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SUMMARY

Autophagy, a catabolic pathway that delivers cellular components to lysosomes for degradation,
can be activated by stressful conditions such as nutrient starvation and endoplasmic reticulum
(ER) stress. We report that thapsigargin, an ER stressor widely used to induce autophagy, in fact
blocks autophagy. Thapsigargin does not affect autophagosome formation but leads to
accumulation of mature autophagosomes by blocking autophagosome fusion with the endocytic
system. Strikingly, thapsigargin has no effect on endocytosis-mediated degradation of epidermal
growth factor receptor. Molecularly, while both Rab7 and VVps16 are essential regulatory
components for endocytic fusion with lysosomes, we found that Rab7 but not Vps16 is required
for complete autophagy flux, and that thapsigargin blocks recruitment of Rab7 to
autophagosomes. Therefore, autophagosomal-lysosomal fusion must be governed by a distinct
molecular mechanism compared to general endocytic fusion.

INTRODUCTION

Macroautophagy, herein referred to as autophagy, is a conserved catabolic process in
eukaryotic cells. Autophagy is critical for physiological processes such as embryonic
development and establishment of self tolerance in the immune system (Nedjic et al., 2008;
Tsukamoto et al., 2008). Autophagy is impaired in many human diseases including cancer,
Parkinson’s and Crohn’s (Mizushima et al., 2008). Autophagy occurs when a small
membrane cistern, called the isolation membrane or phagophore, grows and surrounds a
portion of the cytosol. The isolation membrane eventually seals itself to form a double-
membrane vesicular structure termed an autophagosome. The autophagosome then fuses
with the endocytic system to deliver its contents to the lysosome for degradation
(Mizushima, 2007; Yang and Klionsky, 2009).

Although membrane fusion is required at multiple stages within the autophagic pathway, the
underlying mechanisms are not well defined. Work in yeast suggests that the initial stages of
isolation membrane growth require a novel mechanism to allow membranes to fuse,
independent of SNARE proteins that drive conventional membrane fusion (Ishihara et al.,
2001; Nakatogawa et al., 2007). Once the yeast autophagosome has formed, fusion with the
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vacuole is thought to proceed in an essentially fashion to that of endocytic fusion; requiring
SNARE proteins, the Rab GTPase Ypt7 and the class C/HOPS tethering complex, all of
which have known roles in the endocytic pathway (Darsow et al., 1997; Fischer von Mollard
and Stevens, 1999; Harding et al., 1995; Ishihara et al., 2001; Kirisako et al., 1999; Sato et
al., 2000). Likewise, SNARE proteins, Rab7 and the HOPS complex have been implicated
in mammalian autophagy (Fader et al., 2009; Furuta et al., 2010; Gutierrez et al., 2004; Jager
et al., 2004; Kimura et al., 2007; Liang et al., 2008; Pankiv et al., 2010).

Conditions of stress strongly stimulate autophagy, with nutrient starvation the most
understood form of autophagy induction. Nutrient starvation leads to mTOR kinase
inactivation and concomitant activation of the autophagy-essential Atgl/ULK kinase
complex (Chan, 2009; Chang and Neufeld, 2009; Ganley et al., 2009; Hosokawa et al.,
2009; Kamada et al., 2000). Under normal growth conditions, when autophagic flux is low,
active mTOR negatively regulates autophagy by direct, inhibitory phosphorylation of the
ULK kinase complex. Endoplasmic reticulum (ER) stress has also been shown to be a strong
inducer of autophagy, potentially by a mechanism independent of mTOR (Bernales et al.,
2006; Ding et al., 2007; Hoyer-Hansen et al., 2007; Kawakami et al., 2009; Kim et al., 2010;
Kouroku et al., 2007; Ogata et al., 2006; Sakaki et al., 2008; Yorimitsu et al., 2006). One
method of inducing ER stress is to use thapsigargin, an inhibitor of SERCA (the sarco/
endoplasmic reticulum Ca2* ATPase) (Thastrup et al., 1990). Here we describe the effect of
thapsigargin on autophagy. We found that thapsigargin specifically blocked fusion of
autophagosomes with lysosomes, while leaving the endocytic system itself functional. We
found that while both Rab7 and the HOPS complex component VVps16 are essential for
endocytic fusion with lysosomes, only Rab7 is required for complete autophagic flux.
Further, recruitment of Rab7 to autophagosomes can be blocked by thapsigargin. Therefore,
autophagosomes employ a distinct molecular mechanism of fusion on their route to
lysosomes when compared to other endocytic compartments.

