followed by precipitation with isopropanol.  RNA pellets were diluted in 

15 μL of nuclease-free water. Northern blot analysis was performed as described [42]. Purified 

RNA samples were separated on a 10 % (w/v) denaturing polyacrylamide gel. After 



electrophoresis at 20 mA in 1× TBE until the bromophenol blue dye reached the middle of the 

gel, samples were electroblotted onto a nylon Amersham HybondN+ membrane (GE 

Healthcare) in a wet transfer camera in 0.5× TBE at 4 °C, 10 V, overnight. RNAs were fixed on 

the membrane by irradiation in a cross-linking UV chamber (Amersham Life Science), for 3 min 

at each side of the membrane at constant energy 1.500 × 100 μJ/cm2. After that, membranes 

were pre-hybridized by rotating in a hybridization oven in 6× SSC, 0.1 % SDS, 10× Denhardt 

solution for 1 h at 65 °C. The pre-hybridized membranes were incubated overnight with 

continuous rotation in the prehybridization buffer supplemented with 5′-32P-labeled antisense 

oligonucleotide probe at 56 °C. DNA oligonucleotide probes (Table S2) were radiolabeled with γ-

32P-ATP using T4 polynucleotide Kinase (Thermo Scientific) and then purified by size exclusion 

chromatography with Micro Bio-Spin™ Chromatography Columns (Bio-Rad) according to the 

manufacturers’ protocols. After hybridization, membranes were washed 3 times for 10 min in 5× 

SSC, 0.1 % SDS buffer, and sealed between two polyethylene sheets and exposed on the 

phosphoimager screen overnight. The hybridization signal was visualized on Typhoon Trio (GE 

Healthcare) and analyzed with ImageQuant TL (v. 7.0, GE Healthcare). Before proceeding with 

hybridization with other probes, membranes were stripped 3 times for 10 min in 0.02× SSC, 0.1 

% SDS buffer at 80 °C. 

2.8 Quantitative analysis of RNA import 

After quantification using the Typhoon Trio scanner, the relative efficiency of RNA import into 

mitochondria was calculated as a ratio between the signal obtained with a probe specific for 

AsCas12a crRNA used for cell transfection and that obtained with the probe against the host 

mitochondrial tRNA (mt tRNAVal) [42]. To detect possible AsCas12a crRNAs' protection against 

treatment with RNases not linked to the mitochondrial import, a control experiment consisting of 

the lysis of the portion of mitochondria was considered.  

3. Results 

3.1 Design of AsCas12a crRNAs targeting various regions in human mitochondrial DNA 

The selected 27 crRNAs are shown in Fig. 1A, Table S3. Capacity to be imported into 

mitochondria has been evaluated for nine crRNA from this list (Fig.1A, B), characterised by 

different predicted secondary structures, probability of off-target cleavage in the nuclear genome 

and homodimer formation (Tables S4, S5 and S6). 



 

Fig. 1. Human mtDNA map with the representation of binding sites for 27 AsCas12a crRNAs bearing TTTV 

protospacer adjacent motif, designed for targeting different regions of mtDNA.  

(A) HSP, HSP2, LSP and LSP2 are heavy and light chain promoters; OH and OL are the origins of heavy and light 

chain replication; and the following genes are presented: NADH dehydrogenase subunits (MT-ND1-ND6 and ND4L), 

cytochrome b (MT-CYB), cytochrome c oxidase subunits (MT-COI-III), ATP synthase 8 and 6 subunits (MT-ATP6 , 

MT-ATP8), rRNA 12S (MT-RNR1) and 16S (MT-RNR2) and tRNAs (denoted by the one-letter code of the 

corresponding amino acids). The 9 crRNAs for which the possibility of mitochondrial import was evaluated are 

highlighted in grey. 

(B) Sequences of the 9 crRNAs used for mitochondrial import assays. The scaffold and spacer sequences in crRNA 

molecules are coloured in black and blue, respectively. The targeted gene in human mitochondrial DNA is specified 

for each crRNA. 

 

3.2 AsCas12a crRNA can be imported into human mitochondria without additional import 

determinants  

To ensure function of AsCas12a nuclease within human mitochondria, the presence of crRNA in 

the mitochondrial matrix is essential. To investigate whether the fusion of crRNA with known 

RNA import determinants [40] improve its mitochondrial targeting, we modified one of the 

designed crRNAs by adding stem-loop motifs of human RNase MRP RNA [45] and S. cerevisiae 

tRNALys
CUU (tRK1) D-hairpin and F-hairpin [46] (Fig. S1C).  

Previously published crystal structure of the AsCas12a-RNA complex revealed that the crRNA 5′ 

handle adopts a pseudoknot structure, which is crucial for recognition and interaction between 



AsCas12a and crRNA [43]. It is worth noting that several nucleotides of the 5' scaffold, including 

the terminal ones, are conserved among the CRISPR-Cas12a systems [61]. However, in the 

crystal structure, the absence of electron density for the terminal nucleotides of the 3' guide 

segment and target DNA strand suggests that these regions are flexible and disordered [43]. 

Based on these published data, we hypothesized that this part of the crRNA could be modified 

without affecting the overall function of the complex. Therefore, we fused the MLS to the 3'-end 

of crRNA (Fig. 2A, B). Subsequently, we evaluated AsCas12a nuclease activity in vitro, using 

modified or unmodified crRNA, and observed complete cleavage of targeted DNA in all 

reactions (Fig. 2C, D). 

 

Fig. 2. Fusion of crRNA with MLS did not affect AsCas12a cleavage ability in vitro. 
(A) Schematic representation of AsCas12a-crRNA-DNA complex. Mitochondrial localization signals (MLS) (see Fig. 

S1C) were added to the 3'-end of AsCas12a crRNA (shown in coral). 

