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Mitochondrial transplantation regulates
antitumour activity, chemoresistance and
mitochondrial dynamics in breast cancer
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Abstract

Background: The transfer of whole mitochondria that occurs during cell contact has been found to support cancer
progression. However, the regulatory role of mitochondria alone is difficult to elucidate due to the complex
microenvironment. Currently, mitochondrial transplantation is an available approach for restoring mitochondrial
function in mitochondrial diseases but remains unclear in breast cancer. Herein, effects of mitochondrial
transplantation via different approaches in breast cancer were investigated.

Methods: Whole mitochondria (approximately 10.5 μg/ml) were transported into MCF-7 breast cancer cells via
passive uptake or Pep-1-mediated delivery. Fresh mitochondria isolated from homeoplasmic 143B osteosarcoma
cybrids containing mitochondrial DNA (mtDNA) derived from health individuals (Mito) or mtDNA with the A8344G
mutation (Mito8344) were conjugated with cell-penetrating peptide Pep-1 (P-Mito) or not conjugated prior to cell
co-culture. Before isolation, mitochondria were stained with MitoTracker dye as the tracking label. After 3 days of
treatment, cell viability, proliferation, oxidative stress, drug sensitivity to Doxorubicin/Paclitaxel and mitochondrial
function were assessed.

Results: Compared with P-Mito, a small portion of Mito adhered to the cell membrane, and this was accompanied
by a slightly lower fluorescent signal by foreign mitochondria in MCF-7 cells. Both transplantations induced cell
apoptosis by increasing the nuclear translocation of apoptosis-inducing factor; inhibited cell growth and decreased
oxidative stress in MCF-7 cells; and increased the cellular susceptibility of both the MCF-7 and MDA-MB-231 cell
lines to Doxorubicin and Paclitaxel. Mitochondrial transplantation also consistently decreased Drp-1, which resulted
in an enhancement of the tubular mitochondrial network, but a distinct machinery through the increase of parkin
and mitochondrial fusion proteins was observed in the Mito and P-Mito groups, respectively. Furthermore, although
there were no differences in energy metabolism after transplantation of normal mitochondria, metabolism was
switched to the energetic and glycolytic phenotypes when the mitochondria were replaced with dysfunctional
mitochondria, namely, Mito8344 and P-Mito8344, due to dramatically induced glycolysis and reduced mitochondrial
respiration, respectively. Consequently, transplant-induced growth inhibition was abolished, and cell growth in the
Mito8344 group was even higher than that in the control group.

Conclusion: This study reveals the antitumour potential of mitochondrial transplantation in breast cancer via
distinct regulation of mitochondrial function.
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Background
Mitochondria are dynamic organelles whose dynamic
properties not only govern energy generation but also
control the gateway to cancer based on their comprehen-
sive regulation of energy metabolism, calcium homeosta-
sis, redox regulation and apoptosis. Mitochondrial dyna
mics are diverse in different cell types, and their function
is determined by a delicate shift in the balance of morpho-
logical fusion and fission in cells to adapt to physiological
stress. The role of mitochondrial dynamics in cancer de-
velopment and progression is still complex and elusive be-
cause cancer cells are distinct from normal cells in terms
of their ability to survive and proliferate despite their ex-
posure to microenvironmental apoptotic stimuli, such as
hypoxia, oxidative stress, nutrient deprivation and inflam-
mation [1]. Recently, targeting mitochondrial dynamics
has been considered a potential anticancer strategy. Inhib-
ition of extensive mitochondrial fission has been demon-
strated to suppress breast cancer metastasis [2], chemo
resistance [1] and tumour stemness [3]. Moreover, mito-
chondrial dynamics have been shown to be involved in
the mitigation of tumour cell escape from immune-medi-
ated cellular destruction conducted by the tumour micro-
environment [4]. Thus, the role of mitochondrial
dynamics needs to be investigated during mitochondrial
transfer (mitotransfer), which occurs frequently in cancer
cell interactions with their surrounding environment [5].
Cancer cells are generally subjected to high levels of

reactive oxygen species (ROS) compared to normal cells
because ROS generation is augmented by mtDNA muta-
tions and mitochondrial dysfunction [6]. In oestrogen
-dependent breast cancer, ROS can induce cancer initi-
ation and sustain cell cycle progression and death eva-
sion through slow, sustained and moderate actions of
ROS signalling that are induced by oestrogens and their
various metabolites in females [7]. Elimination of the
tumourigenic properties of ROS can be used for poten-
tial preventive and therapeutic approaches in human
breast cancers and animal models of tumourigenesis in
the early stage. Indeed, higher ROS production and de-
creased superoxide dismutases (SODs) and CAT activ-
ities have been observed in breast cancer patients, which
supports the oxidative stress hypothesis in carcinogen-
esis [8]. SODs and catalase have been considered bio-
markers for the early detection of breast cancer based
on the detection of fat peroxidation in breast cancer [8].
Currently, antioxidants have been shown to promote
mitotransfer in human mesenchymal stem cells [9], but
this association in breast cancer remains unclear.
Mitotransfer between cells and in cell interactions has

been widely studied recently in the regulation of cancer
progression [10]. The horizontal transfer of whole mito-
chondria derived from mesenchymal stem cells and
non-malignant cells in a co-culture system restores tu

mourigenic potential in mitochondrial DNA (mtDNA)--
deficient skin cancer cells [11] and increases the inva-
siveness of bladder cancer cells [12], respectively.
Intriguingly, the opposite result is observed in breast
cancer cells received an artificial transfer of non-malig
nant mitochondria isolated from epithelial cells [13]. It
means that the regulatory role of cancer mitochondria is
tricky in cancer cells, especially in occurrence of cellular
mitotransfer initiated by the synergistic or paracrine
regulation from the peripheral environments [14]. Previ-
ously, we showed the feasibility of mitochondrial trans-
plantation using a Pep-1-mediated delivery system to
rescue mitochondrial function in a mitochondria-depen
dent manner and to decrease oxidative stress in mito-
chondrial diseases, including myoclonic epilepsy with
ragged-red fibres (MERRF) [15–17]; mitochondrial en-
cephalomyopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS) [18]; and Parkinson’s disease [19]. In
contrast to the passive endocytosis of foreign mitochon-
dria [20], Pep-1-mediated mitochondrial delivery (PMD)
facilitates the uptake of mitochondria by initiating mito-
chondrial crossing of the cell membrane and promotes
mitochondrial fusion with a consequent decrease in m
itochondrial fission in diseased cells [15, 18]; however,
the utility of PMD in the treatment of breast cancer, a
mitochondrial disorder, remains unknown [21].
The present study offers another approach for investi-

gating the mitochondria-targeted treatment of breast
cancer via mitochondrial transplantation. Compared to a
previous pilot study [13], this study further compares
the different routes of mitochondrial transplantation via
passive uptake and Pep-1-mediated delivery in terms of
their impacts on oxidative stress, chemoresistance, mito-
chondrial dynamics and energy metabolism in breast
cancer cell lines, and these effects have not been clarified
to date. Moreover, by replacing normal mitochondria
with dysfunctional mitochondria isolated from MERRF
cybrid cells, we further examine mitochondria-depen
dent regulation in treated breast cells.

Methods
Cell culture
The human breast adenocarcinoma cell lines MCF-7
and MDA-MB-231 were purchased from BCRC (Biore-
source Collection and Research Center) (Food Industry
Research and Development Institute, Taiwan). MCF-7
cells were cultured in minimum essential medium
(MEM) (Gibco/BRL, Life Technologies, Grand Island,
NY, USA) with 2 mML-glutamine and Earle’s BSS ad-
justed to contain 1.5 g/L sodium bicarbonate, 0.1 mM
non-essential amino acids and 1mM sodium pyruvate
and supplemented with 0.01 mg/ml bovine insulin and
10% foetal bovine serum (FBS, Gibco/BRL). MCF-7 cells
were incubated at 37 °C with 5% CO2. MDA-MB-231
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cells were cultured in Leibovitz’s L-15 medium (Gibco/
BRL) supplemented with 10% FBS, 1% penicillin-strepto-
mycin (100 U/L penicillin G sodium and 100 mg/L
streptomycin sulfate) (Gibco/BRL) and incubated at 37 °
C without CO2. Mitochondrial donor cells from the
homeoplasmic 143B osteosarcoma cybrid cell line that
carried wild-type mitochondria derived from healthy
individuals (C2) or mitochondria with mtDNA contain-
ing the A8344G mutation A > G derived from MERRF
patients (B2) were gifts from Prof. Y.H. Wei [22].
Homeoplasmic 143B osteosarcoma cybrid cells were cul-
tured in high-glucose DMEM (Gibco/BRL) supple-
mented with 10% FBS, 1% penicillin-streptomycin, 1
mM sodium pyruvate and 50 mg/ml uridine (Sigma-Al-
drich, St. Louis, MO, USA) and incubated at 37 °C with
5% CO2. Cells were detached from tissue culture flasks
by digestion with 0.25% trypsin and 0.02% EDTA
(Gibco/BRL).

