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Summary Neuroblastoma, a paediatric malignancy of the
sympathetic nervous system, accounts for 15 % of childhood
cancer deaths. Despite advances in understanding the biology,
it remains one of the most difficult paediatric cancers to treat
partly due to the development of multidrug resistance. There is
thus a compelling demand for new treatment strategies that
can bypass resistance mechanisms. The pyrrolo-1,5-
benzoxazepine (PBOX) compounds are a series of novel
microtubule-targeting agents that potently induce apoptosis
in various tumour models. We have previously reported that
PBOX compounds induce apoptosis in drug sensitive and
multidrug resistant neuroblastoma cells and synergistically
enhance apoptosis induced by chemotherapeutics such as
carboplatin. In this study we present further data concerning
the molecular basis of PBOX-induced apoptosis in neuroblas-
toma. We demonstrate that PBOX-6 induced AMP-activated
protein kinase (AMPK) activation and downstream acetyl-
CoA carboxylase phosphorylation. Increased reactive oxygen
species (ROS) appeared to serve as the upstream signal for
AMPK activation as pretreatment of cells with the antioxidant

N-acetylcysteine inhibited both AMPK activation and PBOX-
induced apoptosis. Furthermore, activation of AMPK by
PBOX-6 was found to inhibit mTOR complex 1 (mTORC1)
signalling. Finally, we demonstrate the efficacy of PBOX-6 in
an in vivo xenograft model of neuroblastoma. This study pro-
vides new insights into understanding the molecular and cel-
lular mechanisms involved in PBOX-induced cell death in
neuroblastoma and further supports their future use as novel
anti-cancer agents for the treatment of neuroblastoma.
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Introduction

Neuroblastoma, a malignancy of neuroectodermal origin, ac-
counts for 15 % of childhood cancer deaths [1]. Despite both
advances in understanding the biology of the cancer, and ag-
gressive treatment strategies, it is one of the most difficult
paediatric cancers to treat successfully. At diagnosis, more
than 60 % of patients present with adverse features, while less
than 40 % of these achieve disease free long term survival [2].
A major obstacle in the effective treatment of neuroblastoma
is the development of multidrug resistance (MDR) to a broad
range of cytotoxic drugs, including vinca alkaloids, alkylating
agents, platinum compounds and anthracyclines [3], indicat-
ing that there is a compelling demand for new treatment strat-
egies for this cancer.

The pyrrolo-1,5-benzoxazepine (PBOX) compounds are a
series of novel microtubule-targeting agents which possess the
ability to potently induce cell cycle arrest and apoptosis in a
number of cancer cell lines, derived from both solid tumours
and haematological malignancies [4–10].We previously dem-
onstrated that one member of this family of compounds,
PBOX-15, induces apoptosis both in ex vivo B-cell lympho-
cytic leukaemia cells harbouring poor prognostic indicators
and fludarabine resistance-associated p53 deletions [11], and
in primary CML patient samples including those resistant to
Imatinib, the current frontline treatment for CML [12].
Additionally, these novel microtubule targeting agents have
been shown to induce apoptosis in a numerous in vivo murine
cancer models including chronic myeloid leukaemia (CML)
[12] and breast cancer [5]. Unlike many chemotherapeutic
agents currently used to treat cancers including neuroblasto-
ma, the PBOX compounds are not substrates for many MDR
drug efflux pumps [7,8] indicating that they may possess ad-
vantages over standard chemotherapy which is currently in
clinical use.

We have recently reported that two representative PBOX
compounds, PBOX-6 and −15, reduce the viability of a panel
of drug sensitive and MDR neuroblastoma cell lines with sim-
ilar potency [13]. Importantly, we showed that the PBOX
compounds synergise with standard chemotherapy, such as
carboplatin, in both drug sensitive and MDR cells. PBOX-
induced apoptosis in neuroblastoma cells was mediated by a
decrease and inactivation of anti-apoptotic Bcl-2 family mem-
bers Mcl-1 and Bcl-2, an increase in pro-apoptotic Bak and
activation of caspases-3, −8 and −9. Furthermore gene silenc-
ing of Mcl-1 was shown to sensitise both drug sensitive and
multidrug resistant cells to carboplatin induced apoptosis,
demonstrating the importance of Mcl-1 downregulation in
the apoptotic pathway mediated by the PBOXs in neuroblas-
toma. In this article, we extend our study of the PBOX com-
pounds in neuroblastoma cells and sought to identify the mo-
lecular events associated with PBOX-induced Mcl-1
downregulation.

It has recently been reported in several human cancer cell
lines, that a decrease in Mcl-1 expression may be mediated by
activation of 5’ adenosine monophosphate-activated protein
kinase (AMPK) [14]. AMPK is a sensor of cellular homeosta-
sis which is activated in response to a falling level of cellular
ATP, to maintain energy balance within the cell. AMPK is
phosphorylated when the ratio of AMP:ATP decreases, lead-
ing to inhibition of ATP consuming pathways and activation
of ATP producing pathways. Interestingly, recent reports have
demonstrated that AMPK is involved in induction of apopto-
sis by a variety of chemotherapeutics [15–17]. Furthermore, a
recent study demonstrated that activation of AMPK is in-
volved in apoptosis induced by the microtubule targeting
agents, vincristine and taxol, in B16 melanoma cells [15].

Studies have suggested anti-cancer agents which activate
AMPK may mediate their apoptotic effects through the pro-
duction of oxidative stress, such as the generation of ROS [18,
19], leading us to postulate that the PBOXs may induce pro-
duction of ROS in neuroblastoma cells, which in turn results
in activation of AMPK. Therefore in this study, we investigat-
ed the role of ROS production and AMPK activation in
PBOX-6 mediated apoptosis. Production of reactive oxygen
species (ROS) may be inhibited by the antioxidant N-
acetylcysteine (NAC). NAC, a precursor of glutathione, is a
scavenger of free radicals and has been extensively used as a
means to investigate the role of ROS production in various
cellular pathways such as apoptosis, in addition to its role in
various pathologies including cancer, inflammation, arthritis
and cardiovascular disease [20]. There have been reports that
pretreatment with NAC can impair or inhibit the apoptosis
inducing ability of anti-cancer agents. Consequently in this
study, we utilised NAC to determine any cytoprotective ef-
fects upon PBOX-6 treatment.

