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Abstract

We previously demonstrated that MG-2477 (3-cyclopropylmethyl-7-phenyl-3H-pyrrolo[3,2-
flquinolin-9(6H)-one) inhibits the growth of several cancer cell lines in vitro. Here we show that
MG-2477 inhibited tubulin polymerization and caused cells to arrest in metaphase. The detailed
mechanism of action of MG-2477 was investigated in a non-small cell lung carcinoma cell line
(A549). Treatment of A549 cells with MG-2477 caused the cells to arrest in the G2/M phase of
the cell cycle, with a concomitant accumulation of cyclin B. Moreover, the compound induced
autophagy, which was followed at later times by apoptotic cell death. Autophagy was detected as
early as 12 h by the conversion of microtubule associated protein 1 light chain 3 (LC3-1) to LC3-
I, following cleavage and lipid addition to LC3-I. After 48 h of MG-2477 exposure,
phosphatidylserine externalization on the cell membrane, caspase-3 activation, and PARP
cleavage occurred, revealing that apoptotic cell death had begun. Pharmacological inhibition of
autophagy with 3-methyladenine or bafilomycin Al increased apoptotic cell death, suggesting that
the autophagy caused by MG-2477 played a protective role and delayed apoptotic cell death.
Additional studies revealed that MG-2477 inhibited survival signaling by blocking activation of
Akt and its downstream targets, including mTOR, and FHKR. Treatment with MG-2477 also
reduced phosphorylation of mMTOR downstream targets p70 ribosomal S6 kinase and 4E-BP1.
Overexpression of Akt by transfection with a Myr-Akt vector decreased MG-2477 induced
autophagy, indicating that Akt is involved. Taken together, these results indicated that the
autophagy induced by MG-2477 delayed apoptosis by exerting an adaptive response following
microtubule damage.
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1. Introduction

Antimitotic agents, primarily of natural origin, are a class of compounds that have been used
for the treatment of a variety of malignancies for many years. Although they are sometimes
considered “old chemotherapeutics” with respect to current anticancer approaches [1,2], at
the present time they still represent valuable drugs that retain high scientific interest. Their
impressive success in patients is due to their potent antiproliferative effects and to their
particular mechanism of action of altering microtubule dynamics, whether their detailed
mechanism of action involves inhibition of tubulin assembly (vinca alkaloids, eribulin,
estramustine) or inhibition of microtubule disassembly (taxoids, epothilones). The
importance of microtubules in mitosis and cell division, as well as the clinical success of
microtubule targeting drugs, has made these dynamic organelles one of the most attractive
targets for anticancer therapy [3].

As with many anticancer drugs, the mode of action of antitubulin agents involves the
induction of programmed cell death (PCD) [4]. Apoptosis (Type | PCD) is characterized by
chromatin condensation, DNA fragmentation and activation of caspases. In recent years, it
became evident that other forms of cell death, alternatives to apoptosis, are also
“programmed”. Among them, autophagy (Type Il PCD) is now recognized as an important
process involved in different human pathologies, such as neurodegenerative diseases, aging
and cancer [5,6]. Recent studies have suggested that, like apoptosis, autophagy is important
in the regulation of cancer development and progression and in determining the response of
tumor cells to anticancer therapy. In fact, autophagy has been observed as a novel response
to some anticancer agents, such as temozolomide, dexamethasone, 6-thioguanine, and
camptothecin, as well as to ionizing radiation [7-11]. In this context, very few studies report
the possibility that antimitotic drugs might induce autophagy [12-14]. From a molecular
point of view, several cell signaling pathways have been implicated in regulating autophagy,
including phosphatidyl inositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin
(MTOR). Recent studies have shown that the inhibition of Akt and its downstream target
mTOR contribute to the initiation of autophagy [15,16].

Recently, we identified MG-2477 (3-cyclopropylmethyl-7-phenyl-3H-pyrrolo[3,2-
flquinolin-9(6H)-one) (structure shown in Fig. 1, Panel A), as a potent growth inhibitor of
human tumor cell lines that might interfere with microtubules [17]. The current investigation
was designed to characterize the action of MG-2477 in a human tumor cell line (A549 non-
small cell lung carcinoma cells) and to characterize the molecular mechanisms by which
MG-2477 caused cell death. We focused our attention on this cell line due to the poor
prognosis and lack of effective therapies in treating lung carcinoma patients. We show here
that MG-2477 was a potent cytotoxic antimicrotubule agent that induced autophagy in A549
cells. Autophagy was followed by apoptotic cell death that was caspase-dependent but did
not involve mitochondrial dysfunction.

2. Materials and methods

2.1. Chemicals

3-Cyclopropylmethyl-7-phenylpyrrolo[3,2-flquinolinone, abbreviated MG-2477, was
synthesized at the Department of Pharmaceutical Sciences, University of Padova, Italy, as
previously described [17]. 3-Methyladenine (3-MA), N-benzyloxycarbonyl-Val-Ala-DL-
Asp-fluoromethylketone (z-VAD.fmk), N-benzyloxycarbonyl-Val-Asp-Val-Ala-Asp-
fluoromethylketone (z-VDVAD.fmk) and bafilomycin Al were purchased from Sigma—
Aldrich (Milano, Italy), N-benzyloxycarbonyl-Leu-Glu-His-Asp-fluoromethylketone (z-
LEHD.fmk), was purchased from Vinci-Biochem (Vinci, Italy).

