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ABSTRACT
Our group previously demonstrated that sarcoma cell lines were insensitive to
epidermal growth factor receptor (EGFR) inhibitor gefitinib monotherapy. PENAO,
an anti-tumour metabolic compound created in our laboratory, is currently in clinical
trials. Considering the positive regulation of tumour energy production by both the
EGFR signalling and tumour metabolism pathways, this study aimed to investigate the
effect and mechanisms of combination therapy using gefitinib and PENAO in sarcoma
cell lines in vitro and in vivo.
PENAO monotherapy reduced proliferation in 12 sarcoma cell lines. Combining
gefitinib and PENAO resulted in synergistic inhibition in both a time- and dosedependent manner in 3 sarcoma cell lines with less prominent monotherapy effects.
Combined treatment significantly enhanced cell death and perturbed mitochondrial
function. In vivo combination therapy with PENAO and gefitinib was non-toxic to mice
and significantly delayed tumour growth and prolonged survival. At 20 days after
treatment, tumours from the combination treated mice were significantly smaller than
those from untreated and single drug treated mice. The survival curves also showed
significant difference across and between groups.
The combination of PENAO and gefitinib in vitro and in vivo, shows promise as
a treatment pathway in this poor outcome tumour.

INTRODUCTION

a five-year survival, whereas those sarcomas with lymph
node involvement have a reduced prognosis of 54% and
the worst prognosis is 16% for sarcomas spread to distant
parts of the body [4]. The limitations in cure rates from
excision of tumours and application of radiotherapy and
conventional chemotherapeutic agents has increased the
interest in treating sarcomas with targeted therapies [5].
Molecular-targeted therapies are highly specific
towards proteins involved in tumour growth and

Sarcomas are rare tumours of mesenchymal origin,
capable of differentiating into different cell types such as
connective tissue (fat, fibrous tissue, muscle), visceral
tissue and bone [1]. Sarcomas account for less than 1%
of adult solid malignancies [2], with 30% reported as
osteosarcomas and 70% as soft tissue sarcomas (STS) [3].
Patients with a localized sarcoma have 83% chance for
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progression [5]. The human epidermal growth factor
receptor (EGFR/HER/erbB1) is a trans-membrane protein
that belongs to a family of receptor tyrosine kinases
(also including HER2/erbB2, HER3/erbB3 and HER4/
erbB4) [6–9]. Ligand binding initiates several signalling
cascades involving cell growth, proliferation, apoptosis
and autophagy [10, 11] (Figure 1). The major signal
transduction pathways are: ras/raf/mitogen activated
protein kinase (MAPK), phosphoinositide 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR)
and Janus kinase/signal transducer and activator of
transcription (JAK/STAT) [12–15], all of which promote
cell survival [16]. We and others have reported that EGFR
was overexpressed in many types of osteosarcomas and
STSs [9, 11, 17]. In conjunction with our recent published
data (activated EGFR is an independent prognostic factor
for overall and/or cancer specific survival) [18], these
findings indicated that EGFR may be a promising antisarcoma target.
Gefitinib, an EGFR tyrosine kinase inhibitor,
is approved as monotherapy for locally advanced or
metastatic non-small cell lung cancer (NSCLC), a disease
that overexpresses EGFR, after failure of treatment with
standard chemotherapies [19] and has also shown efficacy
in combination with chemotherapy [20]. Unfortunately,
there are limitations due to both primary and acquired
resistance [21–23]. By contrast, monotherapy with
gefitinib did not significantly prevent cell proliferation
in a preclinical synovial sarcoma model [24] and showed
low response rates and short disease control in a phase
II clinical trial [25]. Our group has reported that seven
STS cell lines were insensitive to gefitinib monotherapy
despite blockade of phosphorylated EGFR (pEGFR)
and downstream signal transducers [26]. However, we
demonstrated that the addition of a STAT3 inhibitor
achieved synergistic anti-tumour effect in cell culture as
well as in a fibrosarcoma xenograft mouse model [26],
supporting investigation of additional combinations that
may benefit sarcoma patients.
An extensively studied downstream pathway of
EGFR is the PI3K/AKT/ mTOR pathway, critically
involved in the regulation of cell apoptosis [27],
autophagy [10], proliferation [12, 28] and metabolism
[29]. Dysregulation of this pathway plays a major role in
many different cancers [30, 31]. Constitutively activated
PI3K/AKT signalling can directly induce translocation of
glucose transporter GLUT to the plasma membrane, as
well as stimulate metabolic enzymes such as hexokinase
(the first enzyme in the glycolytic pathway) [32]. Cancer
cells exhibit an aberrant metabolic phenotype known as
the Warburg effect, where ATP generation via oxidative
phosphorylation shifts to glycolysis, irrespective of
oxygen availability, thus demanding a higher rate of
glucose uptake [33, 34]. Therefore, EGFR/PI3K/AKT
signalling enhances glucose entry and glycolysis to drive
tumour metabolism (Figure 1).
www.oncotarget.com

Mitochondria play an important role in regulating
energy metabolism, superoxide production and apoptosis
[35]. Because they lie downstream in target pathways,
they are less prone to acquiring mutations and tumour
resistance [36–38]. Within the mitochondria, a promising
anti-cancer target is the HKII (type II hexokinase)VDAC (voltage dependent anion channel)-ANT (adenine
nucleotide translocase) complex that spans the outer- and
inner-mitochondrial membrane [39]. This transporter links
the processes of glycolysis, oxidative phosphorylation and
mitochondrial-mediated apoptosis in cancer cells [39, 40].
MPTP (mitochondrial permeability transition pore) centres
on ANT that interacts with outer membrane VDAC [37].
In cancer cells, upon AKT activation, HKII translocates to
the outer mitochondrial membrane and binds to VDAC,
which interacts with ANT of the inner-mitochondrial
membrane, and so preferentially accesses ATP produced
by mitochondrial oxidative phosphorylation and
phosphorylates glucose to produce glucose 6-phosphate,
mediating the first step of glycolysis. The HKII-VDACANT complex also plays important roles in acquiring
resistance to apoptosis via blocking the binding of the
pro-apoptotic molecule Bax to VDAC [41, 42]. Therefore,
the inactivation of HKII-VDAC-ANT is an appealing antimetabolic target, as blocking it inhibits HKII’s preferential
access to newly synthesised ATP, increases superoxide
production, triggers mitochondrial depolarisation and
initiates apoptosis [39, 40, 43–45].
The discovery of significant efficacy of arsenic
trioxide for the treatment of acute promyelocytic
leukaemia [46, 47] encouraged investigations of
inorganic and organic arsenical-based drugs (AsBD)
for the treatment of other types of cancers. Evidence
indicated that arsenic trioxide oxidizes ANT matrix
cysteines, mediating oxidative stress, increased superoxide
formation, MPTP opening and consequently cell death
[40]. There are multiple ongoing clinical trials utilising
AsBD as single agent or in combination therapy (with
other chemotherapies) for the treatment of various
haematological and solid tumours [48].
4-(N-(S-penicillaminylacetyl)
amino)
phenylarsonous acid (PENAO), a second generation
synthetic trivalent organic-arsenical compound created
in our laboratory, intrinsically blocks cell proliferation
in vitro and tumour growth in vivo by perturbing
mitochondrial function [45, 49–51]. PENAO’s trivalent
arsenical moiety cross-links unpaired cysteine residues
Cys57 and Cys257 located on the peptide loop of ANT that
protrude into the matrix [39]. This leads to metabolic
perturbation, swelling of the inner mitochondrial
membrane, rupture of the outer membrane and cell death
[38, 40, 52]. PENAO completed a phase I trial in patients
with solid tumours refractory to standard treatment (trial
ID: ANCTRN12612000908831). PENAO can be safely
administered in humans and will be further explored in a
phase IB trial to determine a dosing schedule [53].
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RESULTS

Considering the crosstalk between EGFR signalling
and metabolism pathways (Figure 1), in this study we
explored the EGFR-targeted therapy combined with our
mitochondrial inhibitor PENAO. We hypothesized that the
simultaneous use of EGFR-targeted therapy with the tumour
metabolism inhibitor PENAO would intrinsically doubleblock tumour metabolism and energy supply by targeting
glycolysis via EGFR-PI3K/AKT-HKII signalling [54] whilst
perturbing mitochondrial oxidative phosphorylation via
PENAO-ANT, as well as induce the mitochondria-mediated
apoptosis in cancer cells [38, 45]. There are a few published
articles on synergism of arsenic-based drugs with EGFR
inhibitors in cancer [55–58], but none in sarcoma models. The
present study aimed to [1] investigate the effect of PENAO
and gefitinib combination therapy on cell proliferation in a
panel of 12 sarcoma cell lines [2], identify the mechanisms of
cell death [3], assess tumour metabolism activity of sarcoma
cell lines, and [4] investigate in vivo therapeutic effect of
this combination treatment in Balb/c/nude mice bearing
orthotopic human fibrosarcoma xenografts.

