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a b s t r a c t

Autophagy is an intracellular degradation system that, as a basic mechanism it delivers cytoplasmic
components to the lysosomes in order to maintain adequate energy levels and cellular homeostasis.
This complex cellular process is activated by low cellular nutrient levels and other stress situations
such as low ATP levels, the accumulation of damaged proteins or organelles, or pathogen invasion.
Autophagy as a multistep process involves vesicular transport events leading to tethering and fusion
of autophagic vesicles with several intracellular compartments. This review summarizes our current
understanding of the autophagic pathway with emphasis in the trafficking machinery (i.e. Rabs
GTPases and SNAP receptors (SNAREs)) involved in specific steps of the pathway.
� 2015 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
1. Introduction to autophagy macroautophagy (hereafter autophagy) is the most comprehen-
Three major types of autophagy have been described in mam-
malian cells so far: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA). These autophagic pro-
cesses differ not only in terms of mechanistic and morphological
characteristics but also in the factors involved. Among these types,
sively studied and best characterized process (for a review see
[1]). This evolutionarily conserved ‘‘autodigestion program” has a
critical role in the maintenance of the cellular metabolism accord-
ing to the cellular nutritional status. Another critical role of autop-
hagy is the removal of dysfunctional organelles in a fast and
efficient way as well as to participate actively as a defense mecha-
nism against invading pathogens [2–5] (see Fig. 1).

Upon autophagy induction, proteins and cytoplasmic compo-
nents are trapped in double membrane structures known as
autophagosomes which fuse with lysosomes to generate autolyso-
somes. The cargoes are subsequently broken down and the gener-
ated molecules (i.e. amino acids, nucleic acids, free fatty acids,
cholesterol) are recycled back to the cytoplasm to be used by the
cell in anabolic reactions.

The autophagosome biogenesis can be divided into three
sequential steps: phagophore formation, elongation, and sealing
of the isolation membrane to generate a double membrane com-
partment. The phagophore is believed to originate from specialized
regions of the endoplasmic reticulum (i.e. endoplasmic reticulum
exit sites, ERES, [6–8]); (for a recent review see [9]) as well as from
endoplasmic reticulum–mitochondria contact sites [10]. Although
the origin of the phagophore membrane is still a matter of debate,
a bulk of evidence indicates that the growing phagophore takes up
membrane inputs from more than one source. In fact, several
membrane compartments including the endoplasmic reticulum
(ER), mitochondria, the Golgi apparatus and the plasma membrane
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Fig. 1. Model: Regulation of autophagy by Rab GTPases and SNAREs. Participation of different proteins in the general autophagic process schematized in (1) phagophore
formation from specialized regions of the endoplasmic reticulum; (2) phagophore elongation and sealing of the isolated membrane to generate a doublemembrane
compartment called autophagosome; and (3) autophagosome maturation through interactions with late endosomes and lysosomes. (4) Autophagosomes may also fuse with
the plasma membrane in order to release their content to the extracellular space.
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seem to contribute to the formation of the phagosome (for a review
see [11–14]). Subsequently, the newly formed autophagosome
matures through interactions with late endosomes and lysosomes.

2. Critical core machinery involved in autophagy

As a cellular degradation process, the autophagic pathway is
delicately controlled, and numerous critical factors and regulatory
kinases have been identified (for a review see [1,15]). A number of
factors known as ATGs (for ‘‘autophagy-related proteins”) are the
main components involved in autophagy [16,17]. The large major-
ity of these proteins are conserved from yeasts to humans with
many yeast orthologs having been identified in mammalian cells.
Please cite this article in press as: Amaya, C., et al. Autophagy and proteins invo
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One of the initial kinase complexes involved in autophagy is the
ULK1 (UNC-51-like kinase complex 1) [18], which comprises ULK1,
FIP200/RB1CC1 (the 200 kD focal adhesion kinase family-
interacting protein), ATG13, and ATG101. The ULK1 kinase can be
modulated by signals such as amino acid starvation via mTORC1
(mechanistic target of rapamycin complex 1), which senses amino
acids availability and suppresses autophagy, or by glucose depriva-
tion/ATP depletion via the AMP-activated protein kinase (AMPK).
Low levels of ATP activate AMPK which, in turn, inhibits mTORC1
through phosphorylation and activation of the TSC1/2 complex
and the GTPase Rheb [19], stimulating autophagy (for a more
comprehensive analysis of these signalling pathways, please see
[20–22]).
lved in vesicular trafficking. FEBS Lett. (2015), http://dx.doi.org/10.1016/j.
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mTORC1 is an evolutionarily conserved serine–threonine kinase
that functions as a central inhibitor of the autophagic pathway by
suppressing the kinase activity of the ULK1 complex [21,23]. When
mTOR is inhibited by starvation or by rapamycin treatment, ULK1
is activated and phosphorylates ATG13 and FIP200, allowing the
subsequent recruitment of other critical complexes involved in
autophagy (see below). Of note, the association of AMPK1 is pre-
vented by this phosphorylation in ULK1, being this step an inter-
section between the glucose and amino acid signals that regulate
autophagy [24–26].

