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Introduction

Macroautophagy (hereafter called “autophagy”) is a catabolic 
process involving the sequestration of portions of the cytoplasm 
in double-membraned vesicles, autophagosomes, that then fuse 
with lysosomes to create autolysosomes, in which the luminal 
content, as well as the internal membrane of the autophago-
some are digested.1,2 Autophagy is most conveniently monitored 
by measuring the redistribution of the microtubule-associated 
light chain-3 (LC3) into cytoplasmic dots (which constitute 
bona fide autophago(lyso)somes), for instance by transfecting 
cells with a GFP-LC3 fusion protein.3 Moreover, autophagy can 
be monitored indirectly by measuring the abundance of p62 
(sequestosome 1, SQSTM1)4 or that of ubiquitinylated proteins, 
which are increased when autophagy is inhibited.5 Autophagy is 
generally considered as a cytoprotective mechanism.1 Multiple 
anticancer agents including chemotherapeutics and ionizing 
irradiation induce autophagy that manifests before the tumor 
cells die. Inhibition of autophagy precipitates the apoptotic or 
necrotic demise of stressed cells.6,7 Pharmacological induction 
of autophagy by non-toxic agents improves cellular resistance to 
stress and even can prolong the lifespan of whole organisms.8,9

Microtubules are dynamic tubulin polymers that can be tar-
geted for the treatment of malignant tumors due to their critical 
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role in mitosis and other cellular processes.10 Prominent microtu-
bular inhibitors that are currently used therapeutically are vinca 
alkaloids (such as vincristine), which destabilize microtubules,11 
and taxanes (such as taxol and paclitaxel), which stabilize micro-
tubules.11 Although these agents have opposing effects on micro-
tubular dynamics, they induce similar cytotoxic effects on tumor 
cells in thus far that mitotic arrest is followed by apoptotic cell 
death.12 Epothilones constitute a new alternative class of tubulin-
binding compounds, which like taxanes stabilize microtubules.12 
In contrast to the currently used taxanes, some epothilones are 
poorly recognized by P-gp pumps, suggesting that they over-
come multidrug resistance (MDR) mechanisms. This has been 
confirmed in preclinical assays revealing that some paclitaxel- or 
taxol-resistant cancer can respond to epothilones in vitro and in 
vivo.7 As a result, clinical assays exploring the therapeutic efficacy 
of epothilones have been initiated.

A549-B480 is a clone of non-small cell lung cancer A549 cells 
that has been selected by culture in the presence of epothilone B  
(also called patupilone).13 Paradoxically, these cells only survive in 
the continuous presence of 100 to 300 nmol epothilone B because 
of a series of mutations that lead to amino acid substitutions in class 
Ib-tubulin (Gln292Glu and Val60Phe, in the first and second allele, 
respectively) and Kα1-tubulin (Leu195Met).13 Upon removal of 
epothilone B, A549-B480 cells manifest a sequence of alterations 
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Complete autophagy defect in A549-B480 cells due to the 
absence of Atg7. To further confirm that LC3 and p62 co-local-
ize in A549-B480 cells, we took advantage of stably GFP-LC3-
transfected A549-B480 cells that were fixed, permeabilized and 
subjected to the immunofluorescence detection of p62. GFP-LC3 
and p62 exhibited a strong co-localization in control cells (that 
were cultured in the continuous presence of epothilone B), in 
cells in which we attempted to induce autophagy by nutrient 
depletion (in nutrient-free, NF, medium) or in cells that were 
deprived from epothilone B. None of these manipulations nor the 
addition of Bafilomycin A1, a vacuolar ATPase inhibitor that pre-
vents autophagosome/lysosome fusion, did affect the frequency 
of GFP-LC3 vacuoles, the complete co-localization of GFP-LC3 
and p62, or the abundance of p62 protein (Fig. 2A and B). 
Irrespective of several attempts to induce autophagy (for instance 
by nutrient starvation in Fig. 2 or by addition of rapamycin, 
not shown), we found that GFP-LC3 always co-localized with 
immunoreactive p62 (which is the sum of endogenous LC3 and 
transfected GFP-LC3), as well as with ubiquitin-positive cyto-
plasmic structures (Fig. 2C–E). These results could be confirmed 
by immunoblot experiments performed on A549-B480 cells that 
lacked GFP-LC3. Irrespective of the continuous presence or with-
drawal of epothilone B, A549-B480 cells revealed an abnormally 
high level of ubiquitinylated proteins and the failure to lipidate 
LC3. These results support the contention that A549-B480 cells 
are completely autophagy-defective.

