Small Molecule Therapeutics

Mitochondria-Targeted Doxorubicin: A

Molecular
Cancer

Therapeutics

New Therapeutic Strategy against
Doxorubicin-Resistant Osteosarcoma

llaria Buondonno', Elena Gazzano', Sae Rin Jean??,Valentina Audrito®®, Joanna Kopecka',
Marilt Fanelli®, Iris C. Salaroglio', Costanzo Costamagna', llaria Roato’, Eleonora Mungo',
Claudia M. Hattinger®, Silvia Deaglio*®, Shana O. Kelley?3, Massimo Serra®, and

Chiara Riganti'

Abstract

Doxorubicin is one of the leading drugs for osteosarcoma
standard chemotherapy. A total of 40% to 45% of high-grade
osteosarcoma patients are unresponsive, or only partially respon-
sive, to doxorubicin (Dox), due to the overexpression of the drug
efflux transporter ABCB1/P-glycoprotein (Pgp). The aim of this
work is to improve Dox-based regimens in resistant osteosarco-
mas. We used a chemically modified mitochondria-targeted Dox
(mtDox) against Pgp-overexpressing osteosarcomas with
increased resistance to Dox. Unlike Dox, mtDox accumulated at
significant levels intracellularly, exerted cytotoxic activity, and
induced necrotic and immunogenic cell death in Dox-resistant/
Pgp-overexpressing cells, fully reproducing the activities exerted
by anthracyclines in drug-sensitive tumors. mtDox reduced tumor
growth and cell proliferation, increased apoptosis, primed tumor
cells for recognition by the host immune system, and was less

Introduction

Osteosarcoma is the most frequent bone tumor observed
clinically. The standard treatment for conventional osteosarcoma
(tumors, which are not metastatic at clinical onset, with high-
grade malignancy, located at the extremities in patients younger
than 40 years) is based on pre- and postoperative chemotherapy,
including doxorubicin (Dox), cisplatin, and methotrexate. This
treatment is successful in about 55% to 60% of patients. Despite
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cardiotoxic than Dox in preclinical models of drug-resistant
osteosarcoma. The increase in Dox resistance was paralleled by
a progressive upregulation of mitochondrial metabolism. By
widely modulating the expression of mitochondria-related genes,
mtDox decreased mitochondrial biogenesis, the import of pro-
teins and metabolites within mitochondria, mitochondrial
metabolism, and the synthesis of ATP. These events were paral-
leled by increased reactive oxygen species production, mitochon-
drial depolarization, and mitochondria-dependent apoptosis in
resistant osteosarcoma cells, where Dox was completely ineffec-
tive. We propose mtDox as a new effective agent with a safer
toxicity profile compared with Dox that may be effective for the
treatment of Dox-resistant/Pgp-positive osteosarcoma patients,
who strongly need alternative and innovative treatment strategies.
Mol Cancer Ther; 15(11); 2640-52. ©2016 AACR.

numerous attempts to find new therapeutic approaches for oste-
osarcoma, the patients' prognosis has not improved in the last
decades (1, 2, and references therein). The main drawbacks of Dox
are the onset of drug resistance that makes chemotherapy pro-
gressively ineffective (2) and the onset of cardiotoxicity (3).

Dox is a substrate of ATP-binding cassette (ABC) transporters,
such as ABCB1/P-glycoprotein (Pgp) and ABCC1/multidrug resis-
tance related protein 1 (MRP1), which efflux the drug outside the
tumor cell and limit its cytotoxicity (4). The presence of Pgp in
osteosarcoma patients is a negative prognostic factor and is
predictive of poor response to treatment (5-8). Both natural
(9, 10) and synthetic (11, 12) inhibitors of Pgp have been tested
to reverse Dox resistance in osteosarcoma cell lines in vitro. The
specific silencing of Pgp (13) or the inhibition of pathways
involved in drug resistance—such as the hypoxia inducible fac-
tor-1a- (14) or polo-like kinase 1-dependent signaling (15)—
appears to be promising strategies, but the translation of these
approaches to clinical settings is still under investigation.

Recently, targeting mitochondria of osteosarcoma cells has
been proposed as an effective therapeutic strategy (16). On the
other hand, because the heart has an aerobic mitochondria-based
metabolism, mitochondria-targeting drugs—while effective on
tumor cells—may produce serious cardiotoxicity.

We recently developed chemically modified Dox derivatives
with mitochondrial tropism that are effective against drug-resis-
tant tumor cells overexpressing Pgp (17, 18). One of these
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mitochondria-targeted Dox compounds (mtDox; 18) did not
elicit cardiotoxicity in animals, showing a safer toxicity profile
compared with Dox (19).

In this work, we used mtDox against Pgp-overexpressing oste-
osarcomas in vitro and in vivo and found that it was significantly
more effective and less cardiotoxic than Dox, and that it overcame
drug resistance by exploiting the metabolic signature typical of
drug-resistant osteosarcoma cells. Our data indicate mtDox as a
very promising new chemotherapeutic drug for a possible clinical
application in Dox-unresponsive patients.

Materials and Methods

Chemicals

FBS and culture medium were from Invitrogen Life Technol-
ogies. Plasticware for cell cultures was from Falcon (Becton
Dickinson). The protein content in cell monolayers, mitochon-
drial, and nuclear extracts was assessed with the BCA Kit from
Sigma Chemical Co. Electrophoresis reagents were obtained from
Bio-Rad Laboratories. Dox was purchased by Sigma Chemical Co.
mtDox (Supplementary Fig. S1) was synthesized as described in
ref. 18. Unless otherwise specified, all the other reagents were
purchased from Sigma Chemical Co.

Cell lines

Murine osteosarcoma K7M2 cells, human Dox-sensitive oste-
osarcoma U-20S and Saos-2 cells, and rat neonatal H9¢2 cardi-
omyocytes were purchased from the ATCC in 2012. The corre-
sponding variants with increasing resistance to Dox (U-20S/
DX30, U-20S/DX100, U-208/DX580, Saos-2/DX30, Saos-2/
DX100, and Saos-2/DX580), selected by culturing parental cells
in a medium with 30, 100, and 580 ng/mL Dox, were generated as
reported in ref. 20. All cell lines were authenticated by microsat-
ellite analysis, using the PowerPlex Kit (Promega Corporation;
last authentication: September 2015). Mesenchymal stem cells,
derived by discarded lipoaspirates of healthy subjects, were cul-
tured in osteogenic condition to obtain primary nontransformed
osteoblasts (21, 22). Fourteen days after culture, Bone Alkaline
Phosphatase (BAP staining Kit; Sigma Chemicals Co.) was per-
formed as authentication test for osteoblasts (last authentication:
April 2016). Cells were maintained in medium supplemented
with 10% v/v FBS, 1% v/v penicillin-streptomycin, and 1% v/v
L-glutamine. Drug-resistant variants were continuously cultured
in presence of Dox.