A second critical complex that is recruited to the phagophore is
the VPS34 (vacuolar protein sorting 34) lipid kinase complex
(a class III phosphatidylinositol 3 kinase, PIK3C3) which also com-
prises Beclin1 (BECN1), VPS15 and ATG14 [27]. This complex gen-
erates PtdIns3P (phosphatidylinositol 3-phosphate) and this
compound is subsequently bound by effectors like WIPI (WD-
repeat-interacting phosphoinositide proteins) and DFCP1 (double
FYVE domain-containing protein 1) that are necessary for the bio-
genesis of the autophagosome (reviewed in [28,29]) Subsequently,
two ubiquitin-like conjugation systems participate in the process:
the first one, leads to the generation of the ATG5–ATG12 conjugate
that then, associates to ATG16L. This latter protein complex acts as
an E3-like enzyme in the second conjugation system, which con-
tributes to the binding of phosphatidylethanolamine (PE) to the
ubiquitin-like Atg8/LC3 (microtubule-associated protein 1-light
chain 3), ([30,31] and reviewed in [32]). These two complexes
which are interrelated mediate membrane elongation and growth
of the developing autophagosome [33].

Another important participant in phagophore expansion and
autophagosome formation is ATG9A (a multi-spanning transmem-
brane protein), the only transmembrane protein among the ATG
proteins. Upon autophagy induction, ATG9A may function as a
membrane supplier via the formation of carriers from the trans-
Golgi network to late endosomes, a process that is dependent on
ULK1 and ATG13 [34], (reviewed in [35,36]).

In summary, the concerted action of the above mentioned ATGs
and other interacting proteins that accomplish essential functions
during autophagy allow the autophagosome generation and its
subsequent fusion with compartments of the endocytic pathway,
thus enabling the degradation and clearance of the trapped autop-
hagic cargoes.
3. Rab GTPases: molecular components involved in tethering

Rab proteins are small GTPases that belong to the Ras-like
GTPase superfamily and regulate the vesicle trafficking route. The
intracellular vesicle transport involves a series of steps: (1) bud-
ding of a vesicle from the donor membrane, (2) targeting of the
vesicle to the acceptor membrane, and (3) docking and fusion with
the target membrane [37]. Rab proteins are mainly involved in the
regulation of these steps.

All Rab GTPases have consensus amino acid sequences to bind
GDP and GTP, being inactive when bound to GDP (cytoplasmic
location) and active when bound to GTP (membrane location).
Although these small GTPases possess some intrinsic activity to
hydrolyze bound GTP to GDP [37] they require the activity of a
GAP (GTPase activating protein) to perform their function. Rabs
use this guanine nucleotide-dependent switch mechanism to reg-
ulate each of the four major steps in membrane traffic: vesicle bud-
ding, delivery, tethering, and fusion. These different processes are
carried out by several effector molecules that bind to specific Rabs
in their GTP-bound state [38]. Rab cascades seem to confer direc-
tionality to membrane traffic and couple each stage of transport
with the next one along the pathway.
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Rabs are also related to autophagy by regulating the transport
and fusion of autophagosomes. However, it remains unclear how
each Rab activation/inactivation cycle is finely regulated. Several
Rabs have been shown to be involved in various stages of autop-
hagy. There is evidence indicating that RAB1, RAB5, RAB7, RAB8A
and B, RAB9A, RAB11, RAB23, RAB24, RAB25, RAB32, and RAB33B
participate in certain steps of autophagosome development and
maturation [39], but the specific function of some of them remains
poorly characterized.

Herein, we highlight the recent research advances on autophagy
regulation by Rab GTPases, emphasizing their roles in the regula-
tion of autophagosome biogenesis and maturation.
4. Rabs involved in autophagosome biogenesis

4.1. RAB1

RAB1 is a small GTP-binding protein that specifically regulates
the transport of newly synthesized proteins from the ER to the
Golgi apparatus. RAB1 recruits p115, its effector, to the coat protein
complex II (COPII) vesicles during budding from the ER, and then
interacts with a set of COPII vesicle-associated SNAREs complex
that promotes targeting to the Golgi apparatus [40].

Regarding its role in autophagy, several studies have shown
that the isoform RAB1B is required for autophagosome biogenesis.
In fact, in mammalian cells, studies conducted in our laboratory
have demonstrated that the activity of RAB1B is required for
autophagosome formation and that specific ER exit sites (i.e. ERES)
have a critical role in the process. However, further transport from
the cis/medial Golgi was not necessary as suggested by the lack of
effect of Brefeldin A [7]. Subsequently, Graef et al. have analyzed
the formation of autophagosomes in yeasts, showing that ERES
are autophagic components that play a direct and essential role
immediately downstream of the Atg1 kinase complex recruitment
during the assembly of the autophagy machinery required for pha-
gophore nucleation and expansion [8].

The role of RAB1 during autophagy was also demonstrated
through the analysis of the transport protein particle (TRAPP), a
guanine nucleotide-exchange factor (GEF) for RAB1 that exists in
three complex forms. Whereas TRAPPI and TRAPPII tether coated
vesicles through ER to Golgi and intra-Golgi traffic, respectively,
TRAPPIII has been shown to be required for autophagy [41]. More-
over, in yeasts, the interaction of TRAPPIII with the RAB1 analogous
Ypt1 being targeted at the phagophore assembly site (PAS) during
autophagy was evaluated [42].

As mentioned above, autophagy also plays a key role during
microorganisms invasion. One potential membrane source for
antibacterial autophagy is the ER, and experiments with Salmonella
suggest that this process occurs at specialized ER domains known
as ‘omegasomes’ [43]. The association between ER-connected
omegasome-like structures and autophagosomes was studied in
detail in Aspergillus nidulans. In this model, it was demonstrated
that autophagic structures are closely associated with similarly
shaped structures formed by ER strands, and that the RAB1 analo-
gous is required for autophagy localizing to expanding phago-
phores and autophagosomes. In agreement with our results in
mammalian cells, A. nidulans autophagy does not require Golgi or
post-Golgi traffic [44].

