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a  b  s  t  r  a  c  t

Clotrimazole  (CTZ)  has been  proposed  as an  antitumoral  agent  because  of  its  properties  that  inhibit  gly-
colytic  enzymes  and  detach  them  from  the  cytoskeleton.  However,  the  broad  effects  of  the  drug,  e.g., acting
on different  enzymes  and  pathways,  indicate  that  CTZ  might  also  affect  several  signaling  pathways.  In  this
study,  we  show  that CTZ  interferes  with  the  human  breast  cancer  cell  line  MCF-7  after  a  short  incubation
period  (4 h),  thereby  diminishing  cell  viability,  promoting  apoptosis,  depolarizing  mitochondria,  inhibi-
ting  key  glycolytic  regulatory  enzymes,  decreasing  the  intracellular  ATP  content,  and  permeating  plasma
membranes.  CTZ  treatment  also  interferes  with  autophagy.  Moreover,  when  the  incubation  is  performed
under  hypoxic  conditions,  certain  effects  of  CTZ  are  enhanced,  such  as  phosphatidylinositol-3-phosphate
kinase  (PI3K),  which  is  inhibited  upon  CTZ  treatment;  this  inhibition  is  potentiated  under  hypoxia.  CTZ-
induced  PI3K  inhibition  is not  caused  by  upstream  effects  of CTZ  because  the  drug  does  not  affect  the
poptosis interaction  of the  PI3K  regulatory  subunit  and  the  insulin  receptor  substrate  (IRS)-1.  Additionally,  CTZ
directly  inhibits  human  purified  PI3K  in  a dose-dependent  and  reversible  manner.  Pharmacologic  and
in  silico  results  suggest  that CTZ  may  bind  to the  PI3K  catalytic  site.  Therefore,  we conclude  that  PI3K
is  a novel,  putative  target  for the  antitumoral  effects  of  CTZ,  interfering  with  autophagy,  apoptosis,  cell
division  and  viability.
. Introduction

Cancer cells are characterized by a unique energetic metabolic
rofile, conducting constant, highly activated fermentative glycol-
sis, even with a normal oxygen supply (Yeung et al., 2008; Zheng,
012). Simultaneously, these cells catabolize glutamine, used not
nly to generate a redox potential but also as a major carbon source

Zu and Guppy, 2004). This entire phenomenon is known as the

arburg effect because it was first described by Otto Warburg more
han 50 years ago (Bayley and Devilee, 2012). Currently, most of
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these metabolic alterations are a consequence of the stable activa-
tion of hypoxia induced factor 1 (HIF-1), even in the presence of
oxygen (Yeung et al., 2008). Additionally, it is well accepted that
aerobic, fermentative glycolysis is the major energy furnisher to
these cells, whereas glutamine is mainly used to generate sub-
strates to biosynthesize amino acids, lipids and carbohydrates (Zu
and Guppy, 2004). Thus, many studies have aimed at interfering
with this altered metabolism and, therefore, with cancer viability
(Parks et al., 2013).

Although the Warburg effect does not depend on the oxygen
supply, it is known that cancer cell metabolism changes during
hypoxic conditions (Parks et al., 2013), which most likely occurs
because cancer cells are even more dependent on fermentative gly-
colysis as a source of energy under hypoxia (Semenza, 2008). In
this context, HIF-1 is a key participant, triggering the intracellu-

lar effects of hypoxia (Semenza, 2013). Therefore, HIF-1 has been
proposed as a target to interfere with cancer metabolism and con-
trol proliferation (Semenza, 2003). However, HIF-1 interferences
occur at the expression level, making both the interference and the
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onsequences difficult to control (Semenza, 2013). Furthermore,
he side effects, mainly to non-tumor cells, would be extensive.
hus, some authors have proposed direct interference with the gly-
olytic pathway as a way to attack cancer cells with minor effects to
on-cancer cells (Parks et al., 2013; Zheng, 2012). This approach is
iable because most non-cancer cells are not strictly dependent on
lycolysis as an energy source (Parks et al., 2013; Semenza, 2008;
heng, 2012).

Clotrimazole (CTZ) is an imidazole derivative that presents anti-
roliferative properties (Khalid et al., 2005; Penso and Beitner,
002a). We have demonstrated that this drug directly interferes
ith glycolytic enzymes, thus inhibiting glycolysis (Coelho et al.,

011; Furtado et al., 2012; Marcondes et al., 2010; Meira et al.,
005; Zancan et al., 2007). The deleterious effects of CTZ are more
ronounced in aggressive, metastatic cancer cells than in non-
etastatic cancer cells and are minimal to non-tumor cells (Coelho

t al., 2011; Furtado et al., 2012). However, the overall effect of CTZ
annot be explained only via glycolytic enzyme inhibition because
t is devastating to cell shape, migration and invasiveness. More-
ver, the drug rapidly damages cancer cell plasma membranes.
hese broad effects suggest that CTZ is most likely interfering
ith signaling pathways that control cell glycolytic metabolism,
hysiology and morphology. A simple guess suggests the partic-

pation of the insulin/growth factors pathway. This pathway can
e grossly divided into two branches: the metabolic branch, in
hich phosphatidylinositol-3-kinase (PI3K) plays a key role, and

he anabolic branch, in which mitogen-activated protein kinase
MAPK) plays a key role (Hashimoto et al., 2014).