Cell viability and proliferation

Cell viability was measured by the neutral red staining method,
as previously reported (23). The absorbance of untreated cells was
considered as 100% viability; the results were expressed as a
percentage of viable cells versus untreated cells. To determine
ICs, reported in Supplementary Table S1, 1 x 10 cells were
incubated for 72 hours with increasing concentrations of Dox or
mtDox (from 1 nmol/L to 1 mmol/L). ICsy was considered the
concentration of the drug that reduced cell viability to 50%. Cell-
cycle analysis was measured by flow cytometry, after propidium
iodide staining (24).

ABCB1/Pgp and ABCC1/MRP1 expression

For flow cytometry assays, cells were harvested, washed once in
PBS, twice with 10 mmol/L Hepes in Hank's balanced salt solu-
tion, and fixed with 4% paraformaldehyde in PBS for 5 minutes.
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After a wash in Hepes, cells were permeabilized in 0.1% w/v
saponin and incubated with an anti-ABCB1/Pgp (clone MRK16;
Kamiya) or anti-ABCC1/MRP1 (clone MRPm5; Abcam) antibo-
dies. After washing with saponin, cells were incubated with a
secondary anti-mouse FITC-conjugated antibody (Sigma Chem-
ical Co.), washed twice with saponin and once with Hepes. In the
negative control, primary antibody was replaced by 0.1% sapo-
nin. Samples were analyzed by flow cytometry (FACSCalibur;
Becton Dickinson). For Western blot analysis, 20 pug of proteins
from cell lysates were probed with anti-Pgp (clone 17F9; BD
Biosciences) or anti-B-tubulin (clone D-10; Santa Cruz Biotech-
nology Inc.) antibodies.

Confocal microscope analysis

Cells (5 x 10°) were grown on sterile glass coverslips and
transfected with the GFP-E1a pyruvate dehydrogenase expression
vector (Cell Light BacMan 2.0; Invitrogen Life Technologies) to
label mitochondria. After 24 hours, cells were incubated with
5 umol/L Dox or mtDox for 6 hours. Samples were rinsed with
PBS, fixed with 4% w/v paraformaldehyde for 15 minutes, washed
3 times with PBS and once with water, and mounted with 4 pL of
Gel Mount Aqueous Mounting. Slides were analyzed using an
Olympus FV300 laser scanning confocal microscope (Olympus
Biosystems; ocular lens: 10X; objective: 60X). For each experi-
mental condition, a minimum of 5 microscopic fields were
examined.

Isolation of mitochondria and nuclei

Mitochondria were isolated as reported in ref. 25. A 50 uL
aliquot was sonicated and used for the measurement of protein
content or Western blotting; the remaining part was stored at
—80°C until use. To confirm the presence of mitochondrial
proteins in the extracts, 10 ug of each sonicated sample were
subjected to SDS-PAGE and probed with an anti-porin antibody
(clone 20B12AF2; Abcam). To exclude any mitochondrial con-
tamination in the cytosolic extracts, the absence of porin in the
latter was analyzed by Western blotting. Nuclear proteins were
extracted using the Nuclear Extract Kit (Active Motif). To exclude
any cytosolic contamination in the nuclear extracts, the absence of
actin (#A2066; Sigma Chemical Co.) in the latter was analyzed by
Western blotting.

Dox accumulation

Cellular, nuclear, or mitochondrial extracts were resuspended
in 0.5 mL ethanol/0.3 N HCI. The amount of Dox was measured
fluorimetrically (17). Fluorescence was converted into nmol/mg
cellular, nuclear, or mitochondrial proteins, using a previously set
calibration curve.

Necrotic and immunogenic death assays

The activity of lactate dehydrogenase (LDH) released in the
extracellular medium, taken as index of necrotic cell death, was
measured spectrophotometrically (26). The results were
expressed as the percentage of extracellular LDH activity versus
total (intracellular + extracellular) LDH activity. To evaluate the
immunogenic cell death induced by Dox, the extracellular release
of ATP was measured by a chemiluminescence-based assay, the
extracellular release of high mobility group box 1 (HMGB1)
protein was measured by Western blotting. Following a procedure
commonly used in the immunoblotting of extracellular proteins
(27), we stained the blot with Red Ponceau and reported a band at
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the same level of the HMGB1 band, as the control of equal protein
loading. Surface translocation of calreticulin, detected by flow
cytometry, was measured (27). The mean fluorescence intensity
was calculated using Cell Quest software (Becton Dickinson).

Tumor cell phagocytosis

Murine dendritic cells (DC) were obtained as reported by
Obeid and colleagues (28). Tumor cell phagocytosis was per-
formed by flow cytometry (28). In each set of experiments, a
phagocytosis assay was performed by coincubating DCs and
tumor cells at 4°C, instead of 37°C, and the percentage of
phagocytized cells at 4°C was subtracted from values observed
at 37°C. The phagocytosis rate was expressed as a phagocytic
index, calculated as previously reported (28).

In vivo tumor growth, hematochemical parameters, and
immunohistochemical analysis