(B) Sequences of the 4 crRNAs used in the import assays. The scaffold and spacer sequences in crRNA molecules 

are colored in black and blue, respectively. The targeted region in human mitochondrial DNA for each crRNA is 

specified. Additional 3′-end RNA import motifs of tRK1 (HD and HF), RNase MRP RNA (MRP) are shown in red. 
(C)  Schematic representation of target DNA (PCR fragment of human mtDNA, nucleotide numbers are indicated) 

containing AsCas12a PAM sequence. The spacer moiety of target crRNA-34 is shown in blue, the scaffold part is 

shown in black, the cleavage site is marked with a red line. The sizes of the fragments corresponding to cleaved DNA 

template are given below the scheme.  
(D)  In vitro cleavage of target DNA by AsCas12a in complex with non-modified (NM) crRNA-34 or modified with the 

RNA import motifs (MLS) from tRK1 (HD and HF) or RNase MRP RNA (MRP). The addition of cell lysate containing 

AsCas12a nuclease, crRNA and DNA template is indicated above the gel. In vitro cleaved products were resolved by 

1 % (w/v) agarose gel electrophoresis and revealed with ethidium bromide staining. Additional DNA band marked with 

red asterisc originates from the cell lysate.   

 

We then tested whether these crRNAs could be delivered to mitochondria in vivo. For this, we 

transiently transfected HEK 293 cells with corresponding T7 transcripts and then analyzed total 

RNA and RNA isolated from mitoplasts using Northern blot hybridization (Fig. 3A). Control 

hybridization was carried out to verify that isolated mitoplasts were depleted of nuclear or 

cytosolic contamination (5.8S rRNA). A mitochondrial RNA (tRNAVal) was used as a loading 



control. We observed strong enrichment of the crRNA hybridization signal in the mitoplast 

fraction only for non-modified and F-hairpin-modified crRNAs which indicates on the targeting of 

these molecules into mitochondria (Fig. 3B). In contrast, other MLS structures (MRP and HD) 

reduced the mitochondrial localization of the crRNA. Noteworthy, these data show that crRNA 

can be imported into mitochondria without additional hairpin structures, in agreement with our 

former observation for Cas9 gRNA [33] and with that of Antón et al., 2020 [48] for LbCas12a 

crRNA.  

 

Fig. 3. Mitochondrial import of AsCas12a crRNAs bearing RNA import determinants. 

(A) Schematic representation of the experiment pipeline. To evaluate the mitochondrial import of various AsCas12a 

crRNAs, we use Northern blot hybridization of total and mitochondrial RNA isolated from cultured human cells 

transfected with crRNAs. To improve the purity of isolated mitochondria and degrade RNA adhered to mitochondria 

from the cytosol, we treat them with RNase A with subsequent generation of mitoplasts. 

(B) Northern blot hybridization of the total or purified mitoplasts’ RNAs isolated from the control HEK 293 cells 

(MOCK) or HEK 293 cells transfected with either non-modified crRNA-34 (NM) or crRNA-34 modified with 3'-MRP, 3'-



HD, 3'-HF import determinants (Fig. 2B). The hybridization probes are shown on the left: crRNA-34 (top panel), 

mitochondrial tRNA
Val

 (middle panel) and cytoplasmic 5.8S rRNA (lower panel).  

 

3.3 Mitochondrial import for AsCas12a crRNAs targeting various regions in human 

mtDNA 

Once confirmed that AsCas12a crRNA does not require an additional MLS, the next question 

we addressed was: if crRNAs, designed to target various regions in human mitochondrial DNA 

and thus possessing different sequences, can be imported into mitochondria with comparable 

efficiency. For this, we selected 9 crRNAs (Fig. 1B), chosen based on variations in predicted 

secondary structures, with 2 of them possessing potential off-target sites in the nuclear genome 

(Tables S4, S5). Prior to the evaluation of their mitochondrial import, we first confirmed the 

activity of all 9 crRNAs by in vitro cleavage assay in lysate of human cells expressing AsCas12a 

nuclease (Fig. 4). 

 

Fig. 4. AsCas12a can be programmed with crRNAs crRNAs targeting various regions in human mitochondrial 
DNA. 
(A) - (D) Schematic representation of target DNA (PCR fragment of human mtDNA with corresponding numbers of 

nucleotides). The spacer moieties of target crRNAs are shown in color, the scaffold part is shown in black, and the 
cleavage site is marked with a red arrow. The size of the fragments corresponding to cleaved DNA template are given 
below the scheme. DNA "Template A" (A) contains protospacer sequence for crRNA-6; "Template B" (B) - for crRNAs 
45, 52, 34, 31 and 30; "Template C" (C) - for crRNAs 14, 10, 1; and "Template D" (D) for crRNA-30. 
(E) In vitro cleavage of target DNA templates induced by crRNAs. DNA templates and crRNAs used in the reaction 

are indicated above the gel. "-crRNA" corresponds to a control reaction that does not contain any crRNAs. Since 
crRNA-30 generates short cleavage fragments (B), which cannot be distinguished from a non-cleaved DNA template, 
the cleavage was made with the use of DNA template (D). In vitro cleaved products were resolved by 1 % (w/v) 

agarose gel electrophoresis and revealed with ethidium bromide staining. 



 

To evaluate the import efficiency of the selected crRNAs, we included, as a control, an aliquot of 

purified mitochondria lysed with detergent and treated with RNase, which aimed to detect 

potential protection of RNA of interest unrelated to mitochondrial import (Fig. 5A). Surprisingly, 

the data demonstrated that crRNA-1 and 14 appeared to be protected from the nuclease 

treatment (Fig. 5B). This protection may be due to interaction with unknown proteins and/or to a 

stable secondary structure which was not predicted by the software used. In any case, we 

therefore cannot conclude about mitochondrial import of crRNA-1 and 14 in the used 

experimental conditions.  

In contrast, we observed that crRNAs 31, 45, and 52 (Fig. 5B) as well as crRNAs 6, 10, and 34 

(Fig. 5C) were efficiently degraded in mitochondrial lysate and still present in mitoplasts after 

RNase treatment indicating on their import into human mitochondria. The weak hybridization 

signals for crRNAs 45 and 34 in total RNA fraction may be due to the low transfection efficiency 

of the cells. We do not provide here the quantification of RNA import efficiency (as described in 

our previous papers [33, 42], since the standard deviation obtained in 2-3 biological replicates 

exceeded 20%. The variability between biological replicates may be explained by the poor 

reproducibility of numerous experimental manipulations that can potentially affect the final 

outcome, such as cell transfection with RNA molecules, mitochondria isolation, and mitoplast 

preparation, but this does not affect the statement concerning the mitochondrial targeting.  