To investigate other targets for CTZ antitumoral properties, we
valuated the effects of the drug on the metabolism and physiology
f the human breast cancer cell line MCF-7. The results presented
n this report reveal targets for CTZ effects on cancer cells.

. Materials and methods

.1. Materials

Clotrimazole, NAD+, NADH, NADP+, ATP, ADP, fructose
-phosphate, lactate, glucose 6-phosphate, phosphoenolpyru-
ate, hexokinase, lactate dehydrogenase, aldolase, glucose
-phosphate dehydrogenase, triosephosphate isomerase, and
-glycerophosphate were purchased from Sigma Chemical, St.
ouis, MO,  USA. Other reagents were of the highest purity available.

.2. Cell and culture conditions

The human breast cancer cell line MCF-7 was obtained from the
ell Bank of Hospital Universitário Clementino Fraga Filho, UFRJ,
razil, and Prof. Dr. Mitzi Brentani from the University of São Paulo,
SP, Brazil, and was maintained in DMEM (Dulbecco’s modified
agle’s medium; Invitrogen, São Paulo, SP, Brazil) supplemented
ith 10% (v/v) FBS (fetal bovine serum; Invitrogen) and l-glutamine

Zancan et al., 2010). The cells were grown for 4 h at 37 ◦C in a
% CO2 atmosphere or maintained in a hypoxia chamber MIC101
Hypoxia Incubator Chamber; StemCell Technologies, Vancouver,
C, Canada). The considered hypoxic condition had a gas mixture
f 5% O2 and 94% N2 and was obtained from White Martins Praxair
nc. (Osasco, SP, Brazil). The sample was kept in an oven at 37 ◦C.

.3. MTT  assay
The MCF-7 cell mitochondrial reductive activity was  assayed
sing the MTT  assay as described previously (Spitz et al., 2009).
ells were seeded in 96-well plates (5 × 104 cells/well) and grown
o confluence. Then, the medium was removed, fresh medium was
chemistry & Cell Biology 62 (2015) 132–141 133

added, and the cells were returned to the incubator in the pres-
ence of different concentrations of clotrimazole (0–50 �M).  After
24 h, the cells were incubated with 5 mg/mL  MTT  reagent (3,4,5-
dimethiazol-2,5-diphenyltetrazolium bromide, Sigma–Aldrich Co.,
St. Louis, MO,  USA) for 3 h. Thereafter, the formazan crystals were
dissolved in DMSO, and the absorbance at 560 nm was  evalu-
ated using a VICTOR3 multilabel microplate reader (PerkinElmer,
Waltham, MA,  USA) with subtraction of the background absorbance
at 670 nm (Spitz et al., 2009).

2.4. ATP quantitative measurement

Cells were seeded in 96-well plates (5 × 104 cells/well) and
grown to confluence. Then, the medium was removed, fresh
medium was added, and the cells were treated with different
concentrations of clotrimazole (0–50 �M)  for 24 h. After this incu-
bation, the medium was  removed, and the ATP Lite kit reagents
(Luminescence ATP Detection Assay System – PerkinElmer,
Waltham, MA,  USA) were added. This system is based on the
production of light by luciferase because it consumes ATP and
d-luciferin. The luminescence is proportional to the concentra-
tion of cellular ATP and was analyzed using a VICTOR3 multilabel
microplate reader (PerkinElmer, Waltham, MA,  USA) (Furtado et al.,
2012).

2.5. Leaked LDH activity

Cells were seeded in 96-well plates (5 × 104 cells/well) and
grown to confluence. Then, the medium was removed, fresh
medium was  added, and the cells were returned to the incubator
and treated for 4 h under normoxia or hypoxia in the presence of
the compounds indicated in the abscissa. Then, the medium was
removed, and the amount of leaked lactate dehydrogenase (LDH)
was evaluated by monitoring the reduction of NAD+ to NADH via
the absorbance at 340 nm using a VICTOR3 multilabel microplate
reader (PerkinElmer, Waltham, MA,  USA) (Furtado et al., 2012).

2.6. Measurement of hexokinase, phosphofructokinase, pyruvate
kinase and glucose 6-phosphate dehydrogenase activities

Cells were seeded in 24-well plates (2 × 105 cells/well) and
grown to confluence. Then, the medium was removed, fresh
medium was added, and the cells were treated with or with-
out 50 �M clotrimazole for 24 h. After this incubation, the cells
were trypsinized, centrifuged (10 min  × 1000 × g), resuspended in
10 mM potassium phosphate buffer (pH 7.4), and counted using a
hemacytometer. All protein concentrations were analyzed follow-
ing Lowry et al. (1951).

The phosphofructokinase (PFK) activity was measured using
an enzyme-coupled method in a reaction buffer containing 5 mM
MgCl2, 1 mM fructose 6-phosphate, 1 mM ATP, 0.2 mM NADH,
2 U/ml aldolase, 4 U/ml triosephosphate isomerase and 2 U/ml �-
glycerophosphate dehydrogenase in 50 mM  Tris–HCl (pH 7.4). The
reaction was monitored spectrophotometrically by the absorbance
at 340 nm associated with the oxidation of NADH to NAD+ in a
VICTOR3 multilabel microplate reader (PerkinElmer, Waltham, MA,
USA) (Real-Hohn et al., 2010).

