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Abstract

Mitochondrial genome-targeting nucleic acids are promising therapeutic candidates for treating
mitochondrial diseases. To date, a number of systems for delivering genetic information to the
cytosol and the nucleus have been reported, and several successful gene therapies involving gene
delivery targeted to the cytosol and the nucleus have been reported. However, much less progress
has been made concerning mitochondrial gene delivery systems, and mitochondrial gene therapy
has never been achieved. Here, we report on the mitochondrial delivery of an antisense RNA
oligonucleotide (ASO) to perform mitochondrial RNA knockdown to regulate mitochondrial
function. Mitochondrial delivery of the ASO was achieved using a combination of a MITO-Porter
system, which contains mitochondrial fusogenic lipid envelopes for mitochondrial delivery via
membrane fusion and D-arm, a mitochondrial import signal of tRNA to the matrix. Mitochondrial
delivery of the ASO induces the knockdown of the targeted mitochondria-encoded mRNA and
protein, namely cytochrome ¢ oxidase subunit II, a component of the mitochondrial respiratory
chain. Furthermore, the mitochondrial membrane potential was depolarized by the down regulation
of the respiratory chain as the result of the mitochondrial delivery of ASO. This finding constitutes
the first report to demonstrate that the nanocarrier-mediated mitochondrial genome targeting of

antisense RNA effects mitochondrial function.



1. Introduction

Small interfering RNA (siRNA) is frequently used to achieve specific knockdown of target
mRNA [1]. Although recent studies have addressed the component of the RNA-induced silencing
complex in mitochondria, applications of siRNA to mitochondria have not been reported [2]. On
the other hand, this unique organelle possesses not only protein-coding mRNA transcribed from
mitochondrial DNA (mtDNA) but also non-coding RNAs such as tRNA, rRNA, and microRNA
(miRNA) [3-8]. It has been reported that miRNAs have the potential to regulate mitochondrial
gene expression via a post-transcriptional pathway such as mitochondrial RNA degradosomes [9-
12]. Thus, the knockdown of mitochondrial RNA via the mitochondrial delivery of antisense RNA
oligonucleotide (ASO) would be expected to contribute to the development of a mitochondrial

therapeutic approach and a more complete understanding of the post-transcriptional regulation.

System for nucleic acids targeted to the cytosol and nucleus have been reported, while less
efforts have been expended on mitochondrial delivery systems [1, 13, 14]. Weissig et al reported
that DQAsome, the mitochondriotropic nanocarrier [15, 16], was useful in altering mitochondrial
gene expression by virtue of delivering a mini-mitochondrial genome to mitochondria [16].
However, a universal carrier has not yet been developed for mitochondrial matrix delivery,
although they reported that an approach using a cationic nanocarrier such as DQAsome could be
useful in terms of interacting with mitochondria. Seibel et al reported that oligo DNA (ODN) and
a peptide nucleic acid (PNA) covalently conjugated with the mitochondrial targeting signal peptide
(MTS) can be introduced into isolated mitochondria [17, 18]. With the help of a device the
cytoplasmic delivery, MTS-conjugated PNA was imported into mitochondria in cells. This method

could be a viable strategy for the genetic modification of mitochondria [18]. We recently



developed a MITO-Porter system, mitochondrial delivery system via mitochondrial outer
membrane fusion [19, 20]. We applied the MITO-Porter system to mitochondrial genome targeting,

such as the specific digestion of mtDNA by delivering encapsulated DNase I [21, 22].

In this study, we report on mitochondrial ASO delivery using an R8/GALA-modified
MITO-Porter, and validation of mitochondrial RNA knockdown to control mitochondrial function.
As shown in Figure 1A, the R8/GALA-modified MITO-Porter is surface-modified with a high
density of octaarginine (RS8), which permits the particle to be efficiently internalized by cells via
macropinocytosis (1st step) [23]. Once inside the cell, the carrier escapes from the endosome into
the cytosol with the assistance of GALA, a pH-sensitive membrane fusogenic peptide (2nd step)
[24-26]. The carrier then binds to mitochondria via electrostatic interactions with R8 (3rd step). In
this experiment, we packaged the D-arm modified ASO in the carrier. D-arm is a D stem-loop
import signal of tRNATY(GUA) with the sequence UGGUAGAGC, and is efficiently imported
into the mitochondrion of Leishmania, a kinetoplastid protozoan [27]. Oligo nucleic acids
constituting D-arm or its analogues can also be imported into the mitochondrial matrix through the
mitochondrial inner membrane in isolated mitochondria [28, 29]. Thus, it was expected that D-
arm modified ASO encapsulated in the R8/GALA-modified MITO-Porter would facilitate
mitochondrial matrix delivery. One possibility is that the MITO-Porter delivers the D-arm ASO to
the mitochondrial intermembrane space after fusion with the outer membrane, and it is then
imported into the mitochondrial matrix via the D-arm import machinery (upper part in Figure 1B).
An alternate another possibility is that the carriers directly introduce ASO into the mitochondrial
matrix via step-wise membrane fusion on the contact sites of the outer and inner mitochondrial

membranes (lower part in Figure 1B).



We first constructed R8/GALA-modified MITO-Porter (D-arm ASO [COX 1I]), where D-
arm modified ASO which targeted mitochondrial mRNA that codes for cytochrome ¢ oxidase
subunit IT (COX II) was packaged. COX II is one of mitochondrial proteins that make up complex
IV of the respiratory chain related to maintaining the mitochondrial membrane potential. If the
knockdown of the COX II mRNA was successful, the expression levels of the target mitochondrial
protein would be decreased, followed by a decrease in mitochondrial functions such as maintaining
membrane potential (Figure 1C). The knockdown of target mitochondrial mRNA and protein were
then evaluated to demonstrate the efficiency of mitochondrial ASO delivery using the R8/GALA-
modified MITO-Porter using quantitative reverse transcription PCR (qRT-PCR) and
immunostaining. Moreover, we evaluated the mitochondrial membrane potential to investigate the

effect of the mitochondrial ASO transfection on mitochondrial function.

