
Abstract. Autophagy was induced in human neuroblastoma
SH-SY5Y cells by two different procedures: deprivation of
fetal serum in culture medium, or treatment with dopamine.
3-methyladenine prevented autophagy in the two procedures.
Although it is usually considered that the conversion of
soluble LC3-I to lipid bound LC3-II is associated with the
formation of autophagosomes, the inhibition of autophagy
with 3-methyladenine prevented this transformation in
serum-deprived but not in dopamine-treated cells. While the
PI3K-mTOR pathway was inhibited by serum deprivation,
dopamine increased the phosphorylation of Akt but inhibited
mTOR activity in a similar way to rapamycin. Dopamine and
rapamycin increased LC3-II levels by a mechanism not
prevented by 3-methyladenine. The activation of LC3-I to
LC3-II may then be necessary but not sufficient to trigger
cell autophagy. Thus, the increase in LC3-II, as the main
biochemical parameter for autophagy at present, should be
considered with caution.

Introduction

Autophagy is a process by which the cell digests components
or organelles of its own cytoplasm as a response to lack of
nourishment, the effect of certain cytotoxins, the presence of
non-functional protein aggregates (aggresomes) or in order to
remove damaged organelles (1,2).

The research on autophagy as a mechanism for regulating
cell death or survival has acquired huge interest in recent
years, not only as a cell response to starvation but also as a
mechanism involved in tumorigenesis, neurodegeneration

and non-caspase-linked forms of cell death (3). The molecular
mechanisms of autophagy are being progressively elucidated
from proteins initially described in yeast (4), Apg or Aut
proteins. The mammalian homolog proteins received the
name Atg proteins (1) and several of them were found to be
previously known but without well-defined functions. One of
these is the Atg8 protein, known also as microtubule-
associated protein 1 (MAP1) light chain 3 (MAP-LC3 or
simply LC3). These proteins covalently bind phospholipids
and are components of the autophagic vacuole membranes
(5). They exist as a soluble free form, LC3-I, and a LC3-II
lipoprotein, covalently linked to a phosphatidylethanol-
amine, with a higher electrophoretic mobility in SDS-PAGE
due to their increased hydrophobicity (6). The LC3-I free
form is converted to the LC3-II form after being cleaved by a
Cys-protease known as autophagin or Atg-4, activated by
reactive oxygen species produced during starvation, or by
other conditions leading to autophagy (7). This step is
necessary for the action of an E1 enzyme, Atg-7, which
triggers two conjugation machineries: one leading to Atg-5/
Atg-12 conjugation and subsequent linkage to Atg16, and
another leading to the conjugation of LC3 to phospholipids
(LC3-II), the two are required to generate a cytosolic
autophagic vacuole de novo (1,2). The two processes are
interdependent but their mechanistic relationship is, as yet,
unknown. LC3-II remains linked to the membrane of the
autophagolysosome, generated after the fusion of the
autophagic vacuole with the lysosome. Western blot assessment
of the increase in either the LC3-II form or of the relationship
between LC3-II and LC3-I content is currently considered as
a simple, quick procedure to verify the presence of cell
autophagy (2) and its use is advised in recently published
guidelines for the interpretation of assays monitoring auto-
phagy (8).

Various procedures have been applied to study the
consequences of blocking autophagy: the use of siRNAs of
Atg proteins, the inhibition of lysosome-autophagosome
fusion with the microbial toxin bafilomycin and, the simplest
and most useful procedure, the use of 3-methyladenine (3-MA).
This compound inhibits autophagy completely (9), leading
the cell either to survival or to apoptosis according to different
reports using different cell models (10). There is agreement
that complete inhibition of autophagy is achieved only with
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3-MA concentrations near 10 mM (9). These very high
concentrations may cause a range of effects which have only
been described in part (11). The parameters generally
accepted as indicative of autophagy are the presence of
autophagic vacuoles and the activation of LC3-I to LC3-II
(6), the two of them supposedly blocked by 3-MA. Here,
however, we report an apparent paradox: in some cases,
though it prevents autophagy, 3-MA maintains LC3 in its
LC3-II form. The significance of these results is discussed in
connection with the interpretation of the action of 3-MA and
the mechanisms of autophagy.

