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Introduction

Autophagy is an evolutionarily conserved process that involves 
sequestration of intracellular organelles or parts of free cytoplasm 
within double-membrane vesicles, autophagosomes, with their 
subsequent delivery to lysosomes for degradation.1,2 Autophagy 
plays an important homeostatic role by eliminating misfolded/
aggregated proteins and damaged organelles and by providing 
nutrients under conditions of metabolic stress.1,2 It also has spe-
cialized functions including mediation of cell death, antigen 
processing and unconventional protein secretion.3-5 Autophagy is 
usually described as a cascade of events triggered by various envi-
ronmental stimuli and mediated by a number of proteins encoded 
by autophagy-related genes (Atgs).2,5,6 A classical autophago-
some formation pathway in starved mammalian cells is initiated 
by inhibition of mammalian target of rapamycin (mTOR) and 
involves several distinct steps, such as nucleation, elongation, 
maturation and fusion.2,7-9 The nucleation leads to formation of 
pre-autophagosomal structures, isolation membranes or phago-
phores, which happens either de novo or from preexisting mem-
branes of the endoplasmic reticulum (ER), Golgi, mitochondria 
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and plasma membrane.9-15 The nucleation step is regulated by a 
conserved macromolecular complex composed by Vps34 phos-
phatidylinositol 3-kinase, beclin-1 and p150 proteins.5,7,8 The 
elongation of phagophores is driven by two ubiquitination-like 
reactions. In the first reaction, covalent binding of Atg12 and 
Atg5 results in the formation of a large oligomeric complex tran-
siently associated with the phagophore.2,6 The second reaction 
involves covalent modification of a microtubule-associated pro-
tein light chain 3 (LC3). This protein exists as an equilibrium 
of two isoforms, LC3-I and LC3-II, with LC3-II resulting from 
the conjugation of LC3-I to phosphatidylethanolamine with 
assistance of Atg7.2,6 While LC3-I remains in the cytoplasm, 
LC3-II is specifically recruited to the elongating autophagosomal 
membrane, where it persists with the mature autophagosomes 
until fusion with lysosomes. Determination of LC3-II levels by 
immunoblotting or visualization of LC3-II-positive vesicles by 
immunofluorescence are the most reliable methods to measure 
autophagy in cultured cells and tissue samples.16,17

While the specific multiprotein machinery that nucleates and 
elongates autophagosomal membranes has been studied in great 
detail, the involvement of fundamental cellular processes, such as 
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of additional binding partners27 and appears to play important 
NSF-independent functions in epithelial cells.30,31 Although a 
key role of NSF in regulating yeast autophagy has been recently 
reported,32 the involvement of αSNAP in autophagosomal bio-
genesis remains unexplored. The present study examines the role 
of αSNAP in regulating autophagy in model human epithelia. 
We report that loss of αSNAP induces non-conventional beclin-
1-independent autophagy by mechanisms involving downregula-
tion of mTOR signaling and desintegration of the Golgi.

Results

Depletion of αSNAP altered the autophagic flux in human 
epithelial cells. In order to examine the involvement of αSNAP 
in autophagic pathways, we downregulated expression of this 
protein by RNA interference. SK-CO15 human colonic epithe-
lial cells33 were transfected with either control siRNA or two 
αSNAP-specific siRNA duplexes (D1 and D2) followed by mea-
suring the cellular levels of key autophagic markers, LC3, p62 
and NBR1, by immunoblotting. Both siRNA duplexes caused a 
dramatic decrease in the αSNAP protein level at 24–72 h post-
transfection (Fig. 1A). This was accompanied by a significant 
increase in the amount of conjugated LC3 (LC3-II) that became 
evident at 48 h and was further enhanced at 72 h of αSNAP 
depletion (Fig. 1A). By contrast to a continuous increase in LC3 

vesicle trafficking, cell adhesion and cytoskeletal remodeling in 
autophagic pathways remains incompletely understood. Vesicle 
trafficking is an emerging crucial regulator of autophagy that 
can control multiple steps of autophagosome biogenesis.13,15,18,19 
For example, both secretory and endocytic trafficking pathways 
can provide membranes for autophagosomal precursors.13,15,18,19 
Additionally, maturation of mammalian autophagosomes involves 
their fusion with different endosomal compartments, whereas 
delivery of autophagosomal cargo for degradation requires fusion 
with lysosomes.5,11,19 These fusion reactions involve assembly 
of classic SNARE (soluble N-ethylmaleimide-sensitive factor 
associated receptor) complexes. SNARE proteins are located on 
interacting membranes, and by participating in specific trans-
interactions, they bring two membranes into close opposition 
and drive their fusion.20-22 Recent studies have found that sev-
eral mammalian SNAREs such as syntaxins-5, 7 and 8, Sec22b, 
VAMP7 and Vti1b are essential for a steady-state and starvation-
induced autophagy.23-26

The hexameric ATPase, N-ethylmaleimide-sensitive factor 
(NSF) and its adaptor soluble N-ethylmaleimide-sensitive factor-
attachment protein α (αSNAP) are key regulators of SNARE-
mediated vesicle fusion.20,21,27-29 NSF hydrolyzes ATP to generate 
the energy required for disassembly and recycling of SNARE 
complexes, whereas αSNAP acts as a linker and force transducer 
from NSF to the SNAREs. Interestingly, αSNAP has a number 

