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ABSTRACT: Mitochondria-targeted therapies hold great promise for —MFNEV Sl )

treating metabolic syndrome, neurodegeneration, and cancers associated P .. /] % 7

with mitochondrial dysfunction or genetic mutations. However, its cargose——— - 2 ‘ [] e Yy oL
advancement is significantly limited by the lack of effective and - Y™ WAL T N
biocompatible targeted delivery systems. Here, we introduce mitofusin- : N “".’ N4
decorated extracellular vesicles (MFNEVs) as a natural-sourced nano- AC ' i omm it SR
platform for efficient mitochondrial delivery of various cytoplasm- RV Clhelng fusion
sensitive macromolecular cargos. The surface-displayed mitofusin ‘

proteins MFN1 and MFN2 direct MFNEVs to localize to mitochondria, Fuen e

mitochondria
as confirmed by confocal imaging and gel electrophoresis analysis. In

both in vitro and in vivo models, siRNA-loaded MFNEVs effectively reduce the expression of mitochondrial DNA-encoded genes.
Moreover, sgRNA-loaded MENEVs can achieve CRISPR-based mitochondrial gene editing, resulting in a decreased mitochondrial
DNA content. Mechanistic studies further reveal that the delivery is facilitated by the cooperation of the mitochondrial fusion
machinery. These findings establish the feasibility and versatility of MFNEVs as a promising delivery solution for mitochondrial
therapeutics.
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Mitochondria play a pivotal role in cells, serving as the cellular uptake to release the cargos,' ' which then lose the
primary site for adenosine triphosphate (ATP) ability to cross the mitochondrial membrane barrier. Currently,
generation, the center for carbon and intermediate metabolism, there are mainly two strategies to achieve mitochondrial
and the critical signaling hub that determines cell function and targeting: (i) covalent modification with lipophilic cations like
fate."* Uniquely among organelles, they possess an autono- triphenyl phosphonium (TPP*) and cationic peptides.'”'*"”
mous genome encoding essential components of the oxidative This approach exploits the negative potential of the
phosphorylation machinery.” Consequently, mitochondrial mitochondrial inner membrane to facilitate the accumulation
dysfunction, especially genetic or epigenetic mutations within of positively charged molecules. However, the enrichment of
the mitochondrial genome, underlies numerous intractable cations in mitochondria will decrease the membrane potential,

. 5-8 , A
disorders.”~® These include cancer, metabolic disease, neuro-
degeneration, aging, and most severely, mitochondrial genetic

the mitochondrial quality control mechanism,"*"® making it
diseases for which only symptomatic treatments are available.

o X : less suitable for therapies aimed at restoring or improving
These challenges have spurred growing interest in therapeutics . . . . - . .
that directly tareet mitochondria > mitochondrial function; and (ii) conjugation with mitochon-
at directly target mitochondria.”

dria-targeting sequences (MTS),"”*° which utilize the innate
However, unlike other cytoplasmic targets, the mitochon- getng seq ( )

. ) . transport mechanism of nuclear-encoded mitochondrial
drial double membrane presents a formidable barrier to most P
drug molecules. This is particularly true for hydrophilic
molecules and cytoplasm-sensitive macromolecules like nucleic

inhibit mitochondrial respiration and trigger mitophagy due to

proteins, but are largely limited to proteins or peptides.
Overall, an efficient, biocompatible and versatile solution is still

acids. These limitations underscore the urgent need for absent.

efficient mitochondria-targeting delivery systems.'"'” The

key challenge is to establish effective interactions between Received: January 15, 2026
mitochondria and the delivery vehicle or the cargo itself while Revised: ~ May 6, 2026
keeping the integrity of mitochondrial structure and Accepted: May 7, 2026
function."””'* In contrast, most of the conventional carriers Published: May 11, 2026
such as liposomes and lipid nanoparticles undergo structural

disassociation during the “endosome escape” process after
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Figure 1. Schematic illustration of mitofusin-decorated extracellular vesicles (MFNEVs) for mitochondria-targeted nucleic acid delivery. MFNEVs
are generated by functionalizing extracellular vesicles (EVs) with mitofusins through fusing MFN1 or MFN2 with the EV membrane protein
LAMP2B. MFNEVs are (A) taken up by the recipient cells as intact vesicles and (B) sorted into the intracellular vesicle transport system. During
the trafficking process, the MFN1 and MFN2 moieties on MENEV (C) direct the vesicles toward mitochondria, leading to (D) mitochondrial

association and cargo delivery.