1 x 10° K7M2 cells, stably transfected with the pGL4.51[luc2/
CMV/Neo| Vector (Promega Corporation), mixed with 100 puL
Matrigel, were injected s.c. in 6-week-old female BALB/c mice
(weight: 20 g & 1.3; Charles River Laboratories Italia); 1 x 107
U-20S cells, mixed with 100 uL Matrigel, were injected s.c. in
6-week-old female NOD SCID BALB/c mice (weight: 19.6 g+ 1.6;
Charles River Laboratories Italia). Animals were housed (5 per
cage) under 12-hour light/dark cycles, with food and drinking
provided ad libitum. Tumor growth was measured daily by caliper
and calculated according to the equation (L x W?)/2, where L =
tumor length and W = tumor width. When the tumor reached a
volume of 50 mm?> (day 7 after injection), the mice were ran-
domized into 3 groups: (1) Control group, treated with 0.1 mL
saline solution i.v. on days 7, 14, 21, and 28; (2) Dox group,
treated with Dox i.v. on days 7, 14, 21, and 28; (3) mtDox group,
treated with mitochondria-targeting Dox i.v. on days 7, 14, 21,
and 28. In vivo bioluminescence imaging was performed on days
7, 21, and 35 with a Xenogen IVIS Spectrum (PerkinElmer).
Tumor volumes were monitored daily by caliper, and animals
were euthanized by injecting zolazepam (0.2 mL/kg) and xylazine
(16 mg/kg) i.m. at day 35. The inhibition rate was calculated as a
percentage (i.e., the tumor weight of the control group minus that
of the tumor weight of the test group) divided by the tumor weight
of the control group. The hematochemical parameters LDH,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (AP), creatinine, creatine phospho-
kinase (CPK) were measured on 0.5 mL of blood collected
immediately after mice sacrifice, using the respective kits from
Beckman Coulter Inc. Forimmunohistochemical analysis, tumors
were resected and fixed in 4% v/v paraformaldehyde. The paraffin
sections were stained with hematoxylin/eosin or immunostained
for Ki67 (AB9260; Millipore), cleaved caspase 3 (#9661, Asp175;
Cell Signaling Technology Inc.), calreticulin (#PA3900; Affinity
Bioreagents), CD11c (clone HL3; BD Biosciences), followed by a
peroxidase-conjugated secondary antibody (Dako). Nuclei were
counterstained with hematoxylin. Sections were examined with a
Leica DC100 microscope (Leica Microsystems GmbH; 10 x ocular
lens, 20x objective).

All animal care and experimental procedures were approved by
the Bio-Ethical Committee of the University of Torino, Italy.

PCR arrays and qRT-PCR
Total RNA was extracted and reverse-transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad Laboratories). The PCR arrays
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were performed on 1 pug ¢cDNA, using Mitochondria and Mito-
chondria Energy Metabolism Arrays (Bio-Rad Laboratories). The
expression levels of specific mitochondria-related genes, represen-
tative of the main biological categories screened by PCR arrays,
were validated by qRT-PCR. Primer sequences were designed using
gPrimerDepot software (https://primerdepot.nci.nih.gov/). S14
was used as the housekeeping gene. Data analysis was performed
with PrimePCR Analysis Software (Bio-Rad Laboratories).

Mitochondrial DNA quantification

Mitochondrial DNA was extracted, amplified, and quantified
by PicoGreen (Invitrogen Life Technologies) staining as reported
in ref. 19. The results are expressed as ng DNA/10° cells.

Mitochondria biogenesis

The expression of peroxisome proliferator-activated receptor
gamma coactivator-1o. (PGC-10.), measured on 30 ug of nuclear
proteins and considered an index of increased mitochondria
biogenesis (29), was evaluated by Western blotting, using an
anti-PGC-1o. (#ab54481; Abcam) antibody. An anti-TATA-box
binding protein (TBP; clone 58C9; Santa Cruz Biotechnology
Inc.) was used to check equal protein loading. Mitochondria
biogenesis was also evaluated by measuring the expressions of
subunit I of complex IV (COX-I), which is encoded by mitochon-
drial DNA, and succinate dehydrogenase-A of complex II (SDH-
A), which is encoded by nuclear DNA, using the MitoBiogenesis
In-Cell ELISA Kit (Abcam). The results are expressed as units (U) of
each protein/mg mitochondrial proteins.

Tricarboxylic acid cycle

The glucose flux through tricarboxylic acid (TCA) cycle was
measured by radiolabeling cells with 2 uCi/mL [6-'*C]-glucose
(55 mCi/mmol; PerkinElmer). Cell suspensions were incubated
for 1 hour in a closed experimental system to trap the '*CO,
developed from ['*C]-glucose. The reaction was stopped by
injecting 0.8 N HCIO,. The amount of glucose transformed into
CO, through the TCA cycle was calculated as described by Riganti
and colleagues (30) and expressed as pmol CO,/h/mg cellular
proteins.

Fatty acids B-oxidation

Long-chain fatty acids B-oxidation was measured as detailed
in ref. 31. The precipitates, containing '*C-acid soluble metabo-
lites (ASM), were collected. The radioactivity of each sample
was counted by liquid scintillation. Results are expressed as
nmol/min/mg cellular proteins. In each experimental set, cells
were preincubated for 30 minutes with the carnitine palmitoyl-
transferase inhibitor etomoxir (1 pmol/L) or with the AMP-
kinase activator 5-aminoimidazole-4-carboxamide ribonucleo-
tide (AICAR; 1 mmol/L), as negative and positive controls,
respectively. In the presence of etoxomir, the rate of B-oxidation
was less than 10% than in its absence; in the presence of AICAR,
the rate of B-oxidation was increased 2-fold.

Mitochondrial energy metabolism

The oxygen consumption rate (OCR) was measured on 20,000
cells with the XFp Mito Stress Test Kit, using a Seahorse XFp
Extracellular Flux Analyzer (Seahorse Bioscience, M&M Biotech).
Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) was used at a concentration of 0.3 pmol/L to uncouple
mitochondrial oxidative phosphorylation and induce maximal

Molecular Cancer Therapeutics

220z 1snbny Gz uo 3senb Aq ypd-0192/60.058 1/0792/1 1/ | /4pd-ojo1eAow /610 s[euinolioee//:dpy woly pspeojumoq



respiration. The data were analyzed using Wave Seahorse soft-
ware. The amount of ATP produced by oxidative phosphorylation
was measured on 20 ug mitochondrial proteins with the ATP
Bioluminescent Assay Kit (FL-AA; Sigma Chemical Co.). Data
were converted into nmol/mg mitochondrial proteins, using a
previously set calibration curve.

Intramitochondrial reactive oxygen species levels

After extraction, mitochondria were incubated with the reactive
oxygen species (ROS)-sensitive probe 5-(and-6)-chloromethyl-
2',7'-dichlorodihydro-fluorescein diacetate-acetoxymethyl ester
(5 umol/L; DCFDA-AM), as described (32).The results are
expressed as nmol/mg mitochondrial proteins.

Mitochondrial electric potential (A{s) measurement

Staining with JC-1 fluorescent probe (Biotium Inc.) was per-
formed (32). The fluorescence units were used to calculate the
percentage of green-fluorescent (i.e., depolarized) mitochondria
versus red-fluorescent (i.e., polarized) mitochondria.