Anti-proliferative activity of PENAO and
gefitinib monotherapy on 12 sarcoma cell lines
Prior to running end-point proliferation assays,
sarcoma cell proliferation was recorded in real-time
with the xCELLigence RTCA MP Analyzer (Roche,
Mannheim, Germany). These preliminary experiments
(data not shown) allowed us to determine the optimal time
when end-point proliferation assays remain in exponential
growth conditions for each cell line.
Anti-proliferative activity of PENAO and gefitinib as
single agent treatment on sarcoma cell lines was determined
by MTT endpoint assay after 72 hours of treatment (Table
1). IC50 values were calculated as concentration of drugs
responsible for inhibition of proliferation by 50% [59] and
results are presented as a mean ± standard deviation of at least
3 separate experiments performed with duplicate samples
for each treatment. IC50 values for PENAO ranged from 1.1

Figure 1: Cross talking between the epidermal growth factor receptor signalling and tumour metabolism pathways
in tumour cells. In cancer cells, EGF or EGF-related ligands bind to EGFR and phosphorylate tyrosine kinase residues, activating three

major signal transduction pathways: MAPK, PI3K/Akt and JAK/STAT, which promote cell survival. Upregulated PI3K/Akt activation
also stimulates metabolic enzymes (i. e. hexokinase) to drive tumour metabolism. Cancer cells are reliant on mitochondrial metabolism
for the increase of glucose to satisfy increased energy requirements. Glucose enters the cell via the glucose transporter (GLUT) to initiate
glycolysis. HKII binds to voltage-dependent anion channel (VDAC) and adenine nucleotide translocase (ANT) to form a complex. Thus,
the simultaneous inhibition of the EGFR signalling pathway and tumour metabolism pathway was explored. Gefitinib binds to the tyrosine
kinase domain of EGFR to inhibit the activation of EGFR signalling whilst PENAO is transported across the plasma membrane and enters
the mitochondrial matrix to interact with Cys57 and Cys257 residues in the ANT, perturb the mitochondrial permeability transition pore and
decrease ATP delivery to the cancer cell.
www.oncotarget.com
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Table 1: IC50 values of Gefitinib and PENAO for proliferation arrest of soft tissue sarcoma and
osteosarcoma cell lines
Type

Cell line

Gefitinib IC50 (µM)

PENAO IC50 (µM)

STS

449B
778
GCT
HT1080
SW872
SW982
143B
HOS
MG63
Saos-2
SJSA
U2-OS

28.4 ± 2.1
23.4 ± 3.0
14.0 ± 0.1
15.3 ± 4.7
22.6 ± 6.5
15.4 ± 2.2
21.5 ± 1.4
15.2 ± 1.5
22.9 ± 0.8
17.7 ± 0.3
30.0 ± 4.4
19.3 ± 0.1

5.4 ± 1.4
3.8 ± 2.2
4.0 ± 0.7
1.1 ± 0.3
7.3 ± 0.4
3.2 ± 0.4
5.2 ± 1.9
5.0 ± 1.2
4.8 ± 0.7
5.3 ± 0.4
4.7 ± 1.0
2.8 ± 1.2

Osteosarcoma

µM to 7.3 µM, with HT1080 and SW872 being the most
and least sensitive cell lines towards the drug. Consistent
with our previous crystal violet assay in STS [26], IC50s of
gefitinib determined by MTT assay in both STS and OS were
between 14.0–30.0 µM, indicating insensitivity to gefitinib
monotherapy, unlike a previously described in vitro lung cancer
study (sensitivity threshold of gefitinib: IC50 ≤10 µM) [60].

combination treatment on sarcoma cell proliferation,
concurrent combinations were also performed using the
MTT end-point proliferation assay on HOS, HT1080 and
SW982 cell lines (Figure 3A, 3B and 3C). Calculation by
CalcuSyn software (Biosoft, Cambridge, UK) showed that
combination treatments were synergistic (combination
index CI < 1) in terms of proliferation inhibition on
HOS, HT1080 and SW982 (Figure 3D). In addition, dose
reduction index (DRI) levels were calculated for these 3
cell lines and demonstrated that the combination therapy
reached 1.56 to 10.55-fold dose reduction.

Effect of PENAO combined with gefitinib on the
proliferation of 3 selected sarcoma cell lines
One osteosarcoma (HOS) and two soft tissue
sarcoma (HT1080 and SW982) cell lines were chosen
for combination study. HOS was chosen as it is the
most sensitive osteosarcoma to gefitinib, whilst STSs
HT1080 (fibrosarcoma) and SW982 (synovial sarcoma)
were chosen as they were the most sensitive to PENAO.
Combination treatments on proliferation were carried out in
real-time (xCELLigence MP) and end-point (MTT) assays.

Cell death induction by single or combination
drug therapy
For cell death analysis, concentrations of single
agents were chosen to have limited effects. In these
conditions, the impact of the combined treatment
was easily demonstrated. HOS cells were chosen for
flow cytometry based on the quality of combination
treatment measured in proliferation assays. Treated
HOS was analysed with AnnV/PI staining for early
apoptosis (AnnV+/PI-), late apoptosis (AnnV+/PI+) and
necrosis (AnnV-/PI+) (Figure 4A for one representative
experiment). Cell populations in the PENAO and gefitinib
monotherapy groups and combination treatment group
were compared to the control. The data from triplicate
experiments (Figure 4B) demonstrated that no single
treatments (PENAO 8.5 ± 4.5%, gefitinib 6.3 ± 1.8%; p >
0.05) induced a significant increase in the early apoptosis
cell population when compared to control. However, a
significant increase of this population was measured in
the combination group (17.7 ± 2.9%, p < 0.001). In terms
of late apoptotic cells, single treatments had no significant
effect compared to control (PENAO 6.9 ± 3.8%, gefitinib
7.4 ± 1.1%, p > 0.05), whereas the combination group

Real-time response of sarcoma cells to single or
combination drug therapy
Combined treatments were performed at fixed ratios
(1:1 in terms of IC50 doses). The real-time response of these
three cell lines indicated that the concurrent combination
treatments displayed significantly more potent inhibition
of proliferation than control and single agents (p < 0.001),
at about 48-hour post-treatment on HOS and at near 72hour on HT1080 and SW982 (Figure 2).

End-point dose response of sarcoma cells to
single or combination drug therapy
To confirm the observations made in real-time
proliferation assay and to determine the parameters of
www.oncotarget.com
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OCR compared to the control, PENAO and gefitinib
single treatment groups, and as a consequence, ECAR
increased more in the combination group compared to
other treatment groups.

15.5 ± 6.4% (p < 0.01) was significantly higher than
control. Similarly, cell necrosis was not induced by single
treatments (PENAO 1.53 ± 1.1%, gefitinib 2.3 ± 1.0%,
p > 0.05), but combination treatment was responsible
for a modest but significant increase of the necrotic cell
population (6.6 ± 0.5%, p < 0.001).