The hexokinase (HK) activity was  assessed in a basic medium
containing 50 mM  Tris–HCl (pH 7.4), 5 mM MgCl2, 1 mM glucose,
1 mM ATP, 0.2 mM NAD+ and 1 U/ml glucose 6-phosphate dehydro-
genase. The reaction was monitored spectrophotometrically via the
loss of absorbance at 340 nm associated with the reduction of NAD+
to NADH in a VICTOR3 multilabel microplate reader (PerkinElmer,
Waltham, MA,  USA) (Leite et al., 2011).

The pyruvate kinase (PK) activity was  measured in a medium
containing 50 mM Tris–HCl (pH 7.4), 5 mM MgCl2, 120 mM KCl,
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 mM phosphoenolpyruvate, 1 mM ADP, 0.2 mM NADH and 20 U/ml
actate dehydrogenase. The reaction was monitored spectropho-
ometrically by the absorbance at 340 nm associated with the
xidation of NADH to NAD+ in a VICTOR3 multilabel microplate
eader (PerkinElmer, Waltham, MA,  USA) (Leite et al., 2011).

The glucose-6-phosphate dehydrogenase (G6PDH) activity was
ssayed in a medium containing 50 mM Tris–HCl (pH 7.4), 5 mM
gCl2, 0.5 mM glucose 6-phosphate and 0.2 mM NADP+. The reac-

ion was monitored spectrophotometrically at 340 nm in a VICTOR3
ultilabel microplate reader (PerkinElmer, Waltham, MA,  USA) to

dentify the reduction of NADP+ to NADPH (Furtado et al., 2012).
All reactions were initiated via the addition of an aliquot of cel-

ular homogenate. Experiments lacking the coupled enzymes were
erformed to control for non-specific oxidation/reduction.

.7. Evaluation of live/dead assay, cell cycle assay, apoptosis
ctivation, BCL-2 activation, mitochondrial polarization,
utophagy induction, PI3K activation and MAPK activation

All of these parameters were evaluated using a Muse® Cell Ana-
yzer (Merck Millipore, Billerica, MA,  USA) and the appropriate
eagent kit. The kits used were Muse® Count & Viability Assay Kit,
use® Cell Cycle Assay Kit, Muse® Annexin V & Dead Cell Assay Kit,
use® Bcl-2 Activation Dual Detection Assay Kit, Muse® Mitopo-

ential Assay Kit, Muse® Autophagy LC3-Antibody Based Kit, Muse®

I3K Activation Dual Detection Assay Kit and Muse® MAPK Activa-
ion Dual Detection Assay Kit. For autophagy induction, cells were
ncubated under normoxia or hypoxia in DMEM medium supple-

ented with 10% FBS (control) or without FBS (starvation). After 4 h
f treatment, cells were evaluated following the kit manufacturers’
rotocols.

.8. Western blots

MCF7 cells were plated in 96-well plates (5 × 103 cells/well),
llowed to attach for 24 h and treated with 50 �M CTZ or 1 �M
ortmannin for 1.5 h. Cells were lysed and were either submitted

o immunoprecipitation in the presence of an anti-insulin recep-
or substrate (IRS)-1 antibody (Cell Signaling, 2382, used in the
ilution of 1:100) or were directly submitted to SDS-PAGE for
urther immunobloting against anti-IRS-1 (Cell Signaling, 2382,
sed in the dilution of 1:1000), anti-phospho(S1101)-IRS-1 (Cell
ignaling, 2385, used in the dilution of 1:500), anti-S6K (Cell
ignaling, 2903, used in the dilution of 1:1000), anti-phospho-
6K (Cell Signaling, 9234, used in the dilution of 1:500), anti-PTEN
Santa Cruz Biotechnology, sc-7974, used in the dilution of 1:1000)
r anti-phospho-PTEN (Santa Cruz Biotechnology, sc-377573, used
n the dilution of 1:1000). The immunoprecipitation product was
urther submitted to SDS-PAGE and immunoblotting against IRS-1
nd p85. As loading controls, the membranes were immunoblotted
gainst anti-�-actin (Cell Signaling, 4967, used in the dilution of
:10,000). All procedures were performed according to Tremblay
nd Marette (2001).

.9. Clotrimazole/Ly294002 combination viability assay

MCF7 cells were plated in 96-well plates (5 × 103 cells/well),
llowed to attach for 24 h and treated with different concentrations
f: (a) CTZ (0, 6.25, 12.5, 25 and 50 �M),  (b) Ly294002 (0, 12.5, 25,

0 and 100 �M),  or (c) the combined drugs following a 4 × 4 matrix
f the used concentrations. Cells were treated for 48 h and their
iability was assessed using an MTT  assay, as previously described
Mosmann, 1983).
chemistry & Cell Biology 62 (2015) 132–141

2.10. PI3K activity evaluation

PI3K activity was evaluated using an ELISA kit and human puri-
fied PI3K alpha (Echelon Biosciences Inc., Salt Lake City, UT, USA).

2.11. Molecular docking

Molecular docking was performed using the free online plat-
form Mcule (https://mcule.com) as described previously (Tam et al.,
2012). The human PI3K, subunit gamma (PDB accession number
2A4Z), was  use to dock CTZ, LY294002 and ATP.

2.12. Statistical analysis

Graphs, statistical analyses and non-linear regressions were
prepared using the software Prism 6 for Mac  OS X (GraphPad
Software Inc., La Jolla, CA, USA). All values were shown as the
means ± standard error of the mean (S.E.M.). Two-tailed ANOVA
and Bonferroni’s post hoc test were used to compare differences
among the experimental data. P values ≤0.05 were accepted as
statistically significant.