Thapsigargin blocks autophagy

Recent reports indicated that thapsigargin, an inhibitor of the ER SERCA calcium pump,
and tunicamycin, an inhibitor of N-acytlglucosamine phosphotransferase, induce the ER
stress response and autophagy (Grotemeier et al., 2010; Ogata et al., 2006; Sakaki et al.,
2008). To confirm this result we analyzed autophagosome formation in mouse embryonic
fibroblasts (MEFs) treated with thapsigargin, tunicamycin, or amino acid starvation (Figure
1). In MEFs stably expressing GFP-LC3, all treatments resulted in an increase in GFP-LC3
puncta formation (Figure 1A, top panels), suggesting induction of autophagy. Thapsigargin
treatment produced GFP-LC3 structures larger in size, yet fewer in number, compared with
those induced by amino acid starvation (Figures 1E, 2C and 2D). Autophagy is a dynamic
process, with autophagosome formation being balanced by turnover upon delivery to
lysosomes. Inhibition of lysosome-mediated degradation, for example by addition of
bafilomycin Al to inhibit the vacuolar H*-ATPase, should block LC3 degradation and hence
increase GFP-LC3 staining. This effect is evident in starvation-treated and tunicamycin-
treated cells, confirming that both treatments can induce a complete autophagic flux (Figure
1A). Bafilomycin also causes a small but significant increase in GFP-LC3 puncta in cells
incubated in complete growth media, reflecting the basal level of autophagy. Surprisingly,
we did not see any increase in GFP-LC3 staining upon addition of bafilomycin to
thapsigargin-treated cells. This raised the possibility of thapsigargin blocking basal
autophagy after autophagosome formation but before lysosomal degradation, thus leading to
GFP-LC3 puncta accumulation.
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We next analyzed levels of endogenous LC3 by western blot (Figure 1B). Consistently,
amino acid starvation and tunicamycin treatment caused an increase in LC3-11 levels that
was further enhanced by bafilomycin. In contrast, even though thapsigargin alone caused a
strong increase in LC3-11 levels, no further enhancement was observed upon addition of
bafilomycin, confirming that thapsigargin is indeed blocking autophagic flux. This block is
not due to ER stress per se, because tunicamycin, which does increase autophagic flux,
induced a similar level of the ER stress marker CHOP (C/EBP homologous protein) as
thapsigargin (Figure 1B, middle panel). Indeed, MEF cells deficient in ER stress response,
due to genetic deletion of both isoforms of inositol requiring enzyme 1 (IRE-1a and )
(Wiseman et al., 2010), still show a thapsigargin-induced block in autophagic flux (Figure
S1). Importantly, we confirmed the activity of thapsigargin in blocking autophagic flux on
several different cell types in addition to MEFs (Figure 4 and Figure S3).

To test whether thapsigargin-induced LC3 conversion and puncta accumulation require the
conventional autophagy machinery, we examined ATG5 null MEFs (Figure 1C). In the
absence of ATGS5, an essential component for autophagy (Mizushima et al., 2001), neither
starvation nor thapsigargin enhanced lipidation of LC3 (Figure 1C). We next transduced
ATGS5 null MEFs with GFP-ATGS5 to see if thapsigargin treatment resulted in GFP-ATG5
puncta formation, a marker for the isolation membrane (Mizushima et al., 2001). Figure 1D
shows that upon amino acid starvation, GFP-ATGS5 translocated from cytosol to distinct foci
that partially co-localized with an increase in LC3 puncta, indicating isolation membrane
formation and maturation into autophagosomes. Consistently, this whole process was
drastically reduced by wortmannin, an inhibitor of Vps34, a lipid kinase essential for
autophagy induction (Blommaart et al., 1997; see Figure 1D). However, upon thapsigargin
treatment, although LC3 was strongly relocalized, there was no corresponding increase in
GFP-ATGS foci, similar to control cells with only basal levels of autophagy. Again,
wortmannin treatment drastically reduced LC3 puncta caused by thapsigargin treatment; and
in cells lacking ATG5 expression (marked by asterisks in Figure 1D), LC3 puncta failed to
form. Thus, thapsigargin induced LC3-11 accumulation requires a functional autophagic
pathway. Wortmannin is sufficient to block thapsigargin induced LC3 puncta accumulation
if added at the start of treatment; however, once LC3 puncta have formed, wortmannin
cannot reduce them in the presence of thapsigargin (Figure 1E). This is different from
starvation induced LC3 puncta, for which later addition of wortmannin results in an overall
reduction of LC3 puncta, because wortmannin blocks new LC3 puncta generation while
preexisting ones undergo lysosomal degradation (Figure 1E). This reinforced the possibility
that thapsigargin does not induce autophagy, but blocks completion of the basal autophagic
flux. If thapsigargin can block basal autophagic flux and thus cause LC3-Il accumulation,
then it is possible that it might also block the flux of induced autophagy. Indeed, when cells
were subjected to starvation in combination with thapsigargin, addition of bafilomycin
caused no further increase in LC3-11 levels, indicating that thapsigargin blocks autophagic
flux even upon starvation-induced autophagy (Figure 2A and B).

Blockage of autophagic flux by thapsigargin appears to be irreversible (Figure 2C and D). In
MEFs expressing GFP-LC3, both amino acid starvation and thapsigargin treatment led to an
increase in GFP-LC3 puncta, with thapsigargin-induced puncta larger in size and fewer in
number. Starvation with thapsigargin also lead to an increase in GFP-LC3 puncta with
approximately twice as many as with thapsigargin alone, but only half that of starvation
alone. Following treatment, these cells were washed and re-incubated in normal growth
media for one hour (see “rescue” samples in Figure 2C and D). For starvation, this was
sufficient to stop autophagy induction and allow clearance of the autophagosomes already
produced. However, a rescue following thapsigargin treatment had little effect on GFP-LC3
puncta, suggesting an irreversible blockage by thapsigargin. This irreversible blockage
might be due to thapsigargin irreversibly inhibiting the SERCA pump.
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As an alternative, non-LC3 based autophagy assay, we examined the effect of thapsigargin
on degradation of long-lived proteins in untreated or amino acid starved cells (Figure 2E).
An enhanced rate of autophagy should result in increased protein degradation, even of
proteins that are normally long-lived and stable. This is clearly seen under starvation-
induced autophagy, which results in a two-fold increase in long-lived protein degradation.
However, although thapsigargin induced LC3-11 accumulation, it did not stimulate long-
lived protein degradation as starvation did. Further, thapsigargin inhibited starvation-
stimulated degradation of long-lived proteins. Taken together, these results demonstrate that
thapsigargin blocks the flux of both basal and stimulated autophagy.

