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Simple Summary: Vesicle trafficking is governed by the careful regulation of RabGTPase acti-
vation/inactivation, which promotes vesicle formation from a donor membrane, motility, dock-
ing/tethering and fusion with a recipient membrane. This review highlights the main Rab proteins
involved in these processes under physiological conditions, and focuses on the pathophysiological
role of the two Rab27 isoforms. This review presents the interest in studying Rab proteins and their
effectors in the regulation of vesicular trafficking, and opens the interest of considering them in
pathological conditions as outcomes for targeted therapeutical approaches.

Abstract: Vesicular trafficking is essential for the cell to internalize useful proteins and soluble sub-
stances, for cell signaling or for the degradation of pathogenic elements such as bacteria or viruses.
This vesicular trafficking also enables the cell to engage in secretory processes for the elimination
of waste products or for the emission of intercellular communication vectors such as cytokines,
chemokines and extracellular vesicles. Ras-related proteins (Rab) and their effector(s) are of crucial
importance in all of these processes, and mutations/alterations to them have serious pathophysio-
logical consequences. This review presents a non-exhaustive overview of the role of the major Rab
involved in vesicular trafficking, with particular emphasis on their involvement in the biogenesis
and secretion of extracellular vesicles, and on the role of Rab27 in various pathophysiological pro-
cesses. Therefore, Rab and their effector(s) are central therapeutic targets, given their involvement in
vesicular trafficking and their importance for cell physiology.

Keywords: RabGTPase; vesicular trafficking; extracellular vesicles; Rab27a; Rab27b

1. Introduction

Since their discovery in the late 1980s [1], numerous studies have highlighted the
involvement of Rab (Ras-related proteins), which belong to the Ras GTPase superfamily,
in many different cellular processes ranging from endocytosis to intracellular vesicles
formation, movement, tethering and fusion [2–5]. Rab are also involved in the genesis of
extracellular vesicles. Rab proteins are well conserved through evolution, highlighting their
major roles for cell functions. From 20 Rab from the latest established common ancestor in
6 Rab supergroups, the number of Rab is increasing throughout evolution, following the
complexity of organisms: 39 in Metazoa, 62 in Vertebrates and 66 in humans (Figure 1A).
In terms of structure, Rab exhibit conserved amino acid sequences that reflect a common
structure, with five α-helices and six β-sheets and two switch domains (Figure 1B,C). Some
domains, referred to as Rab family and Rab subfamily motifs (RabF1-4 and RabSF1-5
respectively), reflect Rab functions and interactions with Rab-interacting proteins such as
GTPase activating protein (GAP), guanine nucleotide exchange factor (GEF) and guanine
nucleotide dissociation inhibitor (GDI) [6,7]. Moreover, complementary determining re-
gions (CDR1-5) are domains involved in the specificity of Rab effectors recruitment [8].
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Despite their different cellular locations, these proteins function according to the same
cycle of activation and inactivation (Figure 2A). The free inactive form of the Rab protein,
coupled to guanine diphosphate (GDP), is first taken up by a chaperone protein, Rab escort
protein (REP), and then acquires a prenyl anchor through the action of Rab geranylgeranyl
transferase (RabGGT), enabling it to bind to the membrane of the target organelle.
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Figure 1. Rab expressions throughout evolution, structure and cycle of Rab activation/inactivation.
(A) Expressions of the six superfamilies of Rab-GTPases from the latest established common ancestor
(LECA) to humans. Crosses reflect the loss of some Rab during evolution. (B) Sequence alignment
of selected Rab and delimitation of the conserved 5 α-helices and 6 β-sheets, switch domains,
Rab family (RabF1-5) and subfamily (RabSF1-4) motifs, complementary determining regions
(CDR1-5). Stars (*) represent the conserved amino acids, colons (:) for amino acids residues with
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similar physicochemical properties, points (.) for semi-conserved substitutions [9]. (C) AlphaFold
structure of Rab27a highlighting the conserved α-helices and β-sheets [10–12].
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Figure 2. Cycle of Rab activation/inactivation (A) and main functions of Rab in vesicular trafficking
(B). 1: Vesicle formation from a donor membrane; 2: vesicle motility and delivery to organelles/target
membrane; 3: vesicle tethering and docking; 4: vesicle fusion with acceptor membrane and/or release
of vesicle contents. GAP: GTPase activating protein; GDF: GDI displacement factor; GDI: guanine
nucleotide dissociation inhibitor; GDP: guanine diphosphate; GEF: guanine nucleotide exchange
factor; GTP: guanine triphosphate, MA: motor adaptor; RabGGT: Rab geranylgeranyl transferase;
REP: Rab escort protein.