3. Results

3.1. CTZ decreases MCF-7 cell viability arresting the cells at
G0/G1 phase

Aimed at testing whether CTZ would be more deleterious to
MCF-7 cells under hypoxia than under normoxia, a cell viability
assay was  performed (Fig. 1A). This experiment reveals that, under
normoxic conditions, MCF-7 cell viability decreases from 98 ± 2%
in the control to 77 ± 5% after incubation in the presence of 50 �M
CTZ for 4 h (P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).
The anti-cancer drug paclitaxel also decreases MCF-7 cell viabil-
ity to 86 ± 5% (P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc
test). Under hypoxia, the control cell viability is 96 ± 3%, and it
decreases to 61 ± 5% and 83 ± 7% after incubation for 4 h with 50 �M
CTZ and 2 �M paclitaxel, respectively (P < 0.05, two-tailed ANOVA,
Bonferroni’s post hoc test). Comparing the results under hypoxia
and normoxia, it can be observed that CTZ is more deleterious in
hypoxia than normoxia (P < 0.05, two-tailed ANOVA, Bonferroni’s
post hoc test). The enhanced effects of CTZ under hypoxia are also
observed by evaluating the cell cycle phase (Fig. 1B and C). Under
normoxia, CTZ does not promote any significant change in the MCF-
7 cell cycle phase, although paclitaxel arrest cells at the G2/M phase
(Fig. 1B). However, under hypoxia, CTZ arrests the cells at the G0/G1
phase (Fig. 1C). Note that the arrest promoted by paclitaxel at the
G2/M phase under both normoxia and hypoxia is accompanied by
a decrease of cells in the G0/G1 phase. Conversely, the arrest pro-
moted by CTZ at the G0/G1 phase includes a cell decrease in the
G2/M phase. The S phase is not affected by any of the drugs. Regard-
less of the phase in which cells are arrested, these phenomena
indicate that these drugs negatively affect cell proliferation.

3.2. CTZ induces apoptosis, necrosis and depolarizes
mitochondria in MCF-7 cells

To determine whether CTZ is also promoting cell death, we
assessed apoptotic and necrotic cells after CTZ treatment under
normoxia and hypoxia. As a positive control, we  used 1 �M
staurosporin, a well-known apoptosis inductor. Under normoxic
conditions, incubation of MCF-7 cells with 50 �M CTZ or 1 �M stau-

rosporin promotes a decrease in live cells with a parallel increase
in apoptotic and necrotic cells (Fig. 2A). For both drugs, induction
of apoptosis is more significant than necrosis. Moreover, stau-
rosporin is more efficient than CTZ at diminishing the number of

https://mcule.com/
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Fig. 1. CTZ interferes with the cell cycle and cell survival. Cells were grown and
treated as described in the Material and Methods section in the absence or presence
of  50 �M CTZ or 2 �M paclitaxel. Panel (A): live and dead assay evaluated after 4 h
of  treatment during normoxia or hypoxia. Panel (B): cell cycle phases evaluated
after 4 h of treatment during normoxia. Panel (C): cell cycle phases evaluated after
4  h of treatment during hypoxia. Data are shown as the mean ± standard error of at
least three independent experiments performed at least in duplicate (n = 3). *P < 0.05
compared to the control in the same group. #P < 0.05 compared to CTZ in the same
group. &P < 0.05 compared to normoxia under the same conditions. All statistics were
performed by two-tailed ANOVA using Bonferroni’s post hoc test.

Fig. 2. CTZ induces apoptosis and inactivation of BCL-2. Cells were grown and
treated as described in Section 2 in the absence or presence of 50 �M CTZ or 1 �M
staurosporin. Panel (A): apoptosis and necrosis assay evaluated after 4 h of treat-
ment during normoxia. Panel (B): apoptosis and necrosis assay evaluated after 4 h
of  treatment during hypoxia. Panel (C): BCL-2 activation evaluated after 4 h of treat-
ment during normoxia or hypoxia. Data are shown as the mean ± standard error
of  at least three independent experiments performed at least in duplicate (n = 3).
*P  < 0.05 compared to control in the same group. #P < 0.05 compared to CTZ in the
same group. &P < 0.05 compared to normoxia under the same condition. All statistics
were performed by two-tailed ANOVA using Bonferroni’s post hoc test.
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ive cells and promoting apoptosis (Fig. 2A). However, the efficiency
f CTZ increases under hypoxia, decreasing the number of live
ells and promoting apoptosis, compared to normoxic conditions
Fig. 2B). Under hypoxia, there is no significant difference between
he effects of CTZ and staurosporin on these mechanisms of cell
eath. Moreover, the anti-apoptotic regulatory protein, BCL-2, was
valuated. The activated (phosphorylated) levels of BCL-2 dimin-
sh upon CTZ and staurosporin treatment, under normoxia and
ypoxia (Fig. 2C). However, staurosporin is more effective than CTZ
nder normoxia, but under hypoxia, CTZ increases its effectiveness,
ecoming as efficient as staurosporin (Fig. 2C).

To better understand the mechanisms involved in CTZ-induced
ell death, we evaluated the mitochondrial potential of treated
ells. Staurosporin was used as a positive control. This assay dif-
erentiates among cells of average size and polarized mitochondria
live), average size and depolarized mitochondria (depolarized),
nd reduced cell size and depolarized mitochondria (dead). Under
ormoxia, both CTZ and staurosporin decrease the number live
ells, increasing the depolarized and dead cell counts to similar
evels, compared to the control (Fig. 3A). Hypoxia slightly reduces
he polarization of mitochondria, decreasing the live group while
ncreasing the depolarized and dead group, compared to normoxic
onditions (Fig. 3B). These effects are enhanced upon treatment
ith CTZ or staurosporin. However, under hypoxia, CTZ is more

fficient at depolarizing mitochondria than staurosporin (Fig. 3B).