Noteworthy, crRNAs 31 and 52 showed a higher enrichment in RNase-treated mitoplasts 

compared to the other tested crRNAs. To explain this observation, we analyzed the predicted 

alternative 2D structures for all crRNAs tested, as well as predicted secondary structures upon 

dimer formation (Tables S4 and S6). For crRNA-52 another possible secondary structure 

characterized by longer hairpin stem and a stable homodimer were predicted. Homodimer 

formation was also observed for crRNA-31. Based on our analysis, we can hypothesize that the 

import efficiency may be enhanced by the formation of stable helix structures that could act as 

import determinants [45]. 



 

Fig. 5. Evaluation of mitochondrial import for AsCas12a crRNAs targeting various regions in human mtDNA. 

(A) Schematic representation of a control experiment.  

(B, C) Northern blot hybridization of RNA isolated from the hAsCas12a HEK 293 T-REx stable cell line 

transfected with crRNAs 1, 14, 31, 45, 52 (B) and crRNAs 6, 10, and 34 (C). RNA was isolated from cells 

(“Total”), RNase treated mitoplasts (“Mitoplast”) and RNase treated mitochondrial lysates ("Mito 

lysate"). Hybridization probes used are indicated on the left: crRNAs (top panel), mitochondrial tRNA
Val 

(middle panel) and cytoplasmic 5.8S rRNA (lower panel). Anti-crRNAs (Mix) probe represents the 

combination of probes to corresponding crRNAs (Table S2). 

 

To further confirm the data on the mitochondrial targeting of AsCas12a crRNAs’ alternative 

predicted secondary structures and dimers, we compared the import of crRNA-45 and crRNA-

30 in the hAsCas12a HEK 293 T-REx stable cell line and 143B osteosarcoma cells, 

respectively, using our recently developed CoLoc method [44]. We treated isolated 

mitochondria, mitoplasts, and mitochondrial lysate with a mix of RNase A and T1 and compared 

the results to the untreated control samples (Fig. 6A). After RNase A/T1 treatment of intact or 



swollen mitochondria, crRNA-45 remained resistant to digestion and only disappeared when the 

mitochondria were fully lysed, similar to the matrix-localized mitochondrial tRNAVal (Fig. 6B). 

Extensive nuclease treatment caused partial degradation of mitochondrial tRNAVal, however, the 

signal corresponding to crRNA persisted, thus providing further confirmation that AsCas12a 

crRNAs are indeed localized in the mitochondrial matrix.  

We obtained comparable results for crRNA-30 import into mitochondria of cell line 143B (Fig. 

6C), indicating that the crRNA import pathway is not cell line-specific. Interestingly, crRNA-30 

characterised by a very compact predicted secondary structure and a stable homodimer, was 

not protected from the nucleases in the mitochondrial lysate, but is clearly enriched in the 

mitoplasts, supporting our hypothesis on the positive impact of the RNA secondary structure on 

its mitochondrial targeting. 

We also confirmed the functionality of the AsCas12a/crRNA complex in the hAsCas12a HEK 

293 T-REx stable cell line by performing an in vitro cleavage assay on the cell lysate obtained 

48 hours after transfecting the cells with increasing concentrations of crRNA-45 and activating 

the nuclease expression (Fig. 6D). The reactions contained the appropriate DNA template, but 

no additional crRNA (except for the control reaction). Specific crRNA-dependent DNA template 

cleavage was detected, demonstrating that crRNA designed to target mitochondrial DNA, 

introduced into human cells, can induce specific AsCas12a nuclease activity. 



 

Fig. 6. Submitochondrial localization of AsCas12a crRNAs.  

(A) Schematic representation of submitochondrial fractionation.  

(B, C) Intact mitochondria, mitoplasts and lysed mitochondria from the hAsCas12a HEK 293 T-REx stable cell line 

transfected with crRNA-45 (B) and from 143B cells transfected with crRNA-30 (C) were treated or not with the mix of 

RNase A/ T1, and the residual RNA molecules are analyzed by Northern blot hybridization. The hybridization probes 



are shown on the left: crRNA-45/30 (top panel), mitochondrial tRNA
Val

 (middle panel) and cytoplasmic 5.8S rRNA 

(lower panel). Mitochondria, mitoplasts and lysed mitochondria are schematically indicated above the panels, as in 

(A). 

(D) On the right, schematic representation of the in vitro cleavage of target DNA (PCR fragment of human mtDNA 

with corresponding numbers of nucleotides) in a cell lysate generated from the hAsCas12a HEK 293 T-REx stable 

cell line, transfected with crRNA-45 and induced with 100 ng/mL of tetracycline. The spacer moiety of crRNA-45 is 

shown in yellow, the scaffold part is shown in black, and the cleavage site is marked with a red arrow. The size of the 

fragments corresponding to cleaved DNA template are given below the scheme. On the left, in vitro cleavage of 

target DNA template induced by the increasing amounts of crRNA-45 used for the cells transfection (175 - 375 

ng/cm
2
).  "-crRNA" corresponds to a control reaction that does not contain any crRNAs. "+crRNA" represents a 

positive control reaction for which 40 ng of chemically synthesized crRNA were added.  In vitro cleaved products were 

resolved by 1 % (w/v) agarose gel electrophoresis and revealed with ethidium bromide staining. 

 

 

 

Recently, we demonstrated that AsCas12a crRNA can be split into two 20 bp parts, namely 

scaffold and spacer, without affecting its cleavage activity (Fig. S4A) [57]. We compared the 

mitochondrial import of crRNA-45 and its spacer part and found that the spacer part of crRNA 

can be targeted into human mitochondria of the hAsCas12a HEK 293 T-REx stable cell line 

(Fig. S4B). Thus, we suggest that the split AsCas12a crRNA variant could be used in further in 

vivo experiments for mtDNA targeting. 

Therefore, we demonstrated that crRNA for AsCas12a system designed to target mitochondrial 

DNA, being introduced into human cells, can be imported into mitochondria and can induce 

specific DNA cleavage by AsCas12a nuclease. This finding opens the possibility to use 

CRISPR/Cas12 system for specific cleavage of mtDNA. 