Figure 1. siRNA-mediated downregulation of αSNAP alters the autophagic flux. (A) SK-CO15 cells were transfected with either control or two different 
αSNAP-specific siRNA duplexes (D1 and D2). expression of αSNAP and autophagic markers, LC3, NBR1 and p62 in total-cell lysates was determined 
by immunoblotting. (B) siRNA depletion of αSNAP was performed in either control SK-CO15 cells (SK-neo) or cells with stable expression of siRNA-
resistant bovine αSNAP (SK-αSNAP). expression of αSNAP and autophagic markers in cell lysates was determined by immunoblotting 48 h post-trans-
fection. (C and D) HeLa-GFP-LC3 cells were transfected with either control or αSNAP-specific siRNAs and formation of autophagosomes was visualized 
by confocal microscopy analysis of GFP fluorescence in fixed cells 72 h post-transfection. Data in this and other figures are presented as mean ± SeM of 
three independent experiments. *p < 0.001 compared with control siRNA-transfected cells. Scale bar, 20 μm.
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be expected to further increase LC3-II level and the number of 
autophagosomes.17 SK-CO15 cells were transfected with control 
or αSNAP-specific siRNAs and, 48 h post-transfection, were 
incubated for an additional 6 h with either vehicle, bafilomy-
cin A (0.2 μM) or chloroquine (100 μM). Immunoblotting 
analysis showed that both lysosomal inhibitors significantly 
increased the amount of conjugated LC3 not only in control, but 
also in αSNAP-depleted cells (Fig. 2A and B). Thus, bafilomy-
cin A and chloroquine treatment increased the LC3-II/LC3-I 
ratio in αSNAP-depleted cells from 3.5 to 10 and 14, respec-
tively (Fig. 2B). Similarly, inhibition of lysosomal functions in 
αSNAP-depleted HeLa-GFP-LC3 cells markedly increased for-
mation of autophagosomes that became fused into large perinu-
clear clusters (Fig. 2C, arrows). These data strongly suggest that 
loss of αSNAP stimulates autophagy in human epithelial cells 
at least at early times of the knockdown. It is still possible that 

conjugation, loss of αSNAP had a biphasic effect 
on the expression of NBR1 and p62, proteins 
that bind ubiquitinated cargo and recruit it into 
autophagosomes.16,34 Indeed, the levels of these 
proteins initially decreased at 48 h post-transfec-
tion, but subsequently were elevated after 72 h of 
αSNAP knockdown (Fig. 1A). To rule out the 
impact of altered transcription on the observed 
changes in the protein markers of autophagy, we 
next examined the mRNA expression of LC3, p62 
and NBR1. A real-time RT-PCR analysis did not 
find effects of αSNAP depletion on the expression 
of LC3 and NBR1 mRNAs (Fig. S1). In contrast, 
the p62 mRNA level was significantly increased 
after 72 h of αSNAP knockdown (Fig. S1). This 
result indicates that p62 expression can be regu-
lated by several mechanisms and thereby cannot 
be considered a reliable marker of the autophagy 
pathway in αSNAP-depleted epithelial cells.

To ensure that the observed changes in the 
autophagic flux following αSNAP knockdown 
did not represent off-target effects of siRNAs, 
we performed rescue experiments involving 
overexpression of bovine αSNAP, which lacks 
complementation for human siRNA sequences. 
Remarkably, expression of this siRNA-resistant 
protein completely reversed the increase in LC3 
conjugation and decrease in NBR1 levels caused 
by αSNAP knockdown (Fig. 1B). These results 
strongly suggest that altered expression of autoph-
agic markers represents a specific consequence of 
αSNAP depletion in SK-CO15 cells.

We next asked if loss of αSNAP can induce 
formation of autophagosomes. We used HeLa 
cells expressing GFP-labeled LC3, which 
enables visualization of autophagosomes in 
situ.16 Similarly to SK-CO15 cells, knockdown 
of αSNAP in HeLa-GFP-LC3 cells enhanced 
LC3 conjugation at 48–72 h post-transfection 
(Fig. S2A). Examination of these cells by fluores-
cence microscopy revealed dramatic changes in the intracellu-
lar distribution of labeled LC3. Indeed, the majority of control 
siRNA-treated cells demonstrated diffused GFP-LC3 labeling, 
while more than 80% of αSNAP-depleted cells showed a promi-
nent dot-like GFP-LC3 labeling pattern (Fig. 1C, arrows, and 
Fig. 1D). These GFP-LC3-positive dots accumulated NBR1 and 
p62 (Fig. S2B, arrows), thereby demonstrating typical features 
of autophagosomes.

It is well-recognized that elevated LC3-II expression and 
increased number of autophagosomes can be a common con-
sequence of two opposite events: increased autophagic flux or 
decreased autophagy due to inhibition of lysosomal degradation 
of autophagosomal markers.17 To distinguish between these pos-
sibilities, we used known pharmacologic inhibitors of lysosomal 
functions, bafilomycin A and chloroquine. Only if autophagy 
is activated in αSNAP-depleted cells will lysosome inhibition 

Figure 2. Lysosomal inhibitors exaggerate LC3 conjugation and accumulation of au-
tophagosomes in αSNAP-depleted epithelial cells. SK-CO15 (A and B) or HeLa-GFP-LC3 
(C) cells transfected with either control or αSNAP duplex 1 siRNAs were treated for 
4 h with either vehicle or lysosomal inhibitors bafilomycin A (0.2 μM) or chloroquine 
(100 μM). expression of LC3-II was determined in SK-CO15 cells by immunoblotting, 
whereas formation of autophagosomes was examined in HeLa-GFP-LC3 cells by fluores-
cence microscopy. **p < 0.05 compared with the vehicle-treated αSNAP-depleted cells. 
Scale bar, 20 μm.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

4616 Cell Cycle Volume 11 Issue 24

in LC3-II level triggered by αSNAP depletion (Fig. S3A and B). 
Furthermore, downregulation of either beclin-1 or p150 did not 
affect accumulation of autophagosomes in αSNAP-deficient 
HeLa-GFP-LC3 cells (Fig. S3C and D). Collectively, these 
results suggest that loss of αSNAP triggered an unconventional 
autophagy that bypassed the beclin-1/p150-dependent nucleation 
of autophagosomal precursors.

