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Membrane trafficking is critical for cellular homeostasis, which is mainly carried out by
small GTPases, a class of proteins functioning in vesicle budding, transport, tethering
and fusion processes. The accurate and organized membrane trafficking relies on the
proper regulation of small GTPases, which involves the conversion between GTP-
and GDP-bound small GTPases mediated by guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs). Emerging evidence indicates that post-
translational modifications (PTMs) of small GTPases, especially ubiquitination, play an
important role in the spatio-temporal regulation of small GTPases, and the dysregulation
of small GTPase ubiquitination can result in multiple human diseases. In this review, we
introduce small GTPases-mediated membrane trafficking pathways and the biological
processes of ubiquitination-dependent regulation of small GTPases, including the
regulation of small GTPase stability, activity and localization. We then discuss the
dysregulation of small GTPase ubiquitination and the associated human membrane
trafficking-related diseases, focusing on the neurological diseases and infections. An
in-depth understanding of the molecular mechanisms by which ubiquitination regulates
small GTPases can provide novel insights into the membrane trafficking process, which
knowledge is valuable for the development of more effective and specific therapeutics
for membrane trafficking-related human diseases.

Keywords: small GTPase, ubiquitination, membrane trafficking, neurological diseases, infections

INTRODUCTION

Membrane trafficking along with the endocytic, exocytic and autophagic pathways ensures the
flow of membranes and cargoes (which contain proteins, nutrients or other molecules) between
different compartments within cells, and thus plays a critical role in cellular homeostasis. These
complex membrane trafficking events are mostly regulated by small GTPases, which are divided
into five families: Ras sarcoma (Ras), Ras homologous (Rho), Ras-like proteins in brain (Rab),
ADP-ribosylation factor (Arf), and Ras-like nuclear (Ran) proteins (Wennerberg et al., 2005).
The Rab family comprises approximately 60 members that are localized on distinct membranes
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(Wandinger-Ness and Zerial, 2014), and these proteins are the
master modulators of membrane trafficking pathways (Pfeffer,
2017). The Arf and Arf-like (Arl) families also play a critical role
in membrane trafficking along with the endocytic and exocytic
pathways (Gillingham and Munro, 2007; Donaldson and Jackson,
2011; Yu and Lee, 2017; Kjos et al., 2018). Moreover, recent
studies have demonstrated that the Rho as well as Ras families
are also involved in membrane trafficking-related processes.
For instance, Rho GTPases are required for the endocytic and
exocytic pathways (Olayioye et al., 2019), while Ras GTPases
mainly function in exocytic and autophagic pathways (Simicek
et al., 2013; Nishida-Fukuda, 2019).

The basis of small GTPases to exert their functions
is the conversion between GDP- and GTP-bound forms
catalyzed by guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs) (Stenmark, 2009). Generally,
GTP-bound form is considered to be the active state of
GTPase, which can recruit specific effectors to regulate cellular
activities, while GDP-bound form is the inactive state of
GTPase that is usually restricted in the cytosol till being
activated. Furthermore, increasing studies have shed light on
the role of post-translational modifications (PTMs), mainly
including phosphorylation, ubiquitination and prenylation, in
the regulation of small GTPases (Ahearn et al., 2011; Hodge
and Ridley, 2016; Shinde and Maddika, 2018). Among these
modifications, ubiquitination is a highly conserved multistep
enzymatic process catalyzed by ubiquitin-activating enzymes
(E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin-
ligase enzymes (E3s) sequentially, ultimately resulting in the
attachment of single ubiquitin or multiple ubiquitin chains to
target proteins. Ubiquitination is a critical signal to determine
the stability, activity and localization of substrates, and thus is
essential for regulating physiological functions of the substrates
(Foot et al., 2017). Consistently, ubiquitination is critical for
the spatio-temporal regulation of small GTPases, and this
ubiquitination-dependent modulation is correlated with multiple
human diseases (Qiu et al., 2016; Escamilla et al., 2017).

Here, we first provide an overview of small GTPases involved
in membrane trafficking pathways. Then, we introduce the
current knowledge on ubiquitination-dependent regulation of
small GTPases. We also discuss human diseases associated
with the dysregulation of small GTPase ubiquitination with
a focus on neurological and infectious diseases. A better
understanding of the ubiquitination-mediated regulation of
small GTPases and its specific effects on membrane trafficking-
related diseases will provide new insights into the therapeutics
for these diseases.

SMALL GTPASES IN MEMBRANE
TRAFFICKING PATHWAYS

Membrane trafficking-mediated protein and membrane
transport ensures the proceeding of endocytic, exocytic and
autophagic pathways. Small GTPases, including Rab, Arf, Rho,
and Ras families, play crucial roles in the membrane trafficking
along with these pathways (Figure 1).

Small GTPases in Endocytic Pathway
Small GTPases control the orderly proceeding of the trafficking
steps involved in the endocytic pathway, which involves
the following four steps: formation of endocytic vesicles via
membrane internalization, trafficking of endocytic vesicles to
early endosomes, trafficking of early endosomes to lysosomes, as
well as trafficking of endosomes to the recycling compartments
(Elkin et al., 2016).

Membrane Internalization Step
Small GTPases are involved in the three modes of membrane
internalization, including phagocytosis, pinocytosis and
receptor-mediated endocytosis. Phagocytosis and pinocytosis are
actin-dependent endocytic pathways and are mainly mediated
by Rho as well as Rab GTPases, which have been summarized in
elegant reviews (Hall, 2012; Egami, 2016). In addition, Ras can
promote the translocation of vacuolar ATPase (V-ATPase) from
intracellular membranes to the plasma membrane, followed by
the stimulation of membrane ruffling and the occurrence of
pinocytosis (Ramirez et al., 2019).

Clathrin-mediated endocytosis (CME) and clatherin-
independent endocytosis (CIE) are routes of receptor-mediated
endocytosis, and are mainly modulated by Rab and Arf GTPases,
respectively. Specifically, Rab5 promotes the CME of transferrin
receptor (TfR) (Stenmark et al., 1994), while Rab15 reduces
the rate of TfR internalization, which may be caused by the
decreased vesicle budding from the plasma membrane (Zuk and
Elferink, 1999). Rab14 mediates the CME of the urea transporter
A1 (UT-A1) (Su et al., 2013), and Rab5, Rab7, and Rab11 are
required for virus intake through CME pathway (Shi et al.,
2016; Liu et al., 2017). Additionally, the small GTPase Arf6,
which is located at the cell surface in an active state to promote
phospholipid metabolism, is the main modulator of CIE process
(D’Souza-Schorey and Chavrier, 2006). Furthermore, Rab35
is involved in the communication and coordination between
CME and CIE. The inhibition of CME shifts the sorting of CIE
cargo proteins to lysosomes for degradation, and Rab35 can
rescue the altered trafficking by recruiting the Arf6 GAP protein
ACAP2 [Arf GAP, with Coil, ankyrin (ANK) repeat, pleckstrin
homology (PH) domain protein 2] to inactivate Arf6 (Kobayashi
and Fukuda, 2012; Dutta and Donaldson, 2015).

Trafficking of Endocytic Vesicles to Early
Endosomes
Upon internalization, the endocytic vesicles are transported to
fuse with early endosomes, and are then sorted to decide their
final fates (Huotari and Helenius, 2011). Since Rab5 and Rab23
are localized on both plasma membrane and early endosomes,
they can mediate the trafficking of components between these two
compartments by recruiting numerous effector proteins (Evans
et al., 2003; Wandinger-Ness and Zerial, 2014). Besides Rab
GTPases, Rho GTPases (such as RhoB, RhoD, and Rac1) that
are located on the early endosomes, are also reported to be
involved in cargoes transport to early endosomes (Olayioye et al.,
2019). The identification of Rho effectors at the specific sites will
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FIGURE 1 | Small GTPases in membrane trafficking pathways. The illustration shows the main intracellular membrane trafficking pathways including endocytic,
exocytic, and autophagic pathways regulated by small GTPases. TGN: trans-Golgi network; ER, endoplasmic reticulum; MVB, multivesicular bodies.

extend our knowledge regarding the function of Rho GTPases in
trafficking of endocytic vesicles to early endosomes.

Trafficking of Early Endosomes to
Lysosomes
The trafficking of early endosomes to lysosomes is tightly
regulated by the transition of Rab5-to-Rab7 and Rab7-to-Arl8b.
For the transition of early to late endosomes, Rab5 can recruit
the Mon1/Ccz1 protein complex to promote Rab7 activation.
Meanwhile, Rab5 GEF was removed by the Mon1/Ccz1 complex,
resulting in the transition of Rab5-positive early endosome to
Rab7-positive late endosomes (Poteryaev et al., 2010; Langemeyer
et al., 2020). Consecutively, Rab7 is inactivated by Arl8b effector
SKIP and is then removed from hybrid Rab7/Arl8b endosomes,
leading to an ordered Rab7-to-Arl8b handover, followed by the
fusion of late endosomes with lysosomes (Jongsma et al., 2020).
Moreover, some other GTPases also participate in the early
endosome to lysosomal transport. Rab31 and RhoB are required
for the transition of early to late endosomes (Huang et al., 2007;
Chua and Tang, 2014). Rab2 (Lund et al., 2018), Rab24 (Amaya
et al., 2016), Rab34 (Wang and Hong, 2002), Rab36 (Chen et al.,
2010), and RhoG (Vignal et al., 2001) are involved in the fusion
of late endosomes with lysosomes.

Additionally, during the maturation process from early to
late endosomes, multivesicular bodies (MVBs) are generated
and then fused with plasma membrane for secretion, leading
to the formation of exosomes. Various of small GTPases have
been implicated in exosome biogenesis and secretion. Specifically,

Ras-related (Ral) proteins (Hyenne et al., 2015), Rab7, Rab27a
(Dorayappan et al., 2018), and RhoA (Li et al., 2012) contribute
to the formation of MVBs; Rab31 drives MVB formation but
suppresses their degradation simultaneously (Wei et al., 2021);
Rab14 positively modulates the MVB diameter and number
(Maziveyi et al., 2019). Additionally, Cdc42 and Rac1 promote
MVB maturation (Kajimoto et al., 2018); and Rab7 mediates the
transportation of MVBs (Sun et al., 2020). Moreover, Rab27a, 27b
(Ostrowski et al., 2010), Rab35 (Hsu et al., 2010), and Ral GTPases
(Pathak and Dermardirossian, 2013) function in the attachment
of MVBs to the plasma membrane. Finally, Rab5a (Gorji-Bahri
et al., 2021), Rab13 (Hinger et al., 2020), and RhoC (Hu et al.,
2020) promote the secretion of exosomes.

Trafficking of Endosomes to the
Recycling Compartments
Endocytic vesicles from early endosomes and late endosomes
can also be recycled to the plasma membrane and the trans-
Golgi network (TGN), respectively. Basically, endocytic vesicles
sorting from early endosomes can be recycled back to the plasma
membrane by a fast or a slow route. Rab4 and Rab11 are
the major regulators of the fast- and slow- recycling pathways,
respectively (Wandinger-Ness and Zerial, 2014). Moreover, RhoB
and RhoJ in Rho family GTPases, as well as Arf1, Arf4, and
Arf6 in Arf family GTPases, are also involved in the recycling
pathway from endosomes to the plasma membrane (de Toledo
et al., 2003; Huang et al., 2011; Kondo et al., 2012; Grossmann
et al., 2019). Significantly, the recycling pathways mediated
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by multiple GTPases are often crossing with each other. For
instance, the Rab-to-Arf and Arf-to-Rab regulatory cascades have
been reported. On the one hand, Rab10 recruits its effector
CNT-1 (homolog of ACAP1/2 in Caenorhabditis elegans), which
is also the GAP of Arf6, to suppress Arf6 activity, leading to
the inhibition of membrane bending and membrane fission
(Shi et al., 2012). On the other hand, the activated Arf6 can
interact with the Rab35 GAP TBC1D10 to decrease Rab35 activity
(Chesneau et al., 2012). These cascades ensure the ordered
proceeding of complicated trafficking pathways.

Besides recycling to the plasma membrane, vesicles can also
be sent to the TGN via the retrograde trafficking pathway
from late endosomes. Rab9 that is located on the TGN and
late endosomes mediates the recycling of mannose-6-phosphate
receptors (MPRs) from late endosomes to TGN (Riederer
et al., 1994; Kucera et al., 2016). And through interacting with
Rab9, the atypical Rho GTPase family member RhoBTB3 is
also involved in the retrograde trafficking pathway (Espinosa
et al., 2009). Additionally, Arf, and Arl proteins, encompassing
Arf1, Arf4, and Arl5, also contribute to endosome-to-TGN
trafficking by recruiting different effectors (Nakai et al., 2013;
Rosa-Ferreira et al., 2015).

Small GTPases in Exocytic Pathway
The exocytic pathway involves the transporting between a series
of membrane bound organelles, mainly including the transport
from endoplasmic reticulum (ER) to Golgi, the transport within
Golgi, the transport from Golgi to the cell surface, as well
as transport from Golgi to the endocytic compartment. This
dynamic and organized process transfers the synthesized proteins
or other molecules into the cell surface or lysosomes in a small
GTPase-dependent manner (Beraud-Dufour and Balch, 2002;
Wu and Guo, 2015).

