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Mitochondria-Targeted Nitroxide, Mito-CP,
Suppresses Medullary Thyroid Carcinoma Cell
Survival In Vitro and In Vivo

Dmytro Starenki and Jong-In Park

Department of Biochemistry, Medical College of Wisconsin, Milwaukee, Wisconsin 53226

Context: Medullary thyroid carcinoma (MTC) is a neuroendocrine tumor mainly caused by muta-
tionsinthe RET proto-oncogene. For MTC therapy, the U.S. Food and Drug Administration recently
approved vandetanib and cabozantinib, multikinase inhibitors targeting RET and other tyrosine
kinase receptors of vascular endothelial growth factor, epidermal growth factor, or hepatocyte
growth factor. Nevertheless, not all patients with the progressive MTC respond to these drugs,
requiring the development of additional therapeutic modalities that have distinct activity.

Objective: We aimed to evaluate mitochondria-targeted carboxy-proxyl (Mito-CP), a mitochon-
dria-targeted redox-sensitive agent, for its tumor-suppressive efficacy against MTC.

Design: Invitro cultures of 2human MTCcell lines, TTand MZ-CRC-1, and TT xenografts in mice were
treated with Mito-CP in comparison with vandetanib. The effects on cell survival/death, RET ex-
pression, mitochondrial integrity, and oxidative stress were determined.

Results: Contrary to vandetanib, Mito-CPinduced RET downregulation and strong cytotoxic effects
in both cell lines in vitro, including caspase-dependent apoptosis. These effects were accompanied
by mitochondrial membrane depolarization, decreased oxygen consumption, and increased oxi-
dative stress in cells. Intriguingly, Mito-CP-induced cell death, but not RET downregulation, was
partially inhibited by the reactive oxygen species scavenger, N-acetyl-cysteine, indicating that
Mito-CP mediates tumor-suppressive effects via redox-dependent as well as redox-independent
mechanisms. Orally administered Mito-CP effectively suppressed TT xenografts in mice, with an
efficacy comparable to vandetanib and relatively low toxicity to animals.

Conclusion: Our results suggest that Mito-CP can effectively suppress MTC cell growth/survival via
amechanism distinct from vandetanib effects. Mitochondrial targeting may be a potential strategy
for MTC therapy. (J Clin Endocrinol Metab 98: 1529-1540, 2013)

edullary thyroid carcinoma (MTC) is a neoplasm of
M the endocrine system, which originates from para-
follicular C-cells of the thyroid gland (1). MTC occurs
either sporadically or in hereditary forms, ie, familial
MTC and multiple endocrine neoplasia (MEN) type 2 syn-
drome. The proto-oncogene, rearranged during transfec-
tion (RET), encodes a receptor tyrosine kinase whose al-
terations are mainly etiological to the development of
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MTC, although other mutations (eg, Ras mutations) are
also detected in MTC at lower frequencies (2—4). For ex-
ample, various mutations in the cell surface receptor do-
main or the cytoplasmic kinase domain constitutively ac-
tivate RET in about 95% of hereditary MTC and about
50% of sporadic MTC cases (reviewed in Ref. 5). Partic-
ularly, RET mutations in the extracellular cysteine-rich
receptor domain are mainly detected in MEN type 2A and

Abbreviations: Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma-extra large; carboxy-
H,DCFDA, 5-(and-6)-carboxy-2’,7’-dichlorodihydrofluorescein diacetate; CGRP, calci-
tonin gene-related peptide; DMSO, dimethylsulfoxide; FBS, fetal bovine serum; FITC, flu-
orescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MEN,
multiple endocrine neoplasia; Mito-CP, mitochondria-targeted carboxy-proxyl; MTC, med-
ullary thyroid carcinoma; NAC, N-acetyl-cysteine; PARP, poly(ADP-ribose) polymerase; RET,
rearranged during transfection; ROS, reactive oxygen species; TMRE, tetramethyl-rhoda-
mine ethyl ester perchlorate; TPP, triphenylphosphonium.
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familial MTC, whereas its mutations in the intracellular
tyrosine kinase domain are mainly detected in MEN type
2B and sporadic MTC (35). Accordingly, RET is a key pri-
mary therapeutic target in MTC. MTC is relatively rare,
accounting for approximately 5% of all thyroid cancers,
and progresses slowly. Nevertheless, MTC can be fatal,
and the only curative therapy is surgical resection, which
is not effective for metastatic or recurring MTC. The U.S.
Food and Drug Administration recently approved vande-
tanib (trade name Caprelsa, AstraZeneca) and cabozan-
tinib (Exelixis), multikinase inhibitors targeting RET and
other tyrosine kinase receptors activated by vascular en-
dothelial growth factor, epidermal growth factor, or he-
patocyte growth factor for the treatment of inoperable
progressive MTC (6, 7). Nevertheless, not all patients re-
spond to these drugs, requiring the development of addi-
tional therapeutic strategies (6-8).