The elongation of precursor membranes driven by Atg5 and 
Atg7-mediated conjugation reactions represents a key step in the 
formation of autophagic vesicles.5,6,8,35 Since this elongation step 
regulates the autophagic flux in many, although not all,36 experi-
mental conditions, we examined if the Atg5 and Atg7 proteins 
play roles in the induction of autophagy in αSNAP-deficient 
cells. As expected, co-transfection of either Atg5 siRNA or Atg7 
siRNA with control siRNAs decreased basal expression of LC3-II 
in SK-CO15 cells (Fig. 4A and B). Furthermore, dual Atg5/
αSNAP or Atg7/αSNAP knockdowns significantly attenuated 
the increase in LC3-II levels as compared with αSNAP depletion 
alone (Fig. 4A and B). In HeLa-GFP-LC3 cells, co-knockdown 
of Atg5 and αSNAP dramatically decreased the number of cells 
with autophagosomes when compared with the experimental 
group co-transfected with control and αSNAP siRNAs (Fig. 4C 
and D). These data strongly suggest that Atg5 and Atg7 mediate 
accelerated autophagic flux resulting from loss of αSNAP.

Autophagy induction in αSNAP-depleted epithelia is inde-
pendent from NSF and is associated with fragmentation of the 
Golgi. Since the best-known cellular activity of αSNAP is to 
assist NSF ATPase in disassembling post-fusion SNARE com-
plexes,27,28 we asked if these binding partners also cooperate in 
regulating autophagy. Using a specific siRNA SmartPool, we dra-
matically decreased NSF expression in SK-CO15 without affect-
ing the αSNAP protein level (Fig. S4A). In contrast to αSNAP 
knockdown, loss of NSF did not alter LC3 conjugation and did 
not decrease expression of NBR1 (Fig. S4A and B). Likewise, 
depletion of NSF did not induce formation of autophagosomes in 
HeLa-GFP-LC3 cells (Fig. S4C and D). These experiments indi-
cate that NSF does not act as a negative regulator of the autopha-
gic flux in epithelial cells.

We previously demonstrated that loss of αSNAP impaired 
vesicle trafficking between the endoplasmic reticulum (ER) and 
the Golgi, causing fragmentation of the Golgi.30,31 Since several 
recent studies suggested that the Golgi can supply membranes 
to the autophagic pathway,12,14,37-39 we investigated if disintegra-
tion of this organelle can contribute to the increased autopha-
gic flux in αSNAP-deficient cells. Using HeLa-GFP-LC3 cells, 
we observed that formation of autophagosomes after αSNAP 
knockdown occurred in parallel to fragmentation of both cys and 
trans-Golgi compartments as visualized by giantin and TGN46 
labeling, respectively (Fig. 5, arrows). Interestingly, these Golgi 
markers were detected in newly formed autophagic vesicles (Fig. 
5, inserts), which indicates that fragmented Golgi can provide 
material to create autophagosomal membranes in αSNAP-
depleted cells. If this suggestion is correct, one would expect 
that Golgi disruption would be sufficient to accelerate autoph-
agy. To test this, we used two pharmacologic agents, Brefeldin 
A (BFA) and Golgicide A (GA), that are known to inhibit ER 

the autophagic flux could be inhibited at late times of αSNAP 
depletion, which would explain the elevated level of NBR1 in 
SK-CO15 cells at 72 h post-transfection (Fig. 1A). However, in 
subsequent experiments we focused on mechanisms of the early 
induction of autophagy in αSNAP-deficient epithelia.

Induction of autophagy in αSNAP-depleted cells was asso-
ciated with inhibition of mTOR signaling and required the 
elongation but not the nucleation steps of autophagosome for-
mation. To gain insights into molecular mechanisms of elevated 
autophagy in αSNAP-deficient epithelia, we analyzed which 
step of autophagosome biogenesis was affected. Specifically, the 
roles of upstream mTOR signaling, beclin-1-dependent nucle-
ation and Atg5/Atg7-mediated elongation steps of the autopha-
gic cascade were investigated. Immunoblotting analysis revealed 
decreased mTOR expression in SK-CO15 cells following αSNAP 
knockdown (Fig. 3). According to densitometric quantification, 
such expression was downregulated approximately 80% by 72 h 
post-transfection. Consistently, phosphorylation of downstream 
mTOR targets, p70 S6 kinase and translational inhibitor 4E-BP1, 
was diminished in αSNAP-depleted cells; total 4E-BP1 protein 
levels also decreased (Fig. 3). Collectively, these data highlight 
inhibition of mTOR signaling as a prominent consequence of 
αSNAP knockdown.