ER-to-Golgi Transport
Upon being synthesized at the ER, proteins or other molecules
need to exit from the ER and are then transferred to ER-
Golgi intermediate compartment (ERGIC) and Golgi for further
selection and transportation. The coat protein complex II
(COPII) vesicles contribute to the ER exit, and small GTPase
secretion-associated Ras-related 1 (Sar1) is required for the
assembly of COPII vesicles (Nakano and Muramatsu, 1989).
The assembled vesicles are then transported to ERGIC or
Golgi. During this process, Rab1 cooperates with the tethering
factors, and soluble NSF attachment protein receptor (SNARE)
to promote the COPII vesicles transport to and fuse with
Golgi (Allan et al., 2000; Moyer et al., 2001). Rabs2, 41, and
43 are also needed for rapid ER-to-Golgi trafficking (Dejgaard
et al., 2008; Brandizzi and Barlowe, 2013; Liu et al., 2013; Li
et al., 2017). Moreover, Arf1, which is primarily localized to the
Golgi complex, is involved in the translocation of stimulator
of interferon genes (STING) and soluble VEGFR-1 from ER to
ERGIC or Golgi (Jung et al., 2012; Gui et al., 2019).

Once COPII vesicles are transported to Golgi, ER receptors
and other ER proteins carrying a Lys-Asp-Glu-Leu (KDEL)
motif are returned back to the ER through the COPI-mediated
retrograde transport. This process is largely regulated by Arf1,

since the recruitment of COPI is relied on the activated Arf1
(Serafini et al., 1991). Rab2, Rab18, and Cdc42 are also the
modulators of the trafficking from Golgi to ER (Luna et al., 2002;
Dejgaard et al., 2008; Brandizzi and Barlowe, 2013). It is worth
mentioning that Rab2 and Arf1 mediate the bi-directional ER-
Golgi trafficking, which may be achieved by recruiting different
effectors at the specific stage.

Intra-Golgi Transport
The Golgi complex is composed of cis-, medial-, trans-cisternal,
and the TGN. After entering the Golgi, proteins or other
molecules are transported from the cis face to the TGN (intra-
Golgi transport), and are then sorted to determine their final
destination (Boncompain and Weigel, 2018). Rab19, Rab33,
Rab34, and Rab36 are localized to the distinct compartments of
Golgi, and may be involved in the anterograde transport of intra-
Golgi, while Rab6 is a key determinant of retrograde trafficking
in Golgi (Galea and Simpson, 2015). Of note, Rho family GTPase
Cdc42 can modulate bi-directional Golgi transport by targeting
the dual functions of COPI vesicles, and this effect is controlled by
environmental cues (Park et al., 2015). Actually, the mechanisms
behind intra-Golgi transport remain poorly understood.

Golgi-to-Cell Surface Transport
The transportation of TGN to cell surface is directed by exocyst,
which is a multimeric complex that associates with the TGN and
the plasma membrane. The assembly of the exocyst complex is
mainly regulated by RalA and RalB. In addition, Rab (Rabs3,
8, 11, and 27), Rho (Cdc42, Rho1, Rho3, and RhoQ) and Arf
(Arf6) family proteins can also interact with exocyst subunits
to modulate its function (Wu and Guo, 2015; Nishida-Fukuda,
2019). Then the vesicles are secreted with the coordination
of Arf6 (Lawrence and Birnbaum, 2003; Pelletan et al., 2015).
Moreover, Rab10, Rab13, Rab14, Rab26, Rab31, and Rab39 in Rab
family GTPases (Bhuin and Roy, 2014; Galea and Simpson, 2015),
and RhoD in Rho family GTPases (Olayioye et al., 2019), as well
as Arl1, Arl8b in Arl family GTPases (Tuli et al., 2013; Yu and Lee,
2017), are also required for the trafficking of TGN to cell surface.

Golgi-to-Endocytic Compartment
Transport
Endocytic compartments (endosomes or lysosomes) are another
destination for vesicles from TGN, since the proteins such
as MPR and lysosomal associated membrane protein (LAMP)
function in late endosomes or lysosomes (Boncompain and
Weigel, 2018). The MPR transport from TGN to endocytic
pathway is regulated by Arf1 GTPase (Waguri et al., 2003). And
Rab31 is another GTPase that thought to play a role in TGN-to-
endosome trafficking, as evidenced by the colocalization of Rab31
with TGN and endosomes, also by the involvement of Rab31-
containing vesicular organelles in TGN-to-endosome transports
(Rodriguez-Gabin et al., 2001).

Small GTPases in Autophagic Pathway
Autophagy is an evolutionary conserved process that eliminates
defunct proteins and organelles to maintain cellular homeostasis.
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This pathway comprises the processes for autophagosome
formation and maturation, as well as protein secretion mediated
by autophagy (exophagy), and is achieved by small GTPase-
mediated dynamic membrane trafficking and membrane
interaction (Soreng et al., 2018).

Autophagosome Formation Step
The autophagosome is formed by the following ordered steps:
initiation of autophagy, formation of the phagophore, expansion,
and elongation of the phagophore membrane, ultimate closure
of phagophore to become an autophagosome (Soreng et al.,
2018). These processes are largely exerted by the autophagy-
related (ATG) proteins [reviewed in (Yu et al., 2018)], and are
also regulated by multiple small GTPases. For the initiation
of autophagy, Rab5 and Arf1 remove mammalian/mechanistic
target of rapamycin complex 1 (mTORC1) from lysosomes to
the cytosol, thus inhibiting mTORC1 activity and promoting
autophagy initiation (Li et al., 2010). Rab12-mediated trafficking
promotes the degradation of mTORC1 activator, then stimulates
the autophagy induction as well (Matsui and Fukuda, 2013).
While other small GTPases including Ras-related GTP-binding
protein A and B (RagA and RagB) suppress the autophagy
initiation by delivering mTORC1 to a location where it can be
activated (Sancak et al., 2008). The phagophore is formed with
membranes that from membranous organelles (Nakatogawa,
2020). This process is mediated by Arf1 (Gui et al., 2019), Arf6
(Moreau et al., 2012), Rab1a,1b (Zoppino et al., 2010; Lipatova
et al., 2012; Mochizuki et al., 2013), Rab2 (Ding et al., 2019),
Rab6 (Yang and Rosenwald, 2016), Rab9 (Nishida et al., 2009;
Saito et al., 2019), Rab11 (Longatti et al., 2012; Puri et al.,
2018), Rab30 (Nakajima et al., 2019), Rab32 (Hirota and Tanaka,
2009), and Arl1 (Yang and Rosenwald, 2016), while Rab39
functions as a negative regulator of this process (Seto et al.,
2013). Then the phagophore membrane expands and elongates
with the assistance of Arf1 (van der Vaart et al., 2010), Rab5
(Dou et al., 2013), Rab14 (Mauvezin et al., 2016), Rab26 (Binotti
et al., 2015), Rab33b (Itoh et al., 2008), and Rab37 (Sheng et al.,
2018). Finally, Rab5 promotes the phagophore closure catalyzed
by endosomal sorting complex required for transport (ESCRT)
through recruiting ESCRT subunit Snf7 to Atg17-decorated open
phagophores (Zhou et al., 2019).

Autophagosome Maturation Step
The autophagosome maturation process mainly refers to
the fusion between autophagosomes with endosomes (early
and late endosomes) and lysosomes, while the distribution
of lysosomes and the delivery of lysosomal proteins or
hydrolases are membrane trafficking events that can also affect
the maturation of autophagosomes, and all these processes
are controlled by small GTPases. Because the process for
autophagosome maturation is quite similar to the endosome
maturation in endocytic pathway, thus it is not surprising
that small GTPases functioning in endosome maturation also
regulate the maturation of autophagosomes. Additionally, the
autophagosome-endosome/lysosome fusion step largely relies
on Rab7 (Stroupe, 2018), but also requires Rab2 (Ding et al.,
2019), Rab9 (Nozawa et al., 2012; Szatmari et al., 2014), Rab11

(Szatmari et al., 2014), Rab14 (Mauvezin et al., 2016), Rab21
(Jean et al., 2015), Rab24 (Amaya et al., 2016), and Rab33b
(Itoh et al., 2008). Moreover, the lysosomal transport toward cell
periphery is mainly determined by Arl8b (Korolchuk et al., 2011;
Adnan et al., 2020). And the delivery of lysosomal membrane
protein to lysosomes is dependent on Rab2 (Lund et al., 2018),
while Rab6 selectively promotes the delivery of hydrolases, but
not other lysosomal proteins, such as V-ATPase subunits or
LAMP (Ayala et al., 2018).

Exophagy Step
Emerging evidence demonstrates that a plethora of factors
(mainly the leaderless proteins that lack an ER-signal peptide)
are secreted in an autophagy-dependent manner, and this process
is exophagy (Abrahamsen and Stenmark, 2010; Cavalli and
Cenci, 2020). A study revealed that interferon (IFN)-γ-induced
exophagy of annexin A2 (ANXA2) is dependent on Rab8a,
Rab11, and Rab27a (Chen et al., 2017). Another study reported
that IL-1β secretion caused by autophagy induction is relied
on Rab8a (Dupont et al., 2011). Since these GTPases (Rab8a,
Rab11, and Rab27a) are also involved in other membrane
trafficking process such as exocytic pathway, the findings that
these GTPases modulate the exophagic pathway implicate a
cooperation between exophagy with other membrane trafficking
pathways. In addition, the role of other small GTPases in
exophagy and the underlying mechanisms of these GTPases
require further investigation.

REGULATION OF SMALL GTPASES BY
UBIQUITINATION

As mentioned above, small GTPases play an important role in
multiple membrane trafficking processes, thus the modulation of
these GTPases is the key determinant for exerting their functions.
Studies have reported that small GTPase stability, activity, and
localization can be regulated by ubiqutination (Table 1).

Ubiquitination Regulates Small GTPase
Stability
As two major protein degradation pathways, the ubiquitin-
proteasome system (UPS) and autophagy are critical for the
maintenance of protein homeostasis in cells, and they recognize
ubiquitin as a degradation signal (Pohl and Dikic, 2019).
The UPS mainly recognizes K48-linked polyubiquitin chains
conjugated on single and short-lived proteins and targets them
to proteasome for degradation, while autophagy sequesters
K63- and K48-linked polyubiquitin chains associated long-
lived proteins to autophagosomes and ultimately fuse with
lysosomes for degradation. The modulation of small GTPases by
ubiquitination plays an important role in membrane trafficking
processes, and the proteolysis of them mostly relies on the UPS.

The most well-studied GTPase that is degraded by the UPS is
RhoA. Specifically, RhoA can be polyubiquitin-modified by the
SMAD-specific E3 ubiquitin protein ligase 1 (Smurf1) on lysine
(Lys) 6 and Lys7 residues, thus resulting in the degradation of
RhoA (Wang et al., 2003; Tian et al., 2011). Cullin3-BACURD
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TABLE 1 | E3s and DUBs regulating small GTPase stability, activity, or localization.

Small GTPases Ubiquitination site (s) E3s DUBs References

E3s and DUBs regulating small GTPase stability

RhoA Lys6, 7 Smurf1 Wang et al., 2003; Tian et al., 2011

GDP-RhoA Cullin3-BACURD Chen et al., 2009

Total RhoA, GTP-RhoA Fbxw7 Li J. et al., 2016

Total RhoA, GTP-RhoA, and GDP-RhoA Lys135 SCF Wei et al., 2013

GTP-RhoA OTUB1 Edelmann et al., 2010

RhoB Lys6, 7 Smurf1 Wang et al., 2014

RhoB Lys162, 181 Cullin3-Rbx1 Xu et al., 2015; Kovacevic et al., 2018

Rac1 Lys147 XIAP, cIAP1 Oberoi et al., 2012

GTP-Rac1 HACE1 Torrino et al., 2011; Daugaard et al., 2013

Rac1 Lys166 SCFFBXL19 Zhao et al., 2013

Rac3 Lys166 SCFFBXL19 Dong et al., 2014

Cdc42 Lys166 XIAP Murali et al., 2017

Rab35 Villarroel-Campos et al., 2016

GDP-Rab8 Takahashi et al., 2019

Rab27a Song et al., 2019

Arl4c and Arf6 Cullin5 Han et al., 2020

E3s and DUBs regulating small GTPase activity

Rab5 Lys140, 165 Shin et al., 2017

Rab7 Lys38 Parkin Song et al., 2016

Rab7 Lys191 USP32 Sapmaz et al., 2019

Rab11a Lys145 HACE1-β2AR Lachance et al., 2014

E3s and DUBs regulating small GTPase localization

Rab7 Lys191 USP32 Sapmaz et al., 2019

Rab7 Lys38 Parkin Song et al., 2016

RhoB Lys162, 181 Cullin3-Rbx1 Kovacevic et al., 2018

GTP-RhoA, GTP-Rac1, and GTP-Cdc42 USP17 de la Vega et al., 2011

RalA and RalB Neyraud et al., 2012

ubiquitin ligase complex selectively interacts with GDP-bound
RhoA, rather than GTP-bound or nucleotide free RhoA, to
mediate its ubiquitination and proteasomal degradation (Chen
et al., 2009). Different from the Cullin3-BACURD ubiquitin
ligase, F-box and WD repeat domain-containing7 (Fbxw7)
E3 ubiquitin ligase complex mediates the ubiquitination and
degradation of the total RhoA and the active GTP-RhoA
(Li H. et al., 2016). Additionally, Skp1-Cullin1-F-box (SCF)
E3 ligase catalyzes the ubiquitination of the total, active and
inactive forms of RhoA on Lys135 and then promotes the
degradation of RhoA, which is dependent on the phosphorylation
of RhoA by Erk2 (Wei et al., 2013). On the contrary, the
ubiquitination modification of RhoA can be removed by
deubiquitinating enzymes (DUBs). For instance, during Yersinia
infection, otubain 1 (OTUB1) can disassemble the Lys48-linked
polyubiquitin chains from GTP-RhoA to maintain its stability
(Edelmann et al., 2010).