2. Materials and methods

2.1. Chemicals and materials

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and sphingomyelin (SM) were
purchased from Avanti Polar lipids (Alabaster, AL). Cholesteryl hemisuccinate (CHEMS) were
purchased from Sigma (St Louis, MO). Stearylated R8 and Cholesterol-GALA were obtained from
KURABO Industries (Osaka, Japan). D-arm modified antisense 2’ -O-Methyl (2'-OMe) RNA
which targeted COX II (D-arm ASO [COX I1]) (5'-
GGGACUGUAGCUCAAUUGGUAGAGCAUCUUGCGCUGCAUGUGCCAU -3'), D-arm-
modified 2'-OMe RNA non-targeting COX II (D-arm Mock) (5'-

GGGACUGUAGCUCAAUUGGUAGAGCAUCGACAAGCGCACCGAU -3"), D-arm-
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unmodified antisense 2-OMe RNA which targeted COX II (ASO [COX II]) (5
CUUGCGCUGCAUGUGCCAU -3') and D-arm-unmodified 2’-OMe RNA non-targeting COX II
(Mock) (5'- CGACAAGCGCACCGAU -3') were purchased from Hokkaido System Science Co.,
Ltd. (Sapporo, Japan). The properties of these RNA oligonucleotides are summarized in Table S1.
Cy5-labbled D-arm ASO (COX IT) were purchased from Greiner Bio-One GmbH (Kremsmuenster,
Austria). HeLa human cervix carcinoma cells were obtained from the RIKEN Cell Bank (Tsukuba,
Japan). Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum were purchased from
Invitrogen (Carlsbad, CA). The rabbit anti-cytochrome ¢ oxidase subunit II (COX II) antibody and
mouse anti-Succinate dehydrogenase complex subunit A (SDHA) monoclonal antibody were
purchased from Abcam (Cambridge, UK). Alexa Fluor 488 goat anti-rabbit I[gG (H+L) and Alexa
Fluor 488 goat anti-mouse IgG (H+L) was purchased from Invitrogen. Carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP) was purchased from Sigma. JC-1 was purchased
from Invitrogen. Hoechst 33342 was purchased from Dojindo (Kumamoto, Japan). All other

chemicals used were commercially available reagent-grade products.

2.2 Preparation of R8/GALA-modified MITO-Porter

R8/GALA-modified MITO-Porter encapsulating ASO (D-arm ASO [COX II] or D-arm
Mock) was constructed by the ethanol dilution method [30]. The R8/GALA-modified MITO-
Porter had a component molar ratio of DOPE/SM/stearylated R8/Chol-GALA (molar ratio:
9/2/2/0.2). The EtOH solution of the lipids (1.1 mM lipids) was titrated slowly with ASO under
vigorous mixing to avoid a low local concentration of EtOH and diluted quickly with HEPES

buffer to a final concentration of < 20% EtOH. The ethanol was removed by ultrafiltration,
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replacing external buffer with HEPES buffer and concentrating the R8/GALA-modified MITO-

Porter.

Particle diameters and polydispersity index (PDI) as an indicator of the particle-size
distribution were measured using a dynamic light scattering (DLS) method (Zetasizer Nano ZS;
Malvern Instruments, Worcestershire, UK). Samples were prepared in 10 mM HEPES buffer at
25°C and the values of particle diameters are shown in the form of volume distribution. The &-
potentials of samples were also determined in 10 mM HEPES buffer at 25°C using a Zetasizer

Nano ZS.

2.3 Cell cultures

HeLa cells were maintained in complete medium which is DMEM supplemented with 10%
FBS, penicillin (100 units/mL), and streptomycin (100 pug/mL). The cells were cultured under an
atmosphere of 5% CO2/air at 37°C. One day before transfection, the HeLa cells were seeded on a
plates or dishes for each experiment. Immediately before transfection, the medium was replaced

to serum-free medium, DMEM unsupplemented with antibiotics.

2.4 Quantification of target mitochondrial mRNA levels

R8/GALA-modified MITO-Porter encapsulating ASO (D-arm ASO [COX II] or D-arm
Mock) (50-250 nM of total ASOs) were incubated with HeLa cells (5 x 10* cells/dish) seeded on

12-well plate in 1 mL of serum free DMEM for 3 hr under an atmosphere of 5 % CO2/air at 37°C.



The cells were washed with phosphate-buffered saline (PBS), and further incubated in complete
medium for 21 hr. Total RNA (500 ng) was purified with RNeasy (Qiagen, Hilden, Germany)
according to the manufacture’s protocol, combined with DNase I digestion for the degradation of
DNA in total RNA samples using TURBO DNase treatment and removal reagents [Ambion by
Life Technologies, Carlsbad, CA, USA]. The resulting RNA suspension was reverse transcribed
using a High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA) according to the
manufacturer's protocol. A quantitative PCR analysis was performed on cDNA using SYBR Green
Realtime Master Mix (Takara, Shiga, Japan) and Stratagene MX3005P (Agilent Technologies;
Santa Clara, CA). All reactions were performed at a volume of 25 pL. The primers for
mitochondrial mRNA coding COX 1II (target mRNA) were (forward) 5'-
ATCATCCTAGTCCTCATCG -3’ and (reverse) 5'- GATTTGATGGTAAGGGAGG -3’ and for
mitochondrial mRNA coding NADH dehydrogenase subunit I (ND I) (control mRNA) were
(forward) 5'- TTCCTAATGCTTACCGAACG -3’ and (reverse) 5'-
GGTGAAGAGTTTTATGGCGT -3'. Relative COX II/NDI mRNA expression levels were
calculated as the amounts of DNA derived from COX II mRNA divided by the amounts of DNA

derived from ND I mRNA.

