










Pretreatment of ovarian cancer stem cells for 1 hour with
U0126 was able to abolish NV-128-induced upregulation
of mitochondrial pERK (Fig. 3A). However, U0126 was
not able to prevent NV-128-induced mTOR inhibition.
Levels of pS6K and pAkt remained low inNV-128 treated
cells even in the presence of U0126 (Fig. 3A). This sug-
gests that NV128-induced mTOR inhibition is indepen-
dent of MEK/ERK activation.
Interestingly, analysis of cellular morphology showed

that inhibition of the MEK/ERK pathway is able to delay
NV128-induced cell death (Fig. 3B). This suggests that
although NV-128-induced mTOR inhibition is indepen-
dent of the MEK/ERK pathway, the activation of ERK still
has a significant contribution to NV128-induced cell death.
Because another event observed inNV-128 treated cells

is the loss of MMP, we next determined the association
between MEK/ERK activation and loss of MMP.

NV128-induced extracellular signal-regulated
kinase activation controls mitochondrial membrane
potential through Bax
To determine the association between ERK activation

and loss of MMP, ovarian cancer stem cells were pre-
treated with U0126 before NV-128 treatment. Flow cyto-
metry analysis using the JC1 dye showed that inhibition
of ERK with U0126 is able to reverse the effect of NV-128
on MMP. As shown in Fig. 4A, pretreatment with U0126,
significantly reduced the percentage of cells that lost
MMP (59% vs. 23% for NV-128 alone and NV128 with

U0126, respectively). These results suggest that NV-128-
induced loss of MMP is dependent on the activation of
the MEK/ERK pathway.

MMP is controlled in part by the Bcl2 family of proteins
(18). To determine if NV-128-induced activation of the
MEK/ERK pathway affects the status of Bcl2 family mem-
bers, we analyzed mitochondrial fractions of cells treated
with NV-128 in the presence or absence of U0126. Our
results showed that NV-128 was able to upregulate the
proapoptotic Bcl2 family member, Bax (Fig. 4B). More
importantly, pretreatment of ovarian cancer stemcellswith
U0126 prevented NV-128-induced upregulation of mito-
chondrial Bax. Thus, ERK activation after NV-128 treat-
ment contributes to cellular loss of MMP through Bax.

NV-128-induced loss of ATP leads to mTOR
inhibition

Our data so far showed that NV-128-induced ROS
production activates the MEK/ERK/Bax axis leading
to loss of MMP. This was however, not associated with
NV-128-induced mTOR inhibition. As there is significant
loss of ATP in NV-128-treated ovarian cancer stem
cells, our next objective was to determine the association
between ATP loss and mTOR. We hypothesized that
loss of ATP may create a state of cellular starvation
that can potentially inhibit mTOR. To test this hypo-
thesis we compensated for reduced ATP levels in
NV-128-treated cells by adding 20%FBS. Figure 5A shows
that NV-128-induced ATP loss was partially inhibited

Figure 3. NV-128-induced
inhibition of mTOR is independent
of the MEK/ERK pathway. A,
ovarian cancer stem cells were
pretreated with U0126 (10 mmol/L)
for 1 hour before NV-128
treatment and the effect on ERK
and mTOR activity determined
using Western blotting analysis.
C, control. B, effect on cell
morphology analyzed using a real-
time video imaging system.
Results shown are for ovarian
cancer stem cell 1. Similar results
were observed with other cells
tested. n ¼ 3.
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upon the addition of FBS. More importantly, abrogation
of ATP loss is able to rescue the mTOR pathway. Treat-
ment of ovarian cancer stem cells with NV-128 in the
presence of FBS was able to prevent NV-128-induced
decrease in pS6k (Fig. 5B). This suggests that inhibition
of ATP production by NV-128 triggers mTOR inhibition.

The addition of FBS also abrogated NV-128-induced
increase in pERK. This further shows that the mitochon-
drial effects are upstream of ERK activation.

