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Abstract Macroautophagy, the process by which cyto-

solic components and organelles are engulfed and degraded

by a double-membrane structure, could be viewed as a

specialized, multistep membrane transport process. As

such, it intersects with the exocytic and endocytic mem-

brane trafficking pathways. A number of Rab GTPases

which regulate secretory and endocytic membrane traffic

have been shown to play either critical or accessory roles in

autophagy. The biogenesis of the pre-autophagosomal

isolation membrane (or phagophore) is dependent on the

functionality of Rab1. A non-canonical, Atg5/Atg7-inde-

pendent mode of autophagosome generation from the

trans-Golgi or endosome requires Rab9. Other Rabs, such

as Rab5, Rab24, Rab33, and Rab7 have all been shown to

be required, or involved at various stages of autophagos-

omal genesis and maturation. Another small GTPase, RalB,

was very recently demonstrated to induce isolation mem-

brane formation and maturation via its engagement of the

exocyst complex, a known Rab effector. We summarize

here what is now known about the involvement of Rabs in

autophagy, and discuss plausible mechanisms with future

perspectives.
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Introduction

Macroautophagy is an evolutionarily conserved process

in which cytoplasmic contents (including membranous

organelles like mitochondria and peroxisomes) are

engulfed by a double-membrane autophagosome, which

eventually has its content degraded at the vacuole or

lysosome [1, 2]. Autophagy is induced under conditions of

nutrient or growth factor deprivation in the cell, and during

various conditions of stress [3]. It plays important roles in

cellular homeostasis during development, and modulates

cell survival. Its impairment is often associated with dis-

ease conditions such as cancer and neurodegeneration

[4–9]. The autophagic process entails the formation of the

immature autophagosome, or the autophagic vacuole, and

its subsequent maturation, or fusion with the late-endo-

some/lysosome to form autolysosomes. Through work over

the years, aided by the identification of the autophagy (Atg)

genes in Saccharomyces cerevisiae [10], a large set of

molecular players involved in autophagosome formation

and various stages of maturation are now known. However,

several aspects of autophagy have remained unclear.

In particular, details concerning the initial steps of

pre-autophagosomal structure (phagophore) and isolation

membrane (IM) formation, elongation, and eventual clo-

sure to form the immature autophagosome, have been a

subject of intense investigation and debate.

A set of molecules is now known to be responsible for the

induction and execution of autophagy, and the following

paragraphs broadly outline their roles. In yeast, autophago-

some formation likely arises from a single phagophore

assembly site (PAS), with evidence of membrane input from

an Atg9-containing compartment [11]. Existence of an

equivalent of the PAS is unclear in mammalian cells.

Instead, multiple autophagosomal assembly sites, including
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the ER, Golgi, endosome, and mitochondria have been

recognized and described [12, 13]. A main site of auto-

phagosome generation appears to be ER-associated

punctuated compartments enriched in phosphatidylinositol

3-phosphate (PI3P) and the protein double FYVE-domain

containing protein 1 (DFCP1), named omegasomes [14].

These are likely to be either part of, or the same as, the

ER–IM complexes, which have been documented with

particular clarity by ultrastructural analysis, showing

membranous interconnectivity between the ER and IM

[15, 16]. In spite of the proximity and membranous con-

nection between the omegasome and the ER, the nature of

membrane traffic or relationship between the two is still

unclear. Recent findings, such as the transient labeling of

autophagosomal markers on mitochondrial membranes, also

indicate that at least in some cases, the outer membrane of

the mitochondria could supply membranes for autophago-

some biogenesis [17].

Over 30 Atg proteins are known in yeast, and many of

these have orthologues in invertebrates and mammals.