Interestingly, in a recent work, it was found that cytosolic Sal-
monella associated with autophagy components sequestosome 1
(SQSTM1) and LC3 replicates quickly, whereas the replication
decreased when autophagy components and RAB1 were depleted,
suggesting that autophagy facilitates Salmonella replication in the
cytosol of HeLa cells [45].
lved in vesicular trafficking. FEBS Lett. (2015), http://dx.doi.org/10.1016/j.
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4.2. RAB5

The small GTP-binding protein RAB5 is localized in early endo-
somes and on the cytoplasmic face of the plasma membrane. This
Rab is involved in early endosome fusion [46] as a rate-limiting
component of the machinery regulating membrane traffic in the
early endocytic pathway [47]. The activity of RAB5 is important
for processes such as the endocytosis of the low-density lipopro-
tein [48] and sorting of both the EGF receptor and the transferrin
receptor through early endosomes [49].

The way RAB5 participates in autophagy regulated by growth
factor availability has recently been determined. The p110b cat-
alytic subunit of the class IA phosphatidylinositol 3 kinase acts as
a molecular sensor for growth factor levels and induces autophagy
by activating a RAB5-mediated signaling cascade. Dou et al. have
shown that, upon growth factor limitation, p110b dissociates from
the growth factor receptor complexes and interacts with RAB5. The
p110b-RAB5 association maintains RAB5 in its GTP-bound state
and enhances the RAB5-VPS34 interaction thus promoting autop-
hagy [50].

Autophagy is also an important clearance route for several
aggregate-prone protein illnesses including Huntington’s disease
(HD) where RAB5 has a role in this process, which is independent
of its role on endocytosis. It has been shown that, in a
fly/Drosophila model of HD as well as in mammalian cells, RAB5
acts at an early stage of autophagosome biogenesis in a macro-
molecular complex that contains BECN1 and VPS34 that regulate
the ATG5–ATG12 conjugation [51].

It is also known that certain infectious processes are facilitated
by autophagy. This is the case of Hepatitis C virus (HCV) that
induces autophagy to accomplish replication. Su et al. have demon-
strated that the HCV non-structural protein 4B (NS4B) induces
autophagy independently of the mTOR pathway, and that RAB5
is crucial for the HCV-induced autophagosome formation [52].

4.3. RAB23

RAB23 is a GTPase related to the hedgehog signaling, a pathway
responsible for the development of a wide array of vertebrate
organs [53]. The localization of RAB23 has been analyzed by light
and immunoelectron microscopy in a range of mammalian cell
types and it has been found predominantly localized to the plasma
membrane but also associated with intracellular vesicular struc-
tures co-localizing with RAB5 [54]. RAB23 is believed to regulate
intracellular trafficking of one or more of hedgehog-signaling com-
ponents during mouse development [55]. Besides, RAB23 has also
been found in other systems performing different roles.

The function of RAB23 has also been studied in autophagic pro-
cesses playing a role in bacterial infections. RAB23 is not localized
to starvation-induced autophagosomes, but acts as an autophagy
regulator during Group A Streptococcus (GAS) infection [56].
RAB23 is recruited to GAS-containing autophagosomes and it has
been shown that knockdown of this protein impaired degradation
of intracellular GAS, suggesting therefore, that RAB23 is required
for GAS-containing autophagosome organization and clearance of
this pathogen.

4.4. RAB32

RAB32 is a small GTPase that is known to be involved in the
synchronization of mitochondrial fission in mammalian cells. Alto
et al. have demonstrated that RAB32 interacts directly with the
cAMP-dependent protein kinase (PKA), and regulates both the
mitochondrial anchoring of PKA and dynamics [57]. Other studies
carried out in melanocytes have identified a key role for RAB32
in the biogenesis of melanosomes and other lysosome-related
Please cite this article in press as: Amaya, C., et al. Autophagy and proteins invo
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organelles. Wasmeier et al. have observed that RAB32 localizes to
perinuclear vesicles carrying the melanogenic proteins tyrosinase
and tyrosinase-related protein 1. Their results were consistent
with a role of RAB32 in the regulation of critical steps during the
trafficking of molecules from the trans-Golgi network to melano-
somes [58].

It has been shown that RAB32 is also required for the formation
of autophagic vacuoles. In HeLa and COS cells, RAB32 is predomi-
nantly localized to the ER, and the overexpression of this protein
leads to the formation of autophagic vesicles containing LC3, the
ER-resident protein calnexin and the endosomal/lysosomal mem-
brane protein LAMP2, even under optimum nutrient conditions
[59]. Hirota et al. have demonstrated that RAB32 facilitates the for-
mation of autophagosomes whose membranes were derived from
the ER thus regulating the clearance of aggregated proteins by
autophagy. Additionally, in Drosophila, RAB32 has been found to
be related to lipid storage in the larval adipose tissue [60]. During
this process, RAB32 affects the size of lipid droplets as well as lipid
levels; however, further studies are necessary to elucidate the rela-
tionship between autophagy and lipid metabolism during
development.
4.5. RAB33B

RAB33B is present in the cis-Golgi where it participates in
Golgi-to-ER retrograde membrane trafficking [61]. Mutations in
RAB33B have been investigated in the pathogenesis of the Dyg-
gve–Melchior–Clausen’s syndrome [62] and the Smith–McCort’s
dysplasia [63], thus establishing the important role of the retro-
grade Golgi traffic in both human syndromes.

It has been observed that RAB33 modulates autophagosome
formation through the interaction with ATG16L, an essential factor
in autophagosome membrane development [64]. However,
subsequent studies have demonstrated that overexpression of
OATL1 (a Rab-GAP for RAB33B) or RAB33B delays the maturation
of autophagosomes, suggesting that OATL1 is recruited to
autophagosomes to inactivate RAB33B and thus modulate the
fusion between autophagosomes and lysosomes [65].