AMPK phosphorylation triggers a phosphorylation cas-
cade that regulates the activity of various downstream targets
such as the mammalian target of rapamycin (mTOR) signal-
ling pathway. Indeed AMPK activation has previously been
shown to lead to inhibition of the mTOR signalling pathway,
resulting in a block in Mcl-1 translation [14]. mTOR is a
highly conserved serine/threonine kinase which regulates a
broad range of cellular events including transcription, transla-
tion, proliferation and division, therefore control of this path-
way is of the upmost importance for maintaining normal cell
division. Many studies point to mTOR playing a critical role
in the progression of many cancers, including prostate [21],
breast [22], haematological malignancies [23] and hepatocel-
lular carcinoma [24]. Oncogenic activation of this pathway
induces several processes necessary for tumour growth and
proliferation. Indeed, it is interesting to note that proteins in
this signalling pathway have been shown to be constitutively
activated in neuroblastoma cell lines and patient samples [25].
Inhibition of mTOR by rapamycin and other rapalogues have
been shown to effectively induce cell death in neuroblastoma
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cells, indicating that inhibitors of this pathwaymay represent a
promising new approach for the treatment of neuroblastoma.
In this present study, the effects of PBOX-6 on the mTOR
signalling pathway, namely mTOR and its downstream targets
p70 S6 kinase, S6 ribosomal protein and eEF2K was
undertaken.

In this study, we demonstrate for the first time, PBOX-6
induced AMPK activation and downstream ACC phosphory-
lation in neuroblastoma cells. ROS production appears to be
involved in AMPK activation by PBOX-6. Furthermore, evi-
dence is provided to support the suggestion that activation of
AMPK plays a role in mediating apoptosis in PBOX-6 treated
neuroblastoma cells, through inhibition of the mTOR
pathway.

Materials and methods

Cell culture

SHSY5Y were purchased from the European Collection of
Cell Cultures (ECACC). SHSY5Y cells were cultured in
DMEM/F12 + GlutaMAX medium supplemented with 10 %
(v/v) foetal bovine serum (FBS) and 1 % (v/v) penicillin/strep-
tomycin. Cells were incubated in a humidified environment at
95 % O2 and 5 % CO2 and passaged twice a week depending
on levels of confluency. Medium was decanted and the flask
was washed in 2–3 mls sterile phosphate buffered saline
(PBS). PBS was discarded and cells were trypsinised in 1 ml
of trypLE Express at 37 °C for 3 min. Cells were rinsed in 9
mls of medium, transferred to a 30 ml universal tube and
centrifuged at 300×g for 5 min in a Sorvall Legend T centri-
fuge. The supernatant was discarded, the pellet was
resusupended in 10 mls medium and the cells were counted
using a haemocytometer.

Reagents

The pyrrolo-1,5-benzoxazepine compound, 7-[(N,N-
dimethylcarbamoyl)oxy]-6-(naphth-1-yl)pyrrolo[2,1-d][1,
5]benzoxazepine (PBOX-6) and was synthesised as described
previously [26] and dissolved in ethanol. Anti-AMPK,
phospho-AMPK, ACC, phospho-ACC, mTOR, phospho-
mTOR, p70 S6 kinase, S6 ribosomal protein, phospho-
eEF2k antibodies were purchased from Cell Signalling
Technologies. GAPDH antibody was obtained from
Millipore. All media and FBS were obtained from
Invitrogen. The enhanced chemiluminescence reagents were
supplied by Amersham Biosciences. The BCA reagents were
from Pierce, the polyvinylidene difluoride membranes from
Millipore, while the protease inhibitors were obtained from
Roche. Unless otherwise stated, all chemicals were obtained

from Sigma-Aldrich. Cell culture materials were sourced from
Greiner Bio-One GmbH.

Flow cytometry

Cell cycle analysis

Following the required treatment, floating and adherent cells
were harvested and fixed in 70% ethanol/PBS. Fixed samples
were stored at −20 °C until required. Ethanol was removed by
centrifugation and pellets were incubated in 400 μl FACS
flow sheath fluid supplemented with 10 μg/ml RNase A
(Sigma Aldrich, St Louis, MO, USA) and 100 μg/ml
propidium iodide (Sigma Aldrich, St Louis, MO, USA).
Cells were incubated in the dark at 37 °C for 30 min.
Analysis was performed on a FACScalibur Fluorescence
Associated Cell Sorter (FACS) (Becton–Dickinson, San
Jose, CA, USA) using Cell Quest and Quanti-Quest software.
Samples were first gated using a vehicle control to eliminate
debris and cell aggregates from analysis. 10,000 cells from
each sample were counted and results were visualised on
histograms.

Measurement of ROS production

ROS production was determined using the ROS-Glo H202
assay, a luminescent assay that measures the level of the reac-
tive oxygen species, hydrogen peroxide (H202). A H202 sub-
strate is employed that reacts directly with H202 to generate a
luciferin precursor. Upon addition of the detection reagent
which contains Ultra-Glo recombinant luciferase and D-
Cysteine, the precursor is converted to luciferin by the D-
Cysteine, and the luciferin reacts with Ultra-Glo recombinant
luciferase to generate a luminescent signal which is propor-
tional to the concentration of H202. Cells were seeded at a
density of 6.0 × 104 cells/ml in 80 μl of medium in a 96-well
plate and allowed to adhere overnight. The substrate dilution
buffer was thawed and placed on ice. H202 was added to the
substrate dilution buffer as described in Table 2.1 and 20 μl of
H202 substrate solution was added to the cells in addition to
the required test compound. The 96 well plate was placed in
the incubator for the desired time. After such time, 100 μl of
the ROS-Glo detection reagent was added to each well. The
plate was left to incubate for 20 min at room temp after which
time luminescence was read on the spectraMAXGemini plate
reader.