The transition from the inactive to the active form of Rab proteins occurs (i) under the
control of GEF, which catalyzes the reaction of GDP to guanine triphosphate (GTP) and
(ii) by association with effector proteins. Conversely, the transition from the active to the
inactive state occurs through the action of GAP. Rab are then released from the membrane
by association with GDI or can resume an inactivation/activation cycle [13]. Rab also
have different post-translational modification sites for phosphorylation, adenynylation
and prenylation (reviewed in [14]); however, phosphorylation of Rab can modulate their
activation/inactivation cycle by modifying the affinity and function of GAP, PEF and effec-
tors [7,15,16], as well as their membrane targeting as observed for Rab4 during mitosis [17].
Rab phosphorylation is also able to modulate their functions and their abundance in the
cytoplasm [7,18–21].
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Rab proteins are involved at different levels of vesicular traffic. From a donor mem-
brane, whether plasma membrane or organelle membrane, Rab promote the formation of
vesicles and ensure their motility in association with motor elements of the cytoskeleton,
notably microtubules (Figure 2B 1, 2). Rab also enable vesicles to be tethered to a recipient
membrane, organelle or plasma, through the intervention of a tether effector and SNAREs
proteins. This tethering leads to fusion of the vesicle concerned with the recipient mem-
brane and the release of its contents into the intra- or extracellular recipient compartment
(Figure 2B 3, 4).

This short review presents a non-exhaustive overview of the involvement of the main
Rab proteins during the different stages of vesicular formation and tethering, trafficking, as
well as their activation/inactivation cascade, which is essential for endosome routing, but
also in exocytosis pathways (Table 1).

Table 1. List of the main Rab involved in vesicular trafficking.

Rab Proteins Effector(s) and Partners Role(s) in Vesicular Trafficking

p115-GM130 ER-Golgi trafficking
Rab1

Giantin-Golgin84 Tethering

Rab2
RUND-1 ER-Golgi trafficking

CCCP-1 Tethering

Rabaptin-4,5,5β Protein sorting and recycling
Rab4

Rabex-5 Endocytic recycling to plasma membrane

Rab5

Rabaptin-5,5β-p150-Vac1-EEA1
Endocytic internalization and early endosome formation

Rabenosyn-5-Vps34,45-CORVET

Rabkinesin-6-Rabex-5-Rabphillin-3
Tethering and fusion

Syntaxin13,16

Rabring Late endocytic trafficking
Rab7

HOPS complex Vesicle fusion

Rab8 Rab8IP Transport between Golgi and TGN

p40 Cargo adaptor, sorting and fusion
Rab9

TIP47 Exchanges between late endosomes and trans-Golgi

Rab10

MICAL1 Transport between Golgi and TGN

MYO5A-B-C Transport between TGN to plasma membrane

RIMS1

Rabphylin11-Rab11BP Exocytosis, transport and recycling of endosomes

FIP2-4-Sec15 Transport from the GolgiRab11

RIP11-Sec13 Endocytic recycling

Rab14 KIF16B-RUFY1-ZFYVE20 Transport between Golgi and early endosomes

Exit from recycling endosomes
Rab15 REP15

Inhibitor of endocytin internalization

Rab21
APPL Endocytic internalization

ITGA2-ITGA11 Cytokinesis

MLPH-SLP2A-Rabphilin-3

Exocytosis
Noc2-Granuphilin-CORO1C

MYO5A-MYRIP-RPH3A
Rab27a

RPH3AL-SYTL1-5-UNC13D

Rab27b SYP4-EXPH5 Exocytosis

Rab31 OCRL-TBC1D2B Bidirectional transport between TGN and early endosomes

Rab35 ACAP2-FSCN1-MICALL1-OCRL Endocytic recycling

Rab44 Coronin1C (Putative) Lysosomal function
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2. Involvement of Rab in Endosome Routing

