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HIGHLIGHTS

Mitochondrial molecular
assembly enables efficient gene
delivery into mitochondria

Mitochondrial genome editing
manipulates the cellular functions
of cancer cells

Mitochondrial molecular
assembly redirects viral gene
vectors to mitochondria

Local enzymatic reaction targets
cancer selectively

Enzymatic noncovalent synthesis (ENS), a process generating supramolecular
interactions and higher-order molecular ensembles via enzymatic reactions,
achieves the formation of molecular assemblies at mitochondria, which facilitates
gene delivery for mitochondrial genome editing in a cancer-specific manner.
lllustrating mitochondrial ENS to deliver various cargos for genetic engineering of
cancer mitochondria, this work by He et al. offers a promising strategy for targeting
mitochondria of cancer cells and for understanding the correlation between
mitochondria and cancer.
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SUMMARY

Since mitochondria contribute to tumorigenesis and drug resistance
in cancer, mitochondrial genetic engineering promises a new direc-
tion for cancer therapy. Here, we report the use of the perimito-
chondrial enzymatic noncovalent synthesis (ENS) of peptides for
delivering genes selectively into the mitochondria of cancer cells
for mitochondrial genetic engineering. Specifically, the micelles of
peptides bind to the voltage-dependent anion channel (VDAC) on
mitochondria for the proteolysis by enterokinase (ENTK), gener-
ating perimitochondrial nanofibers in cancer cells. This process,
facilitating selective delivery of nucleic acid or gene vectors into
mitochondria of cancer cells, enables the mitochondrial transgene
expression of CRISPR/Cas9, FUNDC1, p53, and fluorescent pro-
teins. Mechanistic investigation indicates that the interaction of
the peptide assemblies with the VDAC and mitochondrial mem-
brane potential are necessary for mitochondria targeting. This local
enzymatic control of intermolecular noncovalent interactions en-
ables selective mitochondrial genetic engineering, thus providing
a strategy for targeting cancer cells.

INTRODUCTION

Cancer remains a great threat to public health in the world. Traditional cancer treat-
ments, such as chemotherapy, are often accompanied with failures due to the recur-
rence of cancer, drug resistance, and the nonspecific distribution of anti-cancer
agents in human body, which compromise the drug efficacy and bring in undesirable
side effects on normal tissue. These challenges require approaches with the ability to
differentiate between cancerous and normal cells for efficient cancer inhibition.
Mitochondria, as the powerhouse of cells, participate in central roles in multiple
cellular processes, especially in bioenergetic, biosynthetic, immunity, and cell death
signaling. Thus, selectively targeting mitochondria of cancer cells promises an
effective way to reduce drug resistance. Although many approaches have been
developed to target mitochondria for cancer therapy,'® most of them focus on
developing tight binding inhibitors for mitochondria disfunction, which are suscep-
tible to mutations that evolve drug resistance. Thus, new strategies of targeting
mitochondria become urgent and necessary.

Human mitochondria, carrying their own DNA, are one of the most important targets
for genetic medicine.”'? Additionally, the protein production machinery in mito-
chondria plays crucial roles in cellular metabolism,"’'? and it is promising for

selectively engineering the mitochondrial genome in cancer cells to manipulate
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the mitochondrial metabolism for the purpose of cancer inhibition."* Considerable
progress has been made in engineering mitochondria DNA (mtDNA). For example,
mitochondria replacement therapy (MRT)'* is able to repair mtDNA defects before
birth."® Re-engineered nucleases are able to edit mitochondrial genomes in cultured

cells™"”

and in mouse models.'®?° These approaches, however, require further
development for selectively targeting the mitochondria of cancer cells. One rational
strategy is to deliver the nucleic acids or gene vectors directly to the mitochondria of
cancer cells. Several labs have explored this strategy. Most reported approaches rely
on positively charged peptides®’ or antibodies?” but exhibit poor efficiency and
selectivity.

23,24

Inspired by viral proteolytic priming (VPP), in which proteolytic cleavage
changes the state (e.g., conformation, charge, or oligomerization) of viral surface
proteins to facilitate viral entry of specific host cells, we decided to investigate peri-
mitochondrial enzymatic noncovalent synthesis (ENS) of peptides for cancer-selec-
tive mitochondrial genetic engineering. ENS refers to a process that combines enzy-
matic reactions and noncovalent interactions for spatiotemporally constructing
higher-order molecular assemblies that obtain emergent properties and func-
tions.?>~?? Although ENS has found applications in targeting cancer cells for imag-
ing®®~** and tumor inhibition,**~*” it has yet to be explored to deliver cargo for mito-
chondrial genetic engineering. During our study on enzymatic gelation,**** we
found that perimitochondrial ENS delivers small molecules or proteins into the mito-
chondria of cancer cells exclusively and efficiently.* Therefore, we decided to
explore perimitochondrial ENS, as a memetic of VPP, to deliver cargo for mitochon-
drial genetic engineering of cancer cells, with the goal of manipulating cancer meta-
bolism. As shown in Figure 1B, perimitochondrial ENS is a multiple-step process: (1)
micelles of peptide assemblies bind to receptors on the mitochondrial membrane,
(2) a protease (e.g., enterokinase [ENTK]) cleaves the peptide to transform the mi-
celles to nanofibers, and (3) such a perimitochondrial morphology/phase transition
should allow gene vectors carried by the micelles to be locally positioned to
mitochondria.