A canonical mechanism of nucleation of autophagosomal pre-
cursors depends on beclin-1, which interacts with adaptor protein 
p150 to stimulate activity of PI3 kinase VPS34.5,6,8,35 Therefore, 
we investigated if the beclin-1-p150-dependent nucleation step 
can mediate enhanced autophagy in αSNAP-depleted epithe-
lial cells. Surprisingly, co-knockdown of αSNAP with either 
beclin-1 or p150 in SK-CO15 cells failed to prevent the increase 

Figure 3. Loss of αSNAP decreases expression of mTOR and its down-
stream effector, 4e-BP1. SK-CO15 cells were transfected with either 
control or αSNAP-specific siRNAs. expression and phosphorylation of 
mTOR and its downstream effectors p70 S6 kinase and 4e-BP1 in total-
cell lysates was determined at different times post-transfection.
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BNIP1.45 BNIP1 is a member of the pro-apoptotic BH3-only 
protein family that localizes to the ER and Golgi and medi-
ates vesicle trafficking between these compartments.46 Since a 
novel role for BNIP1 as a positive regulator of autophagy has 
been recently suggested,47 we hypothesized that loss of αSNAP 
would stimulate the pro-autophagic activity of this protein. To 
test this hypothesis, we examined the effects of BNIP1 knock-
down on autophagy in control and αSNAP-deficient cells. In 
contrast to our prediction, we found that loss of BNIP1 sig-
nificantly increased LC3 conjugation in control SK-CO15 cells 
(Fig. 10A and B). Furthermore, a dual knockdown of BNIP1 
and αSNAP resulted in a higher LC3-II/LC3-I ratio as compared 
with αSNAP depletion alone (Fig. 10A and B). In control HeLa-
GFP-LC3 cells, loss of BNIP1 caused accumulation of autopha-
gosomes (Fig. 10C, arrows, and Fig. 10D), thereby suggesting 
that BNIP1 acts as a negative regulator of autophagy in epithelial 
cells. We also found that knockdown of αSNAP did not alter 

to Golgi vesicle trafficking and induce Golgi frag-
mentation.40,41 Treatment with either BFA (2 μm) 
or GA (50 μm) for 24 h caused a marked increase 
in LC3 conjugation in SK-CO15 cells (Fig. 6A and 
B) and triggered formation of autophagosomes in 
HeLa-GFP-LC3 cells (Fig. 6C and D, arrows). 
BFA is known to disrupt the Golgi by inhibiting 
three guanine nucleotide exchange factors (GEFs) 
for Arf small GTPases, GBF1, BIG1 and BIG2,42-

44 whereas GA is a selective GBF1 inhibitor.41 On 
the other hand, we recently found that knockdown 
of epithelial αSNAP downregulated expression of 
all BFA-sensitive GEFs.30 Therefore, we asked if 
loss of Golgi-resident GEFs can be responsible for 
the increased autophagy following αSNAP deple-
tion. First, we confirmed decreased expression 
of GBF1, BIG1 and BIG2 in αSNAP-deficient 
SK-CO15 cells (Fig. 7A) and also observed a dis-
appearance of the GBF1 labeling (Fig. 7B, arrow-
heads) characteristic of intact Golgi under these 
experimental conditions (Fig. 7B, arrows). Next, 
we examined the effects of a selective depletion of 
GBF1 or simultaneous downregulation of BIG1 and 
BIG2. Immunoblotting analysis revealed a dramatic 
(> 90%) and specific decrease in expression of the 
targeted GEF in SK-CO15 cells at 48–72 h post-
siRNA transfection (Fig. 8A). Interestingly, GBF1 
knockdown increased the LC3-II levels, whereas co-
knockdown of BIG1 and BIG2 did not affect LC3 
conjugation (Fig. 8A and B). Similarly, GBF1 but 
not BIG1+BIG2 knockdown triggered a marked 
formation of autophagosomes in HeLa-GFP-LC3 
cells (Fig. 8C and D). Together, these results impli-
cate the Golgi fragmentation in αSNAP-dependent 
induction of autophagy in epithelial cells and indi-
cate that downregulation of Golgi-resident GBF1 
can contribute to this process.

Bif-1 but not BNIP1 is involved in αSNAP-
dependent autophagy. Since our results highlight 
the dispersed Golgi as a possible source of autophagosomal 
precursors in αSNAP-depleted epithelia, we sought to identify 
molecular mechanisms that mediate transformation of Golgi 
ciscernae into autophagic vesicles. One such mechanism may 
involve Bif-1, a membrane-curving protein that is known to be 
located at the TGN and to mediate autophagosome formation 
from the fragmented TGN in starved cells.14 To probe the role of 
Bif-1, we decreased its expression in epithelial cells and analyzed 
the effects of Bif-1 depletion on αSNAP-dependent autophagy. 
Immunoblotting analysis revealed that dual Bif-1/αSNAP knock-
down in SK-CO15 cells significantly attenuated the increased 
LC3 conjugation as compared with downregulation of αSNAP 
alone (Fig. 9A and B). Likewise, depletion of Bif-1 inhibited for-
mation of autophagosomes in αSNAP-depleted HeLa-GFP-LC3 
cells (Fig. 9C and D).

An additional mechanism of autophagy induction in αSNAP-
deficient cells may involve a known αSNAP binding partner, 

Figure 4. Atg5 and Atg7 play roles in induction of autophagy caused by downregula-
tion of αSNAP. (A and B) SK-CO15 cells were subjected to sequential transfections 
with one of the following siRNA pairs: control-control, control-Atg5, control-Atg7, 
control-αSNAP, Atg5-αSNAP or Atg7-αSNAP. expression of LC3, αSNAP, Atg5 and Atg7 
was determined by immunoblotting 48 h after the second transfection. #p < 0.01 
compared with control-αSNAP siRNA-transfected cells. (C and D) HeLa-GFP-LC3 cells 
were sequentially transfected with control-control, control-Atg5, control-αSNAP and 
Atg5-αSNAP siRNA combinations and formation of autophagosomes was analyzed by 
fluorescence spectroscopy at 72 h after the second transfection. *p < 0.001 compared 
with control-αSNAP siRNA-transfected cells. Scale bar, 20 μm.
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a dual knockdown of Atg proteins and αSNAP did not 
attenuate induction of apoptotic markers, such as cleaved 
PARP, active caspase 3 and Annexin V/Propidium iodide 
(PI) labeling, as compared with SK-CO15 cells subjected to 
αSNAP knockdown alone (Fig. S5). Furthermore, blocking 
apoptosis with a pan-caspase inhibitor, Z-VAD-fmk, did not 
affect LC3 conjugation in αSNAP-depleted cells (data not 
shown). Together, these results strongly suggest that induc-
tion of autophagy and apoptosis represent two independent 
effects of αSNAP depletion in human epithelia.