It is now well understood that mitochondrial metabo-
lism is often reprogrammed to facilitate proliferation and
survival of tumor cells. For example, mitochondrial oxi-
dative phosphorylation in cancer is critical to meet in-
creased demands for the production of building blocks
required for uncontrolled tumor cell proliferation (re-
viewed in Ref. 9). Moreover, altered levels of certain met-
abolic byproducts from the mitochondria, such as reactive
oxygen species (ROS), have been implicated in tumor ini-
tiation and maintenance as well as suppression (10-12).
Accordingly, designing a rational therapeutic strategy has
been attempted to exploit altered mitochondrial metabo-
lism in cancer (13). Of note, targeting different bioactive
molecules to mitochondria using the lipophilic cation, tri-
phenylphosphonium (TPP), could effectively interfere
with mitochondrial bioenergetics and suppress growth of
different tumor cell lines (14). Covalent conjugation by
TPP enables specific mitochondrial accumulation of a
molecule via the mitochondrial membrane potential
(A,,), and TPP-conjugated antioxidants have been eval-
uated for therapeutic purposes, mainly targeting neuro-
degenerative disorders (reviewed in Refs. 15 and 16). De-
pending upon Ay, values, accumulation of TPP-
conjugated compounds in mitochondria can increase up
to 100- to 1000-fold, and many tumor cells have larger
Ay, than their normal counterparts, which facilitates se-
lective accumulation of TPP-linked drugs in tumor cells
(13, 17).

A very recent study has demonstrated that, among the
TPP-conjugated antioxidants, mitochondria-targeted car-
boxy-proxyl (Mito-CP) has relatively high efficacy in sup-
pressing proliferation of breast cancer cells (18). In the
present study, we evaluate therapeutic potential of
Mito-CP for MTCin comparison with vandetanib using in
vitro culture models of the human MTC cell lines TT and
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MZ-CRC-1 and TT xenografts in mice. Furthermore, we
investigate the mechanisms underlying the effect of
Mito-CP on MTC cells.

Materials and Methods

Cell culture and reagents

The human MTC lines TT and MZ-CRC-1 were maintained
as previously described (19-21). Briefly, TT was maintained in
RPMI 1640 (Invitrogen, Carlsbad, California) supplemented
with 16 % fetal bovine serum (FBS), 100 U of penicillin, and 100
ug of streptomycin per milliliter. MZ-CRC-1 was maintained in
high-glucose DMEM (Invitrogen) supplemented with 10% FBS
in culture dishes coated with rat collagen (Sigma, St. Louis, Mis-
souri). All experiments were performed using cells within 10
passages from the point of acquisition. Cells were seeded at 10°
cells/mL for the extracellular flux assay and at 2 X 10° cells/mL
for all other experiments. The doubling time of TT and MZ-
CRC-1 cells were about 70 hours and about 90 hours, respec-
tively. Mito-CP (22) was obtained from Balaraman Kalyanara-
man (Medical College of Wisconsin). CP, methyl-TPP, N-acetyl-
cysteine (NAC), and tetramethyl-rhodamine ethyl ester
perchlorate (TMRE) were purchased from Sigma. 5-(and-6)-
Carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-
H,DCFDA) and vandetanib were purchased from Invitrogen
and LC Laboratories (Woburn, Massachusetts), respectively. Z-
VAD(OMe)-FMK and Z-D(OMe)QMD(OMe)-FMK were pur-
chased from Millipore (Billerica, Massachusetts).

MTT assay

The colorimetric  3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyltetrazolium bromide (MTT) (Sigma) assay was performed as
previously described (23). Briefly, cells were seeded in 96-well
plates and allowed to attach for 48 hours. After drug treatment,
cellswere incubated with 100 uL of MTT (0.5 mg/mL) in phenol-
red—free medium for 2 hours at 37°C, switched into 200 uL of
dimethylsulfoxide (DMSQO), and shaken for 5 minutes at room
temperature before measuring absorbance at 540 nm.

