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ABSTRACT
Most BRAF-mutated melanomas initially responsive to the FDA-approved inhibitors preferentially targeting
B-Raf mutated in Val600 residue eventually relapse, requiring additional therapeutic modalities. Recent
studies report the significance of metabolic reprograming in mitochondria for maintenance of
BRAF-mutated melanomas and for development of their drug resistance to B-Raf inhibitors, providing a
rationale for targeting mitochondria as a potential therapeutic strategy for melanoma. We therefore
determined whether mitochondria-targeted metabolism-interfering agents can effectively suppress
human B-RafV600E melanoma cell lines and their dabrafenib/PLX4032-resistant progenies using
mitochondria-targeted carboxy-proxyl (Mito-CP) and ubiquinone (Mito-Q). These agents exhibited
comparable efficacy to PLX4032 in suppressing SK-MEL28, A375, and RPMI-7951 cells in vitro. As
determined in SK-MEL28 and A375 cells, Mito-CP induced apoptotic cell death mediated by mitochondrial
membrane depolarization and subsequent oxidative stress, which PLX4032 could not induce. Of note,
Mito-CP also effectively suppressed PLX4032-resistant progenies of SK-MEL28 and A375. Moreover, when
orally administered, Mito-CP suppressed SK-MEL28 xenografts in mice as effectively as PLX4032 without
serious adverse effects. These data demonstrate that mitochondria-targeted agents have therapeutic
potential to effectively suppress BRAF–mutated melanomas via an effect(s) distinct from those of B-Raf
inhibitors.

Abbreviations: Carboxy-H2DCFDA, 5-(and-6)-carboxy-20,70-dichlorodihydrofluorescein diacetate; Mito-CP, triphenyl-
phosphonium-carboxy-proxyl; Mito-Q, [10-(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl) decyl] tri-
phenyl phosphonium; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide; NAC, N-acetyL-cysteine;
PARP, poly(ADP-ribose) polymerase; TMRE, tetramethyl-rhodamine ethyl ester perchlorate; TPP, triphenyl-
phosphonium
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Introduction

Activating mutations of BRAF, mainly affecting B-Raf kinase
domain, e.g., B-RafV600E,K,D, are detected in 40–50% cutane-
ous melanomas, making B-Raf and its effector MEK/ERK
kinase cascade key therapeutic targets in these tumors.1 As
such, for BRAF–mutated melanoma therapy, the Food and
Drug Administration approved the small molecule B-Raf
inhibitors dabrafenib/PLX4032 (trade name Tafinlar) and
vemurafenib (trade name Zelboraf) as monotherapy, and the
dabrafenib combination with the MEK1/2 inhibitor, trameti-
nib (trade name Mekinist). Although these inhibitors have
substantially advanced the therapy of B-RafV600E,K melanoma
(reviewed in2,3), almost all tumors initially responsive to
these drugs develop resistance, eventually leading to patient
demise. Therefore, additional therapeutic modalities are nec-
essary to prolong patient survival.

Tumor cells often reprogram mitochondrial metabolism to
meet their increased demand for energy and building blocks
(reviewed in 4). These alterations in mitochondrial metabolism
are often associated with increased production of toxic

byproducts that threaten tumor cell survival, e.g., reactive oxy-
gen species (ROS). Accordingly, tumor cells should maintain a
balance between altered mitochondrial metabolism and the
capacity for stress tolerance.5-7 Moreover, tumor cells can adapt
to cancer drugs by readjusting their mitochondrial metabolism
and cell death/survival machinery.6,8 These indicate the poten-
tial of mitochondria as a cancer therapeutic target. Of note, it
has been recently reported that reprograming of mitochondrial
bioenergetics and oxidative metabolism is required not only for
the maintenance of BRAF-mutated melanomas but also for
development of their resistance to B-Raf inhibitors.8-10 This
provides a rationale for targeting mitochondria as a potential
therapeutic strategy for melanomas, and as such, it is important
to evaluate therapeutic potential of mitochondria-targeted
metabolism-interfering agents in these tumors.

