














Figure 3. Therole of endosomes and Class Il PI3-kinase complexes in autophagosome maturatioMaturation of autophagosomes has been shown to
require functional early endosomes, multivesicular bodies (MVBs) and late endosomes. COPI is important for early steps in endocytosis and for autophago-
some maturation (Razi et al., 2009). Similarly, the ESCRT complexes participate in autophagosome maturation and later steps of endocytosis (Raiborg and
Stenmark, 2009). Loss of either COPI or ESCRT results in the accumulation of autophagosomes and amphisomes. Loss of the Class Il PI3K subcomplex
p150-Vps34 (see Fig. 2) would also be predicted to have a similar inhibition of maturation as it is required to maintain endosomal function on Rab5- and
Rab7-positive endosomes. Of the Class Ill PI3K complexes, the UVRAG complex, described in Fig. 2 and the Rubicon complex (p150-Vps34—Beclinl—
UVRAG-Rubicon) regulate autophagosome maturation (Matsunaga et al., 2009; Zhong et al., 2009). UVRAG, required for endosome function, positively
regulates maturation and autophagy, while the association of Rubicon to UVRAG causes an inhibition of autophagic maturation. Note: Rubicon complex
also reduces the activity of the Class Il PI3K. The composition of the complexes is shown in the box. UVRAG can also associate with the core class C-Vps
complex, containing Vps11, 16, 18, and 33, independently of Beclinl, and this interaction accelerates autophagy (Liang et al., 2008), perhaps though
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stimulation of Rab7 activity.

Very recently the PI3P phosphatase Jumpy (also known as
MTMR14) was found to negatively regulate autophagosome
formation (Vergne et al., 2009). Jumpy localizes to Atg16L-
positive membranes and its depletion was found to increase
both basal and starvation-induced autophagy, as well as accu-
mulation of WIPI-1 on autophagic membranes. In contrast, ec-
topic expression of Jumpy inhibited autophagy and increased
the association of mAtg9 with autophagic membranes. Interest-
ingly, expression of a Jumpy mutant with a defect phosphatase
activity, corresponding to a mutation found in patients with
centronuclear myopathy, did not down-regulate autophagy.
Thus, negative regulation of autophagic PI3P levels clearly has
important physiological functions.

In conclusion, formation of autophagosomes is a tightly
regulated process that involves a complex hierarchical interrela-
tionship of the Atg and Vps proteins in which PI3K complex I
plays a key role, but the full molecular details of how the IM ex-
pands and closes remain to be understood. Another open ques-
tion is whether similar mechanisms are involved in IM expansion
during selective autophagy, for example protein aggregate—
mediated autophagy, as the autophagy-inducing signals during
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selective autophagy are likely to be different than signals induc-
ing autophagy downstream of amino acid starvation.

Molecular regulation of autophagosome
maturation

The process of autophagy culminates at the maturation step
when the nascent autophagosomes fuse with the endosomal/
lysosomal system to create a fully functional degradative
compartment, the autolysosome (Fig. 3). Maturation into an auto-
lysosome may occur by a single- or multi-step fusion process.
Single-step fusion of autophagosomes with lysosomes would
generate a fully degradative autolysosome, which seems to be
the normal process in yeast, but evidence that this occurs in
mammalian cells is lacking. Thus, it has been proposed that
maturation occurs by sequential fusions with different endo-
somal populations (Dunn, 1990).

Compared with the formation process, more is known
about maturation of autophagosomes. However, among the many
questions about maturation, two are relevant here: first, when is
the autophagosome ready to undergo fusion with endosomes;
and second, how does fusion with the endosomal/lysosomal



system occur? As mentioned above, loss of the Atg1 6L complex
and LC3-II from the surface of the autophagosome appears to
be one requirement for fusion of autophagosomes with endo-
somes, but the composition of the fusion-ready autophagosome
is not known. In particular, is the PI3K still active on the au-
tophagosome? And is PI3P present on the surface of the au-
tophagosome? Recent data in yeast would suggest that there is
no PI3P on the outer surface of the closed autophagosomes, and
in fact PI3P is accumulated on the inner surface (Obara and
Ohsumi, 2008), but this remains to be examined in mammalian
cells. Thus, whereas PI3P and its effector(s) clearly are directly
involved in autophagosome formation, their role in autophago-
some maturation is likely to be indirect, through recruitment of
the endocytic machinery required to obtain functional endocytic
compartments that can fuse with autophagosomes to form am-
phisomes. Significant progress in understanding this process
has been made recently by exploiting alterations of the machin-
ery involved in the endocytic pathway, either through siRNA-
mediated protein depletion or from genetic models. In addition,
recent knowledge about the class III PI3K complex II (Vps34,
p150, Beclinl, and UVRAG) has also advanced our understand-
ing of the maturation process, and highlights the close intimacy
between the autophagic and endocytic pathways.