Perturbation of cellular metabolism induced by
single or combination drug therapy

Significant anti-tumour growth induced by
concurrent treatment with gefitinib and PENAO
in an orthotopic human fibrosarcoma xenograft
nude mouse model

To investigate the effect of combined treatment
on sarcoma cell metabolism, mitochondrial function
was tested. HOS osteosarcoma cells were chosen for
this experiment based on the promising combination
profile exhibited in proliferation assays. Concentrations
of single agents were chosen to have limited effect on
metabolism. HOS cells were treated for 24 hours followed
by the measurement of oxygen consumption rate (OCR)
(Figure 5A) and extracellular acidification rate (ECAR)
(Figure 5B). Combination treatment decreased more

To extend the investigation to in vivo, we used a
human fibrosarcoma HT1080 xenograft nude mouse
model, which has been successfully established in our
group. After 24 hours intramuscular inoculation of
HT1080, all mice were randomly divided into 4 groups
(n = 9 or 10 per group) and treated with vehicle control,
20 mg/kg gefitinib (gavage, daily), 3 mg/kg/day PENAO
(micro-osmotic pump) or combination with gefitinib plus
PENAO. The dose of gefitinib was specifically selected
so that its independent effect on tumour growth inhibition

Figure 2: Real-time report of combination therapies significantly induced anti-proliferation in 3 sarcoma cell lines.

xCELLigence real-time cell proliferation analysis of HOS, HT1080 and SW982 cell lines was recorded in real-time (A). 24 hours after
seeding, cells were treated with PENAO, gefitinib and combination. Cell index is automatically measured in electrical impedance to
represent cell status. Results are presented as a mean ± standard deviation. Results are representative of 2 experiments performed in
triplicate samples for each treatment. (B) Combination treatment is compared to control and single treatments at an optimal time of the
exponential cell growth phase on HOS at 48 hours after treatment (72 hours after seeding), and on HT1080 and SW982 at 72 hours after
treatment (96 hours after seeding). ***p < 0.001.
www.oncotarget.com

50

Oncotarget

would be modest and the concentrations was clinically
achievable [26]. Clinically relevant and achievable
doses of PENAO ranges are yet to be revealed as clinical
trials are still undergoing. On day 10–11 after treatment,
tumours of about 3–4 mm in diameter were formed in all
groups. Throughout the whole experiment, there was no
anti-sarcoma effect using 3 mg/kg PENAO or 20 mg/kg
gefitinib alone (p > 0.05). From day 17, the combination
therapy significantly delayed the tumour growth, compare
to vehicle control and monotherapy groups (Figure 6A,
6B and 6C). The tumour growth delay observed over

two tumour volume doubling time was 3 days when the
combination therapy was employed. On the 20th day
post-treatment, tumours (248 mm3) from the combination
treated mice were significantly smaller (tumour growth
inhibition TGI = 59%) than those from untreated (599
mm3) and single drug treated (545 and 538 mm3) mice
(p < 0.001, p = 0.005 and p = 0.004, respectively for
combination versus vehicle, gefitinib and PENAO).
To show the beneficial effect of combination
therapy, each individual mouse was sacrificed once its
tumour reached about 1000 mm3. The Kaplan-Meier

Figure 3: Endpoint analysis of combination treatments synergistically induced anti-proliferation in 3 sarcoma cell
lines. A representative MTT endpoint graph is displayed for HOS (A) after 48 hours as well as HT1080 (B) and SW982 (C) after 72 hours

of contact with PENAO, gefitinib and fixed ratios of combination treatment. (D) Combination index (CI) and dose reduction index (DRI)
values were determined for 3 sarcoma cell lines using CalcuSyn software. Effective dose (EDX) is the amount of drug required to produce
an effect on X% of the cell population. Dose reduction index (DRI) is the measure of fold each treatment in a synergistic combination can
be reduced. Results are presented as a mean ± standard deviation. Graphs displayed are representative of at least 3 experiments performed
in triplicate samples for each treatment.
www.oncotarget.com
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Figure 4: Combination therapy significantly induces cell death via apoptosis and necrosis. HOS cells were treated with

vehicle control, PENAO and gefitinib as single drugs and in combination, then stained for early apopotosis (AnnV+/PI-), late (AnnV+/PI+)
apoptosis and necrosis (AnnV-/PI+). (A) AnnV/PI density plot of one representative experiment comparing the treatment groups on HOS
cells after 24 hours. (B) Early apoptotic, late apoptotic and necrotic cell populations in the combination treatment group were compared to
the PENAO and gefitinib monotherapy groups and control group. Results are presented as a mean ± SEM of 3 experiments performed with
duplicate samples. **p < 0.01; ***p < 0.001.
www.oncotarget.com

52

Oncotarget

curve (Figure 6D) shows that combination therapy had
significantly prolonged tumour growth delay (mean of
time reaching volume of 1000 mm3 [days]: vehicle: 21,
gefitinib: 23, PENAO: 22 and combination: 26; p < 0.001).
Importantly, all treated mice tolerated PENAO and
gefitinib well, showing no obvious signs or symptoms of
distress or toxicity. All groups showed no body weight loss
more than 20% and there was no significant difference in
body weight changes between vehicle control and treated
groups (Figure 7A, p > 0.05). All tumours and organs
(lung, heart, liver, spleen and kidney) were harvested
at the end points and showed no macromorphological
and histological abnormalities (data are not shown). To
further confirm whether toxicity was induced followed
by the treatment, the blood was collected after sacrificing
the mice to examine liver and kidney function. All four
serum biomarkers (UREA, ALP, ALT and Creatinine) did
not show significant increase after mono- or combination
therapy (Figure 7B, 7C, 7D and 7E, p > 0.05,), supporting
that the use of PENAO and gefitinib alone or in
combination was safe and well-tolerated by nude mice.

therapeutic approach as a pathway to clinical trials. We
chose a broad cell line panel to reflect the diversity of cell
type and biology in sarcomas, using both osteosarcoma
and several types of STS. These cell lines reflect common
subtypes seen in clinical practice. Given our focus on
identifying an approach with potentially broad activity
in multiple sarcoma subtypes, we focused upon cell lines
in which we have published data [61] showing EGFR
overexpression, supported by the clinical results from two
cohorts of tumour samples from patients with soft tissue
sarcomas [9, 18] that found EGFR was overexpressed by
78% of the samples across different subtypes of STS. This
suggests that EGFR is a therapeutic target for treatment
of STS; which is independent of histologic subtypes,
for those tumours expressing EGFR. We chose HT1080
fibrosarcoma for our in vivo study because it is one of the
common representative cell lines in STS studies in the
literature, it expresses the target and is the most sensitive
cell line of all in terms of lower IC50s for both drugs in our
in vitro study (Table 1).
In 2000, the injectable form of arsenic trioxide
(trisenox) was approved by the US Food and Drug
Administration for the treatment of patients with acute
promyelocytic leukemia (APL) [62]. Arsenic trioxide
causes tumour cell differentiation, triggers cell apoptosis
and induces G1 and/or G2-M phase arrest via downregulation of CDK2, CDK6, cyclin D1, Cyclin E, Cyclin
A and Cdc2 kinase [48]. Considering that organoarsenicals are often more stable, less toxic and excreted
more rapidly than inorganic arsenical, we produced a
tripeptide trivalent arsenical, 4-(N-(S-glutathionylacetyl)
amion) phenylarsenoxide (GSAO). GSAO is cleaved by
γ-glutamyl transpeptidase at the cell surface to produce
4-(N-(S-cysteinylglycylacetyl) amino) phenylarsonous

DISCUSSION
This study is the first of its kind to evaluate the
effect and mechanisms of combining gefitinib and PENAO
in the treatment of sarcomas. Results show combination
therapy synergistically decreased cell proliferation in
both time- and dose-dependent settings, significantly
enhanced apoptosis, and perturbed mitochondrial function
of sarcoma cells. This combination therapy has also
demonstrated strong tumour growth inhibition without
host toxicity in an in vivo experiment in nude mice,
supporting future studies to validate this new combination

