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Background: The transfer of whole mitochondria has been demonstrated to be beneficial
for treating breast cancer because it induces apoptosis and drug sensitivity; however, in vivo
evidence of this benefit remains scant. The present study compared the transplantation of
mitochondria with instinctive (Mito) and membrane-fused morphologies induced by Pep-1
conjugation (P-Mito) using a mouse model of triple-negative breast cancers.

Materials and Methods: Mice with advanced severe immunodeficiency received orthoto-
pic implantation of MDA-MB-231 human breast cancer cells followed by transplants of
5-bromo-2'-deoxyuridine (BrdU)-labeled Mito or P-Mito (200 pg [10 pg/uL]) through
intratumoral injection at multiple points once a week for 4 weeks.

Results: After 1 month of consecutive treatment, 8.2% and 14.2% of the BrdU-labeled
mitochondria were preserved in tumors of the Mito and P-Mito groups, respectively. Both
Pep-1 and P-Mito treatments reduced tumor weight (21.7% = 2.43% vs 40.6% =+ 2.28%) and
led to marked inhibition of Ki67 staining and angiogenesis. However, only the P-Mito group
exhibited obvious necrosis and DNA fragmentation accompanied by an altered tumor micro-
environment, which included reduced oxidative stress and size of cancer-associated fibroblast
populations and enhanced immune cell infiltration. Transmission electron microscopy images
further revealed an elongated network of perinuclear mitochondria fused with a few peripheral
mitochondria in the nonnecrotic area in the P-Mito group as well as increases in mitochondrial
fusion proteins and parkin compared with mitochondrial fission proteins.

Conclusion: In this study, the results of mitochondrial transplantation emphasized that the
facilitation of mitochondrial fusion is a critical regulator in breast cancer therapy.
Keywords: mitochondrial transplantation, animal model of breast cancer, Pep-1, MDA-MB

-231, tumor growth, mitochondrial fusion

Introduction

Mitochondria play a diverse role in the regulation of breast cancer progression. The
mechanism of action of several anticancer drugs involves the destruction of breast cancer
cells through mitochondrial dysfunction—induced apoptosis. However, mitochondrial
dysfunction also accelerates epithelial-to-mesenchymal transition, thereby promoting
deterioration, metastasis, invasion, and drug resistance in cancer cells."? Studies have
shown that in contrast to the poorly aggressive and noninvasive cell line MCF-7, triple-
negative and highly deteriorated breast cancer cells have a metabolic demand that is more
reliant on glycolysis than on aerobic respiration, and their mitochondrial dysfunction is
mostly accompanied by abnormal structure and defects.’ Thus, targeting of the
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mitochondrial function in certain types of breast cancer could
be a therapeutic approach;* however, mitochondria-implicated
mechanisms and regulation are still largely elusive and suscep-
tible to unstable microenvironments because of the different
structures and accessibilities of nutrients and the heterogeneity
of cell populations.*

Mitochondria are extremely dynamic organelles. The reg-
ulation of their mitochondrial fission/fusion machinery deter-
mines their dynamic balance for maintaining cell survival, cell
death, and cellular metabolic homeostasis® in several types of
cancer.” Mitochondrial function is influenced by the coordina-
tive regulation of mitochondrial fusion and fission proteins as
well as the triggered removal of damaged mitochondria
through autophagy (mitophagy) to control mitochondrial
integrity.® Through the adjustment of dynamic morphological
changes between fragmentation and elongation, cancer cells
can adapt to changes in nutrient availability and metabolic
demand, regulated by the microenvironment, to support cell
viability and evade the activation of apoptosis.® Today, the
regulatory role of mitochondrial dynamics in breast cancer
therapy remains uncertain and controversial. The mitochon-
drial fusion process, which is related to the switch from glyco-
lysis toward oxidative phosphorylation supports cancer cell
survival under stress conditions;>’ however, the induction of
inhibit
proliferation.' In recent studies, pharmacological inactivation

mitochondrial fusion can breast cancer cell
of dynamin-related protein 1 (Drpl), the main mitochondrial
fission mediator, has been shown to abrogate mitophagy, meta-
bolic reprogramming, and cancer cell viability in breast

cancer.!' ™13

Therefore, compared with various other
approaches for targeting cancer metabolism, the manipulation
of mitochondrial dynamics may be a more potent strategy for
breast cancer therapy.'*

Mitochondrial transplantation has been proven to rescue
mitochondrial function and reduce oxidative stress in mito-

chondrial diseases'>'®

as well as provide anti—breast-cancer
benefits, including reduced cell proliferation, oxidative stress,
and drug resistance.'® Although in vivo animal experiments
have not produced substantial evidence, our previous study
showed that the benefit of mitochondrial transplantation in
a breast cancer cell model could be related to the induction of
mitochondrial fusion with a consequential decrease in mito-
chondrial fission.'” Moreover, compared with the transplan-
tation of naked mitochondria (Mito), the transplantation of
Pep-1-conjugated mitochondria (P-Mito) increased the inter-
nalization and morphological fusion of mitochondria, which
may explain the superior performance of P-Mito treatment
compared with Mito treatment not only in breast cancer cell

lines'? but also in mitochondrial disease cells.'®'” The cell-
penetrating peptide Pep-1, apart from being a cargo carrier of
intracellular delivery,” can induce the fusion of two lipid
bilayers of isolated mitochondria in a dose-dependent
manner,'’ which may provide a promising route for exploring
the role of the dynamic heterogeneity of mitochondria in
breast cancer treatment.