Apart from the findings indicating that the autophagy machin-
ery is required for HCV replication [66], Blackham et al. have deter-
mined that replication and secretion of HCV is reduced upon
downregulation of RAB33B, thus indicating that this Rab might
be a pivotal factor in the virus replication cycle [67]. Nevertheless,
whether RAB33B has a direct role in HCV-induced autophagy
remains unclear.
5. Rabs required for autophagosome maturation

5.1. RAB7

RAB7 is a low MW GTPase that has been found mainly on late
endosomes. By interacting with its partners (including upstream
regulators and downstream effectors), RAB7 regulates mechanisms
in endosomal sorting, biogenesis of lysosome and phagocytosis
[68]. Particularly, RAB7 governs early-to-late endosomal matura-
tion, microtubule minus-end as well as plus-end directed endoso-
mal migration, and endosome–lysosome transport through
different protein–protein interaction cascades [69,70].

Our studies were the first ones demonstrating the requirement
for RAB7 in the autophagic pathway [71]. The role of RAB7 in
autophagy (induced by amino acid starvation or rapamycin) was
studied in CHO cells where the overexpression of RAB7 associated
with autophagic vacuoles labeled with the autophagosome marker
monodansylcadaverine was demonstrated. However, upon autop-
hagy induction the RAB7T22N dominant negative mutant was
lved in vesicular trafficking. FEBS Lett. (2015), http://dx.doi.org/10.1016/j.
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targeted to autophagic vacuoles, causing the accumulation of
larger LC3-labeled autophagosomes and impaired autolysosome
formation, indicating that a functional RAB7 is important for the
normal progression of autophagy [71]. In a parallel study, it has
been demonstrated by electron microscopy that the autophago-
some marker LC3 co-localised with RAB7 and late endosomal/
lysosomal markers. The experiments showed that RAB7 was not
necessary for the initial maturation of autophagosomes, but it
participated in the final maturation of late autophagic vacuoles.
Moreover, recruitment of RAB7 to autophagic vacuoles was found
to be retarded in cells deficient in the lysosomal membrane
proteins LAMP1 and LAMP2, which accumulated in late autophagic
vacuoles during starvation [72].

Tabata et al. provided interesting information about how the
interaction of RAB7 with Rubicon (a RAB7 effector that controls
endosome maturation [73]) regulates membrane traffic in mam-
mal cells. They showed that Rubicon negatively regulates the
endocytic pathway through their interactions with RAB7 [74].
Thus, the authors determined that the simultaneous interaction
between Rubicon, the BECN1–VPS34 complex and RAB7, is an
important step in the regulation of the endocytic pathway and
autophagosome maturation.

It has been demonstrated that RAB7 directs the maturation of
autophagosomes, by guiding the trafficking of cargos along
microtubules to participate in the fusion step with lysosomes
[70]. Pankiv et al. have studied the latter process and have
identified an adaptor protein complex formed by LC3, RAB7 and
the novel FYVE and coiled-coil domain-containing 1 protein
(FYCO1) that promotes microtubule plus end-directed transport
of autophagic vesicles [75].

The spatiotemporal regulation of RAB7 activity during autop-
hagy has recently been studied by Toyofuku et al. These authors
have shown that the leucine-rich repeat kinase 1 (LRRK1) regulates
the autophagic flux by controlling RAB7 activity in autolysosome
formation. Upon autophagy induction, LRRK1 was found to be
recruited to lysosomes by VAMP7, where it was activated TBC1D2
(a RAB7 GAP), switching off the RAB7 signaling in order to promote
the autophagic flux [76].

Unfortunately, autophagic vacuole maturation appears to be
blocked in certain human disorders comprising neuronal
ceroidlipofuscinosis and Danon’s disease, suggesting that autop-
hagy has important housekeeping or protective functions [77].
Many aggregation-based diseases, e.g. age-related macular degen-
eration of the eye (AMD) and Alzheimer’s disease are due to a
malfunctioning of the autophagic process where the regulation of
RAB7 activity might be a therapeutic target.

5.2. RAB11

It is known that RAB11 is related to perinuclear recycling endo-
somes (RE) regulating the recycling of endocytosed proteins [78]. It
has been observed that RAB11 depletion causes tubulation of RE,
and gives rise to the accumulation of recycling carriers containing
endocytosed transferrin and transferrin receptors beneath the
plasma membrane. In addition, RAB11 is transported along micro-
tubules to the cell periphery through association with recycling
carriers, and it directly regulates vesicle exocytosis at the plasma
membrane [79]. A particular exocytosis process regulated by
RAB11 has been studied in detail in the K562 cell line. The exper-
iments were aimed at analyzing the role of RAB11 in the regulation
of transferrin receptor release via exosome secretion. In this work,
it was found that the secretion of exosomes was inhibited in cells
transfected with a dominant-negative mutant RAB11S25N,
demonstrating that RAB11 modulates the exosome pathway [80].

Subsequently, the role of RAB11 in autophagy was also analyzed
in K562 cells. We demonstrated that autophagy inducers such as
Please cite this article in press as: Amaya, C., et al. Autophagy and proteins invo
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starvation or rapamycin caused an enlargement of vacuoles deco-
rated with RAB11 co-localizing with LC3. This convergence was
abrogated by a RAB11 dominant negative mutant, indicating that
a functional RAB11 is involved in the interaction between multi-
vesicular bodies (MVBs) and the autophagic pathway [81]. More
recently, Longatti et al. have proposed a model in which RAB11
is required for autophagosome formation by mediating vesicular
transport from the RE to the expanding phagophore. They showed
that under fed conditions, RAB11-positive REs have a role in recy-
cling toward the plasma membrane, but, upon amino acid starva-
tion, this Rab mediates vesicle formation from the RE directed to
forming autophagosomes. This process is negatively regulated by
TBC1D14, which functions as an effector for RAB11. TBC1D14 dis-
sociates from RAB11-positive REs during starvation and accumu-
lates in the Golgi complex. The overexpression of TBC1D14
causes tubulation of REs, accumulation of both the ULK1 complex
and RAB11 in REs, and inhibition of vesicular transport from the
RE [82].

