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Abstract: Isoflavonoids have been shown to inhibit tumor proliferation and metastasis by activating cell death path-
ways. As such, they have been widely studied as potential therapies for cancer prevention. The second generation
synthetic isoflavan analogues ME-143 and ME-344 also exhibit anti-cancer effects, however their specific molecular
targets have not been completely defined. To identify these targets, we examined the effects of ME-143 and ME-
344 on cellular metabolism and found that they are potent inhibitors of mitochondrial oxidative phosphorylation
(OXPHOS) complex | (NADH: ubiquinone oxidoreductase) activity. In isolated HEK293T mitochondria, ME-143 and
ME-344 reduced complex | activity to 14.3% and 28.6% of control values respectively. In addition to the inhibi-
tion of complex I, ME-344 also significantly inhibited mitochondrial complex Il (ubiquinol: ferricytochrome-c oxi-
doreductase) activity by 10.8%. This inhibition of complex | activity (and to a lesser extent complex Il activity) was
associated with a reduction in mitochondrial oxygen consumption. In permeabilized HEK293T cells, ME-143 and
ME-344 significantly reduced the maximum ADP-stimulated respiration rate to 62.3% and 70.0% of control levels
respectively in the presence of complex I-linked substrates. Conversely, complex Il-linked respiration was unaffected
by either drug. We also observed that the inhibition of complex I-linked respiration caused the dissipation of the
mitochondrial membrane potential (AW ). Blue native (BN-PAGE) analysis revealed that prolonged loss of AW  re-
sults in the destabilization of the native OXPHOS complexes. In particular, treatment of 143B osteosarcoma, HelLa
and HEK293T human embryonic kidney cells with ME-344 for 4 h resulted in reduced steady-state levels of mature
complex |. Degradation of the complex | subunit NDUFA9, as well as the complex IV (ferrocytochrome c: oxygen oxi-
doreductase) subunit COXIV, was also evident. The identification of OXPHOS complex | as a target of ME-143 and
ME-344 advances our understanding of how these drugs induce cell death by disrupting mitochondrial metabolism,
and will direct future work to maximize the anti-cancer capacity of these and other isoflavone-based compounds.
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Introduction (XIAP) [2, 6, 8]. Furthermore, phenoxodiol inhib-
its plasma membrane electron transport [9]
and blocks the activity of the Ecto-NOX disul-
fide-thiol exchanger 2 (ENOX2 or tNOX) [10], a
cancer-specific cell-surface protein with oxida-

tive and protein disulfide-thiol interchange

Isoflavones from the Leguminosae plant family
have been widely studied as potential thera-
pies for cancer prevention [1]. Phenoxodiol, one
of the most well researched isoflavone deriva-

tives, exhibits cytotoxic effects against various
types of human cancers with high specificity
[2-7]. Preclinical studies in chemoresistant
ovarian cancer cells have shown that phenoxo-
diol exerts a pro-apoptotic effect by activating
mitochondrial cell death signaling via cas-
pase-2, Bid cleavage and proteasomal degra-
dation of X-linked inhibitor of apoptosis protein

activity [11, 12]. Importantly, phenoxodiol has
little effect on the endogenous isoform, ENOX1
(cNOX), in either cancer or non-cancer cell lines
[10].

ME-143 is a synthetic, second generation tNOX
inhibitor based on the first generation com-
pounds phenoxodiol and triphendiol. It exhibits
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greater anti-cancer potency than phenoxodiol
in vitro, with IC_ values generally < 1 ym [13].
Dose escalation studies in patients with
advanced solid tumors have shown that
ME-143 is well tolerated when administered
intravenously, and may be suitable for combi-
nation with cytotoxic chemotherapies [13].
Although ME-143, and its parent compound
phenoxodiol, are known to inhibit plasma mem-
brane electron transport, their other potential
molecular targets remain to be defined.

A second isoflavone derivative, NV-128, has
been shown to induce caspase-independent
cell death in epithelial ovarian cancer stem
cells via two independent mechanisms, both of
which signal via the mitochondria. The first
mechanism involves activation of the AMPKal
pathway, leading to mTOR inhibition and mito-
chondrial depolarization. This causes the nu-
clear translocation of endonuclease G (EndoQ),
followed by cleavage of nuclear DNA and chro-
matin condensation [14, 15]. The second
mechanism involves induction of the mitochon-
drial MAP/ERK kinase/extracellular signal-regu-
lated kinase pathway, resulting in the loss of
mitochondrial membrane potential (AW ) throu-
gh Bax upregulation [15]. NV-128 also reduces
the ATP/ADP ratio in vitro, which may contribute
to mTOR inhibition [15]. Interestingly, NV-128
also significantly reduces the steady-state lev-
els of the oxidative phosphorylation (OXPHOS)
complex IV (ferrocytochrome c:oxygen oxidore-
ductase) subunits COXI and COXIV in a time-
dependent manner [15]. This suggests that
NV-128 may also inhibit mitochondrial OXPHOS
to some degree, however this has not been
determined.