Discussion

Intracellular vesicle trafficking is considered a crucial regu-
lator of autophagy controlling multiple steps of autophago-
some biogenesis. A number of vesicle trafficking proteins 
have been shown to act as positive regulators of autophagy, 
since their depletion inhibited the autophagic flux.25,26,32,38,50 
In the present study, we describe an unusual example of 
negative regulation of autophagy by a common membrane 
fusion protein, αSNAP. This anti-autophagic activity was 
uncovered by siRNA-mediated depletion of αSNAP, which 
resulted in enhanced LC3 conjugation, decreased NBR1 
level and accumulation of autophagic vesicles (Fig. 1), alto-
gether reflecting the increase in the autophagic flux (Fig. 2).

Our data indicate that induction of autophagy in 
αSNAP-depleted epithelia involved a non-canonical molec-
ular pathway. This pathway required the classic Atg5-Atg7 
conjugation machinery (Fig. 4), but was independent of 
beclin-1 and its adaptor, p150 (Fig. S3). The beclin-1-p150-
Vsp34 complex is considered as a core component of the 
autophagy machinery that drives de novo formation (nucle-
ation) of autophagosomal membranes.5,6,8,35 Nevertheless, a 
number of studies have described beclin-independent mech-
anisms of autophagy induction.51 For example, this non-
canonical pathway was shown to be activated by reactive 
oxygen species,52 resveratrol,53 mitochondrial toxins54 and 
bacterial products.55 So far no common theme has emerged 
to explain mechanisms of different types of non-canonical 

autophagy, and it remains to be investigated if the beclin-1-inde-
pendent pathway activated by loss of αSNAP bears similarities 
with previously described unconventional autophagic events.

The beclin-1-independent nature of autophagy in αSNAP-
depleted cells implies that under these conditions, autopha-
gosomal biogenesis bypasses the nucleation step, and that Atg 
proteins were recruited to the preexisting membranes to drive 
the subsequent maturation of autophagosomes. Our data sug-
gest that these membranes are likely to have originated from the 
dispersed Golgi. Indeed, we found that loss of αSNAP triggered 
Golgi fragmentation in parallel to autophagy induction and 
that newly formed autophagosomes contained Golgi markers 
(Fig. 5). Furthermore, either pharmacological or genetic inhibi-
tion of Golgi-resident exchange factors for Arf GTPases resulted 
in orchestrated Golgi fragmentation and increased epithelial cell 
autophagy (Figs. 6–8). These findings are in good agreement with 
previous studies that highlighted the Golgi as a crucial regulator 

BNIP1 expression (Fig. 10A) and BNIP1 was absent in newly 
formed autophagosomes in αSNAP-depleted cells (Fig. 10E). 
Collectively, these results argue that BNIP1 does not mediate 
enhanced autophagy in αSNAP-deficient epithelia.

Autophagy and apoptosis represent two independent func-
tional consequences of αSNAP knockdown. We have previ-
ously shown that knockdown of αSNAP has multiple effects 
on cultured epithelial cells, including induction of apopto-
sis.31 Autophagy and apoptosis appeared to be orchestrated in 
SK-CO15 cells, as they occur simultaneously at 48 h of αSNAP 
knockdown (Fig. 1A). Since both pro-death and pro-survival 
roles of autophagy have been observed under different experimen-
tal conditions,3,48,49 we were interested in the possible functional 
interplay between autophagy and apoptosis in αSNAP-depleted 
epithelia. We inhibited autophagy by siRNA-mediated deple-
tion of either Atg5 or Atg7 and analyzed the effects of such 
inhibition on apoptosis caused by loss of αSNAP. Surprisingly, 

Figure 5. Loss of αSNAP triggers fragmentation of the Golgi in parallel to 
autophagy induction. Control and αSNAP-depleted HeLa-GFP-LC3 cells were 
immunofluorescence labeled for Golgi markers Giantin and TGN46 (red) at 72 
h post-transfection. Control cells are characterized by the compact perinucle-
ar Golgi complex, whereas αSNAP depletion results in a dramatic fragmenta-
tion of the Golgi (arrows) and appearance of Golgi markers in LC3-positive 
autophagosomes (inserts). Scale bar, 10 μm.
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do not understand how loss of αSNAP results in the decreased 
expression of mTOR or 4E-BP1 as well as some other proteins 
(Bcl-2 and p120-catenin) described in our previous publica-
tions.30,31 Future studies are required to address this important 
question.