Rab proteins are being extensively studied for their involvement in the endosomal ma-
chinery. This enables proteins to be sorted out for recycling and those to be directed towards
the lysosomal degradation pathway. Once internalized, the membrane invagination that
becomes an early endosome after splitting with the plasma membrane will mature into a
recycling endosome or a late endosome, depending on its content. In recycling endosomes,
the proteins to be recycled are transported to the cell membrane. This is the case for the
low-density lipoprotein receptor (LDLR), transferrin receptor (TfR) [22–24]. The elements
contained in the late endosomes will either be directed towards the trans-Golgi network,
degraded or, as observed in polarized cells, brought unchanged from one pole of the cell to
the other by the process of transcytosis [22]. Most of the cargo will be transported to the
lysosome for degradation. During this endolysosomal process, a progressive acidification
of the compartments is observed, enabling the activation of proteolytic enzymes linked
to degradation. The role of Rab proteins at this level is to orientate or sort the endosomes
according to their cellular fate (Figure 3). For example, activation of Rab4, Rab11, Rab15
and Rab35 leads the early endosome to become a recycling endosome, while activation of
Rab7 determines its fate as a late endosome [25].
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Figure 3. Endosomal routing by Rab proteins. The cascade of inactivation of one Rab/activation of
another Rab directs the fate of the early endosome towards (i) a recycling pathway at the plasma
membrane, (ii) an endolysosomal degradation pathway or (iii) the multivesicular body. For greater
clarity, the Rab involved in this routing are symbolized by green rectangles. Arl8b: ADP-ribosylation
factor-like protein 8B; EEA1: early endosome antigen 1; ILV: Iintraluminal vesicle, LDLR: low-density
lipoprotein receptor; TfR: transferrin receptor.

2.1. From Early Endosome to Recycling Endosome

The early endosome, generally associated with the protein marker early endosome
antigen 1 (EEA1), contains various Rab proteins in active and inactive forms, such as Rab4,
Rab 5, Rab15 and Rab21. Rab5 is activated in early endosomes and, like the EEA1 protein
(one of its effectors), appears to be a marker of early endosomes [4]. Rab5 activation is also
known to regulate clathrin- and caveolin-1-mediated endocytosis pathways [26]. However,
a recent study in cortical neurons has refined this process. In fact, Rab21, and not Rab5,
regulates caveolin-1-dependent endocytosis involved in the pruning of immature neurites,
demonstrating the existence of two distinct populations of early endosomes, Rab5+ or
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Rab21+. Therefore, Rab5 would be preferentially associated with the clathrin-dependent
endocytosis pathway [27].

Proteins endocytosed and transported by early endosomes may follow a recycling
pathway to the plasma membrane, depending on the activation of other Rab. Indeed, the
two Rab4 isoforms, a and b, have been described as being involved, once activated, in the
recycling to the plasma membrane of various proteins once activated by its effectors such
as CD2AP, dynein intermediate light chain-1 (dynein LIC-1) and syntaxin-4 [28–30]. In
addition, activation of Rab15 by its effector, Rab15 effector protein (REP15), allows recycling
of TfR to the plasma membrane according to research carried out on HeLa cells [31]. Rab11
has been described as a marker of recycling endosomes [32], and is notably involved in the
recycling of myosin Vb to the plasma membrane following activation by its effector, Rab11
family interacting protein 2 (Rab11-FIP2) [33]. Compared with Rab4, which regulates rapid
recycling, Rab11 is responsible for a slower recycling pathway [19]. Finally, the role of
Rab35 in recycling is not precisely known, but it remains essential for the final stages of
cytokinesis by controlling the subcellular localization of septin and phosphatidylinositol
4,5-bis phosphate (PIP2) during cell division in humans and drosophila [34].

2.2. From the Early Endosome to the Late Endosome

During the transition from the early endosome to the late endosome, a process of
Rab conversion or switch is observed, with a depletion of Rab5 and an enrichment of
Rab7. This mechanism is made possible by Rab5 recruiting the Rab7 GEF complex, thereby
activating Rab7; Rab7 recruits the Rab5 GAP complex, thereby inactivating Rab5 [35].
One study showed that inhibition of Rab5 expression by more than 50% in liver cells had a
considerable impact on the endosomal system, highlighting its essential role in endosomal
maturation [36]. In late endosomes, Rab9 in its activated form is often associated with
the recycling of cargo to the Golgi apparatus [37]. However, Rab9 is also involved in
regulating the size and stability of the late endosome following interaction with its effector,
the tail-interacting protein of 47 kDa (TIP47) [38].