Apoptosis measurement

20 pug proteins of whole cell, cytosolic, or mitochondrial
extracts were subjected to the Western blot analysis with the
following antibodies (all from Cell Signaling Technology):
anti-BAD (clone 11E3); anti-BAK (clone D4E4); anti-BAX
(#2772); anti-BID (#2002); anti-BIM (clone C34C5); anti-PUMA
(clone D30C10); anti-BCL-2 (#2872); anti-BCL-xL (clone
#2762); anti-cytochrome c¢ (#4272). Images were acquired by
Image Lab software (Bio-Rad Laboratories). Caspase 9 and cas-
pase 3 activity was measured fluorimetrically in the cytosolic
extracts (17).The results are expressed as nmol of the hydrolyzed
substrate of each caspase/mg cellular proteins, according to a
previously set titration curve.

Statistical analysis

All data in the text and figures are provided as mean =+ SD. The
results were analyzed by a one-way ANOVA and Tukey test. P <
0.05 was considered significant.

Results

Mitochondria-targeted Dox is effective against Dox-resistant
osteosarcoma

We compared the antitumor efficacy of Dox and mtDox in the
Dox-sensitive human osteosarcoma U-20S cells and in the cor-
responding Dox-resistant variants U-20S/DX30, U-20S/DX100,
U-208/DX580, with increasing expression of Pgp and MRP1
(Supplementary Fig. S2). Dox exhibited typical nuclear localiza-
tionin U-208 cells (Fig. 1A). There was a high accumulation of the
drug in the nuclear extracts (Fig. 1B) and a low accumulation in
mitochondria (Fig. 1C) in U-20S cells, whereas both nuclear and
mitochondrial accumulation progressively decreased in U-20S/
DX30, U-20S/DX100, and U-20S/DX580 cells. By contrast,
mtDox had a distinct mitochondrial localization profile in U-208
cells (Fig. 1A): intranuclear accumulation was very low in both
sensitive and resistant cells (Fig. 1B); intramitochondrial accu-
mulation was significantly higher than Dox and progressively
increased in the resistant cells (Fig. 1C). At a concentration
(5 umol/L) corresponding to the ICs, in chemosensitive osteo-
sarcoma (Supplementary Table S1), Dox retention in the whole
cell was progressively lower (Fig. 1D), and the inhibition of cell
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survival was lost (Fig. 1E) in the resistant variants. However, at the
same concentration, mtDox exhibited lower intracellular accu-
mulation in the most resistant variants (Fig. 1D), but it still
reduced cell survival (Fig. 1E).

Dox is one of the few chemotherapeutic drugs able to induce
direct cytotoxicity on tumor cells, as indicated by the extracel-
lular release of LDH (26), and to elicit tumor immunogenic cell
death, typically followed by tracking the extracellular release
of ATP and HMGB1, and by monitoring cell surface levels of the
immune-activating protein calreticulin (33). In U-20S cells,
Dox increased the extracellular release of LDH (Fig. 1F), ATP
(Fig. 1G) and HMGB1 (Fig. 1H), and surface expression of
calreticulin (Fig. 1I), but it progressively lost these properties in
the resistant variants. By contrast, mtDox increased all these
parameters in sensitive and resistant cells (Fig. 1F-I).

The effects of mtDox were not cell line- or species-specific.
Indeed, mtDox exhibited greater intracellular accumulation and
was more cytotoxic than Dox in human Saos-2 cells and the
corresponding resistant variants Saos-2/DX30, Saos-2/DX100,
and Saos-2/DX580 cells (Supplementary Fig. S3A and S3B; Sup-
plementary Table S1), as well as in murine Pgp-expressing K7M2
cells (Supplementary Fig. S3C-S3E; Supplementary Table S1).
However, mtDox exhibited lower intracellular accumulation
(Supplementary Fig. S4A and S4D) and was less toxic (Supple-
mentary Fig. S4B, S4C, S4E, and S4F), in nontransformed osteo-
blasts and H9¢2 cardiomyocytes, where it had a higher IC5, than
Dox (Supplementary Table S1).

K7M2 tumors implanted in immunocompetent BALB/c
mice did not respond to the MTD (5 mg/kg) of Dox (Fig.
2A-C). Dox neither reduced K7M2 cell proliferation (Fig. 2D),
nor increased the activity of caspase 3 (Fig. 2E), the amount of
surface calreticulin (Fig. 2F), the tumor cell phagocytosis
by DCs (Fig. 2G). On the contrary, mtDox elicited all these
effects (Fig. 2). Immuhistochemical staining of K7M2 tumor
sections confirmed that mtDox reduced tumor cell prolifera-
tion, increased apoptotic and calreticulin-positive cells, and
increased intratumor infiltration of DCs (Supplementary
Fig. §5). According to the hematochemical parameters of the
animals at the time of sacrifice, mtDox was significantly
less cardiotoxic than Dox and did not elicit liver or kidney
toxicity (Table 1). Dose-response experiments revealed
that the antitumor effect of mtDox was dose-dependent and
that the drug was still effective against resistant osteosarcoma
at 1 of 5 of Dox MTD (Supplementary Fig. S6). By contrast,
mtDox did not produce any significant advantage compared
with Dox against drug-sensitive tumors (Supplementary
Fig. S7).

Mitochondria-targeting Dox deeply alters the expression of
mitochondria-related genes in Dox-resistant osteosarcoma
cells

We next analyzed the expression of genes involved in mito-
chondria functions and mitochondria-dependent apoptosis. As
shown in Fig. 3A and Supplementary Table S2, the progressive
increase in Dox resistance was paralleled by the upregulation of
genes controlling processing, import, and folding of mitochon-
drial proteins; mitochondrial fusion, fission, and trafficking;
transport of metabolites and cofactors across the mitochondrial
membranes; mitochondrial metabolic pathways, such as TCA
cycle, fatty acids B-oxidation, and electron transport; ATP synthe-
sis; and ROS protection, such as superoxide dismutase (SOD) 1
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Figure 1.