Figure 5: Combination treatment significantly affects HOS cell metabolism. HOS osteosarcoma cells were treated with vehicle

control, PENAO and gefitinib (1.5 × IC50 concentrations) as single drugs and in combination. Metabolism was analysed using Seahorse
XFe24 plate Analyzer (BioScience, Hohenkammer, Germany) after 24 hours of treatment. Measurements of HOS osteosarcoma cell (A)
oxygen consumption rate and (B) extracellular acidification rate were recorded and normalised using the viable cell count. Results are
representative of 2 distinct experiments performed at least in duplicate (control and combination in triplicate) samples for each experiment.
www.oncotarget.com
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acid (GCAO) [63]. GCAO enters the cell via an organic
ion transporter and is further processed by dipeptidases
to 4-(N-(S-cysteinylacetyl) amino) phenylarsonous acid
(CAO) in the cytosol. Exporting CAO from cells is
controlled by the multidrug-resistance associated protein
isoforms 1 and/or 2 (MRP1/2) [64]. A first-in-human
phase I clinical trial demonstrated that GSAO was cleared
extremely quickly from plasma (mean half-life 10.1
minutes) with no evidence of accumulation [65]. These
studies prompted the development of a second-generation
organo-arsenical compound PENAO, which accumulates
in cells 85-fold faster than GSAO because of increased
rate of entry (due to no requirement for processing by
γ-glutamyl transpeptidase at the cell surface) and less
efficient of export by MRP1/2 [45]. PENAO, similarly as
CAO, enters the mitochondrial matrix and inactivates ANT
in the mitochondrial inner membrane and triggers Ca2+-

dependent MPTP, by cross-linking the matrix facing thiols
of Cys57 and Cys257 in ANT [39, 44]. Inactivation of ANT
causes proliferation arrest, ATP depletion, superoxide level
increase, mitochondrial depolarization and apoptosis in
proliferating endothelial and tumour cells. Similar to our
study in diverse STS and OS cell lines, PENAO showed
anti-proliferation with low micromolar IC50s in epithelial
cancer cells [45, 51]. A Phase I/IIa dose escalation study
of PENAO in patients with solid tumours refractory to
standard therapy is currently recruiting.
Previous studies have shown sensitivity of
gynaecological, breast and lung cancer cell lines to
gefitinib monotherapy in a clinically relevant setting, with
IC50 values ranging from 1 – 10 µM [60, 66, 67]. However,
when used on a panel of 12 sarcoma cell lines, we found
that gefitinib alone was not sufficient to arrest proliferation
(IC50 > 14 µM). We also demonstrated that PENAO

Figure 6: Combination therapy significantly enhanced the fibrosarcoma growth inhibition and delay in mouse model.

0.1 × 106 HT1080 cells were injected intramuscularly into the right posterior thigh musculature of each nude mouse. On 24 hours post
inoculation of tumour cells, all mice started treatment with vehicle, 20 mg/kg gefitinib (gavage), 3 mg/kg PENAO (pump) or combination
once daily (N = 9–10 per group). (A) Tumour growth curve indicated that the combination therapy synergistically enhanced the fibrosarcoma
growth inhibition. *p < 0.05 vs combination, **p < 0.01, ***p < 0.001. The statistical analysis was done using IMB SPSS statistics 24 for the
multivariate tests (B) and tests of between-subjects effects (C). (D) Kaplan-Meier survival curve of human fibrosarcoma xenografted mice
comparing single or combination therapy (n = 6 per group). The difference was significant (log-rank test, p < 0.001).
www.oncotarget.com
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alone had similar anti-proliferative activity in the panel
of 12 sarcoma cell lines (IC50: 1.1–7.3 µM) compared to
those previously reported for arsenic trioxide on sarcoma
cells [58, 68]. Recently, four pre-clinical studies showed
interesting combination profiles of EGFR inhibitors and
inorganic arsenical-based drugs (sodium arsenite and
arsenic trioxide) on melanomas [55], acute promyelocytic
leukemia [56], hepatocellular carcinoma [57] and diverse
solid cancer types including two osteosarcoma cell lines
[58]. Therefore, we investigated whether gefitinib and
our organic arsenical-based metabolism inhibitor PENAO
had synergistic effect on cell proliferation, apoptosis and
metabolism in a panel of twelve sarcoma cell lines and in
an orthotopic fibrosarcoma xenograft mouse model.
Combined treatments were performed with the
aim of eventually reaching anti-tumour efficacy at lower

doses of each single agent. In the fixed ratio setting of the
combination therapy, both types of proliferation assays
(real-time and end-point MTT) provided consistent results
demonstrating synergism between the drugs. A 2–10
fold dose reduction index (DRI) of PENAO and 1.5–2
fold of gefitinib was achieved after combination therapy,
demonstrating that PENAO and gefitinib combination
treatment had a synergistic inhibitory effect capable of
overcoming the insensitivity of chosen sarcoma cell lines.
The DRI obtained for PENAO used efficacious doses (0.1–
1.8 µM) in the range of what would be achievable in animal
tumour model settings (Dilda et al., unpublished data).
We initially examined in vitro growth inhibition
and the benefit of the combination in a panel of sarcoma
cell lines. Once this was demonstrated, we focused upon
a representative cell line for the complex and costly

Figure 7: Gefitinib and PENAO alone and in combination were safe and well-tolerated by nude mice. (A). Mouse

body weights were measured daily and no difference between untreated and treated groups were found. Quantitative data show means ±
standard error of the mean (SEM). All p values (compared to vehicle control) >0.05. (B–E) Toxicity analysis of serum biomarkers after
administration of gefitinib and PENAO alone and in combination.
www.oncotarget.com
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MATERIALS AND METHODS

mechanism studies. We chose concentrations of the single
agents to have no or limited effects on cell death. By contrast
PENAO and Gefitinib combination treatment significantly
induced early and late apoptosis on HOS cells when
compared to the control and single drug treatment groups.
Previous studies on leukaemia cell lines demonstrated that
arsenic trioxide single treatment can induce apoptosis and
decrease AKT activity via caspase-mediated degradation
[69]. Furthermore, arsenite in combination with the PI3K/
AKT inhibitor, LY294002, dramatically accelerated
arsenite-induced apoptosis in different melanomas [70],
justifying further combination therapy that targets the PI3K/
AKT pathway. Our group has reported that, in seven STS
cell lines, EGFR-targeted monotherapy strikingly inhibited
the activities of EGFR and downstream PI3K/AKT, despite
showing limited anti-proliferation [26]. Two studies [55,
58] showed that EGFR inhibitors AG1478 and erlortinib
significantly upregulated apoptosis induced by inorganic
AsBD arsenite and arsenic trioxide on various cancer
cells, via a suppression of EGFR phosphorylation and a
substantial inhibition of phosphorylated-AKT levels [55].
We have now demonstrated a similar effect in sarcoma cell
lines with PENAO. The mechanisms via which apoptotic
pathways are activated after combination treatment are
complex. Several prominent apoptotic actions of EGFR/
PI3K/AKT and arsenite may be involved such as caspase-8,
-9, nuclear factor kappa B (NF-κB) and Heme oxygenase-1
(HO-1) [55]. A previous study of EGFR inhibitors and
sodium arsenite combination treatment reportedly induced
both apoptotic and necrotic events in melanoma cells [55].
Cellular metabolism is an important component
of cancer growth [37], with tumour cells demanding a
higher rate of glucose carbon required for energy [34].
Cancer cells have the ability to shift their metabolism
from oxidative phosphorylation to glycolysis to generate
ATP, resulting in increased acid production [33]. This
encouraged us to explore PENAO in this combination.
We demonstrated that HOS cells displayed a reasonable
inhibition in mitochondrial activity (decreased OCR)
after PENAO single agent treatment, which was similarly
observed in glioblastoma and diffuse intrinsic pontine
glioma [50, 52, 71, 72]. Our results also showed a
significant reduction of OCR and increase of ECAR in
HOS cells treated with PENAO plus gefitinib when
compared to single agents. These changes in mitochondrial
respiration were observed after 24 hours of treatment. It
is postulated that mitochondrial perturbations resulting
in increased ECAR are early events in the process of
proliferation arrest and cell death [73].
In conclusion, concurrent combination treatment
of PENAO and gefitinib on sarcoma cells synergistically
decreased cell proliferation, significantly induced apoptosis
and altered mitochondrial function in vitro and in an
orthotopic human fibrosarcoma xenograft mouse model.
With PENAO presently in clinical phase I, this outcome
will encourage the design of subsequent phase II trials to
improve the limited treatment options for sarcoma patients.
www.oncotarget.com

Drugs & corresponding solvents
Gefitinib (IRESSA, ZD1839) powder (AstraZeneca,
London, UK) was dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich, Castle hill, NSW, Australia)
at a stock concentration of 50 mM, kept at –20°C and
thawed when required. PENAO powder, synthesised
by Dr. Reddy’s Laboratories (Hyderabad, India), was
dissolved in buffer (0.14 M NaCl, 20 mM HEPES, 20
mM Glycine, 1 mM EDTA in milliQ H2O, pH 7.0) at a
stock concentration of 12–15 mM. In aqueous solution,
the trivalent arsenic moiety of PENAO can oxidise into
an inactive form (pentavalent arsenical moiety), thus was
kept at 4°C and used for 14 days before being remade.
PENAO reactivity was tested weekly via arsenical titration
against 2,3-dimercaptopropanol (DMP), a synthetic dithiol. Calculations were based on unbound thiols reacting
with 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB). The
absorbance of the DMP/DTNB derivative was then read
at 412 nm with a spectrophotometer (SpectraMax 190,
Molecular Devices, CA, USA).