Thapsigargin blocks fusion of autophagosomes with lysosomes

LC3 positive structure accumulation upon thapsigargin treatment suggests that fusion of
autophagosomes with lysosomes might be blocked. To determine whether thapsigargin
prevented autophagosomes from reaching lysosomes, we used a tandem tagged GFP-
mCherry-LC3 probe. This probe can dissect whether an autophagosome has fused with a
lysosome, based on the distinct chemical properties of GFP and mCherry fluorophores
(Kimura et al., 2007). Under non-lysosomal and near-neutral pH conditions, both GFP and
mCherry fluoresce. However, the low pH in the lumen of the lysosome quenches the GFP
signal but not the mCherry. Using this approach, we found that upon amino acid starvation
GFP and mCherry positive autophagosomes rapidly formed after 40 minutes of treatment.
Figure 3A and Movie S1 shows cells that have been under starvation for 120 minutes and
multiple autophagosomes are already visible. Once puncta form, it takes approximately 30
minutes for them to lose the GFP signal, while retaining the mCherry signal, indicating
fusion with lysosomes. This agrees with previously published lifetimes of autophagosomes
(Jahreiss et al., 2008; Kochl et al., 2006). With thapsigargin, GFP and mCherry positive
structures start to appear and accumulate after approximately two hours of treatment (Movie
S2 and Figure 3B). Unlike starvation, these structures do not lose the GFP signal, even two
hours after their formation, indicating no lysosomal fusion (it was not possible to image and
follow individual structures longer than two hours due to photo-bleaching and
phototoxicity). Importantly, thapsigargin treatment also blocked the starvation-induced loss
of the autophagosomal GFP signal (Movie S3 and Figure 3C). The live-cell microscopy data
is supported by immunoblot experiments using different doses of thapsigargin to treat MEF
cells for different times, showing a bafilomycin-insensitive accumulation of LC3-11 after as
little as two hours of 0.3 uM thapsigargin treatment (Figure S2).

Thapsigargin does not affect autophagosome maturation

Since thapsigargin ultimately blocks autophagosome-lysosome fusion, the next question is at
what stage does the blockage occur? There are three obvious steps where a block might
occur: 1) at the induction stage, prior to isolation membrane formation; 2) at the maturation
stage, when the isolation membrane converts to autophagosome; or 3) when mature
autophagosomes fuse with the endocytic system and lysosomes. Given that LC3 is
conjugated and forms visible punctate structures within the cell, it is unlikely that
thapsigargin blocks at a stage prior to autophagy induction.

We further confirmed that thapsigargin does not block initiation of autophagy. Under basal
autophagy conditions, the isolation membrane is difficult to detect, perhaps due to small
size, low number and/or rapid conversion into mature autophagosomes. The isolation
membrane can however be forced to persist by replacing ATG5 with a mutant (ATG5K130R)
that is incapable of conjugation to ATG12 (Mizushima et al., 2001). We stably expressed
GFP-ATG5K130R jn ATG5 null MEFs. Under normal growth conditions isolation
membranes were visible (Figure 4A), and thapsigargin did not block their formation.
However, addition of wortmannin did reduce GFP-ATG5K130R puncta formation under all
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conditions. This suggests that thapsigargin does not block isolation membrane formation and
that the isolation membranes formed in GFP-ATG5K130R_expressing cells are dynamic and
dependent on Vps34 kinase activity, as are their wild-type counterparts.

Concurrent with autophagosome maturation, cargo incorporation occurs. Incorporation of
one specific cargo, polyubiquitinated protein aggregates, is mediated by the adaptor protein
p62 (Kirkin et al., 2009). This process can be monitored by analyzing p62 and LC3 co-
localization. In U20S cells, which show a similar thapsigargin-induced block of autophagy
to MEF cells (Figure 4B and C), p62 and GFP-LC3 are predominantly diffuse under normal
growth conditions (Figure 4B, left panels). GFP-LC3 punctate structures are occasionally
observed, which co-localize with p62 (See Figure 4B, enlarged panels). This likely
represents the basal level of autophagy. Upon starvation, there is a large increase in p62 and
GFP-LC3 puncta, many of which co-localize, indicating incorporation of specific p62-
labeled cargo into autophagosomes (Figure 4B, middle panels). Addition of thapsigargin
also leads to p62 and GFP-LC3 puncta accumulation with extensive co-localization (Figure
4B, right panels). These data indicate that thapsigargin does not block the cargo
incorporation process associated with autophagosomal maturation. Incorporation of p62 into
autophagosomes results in its degradation upon autophagosome-lysosome fusion,
demonstrated by a bafilomycin-sensitive reduction in p62 levels upon starvation-induced
autophagy (Figure 4C and D). In contrast, even though thapsigargin treatment results in
accumulation of p62 on autophagosomes, there is no bafilomycin-sensitive reduction in p62
levels (Figure 4C and D), again implying a block in the late stage of autophagy.

Subsequently, we examined the morphology of the arrested LC3 structures. High resolution
time-lapse confocal microscopy in MEF cells expressing GFP-LC3 and an ER-marker,
dsRedER (Figure 5A, B and Movies S4 and S5) showed that upon starvation, GFP-LC3
puncta form and expand to form ring-like structures. Following this, they lose signal
intensity until they are no longer visible, probably due to fusion with lysosomes. This
process takes just under 60 minutes. The underlying ER structure changes and closely
matches the forming autophagosome, in a fashion very similar to that reported previously
(Axe et al., 2008), indicating that the ER is involved in autophagosome formation. When
samples were treated with thapsigargin and then starved, we noticed that the forming
autophagosomes also closely associated with the ER and expanded into ring-like structures
(Figure 5B). However, treatment with thapsigargin blocked their disappearance, again
highlighting the block in autophagic flux. Three-dimensional analysis of these ring-like
structures revealed them to be spherical in shape, suggesting that thapsigargin does not
affect closure of the isolation membrane and maturation of the autophagosome (Figure 5B,

ii).