Mitochondria-targeted Dox is more accumulated and more cytotoxic than Dox in drug-resistant osteosarcoma cells. Dox-sensitive U-20S cells and Dox-resistant
variants (U-20S/DX30, U-20S/DX100, U-20S/DX580) were incubated in the absence (Ctrl) or in the presence of 5 umol/L Dox or mtDox for 6 hours (A-D),
24 hours (F-1), or 72 hours (E). A, U-20S cells were incubated for 24 hours with the GFP-Ela. pyruvate dehydrogenase expression vector to label mitochondria,
then treated with Dox or mtDox. The intracellular localization of the drugs was analyzed by confocal microscopy. Bar, 10 um. The micrographs are representative
of 3 experiments with similar results. B, the amount of Dox was measured spectrofluorimetrically in nuclear extracts in duplicate. Data are presented as

mean + SD (n = 3). Versus U-20S cells: *, P < 0.001; mtDox versus Dox: °, P < 0.001. C, the amount of Dox was measured spectrofluorimetrically in isolated
mitochondria in duplicate. Data are presented as mean + SD (n = 3). Versus U-20S cells: *, P < 0.02; mtDox versus Dox: °, P < 0.001. D, the content of Dox in
whole cell lysates was measured spectrofluorimetrically in duplicate. Data are presented as mean =+ SD (n = 4). Versus U-20S cells: *, P < 0.05; mtDox

versus Dox: °, P < 0.002. E, cells were stained with neutral red solution in quadruplicate. (Continued on the following page.)
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and 2. However, genes encoding for proteins uncoupling oxida-
tive phosphorylation and ATP synthesis, such as SLC25A27 and
UCP1, were progressively downregulated.

In drug-sensitive U-208S cells, both Dox and mtDox down-
regulated at least 2-fold 25 genes encoding for metabolite trans-
porters, subunits of respiratory chain complexes and ATP synthase,
antioxidant genes such as SOD1 and SOD2, and anti-apoptotic
genes such as BCL2 and BCL2L1 (also known as Bcl-xL). They
both upregulated genes encoding for the uncoupling proteins
SLC25A27, UCP1, UCP2, UCP3 as well as the pro-apoptotic
genes BAK1, BBC3 (also known as PUMA), and BNIP3 (Fig. 3B;
Supplementary Table S3). In U-20S/DX580 cells, Dox up- or
downregulated most of these genes less than 1-fold, consis-
tently with the low-drug accumulation and efficacy. MtDox, by
contrast, downregulated at least 2-fold the vast majority of
genes involved in protein import and processing, mitochon-
drial fusion and fission, metabolite and electron transport, ATP
synthesis, ROS protection, and apoptosis inhibition. In par-
allel, mtDox upregulated genes encoding for uncoupling pro-
teins (e.g., SLC25A27, UCP1, and UCP3) and proapoptotic
factors (e.g., BAK1, BBC3, BID, BNIP3; Fig. 3C; Supplementary
Table S4).

Given the distinct signatures of drug-sensitive versus drug-
resistant variants and the diverse effects of Dox versus mtDox in
resistant cells, we then investigated the impact of mtDox on
mitochondria biogenesis and energy metabolism in our oste-
osarcoma models. Up- or downregulation of key mitochondria-
related genes was validated by qRT-PCR (Supplementary Tables
S§5-87). For the sake of simplicity, we only show the results
obtained in U-20S and U-20S/DX580 cells. The effects of Dox
and mtDox on gene expression and mitochondrial functions of
U-20S8/DX30 and U-20S/DX100 variants were intermediate
relative to those produced in U-20S and U-20S/DX580 cells.

Mitochondria-targeted Dox reduces mitochondrial biogenesis,
protein import, and energy metabolism in Dox-resistant
osteosarcoma cells

Compared with U-20S cells, U-20S/DX580 cells had higher
mitochondrial DNA (Fig. 4A) and protein content (Fig. 4B), a
higher level of nuclear translocation of PGC-1a (Fig. 4C), and
higher expression of COX-I (Fig. 4D), which is encoded by
mitochondrial DNA. These observations are consistent with
increased mitochondria biogenesis in the resistant variant.
SDH-A, which is encoded by nuclear DNA, was also higher
(Fig. 4E), likely in consequence of the higher expression of
mitochondrial protein importers in U-20S/DX580 cells. Consis-
tent with the gene expression signature, U-20S/DX580 cells had
elevated: TCA cycle (Fig. 4F); fatty acids B-oxidation rate (Fig. 4G);
ATP-linked OCR (Fig. 4H and I); maximal respiration capacity
(Fig. 4H and J), and ATP synthesis by oxidative phosphorylation
(Fig. 4K). Dox and mtDox decreased all these parameters in drug-

Targeting Mitochondria in Drug-Resistant Osteosarcoma

sensitive cells. Only mtDox affected these pathways in drug-
resistant cells (Fig. 4).

Mitochondria-targeting Dox triggers a mitochondria-
dependent apoptosis in drug-resistant osteosarcoma cells

We did not detect any significant differences in intramitochon-
drial ROS levels in U-20S and U-20S/DX580 cells (Fig. 5A). Dox
increased ROS in drug-sensitive cells but not in drug-resistant
ones; mtDox significantly increased intramitochondrial ROS in
both cell populations (Fig. 5A). The higher levels of ROS were
paralleled by mitochondrial depolarization (Fig. 5B). Dox
increased proapoptotic proteins such as BAK, active BID (tBID),
and PUMA, and decreased antiapoptotic proteins such as BCL-2
and BCL-XL only in U-20S cells. mtDox elicited these effects in
both variants (Fig. 5C), in line with its effects on gene expression.
Consistent with the change in mitochondria polarization, Dox
increased mitochondria-associated Bad, Bak, Bax, tBid, Bim;, and
Puma, the release of cytochrome c into the cytosol (Fig. 5D), the
activity of caspase 9 (Fig. 5E) and caspase 3 (Fig. 5F) only in drug-
sensitive cells, whereas mtDox produced these effects in both
U-20S and U-20S/DX580 cells (Fig. 5D-F).

Discussion

Because targeting mitochondria is an effective therapeutic
strategy in osteosarcoma (16), we used chemically modified Dox
with a mitochondrial tropism against Dox-sensitive and Dox-
resistant osteosarcoma cells. This modified mtDox was effective
against osteosarcoma cells overexpressing Pgp and showing resis-
tance to Dox.

The selective delivery into the mitochondria, due to the con-
jugation of the anthracycline moiety with a peptide containing
cationic and hydrophobic residues that deliver cargoes into mito-
chondria (34), may limit the availability of Dox for the Pgp on the
plasma membrane, reducing the efflux of the drug from tumor
cells (18). Our work supports this hypothesis. Unlike Dox, mtDox
was well retained within mitochondria in both drug-sensitive and
drug-resistant/Pgp-overexpressing osteosarcoma cells. Although
Dox accumulation and cytotoxic efficacy dramatically decreased
in the Pgp-overexpressing variants, mtDox accumulation within
resistant cells was only slightly lower, and its cytotoxicity
remained high in Pgp-overexpressing cells. Although these data
might suggest that Pgp effluxes both mtDox and Dox, the pref-
erential intramitochondrial delivery of the former preserves its
high intracellular retention.

