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ABSTRACT
Phosphatidylinositol 3-phosphate (PtdIns3P) is a key player of membrane trafficking regulation, mostly
synthesized by the PIK3C3 lipid kinase. The presence of PtdIns3P on endosomes has been demonstrated;
however, the role and dynamics of the pool of PtdIns3P dedicated to macroautophagy/autophagy remains
elusive. Here we addressed this question by studying the mobilization of PtdIns3P in time and space during
autophagosome biogenesis. We compared different dyes known to specifically detect PtdIns3P by
fluorescence microscopy analysis, based on PtdIns3P-binding FYVE and PX domains, and show that these
transfected dyes induce defects in endosomal dynamics as well as artificial and sustained autophagosome
formation. In contrast, indirect use of recombinant FYVE enabled us to track and discriminate endosomal and
autophagosomal pools of PtdIns3P. We used this method to analyze localization and dynamics of PtdIns3P
subdomains on the endoplasmic reticulum, at sites of pre-autophagosome associated protein recruitment
such as the PtdIns3P-binding ZFYVE1/DFCP1 and WIPI2 autophagy regulators. This approach thus revealed
the presence of a specific pool of PtdIns3P at the site where autophagosome assembly is initiated.
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Introduction

Lipids of the phosphoinositide family play a major role in sig-
nal transduction and membrane dynamics.1-3 Phosphatidylino-
sitol 3-phosphate (PtdIns3P) is critical to early endosome
function,4,5 and a role of PtdIns3P in autophagy has been docu-
mented recently.6,7 In both the endocytic and autophagic path-
ways PtdIns3P recruits proteins bearing FYVE, PX (PhoX
homology), or PROPPIN (b-propellers that bind polyphos-
phoinositides) domains.7-9 An example of PtdIns3P function at
endosomes is illustrated by the FYVE-domain-containing
EEA1 (early endosome antigen 1) protein, which is essential for
early endosome homotypic fusion.10 PtdIns3P is also required
for intralumenal vesicle biogenesis in early endosomes;11,12 for
this function, PtdIns3P recruits ESCRT complex proteins such
as HGS/Hrs and TSG101.13 PtdIns3P also recruits the retromer
complex to endosomal membranes to enable retrograde trans-
port from endosomes to the trans-Golgi network.14

In the autophagic pathway PtdIns3P is necessary in early
stages of autophagosome formation as well. The FYVE-
domain-containing protein ZFYVE1/DFCP1 (zinc finger
FYVE-type containing 1), which is located at the endoplasmic
reticulum (ER), binds to PtdIns3P giving rise to a peculiar ER
structure (or subdomain) called the omegasome15 that serves as
a matrix for autophagosome biogenesis. The phagophore, a
pre-autophagosomal double-membrane structure, emanates
from the omegasome and, once elongated, seals and forms the
mature autophagosome.16,17 The elongation step of the phago-
phore is dependent on PtdIns3P via its interaction with WIPI2,
a PROPPIN-domain-containing protein. WIPI2 contributes to

the positioning of the autophagy-related (ATG) ATG12–
ATG5-ATG16L1 conjugation system, which acts upstream of
the MAP1LC3/LC3 (microtubule associated protein 1 light
chain 3) conjugation system.18,19 In addition, PtdIns3P is
involved in controlling late steps of autophagy such as the
fusion with the lysosomal compartment and the autophago-
some-lysosome reformation process.20-22

PtdIns3P synthesis is mostly ensured by the class III phos-
phatidylinositol 3-kinase (PtdIns3K). PIK3C3/VPS34 and its
adaptor PIK3R4/VPS15/p150 form the core of a complex that
is active in the endocytic pathway or at various stages of the
autophagic pathway23,24 depending on its associated proteins.
In the early stage of autophagy, the ATG proteins BECN1/
Beclin1 and ATG14/ATG14L are mobilized with PIK3C3 and
PIK3R4 to form the PIK3C3 complex I. Other proteins such as
AMBRA1, VMP1, and NRBF2 are able to control the activity
of the complex.25-28 In the late stage of autophagy or in the
endocytic pathway, UVRAG replaces ATG14 to form the
PIK3C3 complex II. The activity of complex II is inhibited by
the protein RUBCN/Rubicon.29 However, BECN1 is not abso-
lutely required for the enzymatic function of PIK3C3 in the
endo-lysosomal pathway.30,31 Recent crystallographic studies
have illuminated how the selectivity of the PIK3C3 complexes
depend on membrane curvature.32,33 These studies have con-
tributed to our current understanding of the role of PIK3C3
complexes in different steps of intracellular trafficking.

