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a b s t r a c t

After endocytosis, diverse cargos are sorted into endosomes and directed to various destinations, includ-
ing extracellular macromolecules, membrane lipids, and membrane proteins. Some cargos are returned
to the plasma membrane via endocytic recycling. In contrast, others are delivered to the Golgi apparatus
through the retrograde pathway, while the rest are transported to late endosomes and eventually to lyso-
somes for degradation. Rab GTPases are major regulators that ensure cargos are delivered to their proper
destinations. Rabs are localized to distinct endosomes and play predominant roles in membrane budding,
vesicle formation and motility, vesicle tethering, and vesicle fusion by recruiting effectors. The cascades
between Rabs via shared effectors or the recruitment of Rab activators provide an additional layer of spa-
tiotemporal regulation of endocytic trafficking. Notably, several recent studies have indicated that disor-
ders of Rab-mediated endocytic transports are closely associated with diseases such as
immunodeficiency, cancer, and neurological disorders.
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1. Introduction

Cells can take in extracellular macromolecules, membrane
phospholipids, and membrane proteins through endocytosis. As
the primary method of intracellular transport, endocytic transport
is involved in various processes, including nutrient uptake, cell
polarity, cell migration, cell division, and synaptic transmission
[43]. Intracellular transport involves endocytosis, sorting, recy-
cling, and the degradation of macromolecules, phospholipids, and
proteins; it is a highly complex regulatory network. Some mem-
brane proteins and membrane phospholipids are transported to
the lysosome for degradation. In contrast, the rest of the mem-
brane proteins and membrane phospholipids are returned to the
plasma membrane for reuse, allowing the plasma membrane to
maintain structural and functional homeostasis [26]. The endocytic
system consists of components such as Rab GTPases, cytoskeleton-
based tracks for endocytic vesicle translocation, cytoskeleton-
associated motor proteins, and vesicles that carry cargos. In
eukaryotic cells, actin filaments and microtubules provide a path-
way for endocytic transport. The myosin family drives vesicle
movement along actin filaments, while the kinesin and dynein
families cooperate to move vesicles along microtubules [75]. Rab
GTPases are the most significant molecular switches in regulating
endocytic transport. Notably, Rab GTPases are localized to diverse
endosomal structures and regulate the functions of endosomes by
recruiting various effectors (Fig. 1) [53]. A large body of evidence
demonstrates that Rab proteins play pivotal roles in the formation,
translocation, anchoring, and fusion of vesicles during endocytic
transport [43].

Rab GTPases are monomeric GTP-binding proteins of approxi-
mately 200 amino acids in all eukaryotic cells. The human genome
encodes more than 60 Rabs [4,66], while there are only 31 Rab-like
Fig. 1. Rab GTPases are molecular switches for endocytic trafficking. Rab4 medicates fa
Rab5, which is localized to the early endosome, mediates endosomal fusion of clathrin-co
slow endocytic recycling (that delivers the cargo back to the cell surface) through recyc
Rab9 functions in the pathway from late endosomes to the Golgi apparatus. Rab10 is lo
recycling endosomes. RE: early endosome; SE: sorting endosome; RE: recycling endosom
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genes in C. elegans [37]. Furthermore, Rab isoforms involved in var-
ious endocytic transport can be produced by selectively splicing
Rab genes [38]. Upstream regulators control the activity of Rab
proteins, which then direct downstream effector proteins to per-
form specific functions. Irregular Rab-mediated endocytic steps
can cause aberrant distribution of functional proteins, leading to
physiological malformation and diseases.

It is worth noting that newly synthesized Rabs are not modified
by prenylation (farnesyl modification or geranylgeranyl modifica-
tion). Once synthesized, the Rab is then transferred to farnesyl
transferase or geranyl transferase, which will change the cysteines
at the C-terminus of Rab proteins using farnesyl pyrophosphate or
geranyl pyrophosphate, respectively [129]. The prenylated Rab is
delivered to the target membrane, where the Rab is converted from
the GDP-bound inactive form to the GTP-bound active form by the
Rab guanylate exchange factor (GEF) and associates with the mem-
branes of specific organelles. In contrast, those Rabs that GEF does
not activate will reside in the cytoplasm by binding to the Rab GDP
dissociation inhibitor (GDI) [98,116]. The GTP-bound active form of
Rab exerts its regulatory role in various ways by recruiting effec-
tors. Multiple types of Rab effectors have been identified, including
tether complexes [6], motor proteins and adapters [51], and pro-
teins that mediate vesicle membrane fusion [92]. Of note, post-
translational Rab modifications, such as phosphorylation, can reg-
ulate the interaction of Rabs with GDI, GEF, GTPase-activating pro-
teins (GAPs), and effector proteins [96,83,49].

