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Genipin enhances the antitumor effect of elesclomol in
A549 lung cancer cells by blocking uncoupling protein-2
and stimulating reactive oxygen species production
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Abstract. The uncoupling protein-2 (UCP2) serves a role
in tumor aggressiveness and anticancer resistance, which is
considered to be associated with its ability to attenuate reactive
oxygen species (ROS) production. We hypothesized that UCP2
may protect cancer cells from elesclomol-induced cytotoxicity,
and that this may be overcome by blocking UCP2 function with
genipin. In A549 lung cancer cells that exhibited high UCP2
expression, treatment with elesclomol alone induced limited
changes in glucose uptake, ROS production and cell survival.
By contrast, both UCP2 knockdown and genipin treatment
mildly reduced glucose uptake, increased ROS production and
decreased cell survival. Combining genipin and elesclomol
further reduced glucose uptake and increased cellular and
mitochondrial ROS production. Moreover, co-treatment with
genipin and elesclomol reduced the colony forming capacity
to 50.6£7.4% and the cell survival to 42.0+3.4% of that in the
control cells (both P<0.001). Suppression of cell survival by
treatment with elesclomol and genipin was enhanced in the
presence of an exogenous ROS inducer and attenuated by a
ROS scavenger. The cytotoxic effects of combining genipin
and elesclomol were accompanied by reduced mitochon-
drial membrane potential and occurred through apoptosis
as demonstrated by Annexin V assay and increased protein
cleavage of PARP and caspase-3. Finally, in an A549 xenograft
mouse model, tumor growth was only modestly retarded by
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treatment with elesclomol or genipin alone, but was markedly
suppressed by combining the two drugs compared with that in
the control group (P=0.008). Therefore, high UCP2 expression
may limit the antitumor effect of elesclomol by attenuating
ROS responses, and this may be overcome by co-treatment
with genipin; combining elesclomol and genipin may be an
effective strategy for treating cancers with high UCP2.

Introduction

Mitochondria are the main producer of energy (1) and an
essential component of redox control in cancer cells (2).
Since high levels of reactive oxygen species (ROS) are toxic
to cancer cells, mitochondria are a promising target for
novel anti-cancer therapeutics. Elesclomol is a first-in-class
investigational mitochondria-targeting agent for treating solid
tumors (3). Although elesclomol has been reported to induce
oxidative stress (4,5), several factors may limit its efficacy for
eradicating tumors when used as a single agent. For instance,
cancer cells shift energy metabolism from oxidative phos-
phorylation to glycolysis (6), which helps to prevent excessive
ROS accumulation. Cancer cells can also increase tolerance
to mitochondria-targeting agents through antioxidant mecha-
nisms (7).

Another potentially major protective mechanism against
excessive ROS generation is mitochondrial uncoupling
proteins (UCPs), specialized mitochondrial anion transporters
that mediate leakage of protons at the inner mitochondrial
membrane (8). Among the five types of UCPs in mammalian
cells, UCP2, which has been previously linked to obesity
and diabetes (9), has gained increasing interest; studies have
demonstrated high UCP2 expression in various cancer cells,
including those of the breast, ovary, bladder, esophagus, liver,
colon, lung and pancreas (10,11). By reducing electron transport
chain efficiency, UCP2 increases energy expenditure (9) and
reduces ROS generation (8). UCP2 is thus involved in various
metabolic disorders (12) and cellular ROS regulation (8). In
particular, UCP2-mediated mitochondrial uncoupling exerts
protective effects under various stressful conditions, such as
excessive production of mitochondrial superoxide ions and
aerobic glycolysis stimulation (13). Previous studies have also
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reported that UCP2 serves a role in tumor aggressiveness
and anticancer resistance (14,15), which is considered to be
associated with its ability to attenuate mitochondrial ROS
production (13,16). Thus, blocking UCP2 function may be a
viable strategy for eliminating chemotherapy-resistant cancer
cells (17).