.3. CTZ decreases MCF-7 cells autophagy through direct
nhibition of PI3K

Autophagy is an important mechanism of cell survival, espe-
ially when nutrient availability is limited. We  assessed the effects
f CTZ on autophagy induction in MCF-7 cells subjected to star-
ation under normoxia and hypoxia. Resveratrol and Wortmannin
ere used as positive and negative controls, respectively. In nor-
oxic conditions, CTZ decreases the induction of autophagy in

8 ± 1% for the control and 68 ± 6% for those under starvation
Fig. 4A, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).
ypoxia increased the induction of autophagy 4–5 times in the
ontrol, with minor effects during starvation (Fig. 4B). However,
he effects of CTZ on autophagy induction are greatly increased
uring hypoxia, whereas CTZ reduces the induction of autophagy
y 88 ± 5% in the control and 94 ± 6% for those under starvation

Fig. 4B). The activation of autophagy by resveratrol also increased
uring hypoxia, whereas the inhibition by Wortmannin remains
naltered (Fig. 4A and B). This effect can be explained by eval-
ating PI3K activation. Hypoxia activates PI3K at 50% (Fig. 4C).

ig. 3. CTZ promotes mitochondria depolarization. Cells were grown and treated as desc
anel (A): mitochondria polarization assay evaluated after 4 h of treatment during norm
uring  hypoxia. Data are shown as the mean ± standard error of at least three independen

n  the same group. #P < 0.05 compared to CTZ in the same group. &P < 0.05 compared to
NOVA using Bonferroni’s post hoc test.
chemistry & Cell Biology 62 (2015) 132–141

However, this effect is opposite in the presence of CTZ. The drug
promotes a 15% decrease in PI3K activation during normoxia and
a 70% decrease during hypoxia, compared to the control (Fig. 4C,
P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test). Addition-
ally, in the presence of CTZ, hypoxia decreases PI3K activation by
40% (Fig. 4C, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).
The classic PI3K inhibitor Wortmannin also decreases PI3K acti-
vation during normoxia and hypoxia (Fig. 4C, P < 0.05, two-tailed
ANOVA, Bonferroni’s post hoc test), but the PI3K activation is not
different during normoxia and hypoxia. We  have also evaluated the
effects of CTZ on MAPK activation (Fig. 4D). Although CTZ slightly
inhibits MAPK, the efficiency is not comparable to the MEK  inhibitor
PD98059, and the effects are not different when comparing nor-
moxic and hypoxic conditions (Fig. 4D).

To further explore PI3K inhibition by CTZ, we evaluated the
effects of the drug up- and downstream PI3K signaling. For the
upstream event, we  analyzed the association of the p85 subunit
of PI3K to IRS-1 in response to insulin stimulation. The presence
of 1 �M Wortmannin or 50 �M CTZ slightly increases insulin-
stimulated association between p85 and IRS-1 (Fig. 4E). This result
reveals that CTZ-induced PI3K inhibition is not caused by upstream
activation of the enzyme. However, phosphorylation of S6K, a
downstream event of PI3K signaling, is abolished by the presence
of 50 �M CTZ or the classic PI3K inhibitor Wortmannin (Fig. 4F).
This lack of downstream PI3K signaling cannot be attributed to an
increased degradation of PIP3 because CTZ treatment, as well as
Wortmannin, does not affect PTEN phosphorylation, which would
in turn promote PIP3 degradation (Fig. 4F). Remaining down-
stream in PI3K signaling pathway, both CTZ and Wortmannin,
promote a reduction in the levels of IRS-1 phosphorylation in
serine 1101, which is promoted by either S6K or PKC (Fig. 4G).
Furthermore, the effects of CTZ are not additive to the reversible
PI3K inhibitor, LY294002. This PI3K inhibitor promoted a dose-
dependent decrease on MCF-7 cell viability, an effect that is not
augmented by CTZ (Fig. 4H and I). Indeed, in the presence of 25
or 50 �M CTZ, which, respectively decrease MCF-7 cell viability to
60 ± 5% and 51 ± 4%, LY294002 does not further affect cell viability
up to 100 �M (Fig. 4I). CTZ was also able to inhibit PI3K activity in a
direct assay using a purified enzyme (Fig. 4J). As with Wortmannin
and LY294002, CTZ inhibited the enzyme in a dose-dependent man-
ner, presenting an IC50 of 7.3 ± 0.8 �M,  as calculated by non-linear
regression. The calculated IC50 for Wortmannin and LY294002 are
ribed in Section 2 in the absence or presence of 50 �M CTZ or 1 �M staurosporin.
oxia. Panel (B): mitochondria polarization assay evaluated after 4 h of treatment
t experiments performed at least in duplicate (n = 3). *P < 0.05 compared to control