In the autophagy field little information is available on the
dynamics of PtdIns3P lipid itself. Most studies have focused on
the proteins that produce PtdIns3P or those that interact with
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PtdIns3P (such as ZFYVE1 and WIPI proteins). Using a
ZFYVE1-FYVE domain, Ktistakis and colleagues demonstrated
that PtdIns3P is a marker of the omegasome.15 Interestingly,
using PX-mediated detection of PtdIns3P coupled to an elec-
tron microscopy freeze fracture technique, it has been shown
that the topology of PtdIns3P is different between yeast and
mammalian autophagosomes:34 PtdIns3P is mainly associated
with the cytoplasmic outer leaflet of the autophagosome mem-
brane in mammalian cells, whereas it is more abundant in the
lumenal leaflet of the autophagosome in yeast.

Previous membrane-trafficking studies have focused primar-
ily on the enzymes and regulators that produce PtdIns3P or
proteins known to bind PtdIns3P rather than on PtdIns3P
itself. An efficient way to detect PtdIns3P by microscopy is to
transfect cells with fluorescently labeled PtdIns3P-binding
domains. The most commonly used PtdIns3P-binding domain
is the FYVE domain, which is a conserved peptide sequence of
approximately 65 amino acids that forms a hydrophobic loop.
This domain is frequently used in tandem (2xFYVE) or double
tandem (4xFYVE) constructs. Another successfully used
PtdIns3P-binding domain is the PX domain (which stands for
PhoX homology).35,36 This domain is approximately 120 amino
acids long and is found in several kinases, PtdIns3P kinases,
and trafficking regulators such as soluble NSF attachment pro-
tein receptor proteins (SNAREs) and sorting nexins (SNXs).

A risk with the PtdIns3P-binding domain approach is that
the introduction of fluorescent PtdIns3P domains into living
cells will interfere with the recognition of endogenous proteins
containing these domains and/or with the dynamic distribution
of PtdIns3P or its turnover.5 As PtdIns3P is produced on both
endosomal and pre-autophagosomal membranes, one must also
be particularly careful when monitoring PtdIns3P by microscopy
to distinguish one pool from the other. Despite these caveats,
GFP-tagged FYVE domain and PX domain as well as domains
tagged with glutathione S-transferase (GST, which is in turn rec-
ognized by a labeled anti-GST antibody) or with biotin have
been successfully used in fluorescence and electron microscopy
studies of endosomal compartments37-39 and mature autophago-
somes40 to reveal the presence and partitioning of PtdIns3P on
specialized trafficking organelles. The aims of the present study
were, first, to compare the use of GFP-2XFYVE, GFP-P40PX
(containing the PX domain of NCF4) and indirect GST-FYVE
staining to monitor PtdIns3P by fluorescence microscopy in the
autophagic and endocytic pathways and, second, to investigate
the behavior of the PtdIns3P pool during the early stages of
autophagosome formation.

Results

Detection of PtdIns3P membranes by fluorescence
microscopy

Many studies have successfully used PtdIns3P binding domains
labeled with GFP (or RFP) to detect intracellular PtdIns3P by
fluorescence in fixed conditions or by video microscopy. Here
we first assessed the ability of the GST-FYVE purified peptide
to recognize endogenous PtdIns3P in fixed cells. GST-FYVE
was used as the “primary antibody” and was labeled with a fluo-
rescent anti-GST antibody (see methods). We compared GST-

FYVE data with that obtained using transfected GFP-2XFYVE
and GFP-P40PX. As expected, we showed that GFP-2xFYVE,
GFP-P40PX, and GST-FYVE all labeled endogenous vesicles
and membrane structures that were partially positive for EEA1,
a well-characterized early endosome marker, or LC3B, a marker
of autophagosomes (Fig. 1). The use of a mutant unable to bind
PtdIns3P (GST-mut2x-FYVE, corresponding to the C215S
mutation) confirmed the specificity of PtdIns3P fluorescent
labeling by the GST-2xFYVE peptide (Fig. 1).

Presence of tagged PtdIns3P-binding domains affects
PtdIns3P membrane stability in living cells

Comparison of the PtdIns3P staining obtained using GST-FYVE
and GFP-2XFYVE or GFP-P40PX revealed differences in distri-
bution, number, and size of PtdIns3P-positive vesicles. These dif-
ferences may be due to the requirement for transfection of GFP-
2XFYVE and GFP-P40PX. Indeed, the PtdIns3P binding
domains are in contact with PtdIns3P membranes while the cells
are alive when the GFP-tagged domains are used. In contrast,
the GST-FYVE was used in a post-fixation step, effectively serv-
ing as a primary antibody, and thus should not interfere with
PtdIns3P membrane dynamics and/or turnover.