This consecutive study compared the treatment outcomes
of Mito and P-Mito transplantation through intratumor injec-
tions in mice with advanced severe immunodeficiency (ASID)
that had received orthotopic implantation of MDA-MB-231
human breast cancer cells. We found that both P-Mito and Pep-
1 treatments reduced tumor growth; however, marked reduc-
tion in cancer necrosis was only observed in the P-Mito group,
as was an altered tumor microenvironment (TME), which
included reduced oxidative stress and cancer-associated fibro-
blast (CAF) populations and enhanced immune cell infiltra-
tion. Furthermore, elongated morphology of the mitochondrial
network was only found in solid tumors treated with P-Mito,
and mitochondrial dynamics were concomitantly remodeled
through increases in mitochondrial fusion proteins (Mitofusin-
2 [MFN2] and optic atrophy 1 [OPA1]) and parkin. This
resulted in decreased Drpl phosphorylation and total protein
levels compared with those in other groups. Additionally, the
mitochondrial cristae density did not differ between treatments,
which indicated that the P-Mito-induced machinery of mito-
chondrial fusion was independent of mitochondrial energy
production. Compared with previous in vitro studies, the pre-
sent study demonstrated a unique facilitation of mitochondrial
fusion through the transplantation of P-Mito compared with
Mito in mitochondrial transplant breast cancer therapy, and
validated that mitochondrial fusion is a critical regulator in
breast cancer treatment in vivo.

Materials and Methods
Cell Culture

The human breast adenocarcinoma cell line MDA-MB-231
was purchased from the Bioresource Collection and Research
Center (Food Industry Research and Development Institute,
Taiwan). Cells were cultured in Leibovitz’s L-15 medium
(Gibco/BRL, Life Technologies, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Gibco/BRL)
and 1% penicillin-streptomycin (100 U/L  penicillin
G sodium and 100 mg/L streptomycin sulfate; Gibco/BRL)
and incubated at 37°C without CO,. The cells were detached
from tissue culture flasks through digestion with 0.25% trypsin
and 0.02% EDTA (Gibco/BRL).
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Mitochondrial Labeling, Isolation, and
Conjugation

Prior to the isolation of donor mitochondria, in vivo
bromodeoxyuridine or 5-bromo-2'-deoxyuridine (BrdU;
Sigma-Aldrich, St. Louis, MA, USA) labeling of mito-
chondrial DNA (mtDNA) was performed for the long-
term tracking of transplanted mitochondria.>' Male
C57BL/6 mice, the mitochondrial donors, received an
intraperitoneal injection of BrdU at 0.5 mg/g of body
weight. After 36 h of BrdU incorporation, the mice
were sacrificed; their livers were collected to isolate
mitochondria following the procedure described in
a previous study.””? In brief, fresh liver tissue (approxi-
mate weight = 0.25 g) was cut into small pieces of less
than 5 mm. Samples were transferred to a 2-mL tube
containing 5 mL of ice-cold homogenizing buffer (210
mM mannitol, 70 mM sucrose, 5 mM Tris-HCI, and 1
mM EDTA; pH = 7.4). The tissues were homogenized
using a Precellys homogenizer (Bertin Technologies,
Saint-Quentin-en-Yvelines Cedex, France) to dissociate
the mitochondria at a speed of 5000 rpm for 15 s at 4°C
with a 2-s rest interval for homogenization. Proteinase
K (0.05 mg/mL; Sigma-Aldrich) was added to the homo-
genate and mixed well through inversion. Subsequently,
the homogenate was incubated on ice for 10 min. Nuclear
debris was removed through centrifugation of the solu-
tion at 750% g for 10 min, and the collected supernatants
were added to freshly prepared bovine serum albumin
(BSA; 0.05 mg/mL; Sigma-Aldrich) and mixed well by
inversion. The homogenates were centrifuged at 3000x
g for 10 min, and the supernatants were filtered sequen-
tially using 20-um- and 5-pm-mesh filters (PluriStrainer;
pluriSelect, Leipzig, Germany) on ice. After centrifuga-
tion at 9000 g for 10 min at 4°C, mitochondrial pellets
were collected and placed in an ice-cold MiRO5 respira-
tion buffer (0.5 mM EGTA, 3 mM MgCl,, 60 mM lacto-
bionic acid, 20 mM taurine, 10 mM KH,PO,4, 20 mM
HEPES, 110 mM D-sucrose, and 0.1% w/v BSA) for use.
The concentration of freshly isolated mitochondria was
determined using a bicinchoninic acid (BCA) assay kit
(Pierce, Rockford, IL, USA). Isolated mitochondria were
conjugated with Pep-1 peptide (1:0.57 weight ratio;
Anaspec, San Jose, CA, USA), which was P-Mito or
not (Mito), through gentle mixing and then allowed to
stand at room temperature for 10 min to form the P-Mito

. . . . 15.1 .
complex, as described in previous studies.'>'® Mito and

P-Mito were applied immediately after they had been
prepared.