Mitochondrial labelling
To track internalized mitochondria in treated cells,
mitochondria were genetically encoded with green fluor-
escent protein (GFP) prior to isolation from the donor
cells described in [17]. For transient transfection, mito-
chondrial donor cells were transfected using a PureFec-
tion transfection reagent (System Biosciences, Mountain
View, CA, USA) with pAC-GFP-mito plasmid DNA
(Clontech, Palo Alto, CA, USA) at a reagent to DNA
ratio of 1.5:1 ratio per the manufacturer’s instructions.
After 36 h, the transfected cells were placed in normal
medium for 4 h and treated with G418 (0.6 mg/ml;
Sigma-Aldrich) for clonal selection.

Mitochondrial isolation and delivery
The process of mitochondrial isolation and Pep-1-me
diated mitochondrial delivery have been described in our
previous studies as well as viability check of isolated
mitochondria [16–18]. Briefly, the donor cells were har-
vested and then washed once in PBS. A total of 2 × 107

cells were pelleted for mitochondrial isolation according
to the manufacturer’s protocol included in the mito-
chondria isolation kit for mammalian cells (Thermo
Fisher Scientific, Carlsbad, CA, USA). Cells were ho-
mogenized using a glass Dounce tissue grinder in isola-
tion reagent supplemented with proteinase inhibitor
(EMD Millipore, Billerica, MA, USA) on ice. After cen-
trifugation, the supernatant was discarded, and the con-
centration of freshly isolated mitochondria was quan
tified by assessing total protein content using a standard
curve of bovine serum albumin with the bicinchoninic
acid (BCA) kit assay (Pierce, Rockford, IL, USA) [23].
An average of 2 × 107 donor cells can isolate about 780
± 89.7 μg mitochondria in total. Isolated mitochondria
(approximately 105 μg, concentration of 0.26 μg/μL)

were conjugated with Pep-1 peptide (0.06 mg, concen-
tration of 0.05 mM, Anaspec, San Jose, CA, USA)
(P-Mito) or not conjugated (Mito). To form the P-Mito
complex, mitochondria were conjugated by gentle mix-
ing and allowed to stand at room temperature for 10
min. Mitochondria were then delivered into indicated
breast cancer cell lines that were seeded at 5 × 105 cells
in 10-cm dishes with the regular medium, and mixed by
gentle pipetting without turbulence. After treatment
with Mito or P-Mito for 48 h, the recipient cells were
washed twice with PBS and cultured with regular
medium. All experiments except the related evaluation
of mitochondrial internalization were executed after 3
days of recovery.

Detection of mitochondrial internalization and apoptosis
After the delivery of GFP-tagged mitochondria (MitoGFP)
with or without Pep-1 modification was complete, the
internalization of foreign mitochondria was assessed im-
mediately by flow cytometry (Beckman Coulter FC500
Cytometer, Canton, MA, USA). At same time, three-di-
mensional scanning of the z-axis using a laser scanning
confocal microscope (FLUOVIEW FV1200 Biological
Confocal Laser Scanning Microscope, Olympus, Tokyo,
Japan) was utilized to analyse the distributions and inter-
actions of the foreign mitochondria in the host cells. To
distinguish the innate mitochondria of the host cells,
these mitochondria were labelled first with mitochon-
dria-specific red dye (100 nM MitoTracker Red
CMXRos, Life technologies) for 20 min in a CO2 incuba-
tor before the treatments. The estimation of mitochon-
drial internalization (MitoGFP) was repeated three times
and interaction of foreign and innate mitochondria was
monitored for each of the five field regions. Further-
more, the time-dependent effect in the rate of apoptosis
was recorded over a period of 24 h at 10-min intervals
using a laser scanning confocal microscope to measure
apoptotic cells that were stained with propidium iodide
(PI) (final concentration, 2.5 μg/ml; Life Technologies,
Thermo Fisher Scientific, Waltham, MA, USA). Com-
binatorial use of bright field cell imaging was carried out
to identify and monitor the subpopulations of PI-positive
apoptotic cells in the total or GFP-positive cell popula-
tion. The data calculation was obtained by counting
percentage of fluorescence-positive cells in three un-
intentionally chosen fields of vision from three indepen
dent experiments.

Cell proliferation
Cell proliferation was measured using the cell prolifera-
tion reagent WST-1 (Roche Applied Sciences, Mann-
heim, Germany). A total of 7.5 μl of WST-1 (5%) was
added to 150 μl of fresh medium per well in 24-well
plates and incubated for 1 h at 37 °C. The plate was
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shaken thoroughly for 1 min, and the supernatants were
collected by centrifugation to measure the optical dens-
ity (OD) at 450 nm with a plate reader (CLARIOstar mi-
croplate reader, BMG LABTECH, GmbH, Offenburg,
Germany).

Reactive oxygen species (ROS) production
ROS production was analysed comprehensively by indi-
vidually measuring total ROS using the 2,7-dichloro-
fluorescein diacetate (DCFH-DA, Life Technologies)
probe, mitochondrial superoxide production using the
MitoSox Red (Life Technologies) probe and superoxide
using the dihydroethidium probe (DHE, Life Technolo-
gies). DCFH-DA working solution was added directly to
the medium to reach 10 μM and then incubated at 37 °C
for 15 min in the dark; 50 nM MitoSox Red and 20 μM
DHE were used to individually stain cells for 30 min at
37 °C in the dark. All stained cells were washed twice
with PBS, resuspended in PBS and kept on ice for imme-
diate detection by flow cytometry (FC500, Beckman
Coulter) at the optimal excitation/emission wavelengths
(DCFH-DA at 485/535 nm; MitoSox Red at 510/580 nm;
DHE at 480/576 nm). Data were consistently analysed
using FlowJo software (Ashland, OR, USA).

Drug sensitivity of doxorubicin and paclitaxel
Cells were seeded 1 × 104 cells/well into 96-well culture
plates with culture medium (200 μl/well) containing
indicated concentrations of Doxorubicin (range, 0.8 μM
to 1.4 μM) or Paclitaxel (range, 5 μM to 30 μM). After
72 h of incubation, cell viability was measured by WST-1
assay as described below. The lethal concentration 50
(LC50) value, the drug concentration at which 50% of
the cells were killed by the drug, was used as a measure
of sensitivity.

Analysis of mitochondrial morphology
Cells were seeded to a chamber slide after 3 days of
treatment (μ-Slide 8 well, Ibidi), stained with a mito-
chondrial potential-independent dye, MitoTracker Deep
Red (25 nM, Life Technologies), and incubated at 37 °C
for 30 min. After the excess dye was removed, cells were
washed with PBS, fixed with 4% paraformaldehyde (Sig-
ma-Aldrich) and imaged using an Olympus FluoView
FV 1200 Confocal Microscope. Subtyping of mitochon-
drial morphology was quantified using an automatic
classification system according to Peng et al. [24]. After
semi-automatic segmentation of cell micrographs, mito-
chondria were classified into six distinct subtypes (small
globe, swollen globe, straight tubule, twisting tubule,
branch tubule and loop) using automatic classification
software. The proportion of elongated mitochondria was
calculated by summing the branch tubule and loop
mitochondrial populations. The proportion of tubular

mitochondria was calculated by summing the straight
tubule and twisting tubule mitochondrial populations.
The proportion of fragmented tubular mitochondria was
calculated by summing the small globe and swollen
globe mitochondrial populations. Approximately 150–
250 mitochondria from approximately 3–5 cells in each
image from three independent areas per group were
counted.

Copy numbers of mitochondrial DNA
Fifty nanograms of total DNA was used to amplify the
nicotinamide adenine dinucleotide dehydrogenase sub-
unit 1 (ND1) gene (mtDNA-encoded) and the β-actin
gene (nuclear DNA-encoded, used as an internal con-
trol) with specific primer pairs by quantitative PCR with
LightCycler® Systems (Roche Applied Sciences) and Fas-
tStart DNA Master SYBR Green I kit (Roche Applied
Sciences). The relative mtDNA copy number was deter-
mined by normalizing the intersecting points on the
quantitative PCR curves between the ND1 and β-actin
genes using RelQuant software (Roche Applied Science).

Mitochondrial mass
To analyse the mitochondrial mass, 0.1 μM 10-N-nonyl
acridine orange (NAO) (Sigma-Aldrich) was used, and
incubations were carried out for 30 min in regular
medium. After washes in PBS, fluorescence was analysed
by flow cytometry at an excitation wavelength of 485 nm
and emission wavelength of 520 nm. Autofluorescence of
the control cells was examined to confirm the staining
level at the same time, and the value of the fluorescence
intensity was expressed relative to that of the control
cells.