A promising drug with highly selective inhibitory
action against UCP2 activity is a natural compound termed
genipin, an aglycone of geniposide present in an extract from
Gardenia jasminoides, which has been demonstrated to block
UCP2-mediated proton leak in several cell types, such as
pancreatic islet cells (9). Previous studies have reported that
genipin stimulates ROS generation (18) and induces cytotoxic
effects on leukemia and liver cancer cells (19,20). Although
combination chemotherapy for cancer has been extensively
studied (21,22), the present study focused on combination
therapy for cancer cells with poor response to the promising
ROS inducer elesclomol and hypothesized the lack of effects
of elesclomol on A549 lung cancer cells to UCP2 activity for
the first time.

We hypothesized that UCP2 may protect cancer cells from
elesclomol cytotoxicity, and that blocking UCP2 function with
genipin may enhance the antitumor efficacy of elesclomol.
The aim of the present study was to investigate the combined
therapeutic effect of genipin and elesclomol, indicating the
potential of a cancer inhibition strategy using co-treatment
with the UCP2 inhibitor genipin in A549 lung cancer cells,
where there are currently limited effects on ROS induction due
to the high expression levels of UCP2.

Materials and methods

Cell culture and reagents. A549 human lung cancer cells from
the American Type Culture Collection were maintained in
RPMI-1640 medium (Lonza Group, Ltd.) supplemented with
10% FBS (Serana Europe GmbH) and 1% penicillin/strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C with
5% CO, in a humidified atmosphere. Cells were sub-cultured
twice a week and used at passages <15. The cells were
confirmed to be mycoplasma free and authenticated by the
Samsung Medical Center institutional research support center.
All experiments were performed at cell confluence of 70-80%.

Genipin, N-acetylcysteine (NAC) and tert-butylhy-
droperoxide (TBHP) were obtained from Sigma-Aldrich;
Merck KGaA. Treatment concentrations of NAC and TBHP
were 10 mM and 200 uM, respectively, and were co-treated
with elesclomol and genipin at 37°C for 24 or 48 h. Elesclomol
was obtained from Biorbyt. Elesclomol and genipin stocks
were dissolved in DMSO at 20 and 250 mM, respectively,
and further diluted with DMSO. 5-(And-6)-Chloromethyl-2',
7'-dichlorodihydrofluoresscein diacetate acetyl ester
(CM-H,DCFDA), MitoSOX Red and Lipofectamine® LTX
were obtained from Invitrogen; Thermo Fisher Scientific,
Inc. Non-targeting small interfering RNA (siRNA), siRNA
targeting UCP2 and the anti-B-actin antibody (cat. no. 18470)
were obtained from Santa Cruz Biotechnology, Inc. Primary
anti-UCP2 (cat. no. 89326), anti-cleaved caspase-3 (cat.
no. 9661) and anti-PARP (cat. no. 9542), and secondary
anti-rabbit (cat. no. 7074) and anti-mouse IgG (cat. no. 7076)
antibodies were obtained from Cell Signaling Technology, Inc.

Silencing of UCP2 by siRNA transfection. After the culture
medium was changed to that containing 5% FBS without
antibiotics, 80% confluent A549 cells were transfected with
40 nM UCP2-specific or non-targeted siRNA mixed with
Lipofectamine® RNAIMAX (Invitrogen; Thermo Fisher
Scientific, Inc.) in opti-MEM (Gibco; Thermo Fisher Scientific,
Inc.). At 24 h, the medium was replaced with fresh medium
containing 10% FBS and antibiotics, and the cells were incu-
bated for another 24 h prior to subsequent experiments.

Clonogenic assay. A549 cells treated with elesclomol and
genipin on 100 mm plates were washed twice with 4°C cold
PBS, harvested by trypsinization and seeded in 6-well plates
at 500 cells/well. After 9 days, the cells were fixed with
100% methanol at room temperature (RT) for 2 min and
washed twice with cold PBS. The cells were then stained with
crystal violet solution (Sigma-Aldrich; Merck KGaA) at RT
for 2 min and washed twice with cold PBS. The number of
colonies containing =50 cells were finally manually counted
in each well using an inverted phase contrast microscopy
(magnification, x4; Olympus Corporation).