These form various subcomplexes, and their functional

hierarchy during autophagy have been intensively investi-

gated, but several details are still unclear [18–21]. During

nutrient starvation, the unc51-like kinase 1 (ULK1)/Atg1-

KIAA0652/Atg13-FIP200/Atg17-Atg101-containing com-

plex appears to be an upstream effector of autophagic

signaling that connects to the nutrient-sensing pathways,

controlled by molecules such as the mammalian target of

rapamycin (mTOR) and AMP-dependent kinase (AMPK),

which are involved in cell growth regulation and metabo-

lism. ULK1 could be directly phosphorylated by both

mTOR and AMPK, with recent findings indicating that

during nutrient starvation, AMPK promotes autophagy by

directly activating Ulk1 through phosphorylation of Ser

317 and Ser 777 [22]. During nutrient starvation, high

mTOR activity prevents Ulk1 activation by phosphorylat-

ing Ulk1 Ser 757, thus disrupting the interaction between

Ulk1 and AMPK. Details of its activities are incomplete,

but the ULK1/Atg1-containing complex appears to serve in

recruiting other Atg proteins, including Atg9, the only

membrane component, to the pre-autophagosome assembly

site [23–26]. Another bunch of molecules involved in the

early stages of autophagy is the PI3-kinase complex. PI3P

production is vital for autophagosome formation [27], and

this is mediated by class III PI3 kinase complexes con-

sisting of beclin1/Atg6, Vps34, Vps15/p150, and Atg14.

The omegasome marker DFCP1, which is normally local-

ized to the ER and Golgi under nutrient-rich conditions,

becomes localized to PI3P on the omegasome under star-

vation conditions, and the PI3-kinase complex positively

regulates the DFCP1-positive omegasome formation.

The two complexes above likely initiated the formation

of the IM, which occurs inside the ring of the ‘‘X’’-shaped

omegasome. IM then undergoes expansion to enclose

cytoplasmic contents, but the membrane source for this

expansion is controversial, ranging from ER to a post-Golgi

source [28]. In yeast, the expansion and eventual closure of

the IM to form the double membrane autophagic vesicle is

classically known to be dependent on the formation of

LC3II, the microtubule-associated protein light chain 3

(LC3), or Atg8, lipidated with phosphoethanolamine (PE).

This process involves two ubiquitin-like conjugation path-

ways. The first of these, involving the E1-like Atg7 and

E2-like Atg10, leads to the conjugation of Atg5 and

Atg12 and subsequent formation of the Atg16L complex

(Atg5–Atg12–Atg16L). The latter is localized to the IM and

acts like an E3-enzyme in promoting the recruitment of

Atg3-LC3 to PE on the membrane [29]. Interestingly, in

mammalian cells, IM expansion is not drastically affected

by blocking LC3II formation.

A recently described non-canonical, Atg5–Atg7-inde-

pendent autophagy process also does not involve the

generation of LC3II [30]. In this non-canonical autophagic

process, the membrane material for IM expansion appears

to be derived from vesicular transport vesicles from trans-

Golgi and endosome. Another component that may be

critical to IM expansion is Bax-interacting factor 1 (Bif-1),

or Endophilin B1. Bif-1 forms a complex with beclin1, and

may act in driving membrane curvature in the process of

IM extension and closure [31].

Nascent autophagic vesicles (AVs) appear to be able to

fuse with multiple compartments in the endocytic pathway,

including early endosome, late endosome, and multivesic-

ular bodies (MVBs) [19, 32, 33]. Interestingly, depletion of

endosomal COPI subunits results in an inhibition of early

endosome maturation and causes an accumulation of AV.

This suggests that fusion of AVs with functional early

endosomes is a necessary step for its subsequent maturation

[34]. Effective autophagic degradation also requires func-

tional MVBs, and in some cases AVs fuses with MVBs to

form a hybrid organelle that has been termed ‘‘amphi-

some’’, which then fuses with lysosomes for degradation of

enclosed material [35].

It is clear from the above discussions that autophago-

some formation and maturation intersects, and could

indeed be dependent on, multiple steps of the exocytic and

endocytic pathway. This point is further elaborated below.

Autophagy involves components that mediate secretory

and endocytic traffic

Given that autophagosome formation and maturation is

basically part of the eukaryotic cellular membrane

dynamics, one would think that it might involve known

molecular players of the secretory and endocytic
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machinery. However, the yeast genetic screen for autoph-

agy-defective mutants appeared to have identified a distinct

set of core autophagic components that is different from the

other components of membrane transport such as Rabs and

SNAREs [10]. However, it is also clear that known mol-

ecules functioning in vesicular membrane traffic are

important, or essential, for the completion of autophagy.