We confirmed the absence of contaminating DNA when this RT-PCR assay was peformed.
Gel images of RT-PCR detection showed that the target DNA bands appeared in the case of
reverse transcription (RT(+)) (lanes 2,3 in Figure S1) and they disappeared in the absence of
reverse transcription (RT(-)) (lanes 4,5 in Figure S1). We also observed the same tendency when
gRT-PCR was performed (data not shown). It was confirmed that RT-PCR with specific primers
for mitochondrial mRNA coding COX II could detect single bands coresponding to the target

mRNA (lanes 2,3 in Figure S1).



2.5 Intracellular observation of R8/GALA-modified MITO-Porter encapsulating fluorescent

labeled ASOs using confocal laser scanning microscopy (CLSM)

The R8/GALA-modified MITO-Porter encapsulating Cy5-labeled ASO (75 nM of total
ASOs) was incubated with HeLa cells (1 x 10° cells/mL) seeded on 35 mm dishes (IWAKI, Osaka,
Japan) in 1 mL of serum free DMEM for 1 hr at 37°C, and further incubated in complete medium
for 2 hr. Lipofectamine (LFN) RNAi MAX (Invitrogen), as a control was used according to the
manufacturer's protocol. The cells were observed by CLSM after staining the mitochondria and
lysosomes. Thirty minutes prior to acquiring the fluorescence images, mitochondria and lysosomes
and were stained with Mitotracker Red CMXRos (final concentration, 100 nM) and Lysotracker
blue (final concentration, 1uM), respectively (Invitrogen). After incubation, the cells were washed
with serum free DMEM, and then observed by CLSM (FV10i-LIV; Olympus Corporation, Tokyo,
Japan). The cells were excited with a 352 nm light, a 559 nm light and a 635 nm light from an LD
laser. Images were obtained using an FV10i-LIV equipped with a water-immersion objective lens
(UPlanSApo 60x/NA. 1.2) and a dichroic mirror (DM405/473/559/635). The three fluorescence
detection channels (Ch) were set to the following filters: Ch1: 420/40 (blue) for Lysotracker blue,
Ch2: Ch2: 570/50 (red) for Mitotracker Red CMXRos, Ch3: 660/50 (pseudo green) for Cy5-

labeled ASO.

2.6 Immunostaining observation for mitochondrial protein using CLSM

R8/GALA-modified MITO-Porter encapsulating ASO (D-arm ASO [COX II] or D-arm

Mock) (50 nM of total ASOs) were incubated with HeLa cells (1 x 10° cells/dish) seeded on 35
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mm dishes in 1 mL of serum free DMEM for 3 hr under an atmosphere of 5 % COx/air at 37°C.
The cells were washed with PBS, and further incubated in complete medium for 45 hr. Cells were
fixed with 4% paraformaldehyde (10 min, room temperature) and incubated with 1% bovine serum
albumin (BSA) (30 min, 37°C). The cells were incubated with the rabbit anti-COX II antibody
(used at 1:20 dilutions) and the mouse anti-SDHA antibody (used at 1:100 dilutions) for 24 hr at
4°C. The anti-COX II and anti-SDHA antibody were detected by incubating the cells with goat
anti-rabbit IgG Alexa488 (used at 1:100 dilutions) and goat anti-rabbit IgG Alexa568 (used at
1:100 dilutions) for 1 hr at 37°C. Cells were analyzed by CLSM. The cells were excited with a 473
nm light and 559 nm light from an LD laser. Images were obtained using an FV10i-LIV equipped
with a water-immersion objective lens (UPlanSApo 60x/NA. 1.2) and a dichroic mirror
(DM405/473/559/635). The following filters were set to observation: Ch2: 490/50 (green) for goat

anti-rabbit IgG Alexa488, Ch3: 570/50 (red) for goat anti-rabbit [gG Alexa568.

Relative COX II/SDHA protein expression levels were evaluated using Image Pro-Plus
(Ropper Industries, Sarasota, FL) as described below. Fluorescent and bright-field cell images,
after immunostaining by anti-COX II antibody (green) and anti-SDHA antibody (red), were
captured using CLSM, as shown in Figure 4. Each eight-bit TIFF image was analyzed to quantify
the total area of each region of interest. First, the yellow pixel areas where COX II proteins (green)
were co-localized with mitochondria stained by anti-SDHA antibody (red) were marked in each
image. The yellow and red pixel areas of each cluster in the cell, si(yellow) and si(red), were
separately summed for each image, and are denoted as S’-=j (yellow) and S’z= (red), respectively.
The values of S’2=j (yellow) and S’ (red) in each image were further summed and are denoted as
S(yellow) and S(red), respectively. These parameters represent the total area of COX II inside the

mitochondria and the mitochondrial region in the total cell. Relative COX II/SDHA protein
10



expression levels was calculated as S(yellow) divided by S(red). This value was used to compare
the relative variation in the expression of COX II protein among the carriers. Values for 64
individual cells were summarized for each treatment (Non treatment, D-arm Mock, D-arm ASO
(COX 1II)) in Figure 5. The cells used in the analyses were chosen from images in multiple

observations (n=6).