Additionally, the stability of other Rho GTPases encompassing
RhoB, Rac1, Cdc42 and atypical Rho GTPases, is also controlled
by the UPS. RhoB is polyubiquitinated for proteasomal
degradation mainly by two E3 ligases. Smurf1 promotes RhoB
degradation by conjugating ubiquitin on its Lys6 and Lys7
residues (Wang et al., 2014), while Cullin3-Rbx1 E3 ligase
complex transfers K63 polyubiquitin chain to Lys162 and Lys181

of RhoB to promote its lysosomal localization and degradation
via a proteasomal as well as a lysosomal pathway (Xu et al., 2015;
Kovacevic et al., 2018). Moreover, inhibitors of apoptosis proteins
(IAPs), including X-linked IAP (XIAP), and cellular IAP1 (c-
IAP1), usually target Rac1 to catalyze its polyubiquitination on
Lys147 site and then promote its degradation (Oberoi et al.,
2012). Meanwhile, HECT domain and Ankyrin repeat containing
E3 ubiquitin-protein ligase (HACE1) preferentially binds to the
active form of Rac1 (GTP-Rac1) for its degradation (Torrino
et al., 2011; Daugaard et al., 2013). The stability of Rac1 and
Rac3 are also regulated by SCFFBXL19 complex that transfers
polyubiquitin chains to Lys166 residue of phosphorylated Rac1
or Rac3 to promote their proteasomal degradation (Zhao et al.,
2013; Dong et al., 2014). And the Lys166 residue of Cdc42 can
also be conjugated with polyubiquitin chains by XIAP, and this
modification provide a signal for its proteasomal degradation
(Murali et al., 2017).

Among the Rab GTPases, Rab35 is the first protein reported
to be degraded by the UPS, which is controlled by p53-related
protein kinase (PRPK) and microtubule associated protein 1B
(MAP1B) (Villarroel-Campos et al., 2016). Rab8 can also be
targeted by the UPS, but only GDP-Rab8a is rapidly degraded
with the assistance of BAG6 (BAT3/Scythe), while GTP-Rab8a
is highly stable (Takahashi et al., 2019). The accumulated
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GDP-bound Rab proteins tend to form aggregates in the
cytoplasm due to the exposure of hydrophobic groups, so the
clearance mechanism of inactive GDP-Rab proteins is critical
for maintaining cellular homeostasis. However, the specific E3
ubiquitin ligase of GDP-Rab8a is not identified. As BAG6 can
associate with E3s including RNF126 and gp78 (Xu et al., 2013;
Rodrigo-Brenni et al., 2014), it is possible Rab8a may be a
substrate of BAG6-associated ubiquitin ligase. Another recent
study demonstrates that the kidney and brain protein (KIBRA)
can interact with Rab27a, and then prevents the ubiquitination-
mediated degradation of Rab27a (Song et al., 2019). In addition,
the stability of Arf GTPases has also been reported to be regulated
by UPS. An example is that the protein levels of Arl4c and Arf6
are downregulated in the presence of Cullin5 E3 ligase (Han et al.,
2020). Since UPS can mediate the degradation of specific GTP-
bound, GDP-bound or total GTPases, it is reasonable that the
activity of GTPases is altered accompanied by the degradation
of these proteins.

Ubiquitination Regulates Small GTPase
Activity
The conversion between GDP- and GTP-bound GTPases is
the key determinant in exerting their functions. Upon being
formed, GTP-bound GTPases can recruit specific effectors

to regulate cellular activities. Based on this, ubiquitination
may regulate small GTPase activity through two modes,
including the exchange of GDP- and GTP-bound GTPases,
and the recruitment of effectors. And this ubiquitination-
mediated regulatory functions have been demonstrated in
several Rab GTPases.

The early endosome marker Rab5, a key member of the Rab
family, is crucial in endocytosis and membrane transport. Rab5
could be monoubiquitinated on three residues, including Lys116,
Lys140, and Lys165, among which, the monoubiquitination on
Lys140 and Lys165, but not Lys116, suppresses the activity of
Rab5. Specifically, monoubiquitination on Lys140 impairs the
interaction between Rab5 and its downstream effectors such as
Rabaptin 5 and early endosome antigen 1 (EEA1), and Lys165
monoubiquitylation hinders GEF-mediated guanine nucleotide
conversion, thereby leading to the blockade of endocytic pathway
(Figures 2A,B; Shin et al., 2017). It is worth mentioning that the
ubiquitination site is critical to determine small GTPase activity.

Rab7 activity is also regulated by its ubiquitination. The
dimerubiquitination on the Lys191 residue of Rab7 blocks
its interaction with RILP, thus inhibiting Rab7-mediated late
endosome motility and the perinuclear localization of the late
compartment. In turn, the DUB enzyme ubiquitin-specific
protease 32 (USP32) removes the ubiquitin chains from Lys191,

FIGURE 2 | Ubiquitination regulates the activity of small GTPases in the membrane trafficking processes. (A,B) The monoubiquitination of Rab5 inhibits its
interaction with effectors (A), or its exchange of GDP- to GTP-bound form (B), to suppress the formation of Rab5-positive early endosomes. (C) The
dimerubiquitination of Rab7 inhibits its interaction with RILP to suppress the motility of late endosomes to lysosomes, while promoting its affinity to retromer complex
to suppress the recycling from late endosomes to TGN. (D) The polyubiquitination of Rab7 promotes its interaction with RILP to enhance the motility of late
endosomes to lysosomes. (E) The polyubiquitination of Rab11 promotes its exchange of GDP- to GTP-bound form to enhance the receptor recycling to cell
membrane. GEF, guanine nucleotide exchange factor; GAP, GTPase-activating protein; K, Lysine (Lys).
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and then restores the late endosome motility and the perinuclear
localization of the late compartment mediated by Rab7 (Sapmaz
et al., 2019). Most importantly, the ubiquitination of Rab7
on Lys191 residue can also inhibit the recycling from late
endosomes to TGN by enhancing the interplay between Rab7 and
the retromer complex and thus stabilize the retromer complex
on endosomes (Figure 2C; Sapmaz et al., 2019). In addition,
polyubiquitinated Rab7 on the Lys38 residue by the E3 ligase
Parkin exhibits stronger affinity for its effector RILP, and the high
affinity improves the activity and membrane localization of Rab7
(Figure 2D; Song et al., 2016).

Another example regarding ubiquitination-dependent
regulation of small GTPase activity is Rab11a, which mediates the
receptor recycling, and its activity is regulated by ubiquitination
catalyzed by HACE1 and a scaffold β2AR. The HACE1-β2AR
complex-catalyzed Rab11a ubiquitination on Lys145 destroys
the interaction between β2AR and GDP-bound Rab11a, and
then releases Rab11a to combine GTP and thus promotes its
activation (Figure 2E). But the mechanism that ubiquitination
of Rab11a leads to its activation needs further determination. In
addition, co-expression of HACE1 and β2AR also potentiates the
ubiquitination of Rab6a and Rab8a. Considering the functional
connection of Rab6a, Rab8a, and Rab11a in intracellular
transport, whether the ubiquitination of these three proteins will
affect each other remains to be defined (Lachance et al., 2014).

Ubiquitination Regulates Small GTPase
Localization
Small GTPases are usually localized on the cytosol in their
inactive GDP-bound form. Accompanied with the conversion
between GDP- and GTP-bound forms, GTPases are transferred
from the cytosol to specific membranes to recruit effectors
for functioning (Stenmark, 2009). Thus, the ubiquitination-
dependent regulation of small GTPase activity may also plays
important roles in modulating their localizations. For example,
ubiquitination of Rab7 on Lys191 residue blocks late endosome
motility and the perinuclear localization of the late compartment,
and this modification also facilitates the membrane localization
of Rab7, as evidenced by the increased membrane-to-cytosol
ratio (Sapmaz et al., 2019). Another study indicates that Parkin
catalyzes the ubiquitination of Rab7 to enhance its binding
affinity for RILP, and thus ultimately promoting the membrane
localization of Rab7 (Song et al., 2016).

Moreover, the localization of Rho and Ras family GTPases
is also modulated by ubiquitination. For instance, the
ubiquitination of RhoB on Lys162 and Lys181 can direct
RhoB to lysosome for degradation (Kovacevic et al., 2018).
And the ubiquitin-specific protease 17 (USP17) is required for
the membrane localization of active Rho GTPases, including
RhoA, Rac1, and Cdc42, while the underlying molecular
mechanism is still unclear (de la Vega et al., 2011). Furthermore,
the ubiquitination of Ras GTPases (including RalA and
RalB) can provide a signal for their localization. Specifically,
ubiquitination directs RalA transport to plasma membrane,
while deubiquitination of RalA occurs in lipid raft microdomains
and promotes raft endocytosis (Neyraud et al., 2012). Up to now,

the role and the underlying molecular mechanism by which
ubiquitylation regulate the location of the small GTPases remain
obscure and warrant further investigation.

DYSREGULATION OF SMALL GTPASE
UBIQUITINATION IN MEMBRANE
TRAFFICKING-RELATED DISEASES

Membrane trafficking is the key determinant for cellular
activities, including neurodevelopment and host immune
response against pathogens. The trafficking is a complex,
dynamic, but an ordered process, which is mainly controlled
by small GTPases’ spatiotemporal alterations that potentially
dependent on ubiquitination (as described above). Consequently,
the dysregulation of small GTPase ubiquitination will cause
multiple human membrane trafficking-related diseases,
and here we focus on the neurological and infectious
diseases (Figure 3).

Dysregulation of Small GTPase
Ubiquitination in Neurological Diseases
The nervous system is the commander of multitude biogenic
activities, and neurodevelopment is critical for this ability. The
entire neurodevelopmental process, including neurogenesis,
neuritogenesis, synaptogenesis, differentiation, synaptic
plasticity, synaptic transmission, and aggregate secretion,
depends on the membrane trafficking, and is regulated by small
GTPases [reviewed in (Qu et al., 2019)]. Emerging evidence
shows that small GTPase ubiquitination is a more precise
mechanism for modulating neurodevelopment at the specific
stage. Moreover, the alteration of this protein modification
accounts for many neurological disorders.

Neuritogenesis has been reported to be regulated by small
GTPase ubiquitination. Neuritogenesis is inhibited by RhoA, and
Smurf1 can interact with RhoA and mediate its ubiquitination
and degradation, thus enhancing neurite outgrowth (Bryan
et al., 2005; Deglincerti et al., 2015). Some other small
GTPases including Arl4c and its effector Arf6 are also negative
regulators of neuritogenesis (particularly dendritogenesis), and
are ubiquitinated and degraded by Cullin-5 under physiological
conditions. Furthermore, depletion of Cullin-5 causes the
formation of V-shaped dendrites that usually appears in
neurodegenerative models or in the brains of Alzheimer’s
disease (AD) patients (Han et al., 2020). However, Rab35 favors
axon elongation in rat primary neurons, and this process is
controlled by the proteolysis of Rab35 in a UPS-dependent
manner (Villarroel-Campos et al., 2016). Additionally, synaptic
transmission is also modulated by small GTPase ubiquitination.
RhoA can prevent synaptic transmission, and deletion of its
E3 ligase KCTD13 results in accumulated RhoA, which in turn
reduces functional synapse number and synaptic transmission.
Consistently, treatment with RhoA inhibitor rhosin can reverse
the reduced synaptic transmission in Kctd13-deleted mice,
implicating that RhoA is a potential therapeutic target for
neuropsychiatric disorders (Escamilla et al., 2017).
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FIGURE 3 | Small GTPase ubiquitination and membrane trafficking-related diseases. Left, small GTPase ubiquitination is involved in neuritogenesis, synaptic
transmission, and exosome secretion. Dysregulation of these processes contributes to the occurrence of neurological diseases. Right, small GTPase ubiquitination
regulates pathogen invasion, lysosomal acidification, LCV maturation, innate immune signaling activation, ROS production, and autophagy induction. Dysregulation
of these processes contributes to the occurrence of infections. LCV, Legionella-containing vacuole; ROS, reactive oxygen species.

The abnormal aggregation of misfolded proteins is the
pathological character of neurodegenerative diseases, and these
proteins can be delivered to non-effected regions by exosomes,
thus promoting the progression of the disease (Jan et al., 2017).
The secretion of exosomes in neural cells is another process that
is controlled by small GTPase ubiquitination. Evidence indicates
that KIBRA and Rab27a are predominantly expressed in the
brain, and KIBRA-mediated inhibition of Rab27a ubiquitination
and degradation promotes the secretion of exosomes, suggesting
that decreased Rab27a ubiquitination may be involved in the
initiation and progression of neurodegenerative diseases (Song
et al., 2019). Another study shows that Parkin mediates the
ubiquitination of Rab7, and then promotes its affinity for RILP,
eventually directing Rab7 to the retromer pathway. While the
deregulation of Rab7 ubiquitination in Parkin-deficient cells
results in the impairment of the retromer function, but leading
to the increased secretion of exosomes, a phenomenon observed
in Parkinson disease (PD). These findings raise a possibility that
increasing Rab7 ubiquitination may be a potential therapeutic
strategy for PD (Song et al., 2016).