Cell culture
The GCT, HT1080, SW872, SW982, Saos-2 and
MG63 were purchased from the American Type Culture
Collection (VA, USA). The 778 and 449B were kindly
supplied by Florence Pedatour from Nice University
Hospital (Nice, France). The 143B, U2-OS, HOS and
SJSA were generously provided by David Thomas from
Peter MacCallum Cancer Centre (Melbourne, Australia).
Cells were incubated at 37°C with 95% air atmosphere and
5% CO2 in Roswell Park Memorial Institute (RPMI)-1640
media supplemented with 2.0 mM L-glutamine, 1% v/v
penicillin/streptomycin and 10% v/v fetal bovine serum.

Cell proliferation assays
xCELLigence real-time proliferation assay:
Cells were seeded onto an E-plate (Roche, Mannheim,
Germany) and given 24 hours to adhere to the bottom
of the well before being treated with vehicle, gefitinib
or PENAO as single agents and in combination at
appropriate dilutions. The vehicle control for gefitinib
was DMSO at the highest concentration used for gefitinib
treatment, control for PENAO was the buffer (0.14 M
NaCl, 20 mM HEPES, 20 mM Glycine, 1 mM EDTA
in milliQ H2O, pH 7.0), and for the combination, both
DMSO and buffer were used as the experimental control.
E-Plate was placed on the xCELLigence real-time cell
analyser multiple-plate (RTCA MP) instrument (Roche,
Mannheim, Germany) in an incubator at 37°C with 95%
air atmosphere and 5% CO2. Cell index (impedance
proportional to the number of viable cells) was measured
every 5 hours for 95 hours.
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MTT end-point proliferation assay: MTT
(3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) salts were dissolved in phosphate-buffered
saline (PBS) at 5 mg/ml and then filtered to remove
insoluble residue. Cells were seeded and given 24 hours
to adhere to a standard 96-well plate and then treated
with the appropriate drug dilutions. When combined,
the drugs were in a constant ratio with eight different
dose combinations. After 48–72 hours of contact with
treatment, cells were incubated with MTT at 37°C
for 4 hours. Mitochondria of viable cells cleave the
tetrozolium ring [59] to form insoluble MTT formazan
crystals. Without disturbing the cells, media and MTT
was carefully removed. DMSO was added to dissolve
the crystals and contents were homogenised with a plate
shaker for 10 minutes at room temperature. Absorbance
was read with the spectrophotometer (Molecular Devices,
CA, USA) at 550 nm. All treatments were normalized to
the control (untreated cells) and expressed as a percentage
of the control.
Combination index (CI) and dose reduction index
(DRI) values were calculated by the Chou-Talalay
equation [74] using CalcuSyn software (Biosoft,
Cambridge, UK). CI < 1 indicates synergism. DRI is
the measure of how much the dose of each treatment in
a synergistic combination can be reduced compared with
the doses of each treatment alone.

Hohenkammer, Germany) to measure the oxygen
consumption rate (OCR) and extracellular acidification
rate (ECAR) in each well.

Animal experiments
All animal experiments were approved by UNSW
Animal Care and Ethics Committee. Ten-week Balb/c
nude mice were obtained from the Animal Resources
Centre (Perth, Australia). Based on our previous
optimisation test [26], 0.1 × 106 HT1080/mouse were
intramuscularly injected into the right back leg. After 24
hours, mice were randomly divided into four groups (n =
9–10 per group) and treated by gefitinib (20 mg/kg via
gavage daily), PENAO (3 mg/kg/day via micro-osmotic
pump for continuous systemic administration, Alzet model
2002, Cupertino, CA), combination or vehicle control
(DMSO via gavage daily and PENAO buffer via microosmotic pump continuously). The pumps were implanted
subcutaneously in the flank and delivered vehicle or 3 mg/
kg/day PENAO. Mice were monitored daily for any loss
of condition, and tumour progression was documented by
measurements using electronic callipers in two dimensions
(d1 and d2) and the volume (V) was calculated by the
standard formula for an ellipse: V = 1/6 π(d1*d2)3/2. There
were two different end-points: 1) all mice were sacrificed
on 20-day post-treatment, and 2) individual mouse was
sacrificed once its tumour reached about 1000 mm3 (n =
6 per group), according to ethics considerations. Tumour
growth inhibition (TGI) was calculated by the formula:
TGI (%) = (Vc-Vt)/Vc*100, where Vc, Vt are the average
tumour volume of control and treated groups at the end
of the study. Tumour volume quadrupling time (TVQT)
were estimated using interpolation from the best fit
from a nonlinear regression curve fitting an exponential
growth curve. Growth delay was calculated as C-V where
C and V were times in days for mean tumour size in the
combination (C) and vehicle (V) groups to reach 400%
the initial tumour volume [75]. At the end points, blood
was collected, and serum was sent to South Eastern
Area Laboratory Services for toxicity test by examining
the liver function (Alanine Amino Transferase, ALT and
Alkaline Phosphatase, ALP) and kidney function (urea,
creatinine).

Annexin V/PI flow cytometry assay
Cells were seeded in 6-well plates (100,000 cells/
well), given 24 hours to reattach and treated with the
appropriate drug dilution and combination for 24 hours.
All cells from the plate (detached with trypsin/EDTA)
were extracted and centrifuged at 200 × g for 5 minutes.
The Annexin-V-FLUOS Staining Kit (Roche, Mannheim,
Germany) was used to detect early and late apoptotic cells.
The pelleted cells were resuspended in 100 µl of AnnV/
PI solution, incubated in the dark for 15–25 minutes at
room temperature, and then diluted with 500 µl of HEPES
buffer and ready to be analysed on the FACSCanto II flow
cytometer (Becton Dickinson, NJ, USA).

Real-time metabolic analysis assay

Statistical analysis

HOS cells were seeded onto a XFe24 plate and
placed in an incubator at 37°C with 95% air atmosphere
and 5% CO2. After 24 hours, cells were treated with
the appropriate drug dilution and combination. Sensor
cartridge was soaked in calibration buffer overnight in an
incubator without CO2 at 37°C. 24 hours after treatment,
media (RPMI-1640) was replaced with DMEM XF assay
media without pH buffering capacity. XFe24 plate was
placed in an incubator without CO2 at 37°C for 1 hour.
Calibrated sensor and XFe24 plate were placed in the
Seahorse XFe Extracellular Flux Analyzer (BioScience,
www.oncotarget.com

Values are presented as mean ± standard deviation
(single population) or mean ± standard error of the mean
(SEM) (multiple groups). Multiple categorical data was
analysed by non-parametric Kruskal-Wallis and posthoc Tamhane’s test. Multiple quantitative data was
analysed by one-way ANOVA (analysis of variance), or a
general linear model of multivariate analysis of variance
(MANOVA) and post-hoc Bonferroni test (data assumed
to be normally distributed) where p (2-tail) < 0.05 was
considered statistically significant. Time-dependent
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survival data were analysed by Cox progression and log
rank test. Statistical analyses were performed using IBM
SPSS Statistics 24 software (IL, USA).

8. Sham D, Wesley UV, Hristova M, van der Vliet A. ATPmediated transactivation of the epidermal growth factor
receptor in airway epithelial cells involves DUOX1dependent oxidation of Src and ADAM17. PLoS One. 2013;
8:e54391. https://doi.org/10.1371/journal.pone.0054391.
[PubMed]

Author contributions

9. Yang JL, Hannan MT, Russell PJ, Crowe PJ. Expression of
HER1/EGFR protein in human soft tissue sarcomas. Eur
J Surg Oncol. 2006; 32:466–468. https://doi.org/10.1016/j.
ejso.2006.01.012. [PubMed]

XW: methodology, investigation, writing original
draft and editing; RY: methodology, investigation,
writing original draft and editing; PH: conceptualization
and supervision; DG: review and supervision; PC:
review and supervision; PD: conceptualization, review
and supervision; JY: conceptualization, review and
supervision.

10. Demicco EG, Maki RG, Lev DC, Lazar AJ. New therapeutic
targets in soft tissue sarcoma. Adv Anat Pathol. 2012;
19:170–180. https://doi.org/10.1097/PAP.0b013e318253462f.
[PubMed]

CONFLICTS OF INTEREST

11. Lee JA, Ko Y, Kim DH, Lim JS, Kong CB, Cho WH, Jeon DG,
Lee SY, Koh JS. Epidermal growth factor receptor: is it a feasible
target for the treatment of osteosarcoma? Cancer Res Treat.
2012; 44:202–209. https://doi.org/10.4143/crt.2012.44.3.202.
[PubMed]

The authors declare no conflicts of interest.