ME-344, an active metabolite of NV-128, also
induces cell death via activation of mitochon-
drial cell death signaling pathways. In a pre-
clinical in vivo study in mice, ME-344 has been
shown to decrease tumor burden of recurrent
epithelial ovarian cancer (unpublished data).
Phase | clinical studies of intravenously admin-
istered ME-344 in thirty patients with refractory
solid tumors has revealed that the compound is
well tolerated at weekly doses of 10 mg/kg
[16]. Of these patients, ten have achieved sta-
ble disease or better, with an ongoing partial
response in one patient with small cell lung
cancer [16]. Phase 1b clinical trials of ME-344,
in combination with the topoisomerase | inhibi-
tor topotecan hydrochloride (Hycamtin®), have
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now begun in patients with solid small cell lung
and ovarian cancers.

Although NV-128/ME-344 has been shown to
inhibit mitochondrial ATP generation and
reduce the steady-state levels of OXPHOS com-
plex IV subunits, its specific mitochondrial
target/s are unknown. Similarly, how ME-143
affects mitochondrial metabolism and/or sig-
naling has not been determined.

To define the mechanism of action of ME-143
and ME-344, we treated different cell types in
vitro with each drug and measured a range of
metabolic parameters, including mitochondrial
oxygen consumption and OXPHOS enzyme
activities. Our results identified mitochondrial
OXPHOS complex | (NADH: ubiquinone oxidore-
ductase) as a direct molecular target of both
ME-143 and ME-344, with its inhibition associ-
ated with an instantaneous reduction of mito-
chondrial oxygen consumption and dissipation
of the AW .

These findings provide new insights into how
isoflavone-based compounds induce cell death
by disrupting mitochondrial metabolism, in par-
ticular the identification of mitochondrial com-
plex | as a target of ME-143 and ME-344.

Materials and methods
Reagents

ME-143 and ME-344 (MEI Pharma, San Diego,
USA) were prepared as 10 mg/mL stock solu-
tions in dimethylsulphoxide (DMSO, Sigma).

Cell culture

Cells were cultured at 37°C and 5% CO, in
Dulbecco’s Modified Eagle’s Medium (DMEM,;
Life Technologies) supplemented with 5% (v/v)
fetal bovine serum (FBS, Life Technologies),
Penicillin-Streptomycin (Life Technologies) and
GlutaMAX™ (Life Technologies).

Measurement of oxygen consumption rate

High-resolution respirometry using intact cells
was performed with an Oxygraph-2K oxygen
electrode (Oroboros, Innsbruck, Austria). App-
roximately 7.5 x 107 cells were incubated in 2
mL Hank’s Balanced Salt Solution (HBSS, Life
Technologies) at 37°C in each chamber. Basal
respiration rates were recorded, followed by
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the addition of either DMSO [as a solute con-
trol, final concentration 0.1% (v/v)], ME-143 or
ME-344 (at the final concentrations indicated)
and treatment respiration rates recorded.
Experiments were performed three times for
each treatment. Mitochondrial respiration rates
were calculated using DatLab software (version
4.3.4.51, Oroboros Instruments) and expressed
as pmol O,/s/mg whole cell protein. For data
analysis, treatment: basal respiration rate ra-
tios were normalized to control (DMSO) rates.
Significant differences between control and
treated samples were determined using one-
way ANOVA followed by Tukey’'s multiple com-
parison test. For the dosage experiment, signifi-
cant differences between control and treated
samples were determined using two tailed
t-tests.

Measurement of complex | or ll-linked respira-
tion

High-resolution respirometry using permeabi-
lized cells was performed with an Oxygraph-2K
oxygen electrode (Oroboros). Each 2 mL cham-
ber was filled with intracellular media [10 mM
NaCl, 135 mM KCI, 1 mM MgCl,, 5 mM KH,PO,,
20 mM HEPES, 5 mM ethylene glycol tetra-ace-
tic acid (EGTA), 1.86 mM CaCl,, pH 7.1], fol-
lowed by the injection of either DMSO [solute
control, final concentration 0.1% (v/v)], ME-143
or ME-344 (at final concentrations of 10 ug/
mL). Glutamate and malate (for complex I-linked
respiration) or succinate (for complex ll-linked
respiration) were then added (final concentra-
tion of 5 mM), followed by the addition of 1 x
10" HEK293T cells. After 2.5 min, digitonin
(Merck) was added (final concentration 50 ug/
mL) to permeabilize the plasma membrane and
allow the uptake of substrates. After a further 3
min, 125 or 200 nmol of ADP was added to
measure complex | or ll-linked state Il respira-
tion respectively. Once complete condensation
of the added ADP to ATP was attained, oxygen
flux was measured to determine state IV respi-
ration rates. The experiments were performed
three times for each treatment. Oxygen con-
sumption rates were calculated using DatLab
software and were expressed as pmol O,/s/mil-
lion cells. Significant differences between con-
trol and treated samples were determined
using two tailed t-tests.