Sulforhodamine B (SRB) assay. Cell survival was evaluated
by SRB assay in 1x10* cells/well seeded overnight in a 96-well
plate. Following treatment for 24 and 48 h, A549 cells were
fixed in 10% (wt/vol) trichloroacetic acid at 4°C for 2 h. After
the cells were stained with SRB dye at RT for 30 min, excess
dye was removed by repeated washing with 1% (v/v) acetic
acid. The protein-bound dye was dissolved in 10 mM Tris
base solution, and absorbance at 510 nm was measured using
a VERSA max microplate reader (Molecular Devices, LLC).

Lactate dehydrogenase (LDH) activity assay. A549 cells were
seeded in a 12-well plate at a density of 2x10° cells/well and
genipin and elelsclomol treated the following day for 24 h.
LDH activity was measured in 500 pl cell culture medium
for released LDH and 20 ug cell lysate for intracellular LDH
using a Cobas ¢501 assay kit (cat. no. ¢501; Roche Diagnostics)
according to the manufacturer's instructions. Tumor tissues
were homogenized with T-PER™ tissue protein extraction
reagent (Thermo Fisher Scientific, Inc.) on ice and centrifuged
for 10 min at 10,000 x g at 4°C. Subsequently, 20 ug of super-
natants were assayed for LDH activity as above.

Mitochondrial membrane potential (MMP) measurement.
A549 cells were seeded in a black 96-well plate at a density
of 4x10* cells/well and genipin and elesclomol treated the
following day for 24 h. The culture medium was replaced
with 100 ul phenol red-free RPMI-1640 medium containing
2% FBS and 500 nM MitoTracker™ Red FM (Invitrogen;
Thermo Fisher Scientific, Inc.), a fluorescent dye that stains
the mitochondria of live cells as a function of MMP The cells
were incubated for 30 min at 37°C in 5% CO, and washed
with 100 gl cold PBS per well. The fluorescence in each well
was measured using a microplate reader (Mithras LB 940;
Titertek-Berthold) using 594 nm excitation and 642 nm emis-
sion wavelengths.

Annexin V and propidium iodide (PI) flow cytometric
analysis. A549 cells at density of 5x10° cells/ml were
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genipin and elesclomol treated for 24 h, and apoptotic rates
were determined using an Annexin V-FITC Apoptosis kit
(BD Biosciences) according to the manufacturer's instructions.
Annexin V for early apoptotic cells and propidium iodide (PI)
for late apoptotic cells were used. A total of 10,000 cells per
sample underwent FACS analysis on a Calibur flow-cytometer
(BD Biosciences) using CellQuest software version 5.1
(Becton-Dickinson and Company).

Intracellular ROS measurement. Intracellular ROS levels were
quantified using the cell permeant indicator CM-H,DCFDA.
Briefly, A549 cells were seeded at a density of 4x104 cells/well
in a black 96-well plate. After 24 h, the culture medium was
changed to 10% FBS-containing phenol red-free RPMI-1-1640
medium (Gibco; Thermo Fisher Scientific, Inc.) and cells were
treated with genipin and elesclomol or transfected with UCP2
siRNA. Following incubation with 10 uM CM-H,DCFDA
at 37°C for 30 min, fluorescence was measured using a
GloMax®-Multi Detection System microplate reader
(Promega Corporation) at 490 nm excitation and 510-570 nm
emission wavelengths.

Mitochondrial ROS measurement. Mitochondrial ROS was
measured using MitoSOX Red with dihydroethidium conju-
gated to a mitochondria-localization tag. A549 cells were
seeded at a density of 4x10* cells/well in a black 96-well
plate, and the culture medium was changed the next day to
10% FBS-containing phenol red-free RPMI-1640 medium.
Following genipin and elesclomol treatment, the culture
medium was removed, and MitoSOX dye in HBSS buffer
(Lonza Group, Ltd.) containing 2% bovine serum albumin
(Bovogen Biologicals Pvt. Ltd.) was added. Following incu-
bation at 37°C for 10 min, the buffer was changed to HBSS
without dye, and fluorescence was measured on a Mithras LB
940 microplate reader at 510 nm excitation and 580 nm emis-
sion wavelengths.