Surprisingly, the observed effects of αSNAP on autophagy 
appear to be independent of its major binding partner, NSF. 
Indeed, these two proteins did not regulate each other’s expres-
sion, and loss of NSF had no effect on LC3 conjugation and 
autophagosome formation in human epithelial cells (Fig. S4). A 
current paradigm that considers NSF as an important regulator 
of autophagosomal biogenesis is based on observations in yeast 
cells where loss of NSF (Sec18p) either impaired formation of 
autophagosomes32 or interrupted their fusion to the vacuole.68 
Evidence supporting the role of NSF in mammalian autoph-
agy relies exclusively on the experiments with pharmacologi-
cal inhibition of this ATPase by N-ethylmaleimide.25 However 
N-ethylmaleimide is known to promiscuously modify the free 

of autophagy. For example, knockout of several proteins 
that mediate intra-Golgi or ER-Golgi vesicle trafficking 
inhibited starvation- or rapamycin-induced autophagy 
in yeasts.37,38,56,57 Interestingly, Golgi appeared to be 
involved in expansion of the yeast phagophore, but was 
dispensable for the nucleation of this autophagosomal 
precursor.39 In mammalian cells, the Golgi-resident 
proteins Rab32 and Rab33B were implicated in basal- 
and starvation-induced autophagy.11,50,58 Furthermore, 
mammalian Atg9 protein was localized in the TGN 
under nutrient-rich conditions, but was relocated from 
the dispersed Golgi to autophagosomes during nutri-
ent deprivation.59 Finally, inhibition of Bif-1-mediated 
fission of Golgi membranes was shown to attenuate 
starvation-induced autophagy.14 In the present study, 
loss of Bif-1 also attenuated autophagosome formation 
in αSNAP-depleted epithelial cells (Fig. 9), thereby 
revealing the role of Bif-1-dependent fission of the Golgi 
membranes in this enhanced autophagic pathway.

Since our results suggest a functional link between 
Golgi fragmentation and induction of autophagy in 
αSNAP-depleted epithelia, it is important to under-
stand how loss of this membrane fusion protein can 
disrupt the Golgi architecture. αSNAP is known to 
be associated with two distinct SNARE complexes 
involving either syntaxin-560,61 or syntaxin-1846,62 that, 
respectively, mediate the anterograde or retrograde 
vesicle trafficking between the ER and the Golgi.63 
It is expected, therefore, that depletion of αSNAP 
would inhibit SNARE-mediated fusion events at the 
Golgi and the ER, resulting in structural and func-
tional impairments of these organelles. However, it is 
unclear if inhibition of Golgi/ER SNAREs alone is 
sufficient to stimulate autophagy given the recent data 
that syntaxin-5 knockdown interrupted the autopha-
gic flux in HeLa cells.26 However, αSNAP depletion 
is likely to have deeper effects on Golgi biogenesis by 
also causing downregulation of the expression of Golgi-
associated GEFs such as GBF1, BIG1 and BIG2 (Fig. 7). These 
GEFs are known to activate Arf GTPases, which are essential 
for the formation of COPI-coated vesicles.64,65 As a result, loss of 
αSNAP impairs two critical trafficking steps at the Golgi, viz, 
Arf-dependent assembly of coated vesicles and SNARE-mediated 
vesicle fusion. Furthermore, decreased expression of Golgi GEFs 
can stimulate autophagy via trafficking independent mechanisms 
that involve inactivation of mTOR signaling. This suggestion is 
based on a recent study that implicated Arf1 in the regulation 
of mTOR activity.66 Interestingly, our results point to defective 
mTOR signaling in αSNAP-depleted epithelial cells based on 
the decreased expression of mTOR and its downstream target, 
4E-BP1 (Fig. 3). Since both mTOR and 4E-BP1 are known sup-
pressors of autophagy,5,8,67 their simultaneous downregulation 
would generate powerful pro-autophagic signals. These upstream 
signals combined with the increased membrane supply from the 
fragmented Golgi are likely to play major roles in stimulating 
the autophagic pathway in αSNAP-deficient cells. At present, we 

Figure 6. Pharmacological disruption of the Golgi stimulates autophagy. SK-CO15 
(A and B) and HeLa-GFP-LC3 (C and D) cells were treated for 24 h with either 
vehicle, Brefeldin A (2 μM) or Golgicide A (50 μM), and expression of LC3-II and 
accumulation of autophagosomes were determined by immunoblotting and fluo-
rescence microscopy, respectively. *p < 0.001 compared with the vehicle-treated 
group (n = 3). Scale bar, 20 μm.
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In summary, our study reveals a novel role for αSNAP as a 
negative regulator of epithelial cell autophagy. This regulatory 
role involves multiple mechanisms, most notably the inhibition 
of mTOR-related signaling and αSNAP-dependent control of the 
Golgi integrity, which limits membrane supply for autophago-
somal biogenesis. This novel function of αSNAP could be essen-
tial for maintenance of normal epithelial homeostasis and control 
of mucosal inflammation and infection.

Materials and Methods

Antibodies and chemicals. The following primary monoclonal 
(mAb) and polyclonal antibodies (pAb) were used to detect the 
signaling and autophagy-related proteins: anti-αSNAP, p150, 
NBR1 and GFP mAbs (Abcam); anti-cleaved PARP, active 
caspase-7, Atg5, Atg7, LC3, beclin-1, phospho-mTOR, p70 
S6 kinase, phospho-p70 S6 kinase. 4E-BP1, phospho-4E-BP1 
pAbs and anti-GAPDH mAb (Cell Signaling Technology); 
anti-NSF, BNIP1, p62, GBF1, mTOR and β-catenin mAbs 
(BD Biosciences); anti-giantin pAb (Covance); anti-Bif-1 mAb 
(Imgenex), anti BIG1 and BIG2 pAb (Bethyl Laboratories, Inc.) 
and anti-TGN46 pAB (AbD Serotec). Horseradish peroxidase-
conjugated goat anti-rabbit and anti-mouse secondary antibod-
ies were purchased from Jackson Immunoresearch Laboratories. 
Alexa-488 or Alexa-555 dye conjugated donkey anti-rabbit 
and goat anti-mouse secondary antibodies were obtained from 
Invitrogen. Brefeldin A, Golgicide A, bafilomycin A and chloro-
quine were obtained from Sigma-Aldrich.