Mouse Orthotropic Breast Tumor Model

and Mitochondrial Transplantation

All animal treatment protocols were approved by the
Institutional Animal Care and Use Committee of Changhua
Christian Hospital (CCH-AE-105-011) and followed the
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) guidelines for mice including appro-
priate preoperative/postoperative care, asepsis, minimum suf-
fering and sacrifice. Seven-week-old female ASID mice
(NOD.Cg-Prkdcscid 112rgtm1Wjl/YckNarl) were purchased
from the National Laboratory Animal Center (NLAC),
NARLabs, Taiwan. The mice were housed in ventilated
cages with autoclaved chow, water, and bedding and main-
tained in an appropriate environment with a 12-h light/dark
cycle, temperature of approximately 26°C, and relative humid-
ity of 40-60% with ad libitum access to food and water.
Following 1 week of acclimation, the mice were ready for
cancer cell transplantation. In total, 1 x 10° MDA-MB231
cells were suspended in 100 pL of Dulbecco’s phosphate-
buffered saline (PBS) and injected unilaterally into the right-
side fat pads of the #4 mammary glands of the 8-week-old
female ASID mice. For the mitochondrial transplantation
study, intratumoral multipoint injection of Mito or P-Mito
(200 pg suspended in 20 puL. of MiROS5 respiration buffer) for
four once-weekly treatments was administered to each mouse
starting from when their tumors became palpable (1.5-2 mm in
diameter). A control cohort received injections of the vehicle
(MiROS5 respiration buffer) and Pep-1 (1.9 mM). Each group
had at least six transplant replicates. After 25 days of treatment,
tumorigenesis was evaluated by analyzing the volumes of
subcutaneous breast tumors in the mice by using a 3D laser
scanning device (Tumorlmager; Biopticon Corporation,
Princeton, NJ, USA) and measuring tumor weights.

In vivo Tracking of BrdU-Labeled Mitochondria

Imaging and quantitative determination of BrdU-labeled mito-
chondria in breast tumors were performed using a tomographic
near-infrared imaging system (FMT; PerkinElmer, Waltham,
MA, USA). BrdU antibody without BSA and azide at
a concentration of 1 mg/mL (BU20a clone; MyBioSource,
San Diego, CA, USA) was fluorescently conjugated using an
Alexa Fluor® 647 Protein Labeling Kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions, and 62.5 uM conjugated BrdU antibody
was diluted with 100 pL of saline and injected into the tail veins
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of the mice. An FMT 2500 fluorescence molecular tomogra-
phy imaging system (Perkin Elmer Inc., Norwalk, CT, USA)
was used to perform whole-body imaging of the mice 24 h after
they were injected with the BrdU antibody. The animals were
anesthetized using a mixture of isoflurane and oxygen, placed
in an imaging cassette, and maintained under anesthesia in
a thermally regulated (37°C) chamber during the imaging
session. To quantify the concentration of the BrdU antibody,
the known concentration of the conjugated antibody (2.5 uM)
was used as a reference dye for simultaneous detection.

Flow Cytometry

To estimate the expression of BrdU-labeled mitochondria
after their in vivo transplantation, the mitochondrion-
binding affinity of the Alexa Fluor 647 dye-labeling mono-
clonal BrdU antibody (Clone: BU20a; MyBioSource, San
Diego, CA, USA), used for in vivo tracking, was analyzed
in vitro through the co-staining of mitochondria with
mitochondrial dye (MitoTracker Green, 500 nM) using
flow cytometry. To avoid the error of unsaturated staining
caused by the low antibody concentration, we diluted the
antibody at 1/100 (32.5p) according to the concentration
recommended for manual flow cytometry (100-500 dilu-
tion). First, 0.6 mg of BrdU-labeled mitochondria were
suspended in 1 mL of PBS containing MitoTracker dye
and the antibody, and then they were incubated in darkness
at room temperature for 1 h. After mitochondria had been
washed, their fluorescent expression was analyzed using
flow cytometry through the collection of 10,000 events.

Histology Analysis

The animals were sacrificed when their tumors reached
10% of their body weight, and primary tumors were har-
vested, embedded in paraffin, sectioned, and subjected to
hematoxylin-eosin (H&E) staining or antibodies against
BrdU (1:100 dilution; MyBioSource), Ki67 (1:100 dilu-
tion; Abcam, Cambridge, MA, USA), CD31 (1:300 dilu-
tion; Abcam), alpha-smooth muscle actin (a-SMA, 1:300
dilution; Abcam), CD4 (1:400 dilution; Abcam), or CDS8
(1:100 dilution, Abcam). The color was developed using
a horseradish peroxidase (HRP)-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, Bar
Harbour, ME, USA) and a 3,3'-diaminobenzidine tetrahy-
drochloride (DAB; Abcam) substrate. Images on slides
were visualized using an Olympus BX40 light microscope
equipped with a computer-controlled digital
(DP71; Olympus Center Valley, PA, USA).