Biochem Pharmacol. Author manuscript; available in PMC 2013 January 1.
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2.2. Cell lines and growth inhibition assay

The human non-small cell lung carcinoma (A549) cell line was purchased from the
American Type Culture Collection. The cells were grown in Dulbecco’s modified Eagle’s
medium (Invitrogen, Milano, Italy), supplemented with 10% heat-inactivated fetal bovine
serum, 100 U/mL penicillin G and 10 ug/mL streptomycin at 37 °C in a humidified
incubator with 5% CO».

The cytotoxic activity of MG-2477 was determined using a standard 3-[4,5-
dimethylthiazol-2-ylI]-2,5-diphenyltetrazodium bromide (MTT) based colorimetric assay
(Sigma-Aldrich, Milano, Italy). Briefly, A549 cells were seeded at a density of 8 x 103
cells/well in 96-well microtiter plates. After 24 h, cells were exposed to the test compound.
After different times, cell survival was determined by the addition of an MTT solution as
described previously [18].

2.3. In vitro microtubule assembly assay and colchicine binding to tubulin

To evaluate the effect of MG-2477 on tubulin assembly in vitro, varying concentrations
were preincubated with 10 pM tubulin in glutamate buffer at 30 °C and then cooled to 0 °C.
After addition of GTP, the mixtures were transferred to 0 °C cuvettes in a recording
spectrophotometer and warmed to 30 °C, and the assembly of tubulin was observed
turbidimetrically at 350 nm. The 1C5 was defined as the compound concentration that
inhibited the extent of assembly by 50% after a 20 min incubation [19]. The capacity of
compound MG-2477 to inhibit colchicine binding to tubulin was measured as described
[20], except that the reaction mixtures contained 1 uM tubulin, 5 uM [3H]colchicine (New
England Nuclear, Boston, MA) and 1 uM test compound.

2.4. Mitotic index determination

Ab549 cells were incubated with MG-2477 for 12 and 24 h prior to centrifugation, and the
cell pellet was resuspended in 10 mL of 75 mM KCI at room temperature. After 10 min, 1
mL of methanol-acetic acid (3:1) as fixative was slowly added with mild agitation of the
mixture.

Slides were prepared after cells were repelleted, washed twice with 10 mL of the fixative,
and resuspended in fixative. After drying, samples were stained with Giemsa solution. Two
hundred cells/treatment were scored for the presence of mitotic figures by optical
microscopy, and the mitotic index was calculated as the proportion of cells with mitotic
figures.

2.5. Molecular docking simulations-target structures

Tubulin complexed with colchicine was retrieved from the PDB (PDB code: 1SA0) [21].
Hydrogen atoms were added, using standard geometries, to the protein structure with the
Molecular Operation Environment (MOE, version 2009.10) program [22].

2.6. Molecular docking protocol

MG-2477 was built using the “Builder” module of MOE, and it was docked into the putative
colchicine site using flexible MOE-Dock methodology. The purpose of MOE-Dock is to
search for favorable binding configurations between a small, flexible ligand and a rigid
macromolecular target. Searching is conducted within a user-specified 3D docking box,
using the “tabu search” protocol [23] and the MMFF94 force field [24]. Charges for ligands
were imported from the MOPAC program [25] output files. MOE-Dock performs a user-
specified number of independent docking runs (50 in the present case) and writes the
resulting conformations and their energies to a molecular database file. The resulting
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MG-2477/tubulin complexes were subjected to MMFF94 all-atom energy minimization until
the rms of the conjugate gradient was <0.1 kcal mol~1 A~1, GB/SA approximation [26] was
used to model the electrostatic contribution to the free energy of solvation in a continuum
solvent model. The interaction energy values were calculated as the energy of the complex
minus the energy of the ligand minus the energy of tubulin: AEjnter = E(complex) — (E(L) +

E(Tubulin))-

2.7. Immunocytochemistry

A549 cells (5 x 103/well) were seeded on chamber slides. After 24 h, MG-2477 (0.1-1 uM)
was added to the culture medium, and cells were incubated for a further 24-48 h. As
described previously [27], cells were fixed in cold 4% paraformaldehyde for 15 min, rinsed
and stored prior to analysis. Primary antibody staining was performed for p-tubulin
(Millipore, Billerica, MA). After incubation, cells were washed and incubated with a
secondary antibody conjugated to Alexa Fluor 594 (1:2000, Invitrogen, Milano, Italy). Cells
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Milano,
Italy). Cells were examined by fluorescence microscopy (Nikon Eclipse 80i, Melville, NY,
USA).

2.8. Externalization of phosphatidylserine (PS)

Surface exposure of phosphatidylserine (PS) by apoptotic cells was measured by flow
cytometry with a Coulter Cytomics FC500 (Beckmann Coulter, USA) instrument by adding
Annexin-V-FITC to cells according to the manufacturer’s instructions (Annexin-V Fluos,
Roche Diagnostic, Monza, Italy). Simultaneously, the cells were stained with propidium
iodide (PI).

2.9. Analysis of cell cycle distribution

5 x 10° A549 cells in exponential growth were treated with different concentrations of
MG-2477 for different times. After the incubation, cells were collected, centrifuged and
fixed with ice-cold ethanol (70%) and analyzed as described previously [18].

2.10. Assessment of mitochondrial changes and release of cytochrome ¢

The mitochondrial membrane potential was measured with the lipophilic cation 5,5",6,6'-
tetrachlo-1,1',3,3'-tetraethylbenzimidazol-carbocyanine (JC-1, Molecular Probes, Eugene,
OR, USA), while the production of reactive oxygen species (ROS) was followed by flow
cytometry using the fluorescent dyes hydroethidine (HE, Molecular Probes, Eugene, OR,
USA) and 2',7'-dichlorodihydro-fluorescein diacetate (HoDCFDA, Molecular Probes,
Eugene, OR, USA), as previously described [18]. Cytochrome c release was analyzed by
immunocytochemistry using a commercial kit (Innocyte flow cytometric cytochrome ¢
release kit, from Calbiochem, Milano, Italy) following the manufacturer’s instructions.