2.7 Observation of mitochondrial membrane potential using JC-1

R8/GALA-modified MITO-Porter encapsulating ASO (D-arm ASO [COX II] or D-arm
Mock) (50 nM of total ASOs) were incubated with HeLa cells (1 x 10° cells/dish) seeded on 35
mm dishes in 1 mL of serum free DMEM for 3 hr under an atmosphere of 5% COz/air at 37°C.
The cells were washed with PBS, and further incubated in complete medium for 45 hr. FCCP (a
mitochondrial uncoupler) was used as a positive control for the down-regulation of mitochondrial
membrane potential. In this experiment, the cells were treated with FCCP (final concentration, 100
uM) for sixty minutes prior to observation. Thirty minutes and ten minutes before acquiring the
fluorescence images, the cells were stained with JC-1 (final concentration, 10 uM) to observe
mitochondrial membrane potential and Hoechst 33342 (final concentration, 5 pg/mL) to stain
nuclei, respectively. After the incubation, the cells were washed with serum free DMEM, and then
observed by CLSM. The following filters were set to observation: Ch1: 455/50 (blue) for Hoechst
33342, Ch2: 490/50 (green) for monomeric form of JC-1, Ch3: 570/50 (red) for aggregated form

of JC-1.
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2.8 Statistical Analysis

The diameters, PDIs, and &-potentials of the carriers were measured. Each of the values
shown in Table 1 (n=3) represent the mean = S.D. Mitochondrial mRNA knockdown by the
R8/GALA-modified MITO-Porter was evaluated. Each value shown in Figure 2 represents the
mean = SEM (n=3-4). Statistical significances between non treatment and others were calculated
by one-way ANOVA, followed by the Dunnett test. Relative COX II/SDHA protein expression
levels of each one cell were evaluated based on the images in Figure 4. In Figure 5, the values for
64 individual cells are summarized in each treatment and represented as circles, the mean (n=64)
values are indicated by bars. Statistical significances between D-arm ASO [COX II] and others
were calculated by one-way ANOVA, followed by Dunnett test. Levels of p < 0.05 were

considered to be significant.

3. RESULTS

3.1 Construction of R8/GALA-modified MITO-Porter and evaluation of mitochondrial RNA

knockdown

We evaluated the knockdown of mitochondrial mRNA, following the mitochondrial ASO
delivery by R8/GALA-modified MITO-Porter. In this experiment, we used the D-arm modified
antisense 2'-OMe RNA which targeted COX II (D-arm ASO [COX II]) (see Table S1 for details).
We prepared R8/GALA-modified MITO-Porter encapsulating D-arm ASO [COX II] and D-arm-
modified 2'-OMe RNA non-targeting COX II (D-arm Mock). The diameter, PDI (an indicator of

particle-size distribution) and the { potential of the carriers are listed in Table 1. The envelope of
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the carriers had a mitochondria-fusogenic composition [DOPE/SM/stearylated R8] [21, 22]
equipped with Chol-GALA. As shown in Table 1, carriers with diameters less than 100 nm could
be prepared with highly homogenous (PDI value of less than 0.20). The { potential of the carriers
was ~40 mV. Based on these results, positively charged nanoparticles with homogenous structures
were prepared in both the case of the R8§/GALA-modified MITO-Porter (D-arm ASO [COX II])

and the R§/GALA-modified MITO-Porter (D-arm Mock).

After a 24 hr period of transfection by the R8§/GALA-moditied MITO-Porter, qRT-PCR,
to detect the COX II (target mitochondrial mMRNA) and ND I (control mitochondrial mRNA), was
performed in order to evaluate the extent of knockdown of the target mitochondrial mRNA. As
shown in Figure 2, a maximum of 40% knockdown of COX II was observed when the R8/GALA-
modified MITO-Porter (D-arm ASO [COX II]) was used at a concentration of 250 nM, while the
R8/GALA-modified MITO-Porter (D-arm Mock) had no effect on the mitochondrial mRNA levels
of COX II. Moreover, mitochondrial RNA knockdown was not confirmed, when the ASO [COX
I] without the D-arm was used (Figure S2). Thus, we conclude that a combination of the
R8/GALA-modified MITO-Porter and the D-arm ASO [COX II] are involved in the knockdown

of the target mitochondrial mRNA.

3.2 Intracellular observation of the R8/GALA-modified MITO-Porter

To verify that mitochondrial RNA knockdown was the result of the delivery of ASO to
mitochondria by the R8/GALA-modified MITO-Porter, we observed the intracellular trafficking
of the carrier using CLSM (Figure 3). In this experiment, the Cy-5 labeled D-arm ASO [COX II]

was encapsulated in the R8/GALA-modified MITO-Porter. In the case of the R8§/GALA-modified
13



MITO-Porter, numerous green and some yellow dots were observed in cells (Figures 3A, 3C),
indicating that the Cy5-labeled ASOs (pseudo green color) were mainly localized in the cytosol
and some ASOs were localized in red-stained mitochondria. To check endosomal escape efficiency,
we observed the intracellular trafficking of the carriers after staining the acidic compartment blue
(Figures 3B, 3C). The findings show that most of the green dots were observed to be outside the
acidic compartment, suggesting that the carriers had been released from the endosomes to the
cytosol. In the case of the R8-modified MITO-Porter without GALA, numerous cyan colored dots
were observed in cells (Figure S3), indicating that the green-labeled cargoes were mainly localized
in blue-stained acidic compartments. Collectively, the R8/GALA-modified MITO-Porter
delivered the D-arm ASO [COX II] to mitochondria accompanied by endosomal escape, thus
contributing to the knockdown of target mitochondrial mRNA. In the case of the Lipofectamine
(LFN) RNAi MAX reagent, the cellular uptake of Cy5-labeled ASOs and the mitochondrial
accumulation were lower than that for the R8/GALA-modified MITO-Porter, although the carriers
would have been released from the endosomes to the cytosol (Figures. 3D-F). It was also
confirmed that the transfection of the D-arm ASO [COX II] by the LFN RNAi MAX reagent did
not decrease the target mitochondrial mRNA levels (date not shown), suggesting that ASOs in the

cytosol does not affect mitochondrial knockdown.