Western blot analysis
Whole cell lysates were prepared using RIPA lysis buffer
(1% deoxycholic acid, 1% Triton X-100, 0.1% SDS, 250
mM NaCl and 50 mM Tris–HCl, pH 7.5) with sonic-
ation. Cytosolic and nuclear fractions were extracted
with a Nuclear/Cytosolic Fractionation kit (BioVision,
Mountain View, CA, USA). Whole cell lysates or nu-
clear/cytosolic fractionations were clarified by centrifu-
gation, and the protein concentrations were determined
with the Pierce BCA Protein Assay kit (Thermo Scien-
tific). The samples were boiled in loading buffer, and
approximately 30 μg of protein was subjected to elec-
trophoresis on 10% or 12% Mini-PROTEAN TGX
Stain-Free Gels (Bio-Rad, Hercules, CA, USA). After
electrophoresis, proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes using the Trans-Blot
Turbo RTA Mini PVDF transfer kit (Bio-Rad) and a
Trans-Blot Turbo Blotting system (Bio-Rad) according
to the manufacturer’s instructions. Membranes were
then blocked in BlockPRO™ Blocking Buffer (Visual
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Protein Biotechnology, Taipei, Taiwan) for 1 h at room
temperature and probed with monoclonal antibodies at
their indicated dilutions for cell death-related proteins in-
cluding cytochrome c (Cyto c, Cell Signaling Technology,
Danvers, MA, USA), cleaved caspase-9 (Cell Signaling
Technology), Phospho-p53 (Ser15, p-p53, Cell Signaling
Technology) and apoptosis-inducing factor (AIF) (Abcam,
Cambridge, MA, USA) and for mitochondrial dynamic pro-
teins including optic atrophy 1 (OPA1, Novus Biologicals,
Littleton, CO, USA), Mitofusin 2 (MFN2, Sigma-Aldrich),
dynamin-related protein 1 (Drp-1, Novus Biologicals),
PTEN-induced putative kinase 1 (PINK-1, Abcam) and Par-
kin (Abcam). Membranes were probed with HRP-con
jugated secondary antibodies, and bound antibodies were
visualized and quantified using the Chemiluminescence
Western HRP Substrate (EMD Millipore, Billerica, MA,
USA) and the FUSION SL image acquisition system (Viber
Lourmat, Marne-la-Vallee, France).

Seahorse XF24 extracellular flux analyzer
Cells were seeded in a XF24 microplate (1 × 104/per well)
and cultured with normal medium for 16–18 h before
mitochondrial function assays, according to the manufac-
turer’s recommended protocol provided with the Seahorse
XF24 Extracellular Flux Analyzer (Seahorse Bioscience,
North Billerica, MA, USA). Cell media were replaced with
conditioned medium (high-glucose DMEM without FBS or
sodium bicarbonate) and incubated at 37 °C without CO2

for 1 h before completion of the probe cartridge calibration.
The basal oxygen consumption rate (OCAR) and extracel-
lular acidification rate (ECAR) were measured with the Sea-
horse XF24 Flux Analyzer. Measurements were performed
after injections of three compounds that affect bioenerget-
ics: 1 μM Oligomycin (Sigma-Aldrich), 0.3 μM carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, Sig
ma-Aldrich) and 1 μM Rotenone (Sigma-Aldrich). Upon
completion of the Seahorse XF24 Flux analysis, cells were
lysed to calculate protein concentrations with a BCA assay
(Thermo Scientific). The result was normalized to the pro-
tein OD value of the corresponding well.

Statistical analysis
GraphPad Prism or Microsoft Excel 2010 were used to gen-
erate all graphs and perform all statistical analyses. A mini-
mum of three independent replications of each experiment
were performed. Student’s t-test was employed to test stat-
istical significance, and p values less than 0.05 were judged
to indicate statistical significance.

Results
Mitochondrial transplantations via passive uptake and
Pep-1-mediated delivery
After a 48-h co-culture of GFP-labelled mitochondria
(MitoGFP, Fig. 1a-c) or Pep-1-modified MitoGFP (P-MitoGFP,

Fig. 1d-f) with MCF-7 breast cancer cells whose mitochon-
dria were pre-stained with MitoTracker Red, the foreign
mitochondria (green) were clearly internalized in both
treatment groups and translocated into the host-cell mito-
chondria (red), as indicated by the yellow signals shown in
Fig. 1a and d. Moreover, the combination of one transmit-
ted light contrast technique (DIC) with fluorescence and
z-axis scanning confocal microscopy confirmed the coloca-
lization of foreign and innate mitochondria in the cells (Fig.
1b and e) and further revealed that a portion of MitoGFP

preferentially remained at the cell membrane (indicated by
white arrows, Fig. 1a and b), in contrast to P-MitoGFP (Fig.
1d and e). The labelling efficiency of P-MitoGFP (fluores-
cence intensity relative to blank, Fig. 1f) was slightly higher
than that of MitoGFP (Fig. 1c), as detected by flow
cytometry.

Mitochondrial transplantation initiates AIF-mediated
apoptosis and suppresses cancer cell growth
Real-time tracking of apoptotic potency during the in-
ternalization process of MitoGFP or P-MitoGFP was exe-
cuted by simultaneous co-staining with PI, a cell imper
meable nuclear dye (Fig. 2). Approximately 80% of cells
had a GFP-positive signal (green) (GFP+/total cell
population) derived from MitoGFP or P-MitoGFP at the
beginning of the 1–6 h treatment (Fig. 2b), and then,
GFP fluorescence decayed with time (Fig. 2a). Apparent
apoptosis of MCF-7 cells (red) was observed in cells
that had internalized MitoGFP or P-MitoGFP after 6 h of
treatment (PI+/GFP+ population, 85 ± 2.3% and 79 ±
3.5%) and there was no difference in the apoptotic inci-
dence with respect to the total cells (PI+/total popula-
tion) (Fig. 2b). After 12 h of treatment, the apoptotic
cell populations (PI+/total population) in P-Mito group
(94 ± 3.1%) was significantly higher than Mito group
(82.3 ± 4.2%) and both of them were all over 90% after
24 h of treatment (Fig. 2b). It meant that the P-Mito in-
duction of apoptotic potency was more potent than
Mito.
Mitochondrial transplantation of Mito and P-Mito sig-

nificantly induced the nuclear translocation of AIF in
MCF-7 cells after 3 days of treatment; this was especially
notable for P-Mito, which was associated with a higher in-
duction of nuclear translocation. There were no differ-
ences in the release of the other pro-apoptotic proteins
including cytochrome c (Cyto c), cleaved caspase-9 and
AIF, from the mitochondria to the cytosol or in the phos-
phorylation of p53 Serine 15 (p-p53) in the nucleus
(Fig. 3a). Similar observations were made in MCF-7 cells
after 3 days of treatment. Suppression of cancer cell
growth with P-Mito treatment was more significant than
that with Mito treatment. In contrast, treatment with
Pep-1 alone did not affect cell apoptosis (Figs. 2 and 3a)
but significantly promoted cell proliferation (Fig. 3b).
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Mitochondrial transplantation decreases oxidative stress
and chemoresistance
In both the Mito and P-Mito groups, after 3 days of treat-
ment, there were significant decreases in ROS production
in terms of total ROS (Fig. 4a) and superoxide (Fig. 4b), as
detected by flow cytometric analysis of 2′,7′–dichloro

fluorescin diacetate (DCFDA) and dihydroethidium
(DHE) staining, respectively. The obvious reduction in
mitochondrial ROS (mtROS) detected by MitoSox Red
staining was only observed in the P-Mito group relative to
the control group (Fig. 4c). The antioxidant enzyme cata-
lase was dramatically and consistently increased in both

Fig. 1 Expression of foreign mitochondria tagged with green fluorescent protein (MitoGFP) in MCF-7 human breast cancer cells pre-stained with
MitoTracker Red. Internalization of MitoGFP (a-c) or Pep-1-labelled MitoGFP (P-MitoGFP) (d-f) was observed by confocal microscopy with different
colour labels combined with the differential interference contrast (DIC)/bright field channel after 2-day treatments. The colocalization of foreign
(green) and innate mitochondria (red) is shown in merged images (a, d) and Z-stacks (b, e), respectively. The white arrows indicate adhesion of
Mito8344 to the outer cell membrane and entry failure (a, b). The quantification of mitochondrial internalization was performed by flow cytometry
and is represented as the median fluorescence intensity of GFP with the standard deviation (c, f). Blank indicates the cell background of each
group before treatment
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the Mito and P-Mito groups, in contrast to the mitochon-
dria-localized manganese superoxide dismutase (Mn-SOD,
SOD2), which only showed a significant increase in the
P-Mito group (Fig. 4c and d). Pep-1 affected neither ROS
generation nor antioxidant enzymes (Fig. 4).
Comparisons of chemoresistance as defined with the

lethal concentration (μM) 50 (LC50), value to two anti-
cancer drugs (Doxorubicin and Paclitaxel) in two types
of breast cancer cell lines (MCF7 and MDA-MB-231
cells) were performed under the Mito and P-Mito treat-
ments (Fig. 5). The Mito and P-Mito treatments dramat-
ically and effectively decreased resistance to the two
drugs in both MCF-7 (Fig. 5a and b) and MDA-MB-231
cells (Fig. 5c and d) after 3 days of treatment. Moreover,
the regulation of chemoresistance via mitochondrial
transplantation was dependent on the different types of
drugs. The increases in the sensitivity of both cell lines
to Doxorubicin were higher for the P-Mito treatment
than for the Mito treatment (LC50 of MCF-7 from

1.32 μM to 0.85 μM and 1.09 μM with P-Mito and Mito,
respectively, Fig. 5a; LC50 of MDA-MB-231 from
0.59 μM to 0.25 μM and 0.38 μM for P-Mito and Mito,
respectively, Fig. 5c); however, the increases in the sensi-
tivity of both cell lines to Paclitaxel were comparable be-
tween the Mito and P-Mito treatments (LC50 of MCF-7
from 18.13 μM to 6.34 μM and 8.65 μM for Mito and
P-Mito, Fig. 5b; LC50 of MDA-MB-231 from 1.67 μM to
0.27 μM and 0.34 μM for Mito and P-Mito, respectively,
Fig. 5d).