camera

Terminal Transferase-Mediated dUTP
Nick End Labeling (TUNEL) Staining

Tumor tissues were embedded in paraffin and sectioned
(thickness =
a DeadEnd™ Colorimetric Apoptosis Detection System
(Promega, Madison, WI, USA) to detect DNA fragmenta-
tion in the tumor sections in accordance with the manu-

5 um). Tissues were stained using

facturer’s protocol. In brief, the slides were incubated with
equilibration buffer for 10 min before being treated with
20 pg/mL of proteinase K solution for 10 min. After being
washed in PBS, sections were incubated with terminal
deoxynucleotidyl transferase (TdT) enzyme at 37°C for 1
h in a humidified chamber to incorporate biotinylated
nucleotides at the 3’ hydroxyl ends of the DNA. The slides
were incubated in HRP-labeled streptavidin to bind the
biotinylated nucleotides and then detected with a stable
DAB chromagen. Dark-brown cytoplasmic staining was
employed to identify apoptotic cells.

Immunohistochemistry of

8-Hydroxydeoxyguanosine

Mice were sacrificed when their tumors reached 10% of
their body weight. Primary tumors and organs were har-
vested, embedded in paraffin, sectioned, and stained with
8-hydroxydeoxyguanosine (8-OHdG) antibody (Abcam,
1:200 dilution) overnight at 4°C. After being washed in
PBS, slides were incubated for secondary antibody for 1
h and examined using an Olympus optical microscope.
The immunohistochemical staining results in each group
were quantified by three observers.

Transmission Electron Microscopy

Tumor tissues were fixed in 2.5% glutaraldehyde in 0.1
M phosphate buffer (pH = 7.2) for 4 h at room tempera-
ture, dehydrated in graded solutions of ethanol for 20 min,
and then infiltrated and embedded into resin for ultrathin
70-nm sections to be cut using a Leica EM UC7 ultrami-
crotome (Leica Microsystems, Wetzlar, Germany). The
sections were assessed using transmission electron micro-
scopy (TEM; Hitachi H-7000, Japan). The diameters of the
mitochondria were calculated using ImageJ 1.41 software
(ImageJ, NIH, USA) to measure the population of the
longest axis (maximum diameter) within 0.5-1 pm or
greater than 1 pm. The mitochondrial cristae density of
each mitochondrion was calculated by normalizing the
cristae numbers to the maximum diameter of the mito-
chondria (mitochondrial length).
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mtDNA Copy Numbers

An aliquot of 50 ng of DNA was subjected to a quantitative
polymerase chain reaction (PCR) using a LightCycler-
FastStart DNA Master SYBR Green I kit (Roche Applied
Science, Indianapolis, IN, USA). DNA fragments of the nico-
tinamide adenine dinucleotide dehydrogenase subunit 1 (ND1)
gene (mt-DNA—encoded) and the Pactin gene (nuclear DNA—
encoded, used as an internal control) were amplified with
specific primer pairs. The relative mtDNA copy number was
determined by normalizing the crossing points on the quanti-
tative PCR curves between the ND1 and Pactin genes by using
RelQuant software (Roche Applied Science).

Western Blot Analysis

Randomly selected tumor tissues were homogenized
using a Precellys homogenizer (Bertin Technologies) in
Pierce IP lysis buffer (Thermo Fisher Scientific) con-
taining proteinase inhibitors (Thermo Fisher Scientific).
The protein concentrations were determined using
a Pierce BCA Protein Assay kit. Subsequently, the sam-
ples were denatured, and approximately 30 pg of the
protein was subjected to electrophoresis on 10% or 12%
Mini-PROTEAN TGX (Bio-Rad,
Hercules, CA, USA). Next, the proteins were transferred

stain-free  gels
to polyvinylidene difluoride (PVDF) membranes using
a Trans-Blot Turbo RTA Mini PVDF transfer kit (Bio-
Rad) and Trans-Blot Turbo Blotting System (Bio-Rad)
in accordance with the manufacturer’s instructions. The
membranes were then blocked in BlockPRO™ Blocking
Buffer (Visual Protein Biotechnology, Taipei, Taiwan)
for 1 h at room temperature and probed with monoclo-
nal antibodies of mitochondrial dynamic proteins,
including OPA1 (Novus Biologicals, Littleton, CO,
USA), MFN2 (Sigma-Aldrich), Drpl  (Novus
Biologicals), Phospho-DRP1 (Ser616) (Cell Signaling
Technology, Danvers, MA, USA), PTEN-induced puta-
tive kinase 1 (PINKI; Abcam), and parkin (Abcam).
The membranes probed with HRP-conjugated secondary
antibodies were visualized using a chemiluminescence
Western HRP substrate (EMD Millipore, Billerica, MA,
USA) and quantified using an image acquisition system
(FUSION SL; Viber Lourmat, Marne-la-Vallee, France).