2.11. Flow cytometric analysis of caspase-3

Caspase-3 activation in A549 cells was evaluated by flow cytometry using a human active
caspase-3 fragment antibody conjugated to FITC (BD Biosciences, Milano, Italy). Briefly,
after treatment, the cells were collected by centrifugation and resuspended in Perm/Wash™
(BD Biosciences, Milano, Italy) buffer for 20 min, washed and then incubated for 30 min
with the antibody. After this period, the cells were washed and analyzed by flow cytometry.

2.12. Examination of LC3 translocation

Ab549 cells were cultured on 6 well plates in a complete medium for 24 h. Cells were
transfected with green fluorescent protein labeled LC3 (GFP-LC3) using Effectene
Transfection Reagent (Qiagen, Milano, Italy) and incubated for another 24 h to permit
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expression of the GFP-LC3 fusion protein. The localization of LC3 in transfected cells after
treatment with MG-2477 was determined by fluorescence microscopy.

2.13. Detection of acidic vesicular organelles (AVOs) and autophagic vacuoles

To detect and quantitate acidic vesicular organelles (AVOs) in treated cells, we performed
flow cytometric analysis of acridine orange (AO, Molecular Probes, Eugene, OR, USA)
stained cells as described [10]. The formation of AVOs was also visualized by confocal
microscopy. Briefly, at the appropriate time points following treatment with MG-2477, cells
were incubated for 15 min with medium containing 0.5 ug/mL of AO. The AO was
removed, and fluorescent micrographs were taken with a video confocal microscope (Nikon
Eclipse 80i, Melville, NY, USA), using a Nikon Nir Apo 60x/1.0W water immersion
objective. Autophagic vacuoles were detected with monodansylcadaverine (MDC,
Invitrogen Milano, Italy). After incubation of the cells with MG-2477, cells were incubated
with MDC (50 uM) in HBSS at 37 °C for 15 min, then washed, and micrographs were
prepared as described above.

2.14. Western blot analysis

Cells were treated with MG-2477 and, after different times, were collected, centrifuged and
washed two times with ice cold phosphate-buffered saline (PBS). The pellet was then
resuspended in lysis buffer as described [27]. The protein concentration in the supernatant
was determined using the BCA protein assay (Pierce, Milano, Italy). Equal amounts of
protein (10-20 pg) were resolved using SDS-PAGE gel electrophoresis and transferred to
PVDF Hybond-p membranes (GE Healthcare, Milano, Italy). Membranes were blocked with
ECL-Blocking Solution (GE Healthcare, Milano, Italy) overnight, with rotation at 4 °C.
Membranes were then incubated with primary antibodies against cyclin A (Upstate), cyclin
B1 (BD), p53, Bcl-2, Bel-XL, Bax, Cdc25¢ X-linked inhibitor of apoptosis protein (XIAP),
PARP, procaspase-9, procaspase-8, procaspase-2, cleaved caspase-7, Akt, p-AktSer473,
mTOR, p-mTorSe2448 (Cell Signaling, Milano, Italy), p21¢iP1/wafl g_actin (Sigma-Aldrich,
Milano, Italy), and LC-3 (Novus Biologicals, Milano, Italy) overnight. Membranes were
next incubated with peroxidase-conjugated secondary antibodies for 60 min. All membranes
were visualized using ECL Advance (GE Healthcare, Milano, Italy) and exposed to
Hyperfilm MP (GE Healthcare, Milano, Italy). To ensure equal protein loading, each
membrane was stripped and reprobed with anti-B-actin antibody.

2.15. Plasmids and transfection

Myristoylated Akt (Myr-Akt) plasmid was purchased from Addgene (Cambridge, MA,
USA). Cells were seeded into 6 well-plates the day before transfection. Transfection of Myr-
Akt was performed with Effectene Transfection Reagent (Qiagen, Milano, Italy) according
to the manufacturer’s protocol.

2.16. Statistical analysis

Unless indicated otherwise, results are presented as mean + SEM. The differences between
different treatments were analyzed using the two-sided Student’s t test. p values lower than
0.05 were considered significant

3. Results

3.1. MG-2477 binds to the colchicine site of tubulin and inhibits the polymerization of
tubulin into microtubules

To evaluate if MG-2477 interfered with the microtubule network, we first examined its
effects on cultured cells by immunofluorescence microscopy. Shown in Fig. 1, Panel B, is
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Violaetal.

Page 6

the normal microtubule network of untreated cells. Following 24 h of treatment with
MG-2477 at 1.0 pM, there was extensive disruption of the microtubule network. Treated
cells showed a characteristic “rounded up” morphology caused by loss of microtubules in
both interphase and mitotic cells. We also examined cells for arrest in mitosis following
treatment with MG-2477 (Fig. 1, Panel C). Large numbers of cells arrested in metaphase
were apparent from their condensed chromosomes and lost nuclear membrane. The
percentage of mitotic cells (the mitotic index) increased in a concentration dependent
manner following treatment with MG-2477.