Pertaining to the early secretory pathway, it has been

shown that a specific combination of the coat protein II

(COPII) (which is responsible for secretory vesicle budding

from the ER) components, including Sec12p and Sec24p, is

required for autophagy [36]. Sar1, the small GTPase

required for the nucleation of the COPII coat, has also

recently been shown to be important for autophagy [37]. As

discussed above, perturbation of COPI components affects

AV maturation [34]. However, COPI components may

have a more indirect upstream role in autophagosome

formation, as ADP ribosylation factor 1 (Arf1), the small

GTPase responsible for COPI assembly, affects the activity

of mTORC1, the mTOR complex involved in promoting

cell growth [38]. The Rab GTPase regulating ER–Golgi

transport, Rab1, and the yeast orthologue Ypt1, has also

recently been shown to be essential for autophagy, which

shall be elaborated upon below.

Other than ER–Golgi transport, Golgi and post-Golgi

trafficking processes and their components also affect

autophagy, either directly or indirectly. Two Golgi-local-

ized Rabs, Rab24 [39] and Rab33 [40], have distinctive

roles in autophagy. The Golgi syntaxin 5 containing

SNARE complex is important in proper transport of lyso-

somal proteins, and reduction in syntaxin-5 complex

components results in the accumulation of autophagosomes

as a result of lysosomal dysfunction [41]. As mentioned

earlier, Rab9, which mediates late endosome to Golgi

transport, is critical for autophagosome formation in the

Atg5–Atg7 independent non-canonical autophagic process

[30]. The roles of Rab9, Rab24, and Rab33 in autophagy

shall be elaborated in further detail below.

With regards to the endocytic pathway, components

of the endocytic machinery that affect autophagy include

the early endosomal Rab5, which, other than affecting

mTORC1 activation [38], also plays a role in autophago-

some formation through the beclin1-Vps34-containing

complex [42]. Late endosomal Rab7 is required for fusion

of autophagosomes with late endosome [43, 44], while

Rab11, which is associated with recycling endosomes, is

involved in the fusion between AVs and MVBs [35, 45].

Two v-SNAREs, VAMP3 and VAMP7/TI-VAMP, which

are implicated in both endo- and exocytosis, have been

shown to mediate AV-MVB fusion [35, 45]. In yeast,

N-ethylmaleimide sensitive factor (NSF)/Sec18p and the

SNARE Vti1 are required for AV fusion with the vacuole

[36]. In mammalian cells, a SNARE complex containing

VAMP8 and Vti1b is responsible for fusion of auto-

phagosome with lysosomes [46]. In the plant Arabidopsis,

a Rab GTPase, RabG3b, plays a role in the differentiation

of tracheary elements of the xylem [47].

As evidenced above, Rab GTPases, which have been

established to be key regulators of exocytic and endocytic

vesicular transport, appear to also have an involvement in

autophagy. In considering the intersections and interactions

between the exocytic and endocytic pathways and

autophagy, the paragraphs below shall focus on new find-

ings pertaining to the involvement of Rab family GTPases

in autophagy, particularly in autophagosome formation.

Rab1/Ypt1 and autophagosome formation at the ER

Rab1/Ypt1p regulates ER–Golgi and Golgi transport [48],

and has been suspected to be involved in autophagy. An

early indication of this notion is a study using the mutant

Ypt1(Q67L)p, which is GTPase-deficient and therefore is

constitutively active, alongside a background of Ypt1-GAP

gene deletion. These cells exhibited growth defects at

typically permissive temperatures, as well as various

morphological alterations that resembled autophagy [49].

Two recent reports have now confirmed that Rab1/Ypt1p is

essential for autophagy in yeast and mammalian cells

[37, 50].

The yeast Ypt1p is activated by a multimeric guanine

nucleotide exchange factor [51, 52], the TRAnsport Protein

Particle (TRAPP) complex [53]. Two forms of the TRAPP

complexes have been identified earlier, with TRAPPI

functioning in ER–Golgi traffic [54] and a larger TRAPPII

complex mediating Golgi traffic [55]. Previously, one of the

nonessential subunits of the TRAPP1 complex, Trs85,

was shown to be required in yeast for both general

macroautophagy [56] and the more specific cytoplasm-

to-vacuole targeting (Cvt) pathway [57], in which biosyn-

thetic cargo is sequestered from the cytoplasm by a

double-membrane vesicle that eventually fuses with a vac-

uole. Lynch-Day et al. [50] have recently identified a novel,

Ypt1p-activating, Trs85-containing TRAPP complex

(known as TRAPPIII)50. The authors also found that ypt1

temperature-sensitive mutants showed some degree of

defects at both permissive and non-permissive temperatures

for the nitrogen starvation-induced vacuolar transport of a

mutant vacuolar alkaline phosphatase Pho8D60. These

mutants also show varying severity in impairment of Atg8

targeting to the PAS and vacuole. On the other hand, a

constitutively active mutant of Ypt1 was able to suppress

autophagic defects exhibited by the trs85 deletion mutant.