Statistical Analysis

Data were analyzed and visualized using GraphPad Prism
version 4.0 (GraphPad Software, San Diego, CA, USA).
Data were expressed as the mean + standard deviation or

mean =+ standard error of the mean (tumor volume/weight).
Statistical differences were determined using Student’s ¢ tests
and a two-way analysis of variance; p < 0.05 was considered
statistically significant. Each experiment was performed inde-
pendently a minimum of three times.

Results
Presence of BrdU-Labeled Mitochondria
in Tumors After Intratumoral

Transplantation

To confirm the intactness of the intratumorally injected mito-
chondria, a morphological examination using TEM analysis
was performed on liver-derived mitochondria immediately
after they were isolated prior to Pep-1 conjugation (P-Mito).
TEM images showed that most mitochondria had intact mito-
chondrial architecture of the inner membrane with cristae and
crista junctions as well as highly variable crista morphologies
(Figure 1A). Moreover, more than 95% of the isolated mito-
chondria successfully expressed MitoTracker dye-positive sig-
nals (QI area), but only 49.9 + 2.05% coexpressed a BrdU
signal (Q2 area). This indicated that the mitochondrion-
binding affinity of BrdU antibody under a working concentra-
tion of 32.5 uM was 15.3 pg of mitochondria/uM BrdU
(Figure 1B). Imaging and quantitation of BrdU-labeled mito-
chondria in breast tumors were performed 25 days after trans-
plantation (Figure 1C and D). In vivo fluorescence tomography
imaging revealed the presence of BrdU-positive signals in both
mitochondria-treated groups compared with the sham group 36
h after 62.5 uM BrdU antibody labeled with the dye Alexa
Fluor 647 was injected into tail veins (Figure 1C). The con-
centration of the remaining dye was converted using the total
fluorescent expression of a known concentration of the dye
(Ref. dye). The BrdU concentration that remained in the
P-Mito group (0.7 + 0.06 uM) was significantly higher than
that in the Mito group (0.4 £ 0.05 uM; Figure 1C, right panel).
Additionally, the mitochondrial amount was calculated using
the binding efficiency of the BrdU antibody to BrdU-labeled
mitochondria (15.3 pg mitochondria/uM BrdU) tested in vitro,
as previously mentioned (b). The Mito and P-Mito groups had
65.6+8.09 ng and 113.9 +5.58 pg of exogenous mitochondria,
respectively, which are equivalent to 8.2% + 1.01% and 14.2%
+ 0.07% of the total transplant amount (approximately 800 pg
of mitochondria), respectively (Figure 1C). The mitochondrial
internalization was further confirmed by anti-BrdU immuno-
histochemical staining and it consistently revealed that BrdU
expression (brown color) was more obvious in the P-Mito
group than in the Mito group (Figure 1D). Moreover, to
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Figure | Presence of foreign mitochondria revealed by mitochondrial DNA (mtDNA) labeling with (BrdU) in ASID mice bearing breast tumors after 25 days of consecutive
treatment. (A) Isolation of donor mitochondria with BrdU-labeled mtDNA from livers was performed after 36 h of in vivo BrdU incorporation; the mitochondrial
morphology after fresh isolation was analyzed using TEM before Pep-| conjugation (P-Mito). (B) The antibody binding affinity of BrdU was analyzed by co-staining isolated
mitochondria (I mg/mL) with BrdU antibody tagged with Alexa Fluor 647 dye (32.5 uM) and MitoTracker Green (500 nM), a mitochondria-specific dye, using flow
cytometry. (C) Imaging and quantification of transplanted mitochondria were performed through in vivo fluorescence tomography of mice 36 h after they had received tail
vein injections of 62.5 M BrdU antibody labeled with Alexa Fluor 647 dye. The concentration of the remaining dye and mitochondrial amount were converted using the
total fluorescent intensity of a known concentration of the reference dye (Ref., 2.5 uM) and calculated using the binding efficiency of the BrdU antibody with BrdU-labeled
mitochondria (15.3 pg mitochondria/pM BrdU), respectively. (D) Immunohistochemical staining of thin slices with the anti-BrdU antibody demonstrated the performance of
BrdU-positive expression (brown color) in solid tumors. *p < 0.05, difference relative to the sham group. #p < 0.05, difference between the Mito and P-Mito groups.
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observe the internal state of the injected mitochondria,
a between-group comparison of BrdU distribution was per-
formed on magnified images of breast tumor cells, with sharp
cytoplasmic boundaries marked as dashed circles in the lower
panel of Figure 1D. The comparison revealed that the BrdU
expression in the tumor cells’ cytoplasm was higher in the
P-Mito group than in the Mito group, whereas the Mito group
had a relatively obvious expression in cellular stroma (indi-
cated by arrows, Figure 1D). This meant that the injected
mitochondria in the P-Mito group had higher permeability
because more mitochondria remained inside the cells.