2.3. Fate of the Late Endosome

Although Rab7 is the major player in the early endosome–late endosome transition, it
also plays a major role in the fusion of late endosomes and subsequent multivesicular bodies
(MVB) with the lysosome through mechanisms involving a tether complex formed by Rab7,
N-ethylmaleimide sensitive factor (NSF) and soluble NSF attachment proteins (SNAPs), and
SNAp receptor (SNAREs) proteins for the fusion between MVB and lysosome, including
vesicle-associated membrane proteins 7 and 8 (VAMP7-8) and syntaxins 7 and 8 [39,40].
Rab7 deficiency disrupts this late endosome–lysosome transition, but also autolysosome
formation and autophagosome maturation [41]. Although present in lysosomes, the role
of Rab44 in lysosomal functions remains unclear, especially as its subcellular localization
appears to be influenced by intracellular Ca2+ levels [13]. However, it has been reported
that Rab44 plays a role in lysosomal exocytosis in mast cells, but this mechanism depends
on the Rab44 isoform involved [42].

At the level of the late endosome, the Rab cascade that leads to the inactivation of
Rab7 determines its fate towards the MVB. Activation of Rab31 leads to the recruitment of
a GTPase and the TBC1 domain family member 2B (TBC1D2B) protein, which inactivates
Rab7 and prevents MVB fusion with the lysosome [43]. Another GTPase is recruited to
the MVB, the ADP-ribosylation factor-like protein 8B (Arl8b), which plays a role in the
secretion of intraluminal vesicles (ILV, see Section 2.1).

From endocytosis onwards, the switch from one Rab to another, i.e., the activa-
tion/inactivation of Rab and their recruitment to organelles, determines the fate of the
endosome towards recycling, degradation or maturation pathways, opening up other
cellular processes such as biogenesis and extracellular vesicles secretion.
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3. Role of Rab Proteins in the Biogenesis and Secretion of Extracellular Vesicles

In addition to their role in endosome routing, Rab proteins are also involved in various
cellular secretory processes. Examples include the role of Rab8, Rab10 and Rab14 in
addressing vesicles from the trans-Golgi network to the plasma membrane (Figure 4). In
this section, the importance of Rabs in the biogenesis and secretion of extracellular vesicles
(EVs) will be discussed.
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Figure 4. Involvement of Rab in cell secretion mechanisms. Rab proteins participate in various
secretory pathways, as shown here, originating from the Golgi apparatus, or from the multivesicular
body (MVB) and its potential fusion with amphisomes for the biogenesis and secretion of extracellu-
lar vesicles (EVs). EVs can also arise from plasma membrane budding under the action of Rab27a
and the ESCRT machinery. For clarity, Rab proteins are symbolized by green rectangles. Arl8b:
ADP-ribosylation factor-like protein 8B; ERGIC: endoplasmic reticulum–Golgi intermediate com-
partment; ESCRT: endosomal sorting complexes required for transport; EVs: extracellular vesicles;
ILV: intraluminal vesicles; LDLR: low-density lipoprotein receptor; SNAREs: SNAp receptors; TfR:
transferrin receptor.

3.1. Biogenesis and Secretion of Extracellular Vesicles

Over the last two decades, there has been growing interest in the involvement of EVs
in cellular communication. Initially described as vectors for the elimination of cellular
waste, EVs are now being studied for their ability to exchange messenger compounds
(proteins, nucleic acids of the microRNA (miRNA) type, soluble peptides and/or enzymes,
etc.) between cells over short or long distances. This mode of cell–cell communication is
important in the pathophysiological regulation of recipient cells, and as soon as the protein
profile of EVs varies in pathological conditions, these EVs are considered as potential
biomarkers [44,45]. EVs are classified into three main categories according to their size:
small EVs with a diameter of between 40 and 150 nm, including vesicles known as “exo-
somes” and “small ectosomes”; medium-sized EVs with a diameter of less than 500 nm; and
large EVs with a diameter of more than 500 nm [46–48]. Of all the EVs, small EVs have been
the most widely described, particularly for their involvement in cell–cell communication
mechanisms. Small EVs can originate (i) by budding from the plasma membrane [43] to
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the external environment or (ii) by endosomal biogenesis, i.e., they originate in MVB in the
form of ILV.