Cell cycle analysis

Cells were washed in ice-cold PBS, fixed in 70% ethanol at
—20°C, stained with propidium iodide (50 pg/mL) in 3.8mM
sodium citrate/PBS containing ribonuclease A (0.5 mg/mL) for 2
hours on ice, and analyzed by LSR-II flow cytometer (Becton
Dickinson, San Jose, California) with a gate that selects single
cells within a normal size range. Cell cycle parameters from
20 000 gated cells were determined and analyzed using FCS Ex-
press software (De Novo Software, Los Angeles, California).

Detection of mitochondrial membrane potential

Cells were incubated with TMRE (10 ng/mL) in culture me-
dium for 15 minutes at 37°C in the dark, washed with PBS, and
switched into phenol-red—free medium before visualizing flu-
orescence under a microscope. For flow cytometric measure-
ment, TMRE-treated cells were resuspended in 0.1 % BSA/PBS
and analyzed by flow cytometry (phycoerythrin channel, 575
nm). Data from 20 000 cells were analyzed using FCS Express
software.
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Detection of oxidative stress

Cells were pretreated with 1uM carboxy-H,DCFDA in cul-
ture medium at 37°C for 1 hour. Cells were then treated with
drugs for 2 hours in the dark, trypsinized, resuspended in PBS,
and analyzed by flow cytometry (fluorescein isothiocyanate
[FITC] channel, 525 nm). Data from 20 000 cells were analyzed
using FCS Express software.

Extracellular flux assay

Cells seeded in specialized V3 Seahorse tissue culture plates
were treated with Mito-CP for 12 hours. Oxygen consumption
rates and extracellular acidification rates were determined using
an XF96 Extracellular Flux Analyzer (Seahorse Bioscience,
North Billerica, Massachusetts), as previously described (18).
Upon completing the measurement, protein concentrations were
determined by Bradford assay (Bio-Rad, Hercules, California) to
normalize the data.

Immunoblot analysis

Cells were lysed in 62.5mM Tris (pH 6.8)/2% SDS mixed
with the protease inhibitor cocktail (Sigma) and briefly sonicated
before determining the protein concentration using the bicin-
choninic acid reagent (Pierce, Rockford, Illinois). 50 ug of pro-
tein was resolved by SDS-PAGE and transferred to a polyvi-
nylidene difluoride membrane filter (Bio-Rad). Membrane filters
were blocked in 0.1 M Tris (pH 7.5)/0.9% NaCl/0.05% Tween
20 with 5% nonfat dry milk and incubated with the appropriate
antibodies. Antibodies were diluted as follows: ERK1/2, 1:2500;
phospho-ERK1/2 (Thr202/Tyr204), 1:2500; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), 1:5000; poly(ADP-ribose)
polymerase (PARP), 1:1000; B-cell lymphoma 2 (Bcl-2), 1:2000;
B-cell lymphoma-extra large (Bcl-xL), 1:2000 (Cell Signaling
Biotechnology, Danvers, Massachusetts); RET, 1:1000 (sc-167,
Santa Cruz Biotechnology, Santa Cruz, California); phospho-
RET (Tyr1062), 1:1000 (R&D Systems, Minneapolis, Minne-
sota). The Supersignal West Femto and Pico chemiluminescence
kits (Pierce) were used for visualization of the signal. Images of
immunoblots were taken and processed using ChemiDoc XRS+
and Image Lab version 3.0 (Bio-Rad).

RT-PCR analysis

RT-PCR was performed by reverse transcription of 0.5 ug
total RNA isolated using Trizol (Invitrogen) and the subsequent
25 cycles of PCR using Taq polymerase (Invitrogen). For calci-
tonin, AGTGAGCTGGAGCAGGAGCAAGAG and TCAAAT-
GATCAGCACATTCAGAAG were used. For calcitonin gene-
related peptide (CGRP), AGTGAGCTGGAGCAGGAGCA
AGAG and CATTACCATGTGTCCCCAGATGCC were used.
For RET splicing variant 2 (RET51), ATCCACTGTGCGAC-
GAGC and ACCTTTCACAAAGAAATGTTAACTATC were
used. For RET splicing variant 4 (RET9), ATCCACTGTGC-
GACGAGC and TGCAGAGGGGACAGCGGTGCTAGAA
were used. The results were normalized for GAPDH amplified by
CGGAGTCAACGGATTTGGTCGTAT and AGCCTTCT
CCATGGTGGTGAAGAC.