 normoxia under the same condition. All statistics were performed by two-tailed

3.7 ± 0.5 nM and 0.52 ± 0.05 �M,  respectively. In the simultaneous
presence of CTZ (10 �M)  and LY294002 (0.5 �M), no additive effect
on PI3K inhibition is observed (Fig. 4K), confirming the results
presented in Fig. 4H and I. The reversibility of CTZ-induced PI3K
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Fig. 4. CTZ inhibits autophagy, MAPK and PI3K. Cells were grown and treated as described in Section 2 in the absence or presence of 50 �M CTZ, 50 �M resveratrol, 1 �M
Wortmannin or 1 �M PD98059. Panel (A): autophagy induction assay evaluated after 4 h treatment during normoxia. Panel (B): autophagy induction assay evaluated after 4 h
of  treatment during hypoxia. Panel (C): MAPK activation assay evaluated after 4 h of treatment during normoxia or hypoxia. Panel (D): PI3K activation assay evaluated after
4  h of treatment during normoxia or hypoxia. Panel (E): evaluation of the interaction between p85 and IRS-1 through immunoprecipitation of IRS-1 and immunoblotting
against  IRS-1 and p85. Panel (F): evaluation of events downstream PI3K signaling through immunoblotting against S6K and phospho-S6K and PTEN and phospho-PTEN. Panel
(G):  evaluation of phosphorylation on serine 1101 of IRS-1. Panel (H): effects of LY294002 on MCF-7 viability in the absence and presence of CTZ. Panel (I): re-plot of panel
(H)  normalized to the absence of LY294002. Panel (J): dose–response curve of PI3K inhibition by Wortmannin, LY294002 and CTZ. Panel (K): effects of LY294002 (0.5 �M),
CTZ  (10 �M)  and both combined (0.5 �M and 10 �M for LY294002 and CTZ, respectively). Panel (L): reversibility of the effects of Wortmannin (3 nM), LY294002 (0.5 �M)  and
CTZ  (1 �M). Panel (M): PI3K activity evaluated in whole-cell lysate in the absence (control) and the presence of 25 �M CTZ. Graphical data are shown as the mean ± standard
error  of, at least, three independent experiments performed, at least, in duplicate (n = 3). *P < 0.05 compared to control in the same group. #P < 0.05 compared to CTZ in the
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ame  group. &P < 0.05 compared to normoxia under the same condition. For panel (L
NOVA, using Bonferroni’s post hoc test.

nhibition was evaluated by incubating the purified enzyme in
he presence of 10 �M CTZ for 10 min  followed by removal of the
rug using a desalting column (PD SpinTrap G25, GE Life Sciences,
uckinghamshire, UK) and then measuring PI3K activity. Wortman-
in (3 nM)  and LY294002 (0.5 �M)  were used as irreversible and
eversible controls, respectively. This experiment reveals that, as
ith LY294002, CTZ-induced PI3K inhibition is reversible (Fig. 4L).

o confirm PI3K inhibition in the presence of other cellular com-
onents, PI3K activity was evaluated in a whole MCF-7 lysate in
he absence and the presence of 25 �M CTZ, where the drug also
nhibited the enzyme (Fig. 4M).

.4. CTZ decreases energy metabolism in MCF-7 cells

Finally, the effects of CTZ on the regulatory glycolytic enzymes,
6PDH, intracellular ATP content, mitochondrial reductive activity
nd plasma membrane integrity were evaluated during normoxia
nd hypoxia. All of the inhibitors used as negative and positive con-

rols (except PMA) were used in these experiments. With regard
o the regulatory glycolytic enzymes, HK, PFK and PK, hypoxia
nly affects the former; that is, 20% activation compared to nor-
oxia (Fig. 5A, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc
 0.05 compared to before gel-filtration. All statistics were performed by two-tailed

test). As expected and previously published, CTZ inhibits all of
them, although this inhibitory effect is not different between nor-
moxia and hypoxia (Fig. 5A–C for HK, PFK and PK, respectively).
Among the other drugs used, differences between normoxia and
hypoxia are observed for Wortmannin, which is less efficient at
inhibiting HK and PFK during hypoxia (this enzyme is not inhibited
by Wortmannin under hypoxia), and more efficient at inhibiting
PK during hypoxia (Fig. 5A–C for HK, PFK and PK, respectively;
P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test). For this lat-
ter enzyme, resveratrol and paclitaxel also showed different effects
under normoxia and hypoxia, whereas resveratrol does not inhibit
the enzyme under hypoxia and paclitaxel is more efficient at inhib-
iting PK under hypoxia than normoxia (Fig. 5C, P < 0.05, two-tailed
ANOVA, Bonferroni’s post hoc test). G6PDH is also inhibited by
CTZ, but no difference is observed between normoxia and hypoxia
(Fig. 5D). This enzyme is not inhibited by paclitaxel or Wortmannin,
whereas inhibition by staurosporin and resveratrol are less efficient
during hypoxia than normoxia (Fig. 5D, P < 0.05, two-tailed ANOVA,

Bonferroni’s post hoc test).