The lipophilic cation, triphenylphosphonium (TPP), accu-
mulates in mitochondria via the mitochondrial membrane
potential (Dcm), which rationalizes its covalent conjugation to
a drug as an effective means for specific drug delivery to mito-
chondria.11 Indeed, different TPP-conjugated antioxidants
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have been shown for their therapeutic potential for cancer and
neurodegenerative disorders.5,11-14 We and others have also
demonstrated that certain TPP-conjugated metabolism-inter-
fering agents have high efficacy in suppressing proliferation of
different tumor cells, including breast and thyroid cancer
cells.15,16 Accumulation of TPP-conjugated compounds in
mitochondria can increase up to 100 to 1,000 fold depending
upon Dcm values in different cell types. Of note, many tumor
cells usually maintain relatively high basal Dcm, which renders
them vulnerable to TPP-linked drugs,5,14

In the present study, we demonstrate that BRAF-mutated mela-
noma cells can be effectively suppressed by targeting mitochondria
using TPP-conjugated superoxide dismutase mimetic carboxy-
proxyl (Mito-CP) and TPP-conjugated ubiquinone (Mito-Q),
which can disrupt mitochondrial bioenergetics and redox balance
if over-enriched in mitochondria,12,13,15,16 in human B-RafV600E

melanoma cell lines and their PLX4032-resistant progenies.

Materials and methods

Cell culture and reagents

SK-MEL28 (ATCC, Manassas, VA), RPMI-7951 (ATCC), SK-
MEL-2 (ATCC), and MeWo (ATCC) were maintained in
minimal essential medium (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum, 100 U of penicillin and
100 mg of streptomycin per ml. A375 (ATCC) and the primary
normal human fibroblasts, HS27 (ATCC) and BJ (ATCC),
were grown in Dulbecco’s modified eagle medium (Invitrogen)
supplemented with 10% fetal bovine serum. PLX4032-resistant
A375R 17 and its parental A375 were obtained from R. Marais
(Univ. Manchester). PLX4032-resistant SK-MEL28 progenies
were generated by prolonged cell culture in the presence of
PLX4032 (Fig. S1), according to the procedure previously
described.17 Neonatal primary normal melanocytes (LONZA)
were grown in Medium 254 (ThermoFisher Scientific) supple-
mented with Human Melanocyte Growth Supplement (Ther-
moFisher Scientific).

Mito-CP 18 and Mito-Q ([10-(4,5-dimethoxy-2-methyl-3,6-
dioxo-1,4-cyclohexadien-1-yl) decyl] triphenyl phosphonium)
were obtained from B. Kalyanaraman (Medical College of Wis-
consin). Carboxy-proxyl (CP), methyl-triphenyl-phosphonium
(TPP), coenzyme Q10 (CoQ10), N-acetyL-cysteine (NAC), tetra-
methyl-rhodamine ethyl ester perchlorate (TMRE), 5-(and-6)-
carboxy-20,70-dichlorodihydrofluorescein diacetate (carboxy-
H2DCFDA), and cremophore-EL were purchased from Sigma-
Aldrich (St Louis, MO). PLX4032 and MitoTracker Green were
purchased from Selleck Chemicals (Houston, TX) and Invitro-
gen, respectively. Chemical structures of Mito-CP and Mito-Q,
TPP, CP, and CoQ10 are depicted in Fig. S2.

Cell viability and death analysis

For the assay using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
tetrazolium bromide (MTT), cells were incubated with culture
medium containing MTT (0.5 mg/ml, Sigma) in 96 well-plates
for 2 h at 37�C, switched into 200 ml of dimethyl-sulfoxide
(DMSO), and shaken for 5 min at room temperature before
measuring absorbance at 540 nm, as previously described.19

Cell viability was also measured by counting trypan blue-
stained cells using hemocytometer. Annexin V (Invitrogen)
was stained according to manufacturer’s instruction.