Mitochondrial transplantation increased parkin protein
and decreased mitochondrial fragmentation as a
consequence of mitochondrial fusion
While the Mito treatment significantly increased the
parkin protein level relative to the control, P-Mito treat-
ment enhanced the mitochondrial fusion protein OPA1
and MFN2 levels and decreased the full-length PINK1
(PINK1-L) protein level after 3 days of treatment in

Fig. 2 Occurrence tracking of apoptosis in MCF-7 cells during the internalization of foreign mitochondria. Continuous tracking of apoptosis using
propidium iodide (PI)-incorporating medium in cells with internalized mitochondria (MitoGFP or P-MitoGFP) over time was executed with 12-h
video recordings from the same region (a). The occurrence and quantification of apoptosis normalized to the total or GFP-positive cell
population, as well as GFP expression normalized to the total cell population, over time is shown at different time points, namely, 1, 6, 12 and 24
h (b). + p < 0.05, the differences between the MitoGFP and P-MitoGFP groups
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MCF-7 cells (Fig. 6a). Consistently, a significant decrease
in mitochondrial fission protein Drp1 was observed with
both treatments relative to the control (Fig. 6a). Pep-1
treatment dramatically increased PINK1-L protein com-
pared with the other treatments (Fig. 6a). In the

examination of mitochondrial morphology via staining
with MitoTracker Red, extensive fragmentation of mito-
chondria was found in the control group compared to
the Mito and P-Mito groups, with tubular networks and
branch-like structures of mitochondrial morphology, re-
spectively (Fig. 6b). Using an automatic classification
software to classify the mitochondrial morphology of
treated cells into three morphological subtypes, namely,
fragmented, tubular and elongated, in the total popula-
tion, we observed significant enhancement of the tubular
subtype with a concomitant reduction in the fragmented
subtype the in Mito and P-Mito groups (Fig. 6b, right
panel). Moreover, the P-Mito group had more significant
increases in mitochondrial elongation (Fig. 6b) and the
mitochondrial amount than the Mito group (Fig. 6e) fol-
lowing an apparent inhibition of the fragmented subtype
(Fig. 6b). This result, combined with the results of the
western blot analysis (Fig. 6a), reflected the phenomenon
of mitochondrial hyperfusion via enhancement of the
elongated and branched morphology in the P-Mito
group, in contrast to the intrinsic balance of mitochon-
drial fusion and fission in the Mito group. On the other
hand, there was no significant difference in mitochon-
drial biogenesis revealed by the mtDNA copy number
(Fig. 6c) or mitochondrial mass (Fig. 6d) in the Mito and
P-Mito groups compared with the control group. Pep-1
treatment did not affect mitochondrial morphology (Fig.
6b) but dramatically inhibited mitochondrial biogenesis
(Fig. 6c and d).

Replacement of normal mitochondrial transplantation
with dysfunctional mitochondria abolishes the original
inhibition of cancer cell growth via distinct metabolic
reprogramming
There were no significant differences in mitochondrial
metabolism, including basal respiration, ATP turnover
and maximal respiration, or glycolysis in the Mito and
P-Mito groups (Fig. 7a). However, transplantation of
dysfunctional mitochondria with the mtDNA A8344G
mutation (Mito8344) instead of normal mitochondria re-
sulted in a comprehensively significant decrease in oxi-
dative phosphorylation (OXPHOS) in the Pep-1-labelled
Mito8344 (P-Mito8344) group relative to the control
group, in contrast to the Mito8344 group, which had
higher inductions of mitochondrial maximal respiration,
reserved capacity and glycolysis (Fig. 7a). This finding
indicated that the regulation by the P-Mito treatment,
but not by the Mito treatment, occurred in a mitochon-
drial function-dependent manner. The distinct regula-
tion of the metabolic phenotype profile is also shown in
Fig. 7b, where shifting the phenotype towards more en-
ergetic and glycolytic phenotypes was observed in the
Mito8344 and P-Mito8344 groups, respectively, relative to
the control group. This was mainly due to individual

Fig. 3 Expression of apoptosis-related proteins and cell viability in
treated MCF-7 cells. Cytochrome c (Cyto c) and apoptosis-induced
factor (AIF) proteins that were released from mitochondria and
cleaved caspase-9 protein in the cytosol were analysed after 3-day
treatments, as was the nuclear translocation of phosphorylated p53
(p-p53) and AIF (a). Simultaneously, cell viability was evaluated by
WST-1 proliferation assay on days (d) 1, 3, 5 and 7 (b). * p < 0.05,
difference relative to the control (Ctrl) group. # p < 0.05, difference
relative to the Pep-1 group. + p < 0.05, difference between Mito and
P-Mito groups
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increases in glycolysis and inhibition of mitochondrial
metabolism in the Mito8344 and P-Mito8344 groups com-
pared with each normal mitochondrial treatment group.
Moreover, inhibition of cell proliferation was abolished
by replacing normal mitochondria with dysfunctional
mitochondria (Fig. 3b and Fig 7c). Cell proliferation on
day 7 in the Mito8344 group was significantly higher than
that in the P-Mito8344 group, even higher than that in
the control group and equivalent to that in the Pep-1
group (Fig. 7c). Compared to the control group, the
Pep-1 groups showed a dominant increase in glycolysis
rather than increases in the regulation of mitochondrial
respiration (Fig. 7a) and cell proliferation (Fig. 7c).

Discussion
The present study demonstrated that mitochondrial trans-
plantation via simple co-culture and Pep-1-mediated mi
tochondrial delivery successfully impaired MCF-7 breast
cancer cell viability, manifested as inhibition of cell prolif-
eration, induction of caspase-independent and AIF-medi-
ated cell apoptosis and increased chemotherapeutic
sensitivity. Furthermore, the mechanism was related to
the regulation of mitochondrial fusion and parkin machin-
ery under the P-Mito and Mito treatments, respectively.
The feasibility of antitumour growth by mitochondrial
transplantation was further approved in vivo. Tumou

rigenesis in advanced severe immunodeficiency (ASID)
mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/YckNarl) further con-
firmed the use of another human breast cancer cell line
MDA-MB-231 (Additional file 1: Supplementary
methods). Compared with the non-treated control cells
and in contrast to the Pep-1-treated cells, the Mito- and
P-Mito-treated cells showed consistent suppression of
tumourigenicity, as revealed by significant reductions in
tumour volume (mm3) (Additional file 2: Figure S1a),
significant reductions in tumour weight (g) (Additional file
2: Figure S1b), significant inductions of apoptotic chroma-
tin condensation by transmission electron microscopy
(TEM) (Additional file 2: Figure S1c and d) and DNA
fragmentation by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay (Additional file 2:
Figure S1e and f). Furthermore, intriguingly, none of the
treatments, namely, Mito, P-Mito and Pep-1, affected the
cell viability of the human breast epithelial cell line
MCF-10A, a non-tumourigenic breast epithelial cell line
(Additional file 3: Figure S2). Thus, the mitochondrial
transplantation-induced anticancer effect was not caused
by the toxicological effects of foreign mitochondrial or-
ganelles and even increased antioxidant enzyme levels,
consequently delaying oxidative stress. The consistent ob-
servation was made in the MDA-MB-231 breast tumours
of ASID mice, based on staining with a marker of

Fig. 4 The occurrence of oxidative stress in treated MCF7 cells. The comprehensive analysis of reactive oxygen species (ROS) generation included
total ROS (a), mitochondrial ROS (mtROS) (b) superoxide (c) and antioxidative enzymes, namely, superoxide dismutases (SODs) (copper/zinc
superoxide dismutase SOD1 and manganese superoxide SOD2) and catalase (d, e) after 3 days of treatment. * p < 0.05, difference relative to the
control (Ctrl) group. # p < 0.05, difference relative to the Pep-1 group. + p < 0.05, difference between the Mito and P-Mito groups
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oxidative stress (8-hydroxy-2′-deoxyguanosine (8-OHdG)
(Additional file 1). There were marked decreases in the
8-OHdG levels, represented by oxidative DNA damage, in
both the Mito and P-Mito groups relative to the control
group, but there was no difference between the Pep-1 and
control groups (Additional file 4: Figure S3).
Mitochondrial transplantation has recently been regarded

as a potential therapeutic for mitochondrial diseases [25–
27]. Isolated mitochondria can be passively internalized via
cytoskeleton-dependent macropinocytosis [20], but intake
efficiency varies according to cell properties [15]. Previ-
ously, we showed that an obstacle of spontaneous mito-
chondrial uptake in vitro in cybrid cell lines and primary
cells from mitochondrial disorders such as MERRF or
MELAS [16–18] was related to cytoskeletal disruption in
these diseased cells [15]. Thus, mitochondrial carriers are
essential to increase the incorporation efficiency in specific
diseased cells [18, 19] and assist in preventing mitochon-
drial inactivation caused by a prolonged exposure time to
the extracellular environment [26]. In this study, in contrast
to the abovementioned cell types, we found that the
MCF-7 human breast cancer cell line could incorporate
naked mitochondria suspended in medium without Pep-1
conjugation, as previously shown by Elliott R.L. et al. [13].

