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ARTICLE

Early endosomes and endosomal coatomer are

required for autophagy

Minoo Razi, Edmond Y.W. Chan, and Sharon A. Tooze

Llondon Research Institute, Cancer Research UK, London WC2A 3PX, England, UK

utophagy, an intracellular degradative pathway,

maintains cell homeostasis under normal and

stress conditions. Nascent double-membrane auto-
phagosomes sequester and enclose cytosolic components
and orgclne”es, and subsequenﬂy fuse with the endosomal
pathway allowing content degradation. Autophagy re-
quires fusion of autophagosomes with late endosomes, but
it is not known if fusion with early endosomes is essential.
We show that fusion of AVs with functional early endo-
somes is required for autophagy. Inhibition of early endo-
some function by loss of COPI subunits (8", B, or ) results

Introduction

Macroautophagy, here referred to as autophagy, is a highly con-
served degradative process used for the nonselective removal of
long-lived proteins, large protein aggregates, and subcellular or-
ganelles. In contrast, selective forms of autophagy, such as pexoph-
agy and mitophagy, and chaperone-mediated autophagy, target
specific substrates and organelles for degradation (Mizushima
et al., 2008). Successful autophagy of all types requires a response
to an initiation signal, for example starvation, followed by the ex-
pansion of the autophagosomal membrane source, a double mem-
brane called an isolation membrane or phagophore. The isolation
membrane efficiently sequesters subcellular components and
forms the nascent, or immature, autophagosome or autophagic
vacuole (AVi), which fuses with endosomes and lysosomes to ac-
quire proteases and lipases. Fusion of AVi with endosomes and
lysosomes results in the formation of amphisomes (AVi/d) and
autolysosomes, or degradative AVs (AVd).

Autophagy requires a set of proteins called the Atg (au-
tophagy related) proteins, first identified in yeast (Klionsky,
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in accumulation of autophagosomes, but not an increased
autophagic flux. COPI is required for ER-Golgi transport
and early endosome maturation. Although loss of COPI re-
sults in the fragmentation of the Golgi, this does not induce
the formation of autophagosomes. Loss of COPI causes
defects in early endosome function, as both transferrin re-
cycling and EGF internalization and degradation are im-
paired, and this loss of function causes an inhibition of
autophagy, an accumulation of p62/SQSTM-1, and ubig-
vitinated proteins in autophagosomes.

2007). Mammalian orthologues of many of the 31 yeast Atg pro-
teins have been identified and characterized, and it is through the
work in yeast and mammals that the role of many of these pro-
teins is beginning to be understood. Early stages of AV forma-
tion requires ULK1, the orthologue of the Atgl kinase, the
PtdIns-3 kinase Vps34, and two ubiquitin-like conjugation sys-
tems, whose actions result in formation of the Atg5-12-16 com-
plex, and LC3-II. LC3-II is the lipid-conjugated form of LC3-I,
an orthologue of yeast Atg8, and the most widely used marker of
AVs. This core machinery drives the initiation, expansion, and
closure of the isolation membrane (Xie and Klionsky, 2007).
The final stages of AV maturation, the formation of AVi/ds
and AVds, occurs through fusion with endosomes and lyso-
somes, in particular multi-vesicular bodies (MVB) (Filimonenko
et al., 2007), which are formed from early endosomes by the
ESCRT machinery (Williams and Urbe, 2007; Woodman and
Futter, 2008). Recently, the ESCRT complexes were shown to
be required for formation of autolysosomes; loss of Tsgl01
(ESCRTI) or Vps24 (ESCRTII) results in an accumulation of
amphisomes (Filimonenko et al., 2007). Furthermore, the loss
or mutation of several components of the ESCRT machinery, in
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particular ESCRTO (Hrs), ESCRTI (Tsgl01), and ESCRTIII
(CHMP2B) results in neurodegeneration caused by an accumu-
lation of ubiquitinated intracellular aggregates and abnormal
AVs (Filimonenko et al., 2007; Kim et al., 2007; Lee et al.,
2007). However, it has been previously suggested that AV matu-
ration occurs by a multi-step, sequential fusion of AVs with dif-
ferent populations of early and late endosomes, and lysosomes
(Dunn, 1990; Eskelinen, 2005). Indeed, there is evidence that
early endosomes fuse with AVis (Gordon and Seglen, 1988;
Tooze et al., 1990; Liou et al., 1997), but it is not known if this
fusion is obligatory for autophagy.

Maintenance of endosomal/lysosomal function has also
been shown to depend on coatomer subunits -, 3-, and e-COP
(Whitney et al., 1995; Guo et al., 1996; Daro et al., 1997; Gu et al.,
1997; Styers et al., 2008), although the best-characterized role
of COPI vesicles is in vesicular transport between the Golgi
complex and ER (Lee et al., 2004). Coatomer is composed of
seven subunits, found in two subcomplexes, F-COPI (B, v, 9, )
and B-COPI (B’, a, &) (Eugster et al., 2000), which associate
with membranes via ARF (ADP-ribosylation factor), a small
GTPase, and the p24 proteins (Nickel et al., 2002).

We found that depletion of B'-, B-, or a-COP results in an
accumulation of AVis and AVi/ds, and demonstrate this occurs
because of an impairment of early endosomes. Specifically, our
data show that the loss of COPI function impairs transport into
and through early endosomes, and this impairment causes an ac-
cumulation of GFP-LC3—positive AVs and a block in AV matura-
tion, which leads to an inhibition of autophagic flux. Our results
provide direct evidence that fusion of AVis with early endosomes
is required for autophagy.

Results

B'-COP depletion increases GFP-LC3
lipidation and GFP-LC3-positive structures
During an siRNA screen with the Dharmacon 700-member kin-
ome library for modulators of autophagy (Chan et al., 2007), we
found that depletion of PKC-¢ RACK (receptors for activated
C-kinase) (Csukai et al., 1997) resulted in a threefold increase of
lipidated GFP-LC3 (GFP-LC3-1I) in fed cells compared with the
siRNA control. Induction of autophagy is monitored by the con-
version of GFP-LC3-1 to GFP-LC3-II, which is detected by
immunoblotting as LC3-1I migrates faster during SDS-PAGE. As
RACK was previously identified as B'-COP (Csukai et al., 1997),
and B’-COP is one of seven subunits of the coatomer complex
(Eugster et al., 2000), we investigated whether siRNA depletion
of the two other subunits to which we had antibodies, (3- and
a-COP (Fig. 1 A), showed the same increase in GFP-LC3-I1.
As seen in Fig. 1 B, depletion of 3- and a-COP, like
B'-COP, resulted in a significant increase in GFP-LC3-II in
HEK?293A cells stably expressing GFP-LC3 (293/GFP-LC3
cells). In addition, after depletion of B'-, B-, and a-COP in 293/
GFP-LC3 cells there was a large increase in the number of GFP-
LC3—positive punctate structures (Fig. 1 C). Identical results
with LC3 were obtained in HEK293A parental cells and HeLa
cells (not depicted). These results demonstrated that loss of coat-
omer subunits B'-, B-, and a-COP increased GFP-LC3-II and the
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number of GFP-LC3-II-positive vesicles, and suggested a role
for COPI in autophagy.