Currently, around ten Rab proteins have been identified as being involved in the
various stages of EVs biogenesis/secretion. It has also been shown that inhibition by
RNA interference of certain Rab proteins such as Rab5 or Rab27 has consequences for
the secretion of small EVs [49]. During the ILV formation stage within MVB, several
biogenesis mechanisms have been described. The first, and best known, is the secretion
machinery-dependent biogenesis pathway ESCRT (endosomal sorting complexes required
for transport), a protein cascade allowing invagination and scission of MVB membranes
towards their lumen [45]. MVB naturally fuse with the lysosome, but the latter is diverted
from its function in the degradation pathway by the inactivation of Rab7 by Rab31 and
taken to the periphery of the cell to fuse with the PM, and thus release in the form of
small EVs the ILV contained in its lumen. Arl8b is recruited to MVB, allowing centripetal
movement of MVB towards the cell periphery [43,50]. A recent study highlighted an ESCRT-
independent biogenesis pathway involving Rab31. Rab31 promotes the involvement of
flotillins in MVB lipid rafts, resulting in preferential targeting of the epidermal growth
factor receptor (EGFR) in CD63+ ILV [43]. Rab11 appears to be involved in MVB docking
to the PM prior to calcium-dependent fusion [51,52]. It has also been reported that reduced
Rab11 activity in K562 myeloid leukemia cells affects exosome secretion [53] but was not
found in HeLa cells [49], suggesting a cell type-dependent involvement of Rab11. Rab35
has also been reported to be involved in exosome secretion in hepatocellular carcinoma [54]
and in the fusion steps of MVB to PM [51].

A recent study looked at the molecular profile of MVB fusing with PM. Using a
microscopic approach, it was shown that MVB fusing to the PM are positive only for Rab27,
and not for other GTPases such as Rab7a and Arl8b. During its movement towards the
PM, MVB are depleted of Arl8b, which is replaced by Rab27a, making fusion with the PM
possible [55]. Therefore, CD63+ MVB fusing with the PM would be decorated essentially
with Rab27a and b proteins, which appears to be essential in EVs biogenesis.

3.2. Importance of Rab27 in Pathophysiological Processes

Rab27 isoforms belong to the Rab superfamily I, with a structure close to Rab8
(Figure 1A,C). The two Rab27 isoforms, Rab27a and Rab27b, are expressed in all tissues,
but it is important to note that Rab27a is the main isoform expressed in the body and is
particularly enriched in bone marrow, lymphoid tissues, prostate, stomach and the overall
gastrointestinal tract. Despite a lower expression than Rab27a, Rab27b expression is high in
the liver and in thyroid glands (Figure 5A–C). Rab27a and Rab27b are expressed by distinct
genes, and exhibit around 70% gene sequence homology. Protein sequence alignment
exposes a very high homology of amino acids between both isoforms, differing in a small
region of the C-terminal region (Figure 5D). Both proteins are present in MVB, but also in
PM. Rab27b is preferentially located in the trans-Golgi network, while Rab27a is often asso-
ciated with CD63+ compartments (25%, compared with 10% for Rab27b) [49,55]. The role of
the Rab27 protein has been extensively documented in melanocytes, where it participates
in the migration of melanosomes towards the PM under the control of its two effectors,
melanophilin (MLPH) and synaptotagmin-like protein 2-a (Slp2a) [4]. Rab27 and effectors,
and particularly Rab27a, have been described to be of importance for secretion pathways
as described for secretory granule exocytosis [56], and in docking/tethering of intracellular
vesicles with acceptor membranes [57].