The endosomal pathway functions to internalize into
cells nutrients and growth factors bound to their cognate recep-
tors, thereby mediating cell survival, as well as transmitting
signals to control growth and differentiation. Briefly, the endo-
cytic pathway is comprised of early compartments having a
neutral pH, and that can be identified by the association of the
small GTPase Rab5. Whereas the nutrient receptors partition
into vesicles that recycle to the plasma membrane, growth fac-
tor receptors become internalized into the intraluminal vesicles
of multivesicular bodies (MVBs). These mature into or later
fuse with more acidic compartments that are positive for Rab7,
and finally the receptors are degraded in the lysosome (see
Figs. 2 and 3). This entire process requires the action of the
class III PI3K, as well as the COPI, ESCRT, and HOPS com-
plexes. Other information about the molecules involved in the
fusion event (SNARE proteins and Rab proteins, for example)
will not be discussed, as they have been recently reviewed else-
where (Longatti and Tooze, 2009).

copl. Coat protein complex I (COPI) is required for
ER-Golgi transport (Lee et al., 2004), and maintenance of
endosomal/lysosomal function, which has been shown to depend
on three of the seven coatomer subunits, a-, 3-, and e-COP, of the
COP coat (Whitney et al., 1995; Guo et al., 1996; Daro et al.,
1997; Gu et al., 1997; Styers et al., 2008). More recently, in
yeast COPI has been shown to be required for endosomal trans-
port to the vacuole, similar to the class E yeast vacuolar protein
sorting (Vps) mutants involved in MVB formation, and indeed
&-COP has been shown to interact with Vps27/Hrs, suggesting
COPI recruitment may also be sensitive to PI3P levels (Gabriely
et al., 2007). siRNA-mediated depletion of coatomer subunits
o, B, and B’ results in the accumulation of GFP-LC3—positive
autophagosomes, which are not degradative (Razi et al., 2009).
These autophagosomes are not acidic, but are Golgi (TGN46)
and LAMP-2 (lysosomal membrane protein 2) positive, and a

small percent also contain early endocytic marker EEA1 (early
endosomal autoantigen 1) and an internalized fluid phase marker,
Rhodamine dextran, demonstrating they are amphisomes that
contain early endosomal markers. Furthermore, loss of COPI
results in the accumulation of p62/SQSTM1 (an LC3-binding
protein sequestered into autophagosomes) and ubiquitin-positive
vesicular structures, and p62 and ubiquitin-positive amphisomes.
As expected from its role in ER-Golgi transport, COPI deple-
tion disrupts the Golgi complex, but the effect on autophagy is
due solely to the disruption of its function on the early endosome.
Although the accumulation of p62- and Ub-labeled structures is
similar to the phenotype observed in mouse models defective in
autophagy, it remains to be determined if alterations in autoph-
agy due to loss of COPI have physiological consequences, similar
to that observed with loss of ESCRTs (see below) in neuro-
degenerative diseases. Finally, as mentioned above, the UVRAG-
associated protein BIF-1 is also required for COPI vesicle
budding via interaction with ARF-GAP (Yang et al., 2005). Thus,
the role of COPI on the endosome, and in autophagosome
maturation, might be related to the interaction of UVRAG/BIF-1
with ARF-GAP.