Unlike the apparent role of RAB11 in autophagosome biogene-
sis, in Drosophila melanogaster, this protein seems to participate
in autophagosome maturation. In this model, it was shown that,
in response to autophagy induction, RAB11 translocates from REs
to autophagosomes, interacting with the microtubule binding pro-
tein Hook, a negative regulator of endosome maturation. Hook
anchors endosomes to microtubules, thus RAB11 would facilitate
the fusion of endosomes and autophagosomes by removing Hook
from mature late endosomes [83].
5.3. RAB8B

The Wnt/ß-catenin signaling plays an important role in embry-
onic development and adult tissue homeostasis. Experiments
performed in Xenopus laevis and Danio rerio, have shown that
RAB8B is an essential evolutionary conserved component of the
Wnt/ß-catenin signaling pathway [84]. On the other hand, RAB8B
seems to be involved in the regulated secretory pathway in
AtT20 cells [85], and it is required for the apical transport and
ciliogenesis in mice [86].

RAB8B has also a role in autophagy, contributing to the defense
against intracellular pathogens. It has been demonstrated that
RAB8B and its interacting partner TBK-1 contribute to autophagic
elimination of Mycobacterium tuberculosis var. bovis BCG in macro-
phages. The study showed the co-localization of TBK-1 with RAB8B
in autophagic organelles and suggested that TBK-1 would be
necessary for autophagosome maturation and IL-1b-induced
autophagic elimination of M. tuberculosis [87].

5.4. RAB24

RAB24 was originally found by Olkkonen et al. in the ER/
cis-Golgi region and in late endosomal structures [88]. Subsequent
studies have revealed that RAB24 possesses several unusual char-
acteristics that distinguish it from other Rab proteins: (1) RAB24
exists predominantly in the GTP state when expressed in cultured
cells; (2) post-translational geranylgeranylation of RAB24 is ineffi-
cient when compared to other Rabs; (3) most of the RAB24 in the
cytoplasm is not associated with Rab GDP dissociation inhibitors.
These findings suggest that RAB24 may function in vesicular trans-
port through a mechanism that does not depend on GTP hydrolysis
or GDP dissociation inhibitor-mediated recycling [89]. Addition-
ally, RAB24 was tyrosine-phosphorylated when myc-RAB24 was
overexpressed in cultured cells [90]. We have also analyzed the
distribution of RAB24 throughout cell division, observing that
RAB24 was located at the mitotic spindle in metaphase, at the
midbody during telophase and in the furrow during cytokinesis.
lved in vesicular trafficking. FEBS Lett. (2015), http://dx.doi.org/10.1016/j.
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Interestingly, we found that RAB24 directly interacts with micro-
tubules and that an adequate level of RAB24 is necessary for
normal cell division [91].

The participation of RAB24 in autophagy has been studied in
our laboratory [92]. RAB24 showed a perinuclear reticular localiza-
tion partially overlapping with ER markers, cis-Golgi, and the
ER-Golgi intermediate compartment. When cells were starved to
induce autophagy, the distribution of RAB24 localized to large
dots, cup-shaped structures and ring-shaped vesicles. Some of
these vesicles were labeled with monodansylcadaverine and
co-localized with LC3, suggesting that RAB24 is involved in the
autophagic pathway. The relationship between RAB24 with the
autophagic pathway was also established in other studies. A partial
co-localization of RAB24 and LC3 has been observed, together with
an increase in RAB24 mRNA in nerve-injured hypoglossal motor
neurons and in PC12 cells after treatment with a proteasome
inhibitor. These data suggested that nerve injury promotes
autophagy-like events where RAB24 may be involved [93]. In
addition, in cultured rat cardiac myocytes subjected to glucose
deprivation, polyubiquitinated proteins formed large perinuclear
inclusions (aggresomes), which co-localized with c-tubulin
(a microtubule-organizing center marker) and Hsp70. Aggresomes
also co-localized with LC3 and RAB24, which allowed concluding
that glucose deprivation induces oxidative stress associated with
aggresome formation and activation of autophagy in cultured
cardiac myocytes [94].

RAB24 seems to be also involved in autophagic processes asso-
ciated to bacterial infections. Experiments performed in CHO cells
infected with Coxiella burnetii, the agent of Q fever in man, have
shown that the bacterium multiplies in large, acidified,
hydrolase-rich and fusogenic vacuoles with phagolysosomal-like
characteristics. In this model, autophagy induced by amino acid
deprivation increased the number of infected cells and the size of
the vacuoles labeled with LC3 and RAB24 [95]. Interestingly, the
overexpression of mutated forms of those proteins decreased the
number and size of the vacuoles, suggesting that the transit along
the autophagic pathway favors Coxiella infection by providing a
niche that is propitious for bacterial survival and multiplication.

5.5. RAB25

The small GTPase RAB25, which is implicated in apical vesicle
trafficking, has been linked to tumor aggressiveness and metasta-
sis. It is overexpressed in approximately half of ovarian and breast
cancers, and is associated with markedly decreased disease-free or
survival in ovarian and breast cancers, respectively [96]. This Rab
contributes to tumor progression by directing the localization of
integrin-recycling vesicles and thereby enhancing the ability of
tumor cells to invade the extracellular matrix [97]. In contrast,
RAB25 has been identified as a tumor suppressor for colon cancer
in humans due to its control on intestinal cell polarity [98].