Further evidence that the thapsigargin block occurs after autophagosome formation came
from electron microscopy (EM) coupled with gold-enhanced immuno-labeling of GFP-LC3
(Figure 5C). Gold label was identified throughout the cell sections at low density but was
greatly concentrated on what appeared to be membranous structures. These structures were
classified into four groups: non-circular (concentrated areas of gold, often linear and 200-
500 nm in length and may represent isolation membranes); circular (a circular pattern of
gold labeling, often containing internal cellular material, ranging from 200-600 nm and
might indicate mature autophagosomes); circular clusters (groups of two or more circular
labeled structures); and internal only (membranous structures that contained gold label on
the inside of the limiting membrane, which are likely autolysosomes) (Figure 5C). Untreated
cells contained very few labeled structures, as expected for low level basal autophagy.
Starvation resulted in a large increase in isolation membrane-, autophagosome- and
autolysosome-type structures. Compared to starvation alone, thapsigargin treatment did not
show as large an increase in isolation membrane structures, however, thapsigargin did not
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block the increase induced by starvation. There was a large increase in autophagosome-like
structures upon thapsigargin treatment, either alone or in combination with starvation.
Interestingly, the structures resulting from thapsigargin-treatment tended to have denser
GFP-LC3 labeling, when compared to starvation alone. Thapsigargin treatment resulted in
very few autolysosome-like structures and also blocked formation of such structures by
starvation. Taken together, the EM data supports the conclusion that thapsigargin blocks
autophagy by preventing fusion of mature autophagosomes with the endocytic system and
lysosomes, but has no effect on autophagy initiation or autophagosome formation. One other
major difference upon thapsigargin treatment was a three-fold increase in the appearance of
clusters of circular GFP-LC3 labeled structures, implying that the accumulated
autophagosomes have a tendency to aggregate or cluster. Therefore, some of the larger GFP-
LC3 puncta observed by fluorescence microscopy (see Figure 1A and 2C) might represent
more than one autophagosome. These large GFP-LC3 puncta form and then disperse as
observed by live cell microscopy (Movie S6), consistent with them forming a cluster of
autophagosomes.

Thapsigargin does not inhibit endocytosis

Thapsigargin exerts a major effect on the ER and cellular calcium levels, which are
important in supplying membrane for intracellular trafficking and vesicular fusion,
respectively. It is possible that thapsigargin has a more global effect and can block
membrane fusion in multiple transport pathways. To test this, we measured epidermal
growth factor receptor (EGFR) turnover. Upon binding extracellular EGF, EGFR travels
from the plasma membrane to the lysosome where it is degraded. This endocytic process
requires multiple membrane fusion events, including endosomal-lysosomal fusion.
Strikingly, although thapsigargin can block autophagy-induced LC3 turnover, endocytosis-
mediated EGFR degradation proceeded normally in the presence of thapsigargin (Figure 6A
and B). As a control, lysosomal inhibitor bafilomycin blocked EGFR turnover. Therefore,
thapsigargin blocks autophagosome fusion with lysosomes but not general endocytic
trafficking and membrane fusion, or lysosomal hydrolytic function per se. We also
monitored fluid phase endocytosis by fluorescent dextran uptake (Figure 6C and D).
Treatment of cells with thapsigargin did not significantly alter LysoTracker staining,
suggesting there was no modification in lysosome acidity. In addition, the endocytosis of
FITC-labeled dextran was comparable under control or thapsigargin-treated conditions, with
approximately 80% of dextran positive structures reaching lysosomes, as assessed by
LysoTracker co-localization (Figure 6C and 6D). Taken together, the data strongly suggest
that under these conditions thapsigargin does not alter endocytosis, fusion within the
endocytic pathway, or lysosomal function, but specifically blocks fusion of autophagosomes
with the endocytic system.

Rab7, but not Vps186, is required for autophagosomes to fuse with lysosomes

We next studied how thapsigargin blocks fusion of mature autophagosomes with the
endocytic system and how autophagosomal-lysosomal fusion differs from general
endocytic-lysosomal fusion. We first checked the potential effect of thapsigargin on several
specific molecular events relevant to fusion of autophagosomes with the endocytic system,
such as interaction of Beclin 1 with ATG14L, Rubicon, or UVRAG (Itakura et al., 2008;
Liang et al., 2008; Matsunaga et al., 2009; Sun et al., 2008; Zhong et al., 2009). We found
that these events are not affected by thapsigargin, either under control or starvation
conditions (data not shown).