REFERENCES
1.

2.

12. Lim HJ, Wang X, Crowe P, Goldstein D, Yang JL. Targeting
the PI3K/PTEN/AKT/mTOR Pathway in Treatment of
Sarcoma Cell Lines. Anticancer Res. 2016; 36:5765–5771.
https://doi.org/10.21873/anticanres.11160. [PubMed]

Ducimetiere F, Lurkin A, Ranchere-Vince D, Decouvelaere
AV, Peoc’h M, Istier L, Chalabreysse P, Muller C, Alberti
L, Bringuier PP, Scoazec JY, Schott AM, Bergeron C, et al.
Incidence of sarcoma histotypes and molecular subtypes in
a prospective epidemiological study with central pathology
review and molecular testing. PLoS One. 2011; 6:e20294.
https://doi.org/10.1371/journal.pone.0020294. [PubMed]

13. Wang X, Crowe PJ, Goldstein D, Yang JL. STAT3
inhibition, a novel approach to enhancing targeted therapy
in human cancers. Int J Oncol. 2012; 41:1181–1191. https://
doi.org/10.3892/ijo.2012.1568. [PubMed]

Howlader N, Noone A, Krapcho M, Miller D, Bisshop
K, Altekruse S, Kosary C, Yu M, Ruhl J, Tatalovich Z,
Mariotto A, Lewis D, Chen H, et al. SEER Cancer Statistics
Review, 1975–2013. National Cancer Institute. http://seer.
cancer.gov/csr/1975_2013/, based on November 2015
SEER data submission, posted and updated to the SEER
website, September 12, 2016.

14. Wang X, Goldstein D, Crowe PJ, Yang JL. S3I-201, a Novel
STAT3 Inhibitor, Inhibits Growth of Human Soft Tissue
Sarcoma Cell Lines. World J Cancer Res. 2013; 1:61–68.
https://doi.org/10.1166/wjcr.2013.1005.

3.

Kneisl JS, Coleman MM, Raut CP. Outcomes in the
management of adult soft tissue sarcomas. J Surg Oncol.
2014; 110:527–538. https://doi.org/10.1002/jso.23685.
[PubMed]

4.

Sarcoma, soft tissue: statistics. (http://www.cancer.net/
cancer-types/sarcoma-soft-tissue/statistics: ASCO). 2016.

16. Ariyama H, Qin B, Baba E, Tanaka R, Mitsugi K, Harada
M, Nakano S. Gefitinib, a selective EGFR tyrosine kinase
inhibitor, induces apoptosis through activation of Bax in
human gallbladder adenocarcinoma cells. J Cell Biochem.
2006; 97:724–734. https://doi.org/10.1002/jcb.20678.
[PubMed]

5.

Luk F, Yu Y, Walsh WR, Yang JL. IGF1R-targeted therapy
and its enhancement of doxorubicin chemosensitivity
in human osteosarcoma cell lines. Cancer Invest. 2011;
29:521–532. https://doi.org/10.3109/07357907.2011.60625
2. [PubMed]

17. Teng HW, Wang HW, Chen WM, Chao TC, Hsieh YY,
Hsih CH, Tzeng CH, Chen PCH, Yen CC. Prevalence and
prognostic influence of genomic changes of EGFR pathway
markers in synovial sarcoma. J Surg Oncol. 2011; 103:773–
781. https://doi.org/10.1002/jso.21852. [PubMed]

6.

Wang X, Batty KM, Crowe PJ, Goldstein D, Yang JL. The
Potential of panHER Inhibition in Cancer. Front Oncol. 2015;
5:2. https://doi.org/10.3389/fonc.2015.00002. [PubMed]

7.

Wang X, Goldstein D, Crowe PJ, Yang JL. Nextgeneration EGFR/HER tyrosine kinase inhibitors for the
treatment of patients with non-small-cell lung cancer
harboring EGFR mutations: a review of the evidence.
OncoTargets Ther. 2016; 9:5461–5473. https://doi.
org/10.2147/OTT.S94745. [PubMed]

18. Yang JL, Gupta RD, Goldstein D, Crowe PJ. Significance of
Phosphorylated Epidermal Growth Factor Receptor and Its
Signal Transducers in Human Soft Tissue Sarcoma. Int J Mol
Sci. 2017; 18:1159. https://doi.org/10.3390/ijms18061159.
[PubMed]

www.oncotarget.com

15. Wang X, Goldstein D, Crowe PJ, Yang JL. Impact of STAT3
inhibition on survival of osteosarcoma cell lines. Anticancer
Res. 2014; 34:6537–6545. [PubMed]

19. Cohen MH, Williams GA, Sridhara R, Chen G, Pazdur
R. FDA drug approval summary: gefitinib (ZD1839)
(Iressa) tablets. Oncologist. 2003; 8:303–306. https://doi.
org/10.1634/theoncologist.8-4-303. [PubMed]
58

Oncotarget

20. Sim EH, Yang IA, Wood-Baker R, Bowman RV, Fong
KM. Gefitinib for advanced non-small cell lung cancer.
Cochrane Database Syst Rev. 2018; 1:Cd006847. https://
doi.org/10.1002/14651858.CD006847.pub2. [PubMed]

31. Jeannot V, Busser B, Brambilla E, Wislez M, Robin B, Cadranel
J, Coll JL, Hurbin A. The PI3K/AKT pathway promotes
gefitinib resistance in mutant KRAS lung adenocarcinoma
by a deacetylase-dependent mechanism. Int J Cancer. 2014;
134:2560–2571. https://doi.org/10.1002/ijc.28594. [PubMed]

21. Li B, Chang CM, Yuan M, McKenna WG, Shu HK.
Resistance to small molecule inhibitors of epidermal growth
factor receptor in malignant gliomas. Cancer Res. 2003;
63:7443–7450. [PubMed]

32. Riley JK, Carayannopoulos MO, Wyman AH, Chi M,
Moley KH. Phosphatidylinositol 3-kinase activity is critical
for glucose metabolism and embryo survival in murine
blastocysts. J Biol Chem. 2006; 281:6010–6019. https://
doi.org/10.1074/jbc.M506982200. [PubMed]

22. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S,
Okimoto RA, Brannigan BW, Harris PL, Haserlat SM,
Supko JG, Haluska FG, Louis DN, Christiani DC, Settleman
J, et al. Activating mutations in the epidermal growth factor
receptor underlying responsiveness of non-small-cell lung
cancer to gefitinib. N Engl J Med. 2004; 350:2129–2139.
https://doi.org/10.1056/NEJMoa040938. [PubMed]

33. Warburg O. On the origin of cancer cells. Science. 1956;
123:309–314. https://doi.org/10.1126/science.123.3191.309.
[PubMed]
34. Bauer DE, Hatzivassiliou G, Zhao F, Andreadis C,
Thompson CB. ATP citrate lyase is an important component
of cell growth and transformation. Oncogene. 2005;
24:6314–6322. https://doi.org/10.1038/sj.onc.1208773.
[PubMed]

23. Guix M, Faber AC, Wang SE, Olivares MG, Song Y, Qu
S, Rinehart C, Seidel B, Yee D, Arteaga CL, Engelman JA.
Acquired resistance to EGFR tyrosine kinase inhibitors in
cancer cells is mediated by loss of IGF-binding proteins. J Clin
Invest. 2008; 118:2609–2619. https://doi.org/10.1172/jci34588.
[PubMed]

35. Barrientos A, Moraes CT. Titrating the effects of
mitochondrial complex I impairment in the cell physiology.
J Biol Chem. 1999; 274:16188–16197. https://doi.
org/10.1074/jbc.274.23.16188. [PubMed]

24. Terry J, Lubieniecka JM, Kwan W, Liu S, Nielsen TO.
Hsp90 inhibitor 17-allylamino-17-demethoxygeldanamycin
prevents synovial sarcoma proliferation via apoptosis in in
vitro models. Clin Cancer Res. 2005; 11:5631–5638. https://
doi.org/10.1158/1078-0432.CCR-05-0398. [PubMed]