We next compared the staining of PtdIns3P with that of
endosomal vesicles in cells transfected or not with GFP-
2xFYVE or GFP-P40PX, and we noticed a striking difference in
the size of early endosomes (Fig. 2A and B). There was a mas-
sive increase in the volume of EEA1 structures in cells positive
for GFP-2xFYVE or GFP-P40PX compared with nontrans-
fected cells (Fig. 2C). This enlargement of endosomes could
reflect an endosomal membrane instability due to permanent
binding of FYVE or PX domains to PtdIns3P on endosomal
platforms. Interestingly, this increase in early endosome vol-
ume was previously observed in cells lacking PIK3C3; as this
kinase is the main contributor of endosomal PtdIns3P, these
cells were in fact mostly devoid of PtdIns3P.41

We thus investigated whether the same kind of artificial per-
turbation was observed for the autophagic pathway, which
depends directly on PIK3C3. In cells transfected with either
GFP-2XFYVE or GFP-P40PX, we observed that the number of
LC3B puncta, used as a marker of autophagosomal organelles,
was increased in cells grown under fed or short-time starvation
situations (Fig. 3A and B). This suggests that the level of auto-
phagy is higher in cells expressing GFP-2XFYVE or GFP-
P40PX constructs than in untransfected cells. This hypothesis
was confirmed by biochemical analysis of LC3 lipidation and of
the levels of SQSTM1/p62 (sequestosome 1), an autophagy sub-
strate protein, in transfected cells treated or not with bafilomy-
cin A1 (BAF.A1; an inhibitor of lysosomal degradation); the
LC3-II level (the lipidated form of LC3, bound to autophagoso-
mal membrane) was higher in GFP-2XFYVE- or GFP-P40PX-
transfected cells compared with mock-treated cells, whereas the
level of SQSTM1, classically used to monitor autophagy flux,
was lower (Fig. 3D and E). These conclusions were confirmed
by accumulation of LC3-II in the presence of BAF.A1 (Fig. 3D
and E). Altogether these results suggest that the presence of
GFP-2XFYVE or GFP-P40PX induce an artificial and sustained
wave of autophagy. This autophagy was not due to modifica-
tions of components and/or regulators of PIK3C3, because
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levels of PIK3C3 (responsible for PtdIns3P synthesis), RAB5 (a
regulator of PIK3C3 activity on endosomes), and ATG14 (a
regulator of the role of PIK3C3 in autophagosome biogenesis)
were not affected by the presence of GFP-2XFYVE or GFP-
P40PX (Fig. 3D).

Finally, although our observations indicate that basal auto-
phagy was boosted by the presence of PtdIns3P-binding

domains, we found that the response of the autophagic machin-
ery was less efficient after brief starvation in the presence of
GFP-2XFYVE or GFP-P40PX than its absence: the number of
LC3 puncta was higher in mock-transfected cells than in cells
overexpressing GFP-2XFYVE or GFP-P40PX (Fig. 3C), sug-
gesting that even if basal autophagy was increased by the pres-
ence of PtdIns3P-binding domain proteins (Fig. 3A, B, and D),

Figure 2. The presence of PtdIns3P-binding domains alters endosomal membrane dynamics. HeLa cells were transiently transfected with plasmids encoding GFP-2xFYVE
or GFP-P40PX. (A) Representative confocal microscopy analysis of GFP-2xFYVE and GFP-P40PX (green), EEA1 (red), and DAPI (blue). Dashed lines indicate cell boundaries.
NT indicates a cell that was not transfected. (B) Higher magnification of boxes from transfected and not transfected (NT) cells in panel (A) showing EEA1 fluorescence
(red). (C) Quantification of endosome volume, calculated from EEA1 fluorescence (n D 25 cells). Means § SEM ��P < 0.01, unpaired 2-tailed t test. Scale bar: 10 mm.