NV-128 activates AMPKa1
AMPKa1 is an energy sensor, which is responsive to

levels of cellularAMP (19) and is therefore activatedwhen
ATP production is low. Previous studies have linkedATP
loss and mTOR inhibition through AMPKa1 (20).
AMPKa1 can inhibit mTOR by phosphorylating TSC2
resulting in the activation of the TSC1/TSC2 complex
and subsequent inhibition of mTOR (21). Therefore
we hypothesized that inhibition of ATP production by
NV-128 may activate AMPKa1. Indeed, analysis of phos-
phorylation status of AMPKa1 showed that NV-128 is
able to activate the AMPK pathway in a time dependent
manner (Fig. 5C). Interestingly, activation of AMPKa1 is
not abrogatedwith theROS scavenger,MnTBAP (Fig. 2C).

Discussion

We show in this study that by disrupting oxidative
phosphorylation, NV-128 can induce cell death in the
ovarian cancer stem cells through two independent non-
canonical pathways. NV-128-induced degradation of
Cox-I and IV can lead to accumulation of ROS and
decrease ATP production. Elevated ROS activates the
MEK/ERK/Bax axis leading to loss of MMP, and the
resulting decrease in ATP levels creates a low energy
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Figure 4. NV-128-induced loss of MMP was secondary to ERK-induced
mitochondrial translocation of Bax. Ovarian cancer stem cells were
pretreated with U0126 (10 mmol/L) for 1 hour before NV-128 treatment. A,
effect on mitochondrial membrane potential determined using JC1 dye. B,
effect onmitochondrial Bax determined byWestern blotting analysis using
mitochondrial fractions. Results shown are for ovarian cancer stem cell 1.
Similar results were observed with other cells tested. C, control. n ¼ 3
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state that leads to inhibition of the mTOR pathway
through AMPKa1. The combination of these two signal-
ing events lead to ovarian cancer stem cell death and
correlates with the previous observation that NV-128 can
induce autophagic cell death and caspase-independent
DNA fragmentation (Fig. 6; ref. 14).
Cells have evolved broad mechanisms to sense growth

conditions in the forms of nutrients, growth factors, as
well as cellular energy levels. Specific signaling pathways
then relay the status of these conditions to key regulators,
which include mTOR and MEK/ERK pathways. The
mTOR pathway maintains homeostatic control over the
anabolic processes that drive cell growth and prolifera-
tion and the MEK/ERK pathway connects the diverse
extracellular signals to the nucleus (22–24). A property of
cancer cells is their ability to disconnect growth promot-
ing processes from the perception of growth signals.
Therefore it is not surprising that elevated mTOR activity
is a characteristic of many human cancers, rendering
mTOR active even in conditions of growth factor with-
drawal (25, 26). As aberrant mTOR activation is a com-
mon molecular event in cancer, there is much interest in
developing and testing mTOR inhibitors as antitumor
agents. To date, there are completed and ongoing clinical
trials testing the efficacy of rapamycin or its analogs
against all major forms of cancer (27). However, recent
studies have showed that these compounds only block a
subset of mTOR functions and upon direct inhibition of
mTOR, alternative pathways are activated (28, 29). There-
fore, it is necessary to elucidate alternative approaches
that can inhibit all the signals originated and related to
the mTOR pathway. In this study, we show that by

inducing energy stress, through the inhibition of mito-
chondrial energy production, we were able to trigger an
inhibitory cascade, mediated by AMPKa1, which can
potently suppress mTOR activity.

Under conditions of energy depletion, the highly con-
served energy sensing protein kinase AMPK (50 AMP-
activated protein kinase) is activated and phosphorylates
TSC2, which by still unclear mechanisms, enhances the
ability of the TSC1-TSC2 complex to turn off the mTOR
pathway (21). In this study, we show that the NV-128-
induced decrease in ATP is able to create a depleted
energy status, which activates the energy sensing AMPK
leading to inhibition of mTOR. This inhibitory effect is
sufficiently potent to induce autophagic cell death in the
ovarian cancer stem cells.