Western blot

Cells were harvested in AMPK lysis buffer (50 mM Tris/HCl,
pH 7.4 at 4 °C, 50 mM NaF, 5 mM sodium pyrophosphate,
1 mM EDTA, 1 mM EGTA, 250 mM mannitol, 1 % (v/v),
Triton X-100, 1 mM DTT and the protease inhibitors) or
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mTOR lysis buffer (10 mMTris pH7.5, 50 mMNaCl, 30 mM
sodium pyrophosphate, 50 mM sodium fluoride, 5 μM zinc
chloride, 10 % glycerol, 0.5 % triton-X-100, 1 μM DTT and
protease inhibitors). DTT (to a final concentration of 50 mM)
and bromophenol blue were added to each sample followed
by boiling for 3 min at 1000C. Equal quantities of protein (as
determined by a BCA assay) were separated on polyacryl-
amide gels followed by transfer to PVDF membranes.
Membranes were blocked in 5 % marvel in PBS-tween
for 1 h. Membranes were incubated in the relevant primary
antibodies overnight, washed and incubated in horseradish
peroxidase conjugated secondary antibody for 1 h and
washed again. Enhanced chemiluminescence was used
for detection of protein expression. Western blot analysis
was performed using antibodies directed against AMPK,
phospho-AMK, ACC, phospho-ACC, mTOR, phospho-
mTOR, p70 S6 Kinase, S6 ribosomal protein, phospho-
eEF2K. Western blots were normalised to the relevant con-
trols (e.g. phospho-mTOR was normalised to mTOR) and
densitometric analysis of bands was carried out using
imageJ software.

In vivo tumour model of neuroblastoma

Mice

Specific pathogen-free 4- to 6-week-old adult female BALB/
c-nu/nu mice were purchased from Harlan Laboratories
(Cambridgeshire, UK). Mice were housed in sterile individ-
ually ventilated cages; food and water were provided ad
libitum, in accordance with the standard operating proce-
dures set down in the EC Directive 86/609. Mice were
acclimatised for 1 week before the initiation of any in vivo
experiments. Animals were killed by CO2 followed by cer-
vical dislocation if the tumour exceeded 15 mm in diameter
or the volume exceeded 10 % of mouse bodyweight or if
found to be in distress (hunching, failure to groom etc.).
Ethical approval was obtained by the BioResources
Committee, Trinity College, Dublin and the Irish
Medicines Board.

In vivo tumour study

The in vivo antitumour efficacy of PBOX-6, carboplatin and a
combination of the two was examined using an SHSY5Y
xenograft in a BALB/c mouse model. Female BALB/c-nu/
nu mice were inoculated subcutaneously (s.c.) into the right
flank with 2 × 106 SHSY5Y cells in the log phase of growth.
After 35 days, when tumours of approximately 3 mm in di-
ameter were observed, mice were randomly divided into two
groups (5 mice per group). A stock solution of PBOX-6 was
prepared at a concentration of 15 mg ml−1 in 1: 1 ethanol/
cremophor EL. When required, this was then diluted 1 in 5

in sterile PBS to give a final concentration of 7.5 mg kg−1 or
0.15 mg per mouse. The PBOX-6 treatment group (n = 5)
received an intratumoural (i.t.) injection [27, 28] of PBOX-6
once every 2 days for the duration of the experiment starting
on day 35. Control mice (n = 5) received an i.t injection of
50 μl of the vehicle also starting on day 35. Tumour growth
was measured every second day with a sterile vernier calliper.
The long (L) and short (S) axes were recorded, and tumour
volume (V) was calculated using the following equation as
described previously [29].

V ¼ S2XL

2

Mice were weighed every 2 days. Mice were killed by CO2

asphyxiation followed by cervical dislocation at the experi-
mental end point or if found to be under any duress.

Statistics

The statistical analysis of experimental data was performed
using the computer program Prism GraphPad 4. Results
were presented as mean ± S.E.M. For comparison of two
groups, values were determined using a Student’s paired t
test. For comparison of more than two groups, one way
Anova followed by Tukey’s multiple comparison test was
employed. A value of P < 0.05 was deemed to be
significant.

Results

PBOX-6 activates AMPK in SHSY5Y cells

Numerous studies have demonstrated that AMPK plays a vital
role in apoptosis induction in multiple cancers [30, 31].
Furthermore, previous studies have indicated that MTAs such
as vincristine, which induce apoptosis mediated by the pro-
duction of ROS, also activate AMPK [15]. We hypothesised
that PBOX-6may induce the production of ROS in neuroblas-
toma cells which in turn activates AMPK. To test this hypoth-
esis, SHSY5Y cells were treated with PBOX-6 and the acti-
vation of AMPK and phosphorylation of the downstream pro-
tein acetyl-CoA carboxylase (ACC) was monitored. To assess
activation of AMPK, a phospho-specific antibody was
utilised. When activated, AMPK is phosphorylated on
Thr172 by an upstream MAPK kinase, LKB1. Activation of
AMPK up to 6 h post treatment with PBOX-6 was monitored
and was shown to increase in a time dependent manner
(Fig. 1a). A total AMPK antibody to confirm equal protein
loading was utilised. Upon observing activation of AMPK,
the effect of PBOX-6 on the downstream target of AMPK,
ACC was examined. ACC catalyses the carboxylation of
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acetyl CoA to malonyl CoA. Malonyl CoA is a key substrate
for the synthesis of fatty acids, an anabolic process which
consumes ATP. When AMPK is activated by phosphorylation
it can phosphorylate ACC causing it to be inactivated, thus
switching off an ATP consuming pathway [32]. Following
treatment of cells with PBOX-6, a time dependent phosphor-
ylation of ACC in SHSY5Y cells (Fig. 1a) was observed. This
correlated with the phosphorylation and activation of AMPK.
No change in expression of total ACC was observed demon-
strating equal protein loading. Densitometric analysis of the
bands followed by statistical analysis demonstrated a signifi-
cant increase in phosphorylated AMPK and phosphorylated
ACC within 2 h of PBOX-6 treatment (Fig. 1b and c).