Materials and methods

Cell culture. SH-SY5Y human neuroblastoma cells were
used (American Type Culture Collection), grown in Dulbecco's
Modified Eagle Medium (DMEM, Gibco BRL) supplemented
with 10% fetal bovine serum (FBS, Gibco BRL), 100 U/ml
penicillin and 100 μg/ml streptomycin, 10% CO2 at 37˚C.
Medium without fetal serum was used to induce autophagy.
Cells normally cultured with 10% FBS were treated with
100 μM or 500 μM dopamine (DA, Sigma) for 12 h.
Experiments were performed at ~80% cell confluence. 3-
Methyladenine was from Sigma-Aldrich, rapamycin and
LY294002 from Calbiochem.

Microscopy. Autophagic vacuoles were detected under
fluorescence microscopy with monodansylcadaverine (MDC,
Sigma, 50 μM for 60 min at 37˚C), as described by Larsen
et al (13), and by electron microscopy (fixed in 2.5%
glutaraldehyde and postfixed in 2% osmium tetroxide for 2 h,
dehydrated in ethanol and propylenoxide and embedded in
araldite). In the last case, ultrathin sections were stained with
uranyl acetate and lead citrate and observed by electron
microscopy (Hitachi 600). For immunohistochemical LC3
fluorescent staining, fixed cells were incubated with primary
antibody (anti-LC3 Santa Cruz Biotech. 1:200) and with
rabbit Alexa 488-green (Molecular Probes) antibody (1:400).

Western blot analysis (WB). Equal amounts of protein
(determined by the BCA reagent, Pierce) were loaded on to
each electrophoresis lane on SDS-polyacrylamide gels with
Tris-glycine running buffer. Nitrocellulose membranes with
transfected proteins were incubated with anti LC3 antibodies
(a kind gift from Dr T. Yoshimori, N.I.G. Shizuoka-ken,
Japan), Beclin-1 (BD Transd Lab), Atg-5L (Abgent), Atg-12L
(Abgent), phospho-Akt (Ser473, Cell Signaling), phospho-
Akt (Thr308, Cell Signaling), phopsho-p70S6Kinase
(Thr389, Cell Signaling), and α-tubulin (Sigma). A bio-
tinylated secondary antibody labeled with horseradish
peroxidase (Amersham, diluted 1:1000) was used and the
protein bands were observed with the chemiluminescence
ECL Western blotting system (Hyperfilm ECL, Amersham).

Results

Autophagy was induced in SH-SY5Y neuroblastoma cells by
12 h fetal serum deprivation or by 6-12 h of treatment with
500 μM dopamine (14) and assessed with MDC. Cells were
treated with 10 mM 3-MA for 1h before the medium was

replaced with a serum-deprived one (S.D.) or one with 10%
FBS+DA, containing the same concentration of 3-MA. 3-MA
inhibited the autophagic morphology in all the conditions
studied. Fig. 1 shows the effects of 3-MA at 12 h: the MDC
granulation, characteristic of autophagy, disappeared after 3-MA
treatment, in serum-deprived and dopamine-treated cells
(Fig. 1A). We confirmed our previous results (14) by electron
microscopy, demonstrating that 500 μM dopamine treatment
for 12 h, induced cell autophagy and that 3-MA treatment
prevented it (Fig. 1B).

LC3 was analyzed by WB (Fig. 2A,B) and by immuno-
cytochemistry (Fig. 2C). LC3-II presented a clear increase in
DA-treated and serum-deprived cells. The ratio between
LC3-II and LC3-I was significantly increased in S.D. and DA
treatment. However, on the advice of Mizishuma and
Yoshimori (6), we presented the densitometry of the LC3-II
band. 3-MA blocked the LC3-II increase in S.D. cells, but
not in DA-treated cells. Immunocytochemistry demonstrated
that LC3 was associated only with a granulose morphology
related to autophagy that decreased or disappeared with 3-MA,
although a strong diffuse green fluorescence persisted in
DA+3-MA-treated cells, suggesting that LC-3 was increased
but that its linkage to vesicular structures was not (Fig. 2C).
Similar results were obtained when cells were treated with
10 nM rapamycin, an inhibitor of mTOR: LC3-II increased
and 3-MA did not prevent that increase (Fig. 3A).