Cell culture. SK-CO15 (a gift from Dr. Enrique Rodriguez-
Boulan, Weill Medical College of Cornell University) and HeLa-
LC3-GFP cells (a gift from Dr. Ramnik Xavier, Massachusetts 
General Hospital) were cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% of fetal bovine serum. 
SK-CO15 cells with stable overexpression of bovine αSNAP and 
their appropriate controls were generated as described elsewhere.30 
For biochemical and immunolabeling experiments, the cells were 

thiol groups of many cellular proteins and, as such, is a far less 
selective tool than the siRNA-mediated NSF knockdown used 
in the present study. Our results strongly suggest that NSF is not 
an obligate regulator of mammalian autophagy. They reinforce 
recently published data that other cellular functions of αSNAP, 
such as regulation of cell-cell adhesions and cell survival, do not 
depend on its interactions with NSF.30,31

What is the biological significance of the enhanced autoph-
agy in αSNAP-depleted cells? According to our results, it does 
not counteract the simultaneously induced apoptosis (Fig. S5) 
and therefore cannot be considered as an adaptive pro-survival 
response. We speculate that such autophagy linked to fragmen-
tation of the Golgi can mimic events occurring during epithe-
lial colonization by intracellular pathogens. It is well recognized 
that many bacteria and viruses (Coxiella, Listeria, Legionella, 
Chlamidya, poliovirus, HIV, etc.) can subvert host cell autoph-
agy to either create a protective intracellular niche or provide 
nutrient supply for their replication.69,70 On the other hand, some 
of autophagy-hijacking pathogens can also perturb ER-Golgi 
trafficking,71,72 and they very likely use membranes generated 
from these organelles for creating their own autophagic compart-
ments. It would be interesting to investigate if intracellular patho-
gens can modulate αSNAP activity in order to disperse the Golgi 
and induce autophagy during mucosal infection. It should be 
noted that both SK-CO15 and HeLa cell lines used in our study 
are tumor-derived cells, and they may have different mechanisms 
of autophagy regulation compared with non-transformed epithe-
lial cells. However, we found that loss of αSNAP induced Golgi 
fragmentation and altered the autophagic flux in non-tumori-
genic 293 human embryonic kidney cells (data not shown). This 
finding indicates that the observed regulatory mechanism is not 
a peculiar response of cancer cells. Furthermore, it would be 
interesting to know if αSNAP can regulate autophagy in vivo. 
The existence of viable αSNAP hypomorphic hyh mice73 pro-
vides the opportunity for future studies to address this important 
question.

Figure 7. Loss of αSNAP decreases expression of Brefeldin-sensitive guanine nucleotide exchange factors. (A) expression of Brefeldin-sensitive 
exchange factors GBF1, BIG1 and BIG2 was examined in control and αSNAP-depleted SK-CO15 cells 48 h after siRNA transfection. (B) effect of αSNAP 
knockdown on localization of GBF1 (red) in SK-CO15 cells was analyzed by immunofluorescence labeling and confocal microscopy. Scale bar, 20 μm.
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BIG2, GBF1, BNIP1 and Bif-1 was performed as previously 
described.31,74,76 Individual siRNA duplexes GAA GGU GGC 
UGG UUA CGC U (duplex 1) and CAG AGU UGG UGG 
ACA UCG A (duplex 2; Dharmacon) were used to downregulate 
αSNAP expression, whereas knockdown of other targets was per-
formed by using gene-specific siRNA SmartPools (Dharmacon). 
A noncoding siRNA duplex-2 (Dharmacon) served as a con-
trol. SK-CO15 cells were transfected using the DharmaFect 1 
while HeLa LC3-GFP cells were transfected with DharmaFect 
3 reagent (Dharmacon) in Opti-MEM I medium (Invitrogen) 
according to the manufacturer’s protocol with a final siRNA con-
centration of 50 nM. For dual knockdown, cells were first trans-
fected with either BNIP1 or Bif-1 or Atg siRNAs, then cultured 

cultured on 6-well plastic plates and col-
lagen-coated coverslips, respectively.

Immunoblotting. Cells were homog-
enized in a radioimmunoprecipitation 
lysis buffer [20 mM Tris, 50 mM NaCl, 
2 mM EDTA, 2 mM EGTA, 1% sodium 
deoxycholate, 1% Triton X-100 (TX-100) 
and 0.1% SDS, pH 7.4], containing a 
protease inhibitor cocktail (1:100, Sigma) 
and phosphatase inhibitor cocktails 1 and 
2 (both at 1:200, Sigma). Lysates were 
cleared by centrifugation, diluted with 2x 
SDS sample buffer and boiled. SDS-PAGE 
and immunoblotting were conducted by 
standard protocols with an equal amount 
of total protein (10 or 20 μg) per lane. 
Protein expression was quantified by den-
sitometry of three immunoblot images, 
each representing an independent experi-
ment, with a Kodak Image Station 2000R 
and Kodak Molecular Imaging software 
V 4.0 (Eastman Kodak). Data are pre-
sented as normalized values assuming the 
expression levels in control siRNA-treated 
groups were at 100%. Statistical analysis 
was performed with raw densitometric 
data using the Microsoft Excel program.