Revisiting the intrinsic properties of mitochondria may offer
new insights for the mitochondrial delivery of nonpermeable
molecules. While the mitochondrial double membrane acts as a
formidable barrier, it is also highly dynamic, undergoing
continuous fusion and fission cycles that shape mitochondrial
morphology and adapt to cellular demands.'”'” These
dynamic processes are mainly regulated by mitochondrial
fusion and fission proteins: the dynamin-related protein 1
(DRP1) controls mitochondrial division,”’ whereas the
mitofusins MFN1 and MFN2 mediate the outer membrane
(OMM) fusion, and optic atrophy 1 (OPAl) predominantly
drives the inner membrane (IMM) fusion between two
mitochondria.""**7>* Beyond fission and fusion, the OMM
forms contact sites with other organelles, including the
endoplasmic reticulum (ER), lysosome, endosome, and the
plasma membrane, to establish organelle communication and
material exchange, which is mediated by the MFN2.'"*®
Moreover, mitochondria can secret small vesicles termed
mitochondrial-derived vesicle (MDV), which exist in both
single- and double-membraned forms. These MDVs shuttle
selected cargoes to intracellular or extracellular space,”*” and
can fuse with recipient mitochondria.””**

Inspired from these, we developed a mitofusin-decorated
extracellular vesicle (MFNEV) as a novel mitochondria-
targeting delivery platform that harnesses the mitochondrial
membrane dynamics. Extracellular vesicles (EVs) are cell-
derived nanoparticles that participate in material transfer and
intercellular communication.””** Their inherent biocompati-
bility, physiological stability, high delivery efliciency, and
engineerability render them attractive carriers for a wide range
of therapeutics.”’ ~** Unlike most nonviral vectors, EVs have
been reported to enter the recipient cells as intact vesicles and

6325

surf among the intracellular vesicle trafficking circuits.>>>¢

Here, we displayed mitofusins MEN1 and MFN2 on the EV
surface to generate MFNEVs. These vesicles are designed to
engage mitochondrial MFN1 and MEFN2 through the
formation of mitofusin homomultimers and heteromultimers.
Such interactions promote the vesicle-mitochondrion tether-
ing, potentially followed by membrane fusion. This process is
proposed to enable mitochondria-targeted cargo delivery
(Figure 1). In proof-of-concept experiments, we show that
siRNA-loaded MFNEVs efficiently locate to mitochondria,
enabling targeted siRNA accumulation in mitochondria. In
both in vitro and in vivo models, siRNA-loaded MFNEVs
significantly reduced mitochondrial encoded gene expression
at the mRNA level. More importantly, sgRNA-packaged
MFNEVs enabled CRISPR-mediated mitochondrial DNA
editing. These results established MFNEVs as a potent and
versatile delivery platform for mitochondria-targeted therapy.

B PREPARATION AND CHARACTERIZATION OF
MFNEVs

To generate MFNEVs, mitofusins MFN1 and MFN2 were
fused to the extra-vesicular N terminus of human LAMP2B, a
membrane protein widely used for EV surface engineering’"*’
(Figure 2A, Figure S1 and Figure S2). The MEN1 or MFN2
fragment was cloned into the region between the signal peptide
and the transmembrane domain of LAMP2B, and the resulting
plasmids were sequence-verified. Lentiviral vectors encoding
the two fusion proteins were produced and transduced into
HEK 293T cells. The MFN1-LAMP2B/MFN2-LAMP2B
double positive clone of HEK 293T cell was obtained by
single-cell sorting and puromycin/hygromycin selection. The
cell clones were confirmed by PCR amplification of the fused
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Figure 2. Characterization of MFNEVs. (A) Schematic illustration of EV and MFNEV, and the construction of MFN1-LAMP2B and MFN2-
LAMP2B fusion proteins. MEN1 or MFN2 was cloned into the downstream of the LAMP2B signal sequence. (B) Particle size distribution of EVs
and MFNEVs analyzed using a Flow NanoAnalyzer. (C) Mean diameters of MENEVs and EVs calculated from three independent batches (mean
+ SD n = 3; Student’s t-test). (D) Typical cryo-EM images of EVs and MFNEVs. Scale bars, S0 nm. (E) Biomarkers of EVs and MFNEVs analyzed
by Western blotting. (F) Immunoblotting of MFN1-LAMP2B and MFN2-LAMP2B expression on EVs and MFNEVs using anti-MFN1 and anti-
MFN2 antibodies. MENEVs derived from two different clones of parent cells are denoted as “1” and “2”. (G) Construction of the CD63-Nluc
plasmid. The nanoluciferase was fused to the C terminus of the vesicular membrane protein CD63. (H) The influence of MFN1-LAMP2B and
MFN2-LAMP2B expression on extracellular vesicle secretion. HEK 293T-CD63-Nluc cells were transfected with the indicated plasmids and the
supernatants were collected after 48 h for bioluminescence as a readout of vesicular secretion. L, LAMP2B; M1L, MFN1-LAMP2B; M2L, MFN2-
LAMP2B. Statistical significance was calculated by one-way ANOVA using the Vector group as control (mean + SD n = 6). ***P < 0.001; ns, not
significant.