A critical role for RAB25 in cellular energetics has recently been
demonstrated. Cancer cells are metabolically stressed during
tumor progression due to limited tumor vascularity and nutrients,
growth factors and oxygen deficiency. It has been determined that
RAB25, which is genomically amplified in multiple tumor lineages,
is a key regulator of cellular bioenergetics and autophagy [99].
RAB25 increases cancer cell survival under nutrient stress via
increased AKT activation and subsequent glucose uptake, glycogen
storage and maintenance of cellular bioenergetics. Thus, RAB25
enlarges the glycogen stores providing an energy source and con-
tributing to increase the tumor aggressiveness [100]. The function
of RAB25 in autophagy has been studied in HEY and ES-2 human
ovarian cancer cells, showing that autophagy was promoted by
knockdown of RAB25 through stimulation of the ERK1/2 signaling
pathway and increased BECN1 expression and conversion of LC3-I
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to LC3-II [101]. By showing that the knockdown of RAB25 pro-
moted autophagy, inhibited cell proliferation and induced apopto-
sis, the authors revealed another tumorigenic role of RAB25 in
ovarian cancer cells.
5.6. RAB9A

RAB9A and its effectors regulate transport of mannose 6-
phosphate receptors from late endosomes to the trans-Golgi net-
work. RAB9A and RAB32 act in adjacent pathways at the boundary
between late endosomes and the biogenesis of lysosome-related
organelles [102].

In connection with autophagy, RAB9A has been identified as an
autophagy regulator during GAS infection. This Rab is recruited to
GAS-containing autophagosome-like vacuoles (GcAVs) after
autophagosomal maturation and its activity was required for GcAV
enlargement and eventual lysosomal fusion [56]. Even though
RAB9A is not localized to starvation-induced autophagosomes, this
protein is necessary for autophagic degradation of intracellular
GAS. Intriguingly, in neonatal rat ventricular cardiac myocytes,
RAB9 has a role in non-canonical autophagy (i.e. BECN1 or
VPS34-independent pathways). Raclopride, a dopamine receptor
antagonist, significantly upregulated autophagy in cardiac myo-
cytes via an mTOR independent pathway [103]. The siRNA-
mediated knockdown of RAB9 resulted in decreased expression
of autophagy markers in raclopride-treated cells, suggesting that
the dopamine receptor plays a role in autophagy and that raclo-
pride mediates a non-canonical autophagy pathway via RAB9 in
cardiac myocytes.

The precise molecular mechanism of Rabs functions, its tempo-
ral ordering and spatial regulation during the autophagy pathway
are not fully understood. The intensive study of autophagy has
revealed many details about the role of RAB1, RAB5, RAB23,
RAB32 and RAB33B in autophagosome formation, even in the
infection progression of some virus and bacteria, and the patho-
genesis of aggregate-prone protein illnesses as the HD. Subse-
quently, the autophagy progress has been greatly interpreted
thank to the analysis of RAB7, RAB11, RAB8B, RAB24, RAB25 and
RAB9 in the last steps of the autophagosome maturation process
in appropriated models of Alzheimer’s disease, M. tuberculosis,
Coxiella and cancer. As several Rabs are involved in various dis-
eases, the identification of Rabs effectors, regulators, and other
associated proteins, as well as its molecular mechanisms may
improve the development of more specific drugs and therapeutic
approaches.
6. Molecular machinery involved in vesicle fusion: SNARES

As mentioned above, protein trafficking, in both the endocytic
and secretory pathways, requires a sequence of events such as
cargo selection and vesicle budding from the donor membrane,
the translocation of this intermediary by transport along actin fil-
aments or microtubules and the docking and fusion of vesicles
with their proper target organelle [104]. The latter steps require
the participation of a special group of proteins, including the
GTPase Rabs described above and proteins known as soluble
N-ethylmaleimide-sensitive factor attachment protein (SNAP)
receptors (SNAREs). In yeast and mammalian cells, it has been
found, that the SNARE superfamily comprises more than 60
members. In general, SNAREs are classified in two different groups:
(I) v-SNARE (vesicular-associated membrane SNARE) which is
localized in the donor membrane and (II) t-SNARE (target-
associated membrane SNARE) which is localized in the acceptor
membrane. Structurally, SNARE proteins are also classified as
Q-SNAREs (in which a Gln/Q residue is the central amino acid of
lved in vesicular trafficking. FEBS Lett. (2015), http://dx.doi.org/10.1016/j.

http://dx.doi.org/10.1016/j.febslet.2015.09.021
http://dx.doi.org/10.1016/j.febslet.2015.09.021


C. Amaya et al. / FEBS Letters xxx (2015) xxx–xxx 7
the SNARE motif) or R-SNAREs (in which an Arg/R residue is the
central amino acid). Q-SNAREs include t-SNARE proteins whereas
R-SNAREs include v-SNAREs. Moreover, Q-SNAREs are sub-
classified into Qa-, Qb-, and Qc-SNAREs, depending on the amino
acid sequence of the SNARE domain. In general, the SNARE fusion
complex consists of four-helix bundles comprising three
Q-SNAREs and one R-SNARE.