Previous studies suggest fusion of autophagosomes with lysosomes requires the
conventional cellular fusion machinery consisting of Rab GTPases, tethers and SNARE
proteins (Cai et al., 2007; Pfeffer, 2007). Rab7 is responsible for coordinating fusion
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between late endosomes and lysosomes by recruiting tethers and SNARE proteins, and it has
also been implicated in the fusion of autophagosomes with the endocytic system (Gutierrez
et al., 2004; Jager et al., 2004; Pankiv et al., 2010). We thus looked at autophagosome and
Rab7 localization under thapsigargin treatment. Upon starvation, there was significant co-
localization of Rab7 with LC3 positive puncta (Figure 7A and 7B). In contrast, this
colocalization was almost completely abolished in thapsigargin-treated cells, even though
extensive LC3 puncta were observed (Figure 7A and 7B). This result was supported by
subsequent subcellular fractionation experiments using discontinuous iodixonal density
gradient centrifugation. On these gradients we found that starvation and thapsigargin
treatment had little effect on the density of the membrane-bound LC3-I1, although both led
to higher levels of LC3-11 as expected (Figure 7C). Under normal growth conditions, the
majority of Rab7 was in fraction 5. Upon starvation, it shifted to the denser fraction 6
(Figure 7C and 7D). Importantly, treatment with thapsigargin alone did not change Rab7
behavior but it blocked the starvation-induced shift of Rab7 to fraction 6. Given that the
Rab?7 fractions also contain LC3-11, it is likely that the starvation-induced increase in co-
fractionation of Rab7 with LC3-11 (as in fraction 6) represents, at least in part, the membrane
compartments showing co-localization in Figure 7A. These results suggest that upon
autophagy, Rab7 is recruited to autophagosomes (or an intermediate compartment between
autophagosomes and lysosomes) to aid in their fusion with the late endocytic pathway, an
event blocked by thapsigargin.

To investigate further the mechanism of the thapsigargin effect, we used RNAI to deplete
Rab7 and Vps16. Vpsl6 is a component of the HOPS complex, a multisubunit tether
involved in Rab7-mediated fusion within the endocytic system. Loss of Rab7 or Vps16 from
MEF cells resulted in impairment of EGFR degradation (Figure 7E and F), in agreement
with their critical roles in the fusion of endosomes with lysosomes. Surprisingly, we found
that while Rab7 is required for a complete autophagy flux, Vps16 is not (Figure 7G and H).
Loss of Rab7 led to accumulation of LC3-11 even under basal conditions, which was further
increased upon starvation; however, under either condition LC3-I1 levels were not further
increased by addition of bafilomycin (Figure 7G and H). This indicates that Rab7 depletion
can block the lysosomal degradation of autophagosomes, under both basal and stimulated
autophagy conditions, consistent with the published role for Rab7 in the process of
autophagosomal-lysosomal fusion (Gutierrez et al., 2004; Jager et al., 2004; Pankiv et al.,
2010). In contrast, Vps16 depletion had little effect on LC3 levels or its autophagic flux
(Figure 7G and H). Consistently, Vps16 does not colocalize with LC3-I1 in cells upon
starvation or thapsigargin treatment (Figure S5). We next analyzed GFP-LC3 puncta
formation (Figure 71 and J); the phenotype in control-depleted and Vps16-deplted cells was
essentially the same, with a low level of GFP-LC3 puncta, which increased upon starvation-
induced autophagy. In both cases, addition of wortmannin following starvation resulted in
loss of LC3 puncta due to lysosomal fusion of the preexisting autophagosomes and
simultaneous block in formation of new autophagosomes. In contrast and in line with Figure
7G and H, cells depleted of Rab7 had more GFP-LC3 puncta under basal conditions that
was further augmented upon starvation; addition of wortmannin did not eliminate the
formed LC3 puncta, as fusion of autophagosomes with lysosomes is already blocked in
Rab7-depleted cells. These Rab7 data closely resemble the effect of thapsigargin on
autophagy (compare Figure 7G-J with Figure 1B, D and Figure 2A-C), strengthening our
conclusion that thapsigargin functions to block autophagosome-lysosome fusion, at least
partially by interfering with Rab7 function (Figure 7A-D). These experiments demonstrate
that the molecular basis of autophagosomal-lysosomal fusion is fundamentally distinct from
that of endosomal-lysosomal fusion in that (1) different molecular components are involved
in these two processes; and (2) common factors, such as Rab7, can be differentially
regulated.
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DISCUSSION

The role of thapsigargin in autophagy was somewhat controversial with previous reports
claiming both inducing (Grotemeier et al., 2010; Hoyer-Hansen et al., 2007; Ogata et al.,
2006; Sakaki et al., 2008) or inhibitory (Gordon et al., 1993; Williams et al., 2008) effects.
Recently, based on use of LC3 as the molecular marker of autophagy, it is generally
believed that thapsigargin induces autophagy. The evidence presented here unambiguously
demonstrates that thapsigargin inhibits autophagy by blocking autophagosomal fusion with
lysosomes. Therefore, accumulation of LC3-11 and autophagosomes upon thapsigargin
treatment, phenomena previously interpreted as thapsigargin-induced autophagy, is in fact a
consequence of blockage of autophagic flux. To reach this conclusion, we used several
approaches including LC3 flux measurement, live tandem-tagged LC3 microscopy, EM
coupled with immuno-gold labeling, and long-lived protein degradation (Figures 1-5).
Further, inhibition of autophagic flux via a block in the autophagosome-lysosome fusion is
most likely a general function of thapsigargin instead of a cell type-specific phenomenon, as
it caused the same inhibitory effect in all four cell lines we tested (Figures 1, 4, and S3).

Thapsigargin caused clustering of autophagosomes (Figure 5C and Movie S6); this may be a
result of failure of autophagic flux, leading to accumulation and subsequent clustering.
Alternatively, this clustering may be responsible for the blockage of fusion, perhaps by
preventing recruitment of the fusion machinery or simply by a steric-type hindrance.