These cellular effects implied that MG-2477 interfered with tubulin polymerization. We
therefore examined its effects on the assembly of purified tubulin [19]. We added different
concentrations of MG-2477 to 10 uM af-tubulin and compared its effects with those of two
reference compounds, combretastatin A-4 (CA4) and thiocolchicine. MG-2477 inhibited
tubulin polymerization with an ICsg value of 0.9 uM (Fig. 2, Panel A), a value lower than
that of CA4 (ICsgq, 1.2 uM) but similar to that of thiocolchicine (ICsp, 0.8 uM).

To determine if MG-2477 interacted with tubulin at the colchicine site, we determined
whether it inhibited binding of 5 uM [3H]colchicine to 1 uM tubulin, again in comparison
with CA4 and thiocolchicine. The inhibitors were used at both 1 and 5 uM. MG-2477
significantly inhibited [3H]colchicine binding to tubulin, indicating that it acts at the
colchicine site. Its inhibitory effect, however, was lower than that of CA4 but greater than
that of thiocolchicine (Fig. 2, Panel B).

The 1SAO0 tubulin structure [21] was used for computer-based automated docking of
MG-2477 in comparison with colchicine. This was performed using the MOE-Dock
program. Fig. 2 (Panel C) depicts the binding mode of MG-2477 in the colchicine site. The
colchicine site is largely buried in the intermediate domain of the B-subunit, although
colchicine also interacts with loop T5 of the neighboring a-subunit (Fig. 2, Panel C),
consistent with the observation that colchicine stabilizes the tubulin heterodimer [21].
Docking simulations showed that, like colchicine, MG-2477 can be accommodated in the
same hydrophobic cleft, adopting an energetically stable conformation. Moreover, the most
stable conformation of MG-2477 displayed the same chemical interactions as colchicine,
predominantly hydrophaobic interactions with Val 181, Ala 250, Cys 241, Val 318, and lle
378. Again, like colchicine, MG-2477 interacted with the neighboring a-tubulin T5 loop,
consistent with a competitive mechanism of action at the colchicine site.

3.2. MG-2477 induces cell cycle arrest at the G2/M phase of the cell cycle

The effect of MG-2477 on cell cycle progression was examined by flow cytometry.
MG-2477 treatment resulted in the accumulation of cells in the G2/M phase, with a
concomitant reduction in the proportion of cells in the G1 phase. A small decrease of cells in
the S phase was also observed (Fig. 3, Panels A and B). The accumulation in G2/M cells
began after 12 h of treatment and is concentration dependent until the concentration of 0.25
uM, after which a plateau was reached. The characteristic hypodipolid peak (subG1),
indicating apoptotic cells, did not appear until after 48 h of treatment (Fig. 3, Panel C).

Next, we investigated the association between MG-2477-induced G2/M arrest and
alterations in G2/M regulatory protein expression. As shown in Fig. 3 (Panel D), MG-2477
caused an increase in cyclin B1 expression after 12 and 24 h, followed by a decrease at 48 h.
Similar effects occurred in the expression of cyclin A. At 24 h, a slower migrating form of
phosphatase Cdc25c¢ appeared, indicating changes in the phosphorylation status of this
protein. As early as 12 h, increased levels of p53 protein were expressed in response to
treatment with MG-2477, but there was little change in expression of p21Waf/Cipl,
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3.3. MG-2477 induces growth inhibition and delayed apoptotic response in A549 cells

Ab549 cells exposed to 1 pM MG-2477 were analyzed for viability at 24, 48 and 72 h by the
MTT assay. Cells exhibited a lag period lasting over 24 h in their response to MG-2477,
while a significant decrease in viability occurred at 48 and 72 h (Fig. 4, Panel A).

To characterize the mode of cell death, we performed a biparametric cytofluorimetric
analysis using Pl and Annexin-V-FITC, which stain DNA and PS residues, respectively
[28]. After drug treatment for 12, 24 or 48 h, A549 cells were labeled with the two dyes and
washed, and the resulting red (PI) and green (FITC) fluorescence was monitored by flow
cytometry. We observed the appearance of Annexin-V*/P1~ cells, indicative of apoptosis, as
shown in the representative histograms depicted in Fig. 4 (Panel B, upper). Quantitatively,
MG-2477 treatment resulted in a significant induction of apoptotic cells only after 48 h of
treatment (Fig. 4, Panel B, lower), consistent with the appearance of subG1 cells described
above.

It is well established that, at an early stage, apoptotic stimuli alter the mitochondrial
transmembrane potential (Awmt) [29,30]. To address whether MG-2477 affected the Ay,
we examined treated cells for fluorescence of the dye JC-1. No significant changes in
mitochondrial potential were observed (Fig. 4, Panel C). To confirm that mitochondria were
not involved in the mechanism of apoptosis, we also evaluated the mitochondrial production
of ROS by two fluorescent probes, HE and HoDCFDA, using flow cytometry. In agreement
with the low levels of mitochondrial depolarization, only a slight increase of ROS
production was observed in cells treated with MG-2477 (Fig. 4, Panel C). Furthermore,
immunofluorescence and flow cytometric analysis of cells treated with the compound did
not show any release of cytochrome c (Fig. 4, Panels D and E), indicating that the late
apoptosis induced by MG-2477 did not follow a mitochondrial pathway.

The activation of caspases plays a central role in the process of apoptotic cell death [31]. We
therefore wondered whether inhibition of caspases with the pan-caspase inhibitor z-
VAD.fmk would prevent cell death. Our results showed that z-VAD.fmk significantly
reduced cell mortality as assessed by flow cytometry after double staining with Pl and
Annexin-V (Fig. 5, Panel A), indicating that cell death induced by MG-2477 is caspase-
dependent.