Beclin (Atg-6), Atg-5 and Atg-12 were assayed by WB
but no differences were found in their content after either
S.D. or DA treatment (results not shown).

As the PI3K-mTOR pathway is the most described
mechanism for preventing autophagy and since mTOR-
p70S6K inhibition is often used as a procedure to trigger it
(15,16), we analyzed the effects of S.D. and DA with or
without 3-MA on Akt and S6K phosphorylation. Since Thr-308
and Ser-473 phosphorylations are required for Akt activation
(16), selective antibodies were used to distinguish between
the two phosphorylations by WB. While S.D. decreased
phosphorylation on Ser, 500 μM DA treatment greatly
increased Ser and Thr phosphorylation. 3-MA did not clearly
modify phospho-Thr, but it dramatically reduced phospho-
Ser in S.D. and phospho-Ser and phospho-Thr in DA-
treatment. The involvement of PI3K in Thr-308 phos-
phorylation was assessed by the PI3K inhibitor LY294002
(Fig. 4B). These results suggest a basal constitutive
phosphorylation in Thr that is not altered by 3-MA, and an
inhibition by 3-MA of PI3K-PDK1 and PDK2 pathways. S6K
phosphorylation, indicative of a good nutritional state,
protein synthesis and cell proliferation, was very high in
controls but almost annihilated after S.D. or 500 μM DA
treatment, and was sharply reduced with 3-MA alone (Fig. 4A)
and also with rapamycin treatment (Fig. 3A).

Discussion

LC3-II is, at present, the leading biochemical marker for
autophagy (8). Here we report that LC3-II may be increased
even in certain conditions in which autophagy has been
blocked by 3-MA. This strong inhibitor of autophagy
prevented the formation of autophagic vacuoles in human
neuroblastoma under serum deprivation and after treatment
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with dopamine. The specific targets of 3-MA, at the
concentrations needed to block autophagy, are not well
defined. 3-MA has been described as a low affinity inhibitor
of PI3K activities (17), mainly PI3K class-III (PI3K-III),
not linked to growth factor receptors but to intracellular
membranes of the trans-Golgi network, the mammalian
homolog of the yeast form Vps34 (12,18).

The molecular mechanisms involved in autophagy are
being investigated (1,2). However, many aspects are still
difficult to understand, and certain mechanistic differences
probably underlie the different causes of the process. PI3K
activity appears to be a key factor in triggering autophagy
and PI3K inhibitors (wortmannin and LY294002) are often
used (with varying degrees of success) to prevent it (19).
PI3K class-III forms an active complex with Beclin-1,
negatively regulated by Bcl-2 or Bcl-x (20). PtdIns-3-P,
generated by PI3K-III, triggers the Atg machinery responsible
for autophagy (1). PtdIns-3,4,5-P3, generated by PI3K class-I
linked to growth factor receptors (PI3K-I), targets Akt/protein
kinase B (PKB) on Thr-308 through PDK-1 activity. Akt
must be further phosphorylated in Ser-473 by PDK-2 activity.
Among other processes, active Akt regulates the mTOR
pathway, enhancing protein synthesis and cell survival (16).
However, the mTOR pathway is clearly involved in preventing
autophagy, and therefore the effect it exerts is the opposite to
that of PI3K. Whereas the mTOR-Raptor complex (sensitive

to rapamycin) activates the phosphorylation of p70S6K, and
thus protein synthesis, the mTOR-Rictor complex (insensitive
to rapamycin) is probably responsible for PDK-2 activity
(16). mTOR-Raptor must negatively control autophagic
signals acting through growth factors or PI3K-III, so LC3 is
likely to be maintained in its soluble LC3-I form providing
that the mTOR pathway is active.

In a cell culture without fetal serum, the mTOR pathway
is practically inactive due to the absence of growth factor
stimulation, and therefore S6K is not phosphorylated. PI3K-III
may then trigger LC3 activation and autophagy. In this case,
3-MA or specific PI3K inhibitors prevent the autophagy
morphology and the conversion of LC3-I to LC3-II (19).