Dysregulation of Small GTPase
Ubiquitination in Infections
Membrane trafficking is vital for host immune response
against pathogens. Based on this, trafficking events, such as

phagocytosis and the following phagosome maturation, together
with autophagy, can be prevented, or hijacked by pathogens
(especially intracellular pathogens) to benefit their survival
(Inoue et al., 2018; Chai et al., 2020). Moreover, increasing studies
have demonstrated that the ubiquitin system is another sensitive
target of many bacterial pathogens (Li J. et al., 2016). As small
GTPases are the main modulators in membrane trafficking, the
ubiquitination of these proteins has also been reported to be
manipulated by pathogenic microorganisms.

The invasion into host cells is fundamental for intracellular
pathogens to establish an infection, and Rho family GTPases
are crucial for this process (Visvikis et al., 2011). Targeting
Rho GTPases to regulate their ubiquitination is the strategy
of pathogens for entering the host cells. Specifically, effectors
or toxins produced by pathogenic microorganisms interfere
with the ubiquitination of Rho GTPases. For instance, cytotoxic
necrotizing factor-1 (CNF1) from Escherichia coli can induce
the activation of Rac1, and then promotes the HACE1-mediated
ubiquitination and degradation of GTP-bound Rac1, leading
to an increased invasion of pathogens toward endothelial cell
monolayer (Torrino et al., 2011). While prior to Yersinia
infection, wild-type OTUB1 catalyzes the deubiquitination of
active-form RhoA to stabilize the protein, and then enhances
the cellular susceptibility to invasion. However, once virulence
factor Yersinia serine/threonine kinase A (YpkA) is secreted into
the infected cells, it can interact with phosphorylated OTUB1 as
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well as GDP-bound RhoA to block active RhoA formation, and
ultimately preventing further bacterial uptake. And the limiting
invasion efficiency of bacteria may contribute to a decreased
intracellular killing mediated by host immune defense (Edelmann
et al., 2010). Additionally, a ubiquitinome study of Salmonella-
infected epithelial cells has revealed that the ubiquitination level
of Cdc42 and RhoG is upregulated, whereas Rac1 ubiquitination
is decreased, at early-stage of infection. These effects may benefit
the invasion of the pathogen. However, the exact functional
output of these modifications and the E3s as well as DUBs of these
proteins need further research in the future (Fiskin et al., 2016).

To replicate in the cell, pathogenic microorganisms can
manipulate the host’s membrane trafficking pathways to avoid
degradation and to shape a replication-permissive niche,
such as Salmonella-containing vacuoles (SCV) for Salmonella
enterica, and Legionella-containing vacuole (LCV) for Legionella
pneumophila (L. pneumophila). Upon Salmonella infection,
Rab7a is highly ubiquitinated by an unknown E3 ligase, which
may contribute to the inhibition of lysosomal acidification and
the subsequent degradation (Fiskin et al., 2016). Furthermore,
effectors released by L. pneumophila have evolved ubiquitinating
enzyme activities to mediate the ubiquitination of host proteins
directly. During infection, effector protein SdeA secreted by
L. pneumophila can promote the ubiquitination of ER-associated
protein Rab33b, leading to an increased intracellular bacterial
replication by facilitating LCV formation (Qiu et al., 2016).
Rab10 can be recruited to the LCV and then be ubiquitinated by
SidC/SdcA to promote LCV maturation (Jeng et al., 2019). Rab1,
a GTPase that is localized on the LCV, can also be ubiquitinated in
a SidC/SdcA-dependent manner and then play key roles in LCV
maturation (Horenkamp et al., 2014).

Other host immune responses related to small GTPase
ubiquitination can also be manipulated by pathogens. For
example, CNF1-induced ubiquitination-mediated proteasomal
degradation of activated Rho proteins limits the production of
inflammatory proteins and immunomodulators, thus attenuating
host cell immune responses (Munro et al., 2004). Another
example is that VopS from Vibrio parahaemolyticus hinders
the interaction of Rho GTPases (Rac1 and RhoA) with their
E3 ligases (cIAP1 and XIAP), may causing a suppression
to host immune response such as collapse of the actin
cytoskeleton, inactivation of NF-κB, Erk and JNK pathways
(Woolery et al., 2014). Additionally, in response to pathogen
infection, E3 ubiquitin ligase TRAF6 selectively interacts with
inactive Rac1T17N. Once the GDP-dissociation inhibitor (GDI)
is dissociated from Rac1, this will promote the charging of GTP
on Rac1. Under this condition, TRAF6 can further catalyze K63-
linked polyubiquitination of GTP-Rac1, eventually inducing the
recruitment of mitochondria to phagosome and the subsequently
formation of ROS in macrophages for pathogen killing (Geng
et al., 2015). And RalB ubiquitination is critical for its binding to
exocyst complex component 2 (EXOC2) and the triggered innate
immune signaling, while deubiquitination of RalB mediated by
ubiquitin-specific protease 33 (USP33) facilitates the assembly
of the RalB-Exocyst complex component 84 (EXO84)-beclin-
1complex to drive autophagosome formation (Simicek et al.,
2013). These studies suggest that the ubiquitination of small
GTPases is involved in multiple steps of pathogen infections.

CONCLUSION

Membrane trafficking is tightly regulated to maintain cellular
homeostasis, and defects in the regulatory machinery of this
process leads to human diseases. This review discusses the
modulation of membrane trafficking pathways by small GTPases,
and the regulation of small GTPases by ubiquitination as well
as the associated human diseases (focusing on the neurological
diseases and infections). Three key points are extracted from
this review: first, there is a crosstalk between different regulatory
pathways, which may lead to synergistic or antagonistic effects;
second, the regulatory function of ubiquitination on small
GTPases is not singular due to the interactions among GTPase
stability, activity and localization; third, the ubiquitination levels
of small GTPases may be altered during the progression of
diseases, especially the infections, as pathogens can manipulate
host immune response to benefit their intracellular survival
through multiple strategies. Moreover, emerging ubiquitinome
studies have revealed that ubiquitination of small GTPases is
a prominent characteristic of multiple human diseases (Fiskin
et al., 2016; Jeng et al., 2019). Additionally, the ubiquitination
site is critical to decide small GTPase activities (Shin et al., 2017).
Therefore, identifying the ubiquitination sites and their output
functions during the progression of diseases will provide new
insights into novel therapeutics for these diseases. Furthermore,
several other important issues also warrant further study to
provide clearer and more comprehensive picture for disease
treatment. For instance, what are the E3s and DUBs of small
GTPases? If E3 or DUBs are effectors from pathogens, whether
they regulate host protein substrates and their functions by novel
mechanisms different from their host counterparts? Moreover,
various types of atypical ubiquitination have been revealed,
and what are their regulatory roles on small GTPases and
membrane trafficking, and whether there is a crosstalk between
different ubiquitination modifications? Thus, there are many
exciting questions waiting to be clarified, and a more in-
depth understanding of the molecular mechanisms by which
ubiquitination regulates small GTPases and the membrane
trafficking process can provide new insights and novel targets for
the development of more effective and specific therapeutics for
membrane trafficking-related human diseases.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81825014, 31830003, and 82022041), the
Strategic Priority Research Program of the Chinese Academy
of Sciences (XDB29020000), the National Key Research and
Development Program of China (2017YFA0505900), and the
Youth Innovation Promotion Association CAS (2018118).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2021 | Volume 9 | Article 688352

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-688352 June 25, 2021 Time: 19:19 # 11

Lei et al. Ubiquitination Regulation of Small GTPases

REFERENCES
Abrahamsen, H., and Stenmark, H. (2010). Protein secretion: unconventional exit

by exophagy. Curr. Biol. 20, R415–R418. doi: 10.1016/j.cub.2010.03.011
Adnan, G., Rubikaite, A., Khan, M., Reber, M., Suetterlin, P., Hindges, R., et al.

(2020). The GTPase Arl8B plays a principle role in the positioning of interstitial
axon branches by spatially controlling autophagosome and lysosome location.
J. Neurosci. 40, 8103–8118. doi: 10.1523/JNEUROSCI.1759-19.2020

Ahearn, I. M., Haigis, K., Bar-Sagi, D., and Philips, M. R. (2011). Regulating the
regulator: post-translational modification of RAS. Nat. Rev. Mol. Cell Biol. 13,
39–51. doi: 10.1038/nrm3255

Allan, B. B., Moyer, B. D., and Balch, W. E. (2000). Rab1 recruitment of p115 into a
cis-SNARE complex: programming budding COPII vesicles for fusion. Science
289, 444–448. doi: 10.1126/science.289.5478.444

Amaya, C., Militello, R. D., Calligaris, S. D., and Colombo, M. I. (2016). Rab24
interacts with the Rab7/Rab interacting lysosomal protein complex to regulate
endosomal degradation. Traffic 17, 1181–1196. doi: 10.1111/tra.12431

Ayala, C. I., Kim, J., and Neufeld, T. P. (2018). Rab6 promotes insulin receptor
and cathepsin trafficking to regulate autophagy induction and activity in
Drosophila. J. Cell Sci. 131:jcs216127. doi: 10.1242/jcs.216127

Beraud-Dufour, S., and Balch, W. (2002). A journey through the exocytic pathway.
J. Cell Sci. 115(Pt 9), 1779–1780.

Bhuin, T., and Roy, J. K. (2014). Rab proteins: the key regulators of intracellular
vesicle transport. Exp. Cell Res. 328, 1–19. doi: 10.1016/j.yexcr.2014.07.027

Binotti, B., Pavlos, N. J., Riedel, D., Wenzel, D., Vorbruggen, G., Schalk, A. M., et al.
(2015). The GTPase Rab26 links synaptic vesicles to the autophagy pathway.
Elife 4:e05597. doi: 10.7554/eLife.05597

Boncompain, G., and Weigel, A. V. (2018). Transport and sorting in the Golgi
complex: multiple mechanisms sort diverse cargo. Curr. Opin. Cell Biol. 50,
94–101. doi: 10.1016/j.ceb.2018.03.002

Brandizzi, F., and Barlowe, C. (2013). Organization of the ER-Golgi interface for
membrane traffic control. Nat. Rev. Mol. Cell Biol. 14, 382–392. doi: 10.1038/
nrm3588

Bryan, B., Cai, Y., Wrighton, K., Wu, G., Feng, X. H., and Liu, M. (2005).
Ubiquitination of RhoA by Smurf1 promotes neurite outgrowth. FEBS Lett. 579,
1015–1019. doi: 10.1016/j.febslet.2004.12.074

Cavalli, G., and Cenci, S. (2020). Autophagy and protein secretion. J. Mol. Biol. 432,
2525–2545. doi: 10.1016/j.jmb.2020.01.015

Chai, Q., Wang, L., Liu, C. H., and Ge, B. (2020). New insights into the evasion of
host innate immunity by Mycobacterium tuberculosis. Cell. Mol. Immunol. 17,
901–913. doi: 10.1038/s41423-020-0502-z

Chen, L., Hu, J., Yun, Y., and Wang, T. (2010). Rab36 regulates the spatial
distribution of late endosomes and lysosomes through a similar mechanism to
Rab34. Mol. Membr. Biol. 27, 23–30. doi: 10.3109/09687680903417470

Chen, Y., Yang, Z., Meng, M., Zhao, Y., Dong, N., Yan, H., et al. (2009). Cullin
mediates degradation of RhoA through evolutionarily conserved BTB adaptors
to control actin cytoskeleton structure and cell movement. Mol. Cell 35, 841–
855. doi: 10.1016/j.molcel.2009.09.004

Chen, Y. D., Fang, Y. T., Cheng, Y. L., Lin, C. F., Hsu, L. J., Wang, S. Y., et al.
(2017). Exophagy of annexin A2 via RAB11, RAB8A and RAB27A in IFN-
gamma-stimulated lung epithelial cells. Sci. Rep. 7:5676. doi: 10.1038/s41598-
017-06076-4

Chesneau, L., Dambournet, D., Machicoane, M., Kouranti, I., Fukuda, M., Goud,
B., et al. (2012). An ARF6/Rab35 GTPase cascade for endocytic recycling and
successful cytokinesis. Curr. Biol. 22, 147–153. doi: 10.1016/j.cub.2011.11.058

Chua, C. E., and Tang, B. L. (2014). Engagement of the small GTPase Rab31
protein and its effector, early endosome antigen 1, is important for trafficking
of the ligand-bound epidermal growth factor receptor from the early to the late
endosome. J. Biol. Chem. 289, 12375–12389. doi: 10.1074/jbc.M114.548321

Daugaard, M., Nitsch, R., Razaghi, B., McDonald, L., Jarrar, A., Torrino, S., et al.
(2013). Hace1 controls ROS generation of vertebrate Rac1-dependent NADPH
oxidase complexes. Nat. Commun. 4:2180. doi: 10.1038/ncomms3180

de la Vega, M., Kelvin, A. A., Dunican, D. J., McFarlane, C., Burrows, J. F., Jaworski,
J., et al. (2011). The deubiquitinating enzyme USP17 is essential for GTPase
subcellular localization and cell motility. Nat. Commun. 2:259. doi: 10.1038/
ncomms1243

de Toledo, M., Senic-Matuglia, F., Salamero, J., Uze, G., Comunale, F., Fort, P., et al.
(2003). The GTP/GDP cycling of rho GTPase TCL is an essential regulator of

the early endocytic pathway. Mol. Biol. Cell 14, 4846–4856. doi: 10.1091/mbc.
e03-04-0254