EsSCcRTs. The endosomal sorting complex required for
transport (ESCRT), first characterized as vacuolar protein
sorting (Vps) mutants in yeast (Babst et al., 1998), consists of
four multi-protein subcomplexes (ESCRT-0, -1, -II, and -III)
that are required for MVB formation and sorting of ubiqui-
tinated integral membrane receptors into the intraluminal vesicles
of the MVB (see Fig. 3). PI3P production in the endosomal
membrane is essential for membrane recruitment of the ESCRTs;
the ESCRT-0 complex is recruited to endosomal membranes
through the binding of the FYVE domain—containing protein
Vps27p/Hrs to PI3P in the endosomal membrane. Moreover,
PI3P binding of the ESCRT-II subunit Vps36p/EAP45 is impor-
tant for its function in vacuolar sorting, suggesting that PI3P
also contributes to the endosomal recruitment of ESCRT-II. The
ESCRT complexes dissociate from the endosomal membrane
by the action of the AAA ATPase Vps4/SKD-1 upon forma-
tion of an intraluminal vesicle (for review see Raiborg and
Stenmark, 2009). Loss of any of the ESCRT components or
Vps4/SKD-1 results in an inhibition of MVB formation and
retention of the internalized receptor on the surface of the endo-
some, which has severe consequences on the duration of the
growth factor signaling pathway which might cause cancer
(Haglund et al., 2007).

Studies in nematodes, flies, and mammals have revealed
that several ESCRT subunits are essential for autophagy (Rusten
and Stenmark, 2009). Deletion of ESCRT-0 (Hrs), ESCRT-I
(Vps28/Tsgl01), ESCRT-II (Vps22, Vps25), ESCRT-III (Vps2B,
Vps24, Vps32), or Vps4 (AAA-ATPase) was generally found to
result in accumulation of nondegradative autophagosomes and
sometimes accumulation of cytoplasmic protein aggregates con-
taining ubiquitinated proteins and p62. The fact that overexpres-
sion of an ESCRT-III subunit mutant, Vps2B/CHMP2B™™",
corresponding to a mutation found in patients with fronto-
temporal dementia (FTD) in cortical neurons of mice (Lee et al.,
2007) or in HeLa cells (Filimonenko et al., 2007) caused a similar
phenotype, implies that ESCRT-mediated control of autophagy
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is physiologically important. Thus, a functional pool of MVBs
seems to be essential for autophagosome maturation by provid-
ing target organelles for fusion. However, it cannot be entirely
excluded that loss of ESCRT function resulted in a closure de-
fect, and that expanded but not closed IMs accumulated. In fact,
the membrane topology of a closing autophagosome is the same
as that involving the abscission of an inward-budding vesicle on
the endosome, abscission of a virus from the plasma membrane,
and of two cells during the final stage of cytokinesis, all known
to require the ESCRT machinery. Thus, one might speculate that
components of the ESCRT machinery, as well as Vps4, may be
responsible for final closure of autophagosomes (for review see
Longatti and Tooze, 2009; Raiborg and Stenmark, 2009). How-
ever, the fact that deletion of ESCRT proteins in yeast does not
seem to affect autophagy (Epple et al., 2003; Reggiori et al.,
2004b) argues against this hypothesis and in favor of the endo-
some fusion defect hypothesis, as yeast autophagosomes fuse
directly with the yeast vacuole. One can also not rule out the pos-
sibility that the increased number of autophagosomes found in
ESCRT-depleted cells in part is due to elevated autophagosome
formation, as JNK, which induces autophagy, was found to be-
come activated in fly tissue lacking functional ESCRT subunits
(Herz et al., 2006; Rodahl et al., 2009).

The evidence demonstrating that COPI and ESCRT are
both required for autophagy supports the stepwise fusion
model. Fusion of autophagosomes with early endosomes may
allow delivery of proton pumps and LAMPs, whereas subse-
quent fusion with MVBs may provide mannose-6-phosphate
receptors, which bind and deliver lysosomal enzymes to acidic
late endosomes. In addition, fusion of autophagosomes with
the early endosome would provide the fused amphisome
with proteins of the early endosomes, including, but not only
SNARE proteins, thus facilitating recognition of the auto-
phagosome by the late endosome, and likewise further fusion
with late endosomes would facilitate recognition with lyso-
somes. One could hypothesize that this mechanism provides
an increase in specificity and efficiency of fusion during auto-
phagosome maturation.

PIBK complex Il and C-Vps complexes. The
Vps34 PI3K and its adaptor p150 have previously been found
to interact both with the early endosome GTPase Rab5
(Christoforidis et al., 1999) and with late endosomal Rab7
(Stein et al., 2005). It is known that PI3P production on early
endosomes is essential for recruitment of PI3P-binding proteins
to early endosomes (e.g., EEA1 and ESCRT subunits) and thus
for endosome fusion and MVB formation. What is not known is
whether Rab5- and Rab7-associated Vps34 exist in a complex
containing Beclinl and any of its interacting partners, but it is
likely that the PI3K complex II, known to regulate endocytic
trafficking, also can engage in a complex with Rab5 or Rab7.