Imaging studies indicate that Ypt1p tend to colocalize with

Trs85p at the PAS at a much higher rate than Trs65p and

Trs130p, which are exclusively found in the TRAPPII
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complex. This colocalization is enhanced in an atg1 deletion

background, in which autophagic proteins accumulate at the

PAS because of the defect in autophagosome formation. The

results thus indicate that the Trs85 targets a Ypt1p-specific

GEF activity in the form of TRAPPIII to the PAS, although

the exact role of Ypt1p in subsequent steps of autophago-

some genesis remains to be elucidated.

The early secretory pathway of mammalian cells shares

some similar features with that of yeast, but also portrays

substantial difference. For one, while ER-derived COPII-

coated vesicles in yeast fuse with Golgi membranes by

heterotypic fusion (i.e., the fusion of membranes originat-

ing from different cellular compartments), mammalian

COPII vesicles appear to congregate homotypically into a

pre-Golgi intermediate structure, termed by some as

vesicular tubular clusters (VTCs) [58]. Although there

appears to exist only a single type of stable TRAPP com-

plex in mammalian cells, a recent proteomic analysis of the

autophagy interaction network in human cells identified a

possible link with mammalian Trs85, or KIAA1012 [59].

The mammalian Ypt1 orthologue Rab1 exists in two clo-

sely related isoforms, Rab1a and Rab1b. A recent report by

Zoppino et al. [37] showed that both the wild-type and a

constitutively active mutant of Rab1b were observed

to some degree in autophagic structures labeled with

RFP-LC337. This Rab1b-LC3 colocalization could be

enhanced by subjecting the cells to starvation and bafilo-

mycin treatment, which promote the accumulation of

autophagosomes by blocking their degradation. Over-

expression of Rab1b increased the number of LC3-positive

puncta, while both the dominant-negative form of Rab1b,

Rab1bN121I, and Rab1b silencing reduced the number

of autophagosomes. Interestingly, although the authors

showed that both Sar1 and Rab1b are important for

autophagy, the process is not inhibited by brefeldin A

(BFA), which inhibits Arf GEFs and COP1-mediated

retrograde processes in the early secretory pathway. BFA-

treated cells are still able to elevate the number of LC3-

labeled autophagosomes in response to cell starvation,

which suggests that autophagosome formation is dependent

on an intact trafficking pathway between the ER and Golgi,

but perhaps not the retrograde transport process in the early

secretory pathway.

In another report, Rab1 is shown to be important for

antibacterial autophagy, a parallel mechanism of autophagy

used by the cell for targeting intracellular pathogens [60].

Both GFP-tagged Rab1a and Rab1b could be found on LC3-

positive autophagosomes of the intracellular pathogen Sal-

monella typhimurium, and this localization is confirmed by

antibody against endogenous Rab1b. These authors also

found that Rab1 activity is important for S. typhimurium

autophagy and the latter is diminished by Rab1 silencing and

dominant negative mutant. Interestingly, the importance of

Rab1 is also extended to the autophagy of peroxisomes.

In agreement with Zoppino et al., BFA was shown not to

inhibit antibacterial autophagy. However, the authors also

found, in contrast to earlier reports in yeast [36], that dis-

ruption of COPII function did not significantly affect

autophagy of S. typhimurium. Whether this reflects a dif-

ferent requirement for different autophagic substrates, or a

species difference in mechanistic details, remains to be

confirmed. In spite of the advances noted above, the exact

role of Rab1b in autophagosome generation remains unde-

fined. Interestingly, another finding indicates that Rab1b’s

close paralogue Rab1a may influence the localization of

Atg9, the only membrane protein amongst the Atg family.

Rab1a knockdown and a-synuclein over-expression (which

impairs Rab1a activity) caused Atg9 to relocate from its

normal perinuclear TGN location, to a diffuse distribution in

cells [61]. Both of these manipulations also impaired

autophagy. In this report, however, the authors’ silencing of

Rab1b resulted in an increase in LC3II-labeled structures,

which is in contrast with the results of the other reports.