The main model proposed for cargo targeting to the proper
compartment is focused in the role of the SNARE complex [105].
The current model, at least during neuronal exocytic events, claims
that the pairing of Q-SNAREs (Syntaxin (STX) and SNAP-25) and
R-SNARE (VAMP/synaptobrevin) between two opposing membranes
contributes to the formation of a highly stable four-helix bundle
[106]. Several biochemical, structural and genetic studies have
shown that folding of this bundle would drive membranes to the
fusion event [107]. Biophysical in vitro assays have shown that
R- and Q-SNAREs provide the necessary energy for membrane
fusion when the opposite membranes are separated by a distance
inferior to 10 nm [108].

Initially, the SNARE proteins involved in the formation of the
complex are localized in different membranes, acquiring a trans-
configuration after membrane tethering. Afterward, all the SNARE
proteins are localized to the same membrane where the complete
SNARE complex temporally overlaps with membrane fusion,
resulting in the formation of a cis-complex. Finally, the ternary
cis-complex is disassembled by the chaperone ATPase NSF
(N-ethyl-maleimide-sensitive factor) in conjunction with SNAPs
(soluble N-ethyl-maleimide attachment proteins) [106,109].

The protein trafficking between eukaryotic organelles and intra-
cellular compartments or the plasma membrane involves several
R-SNAREs. To date, several isoforms of the VAMP family have been
identified, consisting in VAMP1, 4 and 5 and the ‘‘brevin” subfamily
such as VAMP2 (synaptobrevin), VAMP3 (cellubrevin) and VAMP8
(endobrevin). In addition, another set of R-SNAREs belonging to the
‘‘longin” subfamily such as VAMP7/TI-VAMP (tetanus toxin insen-
sitive), SEC22, YKT6 and the yeast protein Nyv1 also participate in
specific steps. These R-SNAREs are all characterized by an
N-terminal extension termed ‘‘longin domain” [110,111]. Interest-
ingly, each member has distinct or redundant functions and their
expression levels differ among different species and tissues.

7. SNARES required in the initial steps of the pathway

For several years, it was assumed that SNAREs proteins did not
have a role in the biogenesis and autophagosome maturation.
Nevertheless, recent data have suggested that this protein family
has an important participation in autophagosome formation as
well as in autophagosome maturation, mediating autophago-
some–endosome and autophagosome–lysosome fusion.

As mentioned above, autophagosomes are formed by the elon-
gation and fusion of a flat membrane sac, called phagophore which
engulfs cytoplasmic components in a double-membrane vacuole. It
has been observed that several compartments appear to contribute
molecules (proteins and lipids) to form the autophagosome,
including the ER, Golgi apparatus, mitochondria and plasma mem-
brane [11,112]. Several studies have been focused to analyze the
molecular mechanisms that control this early stage of autophagy,
being ATG proteins widely studied in this process, but it seems evi-
dent that the interaction with all these membranous compart-
ments requires the participation of SNARE proteins.

Several yeast SNAREs, that are necessary for the endocytic and
exocytic pathways, have been found to be implicated in autophagic
events. Sec9p and Sso2p (SNAREs that are necessary for exocytosis)
have an essential role in autophagosome biogenesis, regulating the
formation of ATG9-positive structures [113]. It has also been
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demonstrated that Sec22p (that mediates fusion of ER-derived
transport vesicles with an early Golgi compartment), Tlg2, and
Ykt6p (other SNAREs involved in exocytosis) are implicated in
autophagosome biogenesis, being Sso2p, Tlg2, Sec9p, Sec22p, and
the Ykt6p complex, orthologous to the mammalian STX1, STX16,
SNAP23, SEC22B, YKT6 [114]. Interestingly, these endocytic and
exocytic SNAREs play an essential role in the reorganization of
the ATG9 tubulovesicular clusters, which are required for
autophagosome formation. These data suggest that autophago-
some membrane expansion/closure seems to be a SNARE-
dependent process.

Recent works carried out in mammalian cells have demon-
strated that the interaction between VAMP7, VTI1B, STX7 and 8
regulate the homotypic fusion of pre-autophagosomal structures,
favoring phagophore and autophagosome formation [114,115].
Moreover, we have also demonstrated that silencing of VAMP7 or
overexpression of the N-terminal extension of VAMP7, which ham-
pers SNARE pairing, causes a marked decrease in the total number
of LC3-labeled structures and the LC3 II processing [116]. On the
other hand, it has been shown that knocking down of the VAMP7
plasma membrane adaptor, Hrb, leads to the generation of the
same phenotype as that caused by the silencing of VAMP7 [117],
suggesting that autophagosome formation may originate at the
plasma membrane. These data highlight the important role of
VAMP7 and its partners in autophagosome formation. On the other
hand, VAMP3 is a SNARE that has been attributed a role in consti-
tutive exocytosis and vesicle recycling, contributing also to
integrin recycling and cell attachment, spread and migration
[118–122]. Recent studies conducted in Dr. Rubinsztein’s labora-
tory have demonstrated that the maturation of ATG16L1-positive
structures also requires the activity of VAMP3, which mediates
the fusion with mATG9-positive vesicles. As a consequence, it has
been observed that the depletion of VAMP3 impairs autophago-
some formation [123]. Likewise, recent evidences have shown that
STX17, an ER-resident SNARE protein, is able to bind ATG14 and
retains it in the ER–mitochondria contact site. This result has
shown that the ER–mitochondria contact site has an essential role
in autophagosome biogenesis [10]. Interestingly, STX17 has also
been identified as an autophagosomal SNARE required for fusion
with the endosome/lysosome.

It is noteworthy that some SNAREs involved in autophagosome
biogenesis are also able to mediate critical steps in autophagosome
maturation (i.e. autophagosome–lysosome fusion).