 

4. Discussion 

Multiple alterations of human mitochondrial DNA were shown to be associated with severe 

impact on cellular respiration therefore leading to the onset of many diseases, mostly muscular 

or neurodegenerative, but also common diseases as cancer and diabetes (reviewed in [6, 62]). 

Mitochondria are surrounded by a double membrane bearing a negative charge; therefore, 

there is no possibility to direct large DNA or mRNA molecules into the organelles with the aim to 

substitute the defective genes. Only some non-coding RNAs can be translocated into 

mitochondria from the cytosol (reviewed in [40, 63 – 65]). Can this pathway be adapted for 

mitochondrial delivery of crRNAs, thus developing a mito-CRISPR/Cas system? This is currently 

a matter of controversy, since some speculative arguments (e.g., artefactual nature of the RNA 

import due to inability of imported RNA to perform their canonical functions) have been 

forwarded [35]. Nevertheless, several laboratories still work in this direction [33, 47 – 52]. We 

have previously demonstrated the possibility to address SpCas9 nuclease and a set of sgRNA 

molecules into mitochondria of cultured human cells and obtained a consequent decrease of 

mtDNA copy number [33], but could not detect specific mtDNA cleavage. We hypothesized that 

the main challenge consists in sub-efficient delivery of a rather long sgRNA (~100 bases) for 

CRISPR/Cas9 system into the mitochondria.  



Several studies demonstrated that while long non-coding RNAs (75-300 nucleotides) can be 

imported into mitochondria only with the help of specific protein factors, which limits the amount 

of translocated molecules [66, 67], the shorter RNA molecules such as miRNA and siRNA are 

targeted in a much more efficient and probably non-specific way and can be not only detectable, 

but also functional [68 – 70].  

Here we demonstrate that 40 nucleotide-long crRNA of Type V CRISPR/Cas12 system, 

designed to target human mtDNA and introduced into human cells by lipophilic transfection, can 

be translocated into mitochondrial matrix. We show that crRNA can be imported into the 

mitochondria of HEK293  (Fig. 3B) and 143B osteosarcoma cells (Fig. 6C); therefore, this 

pathway does not depend on the expression of the hAsCas12a nuclease and is non cell line-

specific. Given the functional activity of crRNA in the lysate of human cells expressing 

AsCas12a nuclease (see Fig. 6D), we hypothesize that these imported crRNA can make it 

possible to reconstitute an active Cas12a-crRNA system in vivo. 

Molecular mechanisms of RNA translocation across mitochondrial membranes in humans 

remain poorly understood [40]. The TOM complex and/or VDAC channel may facilitate 

translocation through the OMM (reviewed in [71]), while polynucleotide phosphorylase 

(PNPase) involved in RNA import from the intermembrane space into the matrix [45, 72, 73]. 

The mechanism by which PNPase participates in RNA import is still unclear but could involve its 

conformational changes upon recognition of the stem-loop RNA structures (reviewed [40]). This 

model supports previous data of our and other labs on identified RNA hairpins (here referred for 

as MLS) which strongly improved the mitochondrial targeting of various RNA molecules [74 – 

76] (Fig. S1C). Here we show that hairpin structures fused to the 3’-end of crRNA do not impact 

its ability to program specific cleavage of DNA in vitro (Fig. 2). Surprisingly, mitochondrial 

localization of the fused crRNA molecules was not improved by HF stem-loop and even 

decreased by hairpins MRP and HD compared to non-modified version (Fig. 3B). The finding 

that crRNAs are imported without addition of MLS can be explained by the secondary structure 

of crRNA for CRISPR-Cas12a system, which consists of two nearly equally sized moieties, a 5’-

handle (scaffold) and a guide segment complementary to the target DNA sequences (referred to 

as the spacer) (Fig. S4A). Crystal structures of AsCas12a-crRNA complexes revealed that the 

crRNA scaffold adopts a pseudoknot structure [43]. One can hypothesize that this structure 

functions as MLS, assuring crRNA mitochondrial import by specific interaction with PNPase, 

while addition of supplementary MLS could make a longer RNA less efficient in mitochondrial 

translocation.   

Analysis of mitochondrial import of crRNAs targeting different regions in mtDNA revealed that 

two crRNAs (31 and 52) exhibited a higher enrichment in RNase-treated mitoplasts compared to 

other tested crRNAs (Fig. 5). Further analysis revealed unique characteristics of these crRNAs, 

such as longer hairpin stems and stable homodimer formation (Tables S4 and S6), suggesting 

that the presence of stable helix structures may facilitate their import into mitochondria. 



Recently, we demonstrated that AsCas12a crRNA can be split into two 20 bp parts, namely 

scaffold and spacer, without affecting its cleavage activity [57]. We, therefore, compared 

mitochondrial import of crRNA-45 and its spacer part and found that the spacer part of crRNA 

can be targeted into human mitochondria per se (Fig. S4B). This is in line with the reports on the 

import of small non-coding RNAs, miRNAs and siRNAs [70]. We are fully aware that the 

experimental estimation of RNA mitochondrial import can be biased and can give overestimated 

data [44].  For this reason, to remove possible RNA contaminants from the cytosol, we treated 

isolated mitochondria and mitoplasts with nucleases. To ensure accurate crRNA detection and 

mitigate false-positive results, we performed control experiments by lysing a portion of 

mitochondria before nuclease treatment. Detection of crRNA in both intact mitochondria and 

mitoplasts but not in the lysates, confirmed their localization in the mitochondrial matrix (Figs. 

5A, 6A). Nevertheless, the final proof of concept should be obtained by a direct demonstration 

of specific mtDNA cleavage in vivo.  We believe that our data provided here will be useful for 

further in vivo mtDNA targeting experiments.  

Development of mitochondrial CRISPR/Cas12a system is challenging but very promising since 

it can be used as a therapeutic approach for specific cleavage of mutant mtDNA molecules, as 

well as a research tool to introduce InDel modifications in different parts of mtDNA for a better 

understanding of the molecular mechanisms of its replication, processing of the primary 

transcripts and the role of non-coding regulatory regions. 