Rab4, Rab5, Rab7, Rab9, Rab10, Rab11, and Rab35 have been
associated with endocytic trafficking. These Rabs are located in dif-
ferent endosomes or at different positions in the same endosome,
where they regulate different steps of endocytic trafficking inde-
pendently or cooperatively (Fig. 1) [93,97]. For instance, two dis-
tinct Rab-mediated pathways can orchestrate the endocytic
st endocytic recycling directly from the early endosome to the plasma membrane.
ated vesicles and the maturation of early endosomes. Rab11 and Rab35 regulate the
ling endosomes. Rab7 modulates the transport from late endosomes to lysosomes.
calized to sorting endosomes and operates in the route from sorting endosomes to
e; LE: late endosome; TGN: trans-Golgi network; ER: endoplasmic reticulum.



Table 1
Rab proteins and their effectors in endocytic transport.

Rab Effector Function References

Rab4 AKAP10/D-AKAP2 Transferrin receptor
recycling

[31]

CD2AP/CMS Endosome morphology
and lysosomal degradation

[25]

GRASP-1 Maturation of recycling
endosome

[50]

NDRG1 Recycling of E-cadherin [59]
Rip11/RCP Endosomal recycling [71]
Rabaptin5/RABEP1/
Rbpt5

Endosome maturation [61]

RUFY1/Rabip4s Endocytic recycling [135]
ZFYVE20/Rabenosyn5 Endocytosis [126]

Rab5 Rabaptin5/RABEP1/
Rbpt5

Endosome maturation [61]

ZFYVE20/Rabenosyn5 PI3P level on early
endosomes

[86]

Mon1/SAND-1 Early-to-late endosomes
conversion

[63]

EEA1/EEA-1 Endosomal membrane
fusion

[40]

Erbin/LET-413 RAB-10 activity [74]
Rab7 RILP Late endosome to

lysosome trafficking
[11]

FYCO1 Microtubule plus end-
directed vesicle transport

[95]

Retromer complex
(Vps26, Vps29, and
Vps35)

Late endosome to Golgi
trafficking

[107]

Rabring7 EGF receptor degradation [108]
Rab9 TIP47 Receptor recruitment [13]

p40 Endosome-to-TGN
transport

[28]

Nde1 Interaction between late
endosomes and dynein

[154]

RUTBC1/2/TBC-8 N/A [90,91]
GCC185 Endosome-to-TGN

transport
[102]

Rab10 TBC-2 Endocytic recycling [76]
ACAPs/CNT-1 Endocytic recycling [120]
EHBP1/EHBP-1 Endocytic recycling [118,136]
SEC16A Insulin-stimulated GLUT4

trafficking
[7]

Rab11 Rab11BP/Rabphilin-11 Endocytic recycling [78,146]
Rip11/RCP Endosomal recycling [71]
myosin Vb Rab11-FIP2-dependent

recycling
[46,85]

Rip11/pp75 Apical recycling [101]
Rab11-FIP1/FIPP-1 Rab11-dependent

recycling
[46]

Nuf/Rab11-FIP3/
Arfophilin2

Membrane traffic in
cytokinesis

[12]

Rab11-FIP4/RFIP-1 Membrane traffic in
cytokinesis

[33]

Sec15 Exocyst function in
recycling

[151]

Rab35 OCRL/OCRL-1 Membrane traffic in
cytokinesis

[15]

Fascin Actin Bundling during cell
migration

[147]

RUSC/NESCA Rab35 activity [35]
MICAL-L1 Membrane traffic during

neurite outgrowth
[68]

centaurin-b2/ACAP2/
CNT-1

Membrane traffic during
neurite outgrowth

[67]
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recycling of G protein-coupled receptors. Rab4 is mainly localized
on early endosomes and regulates the recycling of receptors from
early endosomes directly back to the plasma membrane (fast recy-
cling pathway) [133]. Rab11 resides in the perinuclear recycling
endosome, where it facilitates the delivery of receptors from the
recycling endosome to the cell surface (slow recycling pathway)
[130].
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2. Rab4 is required for endosomal sorting and fast recycling