Transplantation of Pep-1-Conjugated
Mitochondria Arrested Tumor Growth,
Enhanced Cell Necrosis, and Altered the
Tumor Microenvironment in Breast

Cancer

The ASID mice with MDA-MB-231—cell tumors in their uni-
lateral mammary fat pads were treated once a week for 4 weeks
with an MiRO5 respiration buffer (sham group) or a buffer
containing 1.9 mM Pep-1, 200 pg of Mito, or 200 pg of P-Mito
through multipoint intratumoral injections. Photographs of the
excised tumors provided clear evidence of the remarkable
tumor-inhibiting effect of P-Mito and Pep-1 transplantation
(Figure 2A). Quantification of tumor growth was assessed by
measuring the weight of the breast tumor tissues, as shown in
Figure 2B, and by determining the subcutaneous tumor volume
using a noninvasive 3D scanner (Figure 2C). Pep-1 and P-Mito
moderately reduced primary tumor weights by 21.7% +2.43%
and 40.6% =+ 2.28%, respectively, compared with the control
group after 25 days of constitutive treatment (Figure 2B);
however, simultaneous reductions in tumor volume with time
were only observed in the P-Mito group after 16 (reduction of
32.0% + 0.58%) and 20 days of treatment (reduction of 40.2%
+ 0.05%; Figure 2C). No differences in tumor growth were
observed between the sham and Mito groups compared with
the control group (Figure 2).

Immunohistochemical determination of Ki67 (cell prolif-
eration), CD31 (endothelial cells), and TUNEL (apoptosis;
Figure 3A) further revealed the stronger tumor growth inhibi-
tion ability in the Pep-1 and P-Mito groups compared with the
control group, including significant inhibition of Ki67-positive
cells and vascular density (Figure 3B). However, only the
P-Mito group exhibited a significant increase in the total num-
ber of TUNEL-positive apoptotic cells compared with the Pep-
1 group (Figure 3B). This finding implied that the antitumor
efficacy of P-Mito transplantation was greater than that of Pep-

1 treatment in the breast cancer mouse model. Similarly, H&E
staining confirmed that the prominent induction of necrosis (N;
necrotic area) was only observed in the P-Mito group (Figure
4A). P-Mito also reduced the size of major CAF populations,
as indicated by the results of immunohistochemistry (IHC) of
alpha-smooth muscle actin (alpha-SMA) in the TME.
Moreover, IHC revealed the rare expression of CD4+ and
CD8+ T cells in the tumors because of the xenograft model
of immunodeficient mice; however, a distinction between the
control and P-Mito groups showed that P-Mito still noticeably
increased the migration of CD4" and CD8" T cells into the
tumor margin (as indicated by the arrow in Figure 4B), which
promoted stromal infiltration. The TME being formed by
P-Mito was further supported by an assessment of oxidative
stress using THC of 8-hydroxydeoxyguanosine (8-OHdG),
a biomarker of oxidative DNA damage (Figure 5), because
the increase in oxidative stress also translated to the TME. In
the P-Mito group, 8-OHdAG expression was significantly
decreased compared with the control group (Figure 5A and
B). This also meant that P-Mito-induced necrosis occurred
independently of oxidative damage.

Pep-1-Conjugated Mitochondrial

Transplantation Induced Mitochondrial
Fusion (but Not Mitochondrial Cristae
Density or mtDNA Copy Number) in

Breast Tumors

A comparison using TEM of the mitochondrial ultrastructures
and morphologies of the nonnecrotic area in each group
(Figure 6) revealed that a dramatic elongated phenotype was
only present in the P-Mito group (Figure 6A). Furthermore, the
population with mitochondrial lengths > 1.0 um in diameter
was 34% + 9.7% of the total mitochondrial population
(Figure 6B). These mitochondria exhibited relatively complete
structures of the crista junction connecting the mitochondrial
inner-boundary membrane through a tubular structure of rela-
tively uniform size (indicated by the arrows in Figure 6A).
Furthermore, the cristac were more regular and arranged in
a discernible pattern in the P-Mito group compared with those
in the other groups, which exhibited partial disorganization of
the cristae, as indicated by the star in Figure 6A. Moreover,
despite a relatively large mitochondria size (diameter) in the
P-Mito group, no statistical differences in cristac intensity
(measured using the ratio of the cristac number to the mito-
chondrial diameter (Figure 6C) and mtDNA copy number
(Figure 6D) were found between groups in terms of the com-
mon population of mitochondria).
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treatments. (B) Changes in tumor weight were evaluated after 25 days. (C) The tumor volumes over time in each group were evaluated after treatments. *p < 0.05,
difference relative to the control group. “p < 0.05, difference relative to the Pep-1 group.

Western blot analysis of the mitochondrial dynamics and
mitophagy-related proteins revealed that only P-Mito treat-
ment simultaneously enhanced the levels of the mitochon-
drial fusion proteins OPA1 and MFN2 as well as the levels
of the mitophagy protein PINKI1-short form (PINKI-S,
cleavage form of PINKI1) and parkin compared with the
control group; however, a consistent decrease in the

mitochondrial fission protein Drp-1 and its phosphorylated
form at serine 616 (p-Drpl) was observed for both P-Mito
and Pep-1 treatment (Figure 7A and B). The opposite effect
of significantly downregulated PINK1-S and parkin was
found in the Pep-1 group compared with the P-Mito group
(Figure 7B). This reflected the facilitation of mitophagy, and
increased mitochondrial

integrity was indicated by
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Figure 3 Analysis of cell proliferation, angiogenesis, and apoptosis following | month of treatment in mouse breast tumors. (A) Imaging and (B) quantification of tumors
from different treatment groups through immunohistochemical analysis for the expression of Ki-67 (cell proliferation), CD3 | (microvessel density), and TUNEL (apoptosis).
*p < 0.05, difference compared with the control group. #p < 0.05, difference compared with the Pep-1 group.