UVRAG, proposed to be the putative Vps38 orthologue,
was found in a complex with Vps34, p150, and Beclinl
(Itakura et al., 2008; Sun et al., 2008; Matsunaga et al., 2009;
Zhong et al., 2009). A role of UVRAG as a complex II subunit
is supported by recent data showing that UVRAG colocalizes
with Rab9-positive endosomes (Itakura et al., 2008) and inter-
acts with the core class C Vps complex (C-Vps; see Fig. 3),
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containing the proteins Vpsl1, Vps16, Vpsl18, and Vps33 (Liang
et al., 2008). This complex, together with the subunits Vps39/
Vam6 and Vps41, make up the HOPS (homotypic vacuole
fusion and protein sorting) complex, known to regulate tethering
and fusion of endosomes to the yeast vacuole, as well as lyso-
somal delivery and autophagosome maturation in Drosophila
(Sevrioukov et al., 1999; Pulipparacharuvil et al., 2005; Lindmo
et al., 2006). HOPS is an established GEF for Rab 7 (Wurmser
et al., 2000), but also interacts with Rab 5 and has been found
to be required for Rab 5-to-Rab 7 conversion (Rink et al., 2005).
However, Vps38 also functions in the retromer-dependent transport
pathway in yeast (Burda et al., 2002), a role so far not attrib-
uted to UVRAG.

Another C-Vps endosomal tethering complex, CORVET
(class C core vacuole/endosome tethering), containing Vps3
and Vps8 in addition to the core subunits, was found to interact
with the yeast Rab GTPase Vps21 (Rab5) (Peplowska et al.,
2007). Interestingly, the CORVET and HOPS complexes can
also interconvert, and two additional intermediate complexes
were found. The C-Vps complexes are known to couple Rab
activation and SNARE assembly during endosome fusion (Seals
et al., 2000). Thus, it is likely that modular assembled tethering
complexes, regulated by Vps34-Beclinl complexes and Rab
proteins, define organelle biogenesis in the endocytic as well as
in the autophagic pathway.

In addition, a separate stable Vps34-Vpsl5-Beclinl-
UVRAG complex also containing the protein Rubicon (RUN
domain and cysteine-rich domain containing, Beclinl-interacting
protein) was identified (Matsunaga et al., 2009; Zhong et al.,
2009) (see Fig. 3). In contrast to Atg14L, Rubicon was found to
reduce Vps34 activity and inhibit autophagy; although depletion
of Rubicon caused increased autophagy and endocytosis, ecto-
pic expression of Rubicon resulted in aberrant late endosomal/
lysosomal structures and impaired autophagosome maturation.
It seems likely that the PI3K complex II previously found at
early and late endosomes is also regulated by Rubicon, as de-
pletion of Rubicon accelerates EGFR degradation (Matsunaga
et al., 2009). Rubicon appears to colocalize both with early
(EEA1-positive), MVB (LBPA-positive), and late endosomes
(Lamp1) (Matsunaga et al., 2009; Zhong et al., 2009). Thus, its
expression level might regulate autophagy at multiple steps,
starting from fusion with early endosomes. This is supported by
the findings that the loss of Rubicon drove the formation of
GFP-LC3-LAMP1—positive autolysosomes (Matsunaga et al.,
2009). The fact that Rubicon contains a RUN domain, a domain
found in several proteins involved in regulation of Ras-like
GTPase activity (e.g., Rab proteins), makes it tempting to spec-
ulate that Rubicon could be a Rab effector protein which might
regulate the activity of endocytic Rab proteins.

In conclusion, a burst of recent papers has provided evidence
that several mammalian Vps34-Beclinl complexes exist that all
seem to closely regulate the autophagic pathway, either at the early
stage of autophagosome formation and/or at later stages when the
autophagosomes mature by fusion with endocytic compartments.
The localization and activity of the Vps34 complexes seems to be
tightly interconnected with other vesicular trafficking components,
in particular Rab proteins, the ESCRT machinery, and C-Vps



complexes. Future studies will likely elucidate the intricate net-
work of intracellular compartments whose function is modulated
and manipulated by key regulators, such as PI3K, to respond to
amplification of stress—response pathways such as autophagy.
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