Tumor xenograft studies

Atotal of 1 X 107 TT cells in 200 wL HBSS were inoculated
scinto the rear flanks of 6-week-old female athymic nude (nu/nu)
mice (Charles River Laboratories, Wilmington, Massachusetts).
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Once palpable, tumors were measured using Vernier calipers at
intervals indicated in the text. Tumor volumes were calculated
using the following formula: length X width X height X 0.5236.
When tumor volumes reached 100 mm?, mice were sorted into
3 groups of 6 to achieve equal distribution of tumor size in all
treatment groups. Group 1 received only the vehicle (1:9 mixture
of DMSO/Cremophore-EL; Sigma), group 2 received Mito-CP
(40 mg/kg body weight per dose), and group 3 received vande-
tanib (40 mg/kg body weight per dose). Mito-CP and vandetanib
dissolved in 200 uL vehicle were orally administered by gavage
every 2 days (total 10 doses). At the end of the experiment,
animals were euthanized by CO, asphyxiation. All animal stud-
ies were performed according to protocols approved by the In-
stitutional Animal Care and Use Committee at Medical College
of Wisconsin.

Statistical analysis

Two-tailed unpaired Student’s ¢ test was used to assess the
statistical significance of 2 data sets. The significance of tumor
xenograft studies was determined by 1-way ANOVA with Bon-
ferroni correction for multiple comparisons. P value < .05 was
considered statistically significant.

Results

Mitochondrial-specific targeting of Mito-CP
induces growth-inhibitory effects in MTC cells

Mito-CP consists of the CP moiety, a 5-membered ni-
troxide that has antioxidant properties, and the TPP moi-
ety that mediates mitochondria targeting; chemical struc-
tures of Mito-CP and its control compounds are depicted
in Figure 1 of Ref. 24. We determined whether Mito-CP
can induce growth-inhibitory effects in TT and MZ-
CRC-1, which are the most thoroughly characterized hu-
man MTC lines and, thus, have been extensively used for
evaluation of different therapeutic agents (25-27). As a
control to validate mitochondrial-specific effects of Mito-
CP, we also examined the 2 individual functional moieties
of Mito-CP, CP, and TPP. When determined by MTT as-
say, Mito-CP treatment in 0.01uM to 25uM dose ranges
for 48 hours could significantly decrease cell viability of
these cells, with TT exhibiting slightly higher sensitivity
than MZ-CRC-1 (Figure 1A); ICs, values were calculated
at 0.38uM for TT and 0.89uM for MZ-CRC-1. In con-
trast, equal doses of the antioxidant moiety, CP, or the
mitochondrial carrier, TPP, did not significantly affect the
growth of these cells except that TPP decreased TT cell
viability at higher doses, albeit less significantly than
Mito-CP (Figure 1A).

To determine by what mechanism Mito-CP suppressed
MTC cell growth, we conducted cell cycle analysis and
found that Mito-CP treatment effectively induced cell
death inthe MTC cells, as indicated by the dose-dependent
accumulation of cell population in the sub-G0/G1 phase
(Figure 1B, additional data shown below). These data in-
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Figure 1. Mito-CP is cytotoxic in MTC cells. A, TT and MZ-CRC-1 cells in 96-well plates were treated with serially increasing doses of Mito-CP or
the control (Cont) compounds for 48 hours. Chemical structure of Mito-CP and its control compounds were previously shown (24). Cells were
then allowed to recover in drug-free fresh medium for 48 hours before the measurement of cell viability by MTT assay. Data (mean = SD, n = 6)
are expressed as the percentage of untreated control. B, TT and MZ-CRC-1 cells were treated with Mito-CP at the indicated doses for 24 hours
before cell cycle analysis using propidium iodide. Control cells were treated with an equal volume of DMSO.

dicate that mitochondrial-specific delivery of CP can ef-
fectively suppress MTC cell growth by inducing cytotoxic
effects.