The effect of thapsigargin on autophagy block is independent of a functional ER stress
response pathway (Figure S1) but could be related to the activity of thapsigargin to inhibit
SERCA and thus to influence cellular calcium (Ca) signaling. Ca is an essential factor for
autophagy as we and others have shown that its removal by chelation blocks autophagy at an
early stage prior to LC3 conversion and autophagosome formation (Figure S1 and Fader et
al., 2008; Hoyer-Hansen et al., 2007; Sakaki et al., 2008). However, we could not find any
Ca modulating compounds or ionophores that mimic the thapsigargin block (Figure S1).
Possibly Ca is needed in the autophagosomal lumen for fusion, which it receives from the
ER when forming. We do note a close association of the ER with the forming
autophagosome (Figure 5A and B and Movies S4 and S5) and Ca has previously been
detected in LC3 positive structures (Fader et al., 2008). Ca is known to be important for
membrane fusion (Hay, 2007) and it may be that a localized release of Ca from the ER, in
the vicinity of autophagosomes and lysosomes is needed to drive their fusion. Indeed,
inositol triphosphate receptors, sites of Ca release from the ER, have been implicated in
autophagy (Giusti et al., 2009; Khan and Joseph, 2010; Lam and Golstein, 2008; Lam et al.,
2008; Sarkar et al., 2005; Vicencio et al., 2009; Williams et al., 2008). Further experimental
work is needed to determine which, if any, of these possibilities is the case.

What is perhaps most profound and significant about the thapsigargin-induced block of
autophagosomal fusion with endosomes and lysosomes is that it is specific. The endocytic
system itself, as revealed by endocytosis-mediated EGFR degradation and dextran uptake
and lysosomal acidification (Figure 7A-D), is unaltered by thapsigargin. We also note that
we could not detect any changes in the actin or tubulin cytoskeleton upon thapsigargin
treatment (Figure S4). Autophagy has a close relationship with endocytosis and both share
the common end-point of lysosomal degradation. A functional endocytic pathway is
required for autophagy (Eskelinen, 2005; Filimonenko et al., 2007; Lee et al., 2007; Razi et
al., 2009) and recent work has suggested that the protein Rubicon, a negative modulator of
autophagy, also affects endocytosis, implying linked regulation (Matsunaga et al., 2009;
Zhong et al., 2009). Some of the components required for the fusion of autophagosomes
with the endocytic system are known, ranging from Rab7 (Gutierrez et al., 2004; Jager et al.,
2004; Pankiv et al., 2010), the class C/HOPS tethering complex (Wurmser et al., 2000) and
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SNAREs (Fader et al., 2009; Furuta et al., 2010; Ishihara et al., 2001). However, these
components are required for normal endocytic fusion, a process unimpaired during
thapsigargin treatment. Therefore, there must be a fundamental difference between
endosome-lysosome fusion and that of autophagosomes with lysosomes. In support of this,
we saw that Rab7 is required for both endosome and autophagosome trafficking to
lysosomes; yet Vps16, a subunit of the Rab7-binding HOPS complex, was only required for
the endosomal pathway (Figure 7). Does autophagosomal-lysosomal fusion utilize other
tethering machinery (Cai et al., 2007) instead of the HOPS complex? Although the HOPS
complex is implicated in autophagy mainly through studies in yeast (Darsow et al., 1997;
Wurmser et al., 2000), these studies relied on morphological features and did not distinguish
autophagy with the yeast Cvt pathway at the molecular level. Alternatively, does
autophagosomal-lysosomal fusion engage a more specialized HOPS complex with distinct
subunit arrangement? These are the future mechanistic questions critical for the trafficking
and autophagy fields. Further, autophagosomes have been proposed to enter the endocytic
system at multiple points (early endosomes, late endosomes and lysosomes themselves)
(Orsi et al., 2010). Fusion between different compartments requires a specific subset of
molecular components (if the same machinery were used then compartment identity would
be lost), which suggests that autophagosomes would require different components to fuse
with early endosomes than to fuse with lysosomes. The fact that thapsigargin blocks
autophagosomal fusion with the endocytic system at multiple steps implies that there is most
likely a common factor, unique to autophagosomes, required for autophagosomes to become
fusion competent. Our data support a model in which Rab7 is recruited to the mature
autophagosome directly or indirectly by this thapsigargin-sensitive factor, leading to the
further recruitment of autophagy-specific fusion machinery. How this recruitment occurs
and the identity of this fusion machinery is under further investigation.

EXPERIMENTAL PROCEEDURES

For full Experimental Procedures see Supplemental Information

Autophagy assays

Cells were washed and incubated in amino acid-free DMEM for 1 h (or complete media as a
control) unless indicated. For thapsigargin treatment, complete or amino acid-free media
supplemented with 3 uM thapsigargin for indicated time. For thapsigargin treatment in
combination with starvation or bafilomycin A1, cells were pretreated with 3 pM
thapsigargin for 2 h, unless stated.

Long-lived protein degradation assay

MEF cells were incubated in complete media containing 0.2 uCi/ml [*4C] valine for 21 h.
Cells were washed and incubated in complete media supplemented with 10 mM unlabeled
valine for 2 h to allow degradation of fast turnover proteins. Cells were then chased in
complete media, amino acid-free media or complete media containing 3 uM thapsigargin or
10 nM bafilomycin Al for 5 h 30 min. Next, cells were washed and collected in PBS with
1mM DTT and protease inhibitors. Proteins were precipitated by addition of 20% TCA and
incubated on ice overnight. Samples were spun at 4°C, 14000 rpm for 30 min and the pellets
resuspended in 0.2 N NaOH and counted in a scintillation counter (Beckman Coulter).
Autophagic degradation was calculated as a percentage of the bafilomycin-treated samples.