region (Figure S3). MFNEVs were purified from the GM130, as well as the fusion proteins MFN1-LAMP2B and
supernatants of the culture medium by PEG precipitation MFN2-LAMP2B (~130 kDa), demonstrating the successful
combined with size exclusion chromatography (SEC) method decoration of MFN1 and MEN2 (Figure 2E,F).

to improve purity and minimize irreversible aggregation.38 To further characterize MFNEVs, we stained MENEVs from
Flow NanoAnalyzer measurements®” showed particle diame- independent batches with anti-MFN1 and anti-MFN2 anti-
ters ranging from 40 to 200 nm (mean ~ 85 nm), with no bodies and analyzed them using the Flow NanoAnalyzer. The
significant difference compared to normal EVs (Figure 2B,C). results showed that 91.3 + 2.5% of the MFNEVs were MFN1

In addition, MENEVs exhibited a representative vesicular positive, and 82.0 + 2.7% were MEN2 positive (Figure S4),
morphology under cryo-EM (Figure 2D). Immunoblotting of supporting surface accessibility of MFN1/MFEN2 epitopes on
MEFNEVs showed typical EV-specific markers CD63, HSP70 MENEVs surface. To assess the influence of expression of
and Flotillin1, but not the Golgi apparatus-associated protein MFN1-LAMP2B and MFN2-LAMP2B on the extracellular
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Figure 3. MFNEVs efficiently target mitochondria. (A) Confocal fluorescence microscopy images of HEK 293T-mitoEGFP cells after 4 h
incubation with EVs or MENEVs. CyS-labeled siRNA (red) was loaded into EVs and MFNEVs for intracellular vesicle tracking. For MFNEV/a-
MFN1 and MENEV/a-MFEN2 experiments, MFNEVs were preincubated with anti-MFN1 and anti-MFN2 antibodies before cell treatment,
respectively. The cells were stained with NucBlue (gray) for nucleus visualization. Mitochondria expressing mitoEGFP are indicated by Mito
(green). White arrows point to typical colocalization of siRNA with mitochondria. Scale bars, 10 ym. (B) Pearson correlation coefficients
quantifying the colocalization of CyS5-siRNA and mitochondrial signals at 4 and 12 h, calculated using ZEN software from three distinct fields. Data
are presented as mean + SD (n = 3), and Student’s t-test was applied. ***P < 0.001. (C) Gel electrophoresis image of isolated mitochondria
samples. Mitochondria were isolated from HEK 293T cells treated with or without siRNA-loaded EVs or MFNEVs, digested with proteinase K, and

6327

https://doi.org/10.1021/acs.nanolett.6c00233

Nano Lett. 2026, 26, 6324—6333


https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00233?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00233?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00233?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c00233?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c00233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Figure 3. continued