In fact, Rab1a’s role in cellular membrane traffic appears to

be fairly elaborate and not restricted to the ER–Golgi region,

and it has been implicated in transcytosis [62] and endocy-

tosis [63]. Whether Rab1a and Rab1b regulate different

steps of, or acts to mobilize materials from different mem-

brane sources to effect autophagosome formation, is unclear

at the moment.

Rab9 and autophagosome formation at the Golgi/TGN

in non-canonical autophagy

Other than the conventional autophagic process, another

non-canonical, Atg5/Atg7-independent autophagic process

has been described [30]. In examining for the possibility of

autophagic process in Atg5 -/- mouse embryonic fibro-

blasts, the authors found that in spite of being poorly

induced by rapamycin, which is known to be a potent

inducer of autophagy by inactivating mTOR, other cyto-

toxic stressors such as etoposide and starvation could still

induce autophagosome formation in these cells. These

autophagosomes could eventually mature to autolysosomes

and are functionally active in terms of protein degradation.

This Atg5-independent form of autophagy, as well as that

induced in Atg7 -/- cells, does not involve lipidation of

LC3 to form LC3II. However, these can still be inhibited

by PI3 kinase inhibitors, and is still dependent on Ulk1

and beclin1. Importantly, the authors observed that this

Atg5/Atg7-independent form of autophagy is in operation

in vivo during embryonic development, and has an

apparent function in clearing mitochondria during ery-

throid maturation, when erythrocytes undergo organelle

clearance during terminal differentiation.
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Compared to conventional autophagy, the alternative

form of autophagy has some peculiar features. Unlike the

predominantly ER association, these alternative autophagic

vacuoles were localized near the Golgi apparatus, with

some isolation membranes seen to have extended from the

Golgi membranes. Closure of some isolation membranes

appears to occur by fusion with vesicles with thicker

membranes that may be derived from the trans-Golgi, or

TGN. Most prominently, this alternative form of autoph-

agy, unlike the conventional form, is inhibited by BFA,

suggesting that it could be attenuated by inhibition of Golgi

retrograde transport. The authors found that etoposide

alters the localization pattern of the TGN marker TGN38,

and the TGN-late endosome marker mannose 6-phosphate

receptor, which suggests that Rab9 might play a role as the

latter has long been known to be involved in late endo-

some–Golgi transport [64]. Prompted by the above

observations to check the possible involvement of Rab9,

the authors found significant association of Rab9 with

Lamp2-positive autolysosomes in cells with induction of

alternative autophagy. Constitutively active Rab9 has ele-

vated, while dominant-negative mutant has reduced co-

localization of Lamp2 in Atg5-/- cells. Rab9 silencing,

while having no effect on conventional autophagy,

appeared to decrease the number of etoposide-induced

autophagic vacuoles in Atg5-/- cells, but also induced an

accumulation of isolation membranes (which is not

observed when Ulk1 was silenced). These observations

suggest that a Rab9-mediated trafficking process may be

required for autophagosome maturation in the alternative

mode of autophagy.

The Golgi Rab24 and Rab33’s roles in autophagy

Two mammalian Golgi-associated Rabs have been impli-

cated in the canonical autophagy process. Rab24, whose

function in conventional exocytic traffic has been undefined,

has a membrane localization that concentrates around the

perinuclear region, which partially overlaps with both the ER

and the Golgi. Starvation of cells caused a drastic change to

the labeling pattern, with Rab24 redistributed to punctate

spots, larger dots, ring-shaped small vesicles, as well as some

elongated tubular-like structures [39]. These changes could

be inhibited by both N-ethylmaleimide, which inhibits

vesicular transport, and Wortmannin, which inhibits PI3

kinase activity. Rab24 colocalizes with autophagosome

markers such as LC3, and the degree of colocalization

increased upon starvation. Further, over-expression of

Rab24 appeared to increase the number of autophagic vac-

uoles. These early observations indicate that Rab24 has a role

in autophagy, perhaps in ways that are analogous to Rab1 and

Rab9 described above. Another finding revealed an increase

in Rab24 mRNA in nerve-injured hypoglossal motor neu-

rons of rats [65]. Induction of LC3 mRNA and accumulation

of LC3-II were also observed, with partial co-localization of

Rab24 and LC3 observed in the injured neurons. Nerve

injury could therefore upregulate autophagy events, and

Rab24 appears to be part of this autophagic injury response.