To gain insights into the mechanisms of deficient autophagy 
in A549-B480 cells, we determined the phosphorylation of the 
mTOR substrate p70S6K. Indeed, p70S6K was hyperphosphory-
lated in A549-B480 cells, indicating that the autophagy-inhib-
itory serine/threonine kinase mTOR is strongly activated. We 
also measured the phosphorylation of the eukaryotic (transla-
tion) initiation factor 2α (eIF2α), which constitutes one of the 
mandatory checkpoints of autophagy.22 Surprisingly, phospho-
eIF2α was enhanced in A549-B480 cells as compared to their 
parental A549 controls, indicating that signals downstream of 
eIF2α must explain the autophagy defect of A549-B480 cells. 
Indeed, we found that the protein Atg7, which is reputed to be 
essential for autophagy,1 was completely absent from A549-B480 
cells. These results furnish a tentative molecular explanation for 
the autophagy defect of A549-B480 cells.

Materials and Methods

Cell culture and autophagy induction. A549 non small cell lung 
cancer cell lines and A549-B480 mutant cell lines were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM)/F-12 medium 
containing 10% fetal calf serum (FCS), 100 mg/L sodium pyru-
vate, 10 mM Hepes buffer, 100 units/ml penicillin G sodium and 
100 μg/ml streptomycin sulfate at 37°C under 5% CO

2
. U2OS 

osteosarcoma cell lines were cultured in Dulbecco’s Modified 
Eagle Medium containing the same supplements as described 
above. All media and supplements for cell culture were purchased 
from Gibco-Invitrogen (Carlsbad, USA). For serum and amino 
acid starvation, cells were cultured in serum-free Earle’s Balanced 
Salt Solution (Sigma-Aldrich, St. Louis, USA). 105 cells were 

(metaphase arrest, abnormal metaphases with monopolar and 
multipolar spindles, multinucleation, loss of the mitochondrial 
transmembrane potential, caspase activation, and apoptotic chro-
matin condensation) that is very similar to those found in normal 
cells treated with epothilone B.7 Likewise, this reflects a strong 
tendency to microtubular destabilization that results from tubulin 
mutations, yet can be counteracted by epothilone B.

When investigating the effects of taxanes and epothilones on 
different cancer cell lines, we found that these agents increased the 
autophagic vacuolization of tumor cells. In contrast to parental 
A549 cells, A549-B480 manifested the constitutive aggregation 
of GFP-LC3 in cytoplasmic puncta. This GFP-LC3 aggregation 
was not affected by the addition or withdrawal of epothilone B. 
Here, we report that these cells manifest a complete autophagy 
defect that nevertheless causes the aggregation of GFP-LC3, 
together with p62 and ubiquitinylated proteins, in membrane-
free cytoplasmic structures. The autophagy defect of A549-B480 
cells correlates with the absence of an essential autophagy-related 
protein, Atg7. Altogether, these results underscore the likewise 
functional relationship between microtubule and autophagy in 
the context of anticancer chemotherapy.