8. SNARES involved in later stages of the autophagic pathway

Once the autophagosome is formed, several fusion steps are
necessary to generate the autolysosome, a degradative organelle.
These fusion events include the formation of the amphisome by
fusion of the autophagosome with endocytic structures (i.e. early
or late endosomes) and afterwards, the subsequent fusion with
lysosomes. Alternatively, autophagosomes may fuse directly with
lysosomes. Interestingly, we have demonstrated for the first time
that the autophagosome-multivesicular bodies (late endosomes)
fusion is regulated by VAMP3 in an erythroleukemia cell line
[124], whereas VAMP7 (a SNARE that regulates exosome/lysosome
and matrix metalloprotease secretion [81,125]) is involved in the
fusion of autophagosomes or amphisomes with the lysosomes to
generate an autolysosome [81]. Both VAMP8 and VTI1B are two
R-SNAREs found in the endosomal system, particularly in late
endosomes [126]. The important role of VAMP8 and VTI1B has also
been observed in the xenophagic process, where both SNARE
proteins are required for GAS-containing autophagosome-like vac-
uoles (xenophagosome)-lysosome fusion [127]. Furthermore,
knockdown assays in HeLa cells have shown that the SNARE
lved in vesicular trafficking. FEBS Lett. (2015), http://dx.doi.org/10.1016/j.

http://dx.doi.org/10.1016/j.febslet.2015.09.021
http://dx.doi.org/10.1016/j.febslet.2015.09.021


8 C. Amaya et al. / FEBS Letters xxx (2015) xxx–xxx
proteins VTI1B and VAMP8 also mediate canonical fusion of
autophagosomes with lysosomes [127].

Moreover, the SNARE protein STX17 has also been demon-
strated to be involved in autophagosome–lysosome fusion, gener-
ating a SNARE complex with SNAP29 and VAMP8. Likewise, the
depletion of STX17 causes accumulation of autophagosomes with-
out any feature of degradation [128]. It is worth noting that the iso-
lation membranes do not contain STX17, which is essential to
autophagic degradation of the cytoplasm. It has been proposed that
the late recruitment of STX17 to the autophagosome impairs pre-
mature fusion with the lysosome [128]. On the other hand, genetic
studies in Drosophila have demonstrated that STX17 is recruited to
the autophagosomal membrane and forms a complex with SNAP29
and VAMP7 during starvation-induced autophagy, favoring
autophagosome–lysosome fusion [129]. It is interesting to note
that VAMP8 is not present in flies, suggesting that STX17–SNAP29
complex binds different SNAREs depending of the spice. Whereas
STX17–SNAP29 complex binds VAMP7 in mammalian cells, binds
VAMP8 in yeasts [130]. A recent study has demonstrated that the
fusogenic activity of this SNARE complex is spatially and tempo-
rally regulated by ATG14/Barkor/Atg14L. Moreover, it has been
shown that ATG14 directly binds to the STX17–SNAP29 complex
on the autophagosome surface. This complex, together VAMP8,
promotes the autophagosome–lysosome fusion [131]. Another
study, based on RNA-interference screening, has presented evi-
dences that the STX5 SNARE is a positive modulator of autophagy
since downregulation of this SNARE reduced the clearance of
autophagy substrates. It is believed that STX5 regulates ER to Golgi
transport allowing the maturation and transport of lysosomal pro-
teases (i.e. cathepsins) [132].

A bulk of evidence has demonstrated that autophagy is not only
a degradative process, but also it contributes to exocytosis events.
We have demonstrated that VAMP7 is necessary to deliver
autophagosomes/amphisomes to focal adhesions at the cell
periphery upon autophagy induction by starvation. Interestingly,
these VAMP7-labeled vesicles are loaded with ATP and the starva-
tion stimulus caused the release of ATP to the extracellular space
[116].

In Drosophila, it has been shown that the SNAP29 mutant favors
the secretion of autophagosomes in the apical lumen thus increas-
ing the amount of HOP-STAT92E (hopscotch signal transducer and
activator of transcription protein at 92E) ligand and receptor at the
plasma membrane [133]. These results are in line with several
studies that have related autophagy to modulate the secretion of
the contents of secretory granules or lysosomal structures in spe-
cialized cells or tissues [116,134–137].

To date, several works have demonstrated that the fusion of
autophagic structures with the plasma membrane, such as lytic
granules, melanosomes or lysosome-related organelles, is medi-
ated by SNAREs. This phenomenon has also been demonstrated
in patients that bear a mutated form of SNARE protein STX11
(familial haemophagocytic lymphohistiocytosis type 4), where
cytotoxic T lymphocytes are not able to exert the degranulation
process [138,139]. Likewise, two SNARE protein that regulate
autophagosome–lysosome fusion (VAMP8 and VTI1B) have been
found to have an important role in the exocytosis of lytic granules
from cytotoxic T lymphocytes [139]. In general, these results
clearly demonstrate that autophagy participates in both degrada-
tive and secretory pathways, contributing to the maintenance of
the cellular homeostasis.

9. Concluding remarks

As indicated above, several membrane sources, including mito-
chondria, the ER, the Golgi apparatus, and the plasma membrane
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are believed to contribute to autophagosome biogenesis. It is likely
that this contribution involves the delivery, tethering and fusion of
vesicles with the forming phagophore. However, to date, in spite of
some controversial results, very little is known about the participa-
tion of specific Rab GTPases or SNAREs in the initial steps of phago-
phore formation and how these proteins regulate homotypic and
heterotypic fusion of autophagosome precursor vesicles. Future
studies will unravel the interplay between components of the
autophagy machinery and specific constituents of the vesicular
transport and tethering/fusion machinery (as suggested by the
results obtained by Graef et al. [8]) not only at the level of
autophagosome biogenesis but also in other steps of the pathway.
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