As a control for the specificity of COP depletion we tested
if siRNA knockdown of the other coat complexes involved in
transport between the ER and Golgi, such as COPII subunits,
caused an increase in GFP-LC3-II, or GFP-LC3—positive vesicles
under the same culture conditions. 293/GFP-LC3 cells treated
with siRNAs for COPII subunits Sec23A and 23B (Fig. 1 A) or
Sec31 (not depicted) showed no increase in GFP-LC3-II (Fig. 1 B),
or GFP-LC3—positive vesicles (not depicted). The lack of in-
crease in lipidated GFP-LC3 and GFP-positive puncta after de-
pletion of COPII indicated that the effect was specific to COPI,
and suggested that it was not a result of a general inhibition of
ER-to-Golgi transport.

Golgi disassembly occurs before but
does not induce GFP-LC3 lipidation or
vesicle formation
Depletion of B-COP has been shown to cause a collapse of the
ER, ERGIC, and Golgi complex into a large globular compart-
ment containing ERGIC-53 (ER-Golgi intermediate compart-
ment) and GM130 (Golgi membrane protein 130 kD) (Styers
et al., 2008). Therefore, to study the relationship between the
morphological changes of the Golgi complex, GFP-LC3 lipida-
tion, and puncta formation, we performed a time course after
siRNA depletion of B'-, -, and a-COP, and monitored GFP-LC3
and the localization of GM130. After 24 h of siRNA treatment we
saw a decrease in the level of both B'- and a-COP (Fig. 2 A),
and a subtle change in the distribution of GM 130 from a retic-
ular network to a more compact vesiculated structure (Fig. 2 C).
After 48 h, in the siRNA-depleted cells GM 130 was redistrib-
uted and was almost undetectable in most cells (Fig. 2 E). Using
transmission electron microscopy (TEM) we observed a vesicu-
lation of the Golgi cisternae and the appearance of numerous
small vesicles in the juxta-nuclear region (see Fig. S1), confirm-
ing a disruption of the Golgi complex. This result was antici-
pated given the role of COPI in trafficking from the preGolgi
VTCs (vesicular tubular compartments) to and through the Golgi
complex (Lee et al., 2004). However, the change in GM 130 dis-
tribution preceded the appearance of GFP-LC3—positive struc-
tures and increases in GFP-LC3-II (Fig. 2 B). After 24 h siRNA
depletion of B’-COP (Fig. 2, B and C) there was no detectable
GFP-LC3-II, and very few GFP-LC3 puncta were observed,
whereas at 48 h (Fig. 2, B and E) there was a significant increase
in both GFP-LC3-II and GFP-LC3 puncta. These results sug-
gested that Golgi fragmentation preceded GFP-LC3-II accumu-
lation and GFP-LC3 puncta formation, and that the accumulation
of GFP-LC3 puncta may be a consequence of the loss of the
Golgi complex.

We then asked if Golgi fragmentation, by itself, would cause
a phenotype similar to that seen after COPI depletion resulting in
an accumulation of AVs. To test if disassembly or fragmentation
of the Golgi was inducing autophagy we used siRNA-depletion of
Rabla/b as an alternative means to disassemble the Golgi complex
(Haas et al., 2007). As shown in Fig. 2 D, in 293/GFP-LC3 cells
efficient siRNA knockdown of Rabla and b was obtained, and as
anticipated, Rabl depletion caused a fragmentation of the Golgi
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Figure 1. siRNA depletion of COPI increases autophagy. (A) siRNA depletion of B'-, B-, and «-COPI (top) and Sec23A and B (bottom) in 293/GFP-LC3
cells for 48 h. Decreased protein levels of the corresponding subunits is shown by immunoblots. (B) Loss of B’-, a-, and B-COP but not subunits of COPII
(Sec 23A and B) increase GFP-LC3-Il. In A and B, tubulin was the loading control. (C) GFP-LC3—positive vesicles were detectable in 293 /GFP-LC3 cells after
siRNA depletion of B'-, a-, and B-COP but only basal levels of GFP-LC3-positive vesicles are observed in control siRNA-depleted cells.
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Figure 2. Time course of COPI depletion shows that Golgi disperses before AVs are formed, but Golgi dispersal does not cause AV formation. (A) COPI
subunits were depleted in 293/GFP-LC3 cells and analyzed 24, 36, and 48 h after addition of siRNA. Immunoblotting for B’- and «-COP confirms loss
of COP subunits. (B) GFP-LC3-I and -l were monitored by immunoblots in parallel lysates using anti-GFP antibodies at the indicated times. (C) After 24 h
siRNA treatment, depletion of B’-COP caused morphological changes and a reduction in perinuclear population of GM130. Box indicates enlarged area.
(D) Rabla/b was depleted using siRNAs for 48 h. Lysates were probed with anti-Rab1 to confirm depletion. (E) B’-COP or Rabla/b were depleted as in
D, and analyzed by indirect immunofluorescence using anti-GM130 and GFP fluorescence. In B’-COP panel, the asterisk indicates cells that did not show
an accumulation of GFP-LC3-positive AVs.
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complex (Fig. 2 E); after 24 h both ERGIC-53 (not depicted) and
GM130-positive structures became fragmented; however, even
after 48 h of Rabl depletion there was no detectable increase in
GFP-LC3—positive structures in the Rabl siRNA-depleted cells
(Fig. 2 E). Similar data were obtained using a 30-min Brefeldin A
treatment, which also fragments the Golgi complex (unpublished
data). These results support the conclusion that Golgi fragmenta-
tion, by itself, does not induce autophagy or cause an accumula-
tion of GFP-LC3—positive structures. In addition, Rabl1 is required
for COPII vesicle tethering and COPII cargo selection in the ER
(Haas et al., 2007). Overall, our data on Rab1 agrees with the lack
of effect on GFP-LC3 lipidation and vesicle formation after deple-
tion of COPII subunits and further support the specificity of COPI
function in autophagy

We speculated that the loss of COPI function may cause a
“stress” signal in the cell, perhaps due to a disruption of protein
transport (Styers et al., 2008), which would induce autophagy. A
block of protein transport after siRNA-mediated depletion of
GBF-1, a guanine nucleotide-exchange factor (GEF) that acti-
vates ARF, but not the related GEFs BIG1 and BIG2, leads to an
increase in the unfolded protein response (UPR) (Citterio et al.,
2008). As BIG1, 2, and GBF-1 are all required for ARF-mediated
COFPI vesicle formation, we asked if depletion of COPI subunits
caused a UPR. This was also important to address, as a UPR has
been shown to induce autophagy (Ogata et al., 2006). To monitor
the UPR after depletion of B’-COP for 48 h, we examined the
levels of the ER chaperone calreticulin, which has been shown to
increase during a UPR. We saw no increases in calreticulin levels
(Fig. S2 A). Unaltered calreticulin levels were independently
confirmed in a recent publication (Styers et al., 2008). Moreover,
the level of ERGIC-53 was decreased after B'-COP depletion,
supporting our hypothesis that an UPR is not involved as ERGIC-
53 has been shown to increase after induction of an UPR (Nyfeler
et al., 2003). Lastly, COPI knock-down cells were treated with
salubrinal, a compound that has been shown to protect cells from
ER stress by inhibiting eukaryotic translation initiation factor 2
subunit a (eIF2a) dephosphorylation (Boyce et al., 2005). Our
results showed that incubation of COPI-depleted cells with salu-
brinal had no effect on the levels of LC3-II (Fig. S2 B). These
three results strongly suggest that COPI depletion does not in-
duce autophagy through an increase in ER stress.