Our study shows that perimitochondrial ENS enables selective genetic engineering
for the mitochondria of cancer cells. Consisting of an aromatic group rich in D-tetra-
peptide as the backbone and FLAG-tag,” a substrate of ENTK,*® as the branch, the
peptide (termed Mito-FLAG in this work) self-assembles into micelles, which, upon
ENTK catalytically cleaving off the FLAG-tag, turn into nanofibers to result in a hy-
drogel. After the Mito-FLAG micelles enter cells mainly via clathrin-mediated endo-
cytosis, the mitochondria-bound ENTK hydrolyzes the FLAG-tag, thus turning the
micelles to nanofibers on mitochondria. Using mitochondria-specific codons®’
further confirms the gene expression in mitochondria. This perimitochondrial ENS
approach transfects gene vectors encoding CRISPR/Cas9*®“? into the mitochondria
of cancer cells to knock out the MT-CO1 gene, which depletes oxidative phosphor-
ylation (OXPHOS) and re-sensitizes the cancer cells to cisplatin. Additionally, Mito-
FLAG facilitates the gene expression of FUNDC1 and GFP-tagged p53 proteins in
the mitochondria of cancer cells, which induces mitophagy”® and apoptosis,”’
respectively. Besides DNA plasmid, combining viral gene vectors and Mito-FLAG re-
sults in the exclusive expression of non-mitochondrial proteins (e.g., GFP, RFP-
LAMP1, or GFP-PTS) in cancer mitochondria. Using Rifampicin,®” an inhibitor specific
to mitochondrial RNA polymerase, confirms that the delivered genes undergo tran-
scription in mitochondria. Mechanistically, the electrostatic interaction between
Mito-FLAG and voltage-dependent anion channel (VDAC) on the mitochondrial sur-
face favors the mitochondria-specific attachment of Mito-FLAG. For the cells with a
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Figure 1. lllustration of Perimitochondrial ENS

(A) Molecular structure of Mito-FLAG and the illustration of the ENS catalyzed by ENTK.

(B) lllustration of the proteolysis (ENTK cleaving off the FLAG-tag) of Mito-FLAG to result in
supramolecular assemblies of Nap-ffk(G)y and the consequential phase/morphology transition on
mitochondria to facilitate the mitochondrial genetic engineering.

low level or knockdown of mitochondria-bound ENTK, perimitochondrial ENS is ab-
sent; therefore, the production of those non-mitochondrial proteins hardly occurs in
the mitochondria. Furthermore, mitochondrial membrane potential and pH gradient
are necessary for perimitochondrial ENS to target the mitochondria of the cancer
cells. This work, illustrating perimitochondrial ENS as assisting genetic engineering
of cancer mitochondria, offers a versatile and robust strategy for selectively target-
ing mitochondria of cancer cells and for the understanding the correlation between
mitochondria and cancer.”?

RESULTS AND DISCUSSION

ENS of the Peptide Assemblies and Targeting the Mitochondria of Cancer
Cells

As reported by previous results, the FLAG-tagged branched peptide (denoted
as Mito-FLAG; Figure 1A) self-assembles into micelles (18 + 3 nm in diameter) in so-
lution, which transform to nanofibers (27 + 2 nm in diameter) in response to ENTK
(Figure S1A). The nitrobenzoxadiazole (NBD)-labeled derivative of Mito-FLAG

38,44
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(denoted as NBD-Mito-FLAG; Scheme S1) not only extensively colocalizes with the
mitochondria of cancer cells rather than the mitochondria of normal cells, but it
also exhibits mitochondria-like morphology in cancer cells (Figure S1B). Compared
to previous works®'??
agents merely show punctate intracellular fluorescence that overlaps with mitochon-

dria, the Mito-FLAG assemblies exhibit higher efficiency for targeting mitochondria.

in which the fluorophore-labeled mitochondria-targeting

Moreover, transmission electron microscopy (TEM) images confirm the micelle-to-
nanofiber transition on the mitochondria of cancer cells in 24 h (Figure S1C). These
results confirm that Mito-FLAG is a suitable perimitochondrial ENS candidate with
cancer selectivity. The nanofibers on the mitochondria surface would increase the
perimitochondrial viscosity for the retention of various entities, such as proteins,”*
chemotherapy drugs,** and gene vectors (as shown in this work). While the forma-
tion of perimitochondrial molecular assemblies is confirmed by the TEM images of
the isolated whole mitochondria, it is unknown whether Mito-FLAG micelles un-
dergo ENS inside the mitochondria. The fluorescence of NBD-Mito-FLAG in mito-
chondria, however, suggests the formation of molecular assemblies inside mito-
chondria (Figure S1) catalyzed by other mitochondrial proteases. The NBD-Mito-
FLAG inside mitochondria may originate from mitochondrial protein importing ma-
chinery, but it remains to be confirmed in further study.

Delivery of Nucleic Acids into Mitochondria

As shown in Figure 1B, the nanofibers on mitochondria (Figure S1C) should increase
the local viscosity, arrest the DNA cargo near the mitochondria, and promote the
mitochondria-targeted gene delivery. This assumption is supported by the import
of fluorescein isothiocyanate (FITC)-labeled oligonucleotides and a plasmid back-
bone (pMAX-DEST)*® into mitochondria. Being incubated with FITC-labeled oligo-
nucleotides and Mito-FLAG, Hela cells display green fluorescence mainly in mito-
chondria (Figure 2A) but only scattering fluorescent dots in the cytosol in the
absence of Mito-FLAG (Figure S2A). We used ethidium bromide (EB)°® to generate
the mtDNA-depleted (0% cells. PicoGreen,”” a fluorescent dye for DNA detection,
confirms that EB effectively removes mtDNA (Figures S2C-S2E). The p° cells incu-
bated with the mixture of Mito-FLAG and pMAX-DEST (20 pg/mL) show multiple
green fluorescent spots overlapping with MitoTracker (Figures 2B and S2E), vali-
dating that Mito-FLAG delivers DNA into mitochondria. Incubating the p° cells
with the plasmid alone or plasmids mixed by lipofectamine hardly regains the
DNA in mitochondria (Figures 2B and S2C-S2E). Imaging analysis of the mitochon-
dria regions indicates that, on average, 89% of mitochondria contain DNA (stained
by PicoGreen) after treating the p° cells with the pMAX plasmid and Mito-FLAG (Fig-
ures S3A and S3B). This ratio is close to that of normal Hela cells (98%; Figures S3C
and S3D). This result further supports that Mito-FLAG acts as a substrate for perimi-
tochondrial ENS to deliver DNA into the mitochondria.