Glucose uptake measurement. A549 cells in 24-well plates
at a densities of 5x10* cells/well were incubated for 40 min
with 100-250 kBq "8F-fluorodeoxyglucose (FDG) (provided
by Samsung Medical Centre) added to the culture medium at
37°C in 5% CO,. The cells were rapidly washed twice with
cold PBS and lysed with 0.05 N NaOH, and cell-associated
radioactivity was measured on a Wallac high-energy y-counter
(PerkinElmer, Inc.). Glucose uptake levels were corrected for
cell protein content as assessed by Bradford assay.

Immunoblotting. Immunoblotting was performed in A549
cells and tumor tissues lysed with cold PRO-PREP™
protein extraction solution (iNtRON Biotechnology, Inc.)
and T-PER™ tissue protein extraction reagent (Thermo
Fisher Scientific, Inc.), respectively, with protease inhibitor
cocktail (Sigma-Aldrich; Merck KGaA). Cell experiments
were performed by obtaining cell lysates following 24-h
incubation with 250 xM genpin and 0.1 yM elesclomol
Following Bradford assays, 30 pg of proteins were separated
by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, followed by transfer to a polyvinylidene difluoride
membrane. The membrane was blocked with 5% skim milk
in Tris-buffered saline and 0.1% Tween-20 for 1 h at room

temperature and incubated overnight at 4°C with primary anti-
bodies (1:1,000 dilution), followed by 1 h incubation at room
temperature with secondary antibodies (1:2,000 dilution).
Immunoreactive protein was detected by chemiluminescence
(Pierce ECL plus western blotting substrate; Pierce; Thermo
Fisher Scientific, Inc.), and band intensities were quantified
using a GS-800 densitometer with Quantity One software
version 4.6.6 (Bio-Rad Laboratories, Inc.).

Mouse tumor model and drug treatment. Animal experiments
were performed in accordance with the National Institutes of
Health Guide for Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use Committee
of Samsung Biomedical Research Institute at Samsung
Medical Center (approval no. 20200413001). The tumor
model was established in 5-week-old male BALB/c-nude mice
weighing 20-25 g (Orient Bio, Inc.) by subcutaneous injection
of 5x10° A549 cells into the right shoulder. After two weeks,
when tumors reached a diameter of ~0.5 cm, the animals
were treated with intraperitoneal injections of DMSO control
(n=6), 60 mg/kg genipin (n=6), 30 mg/kg elesclomol (n=7) or
60 mg/kg genipin plus 30 mg/kg elesclomol (n=7) three times
per week for a total of four weeks. The dosages of genipin and
elesclomol were based on previous studies (23,24). The mice
were weighed and the tumor size was measured with a caliper
before each injection. The experiment was repeated twice for a
final total of 6-7 animals per treatment group.

In vivo imaging of tumor FDG uptake. Positron emis-
sion tomography (PET) imaging was performed on living
tumor-bearing mice on the day following the final drug injec-
tion. At 1 h post-injection with 7.4 MBq of FDG via the tail
vein, the animals were anesthetized by isoflurane inhalation,
and PET images were acquired on an Inveon micro-PET
scanner (Siemens Healthineers). Non-attenuation-corrected
tomographic images were analyzed on an Inveon Research
Workplace workstation version 4.2 (Siemens Healthineers).
Polygonal regions of interest were manually drawn with care
to include all tumor mass while excluding adjacent tissue.
After PET imaging, the anesthetized mice were sacrificed by
cervical dislocation, and the tumor tissues were excised.