Atg proteins are required for the lipidation of GFP-LC3 and the
formation of AVs, and therefore to ask if the GFP-LC3 puncta
formed in the COPI-depleted cells occurred via an Atg-dependent
pathway we cotransfected cells with COPI siRNAs together
with siRNAs specific for Atg5 or Atg7. We had previously
shown that depletion of Atg5 and Atg7 in 293/GFP-LC3 cells
reduces the amount of LC3-II and GFP-LC3—positive AVs
(Chan et al., 2007). Depletion of COPI subunits together with
Atg5 or Atg7 decreased the lipidation of GFP-LC3-I induced by
COPI depletion (Fig. 3 A). Parallel samples processed for fluor-
escence microscopy revealed these doubly transfected siRNA-
depleted cells lack GFP-LC3—positive AVs; in the absence of

A
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Figure 3. AV formation after siRNA depletion of COPI requires Atg5 and
Atg7. 293 /GFPLC3 cells were incubated with siRNA for B'-, «-COP, or con-
trol siRNA alone or combined with siRNA against Atg5 or Atg7 for 48 h,
then (A) lysed and analyzed by immunoblot for Atg5, Atg7, GFP-LC3,
and tubulin (loading control), or (B) fixed for immunofluorescence analysis
using anti-ERGIC-53 antibodies, or GFP fluorescence. In A, the asterisk
indicates nonspecific band; in B and C, asterisk indicates cells that did not
show a fragmented ERGIC-53.

Atg5 or Atg7 GFP-LC3 remains diffuse and cytosolic (Fig. 3,
C and D), similar to control siRNA-treated cells (Fig. 3 B).

We also asked if the fragmentation and loss of the Golgi
complex after COPI depletion was altered in the absence of Atg5
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Figure 4. Correlative light-electron microscopy analysis of GFP-LC3 puncta demonstrates they are AVs. (A) Phase, (B) fluorescent, and (C) TEM of the same
field of 293 /GFP-LC3 cells 48 h after siRNA depletion of «-COP. In B the image was inverted to allow better visualization of the GFP-LC3-positive structures.
(D) Higher magnification of cell shown with asterisk in A and C. Top region of cell of interest is enlarged in E to show the two AVs structures indicated by

arrows in B. (F and G) Higher magnification of AVs shown by arrows in E.

and Atg7. We used ERGIC-53 to label the ER-Golgi intermediate
compartment and found, after COPI depletion, ERGIC-53 label-
ing was greatly diminished and appeared dispersed (Fig. 3 B).
Both the steady-state distribution of ERGIC-53 in control cells,
and the dispersal of the ERGIC-53 in COPI-depleted cells was
unaffected by co-depletion of Atg5 or Atg7 (Fig. 3, C and D).
These results demonstrate that the increase in GFP-LC3-II and
GFP-LC3 puncta after COPI depletion requires the autophagy
proteins Atg5 and 7, and show that loss of Atg7 does not affect
ERCIG-53 distribution in normal cells, or its redistribution and
dispersion after siRNA depletion of COPL

Correlative microscopy demonstrates that
the GFP-LC3-positive structures are AVs
Both the accumulation of GFP-LC3-II and GFP-LC3—positive
vesicles suggested that B'-, B-, and a-COP-specific siRNA was
causing an increase in the number of AVs. Although GFP-LC3-
positive puncta are indicative of the presence of AVs, GFP-LC3
can also form large aggregates which resemble AVs at the light
microscopic level (Kuma et al., 2007). Although in our previous
work with 293/GFP-LC3 cells we did not observe any aggrega-
tion of GFP-LC3 into punctate structures under fed or starved
conditions (Chan et al., 2007), we used correlative light-electron
microscopy (CLEM) to determine if the GFP-LC3 fluorescent
structures seen in the COPI-depleted cells by light microscopy
corresponded to membrane-bound AVs. As shown in Fig. 4, the

JCB « VOLUME 185 » NUMBER 2 « 2009

GFP-positive vesicles seen by light microscopy (Fig. 4 B) corre-
sponded to morphologically identifiable AVs (Fig. 4, D-G). Many
of the AVs had only a single membrane, and were filled with a
variety of sequestered membrane-bound vesicles and electron-
dense structures (Fig. 4, F and G and Fig. S3 A). These results
confirmed that COPI depletion in 293/GFP-LC3 cells resulted in
a significant increase in the number of AVs.

Loss of COPI causes the accumulation of
p62- and Ub-containing aggregates
p62/SQSTMI1 can associate with LC3 on the membrane of AVs
and is sequestered into AVs (Pankiv et al., 2007). Levels and sub-
cellular distribution of p62 are used to monitor autophagic flux; a
low or unchanged level of p62 indicates a normal autophagic re-
sponse and flux, whereas an increased level of p62 indicates a
block in the flux, resulting from an inhibition of the pathway and
an accumulation of AVs (Klionsky et al., 2008). We therefore de-
cided to ask if distribution of p62 was affected by siRNA deple-
tion of COPI (Fig. 5 A). In control siRNA-treated cells, p62
exhibited a diffuse and cytoplasmic pattern similar to the cyto-
solic GFP-LC3. However, after siRNA depletion of COPI sub-
units, the signal for p62 increased and it was found in discrete
punctate structures, the majority of which were GFP-LC3 posi-
tive (Fig. 5 A). p62 has also been shown to associate with dense
protein aggregates (Pankiv et al., 2007); however, using TEM we
did not observe these structures in our 293/GFP-LC3 cells.
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Figure 5. Ub and p62 accumulate in «- and B’-COP-depleted 293/GFP-LC3 cells. (A) 293/GFP-LC3 cells were treated with control or B’-COP siRNA for
48 h, then fixed and labeled with anti-p62 and anti-ubiquitin antibodies for colocalization with GFP-LC3. (B) HEK293 cells treated as in A and labeled with
anti-ubiquitin and anti-p62 antibodies. (C) Cryosections from B'-COP-depleted cells were labeled with anti-Ub antibodies followed by 10-nm protein A-
gold. AV, autophagosomes.
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p62 has been shown to bind ubiquitinated proteins via a
conserved UBA motif (Pankiv et al., 2007), so we next exam-
ined the distribution of ubiquitin (Ub) after siRNA knockdown
of COPL. Interestingly, after siRNA depletion of COPI we found
Ub distribution was altered, and behaved similarly to p62. Ub
had a diffuse appearance in control siRNA-treated cells, and a
punctate distribution after siRNA-mediated COP depletion. In
addition, a large number of the Ub-positive punctate structures
were also positive for GFP-LC3 (Fig. 5 A). Using HEK293A
parental cells we also observed after depletion of 3'-COP that
p62 and Ub redistributed into punctate structures, which were
largely colocalized (Fig. 5 B).