Deglincerti, A., Liu, Y., Colak, D., Hengst, U., Xu, G., and Jaffrey, S. R. (2015).
Coupled local translation and degradation regulate growth cone collapse. Nat.
Commun. 6:6888. doi: 10.1038/ncomms7888

Dejgaard, S. Y., Murshid, A., Erman, A., Kizilay, O., Verbich, D., Lodge, R., et al.
(2008). Rab18 and Rab43 have key roles in ER-Golgi trafficking. J. Cell Sci.
121(Pt 16), 2768–2781. doi: 10.1242/jcs.021808

Ding, X., Jiang, X., Tian, R., Zhao, P., Li, L., Wang, X., et al. (2019).
RAB2 regulates the formation of autophagosome and autolysosome in
mammalian cells. Autophagy 15, 1774–1786. doi: 10.1080/15548627.2019.1596
478

Donaldson, J. G., and Jackson, C. L. (2011). ARF family G proteins and their
regulators: roles in membrane transport, development and disease. Nat. Rev.
Mol. Cell Biol. 12, 362–375. doi: 10.1038/nrm3117

Dong, S., Zhao, J., Wei, J., Bowser, R. K., Khoo, A., Liu, Z., et al. (2014). F-
box protein complex FBXL19 regulates TGFbeta1-induced E-cadherin down-
regulation by mediating Rac3 ubiquitination and degradation. Mol. Cancer
13:76. doi: 10.1186/1476-4598-13-76

Dorayappan, K. D. P., Wanner, R., Wallbillich, J. J., Saini, U., Zingarelli, R., Suarez,
A. A., et al. (2018). Hypoxia-induced exosomes contribute to a more aggressive
and chemoresistant ovarian cancer phenotype: a novel mechanism linking
STAT3/Rab proteins. Oncogene 37, 3806–3821. doi: 10.1038/s41388-018-0189-
0

Dou, Z., Pan, J. A., Dbouk, H. A., Ballou, L. M., DeLeon, J. L., Fan, Y., et al.
(2013). Class IA PI3K p110beta subunit promotes autophagy through Rab5
small GTPase in response to growth factor limitation. Mol. Cell 50, 29–42.
doi: 10.1016/j.molcel.2013.01.022

D’Souza-Schorey, C., and Chavrier, P. (2006). ARF proteins: roles in membrane
traffic and beyond. Nat. Rev. Mol. Cell Biol. 7, 347–358. doi: 10.1038/nrm1910

Dupont, N., Jiang, S., Pilli, M., Ornatowski, W., Bhattacharya, D., and Deretic, V.
(2011). Autophagy-based unconventional secretory pathway for extracellular
delivery of IL-1beta. EMBO J. 30, 4701–4711. doi: 10.1038/emboj.2011.398

Dutta, D., and Donaldson, J. G. (2015). Sorting of clathrin-independent cargo
proteins depends on rab35 delivered by clathrin-mediated endocytosis. Traffic
16, 994–1009. doi: 10.1111/tra.12302

Edelmann, M. J., Kramer, H. B., Altun, M., and Kessler, B. M. (2010). Post-
translational modification of the deubiquitinating enzyme otubain 1 modulates
active RhoA levels and susceptibility to Yersinia invasion. FEBS J. 277, 2515–
2530. doi: 10.1111/j.1742-4658.2010.07665.x

Egami, Y. (2016). Molecular imaging analysis of Rab GTPases in the regulation
of phagocytosis and macropinocytosis. Anat. Sci. Int. 91, 35–42. doi: 10.1007/
s12565-015-0313-y

Elkin, S. R., Lakoduk, A. M., and Schmid, S. L. (2016). Endocytic pathways and
endosomal trafficking: a primer. Wien. Med. Wochenschr. 166, 196–204. doi:
10.1007/s10354-016-0432-7

Escamilla, C. O., Filonova, I., Walker, A. K., Xuan, Z. X., Holehonnur, R., Espinosa,
F., et al. (2017). Kctd13 deletion reduces synaptic transmission via increased
RhoA. Nature 551, 227–231. doi: 10.1038/nature24470

Espinosa, E. J., Calero, M., Sridevi, K., and Pfeffer, S. R. (2009). RhoBTB3: a Rho
GTPase-family ATPase required for endosome to Golgi transport. Cell 137,
938–948. doi: 10.1016/j.cell.2009.03.043

Evans, T. M., Ferguson, C., Wainwright, B. J., Parton, R. G., and Wicking, C. (2003).
Rab23, a negative regulator of hedgehog signaling, localizes to the plasma
membrane and the endocytic pathway. Traffic 4, 869–884. doi: 10.1046/j.1600-
0854.2003.00141.x

Fiskin, E., Bionda, T., Dikic, I., and Behrends, C. (2016). Global analysis of host and
bacterial ubiquitinome in response to Salmonella typhimurium infection. Mol.
Cell 62, 967–981. doi: 10.1016/j.molcel.2016.04.015

Foot, N., Henshall, T., and Kumar, S. (2017). Ubiquitination and the regulation
of membrane proteins. Physiol. Rev. 97, 253–281. doi: 10.1152/physrev.00012.
2016

Galea, G., and Simpson, J. C. (2015). High-content analysis of Rab protein function
at the ER-Golgi interface. Bioarchitecture 5, 44–53. doi: 10.1080/19490992.2015.
1102826

Geng, J., Sun, X., Wang, P., Zhang, S., Wang, X., Wu, H., et al. (2015). Kinases Mst1
and Mst2 positively regulate phagocytic induction of reactive oxygen species
and bactericidal activity. Nat. Immunol. 16, 1142–1152. doi: 10.1038/ni.3268

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 July 2021 | Volume 9 | Article 688352

https://doi.org/10.1016/j.cub.2010.03.011
https://doi.org/10.1523/JNEUROSCI.1759-19.2020
https://doi.org/10.1038/nrm3255
https://doi.org/10.1126/science.289.5478.444
https://doi.org/10.1111/tra.12431
https://doi.org/10.1242/jcs.216127
https://doi.org/10.1016/j.yexcr.2014.07.027
https://doi.org/10.7554/eLife.05597
https://doi.org/10.1016/j.ceb.2018.03.002
https://doi.org/10.1038/nrm3588
https://doi.org/10.1038/nrm3588
https://doi.org/10.1016/j.febslet.2004.12.074
https://doi.org/10.1016/j.jmb.2020.01.015
https://doi.org/10.1038/s41423-020-0502-z
https://doi.org/10.3109/09687680903417470
https://doi.org/10.1016/j.molcel.2009.09.004
https://doi.org/10.1038/s41598-017-06076-4
https://doi.org/10.1038/s41598-017-06076-4
https://doi.org/10.1016/j.cub.2011.11.058
https://doi.org/10.1074/jbc.M114.548321
https://doi.org/10.1038/ncomms3180
https://doi.org/10.1038/ncomms1243
https://doi.org/10.1038/ncomms1243
https://doi.org/10.1091/mbc.e03-04-0254
https://doi.org/10.1091/mbc.e03-04-0254
https://doi.org/10.1038/ncomms7888
https://doi.org/10.1242/jcs.021808
https://doi.org/10.1080/15548627.2019.1596478
https://doi.org/10.1080/15548627.2019.1596478
https://doi.org/10.1038/nrm3117
https://doi.org/10.1186/1476-4598-13-76
https://doi.org/10.1038/s41388-018-0189-0
https://doi.org/10.1038/s41388-018-0189-0
https://doi.org/10.1016/j.molcel.2013.01.022
https://doi.org/10.1038/nrm1910
https://doi.org/10.1038/emboj.2011.398
https://doi.org/10.1111/tra.12302
https://doi.org/10.1111/j.1742-4658.2010.07665.x
https://doi.org/10.1007/s12565-015-0313-y
https://doi.org/10.1007/s12565-015-0313-y
https://doi.org/10.1007/s10354-016-0432-7
https://doi.org/10.1007/s10354-016-0432-7
https://doi.org/10.1038/nature24470
https://doi.org/10.1016/j.cell.2009.03.043
https://doi.org/10.1046/j.1600-0854.2003.00141.x
https://doi.org/10.1046/j.1600-0854.2003.00141.x
https://doi.org/10.1016/j.molcel.2016.04.015
https://doi.org/10.1152/physrev.00012.2016
https://doi.org/10.1152/physrev.00012.2016
https://doi.org/10.1080/19490992.2015.1102826
https://doi.org/10.1080/19490992.2015.1102826
https://doi.org/10.1038/ni.3268
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-688352 June 25, 2021 Time: 19:19 # 12

Lei et al. Ubiquitination Regulation of Small GTPases

Gillingham, A. K., and Munro, S. (2007). The small G proteins of the Arf family and
their regulators. Annu. Rev. Cell Dev. Biol. 23, 579–611. doi: 10.1146/annurev.
cellbio.23.090506.123209

Gorji-Bahri, G., Moghimi, H. R., and Hashemi, A. (2021). RAB5A is associated with
genes involved in exosome secretion: integration of bioinformatics analysis and
experimental validation. J. Cell Biochem. 122, 425–441. doi: 10.1002/jcb.29871

Grossmann, A. H., Zhao, H., Jenkins, N., Zhu, W., Richards, J. R., Yoo, J. H.,
et al. (2019). The small GTPase ARF6 regulates protein trafficking to control
cellular function during development and in disease. Small GTPases 10, 1–12.
doi: 10.1080/21541248.2016.1259710

Gui, X., Yang, H., Li, T., Tan, X., Shi, P., Li, M., et al. (2019). Autophagy induction
via STING trafficking is a primordial function of the cGAS pathway. Nature 567,
262–266. doi: 10.1038/s41586-019-1006-9

Hall, A. (2012). Rho family GTPases. Biochem. Soc. Trans. 40, 1378–1382. doi:
10.1042/BST20120103

Han, J. S., Hino, K., Li, W., Reyes, R. V., Canales, C. P., Miltner, A. M., et al. (2020).
CRL5-dependent regulation of the small GTPases ARL4C and ARF6 controls
hippocampal morphogenesis. Proc. Natl. Acad. Sci. U. S. A. 117, 23073–23084.
doi: 10.1073/pnas.2002749117

Hinger, S. A., Abner, J. J., Franklin, J. L., Jeppesen, D. K., Coffey, R. J., and Patton,
J. G. (2020). Rab13 regulates sEV secretion in mutant KRAS colorectal cancer
cells. Sci. Rep. 10:15804. doi: 10.1038/s41598-020-72503-8

Hirota, Y., and Tanaka, Y. (2009). A small GTPase, human Rab32, is required for
the formation of autophagic vacuoles under basal conditions. Cell. Mol. Life Sci.
66, 2913–2932. doi: 10.1007/s00018-009-0080-9

Hodge, R. G., and Ridley, A. J. (2016). Regulating Rho GTPases and their
regulators. Nat. Rev. Mol. Cell Biol. 17, 496–510. doi: 10.1038/nrm.2016.67

Horenkamp, F. A., Mukherjee, S., Alix, E., Schauder, C. M., Hubber, A. M.,
Roy, C. R., et al. (2014). Legionella pneumophila subversion of host vesicular
transport by SidC effector proteins. Traffic 15, 488–499. doi: 10.1111/tra.12158

Hsu, C., Morohashi, Y., Yoshimura, S., Manrique-Hoyos, N., Jung, S., Lauterbach,
M. A., et al. (2010). Regulation of exosome secretion by Rab35 and its GTPase-
activating proteins TBC1D10A-C. J. Cell Biol. 189, 223–232. doi: 10.1083/jcb.
200911018

Hu, S. Q., Zhang, Q. C., Meng, Q. B., Hu, A. N., Zou, J. P., and Li, X. L. (2020).
Autophagy regulates exosome secretion in rat nucleus pulposus cells via the
RhoC/ROCK2 pathway. Exp. Cell Res. 395:112239. doi: 10.1016/j.yexcr.2020.
112239

Huang, M., Duhadaway, J. B., Prendergast, G. C., and Laury-Kleintop, L. D. (2007).
RhoB regulates PDGFR-beta trafficking and signaling in vascular smooth
muscle cells. Arterioscler. Thromb. Vasc. Biol. 27, 2597–2605. doi: 10.1161/
ATVBAHA.107.154211

Huang, M., Satchell, L., Duhadaway, J. B., Prendergast, G. C., and Laury-Kleintop,
L. D. (2011). RhoB links PDGF signaling to cell migration by coordinating
activation and localization of Cdc42 and Rac. J. Cell Biochem. 112, 1572–1584.
doi: 10.1002/jcb.23069

Huotari, J., and Helenius, A. (2011). Endosome maturation. EMBO J. 30, 3481–
3500. doi: 10.1038/emboj.2011.286

Hyenne, V., Apaydin, A., Rodriguez, D., Spiegelhalter, C., Hoff-Yoessle, S., Diem,
M., et al. (2015). RAL-1 controls multivesicular body biogenesis and exosome
secretion. J. Cell Biol. 211, 27–37. doi: 10.1083/jcb.201504136

Inoue, J., Ninomiya, M., Shimosegawa, T., and McNiven, M. A. (2018). Cellular
membrane trafficking machineries used by the hepatitis viruses. Hepatology 68,
751–762. doi: 10.1002/hep.29785