3.3 Evaluation of protein knockdown by R8/GALA-modified MITO-Porter

We evaluated the variation in expression of target proteins after the mitochondrial delivery
of ASO by the R8/GALA-modified MITO-Porter. Immunostaining was carried out to confirm the

relative levels of target protein expression for an individual mitochondrion. COX II (target protein)
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is a mitochondrial-encoded complex IV protein, while SDHA is a nuclear-encoded complex II
protein, thus we used SDHA as a control protein. After a 48 hr period of transfection of the
R8/GALA-modified MITO-Porter, HeLa cells were immunostained for COX II (green) and SDHA
(red) and observed by CLSM (Figure 4). The green signals of target COX II protein was decreased
by the administration of the R8/GALA-modified MITO-Porter (D-arm ASO [COX II]) (Figure
4G). On the other hand, the green signals when the D-arm Mock was transfected (Figure 4D) were

comparable with those in non-treated cells (Figure 4A).

Moreover, we estimated the relative COX II/SDHA protein expression levels based on
image analysis to evaluate the knockdown of the target protein by ASO transfection, as described
in materials and methods. As a result, the use of the R8/GALA-modified MITO-Porter (D-arm
ASO [COX II]) resulted in a significant decrease in COX II expression compared with transfection
of D-arm Mock and non-treated cells (Figure 5). This image analysis also provided information to
show that the relative COX II/SDHA protein expression levels were heterogeneous in individual
cells. These results suggest that knockdown of target protein was observed by mitochondrial

delivery of D-arm ASO [COX] using the R8§/GALA-modified MITO-Porter.

3.4 Visualization of mitochondrial membrane potential after mitochondrial ASO delivery by

R8/GALA-modified MITO-Porter

We evaluated the effect of ASO-mediated mitochondrial mRNA knockdown on the
mitochondrial membrane potential. JC-1 is a cationic dye that exhibits a potential-dependent
accumulation in mitochondria, as florescence emission shift from green (monomeric form) to red

(aggregated form) [31]. The accumulation of JC-1 in normal mitochondria with a high
15



mitochondrial membrane potential, results in the production of a fluorescent red signal (Figure
6A), while a fluorescent green signal is produced in the case of mitochondria that have lost their
mitochondrial membrane potential (Figure 6D). In this experiment, FCCP (a mitochondrial
uncoupler) was used as a positive control for the down-regulation of mitochondrial membrane
potential. After 48 hr transfection by R8/GALA-modified MITO-Porter, the HeLa cells were
incubated with JC-1 and observed by CLSM. The fluorescent green signal of JC-1 was diffused
into the cytosol in some cells by transfection of D-arm ASO [COX II] (Figure 6C), suggesting that
the mitochondrial membrane potential was decreased. On the other hand, in the case of the
transfection of D-arm Mock, red colored mitochondria are observed (Figure 6B), suggesting that
R8/GALA-modified MITO-Porter itself does not affect the mitochondrial membrane potential. It
was also confirmed that the use of the ASO [COX II] without the D-arm did not decrease the
mitochondrial membrane potential (Figure S2). These results suggest that the D-arm ASO-

mediated down regulation of COX Il results in the inhibition in the mitochondrial respiratory chain.

4. Discussion

The findings reported herein provide a demonstration of the successful mitochondrial
delivery and knockdown of target mRNA using a combination of a MITO-Porter system and D-
arm ASO [COX II]. As mentioned in the introduction, the D-arm used in this study functions as a
mitochondrial tRNA import signal and this sequence is imported into the mitochondrial matrix in
mitochondria of Leishmania [27-29]. Thus, it would be expected that the D-arm would assist
mitochondrial matrix delivery, even in human cells, as shown in Figure 1B. While, until decade

ago, it was generally thought that tRNA is not imported into human mitochondria from the
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cytoplasm, although the mitochondrial import of small RNAs had been demonstrated in a number
of organisms. Tarassov and co-workers recently reported that some yeast tRNA derivatives can be
imported into isolated human mitochondria [32]. They also showed that yeast tRNAY® derivatives
expressed in human cells are partially imported into mitochondria, and demonstrated the
functionality of imported tRNAs in human mitochondria [33]. More recently, Rubio et al. reported
that human mitochondria possess a similar active tRNA import system in vivo as well as other

eukaryotes, and the import system is different from the protein import system [34].