PBOX-6 induces production of reactive oxygen species

Having observed activation of AMPK and inactivation of
ACC in response to PBOX-6, examination of both the up-
stream and downstream events associated with AMPK activa-
tion in SHSY5Y cells was undertaken. Previous reports indi-
cated that activation of the upstream kinase, LKB1, mediated

the activation of AMPK in response to vincristine while
knockdown of LKB1 by siRNA largely inhibited vincristine
induced activation of AMPK [15]. Furthermore, LKB1 acti-
vation was shown to be dependent on the production of ROS.
Therefore an investigation into the production of ROS by
PBOX-6 using the ROS-Glo assay (Promega) was undertak-
en. Menadione was employed as a positive control for the
production of ROS. A 15 min treatment with 50 μMmenadi-
one was found to induce ROS production when compared to
control cells (Fig. 2a). Treatment with 2.5 μMPBOX-6 for up
to 6 h was shown to induce ROS production in SHSY5Y cells
(Fig. 2a).

Having observed an increase in ROS production in re-
sponse to PBOX-6, work was next undertaken to assess the
effect of pretreatment with NAC on PBOX-6 induced ROS
production. ROS production was largely diminished by NAC
pretreatment. Levels of ROS production were comparable to
the vehicle control (Fig. 2b). These results indicate ROS pro-
duction may be an early event (up to 6 h post treatment) which
precedes PBOX-6 induced G2/M arrest and apoptosis in neu-
roblastoma cells.
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Fig. 1 PBOX-6 activates AMPK and inactivates ACC in SHSY5Y cells
in a time dependent manner. SHSY5Y cells were seeded at a density of
3.0 × 105 cells in T25cm2 flasks and left to adhere overnight. The
following day, cells were treated with 2.5 μM PBOX-6 for up to 6 h.
After the required incubation time, cells were harvested and lysates were
prepared for western blot analysis. 30 μg of protein was separated on a
6 % or 10 % resolving gel with 5 % stacking gel, transferred to a PVDF

membrane and probed with an anti-phospho-AMPK or anti-phospho-
ACC antibody a Membranes were also probed for AMPK or ACC as a
loading control. Results are representative of three separate experiments.
bWestern blots were normalised to total AMPK or ACC as a control and
densitometric analysis of bands was carried out with the imageJ software.
Statistical analysis was performed using one way ANOVAwith Tukey’s
multiple comparison test. *** p < 0.001, *p < 0.05
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Pretreatment with the antioxidant, N-acetylcysteine,
inhibits the PBOX-6 mediated activation of AMPK
and ACC

Having identified ROS as a possible upstream activator of
AMPK in response to PBOX-6 and having observed the in-
hibitory effects of NAC on ROS production, it was next de-
cided to establish the effect of this antioxidant on

phosphorylation of AMPK and the downstream target ACC
in SHSY5Y cells. Cells were pretreated with 5 mM NAC for
1 h followed by 2.5 μM PBOX-6 for up to 6 h. Pretreatment
with NAC prevented PBOX-6 induced phosphorylation of
AMPK, while expression of total AMPK was unaffected
(Fig. 3). Similar results were observed with ACC. These find-
ings would support the role of ROS as an activator of AMPK
in response to PBOX-6. It was next of interest to investigate
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Fig. 2 PBOX-6 induces production of reactive oxygen species. ROS
was detected using the ROS-Glo H202 assay. SHSY5Y cells were
seeded in the log phase of growth at 2.5 × 104 cells/well and left to
adhere overnight. The following day, the H202 substrate solution was
added each will prior to treatment with 2.5 μM PBOX-6 for up to 6 h.
Cells were also pretreated with NAC for 1 h and treated with 2.5 μM

PBOX-6 for 1 h. After the required incubation time, the ROS-Glo
detection reagent was added to the cells and the plate was incubated
for 20 min at room temperature. Luminecense was read on the
spectraMAX Gemini plate reader. Values represent the mean ±
S.E.M of three independent experiments. Statistical analysis was
performed using a paired student’s t-test
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Fig. 3 Pretreatment with NAC inhibits PBOX-6 mediated
phosphorylation of AMPK and ACC in SHSY5Y cells. SHSY5Y cells
were seeded at a density of 3.0 × 105 cells in T25cm2 flasks and left to
adhere overnight. The following day, cells were treated with either
2.5 μM PBOX-6 or pretreated with 5 mM NAC followed by 2.5 μM
PBOX-6 for the indicated times. After the required incubation time, cells

were harvested and lysates were prepared for western blot analysis. 30 μg
of protein was separated on a 6% or 10% resolving gel with 5% stacking
gel, transferred to a PVDF membrane and probed with an anti-phospho-
AMPK or anti-phospho-ACC antibody. Membranes were also probed for
AMPK or ACC as a loading control. Results are representative of three
separate experiments
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the effects of this antioxidant on the anti-proliferative and pro-
apoptotic effects of PBOX-6.

The antioxidant N-acetylcysteine protects
against the pro-apoptotic effects of PBOX-6

As we have previously reported, a PBOX-mediated decrease
in neuroblastoma cell viability was attributable to G2/M arrest
and induction of apoptosis in SHSY5Y cells [13], we next
sought to establish the possible protective effects of NAC
pretreatment on PBOX-induced apoptosis in these cells.
Pretreatment with NAC was found to significantly protect
against induction of apoptosis by both PBOX-6 up to 48 h
post treatment. For example, after 24 h 2.5 μM PBOX-6 in-
duced 21.16 % ± 3.3 which decreased to 7.13 % ± 3.3 after
treatment with NAC (Fig. 4a). After 48 h the percentage of
apoptosis induced by PBOX-6 alone increased to up to a max-
imum of 48.12 % ± 3.32 which decreased to between 24.6 %
± 4.4 and 6.06% ± 1.7 upon pretreatment with NAC (Fig. 4b).
These results indicated that NAC was protecting against
PBOX-induced apoptosis possibly by inhibiting induction of
ROS. As apoptosis was only partially inhibited this could be
one of a number of pathways through which PBOX-6 medi-
ates its anti-cancer effects.