Statistical analysis. Data are presented as mean + stan-
dard deviation or the mean + standard error of the mean.
Significant differences between groups were analyzed by
paired Student's t-test for two groups and one-way ANOVA
with Bonferroni post hoc test for multiple groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of UCP2 knockdown on A549 cell FDG uptake, ROS
production and survival. Western blot analysis demonstrated
that A549 cells exhibited high protein expression levels of
UCP2. Transfection with UCP2-specific siRNA effectively
knocked down UCP2 expression to 34.8+8.0% of that in the
non-targeted siRNA-transfected control cells (Fig. 1A).
Silencing of UCP2 expression with siRNA slightly
suppressed FDG uptake to 88.5+3.3% of that in control cells
(Fig. 1B. ROS production was significantly enhanced by
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Figure 1. Effects of UCP2 knockdown in A549 lung cancer cells. (A) Western blots of UCP2 protein expression in A549 lung cancer cells transfected with
scrambled control or UCP2-specific siRNA. Quantified band intensities were normalized to those of B-actin. (B) FDG uptake, (C) ROS production and
(D) survival of cells transfected with the control or UCP2-specific siRNA. Data are presented as the mean + SD of values obtained from triplicate samples of
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a single representative experiment expressed as percentage values relative to the control siRNA group. "P<0.05, “P<0.01 and ““P<0.001 vs. control siRNA.
UCP2, uncoupling protein-2; siRNA, small interfering RNA; FDG, "*F-fluorodeoxyglucose; ROS, reactive oxygen species.

UCP2 knockdown to 174.7+9.6% of that in controls (Fig. 1C).
SRB assays results revealed that UCP2 silencing significantly
decreased A549 cell viability to 60.8+7.9% of that in the
control group (Fig. 1D).

Effects of genipin and elesclomol on FDG uptake and ROS
production. Treatment of A549 cells for 24 h with 250 uM
genipin, which blocks UCP2 function without reducing its
expression (16), did not affect the protein expression levels of
UCP2 (Fig. 2A). FDG uptake was unaffected by 24-h treat-
ment with 0.1 uM elesclomol alone, but was significantly
suppressed by 250 uM genipin alone or by 250 M genipin
plus 0.1 M elesclomol to 72.0+7.1 and 65.8+4.6% of that in
the control group, respectively (Fig. 2B).

Intracellular ROS production was also unaffected by
0.1 uM elesclomol alone. However, it was increased to
274.9+1.8% of that in the control group following 6-h treat-
ment with 250 uM genipin, and was further increased to
404.3+£21.4% of that in the control group when elesclomol was
also present (Fig. 2C). Similarly, mitochondrial ROS produc-
tion, which was unaffected by elesclomol alone, increased to
169.3+24.5% of that in the control group in the cells treated
with 250 #M genipin and further increased to 256.9+36% of
that in the control group following co-treatment with genipin
and elesclomol (Fig. 2D).

Effects of genipin and elesclomol following UCP2 knock-
down. Following UCP2 knockdown, the effects of genipin
and elesclomol were more pronounced compared with those
in cells transfected with the scrambled control. FDG uptake
was decreased to 58.6+2.6% of that in the control group by
genipin plus elesclomol in the scrambled siRNA-transfected

group, and it was further reduced to 42.4+1.8% when UCP2
was knocked down (Fig. 2E). Similarly, cytosolic and mito-
chondrial ROS production levels, which were increased to
252.3+14.8 and 186.0+4.5% of those in controls by genipin
plus elesclomol, respectively, were further increased to
406.8+35.0 and 253.2+27.9%, respectively, when UCP2 was
knocked down (Fig. 2F and G).

Effects of genipin and elesclomol on cell clonogenic capacity
and survival. The anticancer effects of co-treatment with
genipin and elesclomol were analyzed in vitro. Clonogenic
assays demonstrated that, when used alone, 0.1 yM elesclomol
and 250 uM genipin exerted limited effects on the colony
formation capacity of A549 cells. However, combining the two
drugs reduced cell colony numbers to 50.6+7.4% of those in
the control group following 48-h treatment (Fig. 3A).