Detection of mitochondrial membrane potential
using TMRE

Cells were incubated with culture medium containing TMRE
(10 ng/ml) in 6-well plates for 15 min at 37�C in dark, washed
with phosphate-buffered saline (PBS), switched into phenol-
red free medium before visualizing fluorescence under a micro-
scope. For flow cytometric measurement, TMRE-treated cells
were collected by trypsinization and resuspended in PBS con-
taining 0.1% bovine serum albumin, and analyzed by flow
cytometry (PE channel, 575 nm), as previously described.20,21

Data from 20,000 cells were analyzed using FCS Express soft-
ware (De Novo Software).

Detection of ROS using carboxy-H2DCFDA

Cells were incubated with culture medium containing 1 mM
carboxy-H2DCFDA at 37�C for 1 h. After medium change, cells
were incubated in dark for 2 h, trypsinized, and resuspended in
PBS before analysis by flow cytometry (FITC channel, 525 nm),
as previously described.20,21 Data from 20,000 cells were ana-
lyzed using FCS Express software (De Novo Software).

Immunoblot analysis

Immunoblotting was performed as previously described.22 Mito-
chondrial lysates were prepared using the Mitochondria Isolation
Kit (Thermo Scientific, Rockford, IL) according to the manufac-
turer’s protocol. Antibodies were diluted as follows: poly(ADP-
ribose) polymerase (PARP), 1:1,000; cleaved lamin A, 1:2,000;
Bcl-2, 1:2,000; Bcl-xL, 1:2,000; Mcl-1, 1:2,000; COX IV, 1:2000;
b-actin, 1:10,000; ATG7, 1:2,000 (Cell Signaling); SQSTM1,
1:2,000 (Santa Cruz); LC3B, 1:2,000 (MBL International). The
TPP-specific antibody was obtained from M. Murphy (MRC
Dunn Human Nutrition Unit) and used at a 1:1000 dilution
ratio. Images of immunoblots were taken and processed using
ChemiDoc XRSC and Image Lab 3.0 (Bio-Rad, Hercules, CA).

Tumor xenograft studies

5 £ 106 SK-MEL28 cells in 100 ml extracellular matrix gel
(E1270, Sigma Aldrich) were inoculated subcutaneously into
the rear flanks of 6-week-old female athymic nude (nu/nu)
mice (Jackson Laboratory, Bar Harbor, ME). Once palpable,
tumors were measured using Vernier calipers at intervals indi-
cated in the text. Tumor volumes were calculated using the for-
mula: length £ width2 £ 0.5236. When tumor volumes
reached 100 mm3, mice were sorted into the groups of 4 ani-
mals to achieve equal distribution of tumor size in all treatment
groups. Group 1 received only the vehicle (1:9 mixture of
DMSO/Cremophore-EL), group 2 received PLX4032 (50 mg/kg
body weight/dose), and group 3 received Mito-CP (50 mg/kg
body weight/dose). PLX4032 and Mito-CP were dissolved in
200 ml vehicle and were orally administered by gavage. In each
treatment cycle, animals received single dose of drugs per day
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for 4 consecutive days and took a day rest. This cycle was
repeated 4 times during the treatment. At the end of drug treat-
ments, animals were euthanized by CO2 asphyxiation. All ani-
mal studies were performed according to the protocols
approved by the Institutional Animal Care and Use Committee
at Medical College of Wisconsin.

Statistical analysis

Two-tailed unpaired Student’s t-test was used to assess the sta-
tistical significance of 2 data sets. Tumor xenograft data were

analyzed by One-Way ANOVA with Bonferroni correction for
multiple comparisons. P value < 0.05 was considered statisti-
cally significant.