Mitochondria isolation

Mitochondria were isolated according to
McKenzie et al. [17]. Cell pellets were resus-
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pended in isolation buffer [20 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEP-
ES, pH 7.6), 220 mM mannitol, 70 mM sucrose,
1 mM ethylenediaminetetraacetic acid (EDTA),
0.5 mM Phenylmethylsulfonyl Fluoride (PMSF),
2 mg/mL bovine serum albumin (BSA)] and
incubated on ice for 15 min. Cells were lysed
using 20 strokes of a drill-fitted pestle in a
glass homogenizer at 4°C. Cell debris and
nuclei were pelleted by centrifugation at 800 g
for 10 min at 4°C. Mitochondria were pelleted
from the supernatant by centrifugation at
10,000 g for 20 min at 4°C and rinsed with iso-
lation buffer without BSA at 10,000 g for 10
min at 4°C.

Spectrophotometric measurement of enzyme
activity

The individual enzymatic activities of OXPHOS
complexes | (NADH: ubiquinone oxidoreduc-
tase, EC 1.6.5.3), Il (succinate: ubiquinone oxi-
doreductase, EC 1.3.5.1), Il + Ill (succinate:
cytochrome ¢ oxidoreductase, EC 1.3.5.1 + EC
1.10.2.2), IV (ferrocytochrome c: oxygen oxido-
reductase, EC 1.9.3.1) and citrate synthase (EC
4.1.3.7) were measured in isolated HEK293T
mitochondria as described previously [18]. For
all assays, enzymatic activity was measured in
the presence of DMSO [solute control, final con-
centration 0.1% (v/v)], 10 ug/mL ME-143 or 10
pug/mL ME-344. Experiments were performed
at least three times for each treatment.
Significant differences between control and
treated samples were determined using two
tailed t-tests.

For measurement of complex | activity, isolated
mitochondria were first disrupted by sonication
with a Microson Ultrasonic homogenizer (Mi-
sonix, USA) fitted with a 3.2 mm microprobe.
Three 0.7 s pulses were performed at a power
setting of 1.5 (~4 W). 50 ug of sonicated mito-
chondria were subsequently used for each
complex | assay. Complex | activity was also
measured in the presence of the inhibitor rote-
none (5 mg/mL).

Measurement of mitochondrial membrane
potential (AW )

HEK293T cells were plated in 96-well plates at
3.5 x 10* cells per well and allowed to grow
overnight. Cells were incubated in fluorescent
dye media [DMEM supplemented with 10%
(v/v) FBS, Penicillin-Streptomycin, GlutaMAX, 5
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pug/mL Hoechst 33342 (Life Technologies), 20
nM tetramethylrhodamine, methyl ester
(TMRM, Life Technologies) and 10 uM Verapamil
(Sigma)] for 1 h at 37°C in a 5% CO, incubator.
Cells were imaged in 10 min intervals using an
ArrayScanVti High Content Analysis Reader
(Thermo Scientific, MA, US) with 365 nm
(Hoechst) and 549 nm (TMRM) light beams.
After the third set of images was acquired, fluo-
rescent dye media (no treatment control),
DMSO [solute control, final concentration 0.1%
(v/v)], ME-143 or ME-344 (at final concentra-
tions of 10 ug/mL) were added. Another three
sets of images were taken before carbonyl cya-
nide 4-(trifluoromethoxy) phenylhydrazone (FC-
CP, Sigma) at a final concentration of 10 uyM
was added. A minimum of five replicates were
performed.

Cell treatment with ME-143 and ME-344

Cells were cultured to 80% confluence and
incubated in OptiMEM® (Life Technologies)
supplemented with GlutaMAX™ for 4 h at 37°C.
Cells were then treated with fresh media
(OptiIMEM® with GlutaMAX™) containing 10
pug/mL ME-143 or 10 ug/mL ME-344 at 37°C
for the time duration indicated. For controls,
cells were incubated in fresh media with or
without 0.1% (v/v) DMSO for 4 h. Following
treatment, cells were harvested and washed in
1 x PBS before being pelleted by centrifugation
at 2,300 g for 5 min for SDS-PAGE and BN-PAGE
analyses.

Sodium dodecyl! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

Whole cell lysates (15 ug protein) were solubi-
lized in loading dye [50 mM Tris-Cl pH 6.8, 0.1
M dithiothreitol (DTT), 2% (w/v) SDS, 10% (v/V)
glycerol, and 0.05% (w/v) bromophenol blue]
and boiled for 3 min prior to separation on a
12% SDS-polyacrylamide gel.