subjected to a 2% agarose gel. Twenty-five ng of free siRNAs were loaded as a control. Relative band intensities (Int.) were quantified using Image]
software. (D) Pearson correlation coeflicients quantifying the colocalization of CyS-siRNA with lysosome at 4 and 12 h, calculated using ZEN
software from three distinct fields. Data are presented as mean + SD (n = 3), and Student’s t-test was applied. ns, not significant.
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Figure 4. In vitro mitochondrial siRNA delivery. (A) Relative ND1 mRNA levels in HEK 293T cells treated with MENEVs or EVs (S pmol siND1
per 4 X 10° cells). (B) Relative CO, mRNA levels in HEK 293T cells treated with MFNEVs or EVs (5 pmol siCO2 per 4 X 10° cells). (C, D)
Relative ND1 mRNA levels in cells treated with siND1-loaded MFNEVs preincubated with (C) anti-MFN1 or (D) anti-MFN2 antibodies. HEK
293T cells were incubated with siRNA-loaded EVs or MENEVs for 24 h (three distinct siRNA sequences per target). Total mRNA was isolated for
qPCR analysis, using mitochondrial 16s rRNA as an internal reference. Data are presented as mean + SD (n = 3). Statistical significance was
determined by one-way ANOVA (a, b, d, e, f) and multiple t-tests (b, d). *P < 0.0S; ***P < 0.001; ns, not significant.

vesicle secretion, we generated a HEK 293T CD63-Nluc cell
line via lentiviral transduction to quantify EV release by
bioluminescence (Figure 2G and Table S3). Compared to the
empty plasmid vector, transient transfection with LAMP2B
alone led to a significant increase (>65%) in EV secretion after
24 h. However, the fusion of either MFN1 or MFN2 with
LAMP2B attenuated this enhancing effect, but still remained
~30% higher (Figure 2H), suggesting a boosted vesicle
production in MFN1-LAMP2B/MFN2-LAMP2B double
positive HEK 293T cells. Finally, MENEVs showed no
apparent effect on recipient cell proliferation (Figure SS),
mitochondrial morphology (Figure S6), ATP production
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(Figure S7), or mitochondrial membrane potential (Figure
S8) across the tested dose range, providing strong support for
the biocompatibility of MFNEVs.

B MITOCHONDRIAL-TARGETING ABILITY OF
MFNEVs

To demonstrate the mitochondrial-targeting capability of
MENEV, we packaged MFNEVs with CyS-labeled siRNA
(Table S2, Figure S9) via electroporation for intracellular
tracing. After loading, MFNEVs retained characteristic
vesicular morphology (Figure S10), and no significant changes
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Figure S. In vivo mitochondrial siRNA delivery. (A) Distribution of siCyS-loaded EVs and MFNEVs in mice (left) and in excised organs (right). H,
heart; Li, liver; S, spleen; Lu, lung; K, kidney. (B to D) Relative Cytb mRNA levels in liver tissues of mice following different siRNA treatments: (B)
2 pug siRNA per 20 g body weight delivered via MFNEVs; (C, D) 4 ug siRNA per 20 g body weight delivered via MFNEVs or EVs. siCytb-1, -2, and
-3 represent distinct sequences of Cytb siRNA. (E) Serum ALT and (F) AST levels in mice after the administration of siRNA-loaded EVs or
MFNEVs. Data are presented as mean + SD (n = 3). Statistical significance was determined by one-way ANOVA. *P < 0.0S; **P < 0.01; ***P <

0.001; ns, not significant.

in particle size distribution were observed (Figure S11),
supporting preservation of vesicle structure. A mitoGFP
(mitochondrial targeting sequence of COXS8 fused to the N
terminus of GFP) was stably transduced into HEK 293T cells
to serve as an indicator of the mitochondrial matrix. Cells (4 X
10°) were treated with 40 ug of EVs or MFNEVs (containing
~0.5 pug siRNA), and fluorescence images were captured using
laser scanning confocal microscopy (LSCM). In the MFNEV
group, numerous yellow dots were observed at both 4 and 12 h
post-treatment (Figure 3A and Figure S12), indicating strong
spatial overlap between the CyS-siRNA signal (red) and
mitoGFP-labeled mitochondrial regions (green). In contrast,
colocalization was minimal in cells treated with unmodified
EVs, as further confirmed by multimodality structured
illumination microscopy (Multi-SIM) imaging of both living
cells (Figure S13) and isolated mitochondria (Figure S14).
Pearson correlation analysis across three independent fields
confirmed a strong colocalization of siRNA with mitochondria
in MENEV-treated cells relative to EV controls (~0.51 versus
~0.07 at 4 h, Figure 3B). To probe the interaction between
MFNEVs and mitochondria, we performed a lipid diffusion
assay using Dil-labeled vesicles (Figure S15). In MFNEV-
treated cells, the Dil signal was observed to closely associate