Results

Mitochondria-targeted agents, Mito-CP and Mito-Q, can
effectively suppress survival of a subset of melanoma
cells in vitro

Mito-CP consists of the CP moiety, a 5-membered nitroxide, and
the TPPmoiety that mediates mitochondria targeting Fig. S2). We

Figure 1. Mito-CP and Mito-(Q)suppresses viability of B-RafV600E melanoma cells. (A) SK-MEL28, A375, and RPMI-7951 cells in 96-well plates were treated with serially increasing
doses of Mito-CP, Mito-Q, or the control compounds, TPP and CP, for 48 h. Cells were then allowed to recover in drug-free fresh medium for 24 h prior to measuring cell viabil-
ity by MTT assay. Data (mean § SD, n D 6) are expressed as the percentage of untreated control. (B) A panel of cell lines was treated with 1 mM Mito-CP or Mito-Q for 48 h
followed by 24 h recovery prior to MTT assay. Data (mean § SD, n D 3) are the percentage of untreated control. SK-MEL1, SK-MEL28, A375, and RPMI-7951 (B-RafV600E); SK-
MEL 2 (N-RasQ61R); MeWo (B-Raf, N-Ras wild type); BJ and HS27 (primary normal foreskin fibroblasts) (C) Cells of SK-MEL28, A375, and their PLX4032-resistant derivatives were
treated with increasing doses of Mito-CP or PLX4032 for 48 h. Cells were then allowed to recover in drug-free fresh medium for 24 h prior to MTT assay.
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determined whether Mito-CP can suppress the human B-RafV600E

melanoma lines, SK-MEL28, A375, and RPMI-7951, in vitro. As
the controls to validate mitochondria-specific effects of Mio-CP,
we used its separate functional moieties, CP and TPP. As deter-
mined by MTT assay, Mito-CP in 0.01-10 mM dose ranges effec-
tively decreased cell viability of these cells within 48 h, with all cell
lines exhibiting very high sensitivity to this drug (Fig. 1A); IC50

values were calculated at 0.28 mM for SK-MEL28, 0.30 mM for
A375, and 0.84mM for RPMI-7951. In contrast, equal doses of CP
did not significantly affect the growth of these cells while the mito-
chondrial carrier, TPP, only mildly decreased cell viability at
higher doses (Fig. 1A). This indicates that mitochondria-specific
delivery of CP is the key to its tumor suppressive effects. Notewor-
thy is that, similarly asMito-CP,Mito-Q (TPP-linked CoQ10) also
effectively decreased the viability of these tumor cells although
CoQ10 by itself had no effect (Fig. 1A), suggesting that mitochon-
dria-specific delivery of a metabolism-interfering agent can effec-
tively decrease the viability of a subset of melanoma cells. In
support of this possibility, Mito-CP and Mito-Q also effectively
decreased the viability of other melanoma lines, including SK-
MEL1 (B-RafV600E), SK-MEL2 (N-RasQ61R), and MeWo (B-Raf
andN-Raswild type), although these compounds did not as signif-
icantly decrease the viability of primary normal foreskin fibro-
blasts BJ andHS27, and primary culturedmelanocytes (Fig. 1B).

Mito-CP suppresses PLX4032-na€ıve B-RafV600E melanoma
cells as effectively as PLX4032 and also suppresses
PLX4032-resistant melanoma cells

We next assessed the efficacy of Mito-CP in comparison with
PLX4032 in SK-MEL28 and A375 cells. As determined by MTT
assay after 48 h drug treatments, PLX4032-na€ıve SK-MEL28 and
A375 cell lines exhibited slightly lower IC50 values to Mito-CP
than to PLX4032 (Fig. 1C). Strikingly, when tested in PLX4032-
resistant progenies of these melanoma cell lines, Mito-CP effec-
tively suppressed 3 independent PLX4032-resistant SK-MEL28
clones and the PLX4032-resistant A375R cells at similar efficacies
as observed in their parental cells (Fig. 1C). These data strongly

demonstrate the high in vitro efficacy of Mito-CP for PLX4032-
na€ıve and -resistant B-RafV600E melanoma cells.

Mito-CP induces apoptotic cell death in B-RafV600E

melanoma cells

To determine the nature of Mito-CP-mediated suppression of
these B-RafV600E melanoma cells, we conducted Western blot
analyses of total lysates of SK-MEL28, A375 and RPMI-7951
cells treated with Mito-CP for 24 h.