To determine which caspases were involved in MG-2477-induced cell death, the expression
of caspases was measured by immunoblot analysis and flow cytometry. We observed a clear
activation of two effector caspases, caspase-7 and caspase-3, and we also observed cleavage
of the caspase-3 substrate PARP after 48 h of MG-2477 exposure (Fig. 5, Panels B and C).
In addition, the expression of XIAP, a member of the inhibitors of apoptosis protein family,
was strongly reduced concomitant with caspase activation. Consistent with the Ay, results
described above, MG-2477 treatment did not induce activation of caspase-9, the major
initiator caspase of the intrinsic (mitochondrial) apoptosis pathway, nor of caspase-8. As
shown in Fig. 5, Panel C, expressed levels of these proteins did not change significantly
following treatment with MG-2477. Caspase-2 is a unique caspase with characteristics of
both initiator and effector caspases [32]. Recently, its key role in several apoptosis signaling
cascades has emerged. In particular, caspase-2 has been implicated in the cell death induced
by different antimitotic agents [33,34]. Western blot analysis showed an early activation of
caspase-2 following treatment with MG-2477 that occurred prior to caspase-3/7 activation
(Fig. 5, Panel C). In agreement with these data, the caspase-9 inhibitor z-LEDH.fmk did not
prevent apoptosis, while the selective caspase-2 inhibitor z-VDVAD.fmk, significantly
reduced cell death induced by MG-2477 (Fig. 5, Panel A).
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3.4. Effect of MG-2477 on Bcl-2 family proteins

There is increasing evidence that regulation of the Bcl-2 family of protein shares the
signaling pathways induced by antimicrotubule compounds [4]. Our results showed (Fig. 6,
Panel A) that the anti-apoptotic proteins Bcl-2 and Bcl-XL were phosphorylated in the first
12-24 h of treatment, as demonstrated by band shifts, followed by reduction in expression of
the proteins at 48 h. Mcl-1, an anti-apoptotic member of the Bcl-2 family, was also
phosphorylated in response to MG-2477 treatment. The Mcl-1 band then disappeared at 48 h
with the occurrence of apoptosis, following treatment with 1 uM MG-2477. MG-2477
treatment had little or no effect on the expression of proapoptotic proteins such as Bax or
Bak (Fig. 6, Panel B).

3.5. MG-2477 induces autophagy in A549 cells

In view of the minimal level of apoptosis observed following 12—-24 h of treatment with
MG-2477, we examined whether autophagy was induced in A549 cells with MG-2477
treatment. We first examined levels of LC3-1I induced by MG-2477 treatment, since this
protein is a good indicator of autophagosome formation [35]. As shown in Fig. 7 (Panel A),
MG-2477 induced, in a time-dependent manner, an increase in the amount of LC3-11. This
effect was already evident after 12 h of treatment, in contrast to the low levels of apoptosis
at this time point. We next used monodansylcadaverine, a dye that stains autophagosomes
[35]. As shown in Fig. 7 (Panel B), MDC-positive vacuoles were detected after MG-2477
treatment.

A typical characteristic of autophagy is the development of AVOs [10]. Observations with
fluorescence microscopy of A549 cell treated with MG-2477 and stained with the
fluorescent probe AO showed an increase in cell size and cytoplasmic acidic vacuolization,
as shown in Fig. 7 (Panel B). To quantify the appearance of AVOs after treatment with
MG-2477, we performed flow cytometric analysis after staining of the cells with AO. In
good agreement with the early appearance of LC3-11, there was also a significant increase in
red fluorescence after 24 h of treatment (Fig. 7, Panel C). A recent study [36] reports that
vincristine disruption of the microtubule cytoskeleton may interfere with the fusion of
autophagosomes with lysosomes. We therefore visualized autophagosome formation in
A549 cells by using a cell line expressing the autophagosome-associated LC3 protein fused
to green fluorescent protein (GFP-LC3). MG-2477 induced a redistribution of GFP-LC3
from a diffuse to a vacuolar pattern when autophagosomes were formed (Fig. 7, Panel D).
More importantly, these autophagosomes co-localized with the lysosomotropic dye
LysoTracker RED, indicating the effective formation of autophagolysosomes.

3.6. Inhibition of autophagy potentiates MG-2477-induced apoptotic cell death

To investigate whether inhibition of autophagy would affect the cytotoxicity of MG-2477,
Ab549 cells were treated with 1 uM MG-2477 in the presence of 3-MA or bafilomycin Al,
two well known inhibitors of autophagy [37,38]. As shown in Fig. 8 (Panel A), the presence
of bafilomycin Al or 3-MA significantly increased the percentage of apoptotic cells as
detected by the Annexin-V assay. Furthermore, the activation of caspase-3 was also
enhanced in the presence of either 3-MA or bafilomycin Al (Fig. 8, Panel B). Importantly,
to explore the role of mitochondria when autophagy was inhibited, we analyzed the
mitochondrial potential and the activation of caspase-9 in the presence of 3-MA and
bafilomycin Al. We did not observe significant variations with respect to the cells treated in
the absence of the two inhibitors either of the mitochondrial depolarization (Fig. 8, panel C)
or of caspase-9 activation (Fig. 8, Panel D). In contrast, a potentiation of caspase-2 was
observed after treatment of the cells with MG-2477 in the presence of either of the
autophagy inhibitors (Fig. 8, Panel D).
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3.7. MG-2477 induces inhibition of the PI3K/Akt/mTOR pathway

PI3K/Akt/mTOR signaling is one of the major pathways activated in cancer cells, including
lung cancer cells. This pathway plays a variety of physiological roles, including regulation
of cell growth, of the cell cycle and of cell survival. Recent studies have indicated that
inhibition of the PI3K/Akt/mTOR pathway is associated with triggering autophagy in cancer
cells [15,16].