Figure 1. FYVE and PX PtdIns3P-binding domains detect both endosomal and autophagosomal pools of PtdIns3P. HeLa cells were transiently transfected with GFP-
2xFYVE or GFP-P40PX expression vectors or were mock transfected. Mock-transfected cells were incubated after fixation with primary antibodies or GST-2xFYVE or GST-
mut2xFYVE and then with appropriate secondary antibodies. Representative confocal microscopy images of tagged PtdIns3P-binding domain (green), LC3 (blue), EEA1
(magenta), and DAPI (orange) fluorescence. Blue and magenta arrowheads indicate codistribution/colocalization of tagged PtdIns3P-binding domains with LC3 or EEA1,
respectively. Scale bar: 10 mm.
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the starvation-induced stress response was weaker (or slower).
The effects on endosome stability and the impaired autophagy
response strongly suggest that the use of FYVE or P40PX
reporters in living cells induces artificial stabilization of intra-
cellular PtdIns3P platforms, thus reducing membrane dynam-
ics at endosomes and autophagosomes.

Indirect probe GST-FYVE detects endosomal
and autophagosomal pools of PtdIns3P

We assessed the use of GST-FYVE by analyzing the global
behavior of PtdIns3P-positive structures distinguished as

endosomal by EEA1 staining or autophagosomal by LC3 stain-
ing in cells treated with drugs known to inhibit PIK3C3 activ-
ity, 3-methyladenine (3MA) and wortmannin, or transfected
with siRNAs designed to deplete cells of PIK3C3, BECN1, or
ATG14 (Fig. 4A). As expected, 3MA and wortmannin treat-
ments, as well as the inhibition of PIK3C3 expression, led to a
drastic decrease in total PtdIns3P signal, whereas depletion of
BECN1 or ATG14 had a small—but significant—effect (Fig. 4B
and C). By analyzing the PtdIns3P-EEA1 and PtdIns3P-LC3
codistribution, we showed that inhibition of BECN1 or ATG14
expression only affected the autophagy-related PtdIns3P pool,
whereas the endosomal pool of PtdIns3P was not affected by

Figure 3. Transfection of tagged PtdIns3P-binding domains promotes artificial and sustained autophagy. HeLa cells were transiently transfected with GFP-2xFYVE, GFP-
P40PX, or mock vectors. (A) Confocal microscopy images of LC3 (red) and DAPI (blue) fluorescence. Scale bar: 10 mm. (B) Quantification of LC3 puncta per cell in normal
medium (ctrl medium) and in starvation (EBSS, 30 min) (n D 20 cells). (C) Fold increase of LC3 puncta response in starved cells compared with control. (D) Western blot
analysis of the autophagy flux markers SQSTM1 and LC3, of PIK3C3 and ATG14, and of the endosome marker RAB5 in cells transfected with plasmids encoding GFP-
2xFYVE, GFP-P40PX, or mock vectors, with or without bafilomycin A1 (BAF.A1, an inhibitor of autophagosome-lysosome fusion) treatment. Actin was used as a loading
control. (E) Quantification of western blots shown in (D). Relative amounts of SQSTM1 and LC3-II are shown compared with mock-transfected cells. Means § SEM
��P < 0.01, ���P < 0.001 unpaired 2-tailed t test.
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the absence of either of the autophagy-related regulators
(Fig. 4D and E). These results show that while BECN1 and
ATG14 are required for the PtdIns3P synthesis by PIK3C3 that
promotes autophagosome biogenesis, neither BECN1 nor
ATG14 is required for early endosomal PtdIns3P pool synthesis
by PIK3C3.

Detection of PtdIns3P at the ER membrane during
autophagosome biogenesis

The ER membrane appears to be a major site for autophago-
some biogenesis and/or early autophagy associated signal-
ing.42,43 We detected the 2 main PtdIns3P synthesis regulators,

namely BECN1 and ATG14, at the ER membrane soon after
autophagy initiation by nutritional deprivation (Fig. 5A).
Results described above indicated that the use of GST-FYVE in
fixed cells enabled detection of endogenous PtdIns3P without
affecting its turnover or stability and that it could be used to
track autophagy-associated PtdIns3P. Using GST-FYVE, we
demonstrated that PtdIns3P colocalized with ATG14 and LC3
(Fig. 5B).

We were also able to detect PtdIns3P on or in the immediate
vicinity of the ER membrane (Fig. 6A). Some of these ER-
PtdIns3P structures, but not all, were positive for the autopha-
gosomal marker LC3 (Fig. 6A) after 5 min of starvation. We
then used GST-FYVE to monitor the dynamics of the