The in vitro efficacy of Mito-CP is comparable to
vandetanib, and Mito-CP induces RET
downregulation and caspase-dependent apoptosis
contrary to vandetanib

We next assessed Mito-CP for its efficacy relative to
vandetanib in suppressing MTC cells. When treated with
these drugs at different doses for 48 hours, TT and MZ-
CRC-1 cells exhibited commensurable sensitivity to
Mito-CP and vandetanib, with similar ICs, ranges being

detected for both compounds (Figure 2A). Intriguingly, in
the effective dose ranges, Mito-CP induced very steep
changes in cellular sensitivity relative to vandetanib in
both TT and MZ-CRC-1 cells. This sharp threshold for
drug efficacy suggests that Mito-CP may suppress MTC
cells via a specific mechanism. These data demonstrate
that Mito-CP is similarly effective as vandetanib in sup-
pressing MTC cell growth in vitro.

TT contains RET<***¥ mutation in the extracellular
domain, whereas MZ-CRC-1 has RETM?18T mutation in
the kinase domain. Western blot analysis revealed that
Mito-CP treatment induced substantial RET downregu-
lation in TT and MZ-CRC-1 cells, whereas vandetanib,
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Figure 2. Mito-CP induces RET downregulation and PARP cleavage in MTC cells. A, TT and MZ-CRC-1 cells were treated with different doses of
Mito-CP or vandetanib for 48 hours. Cells were then allowed to recover in drug-free fresh medium for 48 hours before the measurement of cell

viability by MTT assay. Data (mean + SD, n = 6) are expressed as the percentage of untreated control. B, Total lysates of TT cells treated with
different doses of Mito-CP, vandetanib, or the control compounds for 24 hours were analyzed by Western blotting for PARP cleavage and

expression of RET, phosphorylated RET at Tyr1062 (pRET), phosphorylated ERK1/2 (pERK1/2), and ERK1/2. GAPDH is a loading control. C, Total
lysates of MZ-CRC-1 cells treated with different doses of Mito-CP or the control compounds for 24 hours were examined by Western blot analysis

for expression of the indicated proteins. D, Total lysates of TT cells treated with 5uM Mito-CP and vandetanib for 24 hours were examined by

Western blotting for expression of Bcl-2 and Bcl-xL. B-Tubulin is a loading control. E, TT cells were treated with 5uM Mito-CP in the presence of

20uM Z-VAD(OMe)-FMK (pan-caspase inhibitor) or 20uM Z-D(OMe)QMD(OMe)-FMK (caspase-3 inhibitor) for 24 hours. Total lysates were

analyzed for RET expression and PARP cleavage. F, Total RNA of TT and MZ-CRC-1 cells treated with Mito-CP for 24 hours were examined by RT-

PCR for expression of RET and calcitonin splicing variants CT and CGRP. GAPDH was detected to validate the use of equal amount of RNA
samples.
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CP, or TPP of equal doses could not induce any similar
effects (Figure 2, B and C), indicating the specificity of
Mito-CP. Correlated with these effects, Mito-CP also sub-
stantially downregulated phosphorylated RET at
Tyr1062, a key residue required for RET signaling toward
different pathways (5), to the level comparable to vande-
tanib effects (Figure 2, B and C). Moreover, Mito-CP sig-
nificantly decreased phosphorylation of ERK1/2, a down-
stream effector of RET (5), in TT (Figure 2B) and, to a
lesser extent, in MZ-CRC-1 (Figure 2C). These data sug-
gest that Mito-CP can effectively deplete RET mutants and
suppress RET signaling in MTC cells.

Importantly, in a strong correlation with RET down-
regulation, Mito-CP, but not CP or TPP, increased the
cleavage of PARP in TT and MZ-CRC-1 cells (Figure 2, B
and C), which is a signature of caspase-dependent apo-
ptotic cell death (28). When determined in TT cells,
Mito-CP downregulated antiapoptotic proteins Bcl-2 and
Bcl-xL (Figure 2D). Moreover, both pan-caspase inhibitor
and caspase-3 inhibitor significantly blocked PARP cleav-
age under Mito-CP-treated conditions (Figure 2E). These
data are consistent with the increases in sub-G0/G1 phase
populations in Mito-CP-treated cultures (Figure 1B), sug-
gesting that Mito-CP induces cell death by activating
caspase-dependent apoptotic pathways. By contrast, van-
detanib induced neither PARP cleavage nor downregula-
tion of Bcl-xL, although it mildly downregulated Bcl-2,
which is consistent with a previous study demonstrating
that vandetanib effects are mainly cytostaticin MTC (29).
These effects of Mito-CP and vandetanib are in stark con-
trast and strongly suggest that Mito-CP can suppress
MTC cell growth/survival via distinct mechanisms.