Intracellular ATP content is directly diminished by hypoxia, an
effect that is eliminated in the presence of resveratrol and paclitaxel
(Fig. 5E, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).
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Fig. 5. CTZ inhibits glycolytic enzymes and decreases intracellular ATP content decreasing cell viability. Cells were grown and treated as described in Section 2 in the
absence or presence of 50 �M CTZ, 1 �M staurosporin, 50 �M resveratrol, 1 �M Wortmannin, 2 �M paclitaxel or 0.5% triton X-100. Panel (A): HK  activity evaluated after
4  h of treatment during normoxia or hypoxia. Panel (B): PFK activity evaluated after 4 h of treatment during normoxia or hypoxia. Panel (C): PK activity evaluated after
4  h of treatment during normoxia or hypoxia. Panel (D): G6PDH activity evaluated after 4 h of treatment during normoxia or hypoxia. Panel (E): intracellular ATP content
evaluated after 4 h of treatment during normoxia or hypoxia. The absolute level of ATP found in control under normoxia was 17 ± 1 nmol/107 cells. Panel (F): MTT  assay
evaluated after 4 h of treatment during normoxia or hypoxia. Panel (G): leaked LDH activity evaluated after 4 h of treatment during normoxia or hypoxia. Data are shown
as  the mean ± standard error of at least three independent experiments performed at least in duplicate (n = 3). *P < 0.05 compared to control in the same group. #P < 0.05
compared to CTZ in the same group. &P < 0.05 compared to normoxia under the same condition. All statistics were performed by two-tailed ANOVA, using Bonferroni’s post
hoc  test.
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TZ decreases the intracellular ATP content by 40%, an effect that
s potentiated under hypoxia (Fig. 5E, P < 0.05, two-tailed ANOVA,
onferroni’s post hoc test). Hypoxia also potentiates the effects
f staurosporin and Wortmannin on the intracellular ATP content
Fig. 5E, P < 0.05, two-tailed ANOVA, Bonferroni’s post hoc test).

ith regard to reductive mitochondrial activity assessed using the
TT  assay, all of the compounds that were tested showed inhibitory

ffects, but no differences are observed between normoxic and
ypoxic conditions (Fig. 5F). However, by evaluating the plasma
embrane integrity, assessed by measuring the LDH activity in the

ell-free culture medium at the end of the treatment, we  observed
hat only CTZ promotes plasma membrane injury, leaking LDH to
he medium (Fig. 5G). Additionally, this effect is more pronounced
uring hypoxia than normoxia (Fig. 5G, P < 0.05, two-tailed ANOVA,
onferroni’s post hoc test).

. Discussion

We  have examined some potential targets for CTZ action as an
ntitumoral agent. CTZ has been reported to be an anticancer agent
ecause of it affects some glycolytic enzymes, such as HK and PFK,
mong others (Coelho et al., 2011; Furtado et al., 2012; Glass-
armor and Beitner, 1997; Glass-Marmor et al., 1996; Khalid et al.,

005; Majewski et al., 2004; Marcondes et al., 2010; Meira et al.,
005; Penso and Beitner, 1998, 2002a,b; Rodríguez-Enríquez et al.,
009; Zancan et al., 2007). The drug interferes with the activities of
hese enzymes (Furtado et al., 2012; Marcondes et al., 2010; Zancan
t al., 2007) as well as with their interactive network, including
he cytoskeleton and other glycolytic enzymes (Coelho et al., 2011;
lass-Marmor and Beitner, 1997; Marcondes et al., 2010; Meira
t al., 2005; Penso and Beitner, 1998, 2002a,b). As a consequence,
he intracellular distribution and functionality of these enzymes
re compromised, resulting in decreased cell viability. Despite that
TZ effects are not specific to a single target, it is well accepted that
he drug addresses the glycolytic pathway, compromising energy
roduction (Rodríguez-Enríquez et al., 2009). Since glycolysis is
ot dependent on oxygen to produce energy, it is the major energy
roducing pathway on a cell under hypoxia and, therefore, it is
xpected that CTZ should be more effective under hypoxic than
nder normoxic conditions. Cancer cells are adapted to hypoxic
onditions as a necessity for survival in the unfavorable conditions
f their microenvironments (Semenza, 2012b,c). The more adapted
ancer is to hypoxia, then it is more aggressive, invasive and resis-
ant to chemotherapy and radiation therapy (Semenza, 2012a,
013; Wong et al., 2012). We  have previously reported that CTZ is
ore lethal to the metastatic human breast cancer cell line MDA-
b-231 than to the non-metastatic MCF-7 cells (Furtado et al.,

012). Additionally, the effects of the drug on the non-tumoral
ounterpart, MCF-10A, are minimal (Furtado et al., 2012). Thus, CTZ
ost likely targets the adapted features of cancer cells that provide

heir unique metabolic profile (Hanahan and Weinberg, 2011).
Among the several adapted features of cancer cells, the dysreg-

lated PI3K signaling pathway is a major adaptation linking cell
etabolism, survival, growth, motility and morphology (Akinleye

t al., 2013; Voskas et al., 2014). These PI3K properties have elected
he enzyme as a target for cancer treatment drugs (Akinleye et al.,
013; Beck et al., 2014; Brana and Siu, 2012; Castillo et al., 2014).
ere, we found that CTZ is an inhibitor of PI3K, an effect that is

trengthened under hypoxic conditions (Fig. 4). This effect is at least
artially responsible for other effects of the drug that are reported
ere, such as autophagy inhibition (Fig. 4), cell cycle arrest (Fig. 1),

romotion of apoptosis (Fig. 2), and ATP depletion (Fig. 5). Differ-
nt PI3K isoforms are involved with these different events (Castillo
t al., 2014), which may  indicate that the effects of CTZ on PI3K is
ot isoform specific. Other effects of CTZ, such as glycolytic enzyme
chemistry & Cell Biology 62 (2015) 132–141 139

inhibition, appears to be independent of PI3K inhibition because
they are not affected as much by Wortmannin and are not different
when comparing the results under normoxia and hypoxia (Fig. 5).
Indeed, we  have previously shown that CTZ is also able to directly
inhibit PFK (Zancan et al., 2007), and because of the catalytic mech-
anism similarity, it would not be surprising if the inhibition of HK
and PK reported were caused by a direct effect of the drug on these
enzymes as well. Therefore, CTZ-induced ATP depletion might be
the result of the inhibition of PI3K and its consequent inhibition
of autophagy, reduction on mitochondria activity, and inhibition of
glycolysis by inhibition of its major regulatory enzymes, being that
the latter is not responsive to hypoxic conditions.