Itoh, T., Fujita, N., Kanno, E., Yamamoto, A., Yoshimori, T., and Fukuda,
M. (2008). Golgi-resident small GTPase Rab33B interacts with Atg16L and
modulates autophagosome formation. Mol. Biol. Cell 19, 2916–2925. doi: 10.
1091/mbc.E07-12-1231

Jan, A. T., Malik, M. A., Rahman, S., Yeo, H. R., Lee, E. J., Abdullah, T. S.,
et al. (2017). Perspective insights of exosomes in neurodegenerative diseases:
a critical appraisal. Front. Aging Neurosci. 9:317. doi: 10.3389/fnagi.2017.00317

Jean, S., Cox, S., Nassari, S., and Kiger, A. A. (2015). Starvation-induced MTMR13
and RAB21 activity regulates VAMP8 to promote autophagosome-lysosome
fusion. EMBO Rep. 16, 297–311. doi: 10.15252/embr.201439464

Jeng, E. E., Bhadkamkar, V., Ibe, N. U., Gause, H., Jiang, L., Chan, J., et al. (2019).
Systematic identification of host cell regulators of Legionella pneumophila
pathogenesis using a genome-wide CRISPR screen. Cell Host Microbe 26,
551–563.e6. doi: 10.1016/j.chom.2019.08.017

Jongsma, M. L., Bakker, J., Cabukusta, B., Liv, N., van Elsland, D., Fermie, J.,
et al. (2020). SKIP-HOPS recruits TBC1D15 for a Rab7-to-Arl8b identity switch
to control late endosome transport. EMBO J. 39:e102301. doi: 10.15252/embj.
2019102301

Jung, J. J., Tiwari, A., Inamdar, S. M., Thomas, C. P., Goel, A., and Choudhury,
A. (2012). Secretion of soluble vascular endothelial growth factor receptor 1
(sVEGFR1/sFlt1) requires Arf1, Arf6, and Rab11 GTPases. PLoS One 7:e44572.
doi: 10.1371/journal.pone.0044572

Kajimoto, T., Mohamed, N. N. I., Badawy, S. M. M., Matovelo, S. A., Hirase,
M., Nakamura, S., et al. (2018). Involvement of Gbetagamma subunits of Gi
protein coupled with S1P receptor on multivesicular endosomes in F-actin
formation and cargo sorting into exosomes. J. Biol. Chem. 293, 245–253. doi:
10.1074/jbc.M117.808733

Kjos, I., Vestre, K., Guadagno, N. A., Borg Distefano, M., and Progida, C. (2018).
Rab and Arf proteins at the crossroad between membrane transport and
cytoskeleton dynamics. Biochim. Biophys. Acta Mol. Cell Res. 1865, 1397–1409.
doi: 10.1016/j.bbamcr.2018.07.009

Kobayashi, H., and Fukuda, M. (2012). Rab35 regulates Arf6 activity through
centaurin-beta2 (ACAP2) during neurite outgrowth. J. Cell Sci. 125(Pt 9),
2235–2243. doi: 10.1242/jcs.098657

Kondo, Y., Hanai, A., Nakai, W., Katoh, Y., Nakayama, K., and Shin, H. W. (2012).
ARF1 and ARF3 are required for the integrity of recycling endosomes and the
recycling pathway. Cell Struct. Funct. 37, 141–154. doi: 10.1247/csf.12015

Korolchuk, V. I., Saiki, S., Lichtenberg, M., Siddiqi, F. H., Roberts, E. A., Imarisio,
S., et al. (2011). Lysosomal positioning coordinates cellular nutrient responses.
Nat. Cell Biol. 13, 453–460. doi: 10.1038/ncb2204

Kovacevic, I., Sakaue, T., Majolee, J., Pronk, M. C., Maekawa, M., Geerts, D.,
et al. (2018). The Cullin-3-Rbx1-KCTD10 complex controls endothelial barrier
function via K63 ubiquitination of RhoB. J. Cell Biol. 217, 1015–1032. doi:
10.1083/jcb.201606055

Kucera, A., Borg Distefano, M., Berg-Larsen, A., Skjeldal, F., Repnik, U., Bakke, O.,
et al. (2016). Spatiotemporal resolution of Rab9 and CI-MPR dynamics in the
endocytic pathway. Traffic 17, 211–229. doi: 10.1111/tra.12357

Lachance, V., Degrandmaison, J., Marois, S., Robitaille, M., Genier, S., Nadeau, S.,
et al. (2014). Ubiquitylation and activation of a Rab GTPase is promoted by
a beta(2)AR-HACE1 complex. J. Cell Sci. 127(Pt 1), 111–123. doi: 10.1242/jcs.
132944

Langemeyer, L., Borchers, A. C., Herrmann, E., Fullbrunn, N., Han, Y., Perz, A.,
et al. (2020). A conserved and regulated mechanism drives endosomal Rab
transition. Elife 9:e56090. doi: 10.7554/eLife.56090

Lawrence, J. T., and Birnbaum, M. J. (2003). ADP-ribosylation factor 6
regulates insulin secretion through plasma membrane phosphatidylinositol 4,5-
bisphosphate. Proc. Natl. Acad. Sci. U. S. A. 100, 13320–13325. doi: 10.1073/
pnas.2232129100

Li, B., Antonyak, M. A., Zhang, J., and Cerione, R. A. (2012). RhoA triggers a
specific signaling pathway that generates transforming microvesicles in cancer
cells. Oncogene 31, 4740–4749. doi: 10.1038/onc.2011.636

Li, C., Wei, Z., Fan, Y., Huang, W., Su, Y., Li, H., et al. (2017). The GTPase Rab43
controls the anterograde ER-golgi trafficking and sorting of GPCRs. Cell Rep.
21, 1089–1101. doi: 10.1016/j.celrep.2017.10.011

Li, H., Wang, Z., Zhang, W., Qian, K., Xu, W., and Zhang, S. (2016). Fbxw7
regulates tumor apoptosis, growth arrest and the epithelial-to-mesenchymal
transition in part through the RhoA signaling pathway in gastric cancer. Cancer
Lett. 370, 39–55. doi: 10.1016/j.canlet.2015.10.006

Li, J., Chai, Q. Y., and Liu, C. H. (2016). The ubiquitin system: a critical regulator
of innate immunity and pathogen-host interactions. Cell Mol. Immunol. 13,
560–576. doi: 10.1038/cmi.2016.40

Li, L., Kim, E., Yuan, H., Inoki, K., Goraksha-Hicks, P., Schiesher, R. L., et al.
(2010). Regulation of mTORC1 by the Rab and Arf GTPases. J. Biol. Chem. 285,
19705–19709. doi: 10.1074/jbc.C110.102483

Lipatova, Z., Belogortseva, N., Zhang, X. Q., Kim, J., Taussig, D., and Segev, N.
(2012). Regulation of selective autophagy onset by a Ypt/Rab GTPase module.
Proc. Natl. Acad. Sci. U. S. A. 109, 6981–6986. doi: 10.1073/pnas.1121299
109

Liu, C. C., Zhang, Y. N., Li, Z. Y., Hou, J. X., Zhou, J., Kan, L., et al. (2017). Rab5 and
Rab11 are required for clathrin-dependent endocytosis of Japanese encephalitis
virus in BHK-21 cells. J. Virol. 91, e01113–e01117. doi: 10.1128/JVI.0111
3-17

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 July 2021 | Volume 9 | Article 688352

https://doi.org/10.1146/annurev.cellbio.23.090506.123209
https://doi.org/10.1146/annurev.cellbio.23.090506.123209
https://doi.org/10.1002/jcb.29871
https://doi.org/10.1080/21541248.2016.1259710
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1042/BST20120103
https://doi.org/10.1042/BST20120103
https://doi.org/10.1073/pnas.2002749117
https://doi.org/10.1038/s41598-020-72503-8
https://doi.org/10.1007/s00018-009-0080-9
https://doi.org/10.1038/nrm.2016.67
https://doi.org/10.1111/tra.12158
https://doi.org/10.1083/jcb.200911018
https://doi.org/10.1083/jcb.200911018
https://doi.org/10.1016/j.yexcr.2020.112239
https://doi.org/10.1016/j.yexcr.2020.112239
https://doi.org/10.1161/ATVBAHA.107.154211
https://doi.org/10.1161/ATVBAHA.107.154211
https://doi.org/10.1002/jcb.23069
https://doi.org/10.1038/emboj.2011.286
https://doi.org/10.1083/jcb.201504136
https://doi.org/10.1002/hep.29785
https://doi.org/10.1091/mbc.E07-12-1231
https://doi.org/10.1091/mbc.E07-12-1231
https://doi.org/10.3389/fnagi.2017.00317
https://doi.org/10.15252/embr.201439464
https://doi.org/10.1016/j.chom.2019.08.017
https://doi.org/10.15252/embj.2019102301
https://doi.org/10.15252/embj.2019102301
https://doi.org/10.1371/journal.pone.0044572
https://doi.org/10.1074/jbc.M117.808733
https://doi.org/10.1074/jbc.M117.808733
https://doi.org/10.1016/j.bbamcr.2018.07.009
https://doi.org/10.1242/jcs.098657
https://doi.org/10.1247/csf.12015
https://doi.org/10.1038/ncb2204
https://doi.org/10.1083/jcb.201606055
https://doi.org/10.1083/jcb.201606055
https://doi.org/10.1111/tra.12357
https://doi.org/10.1242/jcs.132944
https://doi.org/10.1242/jcs.132944
https://doi.org/10.7554/eLife.56090
https://doi.org/10.1073/pnas.2232129100
https://doi.org/10.1073/pnas.2232129100
https://doi.org/10.1038/onc.2011.636
https://doi.org/10.1016/j.celrep.2017.10.011
https://doi.org/10.1016/j.canlet.2015.10.006
https://doi.org/10.1038/cmi.2016.40
https://doi.org/10.1074/jbc.C110.102483
https://doi.org/10.1073/pnas.1121299109
https://doi.org/10.1073/pnas.1121299109
https://doi.org/10.1128/JVI.01113-17
https://doi.org/10.1128/JVI.01113-17
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-688352 June 25, 2021 Time: 19:19 # 13

Lei et al. Ubiquitination Regulation of Small GTPases

Liu, S., Hunt, L., and Storrie, B. (2013). Rab41 is a novel regulator of Golgi
apparatus organization that is needed for ER-to-Golgi trafficking and cell
growth. PLoS One 8:e71886. doi: 10.1371/journal.pone.0071886

Longatti, A., Lamb, C. A., Razi, M., Yoshimura, S., Barr, F. A., and Tooze, S. A.
(2012). TBC1D14 regulates autophagosome formation via Rab11- and ULK1-
positive recycling endosomes. J. Cell Biol. 197, 659–675. doi: 10.1083/jcb.
201111079

Luna, A., Matas, O. B., Martinez-Menarguez, J. A., Mato, E., Duran, J. M., Ballesta,
J., et al. (2002). Regulation of protein transport from the Golgi complex to the
endoplasmic reticulum by CDC42 and N-WASP. Mol. Biol. Cell 13, 866–879.
doi: 10.1091/mbc.01-12-0579

Lund, V. K., Madsen, K. L., and Kjaerulff, O. (2018). Drosophila Rab2 controls
endosome-lysosome fusion and LAMP delivery to late endosomes. Autophagy
14, 1520–1542. doi: 10.1080/15548627.2018.1458170

Matsui, T., and Fukuda, M. (2013). Rab12 regulates mTORC1 activity and
autophagy through controlling the degradation of amino-acid transporter
PAT4. EMBO Rep. 14, 450–457. doi: 10.1038/embor.2013.32

Mauvezin, C., Neisch, A. L., Ayala, C. I., Kim, J., Beltrame, A., Braden, C. R., et al.
(2016). Coordination of autophagosome-lysosome fusion and transport by a
Klp98A-Rab14 complex in Drosophila. J. Cell Sci. 129, 971–982. doi: 10.1242/
jcs.175224

Maziveyi, M., Dong, S., Baranwal, S., Mehrnezhad, A., Rathinam, R., Huckaba,
T. M., et al. (2019). Exosomes from nischarin-expressing cells reduce breast
cancer cell motility and tumor growth. Cancer Res. 79, 2152–2166. doi: 10.1158/
0008-5472.CAN-18-0842

Mochizuki, Y., Ohashi, R., Kawamura, T., Iwanari, H., Kodama, T., Naito, M.,
et al. (2013). Phosphatidylinositol 3-phosphatase myotubularin-related protein
6 (MTMR6) is regulated by small GTPase Rab1B in the early secretory and
autophagic pathways. J. Biol. Chem. 288, 1009–1021. doi: 10.1074/jbc.M112.
395087

Moreau, K., Ravikumar, B., Puri, C., and Rubinsztein, D. C. (2012). Arf6 promotes
autophagosome formation via effects on phosphatidylinositol 4,5-bisphosphate
and phospholipase D. J. Cell Biol. 196, 483–496. doi: 10.1083/jcb.201110
114

Moyer, B. D., Allan, B. B., and Balch, W. E. (2001). Rab1 interaction with a GM130
effector complex regulates COPII vesicle cis–Golgi tethering. Traffic 2, 268–276.
doi: 10.1034/j.1600-0854.2001.1o007.x

Munro, P., Flatau, G., Doye, A., Boyer, L., Oregioni, O., Mege, J. L., et al.
(2004). Activation and proteasomal degradation of rho GTPases by cytotoxic
necrotizing factor-1 elicit a controlled inflammatory response. J. Biol. Chem.
279, 35849–35857. doi: 10.1074/jbc.M401580200