decreased full-length PINK accumulation (enhanced PINK-
1 cleavage) in the outer membrane of damaged mitochondria
in the P-Mito group compared with the Pep-1 group. As
shown in the TEM images in Figure 6, the mitochondrial
morphology in the P-Mito group elongated to maintain
mitochondrial integrity. Thus, the regulatory benefit of
P-Mito was related to the simultaneous induction of mito-
chondrial fusion and mitophagy for improving mitochon-
drial homeostasis rather than just the reduction of Drpl
mediates mitochondrial network fragmentation.

Discussion

Recently, mitochondrial transplantation has been indicated
to be a potential treatment for breast cancer, and we further
validated the efficacy of mitochondrial transplantation in
an orthotropic mice model of human breast cancer.
Compared with a cell study based on a two-dimensional

monoculture, mouse models of breast cancer were optimal
for reflecting the actual complex interaction between can-
cer cells and their microenvironments.”® By comparing the
transplants of mitochondria with intrinsic (Mito) and fused
morphologies induced by Pep-1 modification (P-Mito),
this study validated the critical mechanism of increased
mitochondrial fusion and parkin protein in breast cancer
treatment with mitochondrial transplantation and sup-
ported the regulatory relation between mitochondrial
fusion in the inhibition of cell proliferation'® and reduced
chemotherapy resistance in breast cancer.' %4 Notably,
only treatment with P-Mito transplantation, not that of
Mito, was validated. This may be related to the weaker
penetrative ability of the transplanted Mito in the complex
and a disorganized TME because Pep-1 modification can
increase the incorporation efficiency of mitochondria in
specific diseased cells.'”'® This may have prevented
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Figure 4 Histological evaluation of tumor morphology, fibroblasts, and immune cells in the tumor microenvironment (TME). (A) Representative H&E staining revealing
tumor necrosis (necrotic area, N) with different magnifications. (B) Alpha-smooth muscle actin (alpha-SMA) and CD4, CD8-positive immunohistochemical staining revealed
the population change of CAFs and the distribution of tumor-infiltrating T lymphocytes in P-Mito-treated breast tumors compared with the control (Ctrl). CD4+ and CD8+
T lymphocytes were observed at the intratumor and tumor margin, as indicated by the arrows.

mitochondrial inactivation caused by prolonged exposure
to the extracellular environment® and hindered mitochon-
drial adherence to the cell outer membrane, which would
lead to less uptake.'®*® In fact, the strategy of fusion with
Pep-1 has been implemented to enhance the transmem-
brane movement of protein-derived cosmetics or drugs
in vitro and in vivo.?”*® In addition, regarding the facil-
itation of outer membrane fusion of isolated mitochondria
through Pep-1 modification,'” we cannot rule out the effect
of delivering “membrane-fused mitochondria,” P-Mito,
because Mito treatment with random structures under the
same conditions has not been proven to be useful.
Mitochondrial network remodeling is critical in tumori-
genesis and increases the mitochondrial proportion of
fused networks through genetic or drug manipulation.”’
This was shown to impair cancer cell growth and
metastasis.>”

To track the performance of the transplanted mitochon-
dria, donor mtDNA was labeled using in vivo incorpora-
tion of BrdU instead of mitochondrial protein targeting of
recombinant GFP'”'® because of the availability of long-

term tracking.>' However, we found that only 49.9% =
2.05% of isolated mitochondria could be successfully
labeled with BrdU following a regular protocol of 36-h
in vivo incorporation.*? Through the conversion of the
known concentration of injected mitochondria, the remain-
ing amount of transplanted mitochondria estimated after 1
month of consecutive treatment was significantly higher in
the P-Mito group than in the Mito group. However, we
cannot rule out the error in the number assessment of
remaining mitochondria caused by a barrier using a cell-
impermeable anti-BrdU antibody. The high BrdU signal in
P-Mito group was due to the antibody infiltrating into the
necrotic/disrupted cells induced by P-Mito. Therefore, to
confirm mitochondrial internalization in tumor cells, the
result of BrdU IHC showed an increase in the mitochon-
drial penetration capacity through Pep-1 modification. We
further suggested the maintenance of transplanted mito-
chondria could be related with the escape of fused mito-
chondria from mitophagy degradation.”® Although P-Mito
treatment enhanced parkin production, it still reduced the
amount of parkin recruited to degrade mitochondria, which
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Figure 5 Expression of 8-hydroxydeoxyguanosine (8-OHdG) in breast tumors. (A)
Immunohistochemical staining was used to evaluate and (B) quantify the levels of
8-OHdG, a biomarker of oxidative damage in breast tumors. *p < 0.05, difference
compared with the other groups.

manifested as an increasing cleavage form of PINKI.**

Parkin is a key protein in mitophagy and was initially
identified in Parkinson disease;>> accumulating evidence
suggests that the function of parkin is diverse and complex
in multiple cell types, extending beyond mitophagy regu-
lation. Additionally, parkin is a tumor suppressive gene in
several common cancers, namely breast, lung, colorectal,

and ovarian cancers.> Thus, the benefit of parkin upregu-
lation may not be related to the mitophagy-dependent
method in P-Mito treatment of breast cancer. Therefore,
further studies are warranted.