However, the partial mitochondrial adherence to the cell
membrane led to less uptake under these conditions than
by PMD. Previously, we showed that the PMD-mediated
recovery of mitochondrial function showed dose-dependent
regulation in mitochondrial disease cells [17], and treat-
ments that exceeded a dosage threshold induced cell tox-
icity instead of a therapeutic effect [17]. Thus, the
relationship between the mitochondrial intake amount and
treatment effectiveness needs further study in cancer cells.
A balanced and tubular mitochondrial network is

required for Bax-dependent mitochondrial outer mem-
brane permeabilization (MOMP) after terminal ER stress
or chemotherapeutic drug treatment [28]. As a result of
MOMP, AIF was released from the mitochondria into
the cytosol and then translocated into the nucleus to
induce caspase-independent apoptosis caused by chro-
matin condensation and DNA fragmentation [29].
Herein, we lack the data of AIF expression at initiation
of apoptosis after 6–24 h of mitochondrial treatment but
release of soluble intermembrane space proteins has
been considered as an early event during apoptosis and
occurred prior to activation of caspase and cell shrinkage
in late apoptosis [30]. Although more insight of apop-
totic pathway is needed to clarify due to the time frames,

Fig. 5 Changes in drug resistance via mitochondrial transplantation. The cellular viability assay was used to monitor the drug toxicity of
Doxorubicin and Paclitaxel in both MCF7 (a, b) and MDAMB231 cells (c, d) after 3 days of treatment with Mito or P-Mito. Drug toxicity is
expressed as the treatment concentration (μM) that is lethal to 50% of the cells (LC50) (Mean ± SD)
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it still could explain the existence of AIF nuclear trans-
location in treated MCF-7 cells with an interconnected
mesh-like mitochondrial network (tubular or elongated
morphologies). Thus, the mechanism of mitochondrial
transplantation-mediated cell apoptosis was not only

related to an increase in AIF nuclear translocation in
regulating DNA fragmentation but also related to sus-
tained mitochondrial fusion [31]. This hypothesis was
supported by a gradual increase in the number of re-
search studies. The human melanoma cell line A375 was

Fig. 6 Expression of proteins involved in mitochondrial dynamics and biogenesis in treated MCF7 cells. After 3-day treatments, the levels of the
mitochondrial dynamic-related proteins optic atrophy-1 (OPA1), Mitofusin 2 (MFN2), and dynamin-related protein 1 (Drp-1), as well as mitophagy-
related proteins, namely, full-length PTEN-induced putative kinase 1 (PINK-1-L) and Parkin, were analysed and quantified (a). Mitochondrial
morphology in terms of MitoTracker Red staining (b) was quantified with an automatic classification system to classify morphology into three
distinct morphological subtypes, namely, fragmented, tubular and elongated (b, right panel). Mitochondrial biogenesis was evaluated by
analysing the copy number of mitochondrial DNA (mtDNA) relative to that of the β-actin gene (c), and mitochondrial mass was measured with
10-N-nonyl acridine orange (NAO) staining and flow cytometry (d). * p < 0.05, difference relative to the control (Ctrl) group. # p < 0.05, difference
relative to the Pep-1 group. + p < 0.05, difference between the Mito and P-Mito groups
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susceptible to anticancer drug-induced apoptosis via an
increase in Drp-1-inbitor-induced mitochondrial fusion
[28]. Mitochondrial fusion also suppressed pancreatic
cancer growth [32]. Moreover, the persistence of mito-
chondrial hyperfusion induced replication stress and ser-
ious chromosomal instability during mitosis to impair
cancer growth [33]. Additionally, prolonged mitochon-
drial fusion caused mitochondrial bridges between
daughter cells, resulting in defective cytokinesis, an un-
equal distribution of mitochondria, incorrect segregation
of chromosomes, and aneuploidy [33]. Therefore, the ob-
servation that significant decreases in the mitochondrial
fusion proteins OPA1 and MFN2 but not the mitochon-
drial fission protein Drp1 occurred in MCF-7 cells com-
pared to the normal human mammary MCF-10A epithe
lial cell line is reasonable (Additional file 5: Figure S4;
Additional file 1), but it needs more detailed proof to clar-
ify the regulation of mitochondrial fusion in different
breast cell lines as a basis for therapy.
Although P-Mito induced marked decreases in the

levels of fusion proteins OPA1 and MFN2 with a conse-
quent decrease in PINK1-L protein expression, followed
by extensive mitochondrial fusion and a consequently
elongated morphology, Mito treatment significantly in-
duced parkin protein expression and tubular morph-
ology. However, a consistent reduction in mitochondrial
fission protein Drp1 was observed in both mitochondria
treatment groups. Drp1, a member of the dynamin fam-
ily of guanosine triphosphatases (GTPases), functions
not only as the key component of the mitochondrial fis-
sion machinery but also as a mediator in the plasticity of
tumour cells in various internal and external contexts.
Under mild stress, inactivation and/or downregulation
of Drp1 may have a counteracting effect on tumourigen-
esis, manifested as effects on metabolic reprogramming,
the cell cycle, cell proliferation, cell invasion and cell mi-
gration, and can thus be used as a therapeutic approach
for cancer treatment [34]. We also agree on the potential
of Drp1 over the other implicated proteins for targeted
therapy in the context of breast cancer, although the
complex interplay between mitochondrial dynamics and
cell requirements is paradoxical at every stage of tumou

rigenesis and reflects the different levels of environmen-
tal stress [34]. On the other hand, dramatic upregulation
of parkin is associated with inhibition of tumourigenesis
under the Mito treatment. Parkin, an E3 ubiquitin ligase,
also plays a role in cancers as a putative tumour sup-
pressor and has been shown to negatively regulate the
proliferation of breast cancer cells through enhanced
expression of cyclin-dependent kinase 6 [35]. Inhibition
of parkin expression induces mitochondrial dysfunction
and neuronal death in Parkinson’s disease [36] and aber-
rant metabolism during tumourigenesis [37]. On the
other hand, parkin protein in synergy with PINK1 pro
tein is responsible for mitophagy, the selective degrad-
ation of damaged mitochondria. Although the role of
mitophagy in the mitochondrial transplantation treat-
ment of breast cancer remains unclear, mitophagy is
thought to be an onco-suppressor that prevents oncogenic
transformation and maintains cellular homeostasis [38].
In this study, we found that both mitochondrial trans-

plantation treatments consistently decreased ROS levels
and increased catalase antioxidant enzyme levels in
MCF-7 cells, the latter of which was more pronounced
in the P-Mito treatment, with an additional increase in
SOD2 protein levels. The result was further confirmed
in vivo, showing that DNA oxidative damage as revealed
by 8-OHdG staining was lower in breast tumour tissues
generated from cells with mitochondrial transplantation.
ROS actions either as a growth promoter or pro-apopto
tic agent depend not only on dosage (concentration) but
also on the stage of cell apoptosis and the cell type. Sus-
tained production of ROS in MCF-7 mainly activates sur
vival signalling, facilitates oestrogen unresponsiveness,
increases aggressive growth potential, and enables resist-
ance to endocrine therapy [39]. Thus, we proposed that
increased antioxidant enzymes and reduced ROS levels
balanced the oxidative status within the cancer cells to-
wards the normal level and contributed to increased
sensitivity of cancer cells to apoptosis during the early
stages through elimination of the cell adaptive protec-
tion caused by endogenous ROS stimulation. This path-
way is different from the common pathway of late cell
apoptosis that is induced by the caspase- and ROS-