Because RET is known as a caspase target (30), we
determined whether Mito-CP-induced RET downregula-
tion could be blocked by different caspase inhibitors. Un-
der Mito-CP-treated conditions, both pan-caspase inhib-
itor and caspase-3 inhibitor could not block RET
downregulation, although they significantly blocked
PARP cleavage (Figure 2E). Therefore, Mito-CP may reg-
ulate RET independently of caspase activity. Next, using
RT-PCR techniques, we determined whether Mito-CP af-
fects expression of RET splicing variants 2 (RETS51) and 4
(RET9). Mito-CP downregulated mRNA levels of both
RET variants in a dose-dependent manner (Figure 2F),
indicating that Mito-CP regulates RET at mRNA levels.

In TT and MZ-CRC-1 cells, Mito-CP also downregu-
lated mRNA levels of calcitonin and its splicing variant,
CGRP (Figure 2F). However, Mito-CP did not affect cel-
lular levels of human achaete-scute homolog-1 or neuron-
specific enolase (Supplemental Figure 1, published on The
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Endocrine Society’s Journals Online web site at http://jce-
m.endojournals.org), suggesting that Mito-CP may not
induce MTC differentiation.

Mito-CP disrupts mitochondrial activity and
induces oxidative stress in MTC cells

Only Mito-CP, but not CP or TPP, was effective in
suppressing MTC cell survival (Figure 1). Because this
implicated mitochondrial damages in the cytotoxic
Mito-CP effects on MTC cells, we determined whether
Mito-CP disrupts mitochondrial integrity in MTC cells.
For that, we examined Mito-CP effects on Ays,,, oxidative
stress, and oxygen consumption rates.

When treated with Mito-CP (higher than SuM) for 2
hours and stained with TMRE, a Ays,,-dependent mito-
chondrial dye, TT cells exhibited a significant loss of Ay,
(Figure 3, A and B), which was consistent with the cyto-
toxic effects detected in the dose range (Figures 1A and 2).
These effects were specific to Mito-CP because CP or TPP
could not induce any similar changes (Figure 3A). Because
loss of mitochondrial integrity is often associated with
oxidative stress, we next determined whether Mito-CP
treatment could also affect the oxidation levels of car-
boxy-H,DCFDA, a redox-sensitive dye that fluoresces
upon oxidation (31). In TT and MZ-CRC-1 cells treated
with Mito-CP for 2 hours, significantly increased fluores-
cence of carboxy-H,DCFDA was detected (Figure 3C),
which was even higher than the levels induced by 100uM
H,0, (shown in Figure 4A). Moreover, in a dose-depen-
dent manner, Mito-CP treatment for 12 hours signifi-
cantly decreased oxygen consumption rates and mildly
increased extracellular acidification rates in TT and MZ-
CRC-1 cells (Figure 3, D and E), suggesting that Mito-CP
may alter mitochondrial activity and, possibly, cellular
bioenergetics. These data demonstrate the capability of
Mito-CP to interfere with mitochondrial function and to
induce oxidative stress in MTC cells, implicating mito-
chondrial damages in its growth-inhibitory effects on
MTC cells.

Mito-CP-induced cell death, but not RET
downregulation, is partially abrogated by the ROS
scavenger NAC

Higher levels of oxidative stress can induce cytotoxic or
cytostatic effects in cells, whereas lower levels of the stress
can facilitate cell proliferation and differentiation (32).
Accordingly, we determined the significance of Mito-CP-
induced oxidative stress in MTC cells, using the cell-per-
meable ROS scavenger NAC.

Pretreatment of TT cells with SmM NAC could con-
sistently, albeit modestly, reduce the levels of carboxy-
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H,DCFDA fluorescence under different Mito-CP treat-
ment conditions (Figure 4A). Consistent with this, NAC
pretreatment partially rescued cells from Mito-CP toxic-
ity, as determined by MTT assay (Figure 4B), by measur-
ing sub-G0/G1 phase population (Figure 4C) and by West-
ern blot analysis of PARP cleavage (Figure 4D). However,
NAC pretreatment did not attenuate Mito-CP-induced
RET downregulation (Figure 4D), suggesting that