Results and Discussion

Accumulation of LC3-GFP protein in membrane-free cytoplas-
mic aggregates in A549-B480 cells. Addition of epothilone B 
to U2OS osteosarcoma cells stably transfected with GFP-LC3 
caused the redistribution of GFP-LC3 from a diffuse localization 
all over the cell (cytoplasm plus nucleus) to an exclusively cyto-
plasmic, punctate pattern (Fig. 1A and B). A similar GFP-LC3 
redistribution was observed in A549 non-small cell lung cancer 
when they were transiently transfected with GFP-LC3 and then 
stimulated with epothilone B (not shown). A549 cells treated 
with epothilone B also manifested the progressive lipidation of 
LC3, causing an increase in its electrophoretic mobility from the 
LC3-I to the LC3-II form. This was paralleled by the reduction 
of p62, in line with the idea that epothilone B triggers bona fide 
autophagy in A549 cells (Fig. 1C). In strict contrast, A549-B480 
cells, which must be cultured in the presence of epothilone B,13 
did not manifest any sign of LC3-I→LC3-II conversion and 
contained supraphysiological amounts of p62, irrespective of the 
presence or absence of epothilone B (Fig. 1C), whose withdrawal 
caused signs of apoptosis such as the dissipation of the mitochon-
drial transmembrane potential20,21 followed by plasma membrane 
permeabilization (Fig. 1D). Transmission electron microscopy 
revealed electron-dense aggregates in circumscript cytoplasmic 
areas from A549-B480 cells. Such structures lacked surround-
ing membranes or even membrane remnants (Fig. 1E) and were 
absent in parental A549 cells (not shown). We suspected that 
these structures might contain GFP-LC3 aggregates. Indeed, 
immunoelectron microscope revealed immunogold particles that 
labeled either GFP or p62 within these electron-dense structures, 
which were often found in the perinuclear area of A549-B480 
cells (Fig. 1F). These results indicate that in A549-B480 cells 
non-lipidated LC3 (or GFP-LC3) accumulates in membrane-free 
cytoplasmic aggregates.
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cells per preparation in three independent experiments). Cells 
presenting a mostly diffuse distribution of GFP-LC3 in the cyto-
plasm and nucleus were considered non-autophagic, whereas cells 
representing several intense punctuate GFP-LC3 aggregates were 
classified as autophagic.3,17-19

Immunoelectron microscopy. For immunolocalization of 
GFP-LC3 and p62, glutaraldehyde-fixed Lowicryl-embedded 
thin sections were first reacted with the primary antibody diluted 
in PBS for 1 hour at room temperature. After washing in PBS, 
grids were incubated for 30 min at room temperature with the 
secondary antibody coupled to 10 nm gold particles, diluted in 
PBS (goat anti-rabbit for GFP detection; goat anti-mouse for p62 
detection). Following final washing in PBS, grids were rapidly 
rinsed in a jet of distilled water, air-dried, and counterstained 
with 4% uranyl acetate. Rabbit polyclonal anti-GFP (Abcam 
260) and mouse anti-p62 antibodies (BD Science, USA) were 
used at a dilution of 1/200 and 1/25 respectively and secondary 
antibodies coupled to 10 nm gold particles (BBInternational) at 
a dilution of 1/25.

Concluding Remarks

The results that we include in this report have three major 
implications.

First, our data hint to novel functional links between microtu-
bules and autophagy. On theoretical grounds, microtubules may 
impact on autophagy, at several levels. LC3 has been described 
as a microtubule-associated protein. Since LC3 is a major player 
in the formation of phagophores (the membrane that progres-
sively enwraps autophagocytic cargo),23 and LC3 can interact 
with microtubules,24 it is tempting to postulate that LC3 must 
be released from microtubules to participate in the initiation of 
autophagy. In addition, microtubules may participate in the jux-
taposition and later fusion of autophagosomes and lysosomes,25 
meaning that they can influence the late stage of the autophagic 
process. At present it is not known whether and to which degree, 
microtubule (de)stabilizing agents impact on the initiation 
and termination phases of autophagy. Nonetheless, it appears 
intriguing that a cell line that has been selected for resistance 
against a microtubule-specific chemotherapeutic agent and that 
has accumulated several tubulin-specific mutations has devel-
oped a complete autophagic defect. It is tempting to speculate 
that these tubulin mutations (which shift the equilibrium state 
of the (de)polymerization of tubulin, the microtubular subunits) 

seeded in 6 well plates and grown for 24 h prior to treatment with 
epothilone B (EpoB, 100 nM; Tocris), bafilomycin A1 (BafA1, 
2 nM, Tocris).