36. Park D, Dilda PJ. Mitochondria as targets in angiogenesis
inhibition. Mol Aspects Med. 2010; 31:113–131. https://doi.
org/10.1016/j.mam.2009.12.005. [PubMed]
37. Dalla Via L, Garcia-Argaez AN, Martinez-Vazquez M,
Grancara S, Martinis P, Toninello A. Mitochondrial
permeability transition as target of anticancer drugs. Curr
Pharm Des. 2014; 20:223–244. https://doi.org/10.2174/138
16128113199990033. [PubMed]

25. Ray-Coquard I, Le Cesne A, Whelan JS, Schoffski P, Bui BN,
Verweij J, Marreaud S, van Glabbeke M, Hogendoorn P, Blay
JY. A phase II study of gefitinib for patients with advanced
HER-1 expressing synovial sarcoma refractory to doxorubicincontaining regimens. Oncologist. 2008; 13:467–473. https://
doi.org/10.1634/theoncologist.2008-0065. [PubMed]

38. Ramsay EE, Hogg PJ, Dilda PJ. Mitochondrial metabolism
inhibitors for cancer therapy. Pharm Res. 2011; 28:2731–
2744. https://doi.org/10.1007/s11095-011-0584-5. [PubMed]

26. Wang X, Goldstein D, Crowe PJ, Yang M, Garrett K, Zeps
N, Yang JL. Overcoming resistance of targeted EGFR
monotherapy by inhibition of STAT3 escape pathway in soft
tissue sarcoma. Oncotarget. 2016; 7:21496–21509. https://
doi.org/10.18632/oncotarget.7452. [PubMed]

39. Park D, Chiu J, Perrone GG, Dilda PJ, Hogg PJ. The tumour
metabolism inhibitors GSAO and PENAO react with
cysteines 57 and 257 of mitochondrial adenine nucleotide
translocase. Cancer Cell Int. 2012; 12:11. https://doi.
org/10.1186/1475-2867-12-11. [PubMed]

27. Shanware NP, Bray K, Abraham RT. The PI3K, metabolic,
and autophagy networks: interactive partners in cellular health
and disease. Annu Rev Pharmacol Toxicol. 2013; 53:89–106.
https://doi.org/10.1146/annurev-pharmtox-010611-134717.
[PubMed]

40. Don AS, Hogg PJ. Mitochondria as cancer drug targets.
Trends Mol Med. 2004; 10:372–378. https://doi.
org/10.1016/j.molmed.2004.06.005. [PubMed]
41. Wolf A, Agnihotri S, Micallef J, Mukherjee J, Sabha N,
Cairns R, Hawkins C, Guha A. Hexokinase 2 is a key
mediator of aerobic glycolysis and promotes tumor growth
in human glioblastoma multiforme. J Exp Med. 2011;
208:313–326.
https://doi.org/10.1084/jem.20101470.
[PubMed]

28. Yao R, Cooper GM. Growth factor-dependent survival of
rodent fibroblasts requires phosphatidylinositol 3-kinase
but is independent of pp70S6K activity. Oncogene. 1996;
13:343–351. [PubMed]
29. Edinger AL, Thompson CB. Akt maintains cell size
and survival by increasing mTOR-dependent nutrient
uptake. Mol Biol Cell. 2002; 13:2276–2288. https://doi.
org/10.1091/mbc.01-12-0584. [PubMed]

42. Krasnov GS, Dmitriev AA, Lakunina VA, Kirpiy AA,
Kudryavtseva AV. Targeting VDAC-bound hexokinase II:
a promising approach for concomitant anti-cancer therapy.
Expert Opin Ther Targets. 2013; 17:1221–1233. https://doi.
org/10.1517/14728222.2013.833607. [PubMed]

30. Liu P, Begley M, Michowski W, Inuzuka H, Ginzberg M,
Gao D, Tsou P, Gan W, Papa A, Kim BM, Wan L, Singh A,
Zhai B, et al. Cell-cycle-regulated activation of Akt kinase
by phosphorylation at its carboxyl terminus. Nature. 2014;
508:541–545. https://doi.org/10.1038/nature13079. [PubMed]
www.oncotarget.com

43. Arora KK, Pedersen PL. Functional significance of
mitochondrial bound hexokinase in tumor cell metabolism.
Evidence for preferential phosphorylation of glucose by
59

Oncotarget

intramitochondrially generated ATP. J Biol Chem. 1988;
263:17422–17428. [PubMed]

Hogg PJ, Rischin D, Desai J. First-in-man trial of 4-(N-(Spenicillaminylacetyl)amino) phenylarsonous acid (PENAO)
as a continuous intravenous infusion (CIVI), in patients
(pt) with advanced solid tumours. Journal of Clinical
Oncology. 2016; 34:e14025-e. https://doi.org/10.1200/
JCO.2016.34.15_suppl.e14025.

44. Don AS, Kisker O, Dilda P, Donoghue N, Zhao X,
Decollogne S, Creighton B, Flynn E, Folkman J, Hogg PJ.
A peptide trivalent arsenical inhibits tumor angiogenesis
by perturbing mitochondrial function in angiogenic
endothelial cells. Cancer Cell. 2003; 3:497–509. https://doi.
org/10.1016/S1535-6108(03)00109-0. [PubMed]

54. Herbst RS, Giaccone G, Schiller JH, Natale RB, Miller
V, Manegold C, Scagliotti G, Rosell R, Oliff I, Reeves
JA, Wolf MK, Krebs AD, Averbuch SD, et al. Gefitinib in
combination with paclitaxel and carboplatin in advanced
non-small-cell lung cancer: a phase III trial–INTACT 2.
J Clin Oncol. 2004; 22:785–794. https://doi.org/10.1200/
JCO.2004.07.215. [PubMed]

45. Dilda PJ, Decollogne S, Weerakoon L, Norris MD, Haber
M, Allen JD, Hogg PJ. Optimization of the antitumor
efficacy of a synthetic mitochondrial toxin by increasing the
residence time in the cytosol. J Med Chem. 2009; 52:6209–
6216. https://doi.org/10.1021/jm9008339. [PubMed]

55. Ivanov VN, Hei TK. Combined treatment with EGFR
inhibitors and arsenite upregulated apoptosis in human
EGFR-positive melanomas: a role of suppression of the
PI3K-AKT pathway. Oncogene. 2005; 24:616–626. https://
doi.org/10.1038/sj.onc.1208125. [PubMed]

46. Chen GQ, Zhu J, Shi XG, Ni JH, Zhong HJ, Si GY, Jin
XL, Tang W, Li XS, Xong SM, Shen ZX, Sun GL, Ma J, et
al. In vitro studies on cellular and molecular mechanisms
of arsenic trioxide (As2O3) in the treatment of acute
promyelocytic leukemia: As2O3 induces NB4 cell apoptosis
with downregulation of Bcl-2 expression and modulation
of PML-RAR alpha/PML proteins. Blood. 1996; 88:1052–
1061.
https://doi.org/10.1182/blood.V88.3.1052.1052.
[PubMed]

56. Noh EK, Kim H, Park MJ, Baek JH, Park JH, Cha SJ, Won
JH, Min YJ. Gefitinib enhances arsenic trioxide (AS2O3)induced differentiation of acute promyelocytic leukemia
cell line. Leuk Res. 2010; 34:1501–1505. https://doi.
org/10.1016/j.leukres.2010.02.016. [PubMed]

47. Shen ZX, Chen GQ, Ni JH, Li XS, Xiong SM, Qiu QY, Zhu
J, Tang W, Sun GL, Yang KQ, Chen Y, Zhou L, Fang ZW, et
al, and Clinical Efficacy and Pharmacokinetics in Relapsed
Patients. Use of arsenic trioxide (As2O3) in the treatment of
acute promyelocytic leukemia (APL): II. Clinical efficacy
and pharmacokinetics in relapsed patients. Blood. 1997;
89:3354–3360. https://doi.org/10.1182/blood.V89.9.3354.
[PubMed]

57. Liu ZM, Tseng JT, Hong DY, Huang HS. Suppression of
TG-interacting factor sensitizes arsenic trioxide-induced
apoptosis in human hepatocellular carcinoma cells. Biochem
J. 2011; 438:349–358. https://doi.org/10.1042/BJ20101653.
[PubMed]
58. Kryeziu K, Jungwirth U, Hoda MA, Ferk F, Knasmuller S,
Karnthaler-Benbakka C, Kowol CR, Berger W, Heffeter P.
Synergistic anticancer activity of arsenic trioxide with erlotinib
is based on inhibition of EGFR-mediated DNA double-strand
break repair. Mol Cancer Ther. 2013; 12:1073–1084. https://
doi.org/10.1158/1535-7163.MCT-13-0065. [PubMed]