Mito-CP also mediates a mechanism independent of ox-
idative stress to suppress TT cell growth. In support of this
notion, despite exhibiting comparable cytotoxicity (Fig-
ure 4B), H,O, did not affect RET or PARP protein levels
in TT cells (Figure 4D). Therefore, Mito-CP appears to
mediate growth inhibition in MTC cells partly by inducing
oxidative stress and partly by mediating other
mechanisms.
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Mito-CP effectively suppresses growth of TT
xenografts in mice
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Consistent with the in vitro data above, oral adminis-
tration of Mito-CP effectively suppressed the growth of

Lastly, we evaluated the potential of Mito-CP to sup-  TT xenografts in mice throughout the treatment (Figure 5,
press MTC using a TT xenograft model in immune-com- A and B) and induced RET downregulation, PARP cleav-
promised nude mice according to the treatment schedule  age, and downregulation of Bcl-xL and Bcl-2 in the tumor

previously used to extrapolate the human pharmacoki-  (Figure 5C). However, analysis of hematoxylin- and eo-

netics of vandetanib in mice (33).

sin-stained tumor resections did not reveal any indication
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Figure 5. Mito-CP suppresses TT xenografts in athymic mice. Athymic mice bearing TT xenografts were treated with 10 doses of Mito-CP and
vandetanib (40 mg/kg/dose). Drugs were administered per os every 2 days beginning from day 23 after tumor implantation. The control group was
treated with the vehicle only (details in Materials and Methods). A, Changes in tumor sizes were determined at the indicated time points. B,
Images of tumors collected at the end of the treatment. C, Homogenates of 3 tumor xenografts from each group were analyzed by Western
blotting for expression of indicated proteins. D, Weights of tumors collected at the end of the treatment. E, Body weights of animals at the end of
treatment. All data are mean = SEM (n = 6). *P < .05; **P < .01; ***P < .001; ns, not significant (P > .05), 1-way ANOVA with Bonferroni

correction for multiple comparisons.
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of necrosis (Supplemental Figure 2). Of note, although
TPP-conjugated compounds are known to be distributed
to mitochondria in all organs, including the brain (34), the
dosage of Mito-CP in this experiment did not affect RET
levels in the brain (Supplemental Figure 3).

When tumor weights were measured at the end of the
treatment, about 67% and 84% decreases relative to the
vehicle-treated control were detected in Mito-CP-treated
and vandetanib-treated groups, respectively (Figure 5D).
Importantly, although Mito-CP and vandetanib, admin-
istered at equivalent doses, induced similar tumor-sup-
pressive effects in this experiment, Mito-CP-treated mice
exhibited less than 5% decreases in body weight, whereas
vandetanib-treated group showed about 25% decreases
(Figure SE), suggesting that Mito-CP was better tolerated
with less systemic toxicity in mice. Therefore, although
Mito-CP and vandetanib may be controlled by different
pharmacokinetics in vivo, it appears that Mito-CP treat-
ment can be further optimized. These findings strongly
support the therapeutic potential of Mito-CP for MTC
treatment.

Discussion

MTC is generally not responsive to classic chemotherapy
or radiation therapy. Therefore, extensive surgical resec-
tion of thyroid and lymph nodes is currently the only cu-
rative treatment, although not effective for metastatic or
recurring MTC (1). Vandetanib treatment has been shown
to be effective in about 50% of the progressive MTC cases
(6, 8), requiring the development of a therapeutic strategy
for those unresponsive patients. This study demonstrates
that Mito-CP may have a potential to meet this demand
because of its distinct effects. Contrary to vandetanib,
Mito-CP induced RET downregulation and strong cyto-
toxic effects. Given that RET is a key etiological factor for
MTC and that cytotoxicity is a more desirable effect of a
cancer drug than cytostasis, our findings have potential
clinical significance.

The efficacy of Mito-CP in MTC cells suggests that the
mitochondria may be a novel therapeutic target for MTC
treatment. Mitochondria are the key intracellular organ-
elle responsible for the generation of ATP and certain
building blocks, for which a series of enzymes in the re-
spiratory chain and the citric acid cycle are required. The
aerobic glycolysis detected in different cancer cells, the
so-called Warburg effect, initially led to various hypoth-
eses that underestimate the significance of mitochondrial
metabolism in cancer (reviewed in Refs. 9 and 35). How-
ever, it is now appreciated that reprogrammed mitochon-
drial metabolism in cancer facilitates tumor cell prolifer-
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ation and survival. Indeed, mitochondrial oxidative
phosphorylation is critical in cancer to meet increased de-
mands for the production of building blocks and energy
required for uncontrolled tumor cell proliferation, as dem-
onstrated in many different cell lines, derived from ma-
lignant tumors of bone, lung, breast, skin, cervix, ovary,
and uterus (36-38). Currently, the information on mito-
chondrial alterations in MTC is very limited, and better
understanding in this regard is necessary to further eval-
uate the potential of mitochondria as a therapeutic target
in MTC.