Inhibiting the protein expressions of the two Rab27 homologs has led to a better
understanding of their role in the biogenesis of EVs of different sizes. RNA interference
inhibition of the two Rab27 homologs reduces the secretion of small EVs by disrupting
SNAREs (soluble N-ethylmaleimide-sensitive-factor attachment protein receptors) and the
actin-dependent exocytosis system. However, inhibition of these proteins had no impact
on the composition of the few EVs secreted by shRab27a and shRab27b cells. Therefore,
Rab27a and Rab27b are thought to play a role in the docking stages of MVB to the PM, and
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inhibiting their respective effectors, synaptotagmin-like protein 4 (SYP4) and exophilin
protein 5 (EXPH5), induces the same cellular responses. More specifically, Rab27b is
involved in MVB motility towards the cell periphery, and both isoforms are thought to be
important for the fusion step [49]. Rab27s are also involved in the amphisome biogenesis
pathway. They are involved in the fusion of the autophagosome with the PM, releasing
small extracellular vesicles from the amphisomes [58]. Rab27a is also involved in the
formation of microvesicles (medium-sized EVs) and ectosomes (small EVs) in the PM by
reorganizing the actin cytoskeleton, a mechanism that is essential for vesicular trafficking
and plasma membrane deformation. Rab27b has been described to be involved in lysosomal
exocytosis in oligodendrocytes [59].
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Given the major involvement of Rab27 in vesicular trafficking, it is not surprising
that some studies have focused on this protein from a pathological context. It has been
described that, in a context of ovarian cancer that is resistant to cisplatin (an anti-cancer
treatment), an overexpression of Rab27a is observed in association with an increase in the
EVs biogenesis machinery and a disturbance in lysosomal function. Inhibition of Rab27a
expression by RNA interference restores lysosomal function in treatment-resistant cells,
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with a morphology approaching that of cisplatin-sensitive cells [58]. Although Rab27s
appear to be involved in cancerous processes, their pathological impact has been more ex-
tensively documented in the context of melanogenesis. Indeed, the Rab27a mutation was the
first Rab mutation to be associated with an inherited disease characterized by neurological
disorders, a pigmentation defect (partial albinism, silver sheen in the hair) and an immune
deficiency, human Griscelli syndrome type 2 [61]. Loss of function of Rab27a or mutation
of its effectors Mlph and Slp2a in melanocytes results in a defect in the formation of the
Rab27a-Mlph-Myosin Va complex, which is responsible for actin-dependent anterograde
transport of melanosomes to the plasma membrane and accumulation of melanosomes in
perinuclear spaces [61]. Rab27b is also capable of interacting with Mlph and Slp2a, but is
not expressed by melanocytes. In contrast, an overexpression of Rab27b in Rab27a-deficient
melanocytes restores anterograde transport of melanosomes to the PM [62].

In addition to Griscelli syndrome type 2, mutations in Rab27a are also responsible for
serious diseases based on a deficiency in lytic granule exocytosis in T lymphocytes [62].
However, no human diseases have been associated with Rab27b mutations. The use of
Rab27a- and/or b-deficient mouse models has demonstrated an impact on different cell
types, such as pancreatic cells or immune cells, indicating that a Rab27 protein deficiency
could be involved in various diseases [63]. A recent study carried out a mathematical
analysis of the involvement of Rab27 proteins in solid tumors. A significant relationship
exists between the expression of Rab27, particularly Rab27b, and poor survival following
the diagnosis of a solid tumor, such as in the lung. However, Rab27 expression does not
correlate with age, sex or tumor size/grade [64]. This correlation between Rab27 expression
and patient survival time is linked to the cellular functions of Rab27. Indeed, an increase in
Rab27 expression would promote the production of EVs, and therefore the progression of
metastases [65]. Rab27b is also involved in the activation of RAS proteins by controlling
the MEK/ERK signaling pathway, thereby promoting cell growth. Depletion of Rab27b
significantly reduced tumor cell progression in myelomonocytic leukemia [66].

4. Conclusions

Initially studied for their involvement in the endosomal maturation pathway, Rab
proteins rapidly attracted interest for their role in vesicular transport. With the explosion in
the number of studies on EVs over the last two decades, the role of Rab in the biogenesis
and secretion of EVs, and more specifically of Rab27 isoforms, has come to light. Taken
together, these data make Rab27 a target of interest for controlling cell–cell communication
by EVs. In addition, their involvement in pathological mechanisms, such as pigmentation
defects or more recently cancerous processes, could also open prospects for studies into
therapeutic approaches that target Rab and their effectors. In more general terms, given
their roles in various pathophysiological processes, targeting Rab and their effectors to
prevent or reinforce certain mechanisms could provide promising opportunities for new
targeted therapeutic approaches.
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