Transfection of DNA Plasmids in Mitochondria

To validate the encapsulation of DNA plasmid in Mito-FLAG assemblies, we centri-
fuged the mixtures of Mito-FLAG and pGLO plasmid”® (containing GFP reporter
gene). Electrophoresis shows that the pellets obtained from the mixtures of pGLO
and Mito-FLAG at 400 or 200 uM clearly incorporate pGLO (Figure 2C, lanes 3
and 4). Centrifuging the solution of free pGLO hardly obtained any DNA pellets (Fig-
ures 2C, lane 5, and S4C-S4E). These results confirm that pGLO plasmid associates
with the Mito-FLAG assemblies. Gel analysis using ImageJ reveals that the ratios of
band intensity for lane 3/lane 2 and lane 4/lane 2 are 43% and 32%, respectively,
which agrees with the encapsulation efficiency (EE%) (38.5% and 29.0%,
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Figure 2. Perimitochondrial ENS to Deliver Oligonucleotides, Nucleic Acids, and Plasmids into Mitochondria

A) Hela cells, incubated with Mito-FLAG and FITC-labeled oligonucleotides (100 nM, 24 h), display green fluorescence of FITC in mitochondria.

B) Fluorescent images of mtDNA-depleted Hela cells incubated with 1 mL pMAX-DEST plasmid (10 pg/mL, 24 h) mixed with or without Mito-FLAG.
C) Gel electrophoresis analysis of pGLO plasmid in the pellet of Mito-FLAG after high-speed centrifuge.

D) Fluorescentimages of the Hela cells incubated with pGLO and Mito-pGLO plasmid (5 pg/mL, 24 h, 0.2 wt% arabinose) in the presence of Mito-FLAG.
E) Detection of pGLO plasmid in the mitochondria isolated from the Hela cells treated by pGLO (5 pg/mL) and Mito-FLAG via PCR and DNA electrophoresis.

F) Fluorescent images of the Hela cells expressed pGLO (in mitochondria) before and after one passage. All Mito-FLAG concentrations are 200 pM.
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respectively) quantified via PicoGreen methodology (Figure S4). The EE% of DNA
hardly changes in fetal bovine serum (FBS; with DNase inhibitor) within 24 h (Fig-
ure S4F), suggesting that the complexes formed by pGLO plasmid and Mito-FLAG
are stable in physiological condition. Moreover, the EE% of DNA increases in the so-
lutions of high ionic strength (Figure S4G), which indicates not only that the Mito-
FLAG-DNA complexes are stable at high ionic strength, but also that Mito-FLAG as-
semblies associate with more DNA at high ionic strength.

The Hela cells treated by the mixture of pGLO plasmid and Mito-FLAG in the pres-
ence of arabinose (0.2 wt%) display bright green fluorescence of GFP in mitochon-
dria, as confirmed by the extensive overlapping with the red fluorescence from Mi-
toTracker (Figure 2D). The control (pGLO mixed with lipofectamine) displays only a
few fluorescent puncta, mainly in the cytosol (Figure S5A). To validate that the GFP is
expressed in mitochondria rather than being trafficked into mitochondria after the
protein expression by cytosolic ribosomes, we created a mutated pGLO plasmid
(Mito-pGLO) that uses mitochondrial-specific codons (TGA for tryptophan and
AGG for the stop; Figure S5B) in the GFP gene. Thus, the GFP encoded by Mito-
pPGLO should be expressed only in mitochondria. Like pGLO, the Hela cells incu-
bated with the mixture of Mito-pGLO and Mito-FLAG exhibit green fluorescence
that extensively overlaps with the red signal from MitoTracker (Figure 2D). The
high expression of GFP in mitochondria also results in the export of some GFP
from mitochondria®” into the cytosol (Figure 2D), indicating the efficient transfection
achieved by Mito-FLAG-based perimitochondrial ENS. As a control, the intracellular
delivery of Mito-pGLO using lipofectamine to the Hela cells generates few fluores-
cent puncta in mitochondria (Figure S5A). These results confirm that the perimito-
chondrial ENS delivers the pGLO or Mito-pGLO gene into the mitochondria of
Hela cells. Polymerase chain reaction (PCR) of the isolated DNA (Figure 2E) from
the mitochondria of the Hela cells further proves that Mito-FLAG efficiently delivers
DNA plasmid to mitochondria for gene expression. The GFP fluorescent intensity in
the mitochondria of transfected Hela cells decreases (Figure 2F) after one passage
of the cells. Although it indicates that the transfection is largely transient, this result
further confirms the transfection of the pGLO gene to the mitochondria of the Hela
cells by Mito-FLAG perimitochondrial ENS, as illustrated in Figure 1.

CRISPR/Cas9 for Knocking Out MT-CO1 in the mtDNA

Since the mitochondrially encoded proteins, such as mitochondrial cytochrome ¢ oxi-
dase subunit | (MT-CO1), are critical for OXPHOS, knocking out the proteins would
disrupt mitochondrial energetics, reduce ATP supply, and dysfunction efflux pumps,
which are essential for drug resistance in cancer. This assumption is supported by the
Mito-FLAG-facilitated delivery of LentiCRISPRV2 plasmid encoding CRISPR/Cas? and
the guide RNA (gRNA) of MT-CO1 (termed CRISPR-MT-CO1; Figure S6A) into mito-
chondria. To confirm the delivery and gene expression in mitochondria, we incubated
Hela cells with the mixture of Mito-FLAG and CRISPR-MT-CO1-mCherry plasmid, which
encodes mCherry as the indicator of gene expression, in addition to CRISPR/Cas? and
the gRNA of MT-CO1. As shown in Figure 3A, intensive fluorescence from mCherry pre-
sents in the mitochondria of Hela cells incubated with Mito-FLAG and CRISPR-MT-CO1-
mCherry plasmid, validating the mitochondria-targeted gene delivery via Mito-FLAG
perimitochondrial ENS and the gene expression in mitochondria. To examine the effi-
ciency of mitochondria genetic engineering through CRISPR/Cas?, we evaluated the
protein level of MT-CO1 in cells. Western blot and immunofluorescence staining analysis
reveal a significantly reduced MT-CO1 level in the Hela cells incubated with the mixture
of Mito-FLAG and CRISPR-MT-CO1 plasmid (third day), compared to those treated by
solvent control (PBS), free plasmid, or Mito-FLAG alone (Figures 3B and S6B). Moreover,
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Figure 3. Perimitochondrial ENS Delivers CRISPR/Cas9 Components into the Mitochondria of Cancer Cells for Mitochondrial Genome Editing

(A) Fluorescent images of Hela cells incubated with plasmid encoding CRISPR-Cas?-mCherry and siRNA for MT-CO1. The red fluorescence from
mCherry in mitochondria suggests the gene delivery and expression in mitochondria.