Blue Native PAGE (BN-PAGE)

BN-PAGE was performed as described with
minor modifications [19, 20]. Whole cell lysates
(100 pg protein) were solubilized in 20 mM Bis-
Tris pH 7.4, 50 mM NaCl, and 10% (v/v) glycerol
containing 1% (v/v) Triton X-100 or 1% (w/V)
digitonin for 30 min on ice. Insoluble material
was pelleted by centrifugation at 21,000 g for 5
min at 4°C. Loading dye (final concentrations:
0.5% Coomassie Blue G, 50 mM g-amino
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n-caproic acid, and 10 mM Bis-Tris pH 7.0) was
added to the soluble fraction prior to separa-
tion for 15 h at 100 V/7 mA, 4°C on a 4-13%
acrylamide-bisacrylamide gel in 70 mM g-amino
n-caproic acid and 50 mM Bis-Tris (pH 7.0).
Blue cathode buffer [15 mM Bis-Tris pH 7.0, 50
mM tricine, 0.02% (w/v) Coomassie Blue G] was
replaced by colorless cathode buffer once the
dye front had migrated through approximately
one-third of the gel. Anode buffer contained 50
mM Bis-Tris pH 7.0.

Western blotting and immunodetection

Western blotting was performed on PVDF mem-
branes (Millipore) using a semi-dry transfer
method [21] as described previously [22].
Membranes were blocked with 10% (w/v) skim
milk powder in 1 x PBS containing 0.05% (v/v)
Tween-20 for 2 h. Membranes were probed ov-
ernight at 4°C with primary antibodies against
NDUFA9 [23], NDUFS5 (kind gift from M. Ryan,
Monash University, Melbourne, Australia),
SDHA (Abcam, ab14715), UQCRC1 (Abcam,
ab110252), COXI (Abcam, ab14705) and COXIV
(Cell Signaling, 4844S), then for 2 h at room
temperature with anti-mouse or anti-rabbit
HRP-conjugated secondary antibodies (Sigma).
Proteins were detected using ECL or ECL Prime
reagents (GE Healthcare) with a MicroChemi
chemiluminescence detection system (DNR
Bio-Imaging Systems).

Statistical analysis

All measurements were collected from at least
three independent experiments. Statistical
analysis was performed using GraphPad Prism
6.01 and Microsoft Excel software. Significant
differences between control and treated sam-
ples were determined using two tailed t-tests.
For oxygen consumption rates of intact cells,
the significant differences between treatments
were determined using one-way ANOVA fol-
lowed by Tukey’s multiple comparison test.

Results

ME-344, but not ME-143, disrupts the stability
of the OXPHOS complexes

Previous studies have shown that the isofla-
vone NV-128 decreases the levels of the mito-
chondrial OXPHOS complex IV subunits COXI
and COXIV in epithelial ovarian cancer cells
[15]. We therefore examined whether ME-143
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Figure 1. ME-344, but not ME-143, disrupts OXPHOS complex stability. SDS-PAGE and BN-PAGE analyses of mitochondrial proteins from (A) HEK293T cells, (B) 143B
osteosarcoma cells (C) Hela cells or (D) primary human fibroblasts following ME-143 or ME-344 treatment for the time duration indicated. Subunits of complex |
(NDUFA9), complex Il (SDHA), complex Il (UQCRC1) and complex IV (COXIV) were detected by SDS-PAGE and western blotting. Mature complex | (Cl), complex Il (Cll),
the complex Il homodimer (ClIL,), complex IV (CIV) and the complex I/complex IIl, supercomplex (CI/ClIl,) were detected by BN-PAGE and western blotting. ME-344
disrupts the stability of native complex | in HEK293T, 143B and Hela cells but not primary human fibroblasts following 4 h of treatment.

694 Am J Cancer Res 2015;5(2):689-701



Inhibition of mitochondrial complex | by anti-cancer drugs

* *hede
Il (.

e ek Lid s e e * W

Bl DMSO
1 ME-143

| ‘ |
100"—‘ ,—‘ ‘ ’_‘ [ ME-344
—
T LT
404
204
0-

HEK293T 1438  Hela  Primary
human
fibroblasts

120+

* He

®
T

O, consumption rate
(% of control)
[o)]
o
1

Figure 2. Both ME-143 and ME-344 inhibit respiration of intact cultured
cells. Oxygen consumption of HEK293T cells, 143B osteosarcoma cells,
Hela cells and primary human fibroblasts was measured in the presence of
20 yg/mL ME-143 (m) or 20 pg/mL ME-344 (o). Both ME-143 and ME-344
significantly inhibit respiration in each cell type. DMSO (m) was used as a
negative control. Data is expressed as mean £ s.d., n = 3. *p <0.05, **p <

plexes by examining their
native, mature forms by blue
native (BN)-PAGE and western
blotting. Whole cells were solu-
bilized in 1% Triton X-100 to
resolve the OXPHOS complexes
in their monomeric form. Due
to the protein/detergent ratio
used, some complex |/complex
ll,supercomplex (CI/CIIL,) was
also resolved (Figure 1).