Intracellular observations using CLSM permitted us to confirm that the R8/GALA-
modified MITO-Porter succeeded in delivering cargoes to mitochondria in living cells (Figures
3A-C). To achieve this mitochondrial delivery, multiple processes including cellular uptake,
endosomal escape and mitochondrial targeting need to be regulated, as shown in Figure 1A. We
concluded that R8 and GALA were effective in regulating the intracellular trafficking to deliver
the cargo to the target organelle. R8 functions as a cell-penetrating device that functions via
macropinocytosis and a mitochondria-targeting peptide via electrostatic interaction. A previous
report showed that the R§-modified MITO-Porter (conventional type) was efficiently internalized
and escaped from macropinosomes to the cytosol with the encapsulated compounds being
maintained intact, with the MITO-Porter being ultimately bound to mitochondria via electrostatic
interactions [19, 20]. However, a detailed analysis of intracellular trafficking of R8-modified
MITO-Porter revealed that the most of the carriers were localized in acidic compartments
(endosomes and lysosomes), although the carriers were efficiently taken up by cells [21, 22]. The
CLSM images shown in Figure S3 also indicate that the R§-modified MITO-Porter without GALA
was mainly localized in acidic compartments. In this study, GALA was used to assist the carriers

to escape from endosomes. Previously, it was reported that the inclusion of GALA in the surface
17



of liposomes promoted the destabilization of the endosomal membranes, thus enhancing
endosomal escape [25]. Intracellular observations shown in Figures 3A-C and Figure S3 show that
the R8/GALA-modified MITO-Porter had a higher endosomal escape efficiency than that of the

R8-modified MITO-Porter (conventional type), resulting in higher mitochondrial targeting.

In the CLSM analysis, the R8/GALA-modified MITO-Porter (D-arm ASO [COX II]) was
determined to be localized in the cytosol and mitochondria in the form of dots and not a diffuse
form (Figures 3A-C), as previously reported [19, 20]. It was assumed that the D-arm ASO [COX
IT] was encapsulated in the carrier, and not decoated on the surface, after endosomal escape by
GALA. In this form, the MITO-Porter delivered the D-arm ASO [COX II] to mitochondria via
membrane fusion. While the LFN RNAi MAX reagent did not efficiently deliver the D-arm ASO
[COX II] compared with the R8§/GALA-modified MITO-Porter (Figures 3D-F). Adhya reported
that a combination of a RNA import complex (RIC), a natural mitochondrial targeting carrier, and
the D-arm of tRNA™, which was also used in our study, are important for successful
mitochondrial delivery in human cells [35]. These results suggest that the D-arm derived from
Leishmania would require the support of a mitochondrial targeting carrier for successful
mitochondrial delivery in human cells, although only the D-arm can efficiently import cargoes into
mitochondria of Leishmania [27-29]. Since little evidence exists for mitochondrial RNA import in

human cells, this issue is deserving of further attention in the future.

Our results indicate that the R8/GALA-modified MITO-Porter delivered the D-arm ASO
[COX II] to mitochondria, contributing to the knockdown of target mitochondrial mRNA and
protein (Figures. 2, 4, 5). In mitochondria, post-transcriptional events appear to play a key role in

the regulation of gene expression, and therefore RNA turnover is of particular interest [5, 7, 11].
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double-strand RNA is disassembled in mitochondrial RNA degradosomes, which contain SUV3
and a polynucleotide phosphorylase [10-12]. Thus, the knockdown by mitochondrial delivery of
D-arm ASO [COX II] would be induced not only via translational inhibition by the binding of
target mitochondrial mRNA, but also by the degradation of the mitochondrial mRNA/D-arm ASO
[COX II] duplex by RNA degradosomes. On the other hand, a combination of the R8/GALA-
modified MITO-Porter and the ASO [COX II] without the D-arm failed to result in mitochondrial
mRNA knockdown and had no effect on the mitochondria membrane potential (Figure S2). These
results suggest that the D-arm might be required for the matrix import of ASO through the
mitochondrial inner membrane. Thus, the MITO-Porter delivered the D-arm ASO [COX II] close
to the mitochondrial inner membrane after fusion with the outer membrane, and the D-arm ASO
[COX II] was then imported into the mitochondrial matrix via the D-arm import machinery, as

shown in Figure 1B (upper part).

Our results also suggest that mitochondrial membrane potential was depolarized with down
regulation of the respiratory chain as the result of the mitochondrial delivery of D-arm ASO [COX
I1]. The terminal step in the respiratory chain is the transfer of electrons from cytochrome c to
oxygen to form water, a process that is catalyzed by complex IV of the respiratory chain. This
electron transfer reaction helps to generate the mitochondrial membrane potential by pumping
protons out of the matrix and ultimately driving ATP synthesis [36]. mtDNA-encoded subunits,
COX I, COX II, and COX III, make up the catalytic core of complex IV [37, 38]. Interestingly, it
was reported that mitochondria possess miRNA and that miR-181c regulates the gene expression
of COX I by currently unknown post-transcriptional events [39]. An overexpression of miR-181c¢
decreases the mRNA levels of COX I, resulting in an imbalance among the mitochondrially

encoded subunits in complex IV, which has an effect on mitochondrial function (ex, an increased
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production of reactive oxygen species) [39]. Thus, the knockdown of COX II by D-arm ASO
[COX II] might induce a similar phenomenon, an imbalance among the subunits in complex 1V,
via the down regulation of COX I by miR-181c. It is therefore possible that this dysfunction of
complex IV might have decreased mitochondrial membrane potential. In the future, we plan to use
our nanocarrier to evaluate post-transcriptional events and functions including ATP induction and

complex IV activity in mitochondria.