Murali, A., Shin, J., Yurugi, H., Krishnan, A., Akutsu, M., Carpy, A., et al. (2017).
Ubiquitin-dependent regulation of Cdc42 by XIAP. Cell Death Dis. 8:e2900.
doi: 10.1038/cddis.2017.305

Nakai, W., Kondo, Y., Saitoh, A., Naito, T., Nakayama, K., and Shin, H. W. (2013).
ARF1 and ARF4 regulate recycling endosomal morphology and retrograde
transport from endosomes to the Golgi apparatus. Mol. Biol. Cell 24, 2570–2581.
doi: 10.1091/mbc.E13-04-0197

Nakajima, K., Nozawa, T., Minowa-Nozawa, A., Toh, H., Yamada, S., Aikawa,
C., et al. (2019). RAB30 regulates PI4KB (phosphatidylinositol 4-kinase beta)-
dependent autophagy against group A Streptococcus. Autophagy 15, 466–477.
doi: 10.1080/15548627.2018.1532260

Nakano, A., and Muramatsu, M. (1989). A novel GTP-binding protein, Sar1p, is
involved in transport from the endoplasmic reticulum to the Golgi apparatus.
J. Cell Biol. 109(6 Pt 1), 2677–2691. doi: 10.1083/jcb.109.6.2677

Nakatogawa, H. (2020). Mechanisms governing autophagosome biogenesis. Nat.
Rev. Mol. Cell Biol. 21, 439–458. doi: 10.1038/s41580-020-0241-0

Neyraud, V., Aushev, V. N., Hatzoglou, A., Meunier, B., Cascone, I., and Camonis,
J. (2012). RalA and RalB proteins are ubiquitinated GTPases, and ubiquitinated
RalA increases lipid raft exposure at the plasma membrane. J. Biol. Chem. 287,
29397–29405. doi: 10.1074/jbc.M112.357764

Nishida, Y., Arakawa, S., Fujitani, K., Yamaguchi, H., Mizuta, T., Kanaseki, T.,
et al. (2009). Discovery of Atg5/Atg7-independent alternative macroautophagy.
Nature 461, 654–658. doi: 10.1038/nature08455

Nishida-Fukuda, H. (2019). The exocyst: dynamic machine or static tethering
complex? Bioessays 41:e1900056. doi: 10.1002/bies.201900056

Nozawa, T., Aikawa, C., Goda, A., Maruyama, F., Hamada, S., and Nakagawa,
I. (2012). The small GTPases Rab9A and Rab23 function at distinct steps

in autophagy during Group A Streptococcus infection. Cell Microbiol. 14,
1149–1165. doi: 10.1111/j.1462-5822.2012.01792.x

Oberoi, T. K., Dogan, T., Hocking, J. C., Scholz, R. P., Mooz, J., Anderson,
C. L., et al. (2012). IAPs regulate the plasticity of cell migration by directly
targeting Rac1 for degradation. EMBO J. 31, 14–28. doi: 10.1038/emboj.2011.
423

Olayioye, M. A., Noll, B., and Hausser, A. (2019). Spatiotemporal control of
intracellular membrane trafficking by Rho GTPases. Cells 8:1478. doi: 10.3390/
cells8121478

Ostrowski, M., Carmo, N. B., Krumeich, S., Fanget, I., Raposo, G., Savina, A., et al.
(2010). Rab27a and Rab27b control different steps of the exosome secretion
pathway. Nat. Cell Biol. 12, su11–su13. doi: 10.1038/ncb2000

Park, S. Y., Yang, J. S., Schmider, A. B., Soberman, R. J., and Hsu, V. W. (2015).
Coordinated regulation of bidirectional COPI transport at the Golgi by CDC42.
Nature 521, 529–532. doi: 10.1038/nature14457

Pathak, R., and Dermardirossian, C. (2013). GEF-H1: orchestrating the interplay
between cytoskeleton and vesicle trafficking. Small GTPases 4, 174–179. doi:
10.4161/sgtp.24616

Pelletan, L. E., Suhaiman, L., Vaquer, C. C., Bustos, M. A., De Blas, G. A.,
Vitale, N., et al. (2015). ADP ribosylation factor 6 (ARF6) promotes acrosomal
exocytosis by modulating lipid turnover and Rab3A activation. J. Biol. Chem.
290, 9823–9841. doi: 10.1074/jbc.M114.629006

Pfeffer, S. R. (2017). Rab GTPases: master regulators that establish the secretory
and endocytic pathways. Mol. Biol. Cell 28, 712–715. doi: 10.1091/mbc.E16-10-
0737

Pohl, C., and Dikic, I. (2019). Cellular quality control by the ubiquitin-proteasome
system and autophagy. Science 366, 818–822. doi: 10.1126/science.aax3769

Poteryaev, D., Datta, S., Ackema, K., Zerial, M., and Spang, A. (2010). Identification
of the switch in early-to-late endosome transition. Cell 141, 497–508. doi: 10.
1016/j.cell.2010.03.011

Puri, C., Vicinanza, M., Ashkenazi, A., Gratian, M. J., Zhang, Q., Bento, C. F.,
et al. (2018). The RAB11A-positive compartment is a primary platform for
autophagosome assembly mediated by WIPI2 recognition of PI3P-RAB11A.
Dev. Cell 45, 114–131.e8. doi: 10.1016/j.devcel.2018.03.008

Qiu, J., Sheedlo, M. J., Yu, K., Tan, Y., Nakayasu, E. S., Das, C., et al. (2016).
Ubiquitination independent of E1 and E2 enzymes by bacterial effectors. Nature
533, 120–124. doi: 10.1038/nature17657

Qu, L., Pan, C., He, S. M., Lang, B., Gao, G. D., Wang, X. L., et al. (2019). The ras
superfamily of Small GTPases in non-neoplastic cerebral diseases. Front. Mol.
Neurosci. 12:121. doi: 10.3389/fnmol.2019.00121

Ramirez, C., Hauser, A. D., Vucic, E. A., and Bar-Sagi, D. (2019). Plasma membrane
V-ATPase controls oncogenic RAS-induced macropinocytosis. Nature 576,
477–481. doi: 10.1038/s41586-019-1831-x

Riederer, M. A., Soldati, T., Shapiro, A. D., Lin, J., and Pfeffer, S. R. (1994).
Lysosome biogenesis requires Rab9 function and receptor recycling from
endosomes to the trans-Golgi network. J. Cell Biol. 125, 573–582. doi: 10.1083/
jcb.125.3.573

Rodrigo-Brenni, M. C., Gutierrez, E., and Hegde, R. S. (2014). Cytosolic quality
control of mislocalized proteins requires RNF126 recruitment to Bag6. Mol Cell
55, 227–237. doi: 10.1016/j.molcel.2014.05.025

Rodriguez-Gabin, A. G., Cammer, M., Almazan, G., Charron, M., and Larocca, J. N.
(2001). Role of rRAB22b, an oligodendrocyte protein, in regulation of transport
of vesicles from trans Golgi to endocytic compartments. J. Neurosci. Res. 66,
1149–1160. doi: 10.1002/jnr.1253

Rosa-Ferreira, C., Christis, C., Torres, I. L., and Munro, S. (2015). The small G
protein Arl5 contributes to endosome-to-Golgi traffic by aiding the recruitment
of the GARP complex to the Golgi. Biol. Open 4, 474–481. doi: 10.1242/bio.
201410975

Saito, T., Nah, J., Oka, S. I., Mukai, R., Monden, Y., Maejima, Y., et al. (2019).
An alternative mitophagy pathway mediated by Rab9 protects the heart against
ischemia. J. Clin. Invest. 129, 802–819. doi: 10.1172/JCI122035

Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-Peled,
L., et al. (2008). The Rag GTPases bind raptor and mediate amino acid signaling
to mTORC1. Science 320, 1496–1501. doi: 10.1126/science.1157535

Sapmaz, A., Berlin, I., Bos, E., Wijdeven, R. H., Janssen, H., Konietzny, R.,
et al. (2019). USP32 regulates late endosomal transport and recycling through
deubiquitylation of Rab7. Nat. Commun. 10:1454. doi: 10.1038/s41467-019-
09437-x

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 July 2021 | Volume 9 | Article 688352

https://doi.org/10.1371/journal.pone.0071886
https://doi.org/10.1083/jcb.201111079
https://doi.org/10.1083/jcb.201111079
https://doi.org/10.1091/mbc.01-12-0579
https://doi.org/10.1080/15548627.2018.1458170
https://doi.org/10.1038/embor.2013.32
https://doi.org/10.1242/jcs.175224
https://doi.org/10.1242/jcs.175224
https://doi.org/10.1158/0008-5472.CAN-18-0842
https://doi.org/10.1158/0008-5472.CAN-18-0842
https://doi.org/10.1074/jbc.M112.395087
https://doi.org/10.1074/jbc.M112.395087
https://doi.org/10.1083/jcb.201110114
https://doi.org/10.1083/jcb.201110114
https://doi.org/10.1034/j.1600-0854.2001.1o007.x
https://doi.org/10.1074/jbc.M401580200
https://doi.org/10.1038/cddis.2017.305
https://doi.org/10.1091/mbc.E13-04-0197
https://doi.org/10.1080/15548627.2018.1532260
https://doi.org/10.1083/jcb.109.6.2677
https://doi.org/10.1038/s41580-020-0241-0
https://doi.org/10.1074/jbc.M112.357764
https://doi.org/10.1038/nature08455
https://doi.org/10.1002/bies.201900056
https://doi.org/10.1111/j.1462-5822.2012.01792.x
https://doi.org/10.1038/emboj.2011.423
https://doi.org/10.1038/emboj.2011.423
https://doi.org/10.3390/cells8121478
https://doi.org/10.3390/cells8121478
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/nature14457
https://doi.org/10.4161/sgtp.24616
https://doi.org/10.4161/sgtp.24616
https://doi.org/10.1074/jbc.M114.629006
https://doi.org/10.1091/mbc.E16-10-0737
https://doi.org/10.1091/mbc.E16-10-0737
https://doi.org/10.1126/science.aax3769
https://doi.org/10.1016/j.cell.2010.03.011
https://doi.org/10.1016/j.cell.2010.03.011
https://doi.org/10.1016/j.devcel.2018.03.008
https://doi.org/10.1038/nature17657
https://doi.org/10.3389/fnmol.2019.00121
https://doi.org/10.1038/s41586-019-1831-x
https://doi.org/10.1083/jcb.125.3.573
https://doi.org/10.1083/jcb.125.3.573
https://doi.org/10.1016/j.molcel.2014.05.025
https://doi.org/10.1002/jnr.1253
https://doi.org/10.1242/bio.201410975
https://doi.org/10.1242/bio.201410975
https://doi.org/10.1172/JCI122035
https://doi.org/10.1126/science.1157535
https://doi.org/10.1038/s41467-019-09437-x
https://doi.org/10.1038/s41467-019-09437-x
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-688352 June 25, 2021 Time: 19:19 # 14

Lei et al. Ubiquitination Regulation of Small GTPases

Serafini, T., Orci, L., Amherdt, M., Brunner, M., Kahn, R. A., and Rothman, J. E.
(1991). ADP-ribosylation factor is a subunit of the coat of Golgi-derived COP-
coated vesicles: a novel role for a GTP-binding protein. Cell 67, 239–253. doi:
10.1016/0092-8674(91)90176-y

Seto, S., Sugaya, K., Tsujimura, K., Nagata, T., Horii, T., and Koide, Y. (2013).
Rab39a interacts with phosphatidylinositol 3-kinase and negatively regulates
autophagy induced by lipopolysaccharide stimulation in macrophages. PLoS
One 8:e83324. doi: 10.1371/journal.pone.0083324

Sheng, Y., Song, Y., Li, Z., Wang, Y., Lin, H., Cheng, H., et al. (2018). RAB37
interacts directly with ATG5 and promotes autophagosome formation via
regulating ATG5-12-16 complex assembly. Cell Death Differ. 25, 918–934. doi:
10.1038/s41418-017-0023-1

Shi, A., Liu, O., Koenig, S., Banerjee, R., Chen, C. C., Eimer, S., et al. (2012).
RAB-10-GTPase-mediated regulation of endosomal phosphatidylinositol-4,5-
bisphosphate. Proc. Natl. Acad. Sci. U. S. A. 109, E2306–E2315. doi: 10.1073/
pnas.1205278109

Shi, B. J., Liu, C. C., Zhou, J., Wang, S. Q., Gao, Z. C., Zhang, X. M., et al. (2016).
Entry of classical swine fever virus into PK-15 cells via a pH-, Dynamin-,
and cholesterol-dependent, clathrin-mediated endocytic pathway that requires
Rab5 and Rab7. J. Virol. 90, 9194–9208. doi: 10.1128/JVI.00688-16

Shin, D., Na, W., Lee, J. H., Kim, G., Baek, J., Park, S. H., et al. (2017). Site-
specific monoubiquitination downregulates Rab5 by disrupting effector binding
and guanine nucleotide conversion. Elife 6:e29154. doi: 10.7554/eLife.29
154

Shinde, S. R., and Maddika, S. (2018). Post translational modifications of Rab
GTPases. Small GTPases 9, 49–56. doi: 10.1080/21541248.2017.1299270

Simicek, M., Lievens, S., Laga, M., Guzenko, D., Aushev, V. N., Kalev, P., et al.
(2013). The deubiquitylase USP33 discriminates between RALB functions in
autophagy and innate immune response. Nat. Cell Biol. 15, 1220–1230. doi:
10.1038/ncb2847

Song, L., Tang, S., Han, X., Jiang, Z., Dong, L., Liu, C., et al. (2019). KIBRA controls
exosome secretion via inhibiting the proteasomal degradation of Rab27a. Nat.
Commun. 10:1639. doi: 10.1038/s41467-019-09720-x

Song, P., Trajkovic, K., Tsunemi, T., and Krainc, D. (2016). Parkin modulates
endosomal organization and function of the endo-lysosomal pathway.
J. Neurosci. 36, 2425–2437. doi: 10.1523/JNEUROSCI.2569-15.2016

Soreng, K., Neufeld, T. P., and Simonsen, A. (2018). Membrane trafficking in
autophagy. Int. Rev. Cell Mol. Biol. 336, 1–92. doi: 10.1016/bs.ircmb.2017.07.
001

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol.
Cell Biol. 10, 513–525. doi: 10.1038/nrm2728

Stenmark, H., Parton, R. G., Steele-Mortimer, O., Lutcke, A., Gruenberg, J., and
Zerial, M. (1994). Inhibition of rab5 GTPase activity stimulates membrane
fusion in endocytosis. EMBO J. 13, 1287–1296.