Therapeutic effects of TPP-linked drugs are attributed
to their specific enrichment in the mitochondria. Never-
theless, it is yet unclear how Mito-CP mediates tumor-
suppressive effects without seriously damaging normal
cells. It was previously reported that many tumor cells
have a more negative mitochondrial membrane potential
than their normal counterparts, which may account for
selective accumulation of TPP-linked drugs in the mito-
chondria of tumor cells (13, 17). In support, Mito-CP was
previously shown to inhibit proliferation of the breast can-
cer cell lines MCF-7 and MDA-MB-231 but not the nor-
mal MCF-10A cells (18, 24). The lack of a normal thyroid
C-cell control did not allow a similar evaluation in this
study. Nevertheless, it is evident that Mito-CP was not
highly toxic to mice despite its negative effects on the MTC
xenografts.

Given that Mito-CP induces an effect to disrupt mito-
chondrial integrity, it may be conceivable that oxidative
damages associated with the dysfunctional mitochondria
partly underlie MTC cell casualty. The increased carboxy-
H,DCEFDA fluorescence suggests onset of oxidative stress,
which may include increased ROS generation as well as
other aberrant redox modifications in cells (31). ROS is a
major cause for oxidative stress in cells, and our NAC
treatment data supports the possibility thatincreased ROS
may partly mediate Mito-CP effects in MTC cells. How-
ever, increased ROS generation would be a paradoxical
effect of Mito-CP given the chemical property of nitroxide
as an antioxidant (39). Mitochondria-targeted antioxi-
dants can effectively protect cells from oxidative damage
under different pathophysiological conditions by scaveng-
ing ROS generated at different segments of the mitochon-
drial respiratory chain (15). Consistent with this, Mito-CP
could protect normal bovine aortic endothelial cells from
peroxide-induced stress (22). Nevertheless, the exact
mechanisms of Mito-CP effects in different cell types are
yet unclear, whereas increased ROS generation is not a
totally unusual effect of a chemical with antioxidant prop-
erty. For example, the well-known antioxidant vitamin C
can mediate strong pro-oxidant effects by inducing the
Fenton reaction in cells depending upon the balance be-
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tween its concentration and the availability of catalytic
metal ions, which may be varied in different cell contexts
(40). Furthermore, high-dose vitamin C was considered
for cancer therapy based upon its capability to increase
ROS levels and oxidative damages in certain tumor cells
(40). Therefore, it may be possible that Mito-CP induces
MTC suppression in a similar context. On the other hand,
Mito-CP inhibited oxygen consumption and slightly in-
creased extracellular acidification in MTC cultures, which
isindicative of the blockage of oxidative phosphorylation.
These effects of Mito-CP are consistent with its effects in
breast cancer cells (18) and may contribute to the gener-
ation of superoxide radicals via electron leakage.

Of note, given the inability of NAC and H, O, to affect
RET, Mito-CP may mediate RET downregulation inde-
pendently of oxidative stress. Furthermore, the known
caspase-dependent mechanism (30) does not seem to be
involved. Therefore, it appears that Mito-CP-mediated
mitochondrial targeting triggers multiple mechanisms to
suppress MTC, including redox-dependent and -indepen-
dentas well as caspase-dependent and -independent mech-
anisms. Because our data indicate that Mito-CP regulates
RET at mRNA levels, it is interesting to ask what specific
mechanisms in the mitochondria are activated by Mito-CP
to regulate RET. Further investigation in this regard is
warranted.

Recent clinical studies reported that vandetanib treat-
ment is usually accompanied by grade 3 or higher adverse
effects, including abdominal pain and diarrhea, rashes,
hypertension, headache, and fatigue (6, 8). Therefore, a
strategy is required to reduce the toxicity of vandetanib
without compromising therapeutic effects. The distinct ef-
fects of Mito-CP relative to vandetanib may allow a com-
binatory treatment using both agents. If possible, this
strategy would reduce the effective dosage of vandetanib
and, accordingly, its toxicity. In conclusion, our results
strongly support the potential of Mito-CP for MTC
treatment.
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