(B) Western blot analysis of MT-CO1 for Hela cells treated by solvent control (PBS), free CRISPR-MT-CO1 plasmid, Mito-FLAG, and the mixture of Mito-
FLAG and CRISPR-MT-CO1 plasmid. The reduced level of MT-CO1 protein in the combination treatment suggest the KO of the MT-CO1 gene.

(C) PCR analysis of the MT-CO1 gene for Hela cells treated by solvent control (PBS), free CRISPR-MT-CO1 plasmid, Mito-FLAG, and the mixture of Mito-
FLAG and CRISPR-MT-CO1 plasmid. The band of MT-CO1 gene in the combination group is hardly observed.

(D) ATP (red) visualization in HelLa cells incubated with solvent control (PBS), free CRISPR-MT-CO1 plasmid, Mito-FLAG, and the mixture of Mito-FLAG
and CRISPR-MT-CO1 plasmid. The cells in the combination group exhibit little fluorescence from ATP-Red in mitochondria, indicating the disfunction of
OXPHOS (MT-CO1 is the catalytic site of cytochrome c oxidase).

(E-G) The KO of MT-CO1 (E) leads to reduced efficiency in MDR, (F) sensitizes the cancer cell to cisplatin, and (G) reduces mitochondrial membrane
potential. Data are presented as mean =+ standard deviation.

PCR experiments (starting with equal dosages of whole-cell DNA) using the primers
flanking the targeted cleavage site generate drastically decreased product from the
Hela cells that undergo the incubation with Mito-FLAG and CRISPR-MT-CO1 plasmid
(third day; Figure 3C). However, the PCR products from the cells treated by PBS, plain
plasmid, or Mito-FLAG are mostly identical (Figure 3C). Replacing the gRNA in
CRISPR-MT-CO1 plasmid with random gRNA hardly results in the knockout (KO) of
MT-CO1 (Figure S6C). These results suggest that the Mito-FLAG perimitochondrial
ENS delivers the CRISPR-MT-CO1 plasmid into the mitochondria of Hela cells, where
the Cas9 protein and gRNA are made. The CRISPR/Cas9 complex in mitochondria
cleaves the target gene, leading to the KO of MT-CO1.
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Because MT-CO1 plays a critical role in OXPHOS, the KO of MT-CO1 in Hela cells
results in deficient synthesis of ATP (visualized by an ATP probe; Figure 3D) in the
mitochondria. The ATP insufficiency decreases the efficiency of the ATP-dependent
drug efflux pumps and multidrug resistance (MDR) in cancer cells (Figures 3E and
S6D). Since the MDR is a major factor in the failure of many forms of chemotherapy,
the MT-CO1-KO cancer cells, being MDR ineffective, become more sensitive to
chemotherapeutic agents, such as cisplatin, than the wild type (WT; Figure 3F).
Moreover, because the maintenance of the mitochondrial membrane potential
largely relies on cytochrome c oxidase,“” the deletion of the subunit 1 in this protein
also generates less polarized mitochondria in cells (Figures 3G and S6E).

Mitochondrial Transgene Expression of FUNDC1 to Induce Mitophagy
Because the overexpression of FUN14 domain containing 1 (FUNDC1) in mitochon-
dria results in mitophagy,®” we incubated Hela cells with a mixture of Mito-FLAG
and the plasmids encoding Myc-tagged FUNDC1 protein (FUNDC1-Myc)*® in mito-
chondria for inducing mitophagy. Western blot experiments reveal that the Hela
cells incubated with the mixture of Mito-FLAG (200 pM) and FUNDC1 plasmid
(5 ng/mL, 3 days) exhibit higher FUNDC1 and LC3B (a maker protein for autophago-
some) levels in the mitochondrial and cytosolic fractions, respectively (Figure 4A),
compared to the controls, indicating the gene expression of FUNDC1 plasmid in
mitochondria and the initiation of mitophagy in cells. Fluorescent microscopy re-
veals elongated mitochondria in Hela cells treated by Mito-FLAG only but globular
mitochondria in the cells incubated with the mixture of Mito-FLAG and FUNDC1-
Myc plasmids (Figure 4B), suggesting the engulfment of mitochondria by autopha-
gosomes.®’ Immunochemical staining of LC3B in FUNDC1-plasmid-transfected
Hela cells (via Mito-FLAG perimitochondrial ENS) clearly shows the redistribution
of nucleus-pool LC3 to the cytoplasm®® and the co-localization with mitochondria
(Figure 4C, indicated by arrows), confirming mitophagy. Given that FUNDC1 asso-
ciates with LC3 on the mitochondrial outer membrane (MOM) for mitophagy, these
results also suggest that the FUNDC1-Myc protein, although produced in the mito-
chondrial matrix, can move out to the MOM via protein export,”” where it interacts
with LC3. Little co-localization between LC3 and mitochondria presents in the con-
trol Hela cells (Figure 4C).

Mitochondrial Transgene Expression of p53 to Induce Apoptosis

Tumor suppressor p53 is a protein that directly participates in the intrinsic apoptosis
pathway by inducing mitochondrial outer membrane permeabilization. Herein, we
transfect the plasmid encoding GFP-tagged p53 (GFP-TP53)°® into mitochondria
for imaging mitochondrial p53 and direct apoptosis initiation. HelLa cells incubated
with the mixture of GFP-TP53 plasmid and Mito-FLAG (24 h) exhibit bright green
fluorescence in mitochondria (Figure 4D), suggesting the import of GFP-TP53
plasmid and the generation of p53 protein in mitochondria. In contrast, Hela cells
treated by free plasmid show sporadic puncta in the cytosol with no colocalization
with the mitochondria (Figure 4D). Generally, Hela cells escape from p53-induced
apoptosis via E6 protein-mediated p53 degradation.®® After the mitochondrial
transfection of GFP-TP53 plasmid, the viability of Hela cells reduces significantly
(Figure 4E), which agrees with the apoptosis analysis via propidium iodide (PI; Fig-
ure 4F), suggesting the p53-induced apoptosis. Incubating free GFP-TP53 plasmid
or Mito-FLAG with Hela cells hardly causes cell death (Figures 4E, 4F, and S7A).
Western blot analysis shows more cytosolic cytochrome ¢ (cyt ¢) in the transfected
Hela cells (by Mito-FLAG, third day) than in the control cells (Figure S7B). These re-
sults agree with the p53-induced mitochondrial permeabilization and cyt crelease in
the intrinsic apoptosis pathway.®® The perimitochondrial ENS of Mito-FLAG also
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Figure 4. Perimitochondrial ENS for Mitochondrial Transgene Expression to Induce Mitophagy or Apoptosis