Rab4 is a well-known regulator of cargo sorting and fast recy-
cling in the early endosome (Fig. 1) [132]. The binding of Rab4 to
GTP or GDP and its affiliated functions are directly or indirectly
regulated by other proteins or signaling molecules. Through a
PI3K-independent route, the messenger molecule cAMP promotes
Rab4 activation [114]. The phosphorylation of serine residue 213
of GDI can encourage the formation of the GDI-Rab4 complex
and facilitate the functional cycle of Rab4 [77]. TBC1D16 was iden-
tified as a GAP of Rab4 that affects the localization of Rab4A in the
endosomal membrane by enhancing the intrinsic GTP hydrolysis
efficiency of Rab4A [42].

The Rab4 GTPase subfamily has three members: Rab4A, Rab4B,
and Rab4C [38], whereas C. elegans has no ortholog or paralog.
Rab4A and Rab4B mediate GLUT4 (Glucose Transporter 4) trans-
port, thereby modulating glucose uptake [60]. According to
researchers, Rab4B expression was significantly reduced in adipose
tissue from obese diabetic patients and mice; Rab4B colocalizes
with GLUT4 and affects insulin-stimulated glucose uptake in
3T3-L adipocytes. In contrast, Rab4A rarely overlaps with GLUT4,
and downregulating its expression had little impact on basal or
insulin-stimulated glucose uptake [60]. Therefore, Rab4A and
Rab4B could have functional redundancy during recycling regula-
tion, but they are likely to have different roles and mechanisms.
The functional scenarios of Rab4C are still unknown and need fur-
ther investigation.

Several Rab4 effectors have been identified, including AKAP10/
D-AKAP2, CD2AP/CMS, GRASP-1, NDRG1, Rip11/RCP, Rabaptin5/
RABEP1/Rbpt5, RUFY1/Rabip4s, and ZFYVE20/Rabenosyn5
(Table 1). Eggers et al. showed that the RGS domain of D-AKAP2
alters the morphology of the Rab11 compartment and affects the
recycling of the transferrin receptor by interacting with Rab4 and
Rab11 [31]. Along with Rab4, RUFY1/Rabip4s affect NIH 3T3 fibrob-
lasts migration and adhesion by regulating integrin transport [135]
and affect glucose uptake by regulating endocytosis and transport
of GLUT4 in adipocytes [80]. Furthermore, Rab4 participates in a
small GTPase cascade by promoting Arl1 recruitment to early
endosomes, which supports the association of endosomal sorting
sites with clathrin complexes and affects early endosomal sorting
[27].

Rab4 is influenced by multiple regulatory factors, regulates
multiple effectors, and is involved in intracellular transport by
affecting many intracellular biological functions. However, the
molecular mechanisms of how Rab4 circulates in the endosome,
how it precisely controls protein cargo-dependent transport path-
ways, how it cooperates with other GTPases to control vesicle
aggregation, fusion, and targeted transport, how it controls meta-
bolic and signaling pathways, and the temporal and spatial control
of its function are all poorly understood. Current studies only par-
tially explain these processes, and more research is needed to fully
elucidate the mechanism of Rab4.
3. Rab5 directs biogenesis and functions of early endosomes