The higher the intracellular accumulation of Dox, the higher
the ability of the drug to kill cancer cells due to the induction
of necro-apoptotic death and activation of the host immune
system against the tumor (35): Dox promotes the exposure on
the plasma membrane of calreticulin, which activates the local
DCs to phagocytize tumor cells, stimulating a subsequent

(Continued.)The results were expressed as a percentage of viable cells versus untreated cells. Data are presented as mean 4 SD (n = 3). Versus respective
Ctrl: *, P < 0.001; mtDox versus Dox: °, P < 0.01. F, the release of LDH in the extracellular medium was measured spectrophotometrically in duplicate. Data are
presented as mean =+ SD (n = 4). Versus respective Ctrl: *, P< 0.005; mtDox versus Dox: °, P < 0.001. G, the extracellular release of ATP was measured in duplicate
by a chemiluminescence-based assay. Data are presented as mean + SD (n = 3). Versus respective Ctrl: *, P < 0.001; mtDox versus Dox: °, P < 0.001. H, the
release of HMGBT in the cell supernatants was analyzed by Western blotting. Red Ponceau staining was used to check the equal loading of proteins. The figure is
representative of 1 of 3 experiments. I, the amount of surface calreticulin was measured by flow cytometry in duplicate. Left, histograms representative of 3
experiments with similar results; right: mean fluorescence intensity (MFI) of calreticulin-positive cells. Data are presented as mean + SD (n = 3). Versus respective

Ctrl: *, P < 0.01; mtDox versus Dox: °, P < 0.001.
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Figure 2.

Mitochondria-targeted Dox is effective against drug-resistant osteosarcoma in vivo. Six-week-old female BALB/c mice were inoculated s.c. with 1 x 108 K7M2 cells.
When the tumor reached the volume of 50 mm?3 (day 7), the animals (10 mice/group) were randomized and treated on days 7, 14, 21, and 28 as follows:

(1) Ctrl group, treated with 0.1mL saline solution i.v.; (2) Dox group, treated with 5 mg/kg Dox i.v.; (3) mtDox group, treated with 5 mg/kg mitochondria-targeted Dox
i.v. A, representative in vivo bioluminescence imaging, performed on days 7, 21, and 35 after implant. B, tumor growth monitored by caliper measurements.
Arrows represent saline, Dox, or mtDox injections. Data are presented as mean == SD. Versus Ctrl group: *, P< 0.001; mtDox group versus Dox group: °, P< 0.001. The
inhibition rate in Dox-treated animals was 16.86%, in mtDox-treated animals, it was 45.49%. C, photographs of representative tumors from each treatment
group after mice sacrifice. D-G, K7M2 cells were left untreated (Ctrl) or treated for 24 hours with 5 umol/L Dox or mtDox. D, cell-cycle analysis was measured
by flow cytometry. Data are presented as mean + SD (n = 3). Versus Ctrl: *, P < 0.01; mtDox versus Dox: °, P < 0.001. E, the activity of caspase 3 was
measured fluorimetrically in duplicate in the cytosolic extracts. Data are presented as mean + SD (n = 4). Versus Ctrl: *, P < 0.001; mtDox versus Dox: °, P < 0.001.
F, the amount of surface calreticulin was measured by flow cytometry in duplicate. Left, histograms are representative of 1 of 3 experiments; right, mean
fluorescence intensity (MFI) of calreticulin-positive cells. Data are presented as mean 4 SD (n = 3). Versus Ctrl: *, P < 0.001; mtDox versus Dox: °, P < 0.001.
G, DC-mediated phagocytosis of K7M2 cells was measured by flow cytometry. Data are presented as mean 4 SD (n = 4). The phagocytic index of untreated
cells was considered as 1. Versus Ctrl: *, P < 0.002; mtDox versus Dox: °, P < 0.005.

expansion of antitumor CD8" T lymphocytes and eliciting a  pressing osteosarcoma cells. MtDox, however, exerted all the
durable antitumor response (36). These mechanisms do not canonical effects of anthracyclines in drug-resistant cells as
work in drug-resistant tumors (35). Neither cytotoxic nor well, as suggested by the extracellular release of LDH and by
proimmunogenic effects were exerted by Dox in Pgp-overex- the increase of immunogenic cell death biomarkers
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Table 1. Hematochemical parameters of animals

Ctrl Dox mtDox
LDH (U/L) 6,231 + 1,098 6,234 + 724 6,198 + 821
AST (U/L) 187 £+ 52 234 + 27 212 + 82
ALT (U/L) 38+9 41+5 43 +£10
AP (U/L) 87 £ 13 94 +15 91 +13
Creatinine (mg/L) 0.041 + 0.006 0.039 + 0.008 0.037 £ 0.009
CPK (U/L) 321+ 93 850 + 150* 453 + 83

NOTE: Animals (n = 10/group) were treated as reported under Materials and
Methods. Blood was collected immediately after mice euthanasia and analyzed
for LDH, AST, ALT, AP, creatinine, and CPK. Ctrl, mice treated with saline
solution; Dox, mice treated with Dox; mtDox, mice treated with mitochon-
dria-targeting Dox. Versus Ctrl group: *P < 0.005.

(extracellular ATP and HMGB1 release, surface calreticulin).
Mitochondrial depolarization, changes in calcium homeosta-
sis, and increased ROS levels have been correlated with calre-
ticulin upregulation and translocation from endoplasmic retic-
ulum (ER) to the plasma membrane (37, 38): indeed, changes
in intramitochondrial calcium and ROS are "sensed" by the ER
membrane-associated to mitochondria (MAM) compartment,
which is rich in calreticulin and controls the protein trafficking
to the plasma membrane (39). Because mtDox depolarized
mitochondria and increased ROS in both drug-sensitive and
drug-resistant osteosarcoma cells, these events likely trigger the
upregulation of calreticulin and/or its translocation from ER/
MAM to the plasma membrane.

The efficacy of mtDox was validated in a preclinical model of
Dox-resistant osteosarcoma implanted in immunocompetent
animals, i.e., the Pgp-expressing K7M2 cells that are syngeneic
with BALB/c mice. In both in vitro and in vivo assays, mtDox
exerted direct cytotoxicity on tumor cells (as indicated by the
reduced tumor growth and cell proliferation, and by the
increased apoptosis) and primed tumor cells for the recogni-
tion by the host immune system (as suggested by the increased
percentage of calreticulin-positive tumor cells, tumor cell
phagocytosis, and intratumor DC infiltration). Moreover,
mtDox still retained antitumor efficacy at 1/2 to 1/5 of Dox
MTD. Importantly, unlike the mice treated with Dox, those
treated with mtDox did not show any increase in CPK. These
results are in accordance with previous observations, showing
that mtDox did not exert systemic and cardio-specific toxicity in
vivo (19), and with the reduced toxicity observed in cultured
cardiomyocytes. In preclinical models, mtDox was more advan-
tageous than Dox in drug-resistant tumors, not in drug-sensi-
tive ones, leading to hypothesize that the greater efficacy of
mtDox was due to the targeting of pathways which are crucial
for the survival of drug-resistant cells.