Judging from the images related to observing mitochondrial membrane potential by
transfection using the R8/GALA-modified MITO-Porter (D-arm ASO [COX II]) (Figure 6), not
all of the cells appear to have been transfected. In a previous study, we performed intracellular
observations to evaluate the fraction of mitochondrial-targeted positive cells (transfected cells),
and the conventional MITO-Porter transfected only a certain number of cells 2!. Therefore, it was
presumed that the transfection of the R§/GALA-modified MITO-Porter would be heterogeneous.
Consideration regarding this heterogeneous transfection would be supported by the results
showing that the transfection of the D-arm ASO [COX II] achieved a sufficient knockdown of
COX II at a concentration of 125 nM, while higher concentration of the D-arm ASO [COX II] did
not result in a greater degree of knockdown (Figure 2). Moreover, imaging analyses to evaluate
the relative levels of expression of the COX II/SDHA protein indicated that variations in the
expression levels of the COX II protein were heterogeneous in individual cells (Figure 5). These
results suggest that the fluorescent green signal of JC-1 might have diffused into the cytosol in
certain cells, where the expression levels of COX II protein was lower than threshold value
required to maintain mitochondrial membrane potential. These results indicate that a homogenous
mitochondrial transfection technique is needed to establish a method to regulate mitochondrial

gene CXpI'GSSiOl’l.
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5. Conclusion

Our finding constitutes the first report to demonstrate that the nanocarrier-mediated
mitochondrial genome targeting of antisense RNA effects mitochondrial function. While, we were
unable to determine whether this carrier would be able to achieve the specific knockdown of target
mRNA, because the expression levels of all mitochondrial mRNA were not quantified. Further
experiments including the validation of off-target effects and advanced function analysis will be
required to establish a high-performance methodology for controlling mitochondrial gene
expression and function. Future studies will involve detailed investigations of mitochondrial
knockdown using a MITO-Porter system in conjunction with experts in the field of mitochondrial

molecular biology.
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Table 1. Physicochemical properties of R8/GALA-modified MITO-Porter.

Diameter (nm) PDI { potential (mV)
R8/GALA-modified MITO-Porter (D-arm ASO [COX Il]) 85 + 17 0.19 = 0.04 36 + 8
R8/GALA-modified MITO-Porter (D-arm Mock) 86 + 14 0.19 + 0.03 38 + 8

Data denote the mean = S.D.(n=3).
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Figure 1. Schematic illustration of mitochondrial ASO delivery using the R8/GALA-modified MITO-Porter and
mitochondrial RNA knockdown.

A, Intracellular trafficking of R8/GALA-modified MITO-Porter to reach to the mitochondria. Octaarginine (R8) functions
as a cell-penetrating device via macropinocytosis and mitochondria-targeting peptide via electrostatic interaction. GALA,
pH-sensitive and membrane fusogenic peptide, assists endosomal escape of the carriers. The R8/GALA-modified
MITO-Porter is internalized by cells via macropinocytosis (1st step). Once inside the cell, the carrier escapes from the
endosome into the cytosol by assistance of GALA (2nd step). The carrier then binds to mitochondria via electrostatic
interactions with R8 (3rd step).

B, Conceptual image of the mitochondrial matrix delivery of ASO. After reaching to the mitochondria, D-arm (a
mitochondrial tRNA import signal) modified ASO encapsulated in R8/GALA-modified MITO-Porter would facilitate
mitochondrial matrix delivery as follows. One possibility is that the D-arm ASO is delivered to the IMS by the carrier via
membrane fusion with the OM of a mitochondrion, and is then imported into the mitochondrial matrix via the D-arm
import machinery (upper part). In the box for the D-arm ASO [COX 1], bases in underlined italics are derived from the
D-arm (see Table S1 for the detail). Another possibility is that the carrier directly introduces the D-arm ASO into the
mitochondrial matrix through OM and IM on the contact sites of the mitochondrial membranes (lower part). IM, inner
membrane; IMS, intermembrane space; OM, outer membrane.

C, Schematic image of mitochondrial mMRNA knockdown and subsequent phenomena. In this experiment, the mRNA
that codes for COX Il was chosen as a target. COX Il is one of mitochondrial proteins that make up complex IV of the
respiratory chain. Under physiological conditions, mMRNA of COX Il is translated to the COX Il protein, and it regulates
mitochondrial function as a subunit of Complex IV (light part). If the knockdown (KD) of the target mRNA by
mitochondrial delivery of D-arm ASO [COX II] was successful, the expression levels of target mitochondrial protein
would be decreased, inducing an imbalance among the subunits in complex IV. Finally, a dysfunction in complex IV
might not be able to regulate mitochondrial functions such as maintaining the mitochondrial membrane potential. D-

arm ASO [COX Il], D-arm modified antisense 2-OMe RNA which targeted cytochrome ¢ oxidase subunit Il (COX II).
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Figure 2. Evaluation of mitochondrial mMRNA knockdown by the R8/GALA-modified MITO-Porter.

After 24 hr transfection of R8/GALA-modified MITO-Porter, the knockdown effect of mitochondrial MRNA was evaluated
by gqRT-PCR. Bars indicates the mean with SEM (n=3-4). *Significant differences between Non treatment and others

were calculated by one-way ANOVA, followed by the Dunnett test (p<0.05). COX Il, cytochrome ¢ oxidase subunit Il.
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Figure 3. Intracellular observation of ASO after transfection by R8/GALA-MITO-Porter.

ASO encapsulated R8/GALA-modified MITO-Porter (A-C) and LFN RNAi MAX (D-F) were incubated with HeLa cells.
Cy5-labeled D-arm ASO [COX II] (green pseudo color) was used for intracellular observations. Mitochondria and acidic
compartments (e.g., endosomes and lysosomes) were stained with Mitotracker Red CMXRos (red) and LysoTracker
Blue (blue), respectively. A, D indicates the merge image of the ASO and mitochondria. B, E indicates the merge image
of the ASO and lysosome. C, F indicates the merged images of all fluorescence. Cy5-labeled D-arm ASO [COX II]
appeared as yellow clusters (indicated with yellow arrows) when it was localized in mitochondria (A, C, D, F). Scale

bars, 10 um.
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R8/GALA-modified
MITO-Porter

LFN RNAiI MAX

29



Figure 4. Immunostaining observation for mitochondrial protein knockdown by R8/GALA-modified MITO-Porter.