(A) Western blot analysis of FUNDC1 and LC3B levels in the mitochondria fraction and cytosolic fraction, respectively, of HelLa cells incubated with
conditions of interest. VDACT1 serves as mitochondria protein loading control. FUNDC1 plasmid, 5 pg/mL; Mito-FLAG, 200 uM. Time: 2 days.

(B) Mito-FLAG perimitochondrial ENS delivers the FUNDC1 gene into mitochondria to induce mitochondrial morphology changes within 2 days.
(C) Detection of mitophagy via immunofluorescent staining of autophagy marker LC3 (second day).

(D) Fluorescent images of Hela cells incubated with free GFP-TP53 plasmid and the plasmid mixed with Mito-FLAG (200 uM, 24 h).
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delivers GFP-TP53 plasmid into the mitochondria of Saos-2 cell (Figure S7C),
another TP53 null cancer cell line, which induces significant cell death (Figures 4E
and S7D), although free GFP-TP53 plasmid and Mito-FLAG are innoxious (Figures
AE and S7E). Since the association of p53 with the proteins from the bcl-2 family
at the MOM is essential for triggering mitochondrial permeabilization, again, the
cell death suggests that the mitochondrially encoded p53 may move out, via protein
export,”” to the MOM. On the contrary, neither free GFP-TP53 plasmid nor the
mixture of Mito-FLAG and GFP-TP53 plasmid impairs the viability of HS-5 cells (Fig-
ures 4E and 4G), which agrees with the observed specificity of Mito-FLAG perimito-
chondrial ENS for cancer cells (Figures 5 and 6).

Perimitochondrial ENS Combining with Viral Vectors for Mitochondrial
Transgene Expression

We used Mito-FLAG to pack baculovirus vectors because liposomes enhance trans-
fection of viral vectors.®® While the TEM of the solution of baculovirus shows rod-like
viruses (Figure 5A), the TEM of the mixture reveals that the micelles made of Mito-
FLAG adhere to the viruses, generating clusters of Mito-FLAG-coated virus (Fig-
ure 5B). Upon the addition of the enzyme ENTK, the Mito-FLAG-virus clusters break
into uncoated viruses entangled by nanofibers of 6 + 1 nm (Figure 5B). Being incu-
bated with the baculovirus encoding RFP-LAMP1 or GFP-PTS, the Hela cells display
fluorescence only in the intended organelles (i.e., lysosome or peroxisome, respec-
tively) (Figures 5C and S8A). However, the transfection with Mito-FLAG perimito-
chondrial ENS results in the fluorescence of RFP-LAMP1 or GFP-PTS largely overlap-
ping with the fluorescence from MitoTracker (Figures 5D and S8A), though some
fluorescence appears in the cytosol, likely due to the baculovirus without encapsu-
lation by Mito-FLAG or protein export from mitochondria.?” Moreover, Mito-FLAG
results in more cells to express RFP-LAMP1 or GFP-PTS compared to the control
(free baculoviral vectors; Figures S8B and S8C), indicating efficient transfection
achieved with Mito-FLAG perimitochondrial ENS. Western blot analysis of the
proteins in the isolated mitochondria (Figure 5E) confirms that the mitochondrial
expression of RFP-LAMP1 occurs only with the baculoviral vectors plus Mito-FLAG
perimitochondrial ENS.

Both the fluorescence of GFP-PTS and RFP-LAMP1 in mitochondria of the Hela cells
decreases after subculture (Figures 5F and S8D), with more significant reduction for
GFP-PTS—indicating the dilution of the baculoviral DNAs in mitochondria during
cell proliferation—and a higher proteolytic resistance for RFP-LAMP1 than GFP-
PTS against mitochondrial proteases. We also treated the cells by two different or-
ders: (1) concurrent incubation and (2) sequential incubation. As shown in Figure 5G,
while the concurrent incubation achieves the gene expression in mitochondria, the
sequential incubation results in the localization of GFP-PTS (Figure S8E) and RFP-
LAMP1 merely in their intended organelles. These results eliminate the possibility
that the non-mitochondrial proteins observed in mitochondria originate from the
Mito-FLAG-induced protein redistribution to mitochondria after normal gene
expression (in the cytosol or endoplasmic reticulum [ER]).>*

Moreover, rifampicin (80 pg/mL), a mitochondrial RNA polymerase inhibitor,>?
significantly weakens the mitochondrial fluorescence of Hela cells treated by

Cell Rer_)orts .
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(E) Cell viability of Hela, Saos-2, and HS-5 cells incubated with free GFP-TP53 plasmid (5 pg/mL), Mito-FLAG (200 pM), and the plasmid (5 pg/mL) mixed

with Mito-FLAG (200 uM, third day). Data are presented as mean + standard deviation.

(F and G) Apoptosis analysis of HelLa (F) and HS-5 (G) cells incubated with GFP-TP53 plasmid (5 pg/mL) mixed by Mito-FLAG (200 pM, third day) via PI

staining.
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Figure 5. Perimitochondrial ENS Combines with Viral Gene Vectors for Mitochondrial Transgene Expression

(A) TEM images of free baculovirus.

(B) TEM images of the mixture of baculovirus and Mito-FLAG micelles (arrow) before and after adding ENTK.

(C) Fluorescent images of Hela cells incubated with baculoviral RFP-LAMP1 for 24 h.