Following 4 h of ME-344 treat-
ment, native complex | steady-
state levels were reduced in
HEK293T cells (Figure 1A),
143B osteosarcoma cells
(Figure 1B) and Hela cells
(Figure 1C). In contrast, native
complex | remained intact in
primary human fibroblasts
(Figure 1D). Native complexes
I, Il and IV were not affected

0.01, ***p <0.001, ****p < 0.0001.

and ME-344 affect the steady-state levels of
other OXPHOS complex structural subunits in
143B osteosarcoma and Hela cancer cells,
HEK293T cells and non-cancerous primary
human skin fibroblasts.

In HEK293T cells, a protein of slightly lower
molecular weight than COXIV was detected by
SDS-PAGE and western blotting following 1 h of
ME-344 treatment (Figure 1A, marked with an
‘*"). This smaller protein was consistently
observed in HEK293T cells following ME-344
treatment and is most likely a specific COXIV
degradation product. It was not observed in any
other cell type examined.

In 14 3B osteosarcoma cells, the levels of COXIV
and the complex | subunit NDUFA9 were
reduced following 2 h of ME-344 treatment
(Figure 1B). No other OXPHOS subunits were
affected by ME-344 in any other cell lines
studied.

ME-143 had no effect on the steady-state lev-
els of the individual OXPHOS complex subunits
except for NDUFA9, which was slightly reduced
in HelLa cells after 2 h of treatment (Figure 1C).

We next investigated whether ME-143 and
ME-344 have any effect on the OXPHOS com-
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by ME-344 in any of the cell
lines investigated.

ME-143 did not reduce the steady-state levels
of the native OXPHOS complexes in any of the
cell lines. Instead, levels of several complexes
were elevated in some cell types. Complex | lev-
els were increased in 143B osteosarcoma
cells, HeLa cells, and primary human fibro-
blasts following ME-143 treatment (Figure
1B-D). ME-143 also increased complex lll levels
in HelLa cells and primary human fibroblasts
(Figure 1C and 1D) and complex IV levels in
Hela cells (Figure 1C).

In summary, ME-344 reduced the steady-state
levels of native complex | following 4 h of treat-
ment. This was evident in HEK293T cells, 143B
osteosarcoma cells and Hela cells, but not in
primary human fibroblasts. In contrast, ME-14 3
did not reduce the amount of native OXPHOS
complexes in the mitochondria, with levels
actually increased in some cases.

ME-143 and ME-344 inhibit mitochondrial
oxygen consumption

We observed that ME-143 and ME-344 can
alter the steady-state levels of the native
OXPHOS complexes; in particular, ME-344
reduces the levels of mature complex | (Figure
1). In addition, NV-128 (the parent compound
of ME-344) has been shown to reduce the AW

Am J Cancer Res 2015;5(2):689-701
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Figure 3. ME-344 is a more potent inhibitor of mitochondrial respiration than ME-143. Oxygen consumption was
measured in intact HEK293T cells in the presence of varying concentrations of ME-143 (A) or ME-344 (B). Respira-
tion was significantly inhibited in the presence of 7.5 yg/mL ME-143 or 5 yg/mL ME-344. DMSO was used as a
negative control. Data is expressed as mean + s.d., n = 3. *p <0.05, **p <0.01, ****p < 0.0005.

Table 1. Mitochondrial respiration in permea-
bilized HEK293T cells

A. Complex I-linked substrates
Respiration rate pmol O,/s/

million cells State Ill/
State IV
State llI State IV
DMSO 247+ 1.1 98+18 26+04
ME-143 154 +09** 74+04 21+0.2
ME-344  17.3 £ 1.5* 74+18 24+05
B. Complex Il-linked substrates
Respiration rate pmol O,/s/
million cells State lll/
State IV
State lll State IV
DMSO 46.1 + 3.9 201+23 23+041
ME-143 41.2+4.8 18.7+35 22+0.3
ME-344 41.0+1.9 19.8+09 21+0.1

DMSO was used as a solute control. Data is expressed
as mean £ s.d.,, n = 3. *p <0.005, **p < 0.0005.

and cellular ATP/ADP ratios in vitro [14, 15]. To
determine if these effects of ME-143 and
ME-344 are associated with the inhibition of
OXPHOS activity, we assessed the oxygen con-
sumption rates in the presence of either
ME-143 or ME-344 in intact cultured cells using
glucose as a substrate.