As shown in Fig. 9 (Panel A), treatment with MG-2477 reduced the expression of p85, the
regulatory subunit of PI3K after 24 h of treatment and, at the same time, caused a decrease
in the phosphorylation (at Ser473) of the Akt protein. Similar responses were observed for

the phosphorylated forms of the Akt downstream protein FKHR (Ser256),

We further investigated the effect of MG-2477 treatment on mTOR activity. Exposure of
Ab549 cells to MG-2477 resulted in diminished levels of the phosphorylated (activated) form
of mTOR (Ser2448), while total mTOR levels were not affected by the treatment. MG-2477
treatment also induced a sharp decrease in the phosphorylation of the mTOR targets p70
ribosomal protein S6 kinase and 4E-BP1, revealing a potent inhibitory effect of MG-2477
treatment on Akt/mTOR signaling.

To evaluate the relationship between MG-2477-induced autophagy and the Akt pathway, we
transiently transfected A549 cells with a Myr-Akt plasmid, coding for an active form of Akt.
Compared with the control cells, in cells transfected with the vector plasmid the expression
of Akt was dramatically increased (Fig. 9, Panel B, upper). Then we evaluated the effects of
MG-2477 treatment on these cells. As shown in Fig. 9 (Panel C), cells overexpressing Akt
were refractory to MG-2477-induced autophagy as compared with cells transfected with the
empty vector. The cells overexpressing Akt and treated with MG-2477 showed a significant
reduction in LC3-11 expression (Fig. 9, Panel B, lower) and in formation of AVOs (Fig. 9,
Panel C). In addition, no significant variation in cell viability was observed in the Akt
overexpressing cells (Fig. 9, Panel D), in good agreement with the data reported by
Vanderweele et al. [39] and Asnaghi et al. [40], which showed that Akt up-regulation
promotes a selective resistance to different antimicrotubule agents but not other
chemotherapic drugs.

4. Discussion

Previous studies demonstrated that MG-2477 displayed effective antiproliferative activity in
numerous cell lines derived from human solid tumors, including multidrug resistant cell
lines [17]. In this study we showed that MG-2477 induced depolymerization of tubulin and
inhibited normal spindle formation in A549 cells, resulting in mitotic arrest and cell death.
The inhibition of tubulin polymerization was similar to that observed with reference
compounds such as CA4. Examination of the effects of MG-2477 on [3H]colchicine binding
to tubulin revealed that colchicine binding was efficiently inhibited, indicating that
MG-2477 binds in the colchicine site. These data were supported by molecular docking
analysis.

From this point of view of the cytotoxic mechanism of action of MG-2477, we provided
evidence that the compound induced autophagy in A549 cells, followed by apoptotic cell
death. Autophagy was morphologically and biochemically characterized, including the
appearance in treated A549 cells expressing GFP-LC3 of cytoplasmic vacuoles that
displayed punctuate fluorescence indicative of LC3 recruitment to the autophagosome.

Our results showed that MG-2477 treatment decreased the expression of the PI3K p85
regulatory subunit, followed by Akt dephosphorylation on Ser4’3. The inhibitory effects of
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MG-2477 on PI3K/Akt were correlated with the dephosphorylation of FKHR, an Akt
downstream protein target. Moreover, exposure of cells to MG-2477 also inactivated mTOR
and reduced phosphorylation of its downstream targets p706K and 4E-BP1. Thus, these
results are consistent with many recent studies indicating that inhibition of the Akt/mTOR
pathway is associated with induction of autophagy in cancer cells [16,41,42].

At present, the precise molecular mechanism that switches between autophagy and apoptosis
is not clear. Autophagy and apoptosis can be induced in response to different cellular
stresses, and the induction of autophagy/apoptosis can occur sequentially, simultaneously or
in a mutually exclusive manner [43]. Our observations indicate that pharmacological
inhibition of autophagy with 3-MA or bafilomycin Al does not activate, but only enhances,
apoptotic death, suggesting that autophagy induced by MG-2477 is an adaptive response in
A549 cells.

It has been suggested that microtubules are essential for the endocytic and autophagic
pathways of membrane trafficking and facilitate autophagosome formation and serve to
direct mature autophagosomes for degradation in lysosomes. [44]. However, a number of
studies have shown that in mammalian cells, the disruption of the microtubule network
provokes a delay in autophagy rather than a complete block of this process [45-47]. In
particular, Kochl et al. [47] demonstrated this in rat hepatocytes expressing green
fluorescent protein (GFP)-LC3. When these cells were pre-treated with the antimitotic
agents nocodazole and vinblastine, prior to inducing autophagy, the formation of
autophagosomes was facilitated by but did not require microtubules. Moreover, analysis of
LC3-11 turnover and of the overlap of GFP-LC3-positive vesicles with LysoTracker RED-
positive lysosomes confirmed that intact microtubules contributed to the fusion of
autophagosomes with lysosomes.

Our results are in good agreement with those of Kdchl et al. [47] since we also showed a co-
localization between GFP-LC3 autophagosomes and Lysotracker-positive vesicles that
occurred following treatment with MG-2477, suggesting an accumulation of
autophagolysosomes. Thus our data indicated that intact microtubules are not essential for
targeting and for fusion with lysosomes.