 

Data availability 

 All data presented in the manuscript is available upon request. 

Acknowledgments 

The authors would like to express their gratitude to Pr. Joseph Schacherer (GMGM, Strasbourg) 

and Pr. Anne-Marie Duchêne (IBMP, Strasbourg) for insightful discussion. The authors also 

thank Dr. Alexandre Smirnov for providing an optimized protocol of RNA import test and all the 

members of the MITO team, UMR7156 GMGM for their help and support. 

Funding 

N.N., A.M., I.T. and N.E. were supported by IdEx Unistra [ANR-10-IDEX-0002], SFRI-STRAT′US 

project [ANR 20-SFRI-0012], EUR IMCBio [ANR17-EURE-0023] and the Région Grand Est 

(France). I.M., E.U., and V.S. were supported by grant from Russian Science Foundation (No. 

23-45-10010). 

Conflict of interest: None declared. 

5. References  

[1] E.A. Schon, S. DiMauro, M. Hirano, Human mitochondrial DNA: roles of inherited and 
somatic mutations, Nat Rev Genet, 13 (2012) 878-890. 

[2] S. Anderson, A.T. Bankier, B.G. Barrell, M.H. de Bruijn, A.R. Coulson, J. Drouin, I.C. Eperon, 
D.P. Nierlich, B.A. Roe, F. Sanger, P.H. Schreier, A.J. Smith, R. Staden, I.G. Young, Sequence 
and organization of the human mitochondrial genome, Nature, 290 (1981) 457-465. 



[3] R.M. Andrews, I. Kubacka, P.F. Chinnery, R.N. Lightowlers, D.M. Turnbull, N. Howell, 
Reanalysis and revision of the Cambridge reference sequence for human mitochondrial DNA, 
Nat Genet, 23 (1999) 147. 

[4] N. Pfanner, B. Warscheid, N. Wiedemann, Mitochondrial proteins: from biogenesis to 
functional networks, Nat Rev Mol Cell Biol, 20 (2019) 267-284. 

[5] S. DiMauro, E.A. Schon, Mitochondrial respiratory-chain diseases, N Engl J Med, 348 (2003) 
2656-2668. 

[6] L. Craven, C.L. Alston, R.W. Taylor, D.M. Turnbull, Recent Advances in Mitochondrial 
Disease, Annu Rev Genomics Hum Genet, 18 (2017) 257-275. 

[7] N. Nissanka, C.T. Moraes, Mitochondrial DNA heteroplasmy in disease and targeted 
nuclease-based therapeutic approaches, EMBO Rep, 21 (2020) e49612. 

[8] G.S. Gorman, A.M. Schaefer, Y. Ng, N. Gomez, E.L. Blakely, C.L. Alston, C. Feeney, R. 
Horvath, P. Yu-Wai-Man, P.F. Chinnery, R.W. Taylor, D.M. Turnbull, R. McFarland, Prevalence of 
nuclear and mitochondrial DNA mutations related to adult mitochondrial disease, Ann Neurol, 77 
(2015) 753-759. 

[9] J. Rahman, S. Rahman, Mitochondrial medicine in the omics era, Lancet, 391 (2018) 2560-
2574. 

[10] Mitochondrial gene editing, Nature Reviews Methods Primers, 3 (2023) 20. 

[11] V. Peeva, D. Blei, G. Trombly, S. Corsi, M.J. Szukszto, P. Rebelo-Guiomar, P.A. Gammage, 
A.P. Kudin, C. Becker, J. Altmüller, M. Minczuk, G. Zsurka, W.S. Kunz, Linear mitochondrial 
DNA is rapidly degraded by components of the replication machinery, Nat Commun, 9 (2018) 
1727. 

[12] M. Tanaka, H.J. Borgeld, J. Zhang, S. Muramatsu, J.S. Gong, M. Yoneda, W. Maruyama, M. 
Naoi, T. Ibi, K. Sahashi, M. Shamoto, N. Fuku, M. Kurata, Y. Yamada, K. Nishizawa, Y. Akao, N. 
Ohishi, S. Miyabayashi, H. Umemoto, T. Muramatsu, K. Furukawa, A. Kikuchi, I. Nakano, K. 
Ozawa, K. Yagi, Gene therapy for mitochondrial disease by delivering restriction endonuclease 
SmaI into mitochondria, J Biomed Sci, 9 (2002) 534-541. 

[13] S. Srivastava, C.T. Moraes, Double-strand breaks of mouse muscle mtDNA promote large 
deletions similar to multiple mtDNA deletions in humans, Hum Mol Genet, 14 (2005) 893-902. 

[14] M.F. Alexeyev, N. Venediktova, V. Pastukh, I. Shokolenko, G. Bonilla, G.L. Wilson, Selective 
elimination of mutant mitochondrial genomes as therapeutic strategy for the treatment of NARP 
and MILS syndromes, Gene Ther, 15 (2008) 516-523. 

[15] U. Zekonyte, S.R. Bacman, J. Smith, W. Shoop, C.V. Pereira, G. Tomberlin, J. Stewart, D. 
Jantz, C.T. Moraes, Mitochondrial targeted meganuclease as a platform to eliminate mutant 
mtDNA in vivo, Nat Commun, 12 (2021) 3210. 

[16] M. Minczuk, M.A. Papworth, J.C. Miller, M.P. Murphy, A. Klug, Development of a single-
chain, quasi-dimeric zinc-finger nuclease for the selective degradation of mutated human 
mitochondrial DNA, Nucleic Acids Res, 36 (2008) 3926-3938. 

[17] S.R. Bacman, S.L. Williams, M. Pinto, S. Peralta, C.T. Moraes, Specific elimination of 
mutant mitochondrial genomes in patient-derived cells by mitoTALENs, Nat Med, 19 (2013) 
1111-1113. 

[18] P.A. Gammage, J. Rorbach, A.I. Vincent, E.J. Rebar, M. Minczuk, Mitochondrially targeted 
ZFNs for selective degradation of pathogenic mitochondrial genomes bearing large-scale 
deletions or point mutations, EMBO Mol Med, 6 (2014) 458-466. 