(D) Fluorescence from RFP-LAMP1 in Hela cells treated by the mixture of baculovirus and Mito-FLAG localizes in mitochondria. Mitochondria are
stained by MitoTracker.

(E) Western blot of RFP-LAMP1 protein in mitochondria isolated from the Hela cells treated by baculoviral RFP-LAMP1 with or without Mito-FLAG
for 24 h.

(F) Fluorescent images of virus-transfected (RFP-LAMP1) Hela cells before and after cell passage.

(G) Localizations of RFP-LAMP1 in the mitochondria of the Hela cells were treated by processes 1 and 2. Red, RFP; green, MitoTracker.

(H) Rifampycin inhibits the protein expression of RFP-LAMP1 in mitochondria. Red, RFP; green = MitoTracker.

(I-K) Saos-2, HepG2, and HS-5 cells are incubated with baculoviral RFP-LAMP1 mixed with Mito-FLAG. All Mito-FLAG concentrations are 200 pM.
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Figure 6. Mechanistic Insights

(A) The cellular uptake of NBD-Mito-FLAG (200 pM for 2 h, a fluorescent analog of Mito-FLAG) without and with CPZ (5 pM, clathrin-dependent
endocytosis inhibitor).

(B) Confocal fluorescence images of Hela cells incubated with NBD-Mito-FLAG (200 uM) and chloroquine (10 pM).

(C) Western blot analysis of ENTK in mitochondria isolated from Hela and HS-5 cells confirms higher ENTK expression in Hela than in HS-5 cells.
(D) TEM images of mitochondria isolated from HelLa, HEK293, and HS-5 cells that incubated with 200 uM Mito-FLAG for 24 h. Results indicate that ENS-
induced phase transition on mitochondria is critical for mitochondria-specific gene transfection.

(E and F) Fluorescent images of NBD-Mito-FLAG and RFP-LAMP1 in ENTK-knockdown Hela cells. The reduced mitochondrial fluorescence and
colocalization (indicated by arrows) suggest that ENTK is essential for the mitochondrial accumulation of FLAG-tagged peptides.

(G and H) Fluorescent images of the Hela cells incubated with (G) NBD-Mito-FLAG (200 pM, 2 h) or (H) the mixture of virus (RFP-LAMP1) and Mito-FLAG
(200 uM, 24 h) in the presence of erastin of different concentrations. The non-mitochondria fluorescence (lysosome) in (H) is indicated by a white arrow.
(1) Fluorescent images of Hela cells incubated with NBD-Mito-FLAG (200 uM, 2 h) after the pretreatment by Ndz (10 uM, 1 h).

Mito-FLAG mixed with baculovirus (RFP-LAMP1) or pGLO plasmid (Figures 5H, S9A,
and S9B) but hardly affects the cell viability and protein expression in cells undergo-
ing conventional transfection (Figures S9C and S9D), confirming that the genes
delivered by perimitochondrial ENS undergo transcription in mitochondria.
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Besides baculoviral vectors, the combination of Mito-FLAG with adeno-associated
virus (AAV) or lentivirus (LTV) encoding GFP or RFP, respectively, also results in mito-
chondrial specific gene expression (Figure S10). Without the addition of Mito-FLAG,
the expressed GFP diffuses in entire cells. These results suggest that the Mito-FLAG
perimitochondrial ENS is suitable for a variety of gene vectors for mitochondria-tar-
geting transfection.

Mitochondrial Transgene Expression in a Cell-Specific Manner

We applied the Mito-FLAG for mitochondrial transgene expression in Saos-2,
HepG2, HS-5, and HEK293 cells. Like the observation in Hela cells, cells incu-
bated with the baculoviral vectors alone produce fluorescence at the intended
organelles of the encoding proteins (i.e., RFP-LAMP1 and GFP-PTS at lysosome
and peroxisome, respectively) (Figure S11). Notably, mixing Mito-FLAG with the
baculoviral vectors results in the gene expression exclusively in the mitochondria
of two cancer cell lines, Saos-2 and HepG2 cells (Figures 51 and 5J). For the two
noncancerous cell lines, HS-5 (Figures 5K and S12) and HEK293 (Figure S12),
mixing Mito-FLAG with the gene vectors (virus or plasmid) hardly yields mito-
chondrial-exclusive gene expression. These results indicate that the Mito-FLAG
perimitochondrial ENS enables mitochondrial transgene expression in a can-
cer-cell-specific manner.

Endocytosis and Endosomal Escape

While M-B-CD®” hardly affects the uptake of NBD-Mito-FLAG (Figure S13),
chlorpromazine (CP2)°® significantly decreases the intracellular fluorescence of
NBD-Mito-FLAG, indicating that the uptake of Mito-FLAG mainly relies on cla-
thrin-dependent endocytosis (Figure 6A). The pretreatment of chloroquine, an in-
hibitor of endosomal acidification, results in significantly reduced mitochondrial
localization of NBD-Mito-FLAG in Hela cells (Figure 6B), indicating that the
pH-buffering effect®” of the carboxylic groups in FLAG-tag facilitates the endoso-
mal escape.

Specificity to Cancer Cells

We examined the amount of ENTK on the mitochondria isolated from Hela, HS-5,
and HEK293 cells (Figures 6C, S14A, and S14B). ENTK presents in the mitochondria
isolated from these three cell lines, but HeLa mitochondria have much a higher level
of ENTK than those of HS-5 and HEK293 cells. This result agrees with the cancer-cell
specificity of the mitochondria-localized nanoparticle-to-nanofiber transition (Fig-
ure 6D) and gene transfection. We generated ENTK-knockdown Hela cells via small
interfering RNA (siRNA)-mediated gene silencing. The knockdown of mitochondrial
ENTK in Hela cells (Figures S14C and S14D) substantially reduces the accumulation
of NBD-Mito-FLAG in the mitochondria of the Hela cells (Figure 6E), compared to
the cells treated by the siRNA for non-target control. Besides, the ENTK-knockdown
Hela cells yield much more non-mitochondrial fluorescence after Mito-FLAG-assis-
ted baculoviral transfection compared to those in the control (Figure 6F), suggesting
a diminished mitochondrial specificity.