One possibility for the lack of a hypoxia-enhanced effect on
these enzymes is that, under the evaluated conditions, the enzymes
are so strongly inhibited that no difference could be observed.
The data that do not support this claim show that PFK is only
50% inhibited by CTZ in the conditions tested here, which is weak
enough that an enhancement would be observed. Therefore, we
believe that the differences in the effects of CTZ during hypoxia
and normoxia are most likely caused by the effects of the drug on
a signaling pathway. Autophagy is more affected by CTZ during
hypoxia than normoxia. Additionally, this pathway is dependent
on PI3K activity (O Farrell et al., 2013), which in turn is also
more inhibited by CTZ during hypoxia than normoxia. PI3K is
normally activated by an anabolic signal, such as insulin, IGF, or
others (Paplomata and O’Regan, 2014; Xu et al., 2014). All of them
simultaneously trigger MAPK (Paplomata and O’Regan, 2014; Xu
et al., 2014). However, the enhanced effects of CTZ on PI3K are
not accompanied by enhanced effects on MAPK, suggesting that
this result is not an upstream effect in the signaling pathway,
which would interfere with both PI3K and MAPK branches and
not only with the PIK3 branch. This hypothesis was supported
because the interaction of the regulatory subunit of PI3K, p85,
and its activator, tyrosine-phosphorylated IRS-1, is not negatively
modulated by either CTZ or Wortmannin (Fig. 4E). Indeed, both,
CTZ and Wortmannin positively regulate the interaction between
p85 and IRS-1, which is most likely caused by the inhibition
of PI3K and the further decrease in negatively regulatory PI3K-
mediated serine-phosphorylation of IRS-1, such as has previously
been demonstrated for Wortmannin, LY294002 and other PI3K
inhibitors (Gual et al., 2005). We  have also observed that CTZ and
Wortmannin promote a decrease in the levels of S1101 phospho-
rylation in IRS-1 (Fig. 4G), which is the substrate for PKC (Gual
et al., 2005) and S6K (Tremblay and Marette, 2001), the latter also
negatively regulated by CTZ and Wortmannin (Fig. 6F).

The definitive result for PI3K inhibition by CTZ is the direct eval-
uation of the enzyme activity using a purified human recombinant
enzyme (Fig. 4J) in which it is clear that CTZ inhibits PI3K in a dose-
responsive manner, such as Wortmannin and LY294002. To further
explore the mechanism of PI3K inhibition by CTZ, we  performed
an assay in the simultaneous presence of CTZ and LY294002. This
PI3K inhibitor was  used but not Wortmannin because it promotes
a reversible inhibition on the enzyme, whereas the Wortmannin
effects are irreversible (Walker et al., 2000). A reversible inhibitor is
mandatory to evaluate synergism between drugs (Tallarida, 2001).
Additionally, both Wortmannin and LY294002 bind to the iden-
tical site in PI3K, and the only difference is that Wortmannin
covalently binds to a lysine residue in the catalytic site, whereas
LY294002 only coordinates electrons presenting no covalent inter-
action (Walker et al., 2000). The effects of CTZ are not additive to the
effects of LY294002 on MCF-7 cell viability because in the presence
of CTZ, LY294002 presents no further effects (Fig. 4H and I). This

mechanism was confirmed by direct inhibition of the enzyme in the
presence of both drugs (Fig. 4K). It is notable that like LY294002, CTZ
is a reversible inhibitor of PI3K (Fig. 4L). Together, these results sug-
gest that these drugs might bind to the same site at PI3K. Therefore,
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ig. 6. CTZ docks to ATP binding site at PI3K such as LY294002. Dockings were per
ctive  site, respectively. Panels (C) and (D): LY294002 docking for whole enzyme a
ite,  respectively.

e assessed molecular docking of CTZ on PI3K in which we could
bserve that CTZ binds to the catalytic shaft of the enzyme, very
lose to LY294002 and ATP binding sites (Fig. 6). Additionally, the
redicted interaction between CTZ and the PI3K catalytic site is rel-
tively strong, presenting a Z-score of −6.9, whereas the Z-score for
TP and LY294002 are −7.3 and −8.1, respectively. This difference

n Z-score justifies the highest affinity of the enzyme to LY294002
hen compared to both ATP (Walker et al., 2000) and CTZ (Fig. 4J).

hese results strongly suggest that CTZ directly inhibits PI3K by
inding to its catalytic site. Thus, an identical mechanism might
e involved on the inhibition of HK, PFK and PK because they are
ll kinases that have structural similarities in their catalytic sites. It
ould not be surprising if CTZ inhibits other kinases, such as AMPK,
hich would partially explain its more potent effects on ATP deple-

ion compared to the other drugs tested herein. In this report, we
uggest that PI3K is a putative target for CTZ antitumoral effects,
hich partly explains the broad effects of the drug.
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do Câncer/Programa de Oncobiologia-UFRJ, Fundaç ão Carlos Cha-
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