Next we performed cryo-immuno EM to gain an under-
standing of the morphology of the GFP-LC3—positive structures
that contained p62 and Ub. Unfortunately, we were unable to label
the p62 using commercially available antibodies, but we could
detect Ub in cryosections. After siRNA-mediated depletion of 3'-
COP we observed two major populations of Ub-positive mem-
branes: one population were AVs on which ubiquitin was detected
on the limiting cytosolic surface membrane as well as on internal
membranes, and the second consisted of small vesicles (less than
100 nm), the outer surface of which was decorated with Ub
(Fig. 5 C and Fig. S4). In B’-COP—depleted cells the morphology
of the Ub-labeled structures was very similar to that seen after la-
beling with GFP to detect the GFP-LC3 cells (Fig. S4). Numer-
ous small vesicles, tubules, and AVs, which resembled immature
autophagosomes (AVis), were found to be decorated with Ub and
GFP-LC3 on their cytoplasmic surface, and well as on internal
membranes. These results suggest that after COPI depletion ubiq-
uitinated proteins, and most likely p62, were present on the mem-
brane of small vesicles and tubules, as well as on the cytoplasmic
surface of AVs, and on internal membranes within the AVs.

AVs induced by COPI depletion are not
acidic or degradative
The large numbers of GFP-LC3 AVs in COPI-depleted cells
suggested that either the rate of AV formation was significantly
increased, or that AV maturation and consumption was inhib-
ited. An increased autophagic rate should result in an increased
degradative capacity of the cells, whereas if autophagosome
consumption or maturation is inhibited, degradation of autopha-
gic substrates should be reduced. To assay for the degradative
capacity of AVs in the COPI-depleted cells we measured long-
lived protein degradation as an indicator of autophagic activity
(Fig. 6 A). In siControl unstarved cells, long-lived protein deg-
radation occurred at a low basal level, and increased after a 2-h
starvation, as expected. However, after 3’-COP depletion, de-
spite the large increase in GFP-LC3-1I and GFP-LC3—positive
AVs in unstarved cells, there was no change in basal levels of
protein degradation (Fig. 6 A). This result suggests an impair-
ment in the degradative capacity of the AVs formed in COP-
depleted cells. However, the siRNA COPI-depleted cells were
still able to respond to starvation-induced autophagy as protein
degradation could be increased after 2 h starvation.

AVi/d and autolysosomes are known to be acidic compart-
ments. To understand more about the properties of the AVs in
COPI-depleted cells, in particular why they are not degradative,
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we next asked if the GFP-LC3—positive AVs were acidic using
Lysotracker red (LTR), which accumulates in acidic compart-
ments. In previous studies it was shown that after 2-h amino acid
starvation ~40% of AVs are LTR positive, and contain endosomal
markers (Bampton et al., 2005). Using B'- and a-COP—depleted
cells incubated in growth medium, we found that the majority
of the GFP-LC3—positive structures did not accumulate LTR
(Fig. 6 B). Similar results were obtained using DAMP staining,
which also accumulates in acidic compartments (not depicted). To
further confirm that the lack of GFP-LC3 and LTR colocalization
was not due to quenching of the GFP-tag in acidic compartments
(which would mask the presence of accumulating GFP-LC3), we
looked at total LC3 accumulation using anti-LC3 antibodies in
COPI-depleted 293/GFP-LC3 cells. LC3 immunoreactivity should
not be sensitive to lumenal acidity. We found a complete overlap of
the two signals in COPI-depleted cells, in contrast to siControl
starved cells, which showed two immunoreactive populations of
LC3, one which overlapped with GFP-LC3, while the other did not
(Fig. S3 B). These results confirm that after COPI depletion we can
detect all the GFP-LC3—positive AVs using the GFP-tag, and that
these AVs were not degradative or acidic.

Dunn (1990) postulated that AVs become acidified before
lysosomal enzymes are delivered by fusion with endocytotic
compartments, and this may occur by sequential fusion with
different types of endosomes; the first to fuse would be endo-
somes containing the vacuolar (V) proton-ATPase (V-ATPase),
but without lysosomal enzymes. To understand if the lack of
degradative capacity in the accumulating AVs was only a conse-
quence of the defect in acidification, or if lysosomal enzyme
targeting was also affected by loss of COPI, we asked if the
COPI-depleted cells had active lysosomal enzymes by examin-
ing the levels of Magic Red RR,, a fluorogenic substrate which
detects active cathepsin B (Fig. 6 C). By FACS analysis, there
was no difference in the level of cathepsin B between starved
control cells and siCOPI-depleted cells. In addition, we con-
firmed that the COPI-depleted cells contained active cathepsin
D by immunoblotting cell lysates; in both control cells and
siRNA-treated cells depleted of B'-, B-, and a-COP, and Rabla/b,
we detected similar levels of the 31-kD mature cathepsin D
heavy chain (Fig. S5 A).

Our data support the conclusion that the accumulation of
GFP-LC3 AVs in COPI-depleted cells is not a consequence of
an indirect effect on the entire endosomal-lysosomal pathway
as the COPI-depleted cells still have a degradative capacity and
normal levels of lysosomal enzymes.

GFP-LC3 autophagosomes are LAMP1 and
2 positive

Lysosomal-associated membrane proteinl and 2 (LAMP1 and 2)
are found on late endosomes and lysosomes, and have also
been shown to be essential for the maturation of AVs (Saftig
et al., 2008). Therefore, we asked if after COPI depletion, the
distribution of LAMP1 and 2 in endosomal membranes was al-
tered, and if they were present on GFP-LC3—positive AVs. After
COPI depletion the overall distribution of LAMP1 and 2 was
not significantly changed. However, many of the GFP-LC3—
positive AVs contained LAMP1 (not depicted) and LAMP2
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Figure 6. AVs in COPI-depleted cells are not degradative. (A) Long-lived protein degradation was assessed 72 h after transfection with control or 3-COP
siRNA in 293/GFP-LC3 cells. Cells were either starved of amino acids for 2 h (St) or incubated in fresh growth medium (Fed) for 2 h. The amount of pro-
tein degradation is presented as mean + SEM. (B) siControlreated cells and B’- and «-COP were depleted for 48 h, then incubated with Lysotracker red
(50 nM\) for 30 min before fixation. Merged image shows very litlle colocalization of GFP-LC3 AV-positive structures. Asterisk shows cell enlarged in inset.
(C) After B'- and a-COP siRNA depletion, Magic Red-RR; (MR) was used to detect active cathepsin B in cells which were fed or starved (St) for 2 h. The
intensity of MR labeling was measured in live cells by flow cytometry.
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(Fig. 7 A). We next used EM to examine the maturation stage
of the AVs which were GFP-LC3- and LAMP2-positive. We
labeled cryosections from B'-COP-depleted cells with anti-
LAMP?2 antibodies and anti-GFP to detect GFP-LC3 (Fig. 7 B).
GFP-LC3 was detected on the outer AV membranes as well as
on internal membranes and adjacent vesicles. In double-labeled
sections, LAMP2 had a similar distribution to GFP-LC3. The
AVs labeled by LAMP2 and GFP contained internal mem-
branes, and resembled the AVs labeled by anti-Ub (see Fig. 5
and Fig. S4). However, although the presence of LAMP2 on the
GFP-LC3—positive AVs suggests they have undergone fusion
with either late endosomes, or lysosomes, we could not detect
many AVds by TEM in the siRNA COPI-depleted cells.