Rab5 plays a crucial role in endocytic transport, regulating vesi-
cle transport from the plasma membrane to the endosome (Fig. 1).
In particular, Rab5 promotes the fusion of nascent endocytic vesi-
cles with early endosomes and fusion between early endosomes, so
it is often used as a marker for early endosomes [141]. Studies in
various systems have revealed multiple Rab5 GEF proteins, includ-
ing RABX-5/Rabex-5 [109,150,149,153], hRME-6/RME-6 [112], and
Rin2/RIN-1 [29]. RABX-5/Rabex-5 is the first protein identified as a
small GTPase GEF and is primarily localized at early endosomes
[52]. During degradation transport from early to late endosomes,
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SAND-1 displaces RABX-5 from endosomal membranes and inter-
acts with the core components of the HOPS (the homotypic fusion
and vacuole protein sorting) complex to promote RAB-7/Rab7 acti-
vation and facilitate early-to-late endosome conversion [99]. RME-
6, in concert with the adaptor protein APA-2, localizes to the
clathrin-coated pits and vesicles, where it activates RAB-5 to pro-
mote the transit of cargos to early endosomes [112]. In C. elegans,
the functions of RABX-5 and RME-6 were found to be partially
redundant. Only simultaneous knockdown of RABX-5 and RME-6
led to almost complete dissociation of RAB-5 from early endo-
somes [112]. Studies on RIN-1 were primarily performed in the
C. elegans nervous system. As an effector, RIN-1 also specifically
binds to the active form of CED-10/Rac1 to regulate actin remodel-
ing and directs the directional migration of neuronal cells and axon
pathfinding [29]. Given that the overactivation of Rab proteins can
adversely affect endocytic trafficking, it is crucial for TBC-2, a Rab5/
RAB-5 GAP, to shut down RAB-5 activity in a timely manner [22].
Zhang et al. found that RAB-5 resides in discrete endosome sub-
populations in the intestine of C. elegans, and under the oversight
of CED-10, LET-502 synergizes with RABX-5 to revitalize RAB-5
on a subset of endosomes in the deep cytosol, ensuring the pro-
gress of basolateral recycling [150,149,153]. USP6NL/RN-tre is
thought to be a GAP shared by Rab5 and Rab41, while TBC1D2/
Armus/TBC-2 appears to function primarily as a GAP for Rab7
[22,34].

Recent studies on endocytic trafficking indicated that Rab5/
RAB-5 effectors range from Rabaptin5/RABEP1/Rbpt5, ZFYVE20/
Rabenosyn5/RABS-5, Mon1/SAND-1, Erbin/LET-413, and EEA1
(Table 1). Among them, RABS-5(Rabenosyn5) and its binding pro-
tein VPS-45, as well as VPS-34, act during the endosome fusion
process [41]. Vps34 is phosphatidylinositol 3-kinase (PI3K) that
phosphorylates phosphatidylinositol to generate
phosphatidylinositol-3-phosphate (PI3P) at early endosomes
[84,70]. In addition, Vps34 is known to form complexes with
Beclin/BEC-1 and P150/VPS-15 to function during autophagy and
other transport events [36]. Further work on C. elegans has revealed
that RAB-5 recruits LET-413 to promote DENN-4 GEF activity
toward RAB-10 on sorting endosomes [74]. As a Rab5 effector
essential for endosome fusion, EEA1 is in a homodimeric configura-
tion, forming a complex with Rab5 and specifically binding to PI3P
[40]. As a common effector of Rab5 and Rab4, Rabaptin5/RABEP1/
Rbpt5 interacts with the membrane remodeling protein EHD1 to
regulate endosome morphology and contribute to endocytic trans-
port [144,61].

In addition to regulating the fusion of early endosomes, Rab5
also plays a vital role in upstream events of the endocytosis pro-
cess. Clathrin-dependent endocytosis (CDE) starts with clathrin
and AP2 complex coated vesicles (CCVs), which are formed by
the invagination of the plasma membrane. After uncoating cla-
thrin, these vesicles fuse with similar vesicles or early endosomes.
The AP2 complex is a heterotetramer (subunits a/b2/l2/r2) and
acts as a significant adaptor in CDE. l2-adaptin specifically recog-
nizes the intracellular region of cargo proteins and can be phos-
phorylated by l2 kinase bound to a-adaptin [64,54]. After being
phosphorylated, l2-adaptin can strongly bind to phosphatidyli-
nositol 4,5-bisphosphate (PI(4,5)P2) and encourage AP2 assembly
[106]. It has been reported that dominant-negative Rab5(S34N)
overexpression or the small siRNA-mediated knockdown of
hRME-6 enhances AP2 levels while reducing the efficiency of CCV
uncoating [117]. However, the loss of another Rab5 GEF, Rabex-5,
does not lead to this phenotype. Further mechanistic dissection
demonstrated that hRME-6 could competitively bind to the site
on l2 kinase AAK1 that interacts with a-adaptin. This interaction
dissociates AAK1 from a-adaptin, thereby reducing the phosphory-
lation level of l2-adaptin and promoting the uncoating of the AP2
complex [117]. It should be noted that overexpression of Rab5
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(S34N) also increases the level of PI(4,5)P2 in CCVs and thus
impairs AP2 uncoating [111,20]. Together, Rab5 and its GEF protein
hRME-6 regulate AP2 uncoating by modulating l2-adaptin
dephosphorylation and PI(4,5)P2 levels, suggesting that Rab5 plays
a role in regulating AP2 complex dissociation from CCVs.