[19] M. Hashimoto, S.R. Bacman, S. Peralta, M.J. Falk, A. Chomyn, D.C. Chan, S.L. Williams, 
C.T. Moraes, MitoTALEN: A General Approach to Reduce Mutant mtDNA Loads and Restore 
Oxidative Phosphorylation Function in Mitochondrial Diseases, Mol Ther, 23 (2015) 1592-1599. 



[20] P. Reddy, A. Ocampo, K. Suzuki, J. Luo, S.R. Bacman, S.L. Williams, A. Sugawara, D. 
Okamura, Y. Tsunekawa, J. Wu, D. Lam, X. Xiong, N. Montserrat, C.R. Esteban, G.H. Liu, I. 
Sancho-Martinez, D. Manau, S. Civico, F. Cardellach, M. Del Mar O'Callaghan, J. Campistol, H. 
Zhao, J.M. Campistol, C.T. Moraes, J.C. Izpisua Belmonte, Selective elimination of 
mitochondrial mutations in the germline by genome editing, Cell, 161 (2015) 459-469. 

[21] S.R. Bacman, J.H.K. Kauppila, C.V. Pereira, N. Nissanka, M. Miranda, M. Pinto, S.L. 
Williams, N.G. Larsson, J.B. Stewart, C.T. Moraes, MitoTALEN reduces mutant mtDNA load and 
restores tRNA(Ala) levels in a mouse model of heteroplasmic mtDNA mutation, Nat Med, 24 
(2018) 1696-1700. 

[22] P.A. Gammage, C. Viscomi, M.L. Simard, A.S.H. Costa, E. Gaude, C.A. Powell, L. Van 
Haute, B.J. McCann, P. Rebelo-Guiomar, R. Cerutti, L. Zhang, E.J. Rebar, M. Zeviani, C. 
Frezza, J.B. Stewart, M. Minczuk, Genome editing in mitochondria corrects a pathogenic 
mtDNA mutation in vivo, Nat Med, 24 (2018) 1691-1695. 

[23] Y. Yang, H. Wu, X. Kang, Y. Liang, T. Lan, T. Li, T. Tan, J. Peng, Q. Zhang, G. An, Y. Liu, Q. 
Yu, Z. Ma, Y. Lian, B.S. Soh, Q. Chen, P. Liu, Y. Chen, X. Sun, R. Li, X. Zhen, P. Liu, Y. Yu, X. Li, 
Y. Fan, Targeted elimination of mutant mitochondrial DNA in MELAS-iPSCs by mitoTALENs, 
Protein Cell, 9 (2018) 283-297. 

[24] C.V. Pereira, S.R. Bacman, T. Arguello, U. Zekonyte, S.L. Williams, D.R. Edgell, C.T. 
Moraes, mitoTev-TALE: a monomeric DNA editing enzyme to reduce mutant mitochondrial DNA 
levels, EMBO Mol Med, 10 (2018). 

[25] B.Y. Mok, M.H. de Moraes, J. Zeng, D.E. Bosch, A.V. Kotrys, A. Raguram, F. Hsu, M.C. 
Radey, S.B. Peterson, V.K. Mootha, J.D. Mougous, D.R. Liu, A bacterial cytidine deaminase 
toxin enables CRISPR-free mitochondrial base editing, Nature, 583 (2020) 631-637. 

[26] H. Lee, S. Lee, G. Baek, A. Kim, B.C. Kang, H. Seo, J.S. Kim, Mitochondrial DNA editing in 
mice with DddA-TALE fusion deaminases, Nat Commun, 12 (2021) 1190. 

[27] P. Silva-Pinheiro, P.A. Nash, L. Van Haute, C.D. Mutti, K. Turner, M. Minczuk, In vivo 
mitochondrial base editing via adeno-associated viral delivery to mouse post-mitotic tissue, Nat 
Commun, 13 (2022) 750. 

[28] S.I. Cho, S. Lee, Y.G. Mok, K. Lim, J. Lee, J.M. Lee, E. Chung, J.S. Kim, Targeted A-to-G 
base editing in human mitochondrial DNA with programmable deaminases, Cell, 185 (2022) 
1764-1776.e1712. 

[29] P. Silva-Pinheiro, C.D. Mutti, L. Van Haute, C.A. Powell, P.A. Nash, K. Turner, M. Minczuk, A 
library of base editors for the precise ablation of all protein-coding genes in the mouse 
mitochondrial genome, Nat Biomed Eng, (2022). 

[30] F. Mingozzi, K.A. High, Therapeutic in vivo gene transfer for genetic disease using AAV: 
progress and challenges, Nat Rev Genet, 12 (2011) 341-355. 

[31] C.T. Moraes, A magic bullet to specifically eliminate mutated mitochondrial genomes from 
patients' cells, EMBO Mol Med, 6 (2014) 434-435. 

[32] M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J.A. Doudna, E. Charpentier, A programmable 
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity, Science, 337 (2012) 816-
821. 

[33] R. Loutre, A.M. Heckel, A. Smirnova, N. Entelis, I. Tarassov, Can Mitochondrial DNA be 
CRISPRized: Pro and Contra, IUBMB Life, 70 (2018) 1233-1239. 

[34] N.A. Verechshagina, Y.M. Konstantinov, P.A. Kamenski, I.O. Mazunin, Import of Proteins 
and Nucleic Acids into Mitochondria, Biochemistry (Mosc), 83 (2018) 643-661. 

[35] P.A. Gammage, C.T. Moraes, M. Minczuk, Mitochondrial Genome Engineering: The 
Revolution May Not Be CRISPR-Ized, Trends Genet, 34 (2018) 101-110. 



[36] J. Hamm, I.W. Mattaj, Monomethylated cap structures facilitate RNA export from the 
nucleus, Cell, 63 (1990) 109-118. 

[37] P.D. Good, A.J. Krikos, S.X. Li, E. Bertrand, N.S. Lee, L. Giver, A. Ellington, J.A. Zaia, J.J. 
Rossi, D.R. Engelke, Expression of small, therapeutic RNAs in human cell nuclei, Gene Ther, 4 
(1997) 45-54. 