Immunoblotting. Cells were lysed on ice in a buffer con-
taining 1% NP40, 20 mM HEPES pH 7.9, 10 mM KCl, 1 mM 
EDTA, 10% glycerol, 1 mM orthovanadate, 1 mM PMSF, 1 mM 
dithiothreitol and 10 μg/ml aprotinin, leupeptin and pepstatin 
before centrifugation (20 min, 14,000 rpm, 4°C) and collection 
of supernatant. Thereafter, total protein extracts were separated 
on precast NuPAGE Novex polyacrylamide gels (gradient 10% 
gels, Invitrogen), and subjected to standard immunoblotting pro-
tocols. To this aim, the following specific primary antibodies were 
employed: anti-p62 (BD Sciences, USA), anti-LC3, anti-ubiq-
uitin, anti-phospho-p70S6K, anti-phospho-eIF2α (all from Cell 
Signaling), anti-Atg7 (Sigma) or anti-Beclin 1 (Santa Cruz). The 
blots were revealed with the appropriate horseradish peroxidase-
labeled secondary antibodies (Southern Biotech, Birmingham, 
USA) and SuperSignal West Pico chemoluminiscent substrate 
(Pierce Biotechnology, Rockford, USA). Anti-Actin (AbCys, 
Paris, France) antibody was used to control equal loading.

Cytofluorometric analysis and immunofluorescence. Cells 
were stained with the following probes to assess apoptosis-associ-
ated modifications: propidium iodide (1 μg/ml, Sigma-Aldrich) 
for viability and dihexyloxacarbocyanine iodide [DiOC

6
(3), 

40 nmol/L, Molecular Probes-Invitrogen] for ΔΨ
m
 dissipa-

tion.14-16 After 30 min incubation at 37°C, cells were analyzed 
using a FACScan equipped with Cell Quest software (Becton 
Dickinson). For immunofluorescence studies, cells were fixed 
with paraformaldehyde (4% w/v in PBS) followed by permea-
bilization using 1% Triton X-100 (Sigma) diluted in phosphate 
buffered saline (PBS). Cells were stained with specific antibod-
ies against p62 (BD Science, USA), ubiquitin (Cell Signaling) 
or LC3 (anti-LC3 clone 5F10, nanoTools Antikoerpertechnik, 
Teningen, Germany) and the nuclei were counterstained with  
10 μg/ml Hoechst 33342 (Molecular Probes-Invitrogen). 
Primary antibodies were revealed either with goat anti-rabbit 
IgG conjugated to Alexafluor 488 (green) or with goat anti-
mouse IgG conjugated to Alexafluor 568 (red) from Molecular 
Probes-Invitrogen. Fluorescence microscopy determinations 
were performed by means of a Leica IRE2 microscope equipped 
with a Leica DC300F camera.

Quantification of GFP-LC3 puncta. Autophagy was quanti-
fied by counting the percentage of cells showing accumulation 
of GFP-LC3 in dots (GFP-LC3 puncta, of a minimum of 100 

Figure 1 (See previous page). Membrane free aggregation of GFP-LC3 in A549-B480 mutant cell lines. (A–C) Epistatic analysis of the effects 
of Epothilone B (EpoB) on autophagy induction. U2OS cells stably expressing GFP-LC3 were treated with EpoB (100 nM) for the indicated time and 
the percentage of cells exhibiting GFP-LC3 puncta was determined by fluorescence microscopy (A and B). Alternatively, A549 cells and A549-B480 
cells were treated by the addition of Epothilone B (for A549 cells) or withdrawal of Epothilone B (for A549-B480 cells) for the indicated time, and 
the relative abundance of LC3-I and LC3-II or p62 was determined by immunoblot (C). (D) Cell death in A549-B480 cells is induced upon removal 
of Epothilone B in a time dependent manner. A549-B480 cells were cultured in Epothilone B free medium for the indicated time and stained with 
DiOC6(3) and PI. The gray and white portions of the columns refer to the DiOC6(3)lowPI- (dying) and DiOC6(3)lowPI+ (dead) population, respectively. 
(E and F) Ultrastructural evidence of electron-densefinely fibrillar aggregates in A549-B480 cells. A549-B480 cells were cultured in the presence 
of Epothilone B, fixed in glutaraldehyde and subjected to fixation with embedded in Epon resin. Electron-dense fibrillar, roundish structures were 
observed by electron microscopy and the representative pictures are shown in (E), bars = 1 μm, Nu: nucleus, ER: endoplasmic reticulum. Star: fibrillar 
aggregate. Alternatively, cells were embedded in Lowicryl K4M and GFP-LC3 (F upper row) or p62 (F bottom row) were detected, arrows underline 
highly labeled fibrillar aggregates, M: mitochondria, bars = 0.5 μm.
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Figure 2. For figure legend, see page 6.
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Third, our results reveal the possible existence of LC3 puncta 
outside from autophagosomes. Monitoring the redistribution of 
GFP-LC3 protein to cytoplasmic puncta is a widely employed 
technique to detect autophagy by video fluorescence micros-
copy.29 Similarly, the immunohistochemical detection of endog-
enous LC3 can be used to assess autophagy in cultured cells or in 
tissue sections.30 Our results reveal that the presence of LC3 or 
GFP-LC3 in cytoplasmic puncta does not necessarily reveal their 
participation in the formation of phagophores or their accumula-
tion on the membranes from autophagosomes. Thus, our data 
underscore the importance of performing multiple parallel assays 
for the detection of autophagy-associated biochemical and ultra-
structural changes.31 Hadn’t we performed such complementary 
assays, we would have concluded that A549-B480 cells exhibit a 
constitutively active autophagic machinery.
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are incompatible with a functional autophagic machinery and 
hence have led to the selection of cells that are defective for 
macroautophagy.