We found that Mito-CP more robustly induced cleavage of
lamin A, although not PARP, than PLX4032 in these melanoma
cell lines (Fig. 2). The cleavages of lamin A and PARP are key
signatures of caspase-dependent apoptotic cell death.23 Consis-
tent with this, flow cytometry analysis using annexin V and
propidium iodide revealed that Mito-CP strongly induced apo-
ptotic cell death in SK-MEL28 and A375 cells, which was com-
parable to the effect of the conventional chemotherapeutic
agent cisplatin (Fig. 3). These effects were accompanied by sig-
nificant downregulation of cytochrome c oxidase (COX IV), a
marker of mitochondrial integrity, and of Mcl-1 although other
anti-apoptotic Bcl-2 family members were not similarly
affected (Fig. 2); Mito-CP did not affect Bcl-2 levels while upre-
gulating Bcl-xL levels. These data suggest that Mito-CP may
induce cell death via a mitochondrial damage that disrupts
mitochondrial integrity and anti-apoptotic capacity. Of note,
Mito-CP substantially increased LC3 processing and protein
levels of SQSTM1/p62 and ATG7, the key autophagy
markers,24 suggesting that Mito-CP may alter cellular activity
for autophagy (Fig. 2). These effects of Mito-CP are in contrast
with the effects of PLX4032 in these cells, strongly suggesting
that Mito-CP can suppress melanoma cell survival via a distinct
mechanism(s).

Mito-CP, but not PLX4032, disrupts mitochondrial
membrane potential (Dcm) in SK-MEL28 cells

Mito-CP induces cytotoxicity mainly by interfering with mito-
chondrial activity required for the maintenance of bioenergetics

Figure 2. Mito-CP induces surrogate markers of cell death, mitochondrial integrity, and autophagy in B-RafV600E melanoma cells. Total lysates of SK-MEL28, A375, and
RPMI-7951 cells treated with different doses of PLX4032 or Mito-CP for 24 h were analyzed by Western blotting for expression of the indicated proteins. b-actin is the con-
trol for equal amounts of protein loading.
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and redox balance.15,16 We thus determined the effect of Mito-
CP on Dcm, the primary indicator of mitochondrial activity, in
SK-MEL28 cells.

When stained with the Dcm–dependent mitochondrial dye
TMRE, Mito-CP-treated SK-MEL28 cells exhibited a significant
loss of Dcm, as determined by microscopy after 1 h treatment
(Fig. 4A) and by flow cytometry after 24 h treatment (Fig. 4B).
Of note, the effective Mito-CP doses inducing these effects were
consistent with the doses that decreased cell viability (Fig. 1). In
contrast, PLX4032-treated cells did not exhibit any significant

changes in Dcm (Fig. 4B), further highlighting the difference
between Mito-CP and PLX4032. Under this condition, Mito-
Tracker green visualized similar levels of cellular content of
mitochondria in Mito-CP-treated and the control cells, suggest-
ing that Mito-CP-induced Dcm loss was not a consequence of
reduced mitochondrial mass (Fig. 4A). After 18 h Mito-CP
treatment, Western blotting using an antibody specific to the
TPP moiety 25 revealed increased formation of Mito-CP-protein
adducts in the mitochondrial extracts of Mito-CP-treated cells
(Fig. 4C), indicating mitochondria-specific enrichment of

Figure 3. Mito-CP induces apoptotic cell death. SK-MEL28 (A) and A375 (B) cells were treated with increasing doses of Mito-CP for 24 h prior to annexin V/propidium
iodide staining. The graphs (right) indicate annexin V positive and propidium iodide positive cell populations. 50 mM cisplatin treatment for 24 h was used as a positive
control to induce apoptosis. Cisplatin was dissolved in water. Data (mean § SEM) are from a representative experiment performed in triplicate. �P < 0.05; ���P < 0.001.
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Mito-CP. Moreover, similar patterns of adduct formation were
detected in SK-MEL28, A375 and RPMI-7951 cells upon Mito-
CP treatments (Fig. S3), further demonstrating the consistency
of Mito-CP effects in these melanoma cells.