Rab33A and Rab33B are two Golgi Rabs sharing a high

degree of homology. Unlike the brain-specific Rab33A

[66], Rab33B is ubiquitously expressed [67], and has been

implicated in mediating intra-Golgi trafficking and retro-

grade Golgi–ER trafficking [68, 69]. Itoh et al. showed

that both Rab33A and Rab33B interact with Atg16L in a

GTP-dependent manner, and are involved in autophagy

[40, 70]. Constitutively active, GTPase-deficient mutant of

Rab33B enhanced LC3 lipidation, even under nutrient-rich

conditions. Interestingly, this form of Rab33B appeared to

inhibit basal or constitutive autophagy, as suggested by an

accumulation of p62, an autophagic substrate. However,

upon starvation, p62 is efficiently degraded. The implica-

tion of this observation is not yet clear, but suggests that

basal and nutrient starvation-induced autophagy may differ

slightly in their component requirements. Conversely,

expression of the Rab33B-binding domain of Atg16L (to

interfere with the endogenous Rab33B and Atg16L inter-

action) or silencing of Rab33B increased Atg12- and

LC3-positive punctae. Rab33B’s specific interaction with

Atg16L indicates that its role in autophagy may be distinct

from that of Rab24 and the other Rabs.

Endocytic Rabs and the maturation of autophagic

vesicles

The autophagic vesicle, once formed, matures via fusion

with endocytic compartments [19], and several endosomal

Rabs are expected to function in this regard. Surprisingly,

the early endosomal Rab5 has been shown to act at an early

stage of autophagosome formation, and its over-expression

attenuated the toxicity induced by mutant huntingtin in cell

culture and Drosophila models by ameliorating the buildup

of toxic aggregates [42]. Rab5’s role in autophagic vesicle

fusion to the early endosome compartment, if any, is not

particularly clear. On the other hand, Rab11’s role in the

autophagic process during erythrocyte maturation has been

well documented by Fader et al. [45, 71, 72], using the

erythroleukemia cell line K562 as a model. In these cells,

Rab11 is found to label MVB membranes. Nutrient star-

vation and rapamycin caused an enlargement of the

structures decorated with GFP-Rab11 and its colocalization

with LC3, which was abrogated by a Rab11 dominant

negative mutant [72].

As the functional Rab long recognized to be essential for

processes involving late-endosomal/lysosomal fusion,
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Rab7 is expectedly involved in the late stages of auto-

phagosome maturation [43, 44]. Rab7 is also important for

the Group A streptococcus (GAS)-containing autophago-

some-like vacuoles in infected cells [73]. The exact

function of Rab7 in autophagosome maturation is hinted

at by a recent report identifying a novel FYVE and coiled-

coil (CC) domain-containing protein, FYCO1, as an

LC3-interacting protein and Rab7 effector [74]. FYCO1

interacts with and decorates the autophagosome, and the

endosomal-lysosome compartments. Recruited to the

membrane by Rab7 and its FYVE domain interaction

with PI3P, the Rab7–FYCO1 complex promotes microtu-

bule plus end-directed transport of autophagic vesicles.

Silencing of FYCO1 resulted in the accumulation of

LC3-positive autophagosomal clusters at the perinuclear

region, suggesting an inhibition of their transport. Rab7

could therefore function through its effector FYCO1 to

promote microtubule based transport and eventual fusion

of autophagosome with lysosomes.

RalB activation of autophagosome formation

The Ras-like GTPases RalA and RalB are prominent

cancer-related proteins [75]. An interesting connection

between the Rals and some Rab proteins is that they share

an effector, a membrane tethering complex known as the

exocyst complex [76]. The exocyst is an evolutionarily

conserved, multimeric protein complex. Its principle

function is to mediate the tethering of post-Golgi secretory

vesicles to the plasma membrane, and is important for

surface exocytosis in polarized cell types [77]. In a yeast

interaction screen, Bodemann et al. identified modulators

of autophagy, such as the beclin1 interacting proteins

Atg14L and Rubicon [78], as well as FIP200, in the first-

degree interaction neighborhood of the exocyst subunit

Sec3 [79]. Considering the known association between the

exocyst and RalA/B, the authors were prompted to check if

these are involved in autophagy. Expression of an inter-

action disrupting minimal Ral-binding domain of a Ral

effector suppressed formation of LC3-labeled punctae.