EGF receptor degradation assay

MEF cells were incubated in serum-free DMEM for 3 h then 3 uM thapsigargin (or DMSO
control) was added to indicated plates for an additional 2 h. Media was then replaced with
serum-free DMEM containing 40 ng/ml EGF and 20 pg/ml cycloheximide, with/without 3
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uM thapsigargin or 10 nM bafilomycin Al for the indicated times. Cells were lysed and
samples normalized for protein concentration and subject to SDS-PAGE and immunoblot.

Density gradient centrifugation

MEF cells were treated with/without complete media containing 3 uM thapsigargin for 5 h.
For the final hour, the indicated cells were washed and incubated in amino acid-free media.
Cells were placed on ice, washed in PBS and collected in HB buffer [25 mM Tris, pH 7.5,
250 mM sucrose, 50 mM NaCl, 1 mM EDTA] containing protease inhibitors. Samples were
homogenized by 10 passes through 25 gauge needle and post nuclear supernatant (PNS)
obtained by centrifugation at 1000xg for 5 min. PNS was loaded on the top of a
discontinuous lodixonal (Optiprep) gradient ranging from 10% iodixonal to 50% iodixonal
(in 25 mM Tris, pH 7.5 and 1 mM EDTA). Samples were centrifuged for 16 h at 35,000
rpm, 4°C in a MLS-50 rotor (Beckman Coulter). Following centrifugation fractions were
collected from the top of the gradient and subject to SDS-PAGE and immunoblotting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thapsigargin induces autophagosome accumulation in an ATG5 and
phosphatidylinositol 3-kinase activity dependent manner

(A) MEF cells stably expressing GFP-LC3 (green) were incubated in complete media
(control), amino acid-free media for 2 h (starvation), complete media with 3 uM
thapsigargin for 5 h, or complete media with 20 ug/ml tunicamycin for 5 h; each in the
presence or absence of 10 nM bafilomycin Al for the final two hours of treatment. Cells
were stained with DAPI (blue). Bar, 10 um. Quantitation shown on the right represents
mean GFP puncta per cell (n=20) from two independent experiments + SD. (B)
Immunoblots of MEF lysates treated as in (A). (C) Immunoblots of wild type (WT) and
ATGS5 null MEF lysates, treated as indicated. (D) ATG5 null MEFs, transduced with GFP-
ATGS retrovirus, were treated as indicated, each in the presence or absence of 50 nM
wortmannin. Cells were stained with DAPI (blue), anti-GFP (green) and endogenous LC3
(red). Asterisks represent cells that do not express GFP-ATGS5, note the lack of LC3 puncta
in these cells. Bar, 10 um. (E) GFP-LC3 expressing MEFs were incubated in amino acid-
free media for 1 h (starve), amino acid-free media for 1 h followed by addition of 50 nM
wortmannin for 1 h (starve — wort), complete media with 3 uM thapsigargin for 4 h (TG),
complete media with 3 uM thapsigargin for 4 h followed by addition of 50 nM wortmannin
for 1 h (TG — wort), or complete media with 3 pM thapsigargin and 50 nM wortmannin
together for 4 h (TG + wort). Bar, 10 um. See also Figure S1.
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Figure 2. Thapsigargin blocks both basal and starvation-induced autophagy

(A) MEF cells were incubated in complete media (control), amino acid-free media for 1 h
(starve), complete media with 3 uM thapsigargin for 5 h (TG), or complete media with 3 uM
thapsigargin for 4 h followed by washing and incubation in amino acid-free media with 3
uM thapsigargin for 1 h (TG + starve); each in the presence or absence of 10 nM
bafilomycin Al for the final hour. (B) Quantitation of immunoblot data in (A) showing
autophagic flux (change in LC3-11 levels upon bafilomycin treatment) and relative
bafilomycin-induced LC3-11 levels. Values represent means normalized to tubulin from 5
independent experiments £ SEM. (C) GFP-LC3 expressing MEFs were treated as in (A).
For rescue samples, cells were cultured in fresh complete media for an additional hour
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before fixation. Bar, 10 um. (D) Quantitation of data presented in (C) shows mean number
of GFP-LC3 puncta per cell + SEM (n=50 cells per condition). (E) MEF cells were treated
with 3 uM thapsigargin (TG) and/or amino acid-free media (starve) and the increase in
degradation of long-lived proteins was measured. Values represent the mean percentage of
protein loss per hour + SD as compared to bafilomycin treated samples from 3 independent
experiments.
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Figure 3. Thapsigargin blocks fusion of autophagosomes with lysosomes

MEF cells stably expressing GFP-mCherry-LC3 were subject to live cell microscopy. Small
panels on the left show the life span of an individual LC3 structure, as manifested by its
GFP (green, top) and mCherry (red, bottom) fluorescence. The same structure is indicated
by an arrow in the whole cell pictured on the right. In (A) times represent minutes post
amino acid starvation (see also Movie S1); in (B) times represent minutes post addition of
thapsigargin to 3 uM (see also Movie S2); and in (C) times show minutes post amino acid
starvation in combination with thapsigargin treatment (see also Movie S3). Bar, 10 um. See
also Figure S2.
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Figure 4. Thapsigargin does not block initial stages of autophagosome formation

(A) ATG5 null MEFs stably expressing GFP-ATG5K130R were incubated in complete media
(control), amino acid-free media for 1 h (starve), or 3 uM thapsigargin for 4 h in the
presence of DMSO or 50 nM wortmannin. Samples were stained with anti-GFP (green) and
DAPI (blue). Bar, 10 um. (B) U20S cells expressing GFP-LC3 were incubated in complete
media (control), amino acid-free media for 2 h (starve), or 3 uM thapsigargin for 5 h,
followed by staining with DAPI (blue), anti-p62 (red) and GFP (green). Bar, 10 um. Panels
on the right are high magnifications of the boxed regions; arrows indicate co-localization
between LC3 and p62, arrowheads indicate p62-only puncta and double arrowhead indicates
LC3-only puncta. (C) Immunaoblots of U20S cell lysates, treated as above. (D) Quantitation
of p62 levels shown in (C). Values represent relative levels + SD, normalized to actin from
three independent experiments. See also Figure S3.
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Figure 5. Thapsigargin arrests autophagy after autophagosome formation