6329

with mitochondrial structures, whereas no such behavior was
observed for unmodified EVs, supporting MFN-dependent
membrane interaction and lipid exchange. In the meanwhile,
blocking either MFN1 or MFN2 with the helix bundle domain-
binding antibodies significantly reduced colocalization (~0.23
and ~0.32, respectively, Figure 3A,B), and this antibody
treatment did not measurably affect cellular uptake (Figure
S$16), consistent with the established membrane fusion-driving
roles of both mitofusins for mitochondrial fusion.'"** To
further confirm the mitochondrial delivery, mitochondria were
isolated from the HEK 293T cells 24 h after treatment with
CyS-siRNA-loaded EVs or MFNEVs. The purified mitochon-
dria were then digested with proteinase K and analyzed by
agarose gel electrophoresis (Figure 3C). Purified mitochondria
were also sequentially treated with digitonin and RNase before
proteinase K digestion and gel analysis (Figure S17). In both
assays, a clear siRNA band was detected in the MENEV group,
supporting efficient intramitochondrial delivery. In contrast, no
obvious siRNA band was observed in the EV group,
underscoring the indispensable role of mitofusin decoration
for mitochondrial delivery. Additionally, lysosomal localization
was also assessed using LysoTracker staining. Minimal overlap
between lysosomes and CyS5-siRNA was observed in either EV-
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Figure 6. Mitochondrial DNA editing by CRISPR-Cas9. (A) Construction of mitochondrial Cas9 (mitoCas9). The mitochondrial targeting
sequence (MTS) of COX8 protein was fused to the N terminus of spCas9. (B) Immunoblotting of Cas9 expression in whole-cell and
mitochondrial fractions from HEK 293T or HEK 293T-mitoCas9 cells. (C) Relative mtDNA content in HEK 293T-mitoCas9 cells 16 h after
treatment with either MFNEV-sgRNA or EV-sgRNA, detected by qPCR and normalized to the sgGFP group. (D) Relative mtDNA content in
HEK 293T cells treated with either MENEV-RNP or EV-RNP. (E) Relative mtDNA content in HEK 293T-mitoCas9 cells pretreated for 2 h with
mitochondrial fusion inhibitors (MFIS8, 20 uM; MYLS22, 30 uM) or post-treated for 2 h with mitochondrial fusion promotors (MASM7, 1 uM;
MFPM], 20 uM), followed by incubation with the indicated MFNEV-sgRNA. mtDNA content was analyzed by qPCR 16 h later. Data are
presented as mean + SD (n = 3). Statistical significance was determined by one-way ANOVA and multiple t-tests. **P < 0.01; ***P < 0.001.

or MFNEV-treated cells at all time points (Figure S18), as
reflected by low Pearson correlation coefficients (Figure 3D),
indicating the negligible lysosomal sequestration.

B /N VITRO AND IN VIVO siRNA DELIVERY TO
MITOCHONDRIA VIA MFNEV

In mammalian cells, the mitochondrial RNA import machinery
is generally considered absent, limiting the application of RNA
interference (RNAi) for mitochondrial genome regulation in
both fundamental research and therapeutic context, although
RNAi-like mechanism in mitochondria has been reported.*>"!
Having confirmed the mitochondrial targeting capability of
MFNEVs, we next examined whether the delivered siRNA
could function within mitochondria. siRNAs against the
mitochondrial DNA (mtDNA)-encoded ND1 and COX2
genes (siND1 and siCO2; Table S2) were packaged into
MENEVs by electroporation. The obtained siNDI1-loaded
MFNEVs and siCO2-loaded MFNEVs were then separately
incubated with HEK 293T cells. Relative mRNA expression
levels were quantified by RT-qPCR using mtDNA-encoded
16S rRNA as internal control.” Cells treated with empty
MFNEVs were also analyzed to exclude the influence of
MENI1-LAMP2B and MFN2-LAMP2B on NDI and COX2
mRNA expression (Figure S19A). Unexpectedly, a siRNA dose
typically used for nuclear DNA-encoded targets (30 pmol per 4
X 10° cells) caused a dramatic increase in ND1 mRNA
expression at 24 h post-treatment compared with the negative
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control (Figure S20A), while a lower dose (S pmol per 4 X 10°
cells) reduced ND1 mRNA by more than 40% (Figure 4A). In
contrast, the mRNA level of the nontargeted mtDNA-encoded
gene ATP6 was not affected (Figure S21). The downregulation
was further confirmed by Western blot, which showed a
significant reduction of ND1 protein at 48 h (Figure S20B).
Treatment of HEK 293T cells with siCO2-loaded MFNEVs
also led to a mild reduction of CO2 mRNA (~20%—30%,
Figure 4B). Moreover, MFNEVs similarly decreased ND1
mRNA in HelLa cells (Figure S19B), demonstrating cross-cell-
line applicability, albeit with reduced delivery efficiency. To
exclude potential confounding effects arising from fluctuations
in mtDNA abundance, ND1 transcript levels were additionally
normalized to a nuclear-encoded reference gene (SDHA).
Consistent with the initial analysis, ND1 expression remained
significantly reduced under this normalization scheme (Figure
S22). Notably, the decline of NDI mRNA was completely
abolished when either MEN1 or MEN2 on the MENEVs was
blocked by antibodies before cell incubation (Figure 4C,D),
consistent with the colocalization data (Figure 3A).
Collectively, these results strongly demonstrate that MFNEVs
can efficiently deliver siRNAs to mitochondria and modulate
mtDNA-encoded gene expression.