Similarly, the results of the SRB assay demonstrated that
48-h treatment with 0.1 uM elesclomol or 250 M genipin
alone suppressed cell survival to 78.9+5.2 and 76.9+7.1% of
that in the control group, respectively. However, combining
the two drugs significantly reduced cell survival to 42.0+3.4%
of controls (Fig. 3B, middle). Furthermore, LDH release,
assessed as a measure of cytotoxicity, was unaffected by 24-h
treatment with 0.1 uM elesclomol or 250 M genipin alone,
but was increased to 128.8+1.6% of that in the control group
by co-treatment (Fig. 3C), accompanied by decreased intracel-
lular LDH to 63.8+1.3% of that in the control group (data not
shown).

The role of ROS on the cytotoxic effects of the two drugs
was assessed in the presence of the exogenous ROS inducer
TBHP and ROS scavenger NAC. The results demonstrated
that the cytotoxic effects of genipin, elesclomol and their
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combination were enhanced by TBHP and reduced by NAC;
the cell survival in the elesclomol and genipin co-treated cells
at 48 h was decreased to 22.3+1.9% of that in the control group
by TBHP (Fig. 3D) and was partially recovered to 57.5+4.8%
of that in the control group by NAC (Fig. 3E).

Effects of genipin and elesclomol on A549 cell apoptosis. The
present study next evaluated whether the antitumor effect of
combining elesclomol with genipin involved the induction of
apoptosis. The results of the MitoTracker Red assay demon-
strated that co-treatment with elesclomol and genipin for 24 h
significantly reduced A549 cell MMP to 70.4+2.5% of that in
the control group (Fig. 4A). This was accompanied by a 6-fold
increase in the percentage of Annexin V-positive apoptotic
cells (Fig. 4B). In addition, the co-treatment induced a marked
increase in the levels of cleaved PARP to 837.6+221.9% and
of cleaved caspase-3 to 495.9+68.6% of those in untreated
controls (Fig. 4C and D).

In vivo antitumor effects of genipin and elesclomol on A549
xenografts in mice. Treatment of A549 tumor xenografts in mice
with genipin or elesclomol led to similar magnitudes of modest
retardation in tumor growth (280.1+130.8 and 310.1+114.6 mm’®
onday 31,respectively) compared with that in the vehicle-treated

control mice (584.2+482.5 mm?® on day 31; Fig. 5A). By contrast,
combination therapy with elesclomol plus genipin resulted in
near complete suppression of tumor growth (Fig. 5A); the tumor
volume in the co-treatment group (84.0+27.8 mm?® on day 31)
was significantly lower compared with that in the control group
No significant differences were observed in animal weight
during treatment (Fig. 5A).

PET/CT performed after the final treatment revealed
significantly smaller tumors with lower FDG uptake in animals
co-treated with elesclomol and genipin compared with those
in animals treated with control or with elesclomol or genipin
alone (Fig. 5B).

Western blots analysis of UCP2 protein expression in
the xenograft tumor tissues demonstrated that UCP2 expres-
sion levels in the tumors isolated from genipin-treated mice
was reduced to 56.4+12.0% of those in the tissues from the
untreated control group (Fig. 5C). In addition, the LDH levels
were lower in the tumor tissue of mice treated with genipin
plus elesclomol compared with the control groups (Fig. 5D).

Discussion

Elesclomol enters cells in a complex with copper, which it
transports into the mitochondria to stimulate ROS generation;
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dissociated elesclomol then effluxes out of the cells to repeat
mitochondrial copper shuttling and accumulation (25).
However, despite its high potential for treating various malig-
nancies including lung cancer (3-5), elesclomol has been limited
in increasing ROS and eliminating small and non-small lung
cancer cells (26). Although a number of studies have examined
the beneficial effects of combining chemotherapeutic drugs for
cancer therapy, the present study tested a unique hypothesis
that the natural compound genipin may enhance the efficacy
of elesclomol to induce ROS generation and promote cell
death through the suppression of UCP2 function.