PBOX-6 inhibits the mTOR signalling pathway
in SHSY5Y cells

Many studies have identifiedmTOR as a downstream target of
AMPK. Reports have indicated that activated AMPK phos-
phorylates TSC2 and RAPTOR to inhibit mTOR signalling
[33]. As PBOX-6 was shown to increase phosphorylation of
AMPK indicating activation, we hypothesised that this MTA
may inhibit the mTOR signalling pathway. Therefore,

assessment of the effects of PBOX-6 on mTOR and its down-
stream targets p70 S6 kinase, S6 ribosomal protein and eEF2K
in SHSYSY cells was carried out. Activation/inactivation of
these proteins bywestern blotting up to 6 h post treatment with
PBOX-6 was monitored. PBOX-6 was found to decrease
phosphorylation of mTOR 60 min after treatment with
PBOX-6 (Fig. 5). This decrease was maintained up to 6 h after
drug exposure indicating inhibition of this pathway and po-
tential inhibition of protein translation and synthesis (Fig. 5).
Analysis of phosphorylation of p70 S6 kinase was next un-
dertaken; a phospho-specific antibody which recognises phos-
phorylation at Thr389, a site which has previously been shown
to be essential for activation, was utilised. A time dependent
decrease in phosphorylation of this site in response to PBOX-
6 was observed. Comparable to phosphorylated mTOR this
decrease in phosphorylation was first observed approximately
60 min post treatment. This inhibition was seen to be transient
with expression of phosphorylated p70 S6 kinase increasing
between 1 and 2 h, while it should be noted, phosphorylation
did not return to the level of the vehicle (Fig. 5). Previous
studies have reported transient effects on p70 S6 kinase acti-
vation and inactivation [34, 35].

To further examine the effects of the PBOXs on the mTOR
signalling pathway, activation of the downstream target S6
ribosomal protein was investigated. When activated this pro-
tein is phosphorylated on multiple residues within the small
carboxyl-terminal region, therefore the use of several phos-
phor specific antibodies which recognise multiple sites includ-
ing Ser235, Ser236, Ser240 and Ser244 were employed. The ef-
fect of PBOX-6 on phosphorylation of S6 ribosomal protein
was comparable to those observed on p70 S6 kinase (Fig. 5).
A time dependent decrease in phosphorylation of these sites in
response to PBOX-6 was observed. A decrease in expression
was first noted approximately 60 min post treatment.. This
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Fig. 4 Pretreatment with the antioxidant NAC significantly inhibits
induction of apoptosis by PBOX-6 in SHSY5Y cells. SHSY5Y cells were
treated with either varying concentrations of PBOX-6 (2.5, 5, 10 μM) or
pretreated with NAC for 1 h followed by PBOX-6 (2.5, 5, 10 μM) for the
indicated times. After the required incubation time, cells were harvested,
fixed in 2 mls ethanol and stained with propidium iodide. Cells were

analyzed by flow cytometry for the percentage of cells undergoing apo-
ptosis and determined by quantification of the sub G1/G0 peak. Values
represent the mean ± S.E.M of three independent experiments. Statistical
analysis was performed using one way ANOVA with Tukey’s multiple
comparison test. **p < 0.01, *p < 0.05

Invest New Drugs (2016) 34:663–676 669



inhibition was seen to be transient with expression of phos-
phorylated S6 ribosomal protein increasing between 1 and 2 h,
while it should be noted, phosphorylation did not return to the
level of the vehicle (Fig. 5).

In addition to p70 S6 Kinase, the mTOR signalling path-
way also regulates the translation elongation process through
the phosphorylation of eukaryotic elongation factor 2 (eEF2).
As inhibition of upstream members of the mTOR signalling
pathway had been observed, work was next undertaken to
investigate the possible inhibitory effects of PBOX-6 on trans-
lation elongation process. Using a phosphor specific eEF2K
antibody a decrease in phosphorylation was observed, begin-
ning 60 min post treatment with significant inhibition evident
from 2 h post treatment. An almost complete inhibition in
expression was observed after 6 h (Fig 5). Taken together
these results indicate that PBOX-6 inhibits multiple members
of the mTOR signalling pathway in SHSY5Y which may
potentially inhibit protein translation in this cell line.

Pretreatment with the antioxidant N-acetylcysteine
inhibits the PBOX-6 mediated decrease in Mcl-1
expression

Primary neuroblastoma tumours have been shown to hetero-
geneously express Mcl-1, with high expression correlating to
high-risk phenotype [36] while downregulation of Mcl-1 ex-
pression has been shown to sensitise neuroblastoma cells to
chemotherapy [36]. Previously PBOX-6 was shown to induce
a time and dose dependent decrease in Mcl-1 expression in
SHSY5Y cells while siRNA mediated knockdown of Mcl-1
sensitised neuroblastoma cells to carboplatin pointing to the
importance of Mcl-1 in mediating apoptosis [13]. Having ob-
served AMPK activation and consequent inhibition of the
mTOR signalling pathway, a regulator of protein synthesis
controlling multiple components involved in the initiation
and elongation stages of translation, we hypothesised that
PBOX-6 induced decrease in Mcl-1 expression may be
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Fig. 5 PBOX-6 inhibits the mTOR signalling pathway in SHSY5Y cells
in a time dependent manner. SHSY5Y cells were seeded at a density of
3.0 × 105 cells in T25cm2 flasks and left to adhere overnight. The
following day, cells were treated with 2.5 μM PBOX-6 for the indicated
time. After the required incubation time cells were harvested and lysates
were prepared for western blot analysis. 30 μg of protein was separated
on a 12 % resolving gel with 5 % stacking gel, transferred to a PVDF
membrane and probed with an b anti-mTOR, c anti-phospho-mTOR, d

anti-p70 S6 Kinase, e, f anti-phospho-S6 ribosomal protein or g anti-
phospho-eEF2K antibody. Membranes were also probed for GAPDH as
a loading control. Results are representative of three separate experi-
ments. Western blots were normalised to total GAPDH as a control and
densitometric analysis of bands was carried out with the imageJ software
programme. Statistical analysis was performed using one way ANOVA
with Tukey’s multiple comparison test. *** p < 0.001, **p < 0.01,
*p < 0.05
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mediated by activation of AMPK leading tomTOR inhibition,
a decrease in phosphorylation of p70 S6 kinase, S6 ribosomal
kinase and eEF2K. Altogether this may lead to an inhibition of
translation of Mcl-1 and a decrease in expression. As NAC
was found to inhibit both AMPK activation and the pro-
apoptotic effects of PBOX-6, the effect of this antioxidant
on Mcl-1 expression was determined. SHSY5Y cells were
pretreated with NAC for 1 h followed by treatment with vary-
ing concentrations of PBOX-6. Pretreatment of cells with
NAC prevented PBOX-6 mediated decrease in Mcl-1 expres-
sion (Fig. 6). These findings may suggest that PBOX-6 in-
duced inhibition of Mcl-1 expression is mediated through
the AMPK/mTOR signalling pathway in neuroblastoma cells.