(See figure on previous page.)
Fig. 7 Effect of internalized mitochondrial function on the regulation of energy metabolism and cell viability in MCF-7 cells. Normal mitochondria
(Mito) and dysfunctional mitochondria with the mitochondrial DNA (mtDNA) A8344G mutation (Mito8344) were isolated from normal and
myoclonic epilepsy with ragged-red fibres (MERRF) syndrome cybrid cells, respectively. After cells received mitochondrial transplantation with (P-
Mito and P-Mito8344) or without Pep-1 modification (Mito and Mito8344) for 3 days, mitochondrial basal respiration and glycolysis were measured
by monitoring consumption rates (OCRs) and extracellular acidification rates (ECARs) in real time, respectively (a). Mitochondrial ATP turnover,
maximal respiration and reserved capacity were analysed by individually calculating the OCR response to mitochondrial ATP synthase inhibitor
Oligomycin (Olygo, 1 μM), an uncoupler of FCCP (0.3 μM) and complex I inhibitor of Rotenone (1 μM). Quantifications of the OCR and ECAR were
normalized to the quantity of cells (pmoles/min/protein OD) (a). The profile of metabolic phenotypes according to respiration and glycolysis
showed metabolic reprogramming by mitochondrial transplantation (b). The effect of the Mito8344 or P-Mito83344 treatments on cell viability was
evaluated by WST-1 proliferation assay on days 1, 3, 5 and 7 (c). * p < 0.05, difference relative to the control (Ctrl) group. # p < 0.05, difference
relative to the Pep-1 group. + p < 0.05, difference between the Mito and P-Mito groups
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dependent mitochondrial pathways in human breast
cancer cells [40]. This result also underscored our finding
that mitochondrial transplantation triggers nuclear trans-
location of AIF at a relatively early stage of apoptosis,
before cytochrome c release is induced by mitochondrial
damage during late apoptosis [41]. On the other hand, we
suggested that the increased levels of the SOD2 and cata-
lase antioxidant enzymes by mitochondrial transplantation
could contribute to increased chemotherapy sensitivity
and attenuate the cell aggressive phenotype. Supporting
evidence has been obtained using mimetics or genetic
overexpression of SOD and catalase [42–44] and antio
xidant-based dietary supplements in breast cancer cell
models and human studies [45].
It is known that the mechanism of action for chemo-

therapy drug Doxorubicin is attributed mainly to block-
ing the transcription and replication of nuclear DNA
and increasing DNA damage via the inhibition of topo-
isomerase II activity [46]. As previous mentions, impair-
ment of cancer growth via persistence of mitochondrial
hyperfusion also induced replication stress and serious
chromosomal instability during mitosis [33]. Presently,
the correlation between chemoresistance and mitochon-
drial dynamic proteins has been shown that OPA1
loss-induced mitochondrial fragmentation tends to cause
an increase in resistance to drug treatments in cancers
[47]. Thus, we suggest that facilitation of mitochondrial
fusion could be related to increase of susceptibility to
cell death by chemotherapeutic treatment with Doxo-
rubicin due to the analogous mechanism of genomic
DNA interference. Thus, it reflected that P-Mito-treated
cells, regardless of whether the cell line was MCF-7 or
MDA-MB-231, were more sensitive to Doxorubicin than
Mito-treated cells; however, Mito-treated cells were as
sensitive to Paclitaxel as P-Mito-treated cells. Paclitaxel
is a mitotic blocker by stabilizing microtubules, and par-
kin overexpression induced by Mito treatment can pro-
mote the binding of parkin to microtubules, resulting in
a synergistic enhancement of Paclitaxel-induced micro-
tubule assembly and stabilization to accelerate mitotic
block and apoptosis in breast cancer [48]. Thus, this
study revealed that the effectiveness of chemotherapy in
breast cancer cells varies according to the regulatory ma-
chinery of mitochondrial transplantation. Otherwise, it is
worth mentioning that WST-1 agent we used maybe not
accurate way to detect cell proliferation because reaction
of WST-1 by mitochondrial dehydrogenases could be in-
terfered by the extra delivered mitochondria. Thus, we
confirmed the mitochondrial transplantation-induced
cell toxicity by lactate dehydrogenase (LDH)-released
assay. Although we found that the detective sensitivity of
cell viability using LDH-released assay (Additional file 6:
Figure S5) was more sensitive than WST-1 assay (Fig.
3b) with a greater difference of cell death-induced

absorbance, the consistent result of obvious cell impair-
ment occurred at 5th and 7th day of culture was not
affected by the different methods in this study.
Transmitochondrial cybrids of breast cancer cells with

non-cancerous mitochondria can reverse the malignancy
of metastatic breast cancer through inhibition of several
oncogenic pathways and suppression of tumourigenesis
in nude mice [49]. Herein, we demonstrated similar
results in the MCF-7 breast cancer cell line and in an
animal model via different approaches of mitochondrial
transplantation. These results consistently highlight the
prevailing notion of the more decisive role of mitochon-
dria than nuclei in regulating tumourigenesis in breast
cancers [49, 50]. The mitochondrial regulation of tu-
mours is thought to be closely related to mitochondrial
dysfunction (Warburg effect) and dysregulated energy
metabolism, especially the latter, which has been widely
studied in recent years. In this study, using transplant-
ation of dysfunctional mitochondria caused by mtDNA
mutation, we showed that an increase in energy demand
from glycolysis in the Mito8344 treatment was more ef-
fective in restoring cancer growth than impairment of
mitochondrial respiration in the P-Mito8344 treatment.
Thus, breast cancer is not a mitochondrial disease but
can be more accurately called a mitochondrial metabolic
disease. We agree that the contributions of mtDNA mu-
tations to tumourigenesis are more dependent on the
modulation of energetic/glycolytic metabolic profiles
than on the direct inhibition of mitochondrial function,
as shown in a previous study [51]. On the other hand,
the results also revealed the distinct machinery of the
Mito and P-Mito treatments against breast cancer and
that the P-Mito treatment actions, but not those of the
Mito treatment, occurred through mitochondria fun
ction-dependent regulation.

Conclusion
Treatment of breast cancer using mitochondrial trans-
plantation is not an innovative concept, but this study
takes the lead in conducting a comprehensive analysis of
mitochondrial function, including mitochondrial dynam-
ics, oxidative stress and metabolism, and comparing the
effects of different transplant routes on treatment out-
comes. Mitochondrial transplantation can promote apop
tosis and inhibit MCF-7 cell proliferation by inducing
the nuclear translocation of AIF without affecting mito-
chondrial function, while reducing cellular oxidative
stress and drug resistance. The machinery can be associ-
ated with the increase of parkin protein and mitochon-
drial dynamic proteins as well as reduced fragmented
mitochondria. The replacement of normal mitochondria
with dysfunctional mitochondria in the transplantation
eliminated the original inhibition of cancer growth by
different mechanisms, and an increase in glycolysis in
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the Mito8344 group was more effective in restoring can-
cer cell growth than inhibition of mitochondrial respir-
ation in the P-Mito8344 group.

Additional files

Additional file 1: Supplementary methods. (DOCX 20 kb)

Additional file 2: Figure S1 Effect of mitochondrial transplantation on
MDA-MB-231 cell tumourigenesis in vivo. After 3 days of treatment, the
cells were injected into the fat pads of the fourth pair mammary glands
of eight-week-old female advanced severe immunodeficiency (ASID) mice
to observe in vivo tumourigenesis after 20 days of injection. The left and
right breasts of each mouse were randomly selected to receive injections
of different groups of cells, and each group had eight graft replicates
(scale bar = 1 cm) (a). The volumes of the subcutaneous breast tumours
in the mice were calculated with a 3D laser scanning device (a). After sac-
rifice, the tumours were weighed (b) and analysed by transmission elec-
tron microscopy (TEM) to observe the apoptotic death of tumour cells
(c). Tumour apoptosis and DNA gragmentaion were determined by quan-
tification of chromatin condensation in the cellular nucleus (N) (c, d) and
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (e, f). * p < 0.05, difference relative to the control (Ctrl) group. # p <
0.05, difference relative to the Pep-1 group. + p < 0.05, difference be-
tween the Mito and P-Mito groups (TIF 4274 kb)

Additional file 3: Figure S2 Cell viability of the MCF-10A human breast
epithelial cell line after 3 days of treatment. Cell viability was evaluated by
WST-1 proliferation assay on days 1, 3, 5 and 7 (b). (TIF 333 kb)

Additional file 4: Figure S3 Expression of 8-hydroxydeoxyguanosine (8-
OHdG) in breast tumours. Twenty days after the injection of treated
MDA-MB-231 cells, the breast tumours were used to evaluate and quan-
tify the levels of 8-OHdG, a biomarker of oxidative damage, by an immu-
nohistochemical staining. * p < 0.05, difference relative to the control
(Ctrl) group. # p < 0.05, difference relative to the Pep-1 group (TIF 4773
kb)