By recruiting its effectors, Rab5 influences the internalization
and intracellular translocation of several signal transduction recep-
tors, including receptor tyrosine kinases (RTKs), G protein-coupled
receptors (GPCRs), and antigen recognition receptors. Gene tran-
scription could be impacted by the aberrant function or expression
of Rab5, which could then affect cell shape, proliferation, differen-
tiation, and apoptosis—any of which could result in illness [58].
Continued research on Rab5 has improved our understanding of
the endocytic system, particularly the dynamic sorting regulatory
mechanism of sorting endosomes. The endosome is not a static
compartment used to transport cargo; rather, it is a sophisticated
and finely regulated dynamic network system. However, there
are still many unanswered concerns regarding Rab50s regulatory
processes, including which endosomal sorting tasks rely on it,
how to coordinate these functions, and how it contributes to dis-
eases. By addressing these fundamental issues, we can gain a better
understanding of the regulatory system that controls vesicular
transport, shed light on how Rab5 functions during both develop-
ment and pathological condition, and create new opportunities for
therapeutic interventions in related diseases.
4. Rab7 and Rab9 are associated with the regulation of late
endosome function

The mutation or dysfunction of Rab7 is associated with various
diseases, such as neurological disorders, cancer, and lipid meta-
bolic disorders [147]. Rab7 is stably present on late endosomes
(Fig. 1), and the SAND-1/CCZ-1 complex functions as a GEF for
Rab7/RAB-7 [100,87,89]. It has been demonstrated that Rab7 is a
critical regulator of endosomal degradation, which mediates the
maturation of early endosomes to late endosomes along with its
effector HOPS complex [3]. In addition, Rab7 is involved in the bio-
genesis of lysosomes, phagosomes, autophagosomes, and other
lysosome-associated organelles (LRO) [8,55]. By interacting with
the Rab-interacting lysosomal protein (RILP), Rab7 also affects
the morphology and spatial distribution of lysosomes by regulating
the cytoskeleton [137].

In addition to Rab7, late endosomes often carry another Rab
member, Rab9 (Fig. 1). However, Rab7 and Rab9 are recruited to
the endosomal membrane via different mechanisms and are pre-
sent in different subdomains of the same endosome [125]. Mam-
malian Rab9 has two isoforms, Rab9A and Rab9B, which share
87 % homology, and their GTP-bound forms display nearly identical
structures [154]. There is no homolog of Rab9 in C. elegans. Nota-
bly, Rab9 is also known to play a role in lysosomal enzymes sorting
to late endosomes, as well as lysosomes and LRO biogenesis, even
though it is not directly involved in endosome maturation
[103,65]. TIP47, GCC185, p40, RUTBC1/2, and NdeI are Rab9 effec-
tors (Table 1). Notably, Rab9A increases the affinity of TIP47 for
CI-MPRs by promoting the recruitment of TIP47 to endosomes con-
taining mannose-6-phosphate receptors (CI-MPRs) [13]. Likewise,
GCC185 and Rab9A are required to transport CI-MPRs from late
endosomes to the trans-Golgi network [102]. Recently, Nde1 was
revealed to mediate the interaction of Rab9A with Lis1, dynein,
and dynactin for the retrograde trafficking of late endosomes to
TGN [154]. Rab9 is also involved in the Golgi targeting of glycosph-
ingolipids internalized via caveolae [23].

In addition, Rab9-mediated fusion of the isolation membrane
with TGN and late endosome vesicles is required for autophago-
some formation in unconventional macroautophagy [88]. Likewise,
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Rab7 has been implicated in promoting the maturation of
autophagosomes [140]. However, it is unclear how Rab7 and Rab9
are differentiated and recovered, as well as which protein com-
plexes are involved in Rab9-mediated cargo protein transport.
Rab7 plays an integral role in neurons [56], and neuronal homeosta-
sis can be disrupted when Rab7 activity or expression is altered,
leading to the development of multiple neurological disorders, such
as AD, Parkinson’s disease, Huntington’s disease, and Lewy body
dementia [140]. However, the precise function of Rab7 in the patho-
physiology of various illnesses and the processes by which it con-
tributes to the emergence of disease are still poorly understood.
5. Rab10 is a molecular switch for polarized sorting and
recycling transport