PBOX-6 significantly reduces tumour volume in an in vivo
model of neuroblastoma

Four-six week-old female BALB/c-nude mice received a sub-
cutaneous injection of 2 × 106 SHSY5Y cells in the log phase
of growth into the right flank. Tumours started to appear by
day 30 and were measurable by day 35. Mice were randomly
divided into two groups (n = 5). The PBOX-6 treatment group
(n = 5) received an intratumoural (i.t.) injection of 7.5 mg kg
−1 PBOX-6 once every 2 days for the duration of the exper-
iment starting on day 35. Control mice (n = 5) received an i.t.
injection of 50μl of the equivalent vehicle (10% (v/v) ethanol:
cremophor EL in PBS). Welfare was monitored every 2 days
to ensure that no mouse suffered any form of distress such as
failing to groom or hunching.

Tumour growthwasmeasured every second day, the long (L)
and short (S) axes were recorded, and tumour volume (V) cal-
culated using the following equation: V = (S2 × L)/2 [27].
Injectionswere initiated on day 35when therewas no significant
difference in tumour volume between the control and the
PBOX-treated groups. By day 7, PBOX-6 had significantly re-
duced tumour growthwhen compared to control group (Fig. 7a).
Tumour burden was continuously and significantly inhibited up
until the experimental end point of the study (Fig. 7a). Statistical
analysis was performed using an unpaired Student’s t-test. At the
experimental end point, day 13, mice were killed by CO2 as-
phyxiation followed by cervical dislocation.Mice were weighed
every 2 days. Results indicate that neither the vehicle nor
PBOX-6 adversely affected body weight. In fact, both groups
put on a small amount ofweight during the experiment, (Fig. 7b)
which would be expected with healthy mice of this age.

Discussion

AMPK, a master regulator of homeostasis, is activated in re-
sponse to stresses such as a decrease in glucose levels, ischae-
mia or hypoxia [37]. AMPK functions to monitor the ratios of
AMP/ATP and ADP/ATP. As ATP is consumed by the cells,

levels of AMP and ADP increase. A decrease in ATP leads to
AMPK activation; AMP directly binds to the γ subunit of
AMPK to prevent dephosphorylation of the critical thr389 res-
idue in the activation loop of the α subunit [38]. Activation
results in the inhibition of anabolic pathways which consume
ATP, such as protein synthesis, and the switching on of cata-
bolic pathways which produce ATP, such as autophagy,
resulting in restoration of cellular energy homeostasis [32].
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PVDF membrane and probed with an anti-Mcl-1 antibody. Membranes
were also probed for GAPDH as a loading control. Results are represen-
tative of three separate experiments. b Western blots were normalised to
GAPDH and densitometric analysis of bands was carried out with the
imageJ software. Statistical analysis was performed using one way
ANOVAwith Tukey’s multiple comparison test. ***p < 0.001
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In order for a tumour to grow, a cell must redirect its bioener-
getic resources towards the replication of components such as
DNA, proteins and membranes etc., leading to an anabolic
shift in cellular metabolism. As AMPK switches off anabolic
pathways, activation of this kinase would appear to play a
tumour suppressing role. Previous studies have demonstrat-
ed that activation of AMPK inhibits the synthesis of the
majority of cellular macromolecules, proteins, ribosomal
RNA, cholesterol and glycogen [37–40], while also caus-
ing cell cycle arrest associated with stabilization of p53 and
the cyclin-dependent kinase inhibitors p21WAF1 and
p27CIP1 [41, 42]. As multiple chemotherapeutics have
been shown to induce AMPK activation, we sought to de-
termine the effects of the PBOXs on AMPK activation in
neuroblastoma cells.

Western blotting analysis was employed to elucidate the
effects of PBOX-6 on AMPK activation. We determined
PBOX-6 induced activation in a time dependent manner.
Additionally phosphorylation and inactivation of Acetyl-CoA
carboxylase (ACC), a downstream target of AMPK was ob-
served. These findings are in agreement with previous reports
detailing AMPK activation in response to MTAs in B16 mela-
noma cells [15]. Both vincristine and taxol were found to in-
duce AMPK activation in a time and dose dependent manner.
siRNA mediated knockdown of LKB1, the upstream activator
of AMPK was shown to inhibit vincristine induced AMPK
activation. Furthermore Chen et al., [18] highlighted the role
of AMPK in mediating the pro-apoptotic effects of reactive
oxygen species, H202 induced a time and dose dependent phos-
phorylation and activation of AMPK in PC12 and primary
neurons. Expression of a dominant negative form of AMPK

or downregulation of AMPK partially preventing induction of
H202 induced cell death.