Interestingly, siRNA-mediated depletion of RalB, but not

RalA, in a stable GFP-LC3 expressing cell line signifi-

cantly impaired GFP-LC3 signal accumulation and punctae

formation. Consistent with this finding, RalB, but not RalA,

is activated (i.e., becomes GTP-bound) by nutrient star-

vation. Ectopic expression of RalB was also sufficient to

induce the accumulation of LC3 punctae.

The authors also found that beclin1 is recruited to distinct

exocyst subcomplexes under different conditions of nutrient

availability. In HEK293 cells, there is an abundance of Sec5/

beclin1 complexes under nutrient-rich growth conditions.

Nutrient starvation induced the assembly of Exo84/Beclin1

complexes, while Sec5/beclin1 complexes were disassem-

bled within 90 min of nutrient deprivation. This phenomenon

could be reversed by the addition of non-essential amino

acids. On the other hand, Sec8/beclin1 complexes appeared

to be constantly present under both nutrient-rich and nutrient-

starved conditions. Vps34 associates with the above exocyst

subunits in a manner that is reminiscent of that of beclin1.

Expression of constitutively active RalB(G23V) could

recapitulate the above observations in the absence of nutrient

starvation. Furthermore, either nutrient starvation or

RalB(G23V) expression was sufficient to induce assembly of

ULK1/Exo84 complexes. Importantly, although ULK1 was

present in both Exo84 and Sec5 complexes under nutrient-

poor conditions, only Exo84-associated ULK1 displayed

significant catalytic activity. Functioning in conjunction with

the exocyst subunit Exo84 upon nutrient starvation, RalB

therefore appears to induce the nucleation of both the cata-

lytically active ULK1 complex and the beclin1-VPS34

complexes on the exocyst, thus promoting IM formation and

maturation. The signaling pathways leading from nutrient

starvation to RalB activation by specific RalB GEFs are not

yet clear. Different subunits and subcomplexes of the exocyst

also interact with members of the Rab and Rho family [80],

potential crosstalk or cooperation between these GTPases in

the autophagy process would provide interesting courses of

investigation.

Small GTPases and autophagy in pathological

conditions

Autophagy and its dysregulation and impairment have been

extensively implicated in pathological conditions such as

neurodegeneration [5, 6] and cancer [8, 9]. Autophagy is a

key mechanism for clearing toxic cellular aggregates, and

its impairment or an overwhelming of its clearance

capacity underlies the pathology of several neurodegener-

ative diseases. A particularly prominent example is the

involvement of a-synuclein in Parkinson’s disease (PD)

[81, 82]. A protein of yet unclear endogenous function,

a-synuclein gene mutations cause juvenile onset forms of

PD, and insoluble aggregates of the protein is the major

component of Lewy bodies, a distinct pathological feature

of PD and other synucleinopathies [83]. Excessive amounts

of a-synuclein or its mutants result in neural toxicity

through the formation of oligomers and fibrillar aggregates

that perturb critical cellular processes such as axonal

transport. In the context of Rab’s regulation of autophagy,

it has been shown that Rab1 appeared to be able to rescue

neuronal loss in Parkinson’s disease models associated

with a-synuclein toxicity [84]. A similar suppressive

activity of a-synuclein toxicity has also been demonstrated

for Rab3a and Rab8a [85].
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The basis of how Rab1 over-expression could effec-

tively attenuate impairments incurred by toxic a-synuclein

oligomers has recently been highlighted by the finding that

a-synuclein impairs neuronal autophagy, specifically

affecting omegasome formation via Atg9 [61]. This effect

of a-synuclein is likely through its inhibition of Rab1a

activity, as both Rab1a silencing and a-synuclein overex-

pression changes Atg9 distribution. Interestingly, although

the number of omegasomes is above that of normal basal

condition in a-synuclein-expressing cells could be

enhanced by Rab1a expression, the latter was unable to

increase LC3 punctae in the presence of a-synuclein. This

observation, in agreement with others, suggests that Rab1

functions early in autophagosome formation.