The increase of Dox resistance was associated with the upre-
gulation of genes controlling mitochondrial biogenesis, the
import of proteins, metabolites and cofactors, and energy
metabolism, and with the downregulation of genes encoding
for uncoupling proteins. This signature made the mitochondrial
metabolism of Dox-resistant osteosarcoma cells more efficient,
as confirmed by the higher content of mitochondrial DNA and
proteins, and by the higher metabolic flux through the main
energy pathways in U-20S/DX580 cells. It is noteworthy that
genes encoded by both nuclear and mitochondrial DNA were
upregulated in drug-resistant cells. These results suggest that the
higher mitochondrial metabolism of drug-resistant cells was
supported partly by the increased mitochondria biogenesis and

www.aacrjournals.org
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partly by the increased import of cytosolic proteins and meta-
bolites within mitochondria. This process may favor a more
efficient assembly of mitochondrial complexes involved in the
TCA cycle, fatty acids B-oxidation, electron transport, and ATP
synthesis, and may supply all these pathways with anaplerotic
metabolites and essential cofactors. Contrarily to most tumor
cells, which obtain energy from anaerobic glycolysis, chemore-
sistant cells often simultaneously activate glycolysis and oxida-
tive phosphorylation to meet their energy requirements (40).
The higher ATP level produced by mitochondrial oxidative
phosphorylation may support the ATP-dependent efflux activity
of ABC transporters, contributing to the chemoresistant phe-
notype. On the other hand, a high proton motive force induces a
high production of ROS from mitochondria (41). We did not
detect any differences in intramitochondrial ROS between U-
20S and U-20S/DX580 cells, which was most likely due to the
upregulation of mitochondrial SOD2 in the latter: this feature
may also contribute to chemoresistance.

Dox acts through pleiotropic mechanisms on tumor cells,
including mitochondrial-dependent mechanisms. For example,
it reduces the activity of complexes I, II, and III (42) and the
synthesis of ATP (43), and increases intramitochondrial ROS
through iron-catalyzed redox cycles within complex I (44). In
sensitive osteosarcoma cells, Dox downregulated specific
metabolite transporters, subunits of mitochondrial respiratory
complexes and ATP synthase, cytosolic and mitochondrial
isoforms of SOD, and upregulated uncoupling proteins and
proapoptotic factors. The consequent reduction of mitochon-
dria biogenesis and ATP synthesis, coupled with the increase in
intramitochondrial ROS, triggered a mitotoxicity-dependent
apoptosis. None of these events occurred in the drug-resistant
U-20S/DX580 variant, where Dox did not reach an intracellu-
lar concentration sufficient to elicit effects at genomic and
metabolic levels.

By contrast, mtDox produced genomic and metabolic signa-
tures that were similar in drug-sensitive and drug-resistant oste-
osarcoma cells. By downregulating genes involved in mitochon-
dria biogenesis and mitochondrial protein import, it significantly
reduced mitochondrial DNA and protein contents. Previously, it
was reported that in cardiomyocytes, mtDox decreased mitochon-
drial DNA after 6 hours and increased it after 24 hours: This trend
suggests a recovery from the initial damage due to mitochondrial
biogenesis. On the contrary, in ovarian cancer cells, mitochon-
drial DNA levels remained significantly lower after 24 hours of
treatment with mtDox, indicating that tumor cells are not able to
increase mitochondria biogenesis in response to mtDox (19).
These findings are in line with the results obtained in osteosar-
coma cells. The different response of cardiomyocytes and tumor
cells to the mitochondrial damage elicited by mtDox may explain
the key properties of mtDox, i.e., its antitumor efficacy and its
cardiac safety.

By decreasing the expression of several transporters and
subunits of oxidative phosphorylation complexes, mtDox
strongly reduced the mitochondrial energy metabolism. It is
noteworthy that it upregulated the expression of uncoupling
proteins and proapoptotic factors, and markedly decreased the
expression of mitochondrial SOD2. These events uncoupled
oxidative phosphorylation from ATP synthesis and increased
the intramitochondrial levels of ROS, which were not buffered
by SOD2. This metabolic dysfunction causes the opening of the
mitochondrial permeability transition pore and triggers a

Mol Cancer Ther; 15(11) November 2016
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Figure 3.

Modulation of mitochondria-related genes by Dox and mitochondria-targeted Dox in drug-sensitive and drug-resistant osteosarcoma cells. A, the cDNA
from Dox-sensitive U-20S cells and Dox-resistant variants (U-20S/DX30, U-20S/DX100, and U-20S/DX580) was analyzed by PCR arrays specific for

mitochondria-related genes, as reported under Materials and Methods. The figure reports the genes up- or downregulated 2-fold or more in at least one
cell line, in a colorimetric scale (n = 4). B and C, U-20S cells (B) or U-20S/DX580 cells (C) were grown for 24 hours in fresh medium (Ctrl)

in medium containing

5 umol/L Dox, or mtDox. The cDNA was analyzed by the same PCR arrays in A. The figures report the genes up- or downregulated 2-fold or more in

at least one experimental condition, in a colorimetric scale (n = 4). OXPHOS, oxidative phosphorylation.
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Figure 4.