[38] M. Stewart, Polyadenylation and nuclear export of mRNAs, J Biol Chem, 294 (2019) 2977-
2987. 

[39] H. Nishimasu, F.A. Ran, P.D. Hsu, S. Konermann, S.I. Shehata, N. Dohmae, R. Ishitani, F. 
Zhang, O. Nureki, Crystal structure of Cas9 in complex with guide RNA and target DNA, Cell, 
156 (2014) 935-949. 

[40] D. Jeandard, A. Smirnova, I. Tarassov, E. Barrey, A. Smirnov, N. Entelis, Import of Non-
Coding RNAs into Human Mitochondria: A Critical Review and Emerging Approaches, Cells, 8 
(2019). 

[41] Y. Tonin, A.M. Heckel, I. Dovydenko, M. Meschaninova, C. Comte, A. Venyaminova, D. 
Pyshnyi, I. Tarassov, N. Entelis, Characterization of chemically modified oligonucleotides 
targeting a pathogenic mutation in human mitochondrial DNA, Biochimie, 100 (2014) 192-199. 

[42] I. Dovydenko, A.M. Heckel, Y. Tonin, A. Gowher, A. Venyaminova, I. Tarassov, N. Entelis, 
Mitochondrial targeting of recombinant RNA, Methods Mol Biol, 1265 (2015) 209-225. 

[43] T. Yamano, H. Nishimasu, B. Zetsche, H. Hirano, I.M. Slaymaker, Y. Li, I. Fedorova, T. 
Nakane, K.S. Makarova, E.V. Koonin, R. Ishitani, F. Zhang, O. Nureki, Crystal Structure of Cpf1 
in Complex with Guide RNA and Target DNA, Cell, 165 (2016) 949-962. 

[44] D. Jeandard, A. Smirnova, A.M. Fasemore, L. Coudray, N. Entelis, K.U. Förstner, I. 
Tarassov, A. Smirnov, CoLoC-seq probes the global topology of organelle transcriptomes, 
Nucleic Acids Res, 51 (2023) e16. 

[45] G. Wang, H.W. Chen, Y. Oktay, J. Zhang, E.L. Allen, G.M. Smith, K.C. Fan, J.S. Hong, S.W. 
French, J.M. McCaffery, R.N. Lightowlers, H.C. Morse, 3rd, C.M. Koehler, M.A. Teitell, PNPASE 
regulates RNA import into mitochondria, Cell, 142 (2010) 456-467. 

[46] O. Kolesnikova, H. Kazakova, C. Comte, S. Steinberg, P. Kamenski, R.P. Martin, I. 
Tarassov, N. Entelis, Selection of RNA aptamers imported into yeast and human mitochondria, 
Rna, 16 (2010) 926-941. 

[47] W.P. Bian, Y.L. Chen, J.J. Luo, C. Wang, S.L. Xie, D.S. Pei, Knock-In Strategy for Editing 
Human and Zebrafish Mitochondrial DNA Using Mito-CRISPR/Cas9 System, ACS Synth Biol, 8 
(2019) 621-632. 

[48] Z. Antón, G. Mullally, H.C. Ford, M.W. van der Kamp, M.D. Szczelkun, J.D. Lane, 
Mitochondrial import, health and mtDNA copy number variability seen when using type II and 
type V CRISPR effectors, J Cell Sci, 133 (2020). 

[49] S.A. Hussain, M.E. Yalvac, B. Khoo, S. Eckardt, K.J. McLaughlin, Adapting CRISPR/Cas9 
System for Targeting Mitochondrial Genome, Front Genet, 12 (2021) 627050. 

[50] B. Wang, X. Lv, Y. Wang, Z. Wang, Q. Liu, B. Lu, Y. Liu, F. Gu, CRISPR/Cas9-mediated 
mutagenesis at microhomologous regions of human mitochondrial genome, Sci China Life Sci, 
64 (2021) 1463-1472. 

[51] L. Schmiderer, D. Yudovich, L. Oburoglu, M. Hjort, J. Larsson, Site-specific CRISPR-based 
mitochondrial DNA manipulation is limited by gRNA import, Sci Rep, 12 (2022) 18687. 

[52] R. Bi, Y. Li, M. Xu, Q. Zheng, D.F. Zhang, X. Li, G. Ma, B. Xiang, X. Zhu, H. Zhao, X. 
Huang, P. Zheng, Y.G. Yao, Direct evidence of CRISPR-Cas9-mediated mitochondrial genome 
editing, Innovation (Camb), 3 (2022) 100329. 



[53] R. Lorenz, S.H. Bernhart, C. Höner Zu Siederdissen, H. Tafer, C. Flamm, P.F. Stadler, I.L. 
Hofacker, ViennaRNA Package 2.0, Algorithms Mol Biol, 6 (2011) 26. 

[54] M. Zuker, Mfold web server for nucleic acid folding and hybridization prediction, Nucleic 
Acids Res, 31 (2003) 3406-3415. 

[55] S. Bae, J. Park, J.S. Kim, Cas-OFFinder: a fast and versatile algorithm that searches for 
potential off-target sites of Cas9 RNA-guided endonucleases, Bioinformatics, 30 (2014) 1473-
1475. 

[56] L. Gao, D.B.T. Cox, W.X. Yan, J.C. Manteiga, M.W. Schneider, T. Yamano, H. Nishimasu, 
O. Nureki, N. Crosetto, F. Zhang, Engineered Cpf1 variants with altered PAM specificities, Nat 
Biotechnol, 35 (2017) 789-792. 

[57] R. Shebanova, N. Nikitchina, N. Shebanov, V. Mekler, K. Kuznedelov, E. Ulashchik, R. 
Vasilev, O. Sharko, V. Shmanai, I. Tarassov, K. Severinov, N. Entelis, I. Mazunin, Efficient target 
cleavage by Type V Cas12a effectors programmed with split CRISPR RNA, Nucleic Acids Res, 
50 (2022) 1162-1173. 

[58] M.A. McMahon, T.P. Prakash, D.W. Cleveland, C.F. Bennett, M. Rahdar, Chemically 
Modified Cpf1-CRISPR RNAs Mediate Efficient Genome Editing in Mammalian Cells, Mol Ther, 
26 (2018) 1228-1240. 