Additional file 5: Figure S4 Expressed differences in mitochondrial
dynamics and biogenesis between the human breast epithelial cell line
MCF-10A and the human breast cancer cell line MCF7. The levels of mito-
chondrial dynamic-related proteins optic atrophy-1 (OPA1), Mitofusin 2
(MFN2), and dynamin-related protein 1 (Drp-1), as well as mitophagy-
related proteins, full-length PTEN-induced putative kinase 1 (PINK-1-L)
and Parkin, were analysed and quantified (a). Mitochondrial biogenesis
was evaluated by analysing the copy number of mitochondrial DNA
(mtDNA) relative to that of the β-actin gene (b), and mitochondrial mass
was measured with 10-N-nonyl acridine orange (NAO) staining and by
flow cytometry (c). * p < 0.05, difference relative to the MCF-10A group
(TIF 181 kb)

Additional file 6: Figure S5 Cell viability of treated MCF-7 cells was
evaluated by LDH release assay on days (d) 1, 3, 5 and 7 after 3-day treat-
ments. * p < 0.05, difference relative to the control (Ctrl) group. # p < 0.05,
difference relative to the Pep-1 group. + p < 0.05, difference between
Mito and P-Mito groups (TIF 370 kb)

Abbreviations
ASID: Advanced severe immunodeficiency; MELAS: Mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes;
MERRF: Myoclonic epilepsy with ragged-red fibres; Mito: Mitochondria;
Mito8344: Mitochondria from MERRF patients with the A8344G mutation;
MitoGFP: Green fluorescent protein-tagged mitochondria;
Mitotransfer: Mitochondria transfer; mtDNA: Mitochondrial DNA;
mtROS: Mitochondrial ROS; P-Mito: Pep-1-labelled mitochondria; P-
Mito8344: Pep-1-labelled mitochondria from MERRF patients with the A8344G
mutation

Acknowledgements
We would like to thank National Laboratory Animal Center (NLAC), NARLabs,
Taiwan, for technical support in the contract breeding of advanced severe
immunodeficiency (ASID) mice and animal grafting.

Funding
This study was supported by the National Science Council (MOST 106–2314-
B-371-004-; MOST 106–2314-B-371-007-) and grant from Changhua Christine
Hospital (106-CCH-IRP-054).

Availability of data and materials
All data generated or analysed during this study are included in this
published article and its supplementary information files.

Authors’ contributions
JC, SC and CL designed the research. JC, HC, WC, TL and HC performed the
experiments. JC and HC analysed the data. HC, WC and CL adjusted the data
scientifically. SC, SK and CL provided research resources. SC and JC
supported the research funding. JC and HC wrote the paper. All authors read
and approved the final manuscript.

Ethics approval
All animal treatment protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) of Changhua Christian Hospital (CCH-AE-
105-019).

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Vascular and Genomic Center, Changhua Christian Hospital, Changhua
50094, Taiwan. 2Division of General Surgery, Department of Surgery,
Changhua Christian Hospital, Changhua 50094, Taiwan. 3Department of
Medicine, College of Medicine, China Medical University, Taichung 40447,
Taiwan. 4Comprehensive Breast Cancer Center, Changhua Christian Hospital,
Changhua 50094, Taiwan. 5Endoscopy & Oncoplastic Breast Surgery Center,
Changhua Christian Hospital, Changhua, Taiwan. 6Department of Neurology,
Changhua Christian Hospital, Changhua 50094, Taiwan. 7Department of
Chinese Medicine, China Medical University Hospital, Taichung 40447,
Taiwan. 8School of Chinese Medicine, Graduate Institute of Chinese Medicine,
Graduate Institute of Integrated Medicine, College of Chinese Medicine,
Research Center for Chinese Medicine and Acupuncture, China Medical
University, Taichung 40447, Taiwan.

Received: 12 October 2018 Accepted: 7 January 2019

References
1. Han Y, Cho U, Kim S, Park IS, Cho JH, Dhanasekaran DN, Song YS. Tumour

microenvironment on mitochondrial dynamics and chemoresistance in
cancer. Free Radic Res. 2018:1–17.

2. Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, Abel PW, Tu Y.
Mitochondrial dynamics regulates migration and invasion of breast cancer
cells. Oncogene. 2013;32(40):4814.

3. Peiris-Pagès M, Bonuccelli G, Sotgia F, Lisanti MP. Mitochondrial fission as a
driver of stemness in tumor cells: mDIVI1 inhibits mitochondrial function,
cell migration and cancer stem cell (CSC) signalling. Oncotarget. 2018;9(17):
13254.

4. Simula L, Nazio F, Campello S. The mitochondrial dynamics in cancer and
immune-surveillance. Semin Cancer Biol. 2017;47:29–42.

5. Pasquier J, Guerrouahen BS, Al Thawadi H, Ghiabi P, Maleki M, Abu-Kaoud N,
Jacob A, Mirshahi M, Galas L, Rafii S. Preferential transfer of mitochondria
from endothelial to cancer cells through tunneling nanotubes modulates
chemoresistance. J Transl Med. 2013;11(1):94.

6. Szatrowski TP, Nathan CF. Production of large amounts of hydrogen
peroxide by human tumor cells. Cancer Res. 1991;51(3):794–8.

7. Johar R, Sharma R, Kaur A, Mukherjee TK. Role of reactive oxygen species in
estrogen dependant breast cancer complication. Anti-Cancer Agents Med Chem.
2016;16(2):190–9.

Chang et al. Journal of Experimental & Clinical Cancer Research           (2019) 38:30 Page 15 of 16

https://doi.org/10.1186/s13046-019-1028-z
https://doi.org/10.1186/s13046-019-1028-z
https://doi.org/10.1186/s13046-019-1028-z
https://doi.org/10.1186/s13046-019-1028-z
https://doi.org/10.1186/s13046-019-1028-z
https://doi.org/10.1186/s13046-019-1028-z


8. Sahu A, Varma M, Kachhawa K. A prognostic study of MDA, SOD and
catalase in breast Cancer patients. Int J Sci Res. 2015;4(5):157–9.

9. Li C-J, Chen P-K, Sun L-Y, Pang C-Y. Enhancement of mitochondrial transfer
by antioxidants in human mesenchymal stem cells. Oxidative Med Cell
Longev. 2017;2017:8510805.

10. Berridge MV, McConnell MJ, Grasso C, Bajzikova M, Kovarova J, Neuzil J.
Horizontal transfer of mitochondria between mammalian cells: beyond co-
culture approaches. Curr Opin Genet Dev. 2016;38:75–82.

11. Dong L-F, Kovarova J, Bajzikova M, Bezawork-Geleta A, Svec D, Endaya B,
Sachaphibulkij K, Coelho AR, Sebkova N, Ruzickova A. Horizontal transfer of
whole mitochondria restores tumorigenic potential in mitochondrial DNA-
deficient cancer cells. Elife. 2017;6:e22187.

12. Lu J, Zheng X, Li F, Yu Y, Chen Z, Liu Z, Wang Z, Xu H, Yang W. Tunneling
nanotubes promote intercellular mitochondria transfer followed by
increased invasiveness in bladder cancer cells. Oncotarget. 2017;8(9):15539.

13. Elliott R, Jiang X, Head J. Mitochondria organelle transplantation:
introduction of normal epithelial mitochondria into human cancer cells
inhibits proliferation and increases drug sensitivity. Breast Cancer Res Treat.
2012;136(2):347–54.

14. Torralba D, Baixauli F, Sánchez-Madrid F. Mitochondria know no boundaries:
mechanisms and functions of intercellular mitochondrial transfer. Front Cell
Dev Biol. 2016;4:107.

15. Liu C-S, Chang J-C, Kuo S-J, Liu K-H, Lin T-T, Cheng W-L, Chuang S-F.
Delivering healthy mitochondria for the therapy of mitochondrial
diseases and beyond. Int J Biochem Cell Biol. 2014;53:141–6.

16. Chang J-C, Liu K-H, Li Y-C, Kou S-J, Wei Y-H, Chuang C-S, Hsieh M, Liu C-S.
Functional recovery of human cells harbouring the mitochondrial DNA
mutation MERRF A8344G via peptide-mediated mitochondrial delivery.
Neurosignals. 2013;21(3–4):160–73.

17. Chang J-C, Liu K-H, Chuang C-S, Su H-L, Wei Y-H, Kuo S-J, Liu C-S.
Treatment of human cells derived from MERRF syndrome by peptide-
mediated mitochondrial delivery. Cytotherapy. 2013;15(12):1580–96.

18. Chang J-C, Hoel F, Liu K-H, Wei Y-H, Cheng F-C, Kuo S-J, Tronstad KJ, Liu C-
S. Peptide-mediated delivery of donor mitochondria improves
mitochondrial function and cell viability in human cybrid cells with the
MELAS A3243G mutation. Sci Rep. 2017;7(1):10710.

19. Chang J-C, Wu S-L, Liu K-H, Chen Y-H, Chuang C-S, Cheng F-C, Su H-L, Wei
Y-H, Kuo S-J, Liu C-S. Allogeneic/xenogeneic transplantation of peptide-
labeled mitochondria in Parkinson's disease: restoration of mitochondria
functions and attenuation of 6-hydroxydopamine–induced neurotoxicity.
Transl Res. 2016;170:40–56 e43.