Given the high sequence conservation of MEN1 (96.1%)
and MFN2 (98.8%) between human and mouse (analyzed by
SanpGene), we next validated MFNEV-mediated mitochon-
dria-targeting siRNA delivery in vivo. EVs or MFNEVs loaded
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with CyS-labeled siRNA were systemically administrated into
BALB/c-Nude mice to evaluate their biodistribution. In both
groups, CyS$ signals were predominantly localized to the liver
tissue (Figure SA), indicating that mitofusin decoration had
minimal impact on organ biodistribution. To study the
capability of MFNEVs for in vivo applications, siRNAs
targeting the mouse mitochondria DNA encoded cytochrome
b (Cytb) (Table S2) were loaded into MFNEVs and injected
intravenously at 2 yg or 4 ug per 20 g body weight. Total RNA
was extracted from the liver tissue and qPCR analysis was
applied to determine the mRNA levels. Screening of three
siRNA sequences (siCytb-1-3, Table S2) revealed that all these
sequences effectively reduced Cyth at mRNA levels (Figure
5B), and siCytb-3 was used for subsequent studies. At 24 h
postinjection, siCytb-3-loaded MENEVs reduced Cytb mRNA
by ~30%, indicating the successful downregulation of mtDNA
expression via siRNA delivery in vivo. In contrast, the mRNA
level remained unchanged in the EV group (Figure SC),
implying that MFN1 and MFN2 are essential for mitochon-
drial targeting and siRNA release. Moreover, Cytb transcript
levels were significantly reduced in the mitochondrial fraction
of the MFNEV-treated group, whereas no reduction was
observed in the EV-siCytb control group (Figure S23). These
results provide compartment-specific evidence supporting
mitochondrial delivery of siRNA in vivo. The mRNA levels
returned to normal levels by 120 h post-treatment (Figure
SD). Additionally, the blood biochemical indicators alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
remained in low levels (Figure SE,F), confirming the
biocompatibility of MFNEVs. These results demonstrate that
the MENEV system is highly capable of in vivo mitochondria-
targeted siRNA delivery with a strong safety profile.