Mito-CP induces oxidative stress in melanoma cells

Mitochondrial stress can lead to cell death,26 wherein increased
ROS levels caused by electron leakage from the respiratory
chain are often involved.27 To determine whether Mito-CP
treatment increased ROS generation in SK-MEL28 cells, we
measured cellular oxidation levels of carboxy-H2DCFDA, a
redox-sensitive dye that fluoresces upon oxidation.28 Within
24 h of Mito-CP treatment, we detected significantly increased
fluorescence of carboxy-H2DCFDA in SK-MEL28 cells, which
was in commensurate to Mito-CP doses (Fig. 4D).

Next, we determined whether the cell-permeable ROS scav-
enger, N-acetyL-cysteine (NAC) could rescue SK-MEL28 and
A375 cells from Mito-CP toxicity. We found that 1 h NAC pre-
treatments significantly attenuated the cleavage of lamin A and
PARP, downregulation of Mcl-1 and COX IV, and the

expression of autophagy markers in Mito-CP-treated cells, as
determined by Western blotting (Fig. 5A). Consistent with
these data, NAC pretreatments rescued, albeit not fully, these
cells from Mito-CP toxicity, as determined by the trypan blue
exclusion analysis (Fig. 5B). These data suggest that Mito-CP
suppresses B-RafV600E melanoma cell survival partly by induc-
ing oxidative stress.

Mito-CP effectively suppresses SK-MEL28 xenografts
in mice

Lastly, we evaluated the potential of Mito-CP to suppress
SK-MEL28 xenografts in immune-compromised nude mice.
Consistent with the in vitro data above, oral administration
of Mito-CP effectively suppressed the growth of SK-MEL28
xenografts in mice at a similar efficacy as PLX4032
(Fig. 6A and 6B). When tumor weights were measured at
the end of drug treatment, about 65% decreases relative to
the vehicle-treated control were detected in Mito-CP- and
PLX4032-treated groups (Fig. 6C). Moreover, Mito-
CP-treated group exhibited only mild decreases in body

Figure 4. Mito-CP induces loss of mitochondrial membrane potential in SK-MEL28 cells. (A) Cells treated with 5 mM Mito-CP for 1 h were stained with TMRE. Changes in
the mitochondrial membrane potential were then visualized under a fluorescent microscope (magnification 400X). MitoTracker Green was used to visualize intact mito-
chondria in cells. PBS was used as the control for Mito-CP. (B) Cells treated with Mito-CP or PLX4032 for 24 h were stained with TMRE and were analyzed by flow cytome-
try to measure red fluorescence (PE channel, 575 nm). Unstained cells were used as negative controls. PBS and DMSO are vehicle controls for Mito-CP and PLX4032,
respectively. (C) Cytosolic and mitochondrial extracts from 5 £ 105 cells treated with Mito-CP for 18 h were analyzed by Western blotting for TPP adduct formation. COX
IV and b-actin were detected as the controls for purity of extracts. (D) Cells treated with Mito-CP for 24 h were treated with 1 mM carboxy-H2DCFDA for 1 h and then incu-
bated for 2 h in a dye-free culture medium. Cells were harvested and analyzed by flow cytometry to measure green fluorescence (FITC channel, 525 nm).
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weight similarly as PLX4032-treated group (Fig. 6D),
suggesting that the animals well tolerated Mito-CP treat-
ments similarly as PLX4032 treatments. These data strongly
suggest that targeting mitochondria using TPP-linked
metabolism-interfering agents has therapeutic potential for
BRAF–mutated melanomas.

Discussion

Mitochondria are the key intracellular organelle responsible for
the generation of energy and building blocks. Therefore, tumor
cells need to reprogram mitochondrial metabolism to meet
increased demands for energy and building blocks required for
uncontrolled proliferation.4 Growing evidences indicate the sig-
nificance of mitochondrial reprogramming for survival/
proliferation of BRAF-mutated melanomas, rationalizing mito-
chondria as a key therapeutic target for these tumors.8-10 Of
note, reprogramming of mitochondrial metabolism can be
stressful to cells and often activates various cell death machin-
ery.29 As such, mitochondria may be targeted to suppress
BRAF-mutated melanomas.