Furthermore, our data indicated that cell death following MG-2477 treatment is caspase-
dependent, as demonstrated by a significant increase in cell viability in the presence of the
pan-caspase inhibitor z-VAD.fmk. Some studies, using different drugs, report that
autophagy may precede mitochondrial-activated apoptosis [9,48]. An unexpected finding in
our study was that mitochondrial functions such as mitochondrial polarization and release of
cytochrome c were only slightly affected by treatment with MG-2477. This suggested that
with MG-2477 treatment mitochondria were not involved in the cell death process. Of note,
MG-2477 treatment did not induce activation of caspase-9, one of the major initiator
caspases in the mitochondrial apoptosis pathway. Interestingly, caspase-2 seemed to be
activated prior to caspase-3 and caspase-7, and the prevention of cell death induced by the
selective caspase-2 inhibitor z-VDVAD.fmk indicated the major role played by this caspase.
Newer evidence about the functions and activation mechanisms involved in apoptosis
indicate that caspase-2 is unique among the caspases, displaying features of both initiator
and executioner. Moreover, many recent studies indicate that activation of caspase-2 is
fundamental for the induction of apoptosis induced by antimitotic drugs [33,34].

Several lines of evidence suggest that Bcl-2 phosphorylation is associated with the loss of
antiapoptotic functions, although, in contrast, many other studies show that Bcl-2 is only a
biochemical marker of G2/M phase events [4]. In addition, modulation of Bcl-2 expression
can affect the induction of autophagy [49,50]. Our results showed that Bcl-2 is
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phosphorylated in A549 cells treated with MG-2477 at early time points when hallmarks of
apoptosis were not yet evident.

Asnaghi et al. [40] showed that Bcl-2 phosphorylation by antimitotic drugs is regulated by
Akt and mTOR. They demonstrated this phenomenon by inhibiting mTOR signaling by
inducing the expression of a dominant negative mutant of the Akt kinase in HEK293 cells.
The levels of Bcl-2 phosphorylation after nocodazole treatment were higher in comparison
with cells transfected with the empty vector. Interestingly, sensitivity to nocodazole was also
significant increased. Opposite findings were obtained in HEK293 cells expressing
constitutively active Akt. Thus, these results suggest that the level of activity of Akt may
regulate Bcl-2 phosphorylation and the apoptotic threshold through the mTOR kinase. Other
studies showed that, in cells where Akt is constitutively activated, the cytotoxic effects of
different antimicrotubule agents are reduced [39,51]. However, the effects of these
compounds are enhanced when a specific blockade of the Akt signaling pathway is
produced. In our study, we did not observe any increase in MG-2477 induced cell death in
Ab549 cells transiently transfected with a constitutively active form of Akt (Myr-Akt), but, at
the same time, the cells were considerably more resistant to MG-2477 induced autophagy
than cells transfected with the empty vector. Thus, these results strongly indicate that
MG-2477-induced autophagy could be mediated by a block of the Akt pathway. In
summary, the findings presented here indicate that MG-2477 is highly effective in reducing
cell viability and that the reduced survival of A549 cells is associated with an initial
autophagy that may be mediated by inhibition of the Akt/mTOR pathway. Autophagy is not
the major cause of cell death but represents an adaptive early response to cellular stress that
could enhance cell survival by retarding apoptosis. These results indicate that inhibition of
autophagy might increase the efficacy of MG-2477 and that it could be a potential strategy
for enhancing the chemotherapeutic effects of this compound.
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Fig. 1.

MG-2477 inhibits tubulin assembly and destabilizes microtubules by acting at the colchicine
site of tubulin. (A) Chemical structure of MG-2477. (B) Immunofluorescence images of
Ab549 cells treated with anti-p-tubulin antibody and with a TRITC-conjugated secondary
antibody and then observed by confocal microscopy. Cells were either untreated or exposed
to 1 uM MG-2477 for 24 h, as indicated. (C) Quantitative assessment of mitotic arrest by
MG-2477. A549 cells were treated with the compound at the indicated concentrations. Two
hundred cells/treatment were scored for the presence of mitotic figures by contrast phase
microscopy, and the mitotic index was calculated as the proportion of cells with mitotic
figures. Data are expressed as mean = SEM of three independent experiments.
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Fig. 2.

Inhibition of microtubule assembly and colchicine binding. (A) To evaluate the effect of the
compound on tubulin assembly in vitro, varying concentrations of compound were
preincubated with 10 uM bovine brain tubulin. Following addition of GTP, tubulin assembly
at 30 °C was followed turbidimetrically at 350 nm. The 1Cgy was defined as the compound
concentration that inhibited the extent of assembly by 50% after a 20 min incubation. (B)
The capacity of the test compound to inhibit colchicine binding to tubulin was measured in
reaction mixtures that contained 1 uM tubulin, 5 uM [3H]colchicine and 1 or 5 uM
MG-2477, as indicated. Thiocolchicine and CA4 were used as reference compounds. Data
are expressed as mean + SD of two independent experiments. (C) Docked pose of MG-2477
(gray), overlapped with colchicine (pink) in the tubulin binding site. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the
article.)
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Effects of MG-2477-induced G2/M phase arrest in A549 cells. (A) Cells were treated with
different concentrations of MG-2477 for 24 h, and cell cycle distribution was analyzed by
flow cytometry after staining the cells with PI. (B) Cells were treated with 1 uM MG-2477
for the indicated times, and cell cycle distribution was analyzed as above. Data are
expressed as mean = SEM of three independent experiments. (C) Percentage of cells in the
subG1 peak. Cells were treated with MG-2477 at 0.1 and 1.0 uM for 24 and 48 h. Data are
expressed as mean =+ SEM of three independent experiments. *p < 0.01 vs. control. (D) Cells
were treated with the indicated concentration of MG-2477 for the indicated times. Whole
cell lysates were subjected to Western blot analysis.
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Fig. 4.