The present study first confirmed that A549 cancer cells
exhibited a high level of UCP2 protein expression. In these
cells, UCP2 knockdown with a specific siRNA mildly
decreased FDG uptake, significantly elevated ROS production
and suppressed cell survival compared with those in the control
group. When the biological effects of elesclomol and genipin
were compared, it was observed that elesclomol monotherapy
was unable to significantly affect FDG uptake or ROS produc-
tion. By contrast, genipin mildly decreased FDG uptake and
significantly elevated cellular and mitochondrial ROS produc-
tion in a manner similar to that obtained by UCP2 knockdown.
Furthermore, the effects were substantially enhanced in cells
treated with a combination of elesclomol and genipin. In these
experiments, elesclomol and genipin were used at the concen-
trations of 0.1 and 250 M, respectively, which were slightly

lower compared with the 0.5 yM (4) and 400 uM (27) used
in previous studies, respectively, to determine their anticancer
effects.

Genipin is an inhibitor of UCP2 function rather than
expression (16,20,28-30), which is consistent with the result
of the present study that the protein levels of UCP2 were not
reduced by the genipin treatment. The major role of UCP2 is to
inhibit ROS generation (15-19). Inhibition of UCP2 function by
genipin may therefore be demonstrated by an increase of ROS
production or a reduction of proton leak on oxygen consump-
tion rate analysis. This has been confirmed in various cancer
cell types, such as pancreatic cancer cells, breast cancer cells
by our group and others (11,19,20,29-31). Thus, the results of
the present study that the significantly increased ROS produc-
tion induced by UCP2 knockdown or genipin may represent
the blocking of UCP2 activity-mediated protection against
oxidative stress. In addition, the mild reduction of glucose
uptake by UCP2 knockdown or by genipin may be explained
by the inhibition of the UCP2-mediated glucose expenditure
that shifts glucose metabolism toward glycolytic flux (31,32).
These effects were more pronounced when genipin treatment
was performed in UCP2-knockdown cells, which may indicate
a more complete blockage of mitochondrial proton leakage.

When in vitro cytotoxic effects were assessed in the
present study, elesclomol alone exhibited limited efficacy in
suppressing the colony forming capacity and survival of A549
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Figure 4. Effects of GEN and ELE on apoptosis in A549 cells. (A) MMP was measured by MitoTracker Red FM, and (B) apoptosis was analyzed using
FITC-Annexin V and PI staining following 24-h treatment with 0.1 xM ELE, 250 uM GEN, G + E or vehicle (control). (C) Western blots of PARP, cleaved
PARP, (D) caspase-3 and cleaved caspase-3 following 24-h treatment with ELE, GEN or G + E. Quantified band intensities were normalized to those of B-actin.
Data are presented as the mean + SD of the percentage of the control values obtained from (A and B) triplicate or (C and D) duplicate samples of a single
representative experiment. "P<0.05, “P<0.01, ““P<0.001 vs. control; “P<0.05 vs. ELE; “P<0.05 vs. GEN. GEN, genipin; ELE, elesclomol; G + E, genipin and
elesclomol; MMP, mitochondrial membrane potential; PARP, poly(ADP-ribose) polymerase.

cells. High UCP2 expression has been previously indicated to
attenuate the ROS-stimulatory and cytotoxic effects of pacli-
taxel (33). Therefore, the limited cytotoxicity of elesclomol
observed in the present study may be attributed to the protec-
tive action of UCP2 against mitochondrial ROS buildup. This
was supported by substantial enhancement by genipin of the
ability of elesclomol to suppress A549 cell colony formation
and survival, as well as by enhanced cell death in the presence
of an ROS donor and suppressed cell death in the presence of
a ROS scavenger.

The results of the present study also demonstrated that
co-treatment with elesclomol and genipin significantly
reduced A549 cell MMP and induced apoptosis, as assessed
by Annexin V FACS analysis. This was accompanied by mark-
edly increased levels of the cleaved forms of caspase-3 and
PARP proteins. These results were consistent with the notion
that UCP2 protects cancer cells from ROS stress-induced
apoptosis (34-36), which occurs through the intrinsic apop-
totic pathway (37). Taken together, these results indicated that
combining the UCP2 inhibitor genipin enhanced the capacity
of elesclomol to induce cancer cell death by activating the

intrinsic apoptotic pathway through ROS stimulation and
MMP suppression.