Mitochondria biogenesis and energy metabolism in cells treated with Dox or mitochondria-targeted Dox. Dox-sensitive U-20S cells and Dox-resistant U-20S/DX580
cells were incubated in the absence (Ctrl) or in the presence of 5 umol/L Dox or mtDox for 24 hours. Data are presented as mean 4 SD (n = 4). A and B,

the amount of mitochondrial DNA (A) and proteins (B) was measured in duplicate after mitochondria isolation, as described under Materials and Methods. For both
panels, versus U-20S Ctrl cells: *, P < 0.05; versus U-20S/DX580 Ctrl cells: °, P < 0.02; U-20S/DX580 versus U-20S cells: #, P < 0.001. €, nuclear extracts
were analyzed for the levels of PGC-1a. by Western blotting. The TBP expression was used as the control of equal protein loading. The figure is representative of 10f 3
experiments. D and E, the expression of subunit | of complex IV (COX-I, D) and succinic acid dehydrogenase-A of complex Il (SDH-A, E) was measured by
quantitative immunocytochemistry in duplicate. For both panels, versus U-20S Ctrl cells: *, P < 0.05; versus U-20S/DX580 Ctrl cells: °, P < 0.001; U-20S/DX580
versus U-20S cells: #, P < 0.05. F, the glucose flux through the TCA cycle was measured in duplicate in cells radiolabeled with [6-"C]-glucose. Versus U-20S
Ctrl cells: *, P< 0.05; versus U-20S/DX580 Ctrl cells: °, P < 0.001; U-20S/DX580 versus U-20S cells: #, P < 0.002. G, the amount of *C-ASM derived from fatty acids
B-oxidation was measured in duplicate in cells labeled with [1-"*C]-palmitoyl coenzyme A. Versus U-20S Ctrl cells: *, P < 0.001; versus U-20S/DX580 Ctrl

cells: °, P < 0.001; U-20S/DX580 versus U-20S cells: #, P < 0.05. H, mitochondrial bioenergetic profiles generated using the Seahorse XFp Analyzer, in U-20S cells
(left) and U-20S/DX580 cells (right). The figures are representative of 10of 4 experiments, each performed in triplicate. I and J, ATP-linked OCR rates (I) and maximal
respiration (J) were determined from the bioenergetic profiles in H. ATP-linked OCR represents the difference between basal and oligomycin-treated OCR,
whereas maximal respiration represents the difference between FCCP- and rotenone/antimycin-treated OCR. Versus U-20S Ctrl cells: *, P < 0.05; versus
U-205/DX580 Ctrl cells: °, P < 0.001; U-20S/DX580 versus U-20S cells: #, P < 0.05. K, ATP levels in isolated mitochondria were measured in duplicate by a
chemiluminescence-based assay. Versus U-20S Ctrl cells: *, P < 0.05; versus U-20S/DX580 Ctrl cells: °, P < 0.005; U-20S/DX580 versus U-20S cells:

# p<0.01

mitochondria-dependent apoptosis. The simultaneous down-
regulation of antiapoptotic genes further supported the apo-
ptotic process.

The events described above were more pronounced in Dox-
resistant cells than in Dox-sensitive ones, in accordance with the
higher mitochondrial metabolic activity of the former. Of note,
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Figure 5.

Effects of Dox and mitochondria-targeted Dox on mitochondria integrity and mitochondria-dependent apoptosis. Dox-sensitive U-20S cells and Dox-resistant
U-20S/DX580 cells were incubated in the absence (Ctrl) or in the presence of 5 umol/L Dox or mtDox for 24 hours. A, intramitochondrial ROS levels were
measured fluorimetrically in triplicate using the DCFDA-AM probe. Data are presented as mean + SD (n = 4). Versus U-20S Ctrl cells: *, P < 0.001; versus
U-20S/DX580 Ctrl cells: °, P < 0.001; U-20S/DX580 versus U-20S cells: #, P < 0.001. B, the mitochondrial membrane potential was assessed in duplicate by the JC-1
staining method. The percentage of green versus red mitochondria was considered an index of mitochondrial depolarization and permeability transition.

Data are presented as mean + SD (n = 4). Versus U-20S Ctrl cells: *, P < 0.005; versus U-20S/DX580 Ctrl cells: °, P < 0.005; U-20S/DX580 versus U-20S cells:
# P <0.002. C, whole cell lysates were probed with the indicated antibodies. BID full-length and truncated (tBID) protein, BIM isoforms BIMg, BIM,, BIMg

are shown. The B-tubulin expression was used as the control of equal protein loading. The figure is representative of 1of 3 experiments. D, mitochondrial and cytosolic
extracts were subjected to Western blotting and probed with the indicated antibodies. tBID and BIM, isoforms are shown. Porin and B-tubulin expression
were used as the control of equal protein loading in the respective extracts. The figure is representative of 1of 3 experiments. E and F, the activity of caspase 9 (E) and
caspase 3 (F) was measured fluorimetrically in duplicate in the cytosolic extracts. Data are presented as mean + SD (n = 4). For both panels, versus U-20S
Ctrl cells: *, P < 0.007; versus U-20S/DX580 Ctrl cells: °, P < 0.001; U-20S/DX580 versus U-20S cells: #, P < 0.001.
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mtDox was relatively nontoxic in nontransformed osteoblasts.
On the one hand, the lower uptake of mtDox by nontransformed
cells may explain the reduced toxicity; on the other hand, osteo-
blasts are more dependent on anaerobic glycolysis than on
mitochondrial metabolism for their growth and differentiation
(45, 46). These factors may explain the relatively selective cyto-
toxicity of mtDox for tumor cells over nontransformed cells.

Despite their resistance to chemotherapy, drug-resistant tumors
are more susceptible than drug-sensitive ones to the depletion of
ATP and to the increase of ROS, an event known as "collateral
sensitivity" (CS; ref. 47). Agents that lower intracellular ATP and/
or increase ROS levels are effective against chemoresistant cells in
vitro. Unfortunately, the intrinsic toxicity of these agents limits
their use in vivo (48). However, thanks to its ability to lower the
levels of ATP produced by oxidative phosphorylation and increase
ROS levels within drug-resistant cells, mtDox is an excellent
inducer of CS. Unlike the other compounds exerting CS, it did
not produce appreciable toxicity for the liver, kidneys, or heart in
our preclinical model of resistant osteosarcoma, thus appearing
suitable for being used in vivo.

The novelty of the therapeutic strategy proposed in this work
relates to two factors. First, we used a derivative of the first-line
drug Dox, the efficacy of which is limited by the expression of
Pgp in osteosarcoma cells and by the development of cardio-
toxicity: by chemically modifying Dox to achieve its selective
delivery into mitochondria, we overcame a key limitation
frequently encountered in patients treated with Dox-based
regimens. Second, mtDox exploited a metabolic signature typ-
ical of chemoresistant cells—i.e., the hyperactive mitochondrial
metabolism—and hit energy pathways that are crucial for drug-
resistant tumors. This drug conjugate produced promising
results that may be applied to the treatment of Pgp-expressing
osteosarcomas. These results may pave the way for the potential
use of mtDox in clinical settings, in particular for patients with
Pgp-positive osteosarcomas or as a possible second-line treat-
ment for relapsed patients.
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