48. Dilda PJ, Hogg PJ. Arsenical-based cancer drugs. Cancer
Treat Rev. 2007; 33:542–564. https://doi.org/10.1016/j.
ctrv.2007.05.001. [PubMed]
49. Gang BP, Dilda PJ, Hogg PJ, Blackburn AC. Targeting
of two aspects of metabolism in breast cancer treatment.
Cancer Biol Ther. 2014; 15:1533–1541. https://doi.org/10.
4161/15384047.2014.955992. [PubMed]

59. Mosmann T. Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity
assays. J Immunol Methods. 1983; 65:55–63. https://doi.
org/10.1016/0022-1759(83)90303-4. [PubMed]

50. Shen H, Decollogne S, Dilda PJ, Hau E, Chung SA, Luk
PP, Hogg PJ, McDonald KL. Dual-targeting of aberrant
glucose metabolism in glioblastoma. J Exp Clin Cancer
Res. 2015; 34:14. https://doi.org/10.1186/s13046-015-01300. [PubMed]

60. Noro R, Gemma A, Kosaihira S, Kokubo Y, Chen M,
Seike M, Kataoka K, Matsuda K, Okano T, Minegishi Y,
Yoshimura A, Kudoh S. Gefitinib (IRESSA) sensitive lung
cancer cell lines show phosphorylation of Akt without
ligand stimulation. BMC Cancer. 2006; 6:277. https://doi.
org/10.1186/1471-2407-6-277. [PubMed]

51. Decollogne S, Joshi S, Chung SA, Luk PP, Yeo RX, Nixdorf
S, Fedier A, Heinzelmann-Schwarz V, Hogg PJ, Dilda PJ.
Alterations in the mitochondrial responses to PENAO as a
mechanism of resistance in ovarian cancer cells. Gynecol
Oncol. 2015; 138:363–371. https://doi.org/10.1016/j.
ygyno.2015.06.018. [PubMed]

61. Wang X, Goldstein D, Crowe PJ, Yang JL. Antitumour
effects and mechanisms of action of the panHER inhibitor,
dacomitinib, alone and in combination with the STAT3
inhibitor, S3I-201, in human sarcoma cell lines. Int J Oncol.
2018; 52:2143–2154. https://doi.org/10.3892/ijo.2018.4337.
[PubMed]

52. Chung S, Decollogne S, Luk P, Shen H, Ha W, Day B,
Stringer B, Hogg PJ, Dilda PJ, McDonald KL. Preclinical
evaluation of PENAO: a potent mitochondrial specific,
arsenical-based inhibitor for Glioblastoma. NeuroOncology. 2013; 15. https://doi.org/10.1093/neuonc/not176.

62. Cohen MH, Hirschfeld S, Flamm Honig S, Ibrahim A,
Johnson JR, O’Leary JJ, White RM, Williams GA, Pazdur R.
Drug approval summaries: arsenic trioxide, tamoxifen citrate,
anastrazole, paclitaxel, bexarotene. Oncologist. 2001; 6:4–11.
https://doi.org/10.1634/theoncologist.6-1-4. [PubMed]

53. Tran B, Hamilton AL, Horvath L, Lam M, Savas PS,
Grimison PS, Whittle JR, Kuo JCY, Signal N, Edmonds D,
www.oncotarget.com

60

Oncotarget

63. Dilda PJ, Ramsay EE, Corti A, Pompella A, Hogg PJ.
Metabolism of the tumor angiogenesis inhibitor 4-(N-(SGlutathionylacetyl)amino)phenylarsonous acid. J Biol
Chem. 2008; 283:35428–35434. https://doi.org/10.1074/
jbc.M804470200. [PubMed]

69. Mann KK, Colombo M, Miller WH Jr. Arsenic trioxide
decreases AKT protein in a caspase-dependent manner.
Mol Cancer Ther. 2008; 7:1680–1687. https://doi.
org/10.1158/1535-7163.MCT-07-2164. [PubMed]
70. Ivanov VN, Hei TK. Arsenite sensitizes human melanomas
to apoptosis via tumor necrosis factor alpha-mediated
pathway. J Biol Chem. 2004; 279:22747–22758. https://doi.
org/10.1074/jbc.M314131200. [PubMed]

64. Dilda PJ, Don AS, Tanabe KM, Higgins VJ, Allen JD,
Dawes IW, Hogg PJ. Mechanism of selectivity of an
angiogenesis inhibitor from screening a genome-wide set
of Saccharomyces cerevisiae deletion strains. J Natl Cancer
Inst. 2005; 97:1539–1547. https://doi.org/10.1093/jnci/dji316.
[PubMed]

71. Shen H, Luk PP, Chung SA, Decollogne S, Dilda PJ, Hogg PJ,
McDonald KL. Abstract 1701: PENAO, a novel mitochondriatargeted agent, has shown potent antitumor effect on
glioblastoma in vitro and in vivo. Cancer Res. 2013; 73:S1701.
https://doi.org/10.1158/1538-7445.AM2013-1701.

65. Horsley L, Cummings J, Middleton M, Ward T, Backen
A, Clamp A, Dawson M, Farmer H, Fisher N, Halbert G,
Halford S, Harris A, Hasan J, et al, and Cancer Research
UK Drug Development Office Phase I clinical trial. A phase
1 trial of intravenous 4-(N-(S-glutathionylacetyl)amino)
phenylarsenoxide (GSAO) in patients with advanced solid
tumours. Cancer Chemother Pharmacol. 2013; 72:1343–1352.
https://doi.org/10.1007/s00280-013-2320-9. [PubMed]

72. Tsoli M, Liu J, Franshaw L, Shen H, Cheng C, Jung M,
Joshi S, Ehteda A, Khan A, Montero-Carcabosso A, Dilda
PJ, Hogg P, Ziegler DS. Dual targeting of mitochondrial
function and mTOR pathway as a therapeutic strategy for
diffuse intrinsic pontine glioma. Oncotarget. 2018; 9:7541–
7556. https://doi.org/10.18632/oncotarget.24045. [PubMed]

66. Anderson NG, Ahmad T, Chan K, Dobson R, Bundred NJ.
ZD1839 (Iressa), a novel epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor, potently inhibits the
growth of EGFR-positive cancer cell lines with or without
erbB2 overexpression. Int J Cancer. 2001; 94:774–782.
https://doi.org/10.1002/ijc.1557. [PubMed]

73. Chen Y, Cairns R, Papandreou I, Koong A, Denko NC.
Oxygen consumption can regulate the growth of tumors,
a new perspective on the Warburg effect. PLoS One. 2009;
4:e7033. https://doi.org/10.1371/journal.pone.0007033.
[PubMed]
74. Chou TC, Talaly P. A simple generalized equation for the
analysis of multiple inhibitions of Michaelis-Menten kinetic
systems. J Biol Chem. 1977; 252:6438–6442. [PubMed]

67. Gee JM, Harper ME, Hutcheson IR, Madden TA, Barrow
D, Knowlden JM, McClelland RA, Jordan N, Wakeling AE,
Nicholson RI. The antiepidermal growth factor receptor
agent gefitinib (ZD1839/Iressa) improves antihormone
response and prevents development of resistance in breast
cancer in vitro. Endocrinology. 2003; 144:5105–5117.
https://doi.org/10.1210/en.2003-0705. [PubMed]

75. Ramsay EE, Decollogne S, Joshi S, Corti A, Apte M,
Pompella A, Hogg PJ, Dilda PJ. Employing Pancreatic
Tumor γ-Glutamyltransferase for Therapeutic Delivery.
Mol Pharm. 2014; 11:1500–1511. https://doi.org/10.1021/
mp400664t. [PubMed]

68. Jung HS, Kim HS, Lee MJ, Shin HY, Ahn HS, Ryu KH, Seoh
JY, Kim CJ, Jang JJ. Arsenic trioxide concentration determines
the fate of Ewing’s sarcoma family tumors and neuroblastoma
cells in vitro. FEBS Lett. 2006; 580:4969–4975. https://doi.
org/10.1016/j.febslet.2006.07.077. [PubMed]

www.oncotarget.com

61

Oncotarget