When autophagy was induced with a chemical agent such
as dopamine (14), 3-MA blocked autophagy but did not
inhibit the LC3-II increase. LC3 is thus linked to phospho-
lipids and probably binds intracellular membranes [pre-
autophagosome structures (21)], but these structures did not
develop into autophagic vacuoles. The toxic action of DA in
neuroblastoma (and probably in neurons) is a complex
process, involving oxygen radical production, cell redox
imbalance, mitochondrial function impairment, and changes
in expression and activity of a number of proteins with a role
in cell survival or death (14,22). After DA treatment, Akt-
phosphorylated forms greatly increased (presumably by
reducing the turnover of this protein; study of this issue is
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Figure 1. (A) Accumulation of autophagic vacuoles in SH-SY5Y cells: controls (C), 12 h of serum deprivation (SD) and 12 h of 500 μM dopamine treatment.
The effect of 3-methyladenine (3MA) is shown in lower panels. Scale bar 10 μm. (B) Electron micrograph showing a normal control SH-SY5Y cell (C) and
cells after 12 h of treatment with 500 μM dopamine (DA) or dopamine plus 10 mM 3-MA (DA+3MA). Scale bar 1 μm.
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currently underway in our laboratory), but, downstream of Akt,
the mTOR-Raptor pathway was inhibited and S6K inactivated.
LC3-I was then converted to LC3-II and autophagy took place
as a mechanism to counteract the hypoxic-like condition
caused by DA. A similar effect was caused by the mTOR
inhibitor rapamycin. In these cases 3-MA was unable to
prevent LC3 activation, although autophagy was inhibited.

Increases in Akt phosphorylation on Thr-308 and Ser-473
were blocked by 3-MA, which thus seems to interfere in
PDK-1 and PDK-2 pathways (16). PI3K-I-mTOR and PI3K-
III pathways may be considered to have opposite effects on
autophagy; however it is well accepted that the inhibition of
these activities results in autophagy inhibition (12).
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Figure 2. Western blot of LC3 bands (A) and densitometry of LC3-II band related to α-tubulin (B), 12 h after serum deprivation (S.D.) or 100-500 μM
dopamine treatment (DA100 and DA500), with or without 10 mM 3-MA. Results are expressed as the mean of relationships between densitometries of LC3-II
and α-tubulin bands ± SEM for three different experiments. ANOVA plus Scheffe test: *P≤0.05; **P≤0.01. (C) LC3 distribution by immunofluorescence 12 h
after serum deprivation (S.D.) or 500 μM dopamine treatment (DA500). 3-MA clearly reduced LC3 staining and granulose feature in S.D. cells. In dopamine-
treated cells the fluorescence intensity was high with or without 3-MA, but in the latter condition the granulose feature was lost. Scale bar 10 μm.

Figure 3. Western blot of LC3 after treatment with 10 nM rapamycin (Rapa)
and 10 mM 3-MA (A), and 70S6K(phosphoThr389) (p-S6K) after treatment
with 100 μM dopamine (DA100), 20 μM LY294002 (LY) or 10 nM
rapamycin (Rapa) (B). All the treatments were carried out for 12 h. The
image is representative of three different experiments.

Figure 4. Western blot of Akt(phosphoThr308), Akt(phosphoSer473) and
p70S6K(phosphoThr389) after 12 h of serum deprivation or 500 μM
dopamine treatment, with or without 10 mM 3-MA (A). Western blot of
Akt(phosphoThr308) after 100 μM (DA100) or 500 μM (DA500) dopamine
treatment and co-treatment with 20 μM LY294002 (LY, a PI3K inhibitor),
showing a reduction in both DA100 and DA500. The image is represent-
ative of three different experiments.
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These results suggest that LC3-I conversion to LC3-II is a
necessary but not sufficient condition for autophagy. The effect
of 3-MA has often been assayed in GFP-LC3 transfected
cells, where it prevents the LC3 aggregation caused by
autophagy (10), but this does not rule out the possibility that
LC3-I may be converted to LC3-II without aggregation in
vacuoles. It must be considered that complete autophagy
needs the concomitant activation of other factors of the Atg
family. Autophagy is, at present, known to participate in the
pathogenesis of multiple human diseases (23,24). It should
be considered that, in some cases, when the aggregation
leading to the autophagy inhibits the mTOR pathway, LC3-II
may be increased in cells that do not develop complete
autophagy.
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