Having observed PBOX-6 induced activation of AMPK,
these findings prompted us to examine both the upstream and
downstream events associated with AMPK activation in
SHSY5Y cells. Determination of the role of ROS production
in PBOX mediated apoptosis was next undertaken. PBOX-6
induced an early increase (from 1 h) in ROS production. This
is in agreement with reports detailing the effect of MTAs on
ROS production, where both vincristine and taxol were shown
to induce apoptosis mediated by ROS production [15].
Various mechanisms have been described to account for the
generation of ROS in response to chemotherapeutics, includ-
ing redox cycling, p53-mediated mitochondrial oxidase acti-
vation or electron transport chain disruption [43–45]. The
passing of electrons through the electron transport chain cre-
ates a proton gradient which is used by ATP synthase to drive
the production of ATP. The electrons which pass from com-
plex 3 to complex 4, result in the formation of 02 and H20.
About 2 % of these electrons escape and react with molecular
oxygen to form superoxide, which is converted to hydrogen
peroxide by superoxide dimutase [46]. Chemotherapeutic
drugs may induce permeabilisation of the mitochondrial mem-
brane leading to the release of cytochrome c.When this occurs
the flow of electrons along the electron transport chain is
disrupted; electrons are diverted from the electron transport
chain to oxygen by NADPH dehydrogenase and reduced co-
enzyme Q10 resulting in the formation of superoxide radicals.
It is possible that the PBOXs are producing ROS through
disruption of the electron transport chain but this would re-
quire further investigation.
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Fig. 7 Administration of PBOX-6 significantly inhibits tumour growth in
an in vivo mouse model of neuroblastoma. Four-six week-old female
BALB/c-nude mice received a subcutaneous injection of 2 × 106

SHSY5Y cells in the log phase of growth into the right flank. On day 35
when the tumour diameter was approximately 3 mm, mice were randomly
divided into groups (n = 5). a The PBOX-6 treatment group (n = 5) re-
ceived an intratumoural (i.t.) injection of 7.5 mg kg−1 PBOX-6 once every
2 days for the duration of the study. Control mice (n = 5) received an i.t

injection of 50 μl of vehicle (10 % (v/v) ethanol and 10 % (v/v) cremophor
EL in PBS). Tumour growth was measured every second day, the long (L)
and short (S) axes were recorded, and tumour volume (V) calculated using
the equation: V = (S2 × L)/2. Data shown represents the mean ± SEM of
five mice per group. Statistical analysis was performed using the Student’s
unpaired t-test. ***p < 0.001, p < 0.01, *p < 0.05. b Following commence-
ment of the vehicle/PBOX-6 injections, animals were weighed once every
2 days for the duration of the study

672 Invest New Drugs (2016) 34:663–676



The NADPH oxidase (NOX) family of proteins have also
been implicated in the generation of ROS [47]. The NOX
family comprises seven members, NOX 1–5 and the dual
oxidases (DUOXs) DUOX 1 and DUOX 2. The NOX com-
plexes were initially thought to be specific to phagocyte cells,
but these enzymes are now recognized as being almost uni-
versally expressed in virtually every tissue in the body [48].
These transmembrane proteins generate superoxide by trans-
ferring electrons from the inside of the cell across the mem-
brane, coupling them to molecular oxygen to produce a super-
oxide anion which dismutases into hydrogen peroxide. NOX
donates an electron from NADPH to molecular oxygen (O2)
to produce superoxide (O2-). MTAs have previously been re-
ported to produce ROS mediated by NOX. Paclitaxel was
found to increase expression of Rac1, a positive regulator of
NOX and activate the membrane associated NOX, leading to
extracellular release of superoxide, which is subsequently
converted to hydrogen peroxide [49]. It is possible the
PBOX-6 is producing ROS through an increase in NOX ex-
pression although this would require further investigation. To
further support this theory, recent reports have suggested that
the activity of NOX is regulated by the MAPK family, in
particular JNK, a key mediator in PBOX-induced apoptosis
[50]. Inhibition of JNK significantly attenuated NADPH oxi-
dase activation and the upregulation of components, while
also reducing production of H202 [51].

The antioxidant NAC, a scavenger of these free radicals,
has been extensively used as a tool to elucidate the role of
oxidative stress in numerous human pathologies, including
cancer, arthritis and cardiovascular disease among others.
Pretreatment with the antioxidant NAC was found to inhibit
the anti-proliferative effects of PBOX-6 while an induction of
apoptosis was diminished upon pretreatment with NAC.
Taken together these results would point to a role of ROS in
mediating PBOX-6 induced apoptosis in neuroblastoma cells.
These findings are supported by previous reports in the liter-
ature detailing the effects of both ROS producing drugs and
NAC on various cancer cell lines. Numerous ROS producing
drugs have been shown to induce mitochondrial damage and
cell death. Safingol, a sphingolipid currently in phase 1 clin-
ical trials for the treatment of solid tumours, was found to
produce a time and dose dependent increase in ROS in
MDA-MB-23 and HT-29 cell lines [52]. In addition to these
reports, cisplatin has been shown to induce ROS production in
a panel of small cell lung carcinoma cell lines [53]. Cisplatin
binds to DNA forming covalent platinum DNA adducts and
triggers activation of multiple pathways including DNA re-
pair, transcription inhibition, cell cycle arrest and apoptosis
[54]. Generation of ROS lead to activation of the intrinsic
pathway as evidenced by the increase in pro-apoptotic Bax,
activation of initiator caspase-9 and effector caspase-3 and an
increase in PARP cleavage, while the effects of cisplatin were
prevented by pretreatment with NAC.

Numerous observations have drawn attention to the role of
mTOR signalling in oncogenesis and cancer progression in
certain cancers including neuroblastoma. Similar to AMPK,
mTOR sits at a central point in a signalling pathway consisting
of many components implicated in tumourigenesis, including
AKT, PI3K and eIF4E which may behave as oncoproteins,
and PTEN, TSC1/TSC2 and LKB1 which may function as
tumour suppressors. Therefore regulation of this pathway is
paramount to preventing development of cancer and may play
a critical anti-cancer role in neuroblastoma, through either
downregulation of tumour promoters or upregulation of tu-
mour suppressors. Previous studies have reported increased
phosphorylation of mTOR in a panel of neuroblastoma cells
lines and tissue samples [25], indicating that the mTOR sig-
nalling pathway is overactive in neuroblastoma and drugs
which inhibit this pathway may represent a novel therapeutic
strategy, particularly for the treatment of advanced stage
MYCN amplified tumours.