ME-143 (at a final concentration of 20 ug/mL)
significantly reduced mitochondrial respiration
in 143B osteosarcoma and Hela cancer cells,
HEK293T cells and primary human skin fibro-
blasts (Figure 2). The greatest inhibition was
observed in HEK293T cells, with residual respi-
ration 76.7 + 1.4% of control values (Figure 2).
ME-344 (20 ug/mL) also significantly reduced
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mitochondrial respiration in all of the cell types
tested (Figure 2). In addition, ME-344 inhibition
of respiration was significantly greater than
ME-143 in HEK293T cells and HelLa cells, with
residual rates of 66.7 + 5.0% and 73.6 + 2.1%
of control values respectively (Figure 2).

We also performed a titration with both ME-143
and ME-344 to determine the minimum con-
centrations required to inhibit respiration.
Significant inhibition of oxygen consumption in
HEK293T cells was achieved with 7.5 pg/mL
ME-143 (Figure 3A). ME-344 was more potent
at inhibiting mitochondrial respiration, requir-
ing only 5 ug/mL to significantly decrease oxy-
gen flux (Figure 3B).

These results indicate that ME-143 and ME-344
can both significantly inhibit mitochondrial res-
piration by approximately 25 to 35%. To deter-
mine if this inhibition is at OXPHOS complex | or
complex ll, we measured respiration rates in
permeabilized cells using various substrates
that specifically stimulate complex | or lI-linked
respiration. In addition, we measured the
effects of ME-143 and ME-344 on both ADP-
stimulated (state Ill) and ADP-limited (state V)
respiration.

In the presence of the complex I-linked sub-
strates glutamate and malate, both ME-143
and ME-344 significantly reduced the maxi-
mum ADP-stimulated respiration rate (state Ill)
to 62.3% and 70.0% of control levels respec-
tively (Table 1A). Conversely, complex Il-linked
state Ill respiration rates (in the presence of
succinate) were not significantly affected by
either compound (Table 1B). This suggests that
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Table 2. Specific OXPHOS enzyme activities in isolated HEK293T

mitochondria

tion via complex Il is unaffect-
ed, this reduction is most likely

Activity nmol/min/mg

due to the inhibition of elec-

DMSO ME-143 ME-344 _ Rotenone tronflux through complex.
Complex | 105+£3.4 15+£02%** 3.0+£29** 3.9+25* ME-143 and ME-344 directly
Complex Il 27.8 +1.2 26.5+ 1.0 245+ 4.4 inhibit complex | enzymatic
Complex il + 1l 545+15 542+23 486+21% activity
Complex IV 11.5+5.0 11.3+14 12.2+0.8

Citrate synthase 157.4 +12.9 168.8+4.9 153.2+2.6

Our respiration experiments

DMSO was used as a solute control. Data is expressed as mean +s.d.,n > 3. *p <

0.05, **p <0.01, ***p <0.0005.

revealed that ME-143 and
ME-344 inhibit mitochondrial
oxygen consumption, particu-
larly in the presence of com-

FCCP plex I-linked substrates. We

400 Treatment . next assessed OXPHOS com-

350 - ! : plex enzymatic activities spec-

. ' =+=No treatment trophotometricallyinisolatedHEK-

n_:: 300 - ! == DMSO 293T cell mitochondria in the

= : ME143 presence or absence of

S 250 | ' —=ME344 ME-143 or ME-344 to confirm

3 that complex | is the primary
® 200 - ' site of inhibition.

i '

2 150 : Complex | activity was signifi-

E ' cantly reduced by both ME-143

= 100 - : and ME-344 to 14.3% and

50 - : { [ . 28.6% of control activity

; l : I ! respectively (Table 2). This

0 i " : : R : inhibition was comparable to

0 10 20 30 40 50 60 70 80 90 Time (Min)

Figure 4. Both ME-143 and ME-344 dissipate the mitochondrial membrane
potential (AW ). The AW was measured in real time in HEK293T cells fol-
lowing the addition of 10 pg/mL ME-143 or 10 pg/mL ME-344. Cells with
no treatment or with DMSO added were used as negative controls. Both
ME-143 and ME-344 quickly reduced mitochondrial TMRM fluorescence,
indicating the dissipation of the AW . Data is expressed as mean *s.d.; R.l.,
relative intensity. Measurements were collected from at least 5 replicate

wells for each treatment condition.

both ME-143 and ME-344 inhibit respiration by
directly acting at complex |, as electron transfer
through complex Il was unaffected.

The respiratory control ratio (state lll/state 1V),
which is a useful marker of mitochondrial sub-
strate oxidization capacity and proton leak
across the mitochondrial inner membrane, was
slightly reduced by ME-143 and ME-344 in the
presence of complex I-linked substrates (Table
1A). This indicates a trend towards reduced
ATP synthesis capacity, however this reduction
was not statistically significant.