Early endosomal markers and TGN46 are
found in GFP-LC3-positive AVs

One hypothesis was that AVs formed after siRNA-mediated
COPI depletion were acquiring LAMP2 by fusion with late en-
dosomes. As an alternative hypothesis, LAMP2 could also be
delivered to AVs by vesicular trafficking from the TGN in vesi-
cles that do not contain MPR (Chapuy et al., 2008) or from
early endocytotic compartments such as vesicular endosomes
(VEs). Small VEs and MVBs, identified by internalized electron-
dense tracers after 10 min incubation, have been shown to fuse
preferentially to AVis: About 45% of these endocytotic VEs
and MVBs label for Lgp120 (LAMP2), but none label with
cathepsin D (Liou et al., 1997). We therefore examined the dis-
tribution of TGN46 and the CI-MPR, which cycle between the
Golgi/trans-Golgi network (TGN) and plasma membrane via
endosomal compartments. Surprisingly, TGN46 and CI-MPR
behaved differently after COPI depletion: TGN46 relocalized
to punctate structures, while the juxtanuclear accumulation of
CI-MPR observed in control cells was lost (Fig. 8 A and Fig.
S5 B). The punctate TGN46 structures colocalized with GFP-
LC3 (Fig. 8 A), suggesting that the trafficking routes through
which TGN46 is sorted may converge with the AVs formed
after COPI depletion.

As TGN46 has been recently shown to exit from early
endosomes, whereas MPR is thought to exit from late endo-
somes (Ganley et al., 2008), we asked if markers for early or
late endosomes were found in the GFP-LC3 AVs after COPI
depletion. We examined markers for early endosomes (early
endosomal autoantigen 1 [EEA1]) and late endosomes and
MVBs (lysobisphosphatidic acid [LBPA]). No colocalization
of GFP-LC3 was seen with LBPA (unpublished data), but we
found a small fraction of GFP-LC3—positive, EEA1-positive
Avs; however, more frequently GFP-LC3 was juxtaposed to
EEA1 (Fig. 8 B). We examined siControl cells after starvation
and found a very low colocalization of GFP-LC3 and EEA1
(Fig. 8 B). However, a population of endogenous LC3 was
colocalized with, and found on adjacent EEA1-positive early
endosomes (Fig. 8 C). We conclude that AVs can fuse with
EEA1-positive early endosomes, and that in control cells the
absence of colocalization of GFP-LC3 with EEAL is due to a
quenching of GFP in EEAl-positive structures. Furthermore,
after COPI depletion the GFP-LC3—positive structures appear
docked to EEA1-positive early endosomes.
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To further explore the effect of COPI depletion, we fol-
lowed the internalization of a fluid phase marker, rhodamine-
labeled dextran. In the siRNA COPI-depleted cells, many
GFP-LC3—positive AVs contained Rho-dextran (Fig. 8 D), sup-
porting the hypothesis that the endocytic vesicles can fuse with
AVs. The fact that the GFP-LC3—positive AVs do not have a
substantial overlap with EEA1 suggests that loss of COPI inhib-
its fusion of the AVs with EEA1-positive endosomes, and that
inhibition of this fusion step prevents maturation of the AVs.

Endosomal trafficking is disrupted after
COPI depletion

To further understand the maturation defect which results in an
accumulation of Avs we examined the function of the early endo-
cytic pathway after siRNA depletion of COPL. Previous reports
have demonstrated a role of COPI in endosomal transport,
endosome maturation, and MVB formation (Whitney et al.,
1995; Guo et al., 1996; Daro et al., 1997; Styers et al., 2008).
These previous reports showed that transferrin (Tfn) uptake was
altered, but did not address EGF internalization and degradation
quantitatively. Recently, it has been suggested that these two
endocytosed molecules could undergo a differential interaction
and sorting with EEA1-positive endosomes (Leonard et al.,
2008). Therefore, we examined these two pathways to define
the defect in early endosomal trafficking after COPI depletion,
which resulted in an inhibition of autophagy.

To measure the function of the early endosome/recycling
endosome we examined Tfn uptake, using Alexa 555-labeled
Tfn in 293/GFP-LC3 cells. After 48 h 3'-COP depletion, a short
2-min and longer 30-min incubation with Tfn revealed a surface
accumulation of Tfn, and a reduction in the amount internalized
compared with control siRNA-treated cells (Fig. 9, A and B).
Longer incubations revealed a delayed recycling in COPI-
depleted cells, whereas the majority of Tfn was recycled in control
cells, and a colocalization of Tfn with GFP-LC3—positive AVs
(Fig. 9, B and C). This result is supported by data showing an
inhibition of Tfn internalization after 3- and B-COP depletion in
an siRNA screen for regulators of Tfn uptake (Galvez et al.,
2007), and after depletion of 3-COP (Styers et al., 2008).