Dysregulation of autophagy has also been implicated in

lysosomal storage disorders, which are metabolic disorders

that result from defective lysosomal function. A typical

example is Niemann–Pick Type C disease (NPC), which is

characterized by an accumulation of cholesterol and sphin-

golipids in late endosomes and lysosomes. Patients with

NPC develop progressive neurodegeneration, and are pre-

sented with ataxia, dystonia, and dementia. Mutations in

npc1 or npc2, which are associated with cholesterol

metabolism, have been implicated in the disease [86, 87].

Evidence suggests that the neurodegeneration observed in

NPC is associated with dysregulated autophagy. Ko et al.

have observed autophagic vacuoles and increased levels of

LC3-II in Purkinje cells of mutant npc1 mice [88]. It is likely

that the dysregulation of lipid trafficking triggers autophagy,

which in turn results in cellular stress when the cell is unable

to keep up with the demand on the autophagic system.

A link between Rabs, autophagy, and NPC comes with

the observation that overexpression of certain Rabs rescue

lipid trafficking defects in npc mutant fibroblasts [89, 90].

For example, Rab9 appears to have a protective effect in

npc1 mutant mice, as evidenced by a decrease in gangli-

oside accumulation in the brain and an extended lifespan in

the animals [91]. It appears that elevated endosomal cho-

lesterol levels perturb the Rab activation cycle and result in

trafficking defects that exacerbate the condition. Given the

role of Rab9 in late endosome-to-Golgi retrograde trans-

port, over-expression of Rab9 could speculatively restores

the transport of cholesterol to the ER, where it is esterified,

thus reducing the trapping of lipids in the late endosomes.

RalB’s now-recognized role in autophagy also opens up

a new range of possible investigations to further understand

the role of autophagy in cancer development. Although

many details have yet to be worked out, it appears that

RalB activation could functionally couple a variety of

nutrient-signaling processes to autophagy. RalA and RalB

could be activated by a family of GEFs, for which indi-

vidual specificity and functional connection between them

is not yet clearly established. Interestingly, RalA and RalB

have been known to act antagonistically in terms of cancer

cell migration [92]. This could likewise be the case for

autophagy. RalA and its activator Ral guanine nucleotide

dissociation stimulator (RalGDS) have been shown to be

indispensable for activation of mammalian target of rapa-

mycin complex 1 (mTORC1) [93], which inactivates Ulk1.

The role of autophagy in cancer appears to be more com-

plex than in the case of neurodegenerative diseases with

toxic aggregates. Autophagic processes promote cell sur-

vival, and could be associated with tumorigenesis. On the

other hand, autophagic cell death is a recognized mode of

programmed cell death, and could, in the right context, acts

as a tumor suppressive mechanism. RalB’s activation and

its engagement of the exocyst affect multiple aspects of

tumor cell behavior, particularly in the aspects of anchor-

age-dependent growth, migration, and invasion. It would

be interesting to see how its roles in autophagy induction

feature in synchrony with its other oncogenic activities.

Concluding remarks

In this short overview, we discussed our current knowledge

with regards to the involvement of classical components of
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Rabs with a demonstrated involvement in autophagy, as well as RalB.

The blue arrow indicates the generation of a double membrane
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arrows indicate membrane traffic flow between the endocytic
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LE late endosome, TGN trans-Golgi network, GA Golgi apparatus
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the eukaryotic membrane trafficking machinery in autoph-

agy, with a focus on ER and Golgi Rabs (Fig. 1). The recent

discovery of RalB and the exocyst’s roles in autophagy has

added to the complexity of autophagy induction. While it is

clear that these small GTPases are critical for the various

stages of autophagosome formation and maturation, a clear

molecular picture of how these regulate or interact with the

core autophagic complexes is still lacking. Adding these

molecular details, particularly pertaining to the hierarchical

and temporal ordering of activities and functions, would be

important pursuits in the immediate future. Further, it

remains perplexing that multiple membrane trafficking

components that are spread throughout the secretory path-

way appear critical for autophagosome formation, which

brings us back to the old, but yet unanswered question of the

exact source of autophagosome membrane. It would appear

that the cell could initiate IM formation from multiple places

at the vicinity of the ER, Golgi, and mitochondria. A full

understanding of the role of membrane flow mediated by

Rabs in this process would be of both academic and trans-

lational importance.
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