Interacting with Mitochondrial Surface

Besides enzymatic conversion of the micelles of Mito-FLAG to nanofibers, the elec-
trostatic interaction between Mito-FLAG and the VDAC on the mitochondrial surface
favors the mitochondria-specific attachment, similar to the tubulin-VDAC binding
through the negatively charged C-terminal tails of tubulin.”® Two experiments,
indeed, indicate that blocking the VDAC antagonizes the Mito-FLAG from ap-
proaching mitochondria: Erastin, a VDAC-targeting blocker, decreases the
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accumulation of NBD-Mito-FLAG and reduces the localization of RFP-LAMP1 (trans-
fected by Mito-FLAG) in mitochondria (Figures 6G and éH). Cells incubated with no-
codazole (Ndz), a microtubule destabilizer to increase free tubulin, exhibit weakened
mitochondrial fluorescence from NBD-Mito-FLAG (Figure 6l). Moreover, the pre-
treatment of FCCP,”" a drug that dissipates mitochondrial membrane potential
and proton gradient, diminishes the mitochondria-specific localization and gene
transfection by Mito-FLAG perimitochondrial ENS (Figure S15), indicating that mito-
chondrial membrane potential and proton gradient contribute to the mitochondrial
targeting of Mito-FLAG perimitochondrial ENS.

Acting differently than the cationic-cell-penetrating peptides,’? Mito-FLAG, as an
enzyme-responsive, negatively charged peptide, forms micelles and undergoes
ENTK-induced morphology/phase transition on mitochondria. Such a perimito-
chondrial ENS process promotes DNA import into mitochondria. Notably, a
local enzymatic reaction converting micelles of Mito-FLAG to nanofibers for
mitochondrial targeting sidesteps the need for mitochondrial protein import
sequence (MTS). Additionally, the cancer-cell-specific mitochondria DNA import
via the Mito-FLAG perimitochondrial ENS implies a new non-genetic difference
in the mitochondria between cancer and normal cells. This strategy promises the
development of new genetic therapeutics for cancer. Thus, the stability of the
Mito-FLAG micelles in more complex environments, such as in vivo, is worth
further study in future works. lllustrating perimitochondrial ENS for facilitating
the genetic engineering of mitochondria in cancer, this work offers a versatile
and robust strategy for selectively targeting the mitochondria of cancer cells
and for manipulating the metabolism of cancer cells.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Bing Xu (bxu@brandeis.edu).

Materials Availability
This study did not generate new unique materials.

Data and Code Availability
All the key data supporting the findings of this study are presented within the article
and the Supplemental Information.

Peptide Synthesis

All amino acid derivatives involved in the synthesis were purchased from GL
Biochem (Shanghai) Ltd. The synthesis of all peptide fragments was based on
solid-phase peptide synthesis (SPPS). The branched peptides were made via
the combination of SPPS and liquid phase synthesis.” All crude compounds
were purified by high-performance liquid chromatography (HPLC) with the yield
of 70%-80%.

Cell Culture

Hela, HepG2, Saos-2, and HS-5 cells were purchased from American Type Culture
Collection (ATCC). HEK293 cells were provided by Prof. Chris Miller from Brandeis
University. All the cell lines used in this work were authenticated by CellCheck 9-hu-
man (? Marker STR Profile and Inter-species Contamination Test, IDEXX), confirming
a 100% match of the cell identity. Hela, HepG2, and HEK293 cells were cultured in
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minimum essential medium (MEM) supplemented with 10% (vol/vol) FBS, 0.5%
(vol/vol) penicillin (10,000 unit), and 0.5% (vol/vol) streptomycin (10,000 unit).
Saos-2 cells were cultured in McCoy’s 5A with I-glutamine supplemented with
15% (vol/vol) FBS, 10% (vol/vol) FBS, 0.5% (vol/vol) penicillin (10,000 unit), and
0.5% (vol/vol) streptomycin (10,000 unit). HS-5 cells were cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% (vol/vol) FBS, 0.5% (vol/
vol) penicillin (10,000 unit), and 0.5% (vol/vol) streptomycin (10,000 unit). All cells
were maintained at 37°C in a 5% CO, incubator.

Cell Viability Assay
All cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide (MTT) cell viability assay via standard protocol.”?

Plasmid Import

For Mito-FLAG-assisted delivery of plasmids (pGLOSs; [Bio-Rad], Mito-pGLO
[ordered from Invitrogen; the final construct was verified by sequencing],
PMAX-DEST [Addgene, CAT#: 37631], FUNDC1-Myc ([OriGene, CAT#:
RC208211], and GFP-TP53 [Addgene, CAT# 12091]), the plasmids were dis-
solved in culture medium (with 10% FBS) followed by the addition of Mito-
FLAG. The mixtures were incubated in room temperature for 20 min before add-
ing to cells (already adhered). Lipofectamine 3000 (Invitrogen) was used for the
general transfection of plasmids following the manufacturer’s instruction. Arabi-
nose (0.2 wt%) was added in the delivery of pGLO and Mito-pGLO. Cells were
incubated at 37°C in a 5% CO; incubator before further analysis. Unless
specially mentioned, the final concentration of Mito-FLAG is 200 puM. The
dose of plasmids is 5 pg per 80,000 cells. The recommended concentration of
plasmid (in medium) is 5 pg/mL. The incubation time is 48 h.

Virus Import

For Mito-FLAG-assisted delivery of viral vectors (baculovirus’*”®; [Thermo Fisher Sci-
entific, CAT#C10604 and CAT#C10597], AAV [Addgene, CAT#: 37825-AAV5], and
LTV [abm, CAT# LVP691]), the viruses were mixed in culture medium (with 10%
FBS) followed by the addition of Mito-FLAG. The mixtures were incubated at
room temperature for 20 min before adding to cells (already adhered). Following
the manufacturer’s protocol, cells were directly incubated with the virus in culture
medium for the general transfection. Cells were incubated at 37°C in a 5% CO,
incubator before further analysis. Unless specially mentioned, the final concentration
of Mito-FLAG is 200 uM.