In summary, both ME-143 and ME-344 reduce
mitochondrial oxygen consumption. As respira-

697

rotenone, a known complex |
inhibitor (37.1% of control
activity). Activities of complex
Il, complex IV and the mito-
chondrial  matrix enzyme
citrate synthase were not
affected by either ME-143 or
ME-344 (Table 2).

Interestingly, complex Il + Il

activity was also significantly
reduced to 89.2% of control activity by ME-344
(Table 2). As complex Il is the rate limiting step
of this coupled assay [18] (and complex Il activ-
ity is unaffected by ME-344), this result sug-
gests that ME-344 also inhibits electron flux
through complex lll.

In summary, these results confirm that complex
lis the principal OXPHOS target for both ME-143
and ME-344. In addition, ME-344 also has an
inhibitory effect on complex Il activity.

ME-143 and ME-344 induce dissipation of the
mitochondrial membrane potential (AW )

The energy derived from electron flux through
OXPHOS complexes |, IlI, lll and IV is used to

Am J Cancer Res 2015;5(2):689-701
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pump protons out of the mitochondrial matrix
and across the mitochondrial inner membrane
to generate the mitochondrial membrane
potential (AW ). The AW _is used to drive the
mitochondrial F,F -ATP synthase to condense
ADP and inorganic phosphate to generate ATP
[24].

Reduction of the AW _ has been observed previ-
ously following treatment for 1 h of epithelial
ovarian cancer cells with NV-128 (the parent
compound of ME-344) [14]. To determine if
ME-143 and ME-344 also alter the AW, we
incubated HEK293T cells with the potentiomet-
ric dye TMRM to measure the AW in real time
(Figure 4).

We found that the addition of either 10 yg/mL
ME-143 or 10 pg/mL ME-344 (Figure 4,
‘Treatment’) induced a reduction in mitochon-
drial TMRM fluorescence, indicating a loss of
the AW . This dissipation of AW = occurred
quickly following the addition of the drugs, and
was comparable in magnitude to treatment
with the protonophore FCCP, a compound that
is commonly used to dissipate AW  (Figure 4).

These results indicate that the inhibition of
complex I-linked respiration by ME-143 or
ME-344 inhibits respiratory chain electron flux
to a sufficient degree that the generation of the
AW by the OXPHOS complexes is significantly
impaired.

Discussion

Changes in cellular bioenergetics are one of the
key hallmarks of cancer. In 1956, Warburg
made the important observation that cancer
cells utilize glycolysis for energy production
even in the presence of oxygen [25]. This reli-
ance on ‘aerobic glycolysis’ implicated altered
mitochondrial metabolism in tumor biogenesis,
in particular the potential disruption of OXPHOS.
However, it is now apparent that many tumor
types retain a functional OXPHOS system that
is essential for survival. This allows for the pos-
sibility to design novel mitochondrial anti-can-
cer drugs that target the OXPHOS enzyme
complexes.

Complex | is the first protein complex of the
mitochondrial respiratory chain, a series of
enzymes involved in energy generation via
OXPHOS. Complex | oxidizes NADH derived
from the tricarboxylic acid (TCA) cycle, using the
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donated electrons to reduce ubiquinone. This
redox reaction is associated with the transloca-
tion of protons across the mitochondrial inner
membrane, generating a membrane potential
(AW ). The AW is then utilized by the F,F -ATP
synthase to condense ADP and inorganic phos-
phate (P,) to ATP.

A wide range of compounds, including pesti-
cides and antibiotics, have been shown to tar-
get complex | and inhibit its enzymatic activity.
Acetogenins, such as rolliniastatin and bullata-
cin, are potent complex | inhibitors that are
cytotoxic in mammary adenocarcinoma and
ovarian and hepatocellular carcinoma [26, 27].
Other complex | inhibitors, including rhein and
diphenyliodonium, have been shown to induce
apoptosis in multiple cancer cell lines by caus-
ing the overproduction of reactive oxygen spe-
cies (ROS) [28].

One of the most well-studied specific complex |
inhibitors, rotenone, is a member of the rot-
enoid family of naturally occurring isoflavonoids
produced by Leguminosae plants. We found
that the synthetic isoflavan analogues ME-143
and ME-344 are also potent inhibitors of com-
plex I. This inhibition causes an immediate
reduction of mitochondrial respiration and loss
of the AW _, with the subsequent destabilization
of the OXPHOS complexes.

Both ME-143 and ME-344 significantly inhibit
the ability of complex | to oxidize NADH, imped-
ing electron flux through the OXPHOS complex-
es. In addition, ME-344 inhibits complex Il
enzymatic activity, resulting in a further reduc-
tion in electron flux. In intact cells, inhibition of
complex | caused a rapid reduction of mito-
chondrial oxygen consumption, with ME-344
exhibiting greater toxicity due to the additional
inhibition of complex Il (Figure 2).