Rab10 is mainly located on sorting endosomes and regulates
polarized transport in epithelial cells (Fig. 1) [2,115]. Interestingly,
Rab10 was also found in perinuclear Golgi/TGN in nonpolar fibrob-
lastic baby hamster kidney (BHK) and Chinese hamster ovary (CHO)
cells [19]. Rab10 mediates transport from basolateral sorting endo-
somes to common endosomes in polarized MDCK cells [2]. The
expression of activated Rab10(Q68L) was shown to prevent translo-
cation of the vesicular stomatitis virus G glycoprotein (VSV-G) to
the basolateral membrane in subsequent research. Instead, VSV-G
was missorted to the apical membrane in MDCK cells [115]. Simi-
larly, Rab10 and its GAP protein, AS160, regulate the trafficking of
GLUT4 to the plasma membrane in response to insulin in 3T3-L1
adipocytes [110]. By regulating lipid synthesis, Rab10 also con-
tributes to the development of membrane tubules and the mainte-
nance of ER (endoplasmic reticulum) dynamics [17].

In a recent study in C. elegans, it was discovered that LET-413/
Erbin, a RAB-5 effector, can promote RAB-10 activation by releasing
the autoinhibitory configuration of RAB-10 GEF DENN-4 during
endocytic recycling [74]. Numerous effectors, including CNT-1/
ACAPs/Arf-GAP and EHBP-1, were discovered by studying Rab10/
RAB-10 [118,120]. InC. elegans, RAB-10 recruits CNT-1 to basolateral
recycling endosomes, where CNT-1 negatively regulates ARF-6/Arf6
activity and reduces the abundance of the ARF-6 effector PI5K on the
endosomal membrane, lowering the PI(4,5)P2 levels in recycling
endosomes [120,119,18]. In recycling endosomes, RAB-10 also pro-
motes membrane budding by regulating F-actin bundling via its
effector EHBP-1 [118,136]. A subsequent study further demon-
strated that EHBP-1 facilitates recycling endosomal tubule fission
by recruiting SID-3 and DYN-1/dynamin sequentially [39]. With
the assistance of RAB-10 and AMPH-1/Amphiphyin, TBC-2/RAB-5-
GAP, an effector of CED-10 [127], can also be recruited to endosomes
for recycling regulation [76]. Additionally, recent research has
revealed that the interaction between myosin Vb and Rab10 can
control the vesicular transport from the trans-Golgi [45].

Numerous cancers, including hepatocellular carcinoma, glioma,
cervical cancer, osteosarcoma, etc., exhibit high expression of
Rab10 [57,138,47,150,149,153], which affects the prognosis of
tumors and controls the apoptosis, proliferation, migration, inva-
sion, and autophagy processes of tumor cells [155]. In addition,
the aberrant phosphorylation of Rab10 may contribute to the
altered vesicular transport in Alzheimer’s disease. It is unclear
how the activity of Rab10 is turned off in time or what controls
the aberrant phosphorylation of Rab10. The mechanism of Rab10
in both physiological states and pathological conditions, as well
as its potential clinical applications, requires further study.
6. Rab11 is a key regulator of the slow recycling route

As a major regulator of the dynamics of endocytic transport,
functional irregularities in Rab11 can cause tumor progression
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and invasion [32]. The human Rab11 gene family has three iso-
forms: Rab11A, Rab11B, and Rab25/Rab11C. RAB-11.1 and RAB-
11.2 are present in C. elegans. Rab11A is present in most human tis-
sues, while Rab11B and Rab25 are exclusively enriched in specific
organs [139]. All three isoforms of Rab11 are subject to post-
translational modifications, including isoprenylation, phosphoryla-
tion, and ubiquitination. The isoprenylation of the Rab11 C-
terminus assists in targeting Rab11 to the endosomal membrane,
while phosphorylation and ubiquitination regulate the activity
and degradation of Rab11, respectively [139].