Next we examined EGFR trafficking to monitor uptake
and transport into late endosomes, using '*I-EGF as a quantita-
tive measure of endosomal function in HeLa cells after COPI
depletion. HeLa cells were used for this experiment because
293/GFP-LC3 cells detached during the acidic wash. After
B’-COP depletion, HeLa cells were serum starved and then stimu-
lated with the '®I-EGF for 10 min at 37°C, and then the cells
were chased for 30, 60, 120, and 180 min (including the 10-min
stimulation). The amount of '*I-EGF internalized after 10 min
incubation was reduced by ~30% (Fig. 9 D) in B'-COP-
depleted cells compared with control siRNA cells. Over a 3-h
chase in B’-COP-depleted cells, ~50% less '*I-EGF was de-
graded compared with the control cells (Fig. 9 E). Our results
with Alexa 488-Tfn and 'I-EGF show that both the Tfn and
EGF pathways are affected by COPI depletion: early endosome
function is impaired leading to reduced internalization from the
plasma membrane, reduced recycling from perinuclear early
endosomes, and reduced degradation in late endosomes.
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Figure 7. GFP-LC3 AVs are LAMP2 positive. (A) 293/GFP-LC3 cells were incubated with control or B'- or «-COP siRNA for 48 h, fixed and labeled with
anti-LAMP2 antibodies, followed by Alexa 555 anti-mouse antibodies. After COPI depletion many GFP-LC3-positive AVs are positive for LAMP2. Asterisk
indicates cell enlarged in inset. (B) Cryosections of 3-COP-depleted cells labeled with anti-GFP (left) or anti-GFP and anti-LAMP2 (right) followed by protein A-
gold as indicated. AV, autophagosomes, M, mitochondria.
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Figure 8. GFP-LC3-positive AVs colocalize TGN46 and early endocytotic markers after COPI depletion. (A) 293 /GFP-LC3 cells were incubated with siRNA
for B’-COP or control siRNA (Cont) for 48 h, processed for immunofluorescence, and labeled with antibodies for TGN46. In (B) siRNA-treated cells were
fixed and labeled, or starved for 2 h (St), and labeled with antibodies to EEAT1. (C) Control-starved HEK293 cells were labeled for endogenous LC3 and
EEA1 by double labeling after methanol fixation. (D) After siRNA treatment, rhodamine-labeled dextran was internalized for 20 min, followed by a 40-min
chase after which the 293 /GFP-LC3 cells were fixed and analyzed by confocal microscopy.
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Figure 9. Transferrin and EGF trafficking is inhibited by COPI depletion. 293/GFP-LC3 cells were treated with B’-COP siRNA or control siRNA. After
48 h cells were incubated with Alexa 555 transferrin (A) for 2 min, (B) 30 min, or (C) 30 min followed by a 30-min chase, then washed and fixed and
analyzed by confocal microscopy. (D and E) '*.EGF was added to Hela cells after 48 h of siRNA depletion of B’-COP, or control siRNA for 10 min. The
cells were then washed as described in the Materials and methods, and chased for 30, 60, 120, and 180 min (including 10-min incubation). (D) The
amount of '2°I-EGF internalized was shown as a percentage of the total '2°l-EGF taken up in 10 min. (E) The amount of degraded '?l-EGF was defermined
as a percentage of the total radioactivity present after TCA precipitation over the total '2’-EGF internalized. The experiment was performed three times in
duplicate and the data shown is the mean + SEM. The significance was determined by Student's t fest. *, P < 0.05.
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A consequence of altered trafficking of growth factor recep-
tors could be a decrease in the uptake of nutrients and the genera-
tion of a starvation signal. Thus, COPI depletion could potentially
be causing a chronic starvation signal by down-regulating Tfn and
EGF receptors. To investigate this possibility we took three ap-
proaches. First, we mimicked growth factor receptor deprivation
by withdrawing serum from the cells. Although we did observe an
induction of GFP-LC3—positive AVs, the kinetics of formation
and consumption was different from the effects of COPI deple-
tion; a maximum response was obtained at 15 h serum starvation,
which disappeared after 24 h serum starvation. Second, we mea-
sured amino acid uptake in COPI-depleted cells in comparison to
siRNA treated control cells in full medium or after starvation.
In control starved cells we observed a 10-fold increase in ['*C]-
valine uptake, but basal uptake in the COPI-depleted cells. In fact,
after 72 h COPI depletion, the levels of valine uptake per cell
were identical to control fed cells. Interestingly, COPI-depleted
cells after 2 h starvation showed a similar increase to control
starved cells. Our third approach was to use 11 mM methyl pyru-
vate (Guenther et al., 2008), shown to function as a transporter-
independent source of nutrients; addition of methyl pyruvate 24 h
before harvesting COPI-depleted cells had little effect on GFP-
LC3-1I accumulation, whereas its addition inhibited the GFP-
LC3-II conversion in control starved cells (unpublished data).

Discussion

Nascent AVs (AVis) are double-membrane vesicles containing
sequestered cytoplasmic proteins and organelles. AVis only be-
come degradative (AVds) when they fuse with endosomes. It has
been proposed that a sequential fusion event between AVis and
different types of endosomal vesicles or endosomes is required
for AVi maturation to AVds or autolysosomes (Dunn, 1990;
Eskelinen, 2005). Although recent data have highlighted the im-
portance of late endocytic machinery in the autophagic response,
in particular the ESCRT complex (Filimonenko et al., 2007; Lee
et al., 2007; Rusten et al., 2007), there is no direct evidence
that fusion of early endosomes is required for AV maturation.
Through our analysis of 3'-COP, identified as a potential nega-
tive regulator of autophagy (Chan et al., 2007), we have shown
that functional early endosomes are required for autophagy.

We show that loss of COPI subunits ', o, and 3 results in an
inhibition of AV maturation and subsequently causes an accumula-
tion of AVs. The accumulation of AVs after COPI depletion is ro-
bust, and raises the question of whether basal autophagy is also
increased by loss of COPL This hypothesis is difficult to directly
test in our model system, as the siRNA depletion of COPI occurs
over 48 h and the levels of COP subunits decrease gradually. How-
ever, we have determined the extent of AV accumulation that could
be detected in control, untreated 293/GFP-LC3 cells after basal au-
tophagy was blocked for 5, 25, or 50 h by culturing the 293/GFP-
LC3 cells in normal culture medium in the presence of leupeptin
(unpublished data). After 25 h of leupeptin treatment there was a
significant accumulation of basal AVs, which was comparable to
48 h siRNA depletion of COP subunits, leading us to suggest that
the primary effect exerted by COPI depletion was an inhibition of
maturation of AVs that formed in basal conditions.
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The COPI complex has been shown to function in both
anterograde and retrograde transport to and through the Golgi com-
plex, as well as in early endosome maturation. We found that loss
of either B'-, a-, and B-COP, gave identical results on both Golgi
morphology and AV accumulation. Previous data using a stable
temperature sensitive CHO cell line (1d1-F cells), in which e-COP
is degraded at the nonpermissive temperature, show a loss of the
Golgi complex similar to our observations (Guo et al., 1994),
whereas siRNA depletion of 3-COP (Styers et al., 2008) showed
a collapse of ERGIC and Golgi markers into a common compart-
ment. The differences in Golgi morphology between our 3-COP
depletion experiments and those in Styers et al. [2008] are likely
to be caused by differences in the level of 3-COP depletion, or
differences in the levels of the other COPs: we reproducibly saw
a-COP decreased after B'- and 3-COP depletion, and '-COP
decreased after 3-COP depletion.

Having observed a profound affect on the Golgi complex
after 48 h of B'-COP depletion, we asked if the disruption of the
Golgi complex was responsible for the accumulation of AVs. In a
time-course experiment we observed that after 24 h siRNA de-
pletion Golgi morphology was already perturbed, suggesting that
Golgi fragmentation was the cause of the increase in AVs. We
tested this hypothesis using siRNA depletion of Rab1, which has
a similar effect of Golgi morphology and function (Haas et al.,
2007), and saw that disassembly of the Golgi, by itself, did not
cause an accumulation of AVs.