Immunofluorescence labeling. To 
examine formation of autophagosomes, 
HeLa-GFP-LC3 cells were fixed in 4% 
paraformaldehyde and mounted on slides 
without permeabilization. For colocal-
ization analysis, cells were in 4% para-
formaldehyde followed by Triton X-100 
permeabilization and were immunola-
beled for the Golgi and autophagy mark-
ers as described previously.74-76 Labeled 
cells were examined using an Olympus 
FluoView 1000 confocal microscope 
(Olympus America). The Alexa Fluor 488 
and 555 signals were imaged sequentially 
in frame-interlace mode to eliminate 
crosstalk between channels. The images 
were processed using the Olympus FV10-ASW 2.0 Viewer soft-
ware and Adobe Photoshop. All images were obtained at room 
temperature using UPLAN APO oil x100 objective with an 
N.A. of 1.4 in H

2
O, and immersion oil Type F (Olympus) with 

a refractive index of 1.518. Images shown are representative of 
at least three experiments, with multiple images taken per slide. 
Induction of autophagy was quantified by manually counting 
HeLa-GFP-LC3 cells with more than 10 autophagic puncta per 
cell and expressing their number as a percentage of all cells in the 
microscopic field. A minimum 116 cells from three independent 
experiments were counted in each experimental group.

RNA interference. Small interfering (si) RNA-mediated 
knockdown of αSNAP, NSF, beclin-1, p150, Atg5, Atg7, BIG1, 

Figure 8. Depletion of GBF1, but not other Brefeldin-sensitive exchange factors, accelerates 
epithelial cell autophagy. (A and B) SK-CO15 cells were transfected with either control GBF1 or a 
combination of BIG1 and BIG2 siRNAs, and expression of targeted proteins and LC3 was examined 
at two different times post-transfection. (C and D) HeLa-GFP-LC3 cells were transfected with either 
control GBF1 or BIG1, plus BIG2 siRNAs, and formation of autophagosomes was analyzed by fluo-
rescence microscopy. *p < 0.001 compared with control siRNA-transfected cells. Scale bar, 20 μm.
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Figure 9. Bif-1 is involved in the enhanced autophagy caused by downregulation of αSNAP. SK-CO15 (A and B) and HeLa-GFP-LC3 cells were subjected 
to sequential transfections with one of the following siRNA pairs: control-control, control-Bif-1, control-αSNAP and Bif-1-αSNAP. Levels of LC3 and Bif-1, 
as well as accumulation of autophagosomes, were determined by immunoblotting and fluorescence microscopy, respectively. #p < 0.01 compared 
with the control-αSNAP siRNA-transfected group. Scale bar, 20 μm.

Figure 10. enhanced autophagy in αSNAP-depleted epithelial cells does not depend on BNIP1. (A and B) SK-CO15 cells were subjected to sequential 
transfections with one of the following siRNA pairs: control-control, control-BNIP1, control-αSNAP and BNIP1-αSNAP. expression of targeted proteins 
and autophagic markers was determined by immunoblotting at 48 h after the second transfection. #p < 0.01 compared with control siRNA-transfected 
cells. (C and D) HeLa-GFP-LC3 cells were transfected with either control or BNIP1-specific siRNAs and accumulation of autophagosomes was moni-
tored by fluorescence spectroscopy. Scale bar, 20 μm; *p < 0.001 compared with control siRNA-transfected cells. (E) HeLa-GFP-LC3 cells subjected to 
αSNAP depletion were immunolabeled for BNIP1 (red) at 72 h post-transfection. Scale bar, 10 μm.
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Biosciences Apoptosis Detection Kit (BD Biosciences) according 
to the manufacturer’s instructions. Labeled cells were analyzed 
using the Epics XL-MCL flow cytometer (Beckman Coulter) and 
Expo 32 ADC XL 4 Color software.

Statistics. Numerical values from individual experiments 
were pooled and expressed as mean ± standard error of the mean 
(SEM) of three independent experiments throughout. Obtained 
numbers were compared by either two-tailed Student’s t-test, or 
one-way ANOVA with Bonferoni’s multiple comparison test, 
with statistical significance assumed at p < 0.05.
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for 12 h in complete DMEM followed by the second transfec-
tion with αSNAP siRNA, duplex 1. Cells were analyzed 48–72 h 
after the second transfection.

Quantitative real-time RT-PCR. Total RNA was isolated 
using the RNeasy Mini kit (Qiagen) followed by DNase treat-
ment to remove traces of genomic DNA. Total RNA (1 μg) was 
reverse transcribed into cDNA using an iScript cDNA synthe-
sis kit (Bio-Rad Laboratories). Quantitative real-time PCR was 
performed with 2 μl cDNA per reaction using IQ SYBR Green 
Supermix (Bio-Rad) and Opticon™ DNA Engine Opticon 
thermocycler (Bio-Rad Laboratories). The levels of gene expres-
sion in each sample were determined with the comparative cycle 
threshold method. The following primers were used: human 
GAPDH (NM_002046.3) forward-CAC CCA CTC CTC 
CAC CTT TG reverse-CCA CCA CCC TGT TGC TGT AG; 
NBR1 (NM_031862.2) forward GCA GAC AGA AGA GCT 
ATG AC, reverse CAA GGG CTT CTA TCC CAT AC, LC-3B 
(NM_022818) forward TAT CGC CAG AGT CGG ATT CG 
reverse TGC TTC TCA CCC TTG TAT CG, p62/SQSTM1 
(NM_003900) forward TCC AGT GAC GAG GAA TTG AC 
reverse AGC CAT CGC AGA TCA CAT TG.

Flow cytometry analysis. Control and αSNAP-depleted cells 
were trypsinized, pooled together with spontaneously detached 
cells and stained for Annexin-V and propidium iodide using a BD 
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