20. Kitani T, Kami D, Matoba S, Gojo S. Internalization of isolated functional
mitochondria: involvement of macropinocytosis. J Cell Mol Med. 2014;18(8):
1694–703.

21. Wallace DC. Mitochondria and cancer. Nat Rev Cancer. 2012;12(10):685.
22. Liu C-Y, Lee C-F, Hong C-H, Wei Y-H. Mitochondrial DNA mutation and

depletion increase the susceptibility of human cells to apoptosis. Ann N Y
Acad Sci. 2004;1011:133–45.

23. Hartwig S, Feckler C, Lehr S, Wallbrecht K, Wolgast H, Müller-Wieland D,
Kotzka J. A critical comparison between two classical and a kit-based
method for mitochondria isolation. Proteomics. 2009;9(11):3209–14.

24. Peng J-Y, Lin C-C, Chen Y-J, Kao L-S, Liu Y-C, Chou C-C, Huang Y-H,
Chang F-R, Wu Y-C, Tsai Y-S. Automatic morphological subtyping
reveals new roles of caspases in mitochondrial dynamics. PLoS Comput
Biol. 2011;7(10):e1002212.

25. Gollihue JL, Rabchevsky AG. Prospects for therapeutic mitochondrial
transplantation. Mitochondrion. 2017;35:70–9.

26. Gollihue JL, Patel SP, Rabchevsky AG. Mitochondrial transplantation
strategies as potential therapeutics for central nervous system trauma.
Neural Regen Res. 2018;13(2):194.

27. McCully JD, Levitsky S, Pedro J, Cowan DB. Mitochondrial transplantation for
therapeutic use. Clin Transl Med. 2016;5(1):16.

28. Renault TT, Floros KV, Elkholi R, Corrigan K-A, Kushnareva Y, Wieder SY, Lindtner C,
Serasinghe MN, Asciolla JJ, Buettner C. Mitochondrial shape governs BAX-
induced membrane permeabilization and apoptosis. Mol Cell. 2015;57(1):69–82.

29. Gupta S, Kass GE, Szegezdi E, Joseph B. The mitochondrial death
pathway: a promising therapeutic target in diseases. J Cell Mol Med.
2009;13(6):1004–33.

30. Anvekar RA, Asciolla JJ, Missert DJ, Chipuk JE. Born to be alive: a role for the
BCL-2 family in melanoma tumor cell survival, apoptosis, and treatment.
Front Oncol. 2011;1:34.

31. Maycotte P, Marín-Hernández A, Goyri-Aguirre M, Anaya-Ruiz M, Reyes-
Leyva J, Cortés-Hernández P. Mitochondrial dynamics and cancer. Tumor
Biol. 2017;39(5):1010428317698391.

32. Yu M, Huang Y, Deorukhkar A, Fujimoto T, Govindaraju S, Molkentine J, Lin
D, Kang Ya, Koay E, Fleming J, Gupta S, Anirban A, Taniguchi C.
Mitochondrial fusion suppresses pancreatic cancer growth via reduced
oxidative metabolism. bioRxiv 2018:279745. https://doi.org/10.1101/279745.

33. Qian W, Wang J, Van Houten B. The role of dynamin-related protein 1 in
cancer growth: a promising therapeutic target? Expert Opin Ther Targets.
2013;17(9):997–1001.

34. Lima AR, Santos L, Correia M, Soares P, Sobrinho-Simões M, Melo M,
Máximo V. Dynamin-related protein 1 at the crossroads of Cancer. Genes.
2018;9(2):115.

35. Tay S-P, Yeo CW, Chai C, Chua P-J, Tan H-M, Ang AX, Yip DL, Sung J-X, Tan
PH, Bay B-H. Parkin enhances the expression of cyclin-dependent kinase 6
and negatively regulates the proliferation of breast cancer cells. J Biol
Chem. 2010;285(38):29231–8.

36. Dawson TM, Dawson VL. The role of parkin in familial and sporadic
Parkinson's disease. Mov Disord. 2010;25(S1):S32–9.

37. Zhang C, Lin M, Wu R, Wang X, Yang B, Levine AJ, Hu W, Feng Z. Parkin, a
p53 target gene, mediates the role of p53 in glucose metabolism and the
Warburg effect. Proc Natl Acad Sci. 2011;108(39):16259–64.

38. Yan C, Li T-S. Dual role of Mitophagy in Cancer drug resistance. Anticancer
Res. 2018;38(2):617–21.

39. Cen J, Zhang L, Liu F, Zhang F, Ji B-S. Long-term alteration of reactive
oxygen species led to multidrug resistance in MCF-7 cells. Oxidative Med
Cell Longev. 2016;2016:15.

40. Vyas S, Zaganjor E, Haigis MC. Mitochondria and cancer. Cell. 2016;166(3):
555–66.

41. Daugas E, Susin SA, Zamzami N, Ferri KF, Irinopoulou T, Larochette N, M-c
PÉ, Leber B, Andrews D, Penninger J. Mitochondrio-nuclear translocation of
AIF in apoptosis and necrosis. FASEB J. 2000;14(5):729–39.

42. Glorieux C, Dejeans N, Sid B, Beck R, Calderon PB, Verrax J. Catalase
overexpression in mammary cancer cells leads to a less aggressive
phenotype and an altered response to chemotherapy. Biochem Pharmacol.
2011;82(10):1384–90.

43. Shah MH, Liu G-S, Thompson EW, Dusting GJ, Peshavariya HM. Differential
effects of superoxide dismutase and superoxide dismutase/catalase
mimetics on human breast cancer cells. Breast Cancer Res Treat. 2015;
150(3):523–34.

44. Bao B, Mitrea C, Wijesinghe P, Marchetti L, Girsch E, Farr RL, Boerner JL,
Mohammad R, Dyson G, Terlecky SR. Treating triple negative breast cancer
cells with erlotinib plus a select antioxidant overcomes drug resistance by
targeting cancer cell heterogeneity. Sci Rep. 2017;7:44125.

45. Suhail N, Bilal N, Khan H, Hasan S, Sharma S, Khan F, Mansoor T, Banu N.
Effect of vitamins C and E on antioxidant status of breast-cancer patients
undergoing chemotherapy. J Clin Pharm Ther. 2012;37(1):22–6.

46. Pommier Y, Leo E, Zhang H, Marchand C. DNA topoisomerases and their
poisoning by anticancer and antibacterial drugs. Chem Biol. 2010;17(5):421–33.

47. Anderson GR, Wardell SE, Cakir M, Yip C, Ahn Y-r, Ali M, Yllanes AP, Chao
CA, McDonnell DP, Wood KC. Dysregulation of mitochondrial dynamics
proteins are a targetable feature of human tumors. Nat Commun. 2018;9:
1677.

48. Wang H, Liu B, Zhang C, Peng G, Liu M, Li D, Gu F, Chen Q, Dong JT, Fu L.
Parkin regulates paclitaxel sensitivity in breast cancer via a microtubule-
dependent mechanism. J Pathol. 2009;218(1):76–85.

49. Kaipparettu BA, Ma Y, Park JH, Lee T-L, Zhang Y, Yotnda P, Creighton CJ,
Chan W-Y, LJC W. crosstalk from non-cancerous mitochondria can inhibit
tumor properties of metastatic cells by suppressing oncogenic pathways.
PLoS One. 2013;8(5):e61747.

50. Cruz-Bermúdez A, Vallejo CG, Vicente-Blanco RJ, Gallardo ME, Fernández-
Moreno MÁ, Quintanilla M, Garesse R. Enhanced tumorigenicity by
mitochondrial DNA mild mutations. Oncotarget. 2015;6(15):13628.

51. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation.
Cell Metab. 2008;7(1):11–20.

Chang et al. Journal of Experimental & Clinical Cancer Research           (2019) 38:30 Page 16 of 16

https://doi.org/10.1101/279745

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Cell culture
	Mitochondrial labelling
	Mitochondrial isolation and delivery
	Detection of mitochondrial internalization and apoptosis
	Cell proliferation
	Reactive oxygen species (ROS) production
	Drug sensitivity of doxorubicin and paclitaxel
	Analysis of mitochondrial morphology
	Copy numbers of mitochondrial DNA
	Mitochondrial mass
	Western blot analysis
	Seahorse XF24 extracellular flux analyzer
	Statistical analysis

	Results
	Mitochondrial transplantations via passive uptake and Pep-1-mediated delivery
	Mitochondrial transplantation initiates AIF-mediated apoptosis and suppresses cancer cell growth
	Mitochondrial transplantation decreases oxidative stress and chemoresistance
	Mitochondrial transplantation increased parkin protein and decreased mitochondrial fragmentation as a consequence of mitochondrial fusion
	Replacement of normal mitochondrial transplantation with dysfunctional mitochondria abolishes the original inhibition of cancer cell growth via distinct metabolic reprogramming

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