[59] O. Dussurget, D. Roulland-Dussoix, Rapid, sensitive PCR-based detection of mycoplasmas 
in simulated samples of animal sera, Appl Environ Microbiol, 60 (1994) 953-959. 

[60] S. Summer, A. Smirnova, A. Gabriele, U. Toth, A.M. Fasemore, K.U. Förstner, L. Kuhn, J. 
Chicher, P. Hammann, G. Mitulović, N. Entelis, I. Tarassov, W. Rossmanith, A. Smirnov, YBEY is 
an essential biogenesis factor for mitochondrial ribosomes, Nucleic Acids Res, 48 (2020) 9762-
9786. 

[61] B. Zetsche, J.S. Gootenberg, O.O. Abudayyeh, I.M. Slaymaker, K.S. Makarova, P. 
Essletzbichler, S.E. Volz, J. Joung, J. van der Oost, A. Regev, E.V. Koonin, F. Zhang, Cpf1 is a 
single RNA-guided endonuclease of a class 2 CRISPR-Cas system, Cell, 163 (2015) 759-771. 

[62] N. Gueguen, G. Lenaers, P. Reynier, V. Weissig, M. Edeas, Mitochondrial Dysfunction in 
Mitochondrial Medicine: Current Limitations, Pitfalls, and Tomorrow, Methods Mol Biol, 2276 
(2021) 1-29. 

[63] M. Gusic, H. Prokisch, ncRNAs: New Players in Mitochondrial Health and Disease?, Front 
Genet, 11 (2020) 95. 

[64] L. Sang, H.Q. Ju, Z. Yang, Q. Ge, Z. Zhang, F. Liu, L. Yang, H. Gong, C. Shi, L. Qu, H. 
Chen, M. Wu, H. Chen, R. Li, Q. Zhuang, H. Piao, Q. Yan, W. Yu, L. Wang, J. Shao, J. Liu, W. 
Wang, T. Zhou, A. Lin, Mitochondrial long non-coding RNA GAS5 tunes TCA metabolism in 
response to nutrient stress, Nat Metab, 3 (2021) 90-106. 

[65] J. Huang, S. Wu, P. Wang, G. Wang, Non-coding RNA Regulated Cross-Talk Between 
Mitochondria and Other Cellular Compartments, Front Cell Dev Biol, 9 (2021) 688523. 

[66] C.R. Goding, Targeting the lncRNA SAMMSON Reveals Metabolic Vulnerability in 
Melanoma, Cancer Cell, 29 (2016) 619-621. 

[67] J.M. Warren, T. Salinas-Giegé, D.A. Triant, D.R. Taylor, L. Drouard, D.B. Sloan, Rapid Shifts 
in Mitochondrial tRNA Import in a Plant Lineage with Extensive Mitochondrial tRNA Gene Loss, 
Mol Biol Evol, 38 (2021) 5735-5751. 

[68] X. Zhang, X. Zuo, B. Yang, Z. Li, Y. Xue, Y. Zhou, J. Huang, X. Zhao, J. Zhou, Y. Yan, H. 
Zhang, P. Guo, H. Sun, L. Guo, Y. Zhang, X.D. Fu, MicroRNA directly enhances mitochondrial 
translation during muscle differentiation, Cell, 158 (2014) 607-619. 

[69] E. Barrey, G. Saint-Auret, B. Bonnamy, D. Damas, O. Boyer, X. Gidrol, Pre-microRNA and 
mature microRNA in human mitochondria, PLoS One, 6 (2011) e20220. 



[70] K. Gao, M. Cheng, X. Zuo, J. Lin, K. Hoogewijs, M.P. Murphy, X.D. Fu, X. Zhang, Active 
RNA interference in mitochondria, Cell Res, 31 (2021) 219-228. 

[71] M.L. Campo, P.M. Peixoto, S. Martínez-Caballero, Revisiting trends on mitochondrial mega-
channels for the import of proteins and nucleic acids, J Bioenerg Biomembr, 49 (2017) 75-99. 

[72] B. Golzarroshan, C.L. Lin, C.L. Li, W.Z. Yang, L.Y. Chu, S. Agrawal, H.S. Yuan, Crystal 
structure of dimeric human PNPase reveals why disease-linked mutants suffer from low RNA 
import and degradation activities, Nucleic Acids Res, 46 (2018) 8630-8640. 

[73] V. Vedrenne, A. Gowher, P. De Lonlay, P. Nitschke, V. Serre, N. Boddaert, C. Altuzarra, A.M. 
Mager-Heckel, F. Chretien, N. Entelis, A. Munnich, I. Tarassov, A. Rötig, Mutation in PNPT1, 
which encodes a polyribonucleotide nucleotidyltransferase, impairs RNA import into 
mitochondria and causes respiratory-chain deficiency, Am J Hum Genet, 91 (2012) 912-918. 

[74] O.Z. Karicheva, O.A. Kolesnikova, T. Schirtz, M.Y. Vysokikh, A.M. Mager-Heckel, A. 
Lombès, A. Boucheham, I.A. Krasheninnikov, R.P. Martin, N. Entelis, I. Tarassov, Correction of 
the consequences of mitochondrial 3243A>G mutation in the MT-TL1 gene causing the MELAS 
syndrome by tRNA import into mitochondria, Nucleic Acids Res, 39 (2011) 8173-8186. 

[75] C. Comte, Y. Tonin, A.M. Heckel-Mager, A. Boucheham, A. Smirnov, K. Auré, A. Lombès, 
R.P. Martin, N. Entelis, I. Tarassov, Mitochondrial targeting of recombinant RNAs modulates the 
level of a heteroplasmic mutation in human mitochondrial DNA associated with Kearns Sayre 
Syndrome, Nucleic Acids Res, 41 (2013) 418-433. 

[76] G. Wang, E. Shimada, J. Zhang, J.S. Hong, G.M. Smith, M.A. Teitell, C.M. Koehler, 
Correcting human mitochondrial mutations with targeted RNA import, Proc Natl Acad Sci U S A, 
109 (2012) 4840-4845. 

 