After 48 hr transfection of MITO-Porter, HelLa cells were incubated with anti-COX Il antibody and anti-SDHA antibody,
(A-C, Non treatment; D-F, D-arm Mock; G-I, D-arm ASO (COX II)).The cells were then observed by CLSM to detect
COX Il (green) and SDHA (red). Scale bars, 30 um. COX IlI, cytochrome c oxidase subunit Il; SDHA, succinate

dehydrogenase complex subunit A.

D-arm Mock Non treatment

D-arm ASO
[COX ]

30



Figure 5. Evaluation of relative COX [I/SDHA protein expression levels in mitochondrial protein knockdown.

Relative COX II/SDHA protein expression levels were evaluated based on the images in Figure 4, as described in
material & methods. Circles represent the values of 64 individual cells summarized in each treatment. Bars are the
mean value (n=64). **Significant differences between D-arm ASO [COX Il] and others were calculated by one-way
ANOVA, followed by Dunnett test (p<0.01). COX I, cytochrome c oxidase subunit Il; SDHA, succinate dehydrogenase

complex subunit A.
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Figure 6. Visualization of mitochondrial membrane potential using JC-1.

After 48 hr transfection of R8/GALA-modified MITO-Porter (Non treatment (A), D-arm Mock (B), D-arm ASO (COX Il)
(C)), HelLa cells were incubated with JC-1 and observed by CLSM. FCCP is an uncoupling reagent used as a positive
control for the down-regulation of mitochondrial membrane potential (D). Scale bars, 30 um. COX Il, cytochrome ¢

oxidase subunit Il; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone.
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Supplementary data

Figure S1. Gel images of the RT-PCR detection of mitochondrial mRNA coding COX II in
HeLa cells.

Total RNA was purified by RNeasy and PCR was done with specific primers for mitochondrial
mRNA coding COX II ((forward) 5- ATCATCCTAGTCCTCATCG -3' and (reverse) 5'-
GATTTGATGGTAAGGGAGG -3') after reverse transcription (RT (+), lanes 2,3) and before
reverse transcription (RT (-), lanes 4,5). The PCR products were detected by ethidium bromide
staining after separation by electrophoresis. Lane 1, 20 bp DNA Ladder; lanes 2,4, Non-treatment;
lanes 3,5, treated with HEPES buffer.
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Figure S2. Evaluation of mitochondrial mRNA knockdown and observation of the mitochondrial
membrane potential after transfection of the non-D-arm ASO [COX II] by the R8/GALA-modified
MITO-Porter.
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(A) Evaluation of mitochondrial mRNA knockdown. After 24 hr of transfection by ASO [COX II]
or Mock, which contain no D-arm, using the R8/GALA-modified MITO-Porter (250 nM of total
ASOs), the knockdown effect of mitochondrial mRNA was evaluated by qRT-PCR. Data are
represented as the mean + SEM (n=3). We performed unpaired Student’s t test. N.S., no significant
differences were observed.

(B) Observation of mitochondrial membrane potential. After 48 hr of transfection by ASO [COX
IT], which has no D-arm, using the R8/GALA-modified MITO-Porter (50 nM of total ASOs), HeLa
cells were incubated with JC-1 and observed by CLSM under similar condition as Figure 6. Scale

bars, 10 um. COX II, cytochrome c oxidase subunit II.
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Figure S3. Intracellular observation of R8-modified MITO-Porter (conventional type) using
CLSM.

Cargoes and lysosome

Cargoes and mitochondria

R8-modified MITO-Porter
[Conventional type]

The R8-modified MITO-Porter was incubated with HeLa cells. FAM-labeled 2'-OMe RNA (5-
CGACGGAGGUUGGCCAUGGGUAUGUCGUCG-3, green color) was used as a cargo for the
intracellular observations. Mitochondria and acidic compartments (e.g., endosomes and
lysosomes) were stained with Mitofluor 589 (red) and LysoTracker Blue (blue), respectively. A
indicates the merged image of the cargoes and mitochondria. B indicates the merged image of the
cargo and lysosome. C indicates the merged images of all fluorescence. FAM-labeled 2’-OMe RNA
appears as yellow clusters (indicated with yellow arrows) when it was localized in mitochondria

(A, C), while it appears as cyan clusters when localized in lysosomes (B, C). Scale bars, 10 pm.
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Table S1. RNA oligonucleotide used in this study.

RNA oligonucleotide 2 Nucleotide sequence Property

5- GGGACUGUAGCUCAAUUGGUAGA D-arm modified antisense 2'-
GCAUCUUGCGCUGCAUGUGCCAU -3 OMe RNA which fargeted COX Il

D-arm ASO [COX II]

D-arm Mock 5'- GGGACUGUAGCUCAAUUGGUAGA D-arm-modified 2'-OMe RNA
GCAUCGACAAGCGCACCGAU -3 non-targeting COX Il
, , D-arm-unmodified antisense 2'-
ASO [COXII] 5'- CUUGCGCUGCAUGUGCCAU -3 OMe RNA which targeted COX /I
Mock 5 CGACAAGCGCACCGAU -3’ D-arm-unmodified 2'-OMe RNA

non-targeting COX Il

aBases in underlined bold are derived from the D-arm and italics are antisense sequence targeted

to a region in the mRNA of cytochrome ¢ oxidase subunit II (COX II).
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