Figure 4. Discrimination of endosomal and autophagosomal pools of PtdIns3P. HeLa cells were transiently transfected with siRNAs designed to inhibit expression of
PIK3C3, BECN1, or ATG14 or with nontargeting siRNA (siCTRL) as a negative control or were treated with 10 mM 3MA or 100 nM wortmannin (WORT). (A) Western blot
analysis of PIK3C3, BECN1, and ATG14 after siRNA transfection. Actin was used as a loading control. (B) Confocal microscopy analysis of PtdIns3P (detected by GST-2xFYVE
fluorescence, artificially shown in green), LC3 (blue), EEA1 (magenta), and DAPI (orange). (C-E) Quantification of (C) total PtdIns3P, (D) EEA1-associated PtdIns3P (PtdIns3P
and EEA1 positive), and (E) LC3-associated PtdIns3P (PtdIns3P and LC3 positive) puncta per cell (n D 30 cells). Means§ SEM ���P < 0.001, unpaired 2-tailed t test.
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autophagy-associated pool of PtdIns3P during the very early
steps of autophagy induction. We analyzed and quantified
PtdIns3P-associated fluorescence after autophagy induction by
starvation: We showed that the PtdIns3P signal strongly, and
immediately, increased once cells were subjected to nutritional
stress (Fig. 6B and 6C); the PtdIns3P signal returned to a basal
level after 60 min of starvation. Interestingly, PtdIns3P rapidly
colocalized with the ER membrane marker after induction of
stress, and with slower kinetics colocalized with LC3 (Fig. 6D).
These results illustrate the dynamic mobilization of PtdIns3P
to the ER membranes soon after autophagy induction and the
presence of PtdIns3P on forming (or formed) autophagosomes
labeled by LC3.

Next we used GST-FYVE to analyze the local distribution of
PtdIns3P at the ER membrane after induction of autophagy
during the time period in which autophagosome biogenesis
from ER/omegasome domains occurs. ZFYVE1 is an ER
marker of pre-autophagosome assembly.15 Using GST-FYVE
we detected PtdIns3P at sites that were also stained using
ZFYVE1-GFP (Fig. 7A). Interestingly, we were able to detect

structures containing ZFYVE1 that colocalized with or were in
the immediate vicinity of PtdIns3P on the ER with (Fig. 7A,
insert 2) and without LC3 (Fig. 7A, insert 1). The sites without
LC3 are most likely corresponding to a step of omegasome-to-
phagophore transition in which ZFYVE1, but not LC3, has
been recruited to a PtdIns3P-containing domain of the ER.
Similar results were obtained using the WIPI2 protein as a
marker of autophagosome biogenesis initiation: WIPI2, which
binds PtdIns3P through a PROPPIN domain, was found to be
specifically recruited to PtdIns3P-positive zones of the ER. We
detected structures positive for PtdIns3P, WIPI2, and LC3
(Fig. 7B, insert 2), as well as structures in which LC3 was absent
(Fig. 7B, insert 1), a situation that was predicted by the function
of WIPI2 itself, which is to direct the ATG12–ATG5-ATG16L1
triad to the omegasome domain to promote final LC3 lipidation
and recruitment to the future autophagosomal membrane.17,19

Discussion

The local synthesis of PtdIns3P at a given membrane is critical
for autophagy initiation as well as in endosomal membrane
dynamics. To understand how enzymes that synthesize differ-
ent pools of PtdIns3P and proteins that specifically bind to
PtdIns3P cooperate to modulate biological functions associated
with PtdIns3P requires detection of the PtdIns3P itself on
membranes. This has proven more difficult than detection of
the proteins responsible for PtdIns3P synthesis and turnover:
Indeed, BECN1, ATG14, and PIK3C3 have been reported to
participate in the early steps of autophagy (as illustrated in
Fig. 5). Previous analyses of PtdIns3P on pre-autophagosomal
membranes have been through the use of proteins with
PtdIns3P-binding domains, such as WIPI2 or ZFYVE1. Here
we address both the technical issue of PtdIns3P fluorescence-
based monitoring in cells and evaluate the presence of PtdIns3P
in the early steps of autophagosome biogenesis at the ER
membrane.

We first showed that transfection of vectors for expression
of PtdIns3P-binding domains linked to GFP (GFP-2XFYVE
and GFP-P40PX) into living cells altered PtdIns3P membrane
dynamics most probably by stabilizing these domains and by
inhibiting normal turnover of PtdIns3P. This was notably illus-
trated by the increase in early endosome volume (Fig. 2) and
an enhancement of autophagy level (Fig. 3) in cells transfected
with GFP-2XFYVE or GFP-P40PX. In contrast, the indirect
use of GST-FYVE to detect PtdIns3P in fixed cells enabled us
to discriminate, by the use of specific co-markers, the endoso-
mal and autophagosomal pools of PtdIns3P (Fig. 4). By using
this technique we showed the presence of PtdIns3P domains
on ER membrane soon after autophagy induction. PtdIns3P
colocalized with ATG14 (Fig. 5), a key player of autophagy
induction and a master regulator of autophagic PtdIns3P syn-
thesis, as well as with BECN1, a component of the PtdIns3P
synthesis machinery. Moreover we showed that autophagy
induction by starvation was immediately followed by the
appearance of ER-associated PtdIns3P, which subsequently
colocalized with pre-autophagosomal markers such as ZFYVE1
and WIPI2, and then with LC3 (Fig. 6 and 7).