B MFNEV ENABLES CRISPR-MEDIATED GENE
EDITING IN MITOCHONDRIA

While programmable CRISPR-Cas (clustered regularly inter-
spaced short palindromic repeats associated with a Cas
endonuclease)-based technologies have revolutionized nuclear
genome editing, their application to mitochondrial DNA has
remained restricted to gRNA delivery. This is primarily due to
the lack of entries for importing DNA or RNA strands into
mammalian mitochondria.">** Benefiting from the versatility
of extracellular vesicles for encapsulating various types of
cargos,””** we explored the potential of MENEVSs to deliver
single-guide RNA (sgRNA), which is essential for the Cas
nuclease activity. To test this, we fused the mitochondrial
targeting sequence (MTS) of COXS8 to the N terminus of the
Cas9 (mitoCas9, Figure 6A, Table S3) and generated a HEK
293T cell line stably expressing this fusion protein through
lentivirus transduction (HEK 293T mitoCas9, Figure 6B,
Figure S24). Four sgRNAs were designed to target the
mitochondrial D-loop region (sgDloop), the NADH dehydro-
genase subunit 1 (sgND1), the cytochrome c oxidase subunit 3
(sgC03), and green fluorescent protein (sgGFP, as negative
control) (Table S2). These sgRNAs were delivered into the
HEK 293T-mitoCas9 cells using either MFNEVs or EVs. Since
linearized mtDNA is rapidly degraded by the exonuclease
instead of repairing through homologous recombination (HR)
or nonhomologous end-joining (NHE]J) exonucleolytic
activities in mitochondria,44_46 the Cas9-induced double-
strand break will lead to a decrease of mtDNA copy number,
which can be quantified by qPCR. Strikingly, treatment with
0.5 ug of sgRNA per 4 X 10° of HEK 293T-mitoCas9 cells
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induced a significant decrease in mtDNA content in the
MEFNEYV group at 16 h, with a maximum reduction of 70%
relative to the sgGFP control (Figure 6C). To further assess
whether the observed effects arise from generalized mitochon-
drial loss, we evaluated the expression of the mitochondrial
matrix protein HSP60. Immunoblot analysis showed that
HSP60 levels remained stable across all treatment groups
(Figure S25), consistent with the absence of global
mitochondrial degradation. Notably, no obvious change in
mitochondrial abundance was observed by microscopy (Figure
S26). Meanwhile, the mtDNA content remained unchanged
when the same amount of sgRNA was delivered by EVs.
Furthermore, when Cas9 protein-sgRNA complexes (RNP,
Figures S10 and S27) were directedly packaged into EVs or
MFNEVs and applied to the HEK 293T cells, mtDNA
reduction was again observed only in the MENEV group
(Figure 6D). Notably, pretreatment of MFNEVs with anti-
MEFN1 or anti-MFN2 antibodies eliminated the delivery
outcome (Figure S28), further supporting mitofusin-depend-
ent delivery. These results demonstrate that MFNEVs present
a promising delivery solution for expanding the application of
CRISPR-based tool kit in mitochondrial gene editing.

B MFNEV DELIVERY RELIES ON THE
MITOCHONDRIAL FUSION MACHINERY

We next examined how regulation of mitochondrial membrane
fusion affects the MENEV delivery efficiency, as our system
was designed to hijack the mitochondrial fusion machinery. We
hypothesized that promoting mitochondrial fusion would
enhance MFNEV-mitochondria fusion and enable broader
cargo distribution throughout the mitochondrial network,
thereby improving the delivery outcomes. Conversely,
inhibiting mitochondrial fusion would block the MFNEV
delivery. Unexpectedly, supplementation with the mitochon-
drial fusion agonists MFP M1*7 (20 uM) or MASM7* (1
uM) did not further decrease the relative mtDNA content
compared to the solvent control (Figure 6E). While inhibition
of mitochondrial fusion—either with the specifically outer
membrane fusion inhibitor MFI8** (20 uM) or the inner
membrane fusion inhibitor MYLS22* (30 uM) treatment—
completely prevented the sgRNA-induced reduction in
mtDNA level (Figure 6E). To further assess the role of
mitochondrial fusion machinery at genetic level, we performed
siRNA-mediated knockdown of MFN1 and OPAIl. Efficient
depletion was confirmed at the protein level by immunoblot-
ting (Figures S29A and S30A). Under these conditions, the
delivery efficiency of MFNEV-sgND1, as measured by changes
in relative mtDNA content, was markedly reduced compared
to control cells (Figures S29B and S30B). These findings
support the view that MFNEV-mediated cargo delivery is
consistent with a working model involving the mitochondrial
fusion machinery.

In conclusion, we developed a mitofusin-decorated extrac-
ellular vesicle (MFNEV) system for effective and biocompat-
ible mitochondria-targeted delivery. Distinguished from
conventional membrane potential-driven targeting strategies,
MEFNEYV naturally employs the intrinsic mitochondrial fusion
machinery for delivery without disturbing mitochondrial
functions under the experimental conditions tested. With
siRNA-loaded MFNEVs, we achieved efficient and low-toxicity
downregulation of mtDNA expression in both in vitro and in
vivo models. Moreover, CRISPR-based mtDNA editing was
successfully executed through sgRNA delivery with MENEVs.
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These findings establish MFNEVs as a promising and versatile
platform for mitochondria-targeted delivery. We anticipate that
our MENEV technique, combined with the high engineer-
ability of extracellular vesicles, will significantly benefit future
research and therapeutic development in mitochondria-related

fields.
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