Notably, three isoforms of Rab11 perform distinct cellular func-
tions. Rab11A regulates the endocytic transport from or through
the recycling endosome to the plasma membrane [130,81]. Addi-
tionally, Rab11A mediates lipid transport from sorting endosomes
to the recycling endosome [10]. Rab11A is also observed in TGN,
where it regulates the secretory transport to the apical and baso-
lateral membranes [32]. Rab11B is highly enriched in sorting and
recycling endosomes in the brain. However, the loss of Rab11B
failed to cause an accumulation of transferrin receptors [128].
Interestingly, Rab11A and Rab11B could play opposite roles in
the same cellular context, with Rab11B controlling the recycling
of PAR-1 from endosomes to the plasma membrane and Rab11A
promoting PAR-1 degradation by delivering this signaling receptor
to the autophagic pathway [44]. In addition, Rab11B mediates
secretory transport in polarized epithelial cells and neurons
[62,122]. Rab25 interacts directly with the a5b1 integrin located
at the pseudopod of migrating cells and confines it to the pseu-
dopod site, thus promoting the invasive migration of tumor cells
[14]. In addition, Rab25 and CLIC3 (chloride channel protein 3) syn-
ergistically regulated integrins from the late endosome to the dor-
sal surface of migrating cells, thus promoting tumor cell invasion
[30].

Rab11BP/Rabphilin11, the first discovered Rab11A effector
(Table 1), has been associated with transferrin recycling [78,146].
Myosin Vb, the Rab11A-interacting effector, was screened from a
rabbit cDNA library [46]. Consistently, Myosin Vb is involved in
recycling transport by mediating the movement of vesicles along
actin filaments [85]. Moreover, six Rab11 family interacting pro-
teins (Rab11-FIPs) have been identified. Class I FIPs consist of
Rip11 (also known as pp75 or FIP5), RCP (Rab11 coupling protein),
and FIP2. Rip11 is recruited by endosomal Rab11 and cooperates
with RCP to regulate transport from recycling endosomes to the
apical membrane [101,72]. Class II members (FIPs, FIP3/Arfophi-
lin/Eferin, and FIP4) are involved in regulating transport from recy-
cling endosomes to the cleavage furrow, facilitating cytoplasmic
division [33]. FIP1, which colocalizes with Rab11 and likely assists
Rab11 in specific recycling transport, is currently the only class III
member [46].

Rab11 is a known overexpressed protein that has a role in the
proliferation and invasion of malignant tumors, such as rectal, gas-
tric, esophageal, skin, and breast cancers [5,143,152,94]. However,
the mechanism governing the involvement of Rab11 in tumor cell
proliferation and apoptosis inhibition is not well defined.
7. Rab35 is a regulator of cargo recycling and actin remodeling

It has been demonstrated that Rab35 regulates the endocytic
recycling of various protein cargos and actin dynamics [24,79].
Unlike Rab11, Rab35 regulates a slow recycling route that coordi-
nates cell adhesion and migration (Fig. 1) [1], making Rab35 a
new area of interest for endosomal research.

Rab35 is localized to the clathrin-coated pits/vesicles and endo-
somal membranes, regulating the endocytic recycling of cargo pro-
teins [69]. Rab35 has also been involved in recycling synaptic
vesicles [131]. Moreover, Rab35 promotes actin reorganization



J. Zhang, Z. Jiang and A. Shi Computational and Structural Biotechnology Journal 20 (2022) 4464–4472
during filopodia formation and protrusive membrane extension in
cultured cells [148,79]. A study using PC12 cells revealed a role for
Rab35 in the maintenance of PI(4,5)P2 level [67]. The recruitment
of PI(4,5)P2-binding proteins involved in membrane bending and
fission is specifically regulated by the Rab35-to-Arf6 cascade,
which also controls endosomal PI(4,5)P2 levels. Arf6(GTP) can neg-
atively regulate Rab35 activity in human cells by interacting with
the Rab35 GAP EPI64B [21]. Indeed, a similar Rab-to-Arf cascade
has been discovered in the regulation of recycling transport in C.
elegans [120,119]. These findings suggested that crosstalk between
different types of small GTPases is a conserved mechanism that
could be significant for endocytic transport. In C. elegans, RAB-35
is required for clathrin-based receptor-mediated endocytosis of
yolk proteins [113].