Our study validated a simple technique to visualize endoge-
nous PtdIns3P without the need for transfection, thus avoiding

Figure 5. PtdIns3P is observed at ER sites positive for PIK3C3 regulators during
early autophagy response to stress. HeLa cells were transiently transfected with a
plasmid encoding RFP-SEC61B, MYC-BECN1, and GFP-ATG14 or with RFP-SEC61B
and GFP-ATG14, and starved in EBSS medium for 15 min to induce autophagy. (A)
Confocal microscopy analysis of RFP-SEC61B (magenta), MYC-BECN1 (blue), and
GFP-ATG14 (green). Arrowheads indicate colocalization between BECN1 and
ATG14 at ER platforms. (B) Confocal microscopy analysis of PtdIns3P (detected by
GST-2xFYVE fluorescence, artificially shown in blue), RFP-SEC61B (magenta), LC3
(orange), and GFP-ATG14 (green). Arrowheads indicate colocalization of PtdIns3P,
ATG14, and LC3 at ER platforms. Scale bars: 10 mm.
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effects of transfection or the PtdIns3P binding reagents on lipid
stability and turnover. Although it is now generally agreed that
PtdIns3P synthesis is one of the initial and necessary steps in
autophagy initiation, our analysis provides the first evidence
for the appearance and kinetics of such a PtdIns3P autophagy-
specific pool at the site of autophagosome assembly. We
observed that ER-associated PtdIns3P appearance was a rapid
process directly associated with the specific recruitment of reg-
ulatory proteins, such as ZFYVE1 and WIPI2, at the site of
phagophore assembly. The observed ER areas found to be posi-
tive for PtdIns3P in early steps of the autophagic response
could thus be the omegasome domain described previously,44

and our data highlight the importance of PtdIns3P itself in the
steps of autophagosome biogenesis.

Materials and Methods

Cell culture, transfection, and treatments

HeLa cells were obtained from ATCC (CCL2) and maintained
in Minimum Essential Medium, supplemented with GlutaMAX
(Gibco, 41090–028) 10% fetal bovine serum (Gibco, 16000044),
and nonessential amino acids (Gibco, 11140035) at 37�C and
5% CO2. For starvation assays, cells were washed 3 times and
maintained in Earle’s balanced salt solution (EBSS, Gibco,
24010043) for the indicated times. To analyze the autophagic
flux, cells were treated with 20 nM of BAF.A1 (Sigma, B1793),
an inhibitor of autophagosome-lysosome fusion. Cells were
transiently transfected with plasmid vectors or siRNA using the
Fugene HD (Promega, E2312) or the Lipofectamine RNAiMAX

Figure 6. Kinetics of autophagy-related PtdIns3P pool localization at the ER membrane and autophagosome biogenesis. HeLa cells were transiently transfected with a
plasmid encoding RFP-SEC61B and grown in normal medium (ctrl) or starved in EBSS medium for the indicated periods (2, 5, 15, 60 min STV). (A) Confocal microscopy
analysis of RFP-SEC61B (magenta), LC3 (red), PtdIns3P (detected by GST-2x-FYVE fluorescence, artificially shown in green), and DAPI (blue). Empty arrowheads indicate
SEC61B and PtdIns3P codistribution, white arrowheads mark SEC61B, PtdIns3P, and LC3 codistribution. (B) Confocal microscopy analysis of PtdIns3P (detected by GST-
2xFYVE fluorescence, artificially shown in white), as a function of time in starvation medium (2–60 min STV). (C) Quantification of PtdIns3P-positive structure fluorescence
in starved conditions (2–60 min STV) normalized to number of structures in normal medium (¡) (n D 30 cells). A.U., arbitrary units. (D) Quantification of PtdIns3P- and
SEC61B-positive puncta (indicative of PtdIns3P ER codistribution) and of PtdIns3P- and LC3-positive puncta (indicative of PtdIns3P localization to autophagic structures)
as a function of starvation time. Means§ SEM ���P < 0.001, unpaired 2-tailed t test. Scale bars: 10 mm.
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kit (Invitrogen, 13378150) according to the manufacturer’s
instructions. Cells were incubated with siRNA for 72 h and effi-
cient silencing was confirmed by western blot. Plasmids were
transiently expressed for 24 h before analysis.