Therefore, having established the effect of PBOX-6 on
ROS production and AMPK activation as well as the
chemoprotective effects of NAC, we next sought to examine
the effects on the mTOR pathway. A time dependent inhibi-
tion of mTOR in response to PBOX-6 was observed while a
transient decrease in phosphorylation of the downstream tar-
get p70 S6 kinase and S6 ribosomal proteins was observed.
Previous studies have reported transient effects on p70 S6
kinase activation and inactivation. AICAR, an activator of
AMPK, was found to induce a decrease in phosphorylation
(up to 1 h post treatment) followed by a time dependent in-
crease (up to 24 h) which preceded a second decrease in phos-
phorylation (after 48 h) in CAL62 thyroid carcinoma cell line,
although the authors of this paper did not provide an explana-
tion for these findings [54]. Similarly Arsikin et al. [35] ob-
served a transient decrease in phospho-p70 S6kinase, despite
continuous inhibition of phospho-mTOR in response to dopa-
minergic neurotoxin 6-hydroxydopamine (6-OHDA) in
SHSY5Y cells.

Although mTOR phosphorylates p70 S6 kinase, other pro-
teins have been implicated in its regulation. p70 S6 kinase has
been reported to be phosphorylated by PDK1 [55]. PDK1 is
activated downstream of PI 3-kinase. Over activation of the PI
3-kinase/Akt pathway in neuroblastoma has been reported to
correlate with poor prognosis [56]. It is hypothesised that over
activation of this pathway in SHSY5Y cells may lead to phos-
phorylation of p70 S6 kinase in spite of mTOR inhibition
although this hypothesis would require further investigation.

Expression of eEF2K was also shown to decrease in a time
dependent manner in response to PBOX-6. eEF2K activity is
regulated by mTOR through p70 S6 Kinase and S6 ribosomal
k inase and independent ly of mTOR by AMPK.
Phosphorylation of eEF2K by p70 S6 kinase and S6 ribosomal
kinase leads to inactivation of eEF2K, facilitating the dephos-
phorylation of eEF2 and thus promoting translation. A
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decrease in expression of both p70 S6 kinase and S6 ribosomal
protein, a substrate of S6 ribosomal kinase, was noted in re-
sponse to PBOX-6 approximately 60 min post treatment, po-
tentially preventing phosphorylation and inactivation of
eEF2K. It is possible that even transient inhibition of both
p70 S6 kinase and S6 ribosomal protein may be sufficient to
inhibit translation of elongation factors such as eEF2. eEF2K
expression may also be regulated by AMPK; it has previously
been reported that activated AMPK phosphorylates and inac-
tivates eEF2 via direct phosphorylation of eEF2K by AMPK,
at a stimulatory eEF2K site that is different from the inhibitory
site phosphorylated by S6 ribosomal kinase [57, 58]. The re-
sults presented herein demonstrated that activation of this ki-
nase is most evident after 6 h treatment, during which time
phosphorylation of p70 S6 Kinase and S6 ribosomal protein
has increased. In contrast, phosphorylation of AMPK was
found to be maximal after 6 h potentially indicating regulation
of eEF2K byAMPK. Therefore, it is possible that both kinases
are contributing to eEF2K activation in SHSY5Y cells. Taken
together these results indicate that PBOX-6 inhibits multiple
members of the mTOR signalling pathway in SHSY5Y which
may potentially inhibit protein translation in this cell line.

mTOR inhibitors have been reported to execute their anti-
cancer effects through two mechanisms: firstly by inhibiting
proliferation by induction of cell cycle arrest and secondly
they act as cytotoxic agents which induce apoptosis. The abil-
ity of the PBOX compounds to induce both G2/M arrest and
apoptosis in neuroblastoma has previously be reported [13],
while gene silencing of Mcl-1 has demonstrated the impor-
tance of Mcl-1 downregulation in the apoptotic pathway me-
diated by the PBOXs in neuroblastoma. To further explore the
role of mTOR inhibition in PBOX-6 induced cell death, the
effects of NAC on Mcl-1 expression post PBOX-6 treatment
was determined. As NAC was found to exhibit a protective
effect against the action of PBOX-6, it was postulated this
may occur by inhibiting the PBOX-6 mediated decrease in
Mcl-1 expression. Pretreatment with NAC was found to abro-
gate the effects of PBOX-6 on Mcl-1 expression. This was in
agreement with previous reports of the inhibition of the
mTOR pathway by the diuretic, ethacrynic acid, leading to a
block in translation of Mcl-1, which could be blocked by
pretreatment with NAC in HL-60 cells [59]. It is likely that
PBOX-6 induced mTOR inhibition is an early event (up to
6 h) which precedes PBOX-6 induced cell cycle arrest and
apoptosis in SHSY5Y cells.

Having previously reported induction of apoptosis by
PBOX-6 in vitro, it was next of interest to determine the ef-
fects of PBOX-6 in an in vivo neuroblastoma xenograft mod-
el. The BALB/C neuroblastoma model has previously been
used to study the effects of chemotherapeutics such as cisplat-
in, on tumour burden. PBOX-6 has previously been shown to
restrict tumour growth in an in vivo mouse mammary carci-
noma [5] and an in vivo CMLmodel [9, 10]. Results from this

study showed that PBOX-6 significantly inhibited neuroblas-
toma tumour growth when compared to mice receiving vehi-
cle injections. Mice did not experience weight loss or exhibit
any signs of distress during PBOX treatment suggesting
PBOX-6 does not induce gross toxicity. In fact all mice gained
a small amount of weight during the study.

In conclusion, this study has shown for the first time that
PBOX-6 induced production of ROS which preceded PBOX-
mediated G2/M arrest and apoptosis. As a result AMPK be-
came activated which inactivated the downstream target ACC
leading to inhibition of the mTOR signalling pathway.
Pretreatment with the antioxidant NAC partially inhibited
the apoptotic effects of PBOX-6 and prevented PBOX-6 me-
diated decrease in Mcl-1 expression, which may suggest that
PBOX-6 induced inhibition of Mcl-1 expression is mediated
through the AMPK/mTOR signalling pathway in neuroblas-
toma cells. Additionally we have demonstrated PBOX-6 me-
diated decrease in tumour burden in an in vivo model of neu-
roblastoma indicating that the effects of PBOX-6 is not limited
to in vitro cell lines. This study provides new insights into
understanding the molecular and cellular mechanisms in-
volved in PBOX-6 induced cell death in neuroblastoma.
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