The importance of fully comprehending the molecular path-
ways regulated by Rab35 is highlighted by the fact that Rab35 or
its regulators are associated with diseases such cancer [16].
Through a cooperative relationship between membrane trafficking
mediated by Rab family proteins and activation of oncogenic sig-
nals, Rab35 controls the development of tumors [145,134]. While
Rab35 is implicated in the regulation of a number of cancers, its
exact function is not yet clear and requires further research.
8. Two-way cascades between Rab proteins

The identity of distinct membrane compartments is defined by
specific Rab proteins. To ensure effective membrane trafficking, it
is important to convert the identity of the endosomal compart-
ment [99]. Of note, Rab cascades are involved in converting endo-
somal compartment identities [99,53]. GEFs of downstream Rabs
are recruited by upstream Rabs. In turn, upstream Rab GAPs are
then recruited by downstream Rabs after their activation, which
stops the activity of the upstream Rab. Therefore, the two-way
Rab cascades (Rab-GEF forward cascade and Rab-GAP reverse cas-
cade) can change the molecular composition of the membrane and,
thus, the properties of endosomal compartments. For instance, the
HOPS complex, an effector of Rab5, is recruited to early endosomes
by binding Rab5. Then, Rab7 is activated by the HOPS complex via
its VPS39/GEF subunit [142,9]. Furthermore, active RAB-7/Rab7 has
been shown to recruit the effector TBC-2/RAB-5-GAP to inactivate
upstream RAB-5/Rab5 [22].

In C. elegans, similar cascade-mediated regulation has been
found to sustain endocytic recycling. TBC-2 is capable of binding
to the active RAB-10(GTP) but not the inactive RAB-10(GDP), and
the interface mediating TBC-2 binding to RAB-10 is not the GAP
domain of TBC-2 [76]. RAB-10, a key regulator of early-to-
recycling endosomal transport, shuts down upstream RAB-5 activ-
ity by recruiting TBC-2, forming a GAP reverse cascade [76].
Recently, in C. elegans intestinal cells, LET-413/Erbin was found
to act as an effector of RAB-5/Rab5, synergizing with DENN-4/
RAB-10-GEF to activate downstream RAB-10 [74]. This study pro-
vides a forward GEF cascade mechanism that further clarifies the
regulatory process of recycling transport.
9. Post-translational modifications affect Rabs efficacy

Although the function of Rabs is typically coordinated by regu-
lators such as GAPs and GEFs, recent studies have revealed that
some Rabs are phosphorylated by Rab kinases in the switch II
region, inhibiting binding to Rab interactors [124]. Furthermore,
the conformational change of the switch II region depends on
nucleotide binding, so the phosphorylation described above can
significantly affect the structure and function of the switch region.
Indeed, new evidence is emerging that phosphorylation regulates
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Rabs function, some of which are implicated in diseases such as
Parkinson’s disease and cancer [156,105].

Given the importance of Rabs post-translational modifications,
biochemical assays such as mass spectrometry and proximity-
dependent biotinylation allow us to learn more about the func-
tional mechanisms of Rabs by finding new types of post-
translational modifications. In addition, cryo-electron microscopy
analysis of non-crystalline protein structure makes it possible to
study high molecular weight Rab-effector complexes. Future stud-
ies are required to elucidate the details of post-translational mod-
ifications in regulating Rabs function, thereby helping to
understand the role of Rab kinases in the interaction between
disease-related signaling and endocytic trafficking.
10. Conclusions

Rabs act as regulatory switches for endocytic transport, directly
or indirectly affecting endosomal functions by recruiting various
effector proteins (Fig. 1; Table 1). For example, the well-studied
Rab5 recruits the PI3K to synthesize PI3P and then recruits PI3P-
binding proteins to form the functional endosome domain (mem-
brane property regulation) [121]. Rab5 also recruits Rabenosyn-5
and EEA1 to facilitate endosomal fusion (membrane fusion regula-
tion) and activates downstream Rab7 to promote endosome matu-
ration (Rab cascade) [123,86,104]. Moreover, Rab5 is essential for
clathrin-mediated TfR endocytosis and clathrin-coated vesicle for-
mation (membrane budding regulation) [82]. Subsequently, endo-
somal Rab5 recruits the phosphatases OCRL and Inpp5b to reduce
PI(4,5)P2 levels and encourages membrane tubule fission (mem-
brane fission regulation) [111]. Rab5 also indirectly affects the
function of microtubule motor kinesin by regulating PI3P levels
(vesicle motility regulation) [48]. Rab5 recruits the effector
Rabaptin-5, which cooperates with Rabex-5 to promote its own
activity (Rab activity regulation) [73]. Compared with Rab5, studies
on other Rabs have primarily focused on elaborating a specific
working mode, and many functional nodes are missing in the reg-
ulatory networks. Subsequent research should use multicellular
in vivomodels to identify new Rab-binding proteins and associated
regulatory elements, promoting a comprehensive and systematic
understanding of endocytic transport’s operational process and
regulation.
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