Reagents and antibodies

The following compounds were used in autophagy assays: 3-
methyladenine (10 mM; Sigma, M9281), wortmannin (50 nM;
Sigma, W1628). Primary antibodies used for immunofluores-
cence included: anti-LC3 rabbit polyclonal antibody (1:200
dilution; MBL, PM036), mouse monoclonal antibody (1:200
dilution; MBL, M152–3), anti-EEA1 mouse monoclonal anti-
body (1:200 dilution; BD Transduction Laboratories, 610456),
and anti-MYC mouse monoclonal antibody (1:200 dilution;
Sigma, M5546). Fluorescently labeled secondary antibodies, all
diluted 1:200 and all from Invitrogen, included Alexa Fluor 546

donkey anti-mouse (A10036), Alexa Fluor 647 donkey anti-
mouse (A31571), Alexa Fluor 546 donkey anti-rabbit
(A10040), and Alexa Fluor 647 donkey anti-rabbit (A31573).
For anti-GST detection, we used Alexa Fluor 649-labeled goat
anti-GST (Rockland-Inc., 600–143–200). Primary antibodies
used for western blotting included anti-SQSTM1 guinea pig
polyclonal antibody (1:2000 dilution; Progen, GP62-C), anti-
LC3 rabbit polyclonal antibody (1:10000 dilution; Sigma,
L7543), anti-PIK3C3 rabbit polyclonal antibody (1:1000 dilu-
tion; Cell Signaling Technology, 4263), anti-ATG14 rabbit
polyclonal antibody (1:1000 dilution; Sigma, A6358), anti-
RAB5 mouse monoclonal antibody (1:1000 dilution; Synaptic
Systems, 108011), anti-BECN1 mouse monoclonal antibody
(1:1000 dilution; BD Transduction Laboratories, 612113), and
anti-actin mouse monoclonal antibody (1:60000 dilution;
Merck Millipore, MAB1501). Secondary antibodies used for
western blot included horseradish peroxidase (HRP)-conju-
gated anti-mouse (1:20000 dilution; Bio-Rad, 1706516), anti-
rabbit (1:10000 dilution; GE Healthcare, NA9340V), and anti-
guinea pig (1:10000 dilution; Sigma, A5545).

Plasmids and RNAi

Plasmids encoding GST-2xFYVE, GST-mut-2xFYVE (C215S),
and GFP-2xFYVE were kind gifts from H. Stenmark (Univer-
sity of Oslo, Oslo, Norway) and J. Gruenberg (University of
Geneva, Geneva, Switzerland). GFP-P40PX (including amino
acids 1–148 of NCF4) was obtained from Addgene (19010,
deposited by Michael Yaffe). RFP-SEC61B/Sec61b was a kind
gift from T. Rapoport (Harvard University, Cambridge, MA,
USA), and GFP-ZFYVE1 was a gift from N. Ktistakis (Cam-
bridge University, Cambridge, UK). MYC-BECN1 was a kind
gift from M.I. Vaccaro (University of Buenos Aires, Buenos
Aires, Argentina), and GFP-ATG14 was a kind a gift from N.
Mizushima (University of Tokyo, Tokyo, Japan).

Gene silencing was achieved using commercially validated
siRNAs designed to target human PIK3C3 (Qiagen, SI00040950
and SI00040971), human BECN1 (Qiagen, S100055573 and
S100055580), and human ATG14 (Qiagen, S104266878 and
S100455574).

Western blotting analysis

HeLa cells cultured on 60-mm plates were washed twice
with ice-cold phosphate-buffered saline (PBS; Gibco,
14190–094) and lysed on ice in lysis buffer (20 mM Tris,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40 (Thermo
Scientific, 88124)) containing a protease and phosphatase
inhibitors cocktail (Thermo Scientific, 78442). Protein con-
centration was determined using a BCA protein assay kit
(Thermo Scientific, 23225) with bovine serum albumin as a
standard. Proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to polyvinylidene difluoride (PVDF; GE Healthcare
Life Sciences, 10600023) membranes and probed with the
indicated primary and HRP-conjugated secondary antibod-
ies. Immunoreactive protein bands were visualized using a
chemiluminescent HRP substrate kit (Immobilon Western;
Merck Millipore, WBKLS0500) and were imaged with the