We found an increased number of p62 and Ub-positive
structures, which colocalize with GFP-LC3 after COPI depletion,
in agreement with previous data demonstrating an increase in p62
levels after a block in autophagic turnover (Pankiv et al., 2007).
Furthermore, as p62 has an ubiquitin-associated domain (UBA),
which interacts with Ub (Geetha and Wooten, 2002), the colocal-
ization we detect of Ub with p62 and GFP-LC3 in AV represents
a pool of Ub sequestered into AV's via an interaction with p62. In-
triguingly, our data also show that some of the Ub is present on
the cytoplasmic surface of small vesicles and tubules, and these
are also sequestered into AVs. The origin of these small vesicles
and tubules is unknown, but we speculate that they originate from
compartments that, after COPI depletion, have undergone vesicu-
lation or other alterations leading to damage and recruitment of
Ub. Although we have no data to support this hypothesis, and in-
deed we did not detect a colocalization of GM130 with Ub, we
speculate that ubiquitination of the fragmented or damaged com-
partments may be a signal to target them to AVs. It is also possible
that ubiquitinated vesicles or compartments accumulated in re-
gions where AVs are forming or expanding and were nonselec-
tively sequestered. Further experiments are required to determine
the origin and fate of the ubiquitinated vesicular structures.

After siRNA depletion of COPI subunits we observed an
inhibition of Tfn internalization and recycling, in agreement
with previous reports (Guo et al., 1994; Daro et al., 1997; Styers
et al., 2008). In addition, we found B'-COP depletion caused a
decreased internalization and degradation of I2IEGEF, in line
with previous results showing a delayed delivery of Texas red—
labeled biotinylated EGF to 1gp-95 (lysosomal glycoprotein-95)
positive structures (Daro et al., 1997). Endosomes have been
shown to have COPI coats and the early studies demonstrated a
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role for COPI in endocytosis of virus (Whitney et al., 1995), in
endosomal carrier vesicle formation and MVB maturation using
the inhibitory M3 A5 monoclonal raised against 3-COP (Whitney
etal., 1995; Aniento et al., 1996) and in assays using the 1d1F cells
(Guetal., 1997). More recently, in yeast COPI has been shown to
be required for endosomal transport to the vacuole, similar to the
class E yeast vacuolar protein sorting (Vps) mutants involved in
MVB formation (Gabriely et al., 2007). Finally, the endosomal
pool of COPI has been shown to be used by anthrax lethal factor
for translocation across endosomal membranes (Tamayo et al.,
2008), providing independent evidence for a role of COPI in endo-
some function. An alternative scenario that we have tested is
that COPI depletion through its inhibition of Tfn and EGF inter-
nalization may generate a starvation signal, inducing autophagy
independently of endosome function. Although we found serum
deprivation induced GFP-LC3 AV formation after a short serum
starvation, the cells adapted to the absence of serum by 24 h and
GFP-LC3 AVs were no longer detected. In addition, our assays
for amino acid uptake and sensitivity to methyl pyruvate suggest
that the COPI-depleted cells are not in a state of chronic starva-
tion due to loss of growth factor signaling.

We hypothesize that loss of the endosomal pool of COPI
results in the accumulation of GFP-LC3—positive endosomes
due to a defect in early endosome maturation. The accumulating
AVs are not acidic or LTR positive, and lack lysosomal prote-
ases such as cathepsin D (unpublished data), but are LAMP
positive and contain TGN46.

Our data demonstrating a colocalization of endogenous
LC3 with EEA1 provide strong evidence that under normal star-
vation conditions there is fusion of early endosomes with AV,
and suggest that the EEA1-positive endosomes are involved in
AV maturation. Other evidence in hepatocytes and exocrine pan-
creatic cells supports the notion that early endosomes can fuse
with AVis (Gordon and Seglen, 1988; Tooze et al., 1990). In con-
trast, and in agreement with Fass et al., 2006 we did not see a
robust colocalization of GFP-LC3 with EEA1. We attribute this
difference to quenching of GFP in the EEA1-positive compart-
ment. However, we have tested the requirement for EEA1 in AV
maturation by transfection of an siRNA shown previously to de-
plete EEA1 (Leonard et al., 2008), and found that loss of EEA1
did not result in the accumulation of GFP-LC3—positive AVs, or
GFP-LC3-1I (unpublished data). Why does loss of EEA1 not
lead to AV accumulation as seen with COPI disruption?

Recent data examining the role of EEA1 in endocytosis
suggest that EEA1-positive endosomes may have a specialized
function for sorting EGFR into a degradative compartment, and
may not be required for Tfn recycling (Leonard et al., 2008). It
was proposed that Tfn-containing endosomes only associate with
EEA1-positive endosomes, while EGF containing endocytic ves-
icles dock and fuse with the EEA1-positive endosomes due to a
requirement for Rab5. We speculate that under basal conditions,
AVi maturation can by-pass the EEA1-dependent endosome, al-
though this remains to be further demonstrated. Our data show-
ing the requirement of COPI in both Tfn and EGF trafficking
indicate that COPI might have broader functions in endosomal
trafficking possibly by acting upstream of the EEA1-positive
endosomes. What are these endosomes upstream of EEA1? One

possibility is that they are VEs, previously demonstrated to
undergo fusion with AVis, and are both LAMP2 positive, and
accessible to endocytotic tracers after 10 min (Liou et al., 1997).
Further experiments are required to characterize these VEs, and
for instance to investigate if they contain TGN46, before we can
fully understand the role of this compartment.

Our data demonstrate that GFP-LC3—positive AVs accumu-
lated in COPI-depleted cells due to an inhibition of early endo-
some function, resulting in the formation of AVs that cannot
mature. Previous data have shown that AV accumulation occurs
after disruption of ESCRT on late endosomes (Filimonenko et al.,
2007; Kim et al., 2007; Lee et al., 2007). Collectively, these re-
sults demonstrate a role for both early endosomes and late endo-
somes in autophagy. Our data provide direct evidence that early
endosome fusion with AVs is a prerequisite for AV maturation,
and occurs before fusion with late endosomes and MVBs.
Whether the inhibition of early endosome function and conse-
quently AVi maturation gives rise to a pathological disease state
similar to the neurodegenerative diseases associated with ESCRT
loss of function remains to be determined.

Materials and methods

Cell lines and reagents

Hela, HEK293A, and 293/GFP-LC3 cells (Chan et al., 2007), a stable
HEK293A cell line expressing rat GFP-LC3, were cultured in DMEM contain-
ing 10% FCS. For indirect immunofluorescence and EM, HEK293 or 293/
GFPLC3 cells were plated on poly-Dlysine—coated coverslips. Salubrinal was
from Axxora; Radionucleotides were from PerkinElmer; Oligofectamine 2000
was from Invitrogen; Tunicamycin was from Sigma-Aldrich.

Transfection and siRNA reagents

siRNAs were transfected with Oligofectamine using the manufacturer’s proto-
col. All siRNAs were purchased from Thermo Fisher Scientific and the sequences
are as follows: Control nontargeting siRNA duplex (D-001210-021), g'-COP
(D-01984701), BCOP (D-01794001), and «-COP (M011835:01). Rabla
and 1b (-008283-00 and -008958-01), sec23A and sec23B (M-009582-00
and M-009592-00), Atg5 (M-004374-01), and Atg7 (M-020112-01). EEA1
siRNA was as published (Leonard et al., 2008). Cells were transfected with
siRNA for 48-72 h unless otherwise stated.