Another characteristic of cancer cells is their depen-
dence on the glycolytic pathway to fulfill their energy
needs (30). This observation leads to the hypothesis that
cancer cells have inefficient or suboptimal oxidative phos-
phorylation capacity or that their antioxidant system is
suppressed (31, 32). Both were later shown true with the
demonstration that under basal conditions, several
human carcinoma cell lines produce high levels of hydro-
gen peroxide (33). In addition, it has been shown that
tumor cells have lower levels of catalase and dismutase
activity to counteract ROS levels (34, 35). Taken together,
this suggests that the highly energy-dependent cancer
cells are under persistent oxidative stress. Interestingly,
the elevated level of ROS in cancer cells is insufficient to
induce cell death suggesting that cancer cells are able to
withstand oxidative stress. Instead, elevated ROS have
been shown to be favorable for tumor growth. Persistently
high ROS levels in cancer cells can contribute to oxidative
DNA damage and the induction of progrowth transcrip-
tion factors such asNFkB, the activationof oncogenes, and
suppression of tumor suppressor genes (36, 37).

In hematopoietic cancer stem cells, it was previously
reported that low basal ROS is a requirement for main-
taining self-renewal potential (38). Minute changes in ROS
levels induce either senescence or apoptosis in these cells.
The redox state in ovarian cancer stem cells remains to
be elucidated. However, the demonstration that a com-
pound likeNV-128,whichcandisruptoxidativephosphor-
ylation and increase mitochondrial ROS, can induce cell
death in ovarian cancer stem cells suggests that the ovarian
cancer stem cells probably share this characteristic.

Given the highly oxidative status of cancer cells com-
pared with normal cells, one can argue that cancer cells
are primed for cell death induced by agents that can target
the electron transport chain. Minute perturbation in
oxidative phosphorylation can possibly induce cell death
in the primed cancer cells without harming the surround-
ing normal stroma. Indeed, we show in this study that
NV-128, by disrupting the electron transport chain can
cause increase inmitochondrial ROS leading to the activa-
tion of mitochondrial ERK.

ERK1/2 are conserved serine/threonine protein
kinases, which are classically known as mediators of
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Figure 6. Proposed model for NV-128-induced caspase-independent
cell death in ovarian cancer stem cells. By targeting the mitochondria,
NV-128 activates two independent cell death pathways. Degradation of
Cox-IV leads to ATP loss and increase of mitochondrial ROS. ATP loss
leads to inhibition of mTOR pathway and autophagic cell death. ROS
activates the ERK/Bax axis leading to loss of mitochondrial membrane
potential and EndoG-dependent DNA fragmentation.
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growth and survival (39). Ligation of receptor tyrosine
kinases with growth factors results in the activation
of MEK/ERK pathway and nuclear translocation of
ERK1/2, where it activates multiple transcription factors
leading to cell proliferation, differentiation, and survival
(40). On the other hand, although not as well character-
ized as nuclear ERK, mitochondrial ERK has been
described to be involved in the regulation of mitochon-
drial function, as well as cell death decisions. Activation
of ERK by the redox cycling dopamine analog, 6-hydro-
xydopamine (6-OHDA) results in mitochondrial localiza-
tion of pERK, mitophagy, and neuronal cell death (17).
Moreover, activation of ERK in response to cisplatin is
required for cisplatin-induced apoptosis in renal cells
(41). In this study, we show that in ovarian cancer stem
cells treated with NV-128, the ROS-dependent activation
of ERK is able to disrupt mitochondrial function through
Bax-mediated loss of MMP. The ERK-related mitochon-
drial changes observed however, did not involve mito-
phagy as seen in the neuronal model.

In summary, we show that disruption of mitochon-
drial function by NV-128, activates two independent
cell death pathways in the ovarian cancer stem cells.
Our previous data, using an ovarian cancer xenograft
model, showed that NV-128 is able to inhibit tumor

growth without inducing toxicity in mice (14). This
suggests that a sufficient therapeutic window exist that
will allow NV-128 to be safely administered to patients.
Therefore, the studies described here provide sufficient
proof of concept study to initiate clinical trial in ovarian
cancer patients.
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