Following ME-344 treatment of HEK293T, Hela
and 143B cells, the prolonged dissipation of
the AW_ for up to 4 h destabilized the mature
OXPHOS complexes, in particular complex I.
Degradation of the complex | subunit NDUFA9
and the complex IV subunit COXIV was also
observed. This corresponds to the previously
described loss of COXIV following NV-128 treat-
ment [15]. However, the degradation of the
OXPHOS complexes is not likely a primary sig-
nal for cell death induction as proposed previ-
ously, but is instead a result of prolonged AW
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Interestingly, OXPHOS com-
plex stability was not affected
in primary fibroblasts by
ME-143 or ME-344 (Figure
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¥ 1D), whereas reduced steady-
ROS state levels of complex | were
generation observed in 143B and Hela

cancer cells and transformed
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ME-344 treatment (Figure
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help to explain the tumor
specificity of ME-344, howev-
er, the mechanism which
determines OXPHOS complex
destabilization only in tumor-
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defined.
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Figure 5. ME-344 induces changes in mitochondrial function that lead to
cell death. ME-344 inhibition of complex | reduces mitochondrial respiration,
resulting in the dissipation of the AW . This leads to the destabilization of
the mature OXPHOS complexes, a reduced ATP/ADP ratio, and the induction
of mitochondrial permeability transition (MPT). The reduced ATP/ADP ratio
increases AMPKal levels, subsequently reducing mTOR signaling via phos-
phorylated S6 kinase to activate autophagic signaling. Inhibition of complex
| also causes the generation of ROS, which induces the phosphorylation of
mitochondrial ERK, leading to Bax translocation to the mitochondrial outer
membrane. In conjunction with the prolonged dissipation of the AW _, Bax
translocation induces MPT, releasing EndoG to the nucleus to initiate cell

death.

dissipation due to mitochondrial respiratory
inhibition.

Loss of OXPHOS complex stability was not
observed following ME-143 treatment. This
may be due in part to its lower capacity to inhib-
it mitochondrial respiration (we found that
ME-143 inhibits complex | only whereas ME-344
inhibits both complex | and lll). In fact, ME-143
treatment appears to increase the steady-state
levels of complex | in some cell types, possibly
as a compensatory mechanism in response to
respiratory inhibition.
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The identification of complex
| as a target of ME-143 and
ME-344 aids our understand-
ing of the previously
described effects of isofla-
vone derivatives on mito-
chondrial function and their
link to mitochondrial cell
death induction. Treatment of
epithelial ovarian cancer cells
with the ME-344 precursor,
NV-128, was shown to
decrease ATP levels, induce
mitochondrial ROS genera-
tion, dissipate the AW and
decrease steady-state levels
of the complex IV subunits
COXI and COXIV [14, 15]. Th-
ese metabolic changes were
associated with mTOR signal-
ing inhibition and Bax translo-
cation to the outer mitochon-
drial membrane. In addition,
markers of autophagic induc-
tion, including elevated LC3-ll levels and
beclin-1 translocation to the mitochondria,
were observed [14].

Based on our new findings, in combination with
previous reports of the parent compound
NV-128 [14, 15], we propose a model for the
mechanism by which ME-344 induces cell
death in cancer cells (Figure 5).

ME-344 directly inhibits complex |, causing an
immediate reduction of mitochondrial oxygen
consumption that results in the dissipation of

Am J Cancer Res 2015;5(2):689-701
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the AW _. The prolonged reduction of the AW |
over approximately 2 to 4 h, subsequently leads
to the destabilization of the mature OXPHOS
complexes (see Figure 1). As these complexes
are disassembled, their individual structural
subunits are degraded and lost (see Figure 1).

The reduction of mitochondrial respiration and
loss of the AW also result in a decrease of the
ATP/ADP ratio [15]. This signals an increase in
AMPKa levels and a reduction in mTOR signal-
ing via phosphorylated S6 kinase, resulting in
activation of the autophagic signaling pathway
(although this does not appear to be the prima-
ry mechanism of cell death induction [14]).

ME-344 inhibition of complex | (and to a lesser
extent complex lll) also causes the generation
of ROS [15]. This ROS induces the phosphoryla-
tion of mitochondrial ERK, leading to the trans-
location of Bax to the mitochondrial outer mem-
brane. In conjunction with the prolonged
dissipation of the AW , Bax translocation induc-
es mitochondrial permeability transition (MPT),
resulting in the release of pro-apoptotic mole-
cules, including EndoG [14]. Thus, the inhibition
of mitochondrial complex I-linked respiration by
ME-344 results in the activation of multiple sig-
naling pathways that lead to cell death induc-
tion associated with mitochondrial permeability
transition.

In conclusion, ME-143 and ME-344 inhibit
mitochondrial respiration by acting directly at
OXPHOS complex I. This finding provides new
insights into how synthetic isoflavone-based
compounds induce cell death and will direct
future work to maximize their anti-cancer
cytotoxicity.
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