Immunoblotting

Immunoblotting was performed on cells lysed in 1x SDS sample buffer.
Antibodies used were rabbit anti-3’-COP (891) and rabbit anti-w, -B'-, y-COP
(883), both from Prof. Felix Wieland (University of Heidelberg, Heidel-
berg, Germany), and rabbit anti-EAGE B-COP (STO235) (Duden et al.,
1991). Rabbit anti-Atg5 (Cosmo Bio Ltd); anti-Atg7 (Novus); rabbit anti-
Rab1 (Santa Cruz Biotechnology, Inc.); mouse anti-Sec23 (ABR); rabbit
anti-GFP [Dr. T. Hunt (CRUK)]; monoclonal anti-lC3 (5F10) (Nanotools);
rabbit anti-calreticulin (Bioquote); goat anti-cathepsin D antibody (Santa
Cruz Biotechnology, Inc.); rabbit anti-tubulin (Abcam). HRP-conjugated sec-
ondary antibodies were revealed using ECL (GE Healthcare) according to
the manufacturer’s instructions.

Indirect immunofluorescence

Indirect immunofluorescence was performed using a standard protocol on
cells fixed with 3% PFA in PBS, permeabilized in 0.2% Triton X-100, and a
20-min incubation in 0.5% BSA. For endogenous LC3 (using 5F10) we
fixed the cells with —20°C methanol for 5 min. Cells were then incubated
with primary antibody followed by a secondary antibody in PBS contain-
ing 0.1% BSA. Mouse LAMP2 (CD107B) antibody was from BD Bio-
sciences, guinea pig anti-p62 from Progen, mouse anti-CI-MPR from Abcam,
rabbit anti-ubiquitin from Dako, mouse anti-ERGIC-53 from Qbiogene,
mouse anti-GM130 from BD Biosciences, and sheep anti-TGN46 from
AbD Serotec. Rabbit anti-EEAT antibody was a gift of M. Clague (Univer-
sity of Liverpool, UK). Alexa-conjugated transferrin, secondary antibodies,
and Lysotracker red were from Invitrogen. Lysotracker was used following
the manufacturer’s instructions. Rhodamine-labeled dextran (Invitrogen)
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was used at 0.5 mg/ml in growth medium. Cells were examined and imaged
with a Zeiss LSM 510 laser-scanning confocal microscope equipped with a
63x, 1.4 NA, Plan Apochromat oil-immersion objective (Carl Zeiss, Inc.). Im-
ages were processed using LSM 510 software. Magic Red-RR), (Immuno-
chemistry Technologies, LLC) was added to the adherent cells for 20 min, after
which they were removed by trypsinization, and analyzed in a LSR Il FACS
(Becton Dickinson) using excitation of 592 nm and emission of 628 nm.

Long-lived protein degradation and amino acid uptake
Long-lived protein degradation was performed as described previously
(Chan et al., 2007). In brief, 293 /GFP-LC3 cells were transfected with
siRNA against '-COP. 48 h later, labeling medium (DMEM, 10% dialyzed
FBS containing ['“C]-valine [0.2 pCi/ml, GE], and 65 pM unlabeled valine)
was added to the cells. After 18 h, the labeling medium was replaced with
chase medium (DMEM, 10% FCS, and 2 mM unlabeled valine) for 4 h.
After the chase, cells were incubated in EBSS and 2 mM valine for 2 h to
stimulate autophagy. The cells and media were collected, and separately
subjected to trichloroacetic acid (TCA) precipitation by the addition of ice-
cold TCA to 10%. The percentage of autophagic degradation was quanti-
fied as (TCA-soluble counts from medium)/(TCA-soluble counts from medium) +
(TCA-insoluble counts from the cells) (Gronostajski and Pardee, 1984).
Amino acid uptake was performed using 0.2 pCi/ml ['“C]-valine in
labeling medium for 3 h either to control cells, or cells after 72 h siRNA
transfection. Radioactivity was measured in the cells after washing. Viable
cell number was determined from duplicate wells.

EGF internalization and degradation

Hela cells were transfected with siRNA using Oligofectamine, and 72 h
later cells were serum starved for at least 1 h followed by an incubation with
125.EGF (1 ng/ml) in binding medium (0.05% BSA in serum-free DMEM,) for
10 min at 37°C. Cells were surface stripped using 0.1 M glycine and 0.9%
NaCl, pH 3.0, at 4°C, washed with binding medium, and placed in fresh
prewarmed 37°C binding medium. After each time point the medium was
collected and replaced by fresh medium for the subsequent time point. The
collected media were TCA (20% final) precipitated at 4°C for 1 h. TCA-
insoluble proteins were pelleted by centrifugation at 14,000 g at 4°C, and
the soluble supernatant was collected. Cells were lysed in 1% Triton X-100,
and the radioactivity in the chase medium, the TCA soluble supernatant,
and cell lysates were counted to determine the percentage of EGF degrada-
tion and recycling.

Electron microscopy

Cells were fixed in 0.1 M cacodylate containing 2% paraformaldehyde and
2% glutaraldehyde and were then embedded using standard procedures
(Hopkins and Trowbridge, 1983). Cryo-immuno-EM was performed on cells
fixed with 4% paraformaldehyde/0.1% glutaraldehyde (for ubiquitin and
LAMP2 labeling cells were fixed only with PFA) in 0.1 M phosphate buffer, pH
7.4, infused with 2.3 M sucrose and supported in 10% gelatin. Sections (70
nm) were cut at —120°C and picked up in 1:1 sucrose/methylcellulose. Pri-
mary antibodies were rabbit anti-ubiquitin (Dako), rabbit anti-GFP antibody
(Abcam), and mouse anti-LAMP2 (BD Biosciences). Sections were then lo-
beled using protein A—gold as described previously (Slot and Geuze, 2007).
Sections were visualized in a FEl Technai G2 Spirit Biotwin transmission elec-
tron microscopic and an Ultrascan 1000 CCD camera and software.

Online supplemental material

Figure S1 shows the effect of B'-, a-, and B-COP on the structure of the Golgi
complex by transmission electron microscopy. Figure S2 shows that COPI
depletion does not cause ER stress. Figure S3 A shows the morphology of
the AVs accumulating in COP-depleted cells by transmission electron micros-
copy. Figure S3 B confirms GFP-LC3 is not quenched in acidic structures.
Figure S4 shows the cryo-immuno electron microscopy of 293/GFP-LC3
cells after 48 h COPI depletion labeled for Ub and GFP. Figure S5 A shows
cathepsin D is correctly stored and processed after COPI depletion, or Rab]1
depletion. Figure S5 B shows that CI-MPR after COPI depletion is dispersed
and not colocalized with GFP-LC3. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200810098/DC1.
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