Second, our results identify a new chemotherapy resistance-
associated autophagic defect. A549-B480 cells manifested the 
hyperactivation of the autophagy-inhibitory mTOR kinase. 
However, pharmacological inhibition of mTOR with rapamy-
cin failed to induce autophagy in A549-B480 cells (not shown), 
meaning that the autophagy defect cannot be solely attrib-
uted to mTOR activation. Intriguingly, A549-B480 cells com-
pletely lacked Atg7 expression at the protein level, while other 
autophagy-relevant proteins (such as Beclin 1 and Atg5) were 
normally expressed. The knockout of Atg7 completely abolishes 
autophagy in several cell types including neurons and hepato-
cytes in vivo,26 yet has a less pronounced autophagy-suppressive 
effect on mouse embryonic fibroblasts stimulated with etopo-
side.27 However, to our knowledge there has been no report on a 
“natural” loss of Atg7 suppression, without its genetic manipula-
tion. Whether the loss of Atg7 expression is genetic or epigenetic 
is elusive. Previously, it has been described that human carcino-
mas (in particular breast and prostate) are frequently accompa-
nied by loss-of-heterozygosity affecting the beclin 1 gene,28 whose 
product is also essential for autophagy.1 Indeed, loss of one of the 
beclin 1 alleles causes haploinsuffiency and defective autophagy.28 
Whether loss-of-expression occurs in developing or relapsing 
cancers remains to be investigated.

Figure 2. Autophagy-defect due to the loss of Atg7 expression in A549-B480 mutant cell lines. (A–C) Complete co-localization of LC3 and p62 
in the aggregates of A549-B480 cells. Cells were subjected to the indicated treatments for 24 hrs and were stained with anti-p62 antibody, then 
the frequency of cells with GFP-LC3 puncta was scored (B). Representative pictures are shown in (A), EpoB(-) represents Epothilone B withdrawal. 
Alternatively, cells were subjected to immunofluorescence analysis for the detection of endogenous LC3 using an monoclonal anti-LC3 antibody (LC3 
mAb, 5F10 clone). Representative pictures are shown in (C). (D–F) Absence of Atg7 and dysfunction of autophagy regulation signaling pathways in 
A549-B480 cells induce accumulation of ubiquitinylated proteins. GFP-LC3 stably expressing A549-480 cells were subjected to counterstaining with 
anti-ubiquitin and Hoechst 33342 for immunofluorescent microscopy (D). A549 cells and A549-B480 cells were subjected to immunofluorescence 
analysis for the detection of p62 and ubiquitin. Representative immunofluorescence microphotographs are shown in (E). Alternatively, A549-B480 cells 
were subjected to the indicated treatment. Then the relative abundance of ubiquitin, LC3, Atg7 or Beclin 1 or the phosphorylation levels of p70S6K and 
eIF2α were determined by immunoblot (F).
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