The findings of the present study regarding the regula-
tion of Pep-1 in tumor-bearing mice contradicts those
reported for Pep-1 regulation in cell models.'® Pep-1 treat-
ment reportedly increases cancer cell proliferation and
in vivo tumorgenesis of treated cells;'® however, for an
already-formed breast tumor, Pep-1 treatment through
intratumoral injection only reduced tumor weight, cell
proliferation, and angiogenesis in the present study. Its
anticancer efficacy was not as significant as that of
P-Mito treatment, including the promotion of apoptosis
and tumor necrosis. This may explain why Pep-1 treatment
was unable to also reduce tumor volume. The cause
remains unclear; however, we excluded the regulatory
correlation of Pep-1 with mitochondrial dynamic balance
and mtDNA replication in consideration of no influence on
those expressions. The outcome was consistent with the

results of Meloni et al.>°

The therapeutic efficacy of Pep-1
is diversified and dependent on various diseases, as
observed previously; for example, Pep-1 is an invalidated
treatment for neuroprotection in Parkinson disease;'® how-
ever, it sustained cell survival in patients with oxidative
damage from mitochondrial myopathy, encephalopathy,
lactic acidosis, and stroke syndrome.'”

Consistent with the results of our previous study,'®
mitochondrial cristae density consistently indicated the
upregulation of mitochondrial fusion in a manner inde-
pendent of mitochondrial respiratory capacity under
P-Mito treatment. No direct correlation was demon-
strated between mitochondrial dynamics and the mito-
chondrial membrane potential in MDA-MB-231 breast
cancer cells from the overexpression of Drpl and MFN1
or silencing of MFN1 and MFN2.'"* Moreover, this
highlights an available approach through the exclusive
intervention of mitochondrial dynamics to adjust the
sensitivity of breast cancer cells against environment-
induced stress.'* Increasing mitochondrial fusion
relieves mitochondrial oxidative damage through the
complementation of damaged content and contributes
to the maintenance of mitochondrial homeostasis.*
However, decreased mitochondrial oxidative stress in
the CAF population in the TME reportedly suppresses
tumor progression and metastasis in cancers.’’ This
illuminates how P-Mito remodels

TME,

the tumorigenic

including through reductions in the CAF
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Figure 6 Ultrastructural analysis of mitochondria and mitochondrial DNA (mtDNA) copy number in mouse breast tumors. (A) Ultrastructural morphology was visualized
using TEM with different magnifications. (B) Mitochondrial size was evaluated by measuring the proration of the mitochondrial maximal diameter and classifying
mitochondria as <| um or >| um. (C) The cristae density (number of cristae/mitochondrial length) was quantitatively analyzed simultaneously. (D) The performance of
the mitochondrial DNA (mtDNA) copy number against the control B-actin in breast tumors was determined through a PCR. *p < 0.05, difference compared with the other

groups.

population and oxidative stress, as revealed by
a significant reduction in the level of 8-OHdG, an oxi-
dized nucleoside of DNA. The tumor-promoting and
immunosuppressive role of CAF and its derivations of
the extracellular matrix, enzymes, and chemical factors
have generally been recognized in most recent
reports.*®*® Notably, in prostate cancer, cancer cells
hijack functional mitochondria derived from CAF
through mitochondrial transfer between cells to promote
malignancy.*® Thus, we suggest that P-Mito—induced
reductions in the CAF population not only reduce the
frequency of mitochondrial transfer between CAF and
cancer cells but also block CAF-mediated immunosup-
pression in the tumor stroma, thereby enhancing tumor
T cell infiltration in the TME to help fight breast cancer.
Although mitochondrial transplantation is a milder treat-

ment, it is not as effective as other drastic breast cancer

treatments, with a reduction of >80% in tumor
formation;*' however, it alters the dynamic properties
of mitochondria and remodels the tumorigenic TME of
breast cancer cells accompanied by the reactive oxygen
species—induced malignant progression of breast
cancer.*? Because of the highly positive correlations of
oxidative stress with tumor recurrence in residual cancer
cells,® anticancer drug resistance® and the risk of
metastasis in patients with breast cancer,*’ research on
the antitumor efficacy of chemotherapy combined with
mitochondrial transplantation for improving chemoresis-
tance and side-effects caused by high doses of antic-

ancer drugs is ongoing.

Conclusion
Mitochondrial transplantation, which is the artificial

manipulation of  mitochondrial transfer, altered
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mitochondrial dynamic properties in tumor cells and remo-
deled the TME, including by reducing oxidative stress and
the CAF population and enhancing immune cell infiltra-
tion. This emphasizes that facilitation of mitochondrial

fusion is a critical regulator in breast cancer therapy.
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