In support of this possibility, the present study demonstrates
that targeting mitochondria using a TPP-conjugated metabo-
lism-interfering agent can effectively suppress melanoma cell
survival. Mito-CP rapidly induced loss of mitochondrial activ-
ity and oxidative stress, subsequently causing tumor cell casu-
alty. Mito-CP also induced autophagy markers although the
true nature of these changes is yet unclear. We found that the

autophagy inhibitors, bafilomycin A1 and chloroquine, exacer-
bate Mito-CP-induced cell death (data not shown), speculating
that melanoma cells may trigger autophagy in an effort to sur-
vive Mito-CP-induced stress. All these data indicate the ability
of Mito-CP to mediate tumor suppression by interfering with
tumor cell metabolism via a mechanism distinct from those
affected by PLX4032. Consistent with this notion, Mito-CP
suppressed not only PLX4032-na€ıve but also PLX4032-resistant
progenies of B-RafV600E melanoma cells. These data demon-
strate the potential of TPP-conjugated metabolism-interfering
agents as a novel therapeutic modality for melanomas, includ-
ing PLX4032-na€ıve and PLX4032-resistant B-RafV600E melano-
mas. Further development of this potential may help
overcoming the current limits in melanoma therapy.

The nitroxide moiety of Mito-CP and the ubiquinone
moiety of Mito-Q are expected to have anti-oxidant proper-
ties. Indeed, these small molecules attenuated oxidative
stress in certain normal cell types.13,30,31 However, intrigu-
ingly, these small molecules also mediated tumor cell death
by causing oxidative stress, as demonstrated in this report
and by previous studies.13,15,16 Although increased ROS gen-
eration by these compounds would ostensibly be a paradox-
ical effect, increased ROS generation is not really an
unusual effect of a chemical with antioxidant property. For
example, the anti-oxidant vitamin C can paradoxically
induce strong “pro-oxidant” effects via “Fenton reaction”
when cells are enriched with catalytic metal irons.32 Indeed,
high dose vitamin C could suppress different cancer cells by

Figure 5. The ROS scavenger, NAC, inhibits Mito-CP-induced death in B-RafV600E melanoma cells. SK-MEL28 and A375 cells were pretreated with different concentrations
of NAC for 1 h prior to 10 mM Mito-CP treatment for 18 h. Cells were then subject to Western blot analysis (A) and trypan blue exclusion cell scoring (B). Data (mean §
SEM) are from a representative experiment conducted in triplicate. Control cells were treated with equal volume of PBS. �P value< 0.05.
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increasing ROS levels and subsequently causing oxidative
damages.32 Mito-CP and Mito-Q may suppress melanoma
cell survival in a similar context.

Mitochondria-specific enrichment of TPP-conjugated
agents is attributed to their sensitivity to Dcm. Dcm is generally
more negative in tumor cells than in normal cells, which mainly
accounts for relatively high sensitivity of tumors cells to TPP-
conjugated drugs.5,14 Indeed, Mito-CP was previously shown to
inhibit proliferation of the breast cancer cell lines, MCF-7 and
MDA-MB-231, but not their normal cell counterpart MCF-
10A cells.16 Moreover, Mito-CP was not overall too toxic to
mice despite its high efficacy to SK-MEL28 xenografts in mice,
which further supports its selectivity to tumor cells. Given the
high dependency of BRAF-mutated tumors on mitochondrial
metabolism,8-10 it is conceivable that these tumors may main-
tain higher mitochondrial activity, rendering themselves more
susceptible to TPP-conjugated metabolism-interfering agents.
In conclusion, our study strongly supports the potential of
mitochondria as a therapeutic target for melanoma, proposing
that TPP-conjugated metabolism-interfering agents have
strong potential as a novel therapeutic modality for BRAF-
mutated melanomas, regardless of their resistance to B-Raf
inhibitors.
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