(A) MEFs expressing GFP-LC3 and dsRed-ER were incubated in amino acid-free media and
subjected to time-lapse confocal microscopy. (i) An example cell with the arrow marking a
single GFP-LC3 puncta whose lifetime is represented in the panels of (ii). Time represents
minutes and seconds of amino acid starvation. Bar, 10 um. See also Movie S4. (B) MEFs
expressing GFP-LC3 and dsRed-ER were treated with 3 uM thapsigargin for 4 h followed
by amino acid-free media, also containing 3 uM thapsigargin. (i) An example cell with the
arrow marking a single GFP-LC3 puncta whose lifetime is represented in the panels of (ii).
Time shows minutes of amino acid starvation. (iii) Magnification of the GFP-LC3 puncta
from the last panel of (B. ii.) in X, y and z dimensions, plus a 3D reconstruction in the
bottom right panel. See also Movie S5. (C) Immuno-EM analysis of GFP-LC3 labeled
structures, which were classified into four different groups: non-circular, circular, internal
label only, or circular clusters. Bars represent mean number of structures per cell section =
SEM for control treated cells (n = 73 cell sections), 1 h 30 min amino acid-free media
treated cells (starve; n = 84 cell sections), 4 h 30 min thapsigargin (3 uM) treated cells (TG;
n = 103 cell sections), and 4 h 30 min thapsigargin (3 uM) plus amino acid starvation for the
final 1 h 30 min (TG + starve; n = 89 cell sections). Panels below the chart represent
examples of the indicated structures. Bar, 500 nm. See also Movie S6.
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Figure 6. Thapsigargin does not block endocytosis-mediated EGFR degradation

(A) MEFs were treated as described in the methods section for the EGF receptor degradation
assay. Post EGF addition, cells were chased in cycloheximide, with/without 3 uM
thapsigargin, or 10 nM bafilomycin Al. (B) Quantitation of EGFR degradation. Values
represent mean percentage decrease in EGF receptor levels + SD from three independent
experiments. (C) MEFs were incubated in complete media (control) or complete media with
3 uM thapsigargin for 5 h (thapsigargin). Following 2 h of thapsigargin treatment, 5 mg/ml
FITC-dextran (green) was added for a further 2.5 h and then cells were washed and
incubated in complete media containing 100 nM Lysotracker (red) with/without thapsigargin
for the final 30 min. Cells were stained with DAPI (blue). Bar, 10 um. (D) Quantitation of
data represented in (C). Values represent mean number of dextran structures per cell that
were positive for lysotracker stain £ SD, from two independent experiments and a total of 20
cells. See also Figure S4.
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Figure 7. Rab7, but not Vps186, is required for autophagosome fusion with lysosomes

(A) MEF cells were starved for 1 h in amino acid-free media or treated with 3 uM
thapsigargin as indicated. Cells stained with DAPI (blue), antibodies against Rab7 (green)
and LC3 (red). Shown is a combined confocal image stack. The boxed region is reproduced
below the main image displaying a single section highlighting the localization of Rab7 and
LC3. Bar, 10 um. (B) Quantitation of data represented in (A) showing the mean percentage
+ SD, from 20 cells in two independent experiments, of LC3 structures co-localizing with
Rab7. Rab7 positive structures per cell remained relatively constant with mean values of 38
+ 4 under starvation conditions, compared to 45 + 9 under thapsigargin treatment. (C) MEF
cells were incubated in complete media (control), amino acid-free media for 1 h (starve),
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complete media with 3 uM thapsigargin for 5 h (TG), or complete media with 3 uM
thapsigargin for 5 h amino with acid starvation for the final hour (TG + starve). Cell
homogenates were subject to lodixonal density gradient centrifugation (10%-50% gradient)
and fractions immunoblotted. The boxed regions highlight the thapsigargin block of Rab7
increase in fraction 6. (D) Quantitation of the data presented in (C). Values represent mean
Rab7 levels in the indicated fractions + SEM from three independent experiments. (E)
EGFR degradation in MEF cells stably expressing control shRNA, Rab 7 shRNA or VVps16
shRNA (the left panel (ii) shows the RNAI efficiency). (F) Quantitation of EGFR
degradation. Values represent EGFR levels relative to the start of chase from 4 independent
experiments £ SEM. (G) MEF cells stably expressing GFP-LC3 and control sShRNA, Rab 7
shRNA or Vps16 shRNA were incubated in complete media or amino acid-free media for 1
h in the presence or absence of 10 nM Bafilomycin Al. (H) Quantitation of the GFP-LC3
immunoblot in (G) showing autophagic flux upon starvation (change in LC3-11 levels upon
bafilomycin treatment). Values represent means normalized to tubulin from 3 independent
experiments £SEM. (1) MEF cells stably expressing GFP-LC3 and control shRNA, Rab 7
shRNA or Vps16 shRNA were incubated in complete media, amino acid-free media for 1 h
(starve) or amino acid-free media for 1 h followed by addition of 50 nM wortmannin for 1h
(starve — wort). Bar, 10-um. (J) Quantitation of data in (I) showing mean number of GFP-
LC3 puncta per cell + SEM (n=20 cells per condition). See also Figure S5.
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