Notably, in the present study, the in vivo antitumor effect
was also augmented when genipin and elesclomol were used
in combination. For these experiments, A549 tumor-bearing
mice were treated with 60 mg/kg genipin, which was within
the range of 10-100 mg/kg previously administered to mice
in combination with other drugs (23,38). Elesclomol was
administered at a dose of 30 mg/kg, which was in the lower
range of the doses previously used for treating tumor-bearing
mice (24). These doses were selected to demonstrate that the
natural compound genipin may be safely added to enhance
the anticancer effects of low-dose elesclomol. The results
revealed that elesclomol and genipin therapy alone exhibited
modest antitumor efficacies that led to similar retardations of
tumor growth. By contrast, combining genipin with elesclomol
nearly completely suppressed tumor growth.

Further analysis of the xenograft tumor tissues revealed
that the protein levels of UCP2 in tumors isolated from the
genipin-treated mice were reduced compared with the control
group. This result may indicate the preferential killing of tumor
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Figure 5. Antitumor effects of GEN and ELE in vivo. (A) Growth of A549 xenograft tumors in mice intraperitoneally injected with DMSO control (n=6),
30 mg/kg ELE (n=7), 60 mg/kg GEN (n=6) or G + E (n=7). The weights of the mice are presented on the right. Data are presented as the mean + SEM.
"P=0.008 vs. control. (B) Representative coronal positron emission tomography/CT tomographs of mice demonstrating tumor '*F-fluorodeoxyglucose uptake
(arrow) after the final treatment. (C) Western blots of UCP2 protein expression and (D) LDH assays in mouse xenograft tumor tissues. Data are presented as
the mean + SD of the percentage of the control values obtained from 4-5 mice per group. “"P<0.01 and ““P<0.001 vs. control. GEN, genipin; ELE, elesclomol;
G + E, genipin and elesclomol; UCP2, uncoupling protein-2; LDH, lactate dehydrogenase.

cells with greater UCP2 expression by genipin, which led to
the remaining tumor tissue containing cells with lower UCP2
levels. Tumor tissue LDH level was reduced in mice treated
with genipin plus elesclomol compared with the control group.
This finding may indicate that fewer dying cancer cells exist
in the reduced tumor tissues after long-term treatment with
genipin and elesclomol.

Fig. 6 illustrates our proposed model for the synergistic
anticancer effects of elesclomol and genipin. In this model,
elesclomol enters cancer cells to induce an increase of

mitochondrial oxidative stress, but this effect can be allevi-
ated by UCP2-mediated oxygen consumption uncoupling.
UCP2 inhibition with genipin or UCP2 siRNA blocks this
protective response and augments the stimulation of ROS
production by elesclomol, which in turn triggers apoptosis of
the cancer cells.

A limitation of the present study was that the results were
restricted to A549 lung cancer cells, which exhibit an efficient
UCP2 function, and therefore may not apply to other cancer
cell types. It is possible that cancer cells with low UCP2
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expression may respond to elesclomol monotherapy without
the need for UCP2 inhibition. By contrast, cancer cells with
greater UCP2 activity may benefit even more from the combi-
nation of UCP2 inhibitors and elesclomol. In addition, the
results of the UCP2 western blots in tumor tissue were limited
as only some of the tumor samples were included for analysis.
In the animal experiments conducted in the present study,
some tumor samples included in the tumor growth data were
not included in the UCP2 western data. These issues require
validation by further studies.

In conclusion, high UCP2 expression may limit the anti-
tumor effect of elesclomol by attenuating ROS response. This
can be overcome by blocking UCP2 function using the natural
product genipin, which suppresses glucose uptake, augments
mitochondrial ROS production and enhances cytotoxic effects
in cancer cells. Therefore, a combination of elesclomol with
genipin may be an effective strategy for the treatment of
tumors with high UCP expression.
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