Figure 7. In situ tracking of pre-autophagosome structures at the ER membrane.
HeLa cells were transiently transfected with RFP-SEC61B and with GFP-ZFYVE1 or
GFP-WIPI2 and were starved in EBSS medium for 15 min. (A) Confocal microscopy
analysis of RFP-SEC61B (magenta), LC3 (orange), PtdIns3P (detected by GST-
2xFYVE fluorescence, artificially shown in blue) and GFP-ZFYVE1 or (B) GFP-WIPI2
(green). Empty arrowheads indicate SEC61B, PtdIns3P, and ZFYVE1/DFCP1 (or
WIPI2) codistribution (early-autophagic PtdIns3P pool). White arrowheads mark
SEC61B, PtdIns3P, ZFYVE1 (or WIPI2) and LC3 codistribution (total autophagic
PtdIns3P pool). Scale bars: 10 mm.
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ChemiDoc MP Imaging System (Bio-Rad). Densitometric
quantification was performed using the Image Lab software
(Bio-Rad).

Immunofluorescence microscopy analysis

Cells grown on coverslips were fixed with 4% paraformalde-
hyde for 20 min at room temperature, incubated in block-
ing solution (10% fetal bovine serum in PBS) for 30 min,
and then incubated with the specified primary antibodies in
permeabilization/blocking buffer (PBS with 10% fetal bovine
serum and 0.05% saponin (Sigma Aldrich, 8047) for 1 h at
room temperature. Subsequently, cells were incubated with
the appropriate Alexa Fluor secondary antibodies for 1 h at
room temperature. Coverslips were mounted using Mowiol
4–88 reagent (Merck Millipore, 475904) with 4,6-diamino-
2-phenylindole (DAPI, Merck Millipore, 508741) to visual-
ize nuclei. Images were acquired by confocal laser-scanning
microscopy (Zeiss LSM-700) and analyzed with Zeiss Zen
lite and ImageJ (NIH) softwares. The number of endosomes
and their volumes (expressed as mm3) were normalized to
the number of cells in each field. The colocalization
between PtdIns3P and EEA1 and between PtdIns3P and
LC3 puncta was calculated as the number of pixels overlap-
ping in the 2 channels per cell. The PtdIns3P fluorescence
intensity was calculated using ImageJ.

PtdIns3P detection by 2xFYVE-GST

Purified 2xFYVE-GST and C215S FYVE-GST mutant pepti-
des were produced by a classical GST-fusion protein purifi-
cation protocol, using pGEX-5X-1 vector (GE Healthcare,
27–4584–01) cloning. BL21 bacteria strain maxi-cultures
were lysed and subjected to glutathione beads binding for
GST purification. The glutathione beads were finally treated
with benzamidine-coated beads (GE Healthcare Life Science,
17512301) to remove the factor Xa and dialyzed for the
final purification in a 75 mM KAc, 30 mM HEPES, pH 7.4,
5 mM MgCl2 solution. For fluorescence analysis on cells
fixed with 4% paraformaldehyde (Electron Miscroscopy Sci-
ences, 15714), the purified peptides were used during the
primary round of the immunofluorescence protocol (along
with other primary antibodies used in this study, for 1 h at
room temperature) at a final concentration of 20 mg/mL, in
a 0.05% saponin buffer (see above) and revealed by an
Alexa Fluor 649-conjugated anti-GST antibody (Rockland
Inc., 600–143–200). Of note, the use of a methanol-medi-
ated fixation did not allow any specific detection of
PtdIns3P by the 2xFYVE-GST method.

Statistical analysis

Quantitative results represent 3 independent experiments and
values given are means § SEM. Statistical analysis was per-
formed using a 2-tailed, equal variance Student t test. P-values
of < 0.05 (�), < 0.01 (��), < 0.001 (���) were determined to be
statistically significant. All statistical analyses were performed
with GraphPad Prism software.

Abbreviations

ATG autophagy related
BECN1 Beclin 1
DAPI 4,6-diamino-2-phenylindole
EEA1 early endosome antigen 1
ER endoplasmic reticulum
HRP horseradish peroxidase
LC3 microtubule associated protein 1 light chain 3
PBS phosphate-buffered saline
PIK3C3 class III phosphatidylinositol 3-kinase
PtdIns3P phosphatidylinositol 3-phosphate
PROPPIN b-propellers that bind polyphosphoinositides
PX PhoX homology
SQSTM1 sequestosome 1
SEM standard error of the mean
siRNA small interfering RNA
WIPI2 WD repeat domain, phosphoinositide interacting

2
ZFYVE1 zinc finger FYVE-type containing 1
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