Immunofluorescence

Cells were plated on confocal dishes (CellVis) and fixed in 4 wt% paraformalde-
hyde for 15 min and permeabilized with 1% BSA and 0.1% Tween 20. Fixed cells
were incubated in primary antibody at 4°C overnight, washed three times for
5 min each, incubated in secondary antibody for 1 h, and washed three times
for 5 min each.

Confocal Microscopy

In total, 80,000 cells were seeded in 32-mm confocal dishes (CellVis) and incubated
in a cell incubator at standard condition for 24 h for adherence. After being treated
by the condition of interest, cells were analyzed by ZEISS LSM 880 Confocal Micro-
scope, and images were taken.
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Intracellular Fluorescence Quantification

Cells were seeded in Petri dishes and incubated in standard condition for 12 h before
experiment. After being treated by the condition of interest, all cells were washed by
PBS (three times for 5 min). After the washing step, cells were detached from the
dishes using trypsin. The trypsin was removed by centrifuge and washing with
PBS. The cell suspensions (in PBS) were diluted to 10° cell/mL. Then, 100 pL diluted
cell suspension was added in a 96-well plate (at least 5 wells per sample). The
intracellular fluorescence intensity was immediately determined using a DTX 880
Multimode Detector (Beckman Coulter Inc.). The experiments were repeated, and
the intracellular fluorescence intensity was averaged (n > 3).

TEM

Samples of interest were dropped on copper grids and dried. Uranyl acetate was
used as negative stain. All TEM images were taken by FEI Morgagni Transmission
Electron Microscope.

Mitochondria Isolation

Mitochondria were isolated from cells treated by conditions of interest using a mito-
chondria isolation kit (Thermo Fisher Scientific, CAT#89874) following the manufac-
turer’s instruction.

Extraction of Mitochondrial DNA
The mitochondrial DNA was extracted by a mitochondrial DNA isolation kit (Abcam,
CAT#ab65321) following the manufacturer’s protocol.

Western Blots of Mitochondrial Proteins

Mitochondria were isolated from cells treated by conditions of interest using a mito-
chondria isolation kit (Thermo Fisher Scientific). Total mitochondrial protein extracts
were prepared in lysis buffer (Cell Signaling Technology, with 1X protease inhibitor
cocktail [Abcam]) followed by five freeze-thaw circles and 30 min of sonication. Pro-
tein concentration was determined by the Coomassie Blue method. Protein extracts
(20 pg per lane) were separated by SDS-PAGE and transferred to polyvinylidene di-
fluoride (PVDF) membranes. Western blotting was performed according to standard
protocols. Gel analysis was conducted using ImageJ. All antibodies were purchased
from Abcam.

ENTK Gene Knockdown

For each transfection, the siRNA duplex was diluted into 100 uL antibiotic-free
and FBS-free siRNA transfection medium (Santa Cruz Biotechnology, sc-36868).
The recommended final siRNA concentration is 0.1 uM. For each transfection,
6 pL of siRNA transfection reagent (Santa Cruz Biotechnology, sc-29528) was
diluted into 100 pL siRNA transfection medium. The siRNA duplex solution
was mixed directly into the dilute transfection reagent using a pipette. The
mixture was incubated at room temperature for 30 min. Then, 0.8 mL siRNA
transfection medium was added into the 0.2 mL mixture of siRNA and transfec-
tion reagent (total volume 1 mlL). Cells (80,000 per transfection, already
adhered) were washed once with 2 mL of siRNA transfection medium and incu-
bated with the 1-mL mixture of siRNA and transfection reagent for 8 h at 37°C
in a CO; incubator. Then, 1 mL of normal growth medium containing 2 times
FBS and antibiotics concentration was added to the cells without removing
the transfection mixture. The cells incubated for an additional 24 h, followed
by aspirating the medium and replacing with fresh 1x normal growth medium.
Cells were incubated for another 48 h before further assay.
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mtDNA Depletion and the Imaging of Mitochondrial DNA

Cells were incubated with 1 pM ethidium bromide for 24 h or longer for mtDNA
depletion. PicoGreen was used to check the depletion of mtDNA.>” After that, cells
were washed by PBS three times for 5 min. After the washing step, the mtDNA-
depleted cells were incubated with culture medium in the presence of free pMAX-
DEST (Addgene), the mixture of Mito-FLAG and pMAX-DEST, or the mixture of lip-
ofectamine and pMAX-DEST for another 24 h. The mtDNA-depleted cells incubated
with only culture medium were used as the mtDNA-negative control. Cells were then
washed by PBS three times for 5 min and stained by PicoGreen (in culture medium)
for 2 h before further analysis.

PCR Experiment

The MT-CO1 gene was amplified by Phusion DNA polymerase (New England Bio-
labs, CAT#MO0530) via corresponding primers (forward: TAAGCACCCTAAT-
CAACTGGC, reverse: GCCTCCACTATAGCAGATGCG) according to the manufac-
turer’s protocol. The products were examined by DNA electrophoresis.

DNA Encapsulation Efficiency

To prove that plasmids are associated with Mito-FLAG, free pGLO plasmid (2 pg/mL)
and the mixture of Mito-FLAG (200 pM) and pGLO plasmid (2 pg/mL) was centri-
fuged by an Eppendorf 5430 R centrifuge (14,000 rpm, 1 h). The supernatant was
transferred to new centrifuge tubes, and the pellets were resuspended in 20 uL
tris-borate-EDTA buffer (TBE) buffer. The presence of pGLO plasmid in pellets
was determined by DNA electrophoresis. All samples (20 uL per well) for DNA elec-
trophoresis were loaded in 1 wt% agarose. The gel was runat 120V for 1.5 h. EB was
used for DNA staining in gel. The amount of pGLO plasmid in the supernatant was
quantified by PicoGreen assay.’® EE% was calculated as EE% = ([DNA added — free
unentrapped DNA]/DNA added) x 100%.

Statistical Analysis and Assembly

Data presented are means + SD (except in the semi-quantification of fluorescentim-
ages). All tests were analyzed from n > 9 cells from n > 3 independent experiments
per condition. Fluorescentimages semi-quantification was conducted using ImageJ.
All images were assembled using Photoshop.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2020.100270.
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