MG-2477 induced delayed apoptosis in A549 cells. (A) Cells were incubated with 1 uM
MG-2477 for the indicated times. Cell viability was quantified by the MTT assay. (B)
Representative histograms of A549 cells treated with MG-2477 (upper panel) and analyzed
by flow cytometry after double staining of the cells with Annexin-V-FITC and PI (lower
panel). Data are expressed as mean = SEM of six independent experiments. *p < 0.01 vs.
control. (C) Analysis of mitochondrial dysfunction in cells treated with 1 uM MG-2477 for
48 h and analyzed by flow cytometry for mitochondrial depolarization. Cells were labeled
with the dye JC-1, which measures depolarization. ROS production was measured after
labeling the cells with the fluorescent probes H,DCFDA and HE. (D) Representative
confocal images of control A549 cells and cells treated with 1 uM MG-2477 for 48 h,
showing cytochrome c labeled with a monoclonal antibody conjugated to FITC. The nuclei
were stained blue with DAPI. Scale bar, 10 um. Inset in the control cells image: an
enlargement of one cell for a better comparison with the treated cells. (E) Flow cytometric
analysis of cytochrome c after treatment with MG-2477 (1 uM) for 48 h. Cells were stained
with a FTIC-conjugated monoclonal antibody directed against cytochrome c. Straight line:
control cells; dotted line: MG-2477 treated cells. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 5.

(A) Cells were incubated with 1 uM MG-2477 in the presence or absence of the pan-caspase
inhibitor z-VAD.fmk (100 uM), the caspase-2 inhibitor z-VDVAD.fmk (100 pM), or the
caspase-9 inhibitor z-LEDH.fmk (100 uM), for 48 h. Cell death was determined by flow
cytometric analysis of Annexin-V and Pl uptake. Mean + SEM of three independent
experiments. The asterisk indicates p < 0.01 vs. MG-2477 alone. (B) Activation of caspase-3
by MG-2477. Cells were treated with 0.1 or 1.0 uM MG-2477 for 24 or 48 h, harvested and
stained with an anti-human active caspase-3 fragment monoclonal antibody conjugated to
FITC. Data obtained by flow cytometric analysis is expressed as percentage of caspase-3
active fragment positive cells. Mean + SEM of five independent experiments. *p < 0.01 vs.
control. (C) Expression of caspases, PARP and XIAP following treatment with MG-2477, as
indicated.
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Fig. 6.
Effect of MG-2477 treatment, as indicated, on the expression of anti-apoptotic (A) and pro-
apoptotic (B) member proteins of the Bcl-2 family.
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(A) Immunoblot analysis of LC3 after treatment with MG-2477, as indicated. (B)
Fluorescence microscopic analysis of A549 cells treated with 1 pM MG-2477 for 24 or 48 h
and then stained with AO or MDC, as indicated. (C) Detection of MG-2477-induced AVO
formation in A549 cells. Cells were treated with MG-2477, as indicated, stained with AO
and analyzed by flow cytometry. Mean + SEM of four independent experiments. *p < 0.01
vs. non-treated cells. (D) A549 cells were transiently transfected with GFP-LC3 and treated
with 1 pM MG-2477 for 24 h. Lysosomes were stained with LysoTracker RED, and cells
were analyzed by confocal microscopy.
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(A) Cells were incubated with 1 uM MG-2477 in the presence or absence of 3-MA (1 mM)
or bafilomycin Al (2 nM) for 48 h. Cell death was determined by flow cytometric analysis
of Annexin-V and Pl uptake. Mean + SEM of three independent experiments. *p < 0.01 vs.
MG-2477 alone. (B) Cells were incubated with 1 uM MG-2477 in the presence or absence
of 3-MA (1 mM) or bafilomycin Al (2 nM) for 48 h. Cells were stained with an anti-human
active caspase-3 fragment monoclonal antibody conjugated to FITC. Data obtained by flow
cytometric analysis is expressed as the percentage of caspase-3 active fragment positive
cells. Mean + SEM of three independent experiments. *p < 0.01 vs. MG-2477 alone. (C)
Representative histograms of flow cytometric analysis of mitochondrial depolarization after
treatment of A549 cells with MG-2477 (1 uM) for 48 h in the presence of 3-MA or
bafilomycin Al. (D) Western blot analysis of procaspase-9 and procaspase-2 after 48 h of

MG-2477 (1 uM) in the presence of 3-MA or bafilomycin Al, as indicated.
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Fig. 9.

(A) Effect of MG-2477 treatment on the PI3K/Akt/mTOR pathway. Cells were treated with
MG-2477, as indicated, harvested and subjected to Western blot analysis. (B) A549 cells
overexpressing Akt after Myr-Akt transfection (upper). Immunoblot analysis of LC-3 in
Myr-Akt transfected cells treated with MG-2477 (1 uM) (lower). (C) Detection of AVO
formation in Myr-Akt transfected cells treated with 1 uM MG-2477. Cells were treated for
48 h, stained with AO and analyzed by flow cytometry. Mean + SEM of three independent
experiments. *p < 0.01 vs. the cells with the empty vector treated with MG-2477. (D)
Percentage of viable cells in Myr-Akt transfected cells treated with MG-2477 (1 uM) for 48
h. Mean + SEM of three independent experiments.
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