Stroupe, C. (2018). This is the end: regulation of Rab7 nucleotide binding in
endolysosomal trafficking and autophagy. Front. Cell Dev. Biol. 6:129. doi:
10.3389/fcell.2018.00129

Su, H., Liu, B., Frohlich, O., Ma, H., Sands, J. M., and Chen, G. (2013).
Small GTPase Rab14 down-regulates UT-A1 urea transport activity through
enhanced clathrin-dependent endocytosis. FASEB J. 27, 4100–4107. doi: 10.
1096/fj.13-229294

Sun, C., Wang, P., Dong, W., Liu, H., Sun, J., and Zhao, L. (2020). LncRNA PVT1
promotes exosome secretion through YKT6, RAB7, and VAMP3 in pancreatic
cancer. Aging (Albany NY) 12, 10427–10440. doi: 10.18632/aging.103268

Szatmari, Z., Kis, V., Lippai, M., Hegedus, K., Farago, T., Lorincz, P., et al.
(2014). Rab11 facilitates cross-talk between autophagy and endosomal pathway
through regulation of Hook localization. Mol. Biol. Cell 25, 522–531. doi: 10.
1091/mbc.E13-10-0574

Takahashi, T., Minami, S., Tsuchiya, Y., Tajima, K., Sakai, N., Suga, K., et al. (2019).
Cytoplasmic control of Rab family small GTPases through BAG6. EMBO Rep.
20:e46794. doi: 10.15252/embr.201846794

Tian, M., Bai, C., Lin, Q., Lin, H., Liu, M., Ding, F., et al. (2011). Binding of
RhoA by the C2 domain of E3 ligase Smurf1 is essential for Smurf1-regulated
RhoA ubiquitination and cell protrusive activity. FEBS Lett. 585, 2199–2204.
doi: 10.1016/j.febslet.2011.06.016

Torrino, S., Visvikis, O., Doye, A., Boyer, L., Stefani, C., Munro, P., et al. (2011). The
E3 ubiquitin-ligase HACE1 catalyzes the ubiquitylation of active Rac1. Dev. Cell
21, 959–965. doi: 10.1016/j.devcel.2011.08.015

Tuli, A., Thiery, J., James, A. M., Michelet, X., Sharma, M., Garg, S., et al. (2013).
Arf-like GTPase Arl8b regulates lytic granule polarization and natural killer

cell-mediated cytotoxicity. Mol. Biol. Cell 24, 3721–3735. doi: 10.1091/mbc.
E13-05-0259

van der Vaart, A., Griffith, J., and Reggiori, F. (2010). Exit from the Golgi is required
for the expansion of the autophagosomal phagophore in yeast Saccharomyces
cerevisiae. Mol. Biol. Cell 21, 2270–2284. doi: 10.1091/mbc.E09-04-0345

Vignal, E., Blangy, A., Martin, M., Gauthier-Rouviere, C., and Fort, P. (2001).
Kinectin is a key effector of RhoG microtubule-dependent cellular activity. Mol.
Cell Biol. 21, 8022–8034. doi: 10.1128/MCB.21.23.8022-8034.2001

Villarroel-Campos, D., Henriquez, D. R., Bodaleo, F. J., Oguchi, M. E., Bronfman,
F. C., Fukuda, M., et al. (2016). Rab35 functions in axon elongation are
regulated by P53-related protein kinase in a mechanism that involves Rab35
protein degradation and the microtubule-associated protein 1B. J. Neurosci. 36,
7298–7313. doi: 10.1523/JNEUROSCI.4064-15.2016

Visvikis, O., Boyer, L., Torrino, S., Doye, A., Lemonnier, M., Lores, P., et al.
(2011). Escherichia coli producing CNF1 toxin hijacks Tollip to trigger Rac1-
dependent cell invasion. Traffic 12, 579–590. doi: 10.1111/j.1600-0854.2011.01
174.x

Waguri, S., Dewitte, F., Le Borgne, R., Rouille, Y., Uchiyama, Y., Dubremetz,
J. F., et al. (2003). Visualization of TGN to endosome trafficking through
fluorescently labeled MPR and AP-1 in living cells. Mol. Biol. Cell 14, 142–155.
doi: 10.1091/mbc.e02-06-0338

Wandinger-Ness, A., and Zerial, M. (2014). Rab proteins and the
compartmentalization of the endosomal system. Cold Spring Harb. Perspect.
Biol. 6:a022616. doi: 10.1101/cshperspect.a022616

Wang, H. R., Zhang, Y., Ozdamar, B., Ogunjimi, A. A., Alexandrova, E., Thomsen,
G. H., et al. (2003). Regulation of cell polarity and protrusion formation by
targeting RhoA for degradation. Science 302, 1775–1779. doi: 10.1126/science.
1090772

Wang, M., Guo, L., Wu, Q., Zeng, T., Lin, Q., Qiao, Y., et al. (2014).
ATR/Chk1/Smurf1 pathway determines cell fate after DNA damage
by controlling RhoB abundance. Nat. Commun. 5:4901. doi: 10.1038/
ncomms5901

Wang, T., and Hong, W. (2002). Interorganellar regulation of lysosome positioning
by the Golgi apparatus through Rab34 interaction with Rab-interacting
lysosomal protein. Mol. Biol. Cell 13, 4317–4332. doi: 10.1091/mbc.e02-05-
0280

Wei, D., Zhan, W., Gao, Y., Huang, L., Gong, R., Wang, W., et al. (2021). RAB31
marks and controls an ESCRT-independent exosome pathway. Cell Res. 31,
157–177. doi: 10.1038/s41422-020-00409-1

Wei, J., Mialki, R. K., Dong, S., Khoo, A., Mallampalli, R. K., Zhao, Y., et al.
(2013). A new mechanism of RhoA ubiquitination and degradation: roles of
SCF(FBXL19) E3 ligase and Erk2. Biochim. Biophys. Acta 1833, 2757–2764.
doi: 10.1016/j.bbamcr.2013.07.005

Wennerberg, K., Rossman, K. L., and Der, C. J. (2005). The Ras superfamily at a
glance. J. Cell Sci. 118(Pt 5), 843–846. doi: 10.1242/jcs.01660

Woolery, A. R., Yu, X., LaBaer, J., and Orth, K. (2014). AMPylation of Rho GTPases
subverts multiple host signaling processes. J Biol Chem 289, 32977–32988. doi:
10.1074/jbc.M114.601310

Wu, B., and Guo, W. (2015). The exocyst at a glance. J. Cell Sci. 128, 2957–2964.
doi: 10.1242/jcs.156398

Xu, J., Li, L., Yu, G., Ying, W., Gao, Q., Zhang, W., et al. (2015). The neddylation-
cullin 2-RBX1 E3 ligase axis targets tumor suppressor RhoB for degradation
in liver cancer. Mol. Cell Proteomics 14, 499–509. doi: 10.1074/mcp.M114.045
211

Xu, Y., Liu, Y., Lee, J. G., and Ye, Y. (2013). A ubiquitin-like domain recruits
an oligomeric chaperone to a retrotranslocation complex in endoplasmic
reticulum-associated degradation. J. Biol. Chem. 288, 18068–18076. doi: 10.
1074/jbc.M112.449199

Yang, S., and Rosenwald, A. G. (2016). Autophagy in Saccharomyces cerevisiae
requires the monomeric GTP-binding proteins, Arl1 and Ypt6. Autophagy 12,
1721–1737. doi: 10.1080/15548627.2016.1196316

Yu, C. J., and Lee, F. J. (2017). Multiple activities of Arl1 GTPase in the trans-Golgi
network. J. Cell Sci. 130, 1691–1699. doi: 10.1242/jcs.201319

Yu, L., Chen, Y., and Tooze, S. A. (2018). Autophagy pathway: cellular and
molecular mechanisms. Autophagy 14, 207–215. doi: 10.1080/15548627.2017.
1378838

Zhao, J., Mialki, R. K., Wei, J., Coon, T. A., Zou, C., Chen, B. B., et al. (2013).
SCF E3 ligase F-box protein complex SCF(FBXL19) regulates cell migration
by mediating Rac1 ubiquitination and degradation. FASEB J. 27, 2611–2619.
doi: 10.1096/fj.12-223099

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 July 2021 | Volume 9 | Article 688352

https://doi.org/10.1016/0092-8674(91)90176-y
https://doi.org/10.1016/0092-8674(91)90176-y
https://doi.org/10.1371/journal.pone.0083324
https://doi.org/10.1038/s41418-017-0023-1
https://doi.org/10.1038/s41418-017-0023-1
https://doi.org/10.1073/pnas.1205278109
https://doi.org/10.1073/pnas.1205278109
https://doi.org/10.1128/JVI.00688-16
https://doi.org/10.7554/eLife.29154
https://doi.org/10.7554/eLife.29154
https://doi.org/10.1080/21541248.2017.1299270
https://doi.org/10.1038/ncb2847
https://doi.org/10.1038/ncb2847
https://doi.org/10.1038/s41467-019-09720-x
https://doi.org/10.1523/JNEUROSCI.2569-15.2016
https://doi.org/10.1016/bs.ircmb.2017.07.001
https://doi.org/10.1016/bs.ircmb.2017.07.001
https://doi.org/10.1038/nrm2728
https://doi.org/10.3389/fcell.2018.00129
https://doi.org/10.3389/fcell.2018.00129
https://doi.org/10.1096/fj.13-229294
https://doi.org/10.1096/fj.13-229294
https://doi.org/10.18632/aging.103268
https://doi.org/10.1091/mbc.E13-10-0574
https://doi.org/10.1091/mbc.E13-10-0574
https://doi.org/10.15252/embr.201846794
https://doi.org/10.1016/j.febslet.2011.06.016
https://doi.org/10.1016/j.devcel.2011.08.015
https://doi.org/10.1091/mbc.E13-05-0259
https://doi.org/10.1091/mbc.E13-05-0259
https://doi.org/10.1091/mbc.E09-04-0345
https://doi.org/10.1128/MCB.21.23.8022-8034.2001
https://doi.org/10.1523/JNEUROSCI.4064-15.2016
https://doi.org/10.1111/j.1600-0854.2011.01174.x
https://doi.org/10.1111/j.1600-0854.2011.01174.x
https://doi.org/10.1091/mbc.e02-06-0338
https://doi.org/10.1101/cshperspect.a022616
https://doi.org/10.1126/science.1090772
https://doi.org/10.1126/science.1090772
https://doi.org/10.1038/ncomms5901
https://doi.org/10.1038/ncomms5901
https://doi.org/10.1091/mbc.e02-05-0280
https://doi.org/10.1091/mbc.e02-05-0280
https://doi.org/10.1038/s41422-020-00409-1
https://doi.org/10.1016/j.bbamcr.2013.07.005
https://doi.org/10.1242/jcs.01660
https://doi.org/10.1074/jbc.M114.601310
https://doi.org/10.1074/jbc.M114.601310
https://doi.org/10.1242/jcs.156398
https://doi.org/10.1074/mcp.M114.045211
https://doi.org/10.1074/mcp.M114.045211
https://doi.org/10.1074/jbc.M112.449199
https://doi.org/10.1074/jbc.M112.449199
https://doi.org/10.1080/15548627.2016.1196316
https://doi.org/10.1242/jcs.201319
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1096/fj.12-223099
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-688352 June 25, 2021 Time: 19:19 # 15

Lei et al. Ubiquitination Regulation of Small GTPases

Zhou, F., Wu, Z., Zhao, M., Murtazina, R., Cai, J., Zhang, A., et al. (2019). Rab5-
dependent autophagosome closure by ESCRT. J. Cell Biol. 218, 1908–1927.
doi: 10.1083/jcb.201811173

Zoppino, F. C., Militello, R. D., Slavin, I., Alvarez, C., and Colombo, M. I.
(2010). Autophagosome formation depends on the small GTPase Rab1 and
functional ER exit sites. Traffic 11, 1246–1261. doi: 10.1111/j.1600-0854.2010.01
086.x

Zuk, P. A., and Elferink, L. A. (1999). Rab15 mediates an early endocytic event in
Chinese hamster ovary cells. J. Biol. Chem. 274, 22303–22312. doi: 10.1074/jbc.
274.32.22303

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lei, Wang, Zhang and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 July 2021 | Volume 9 | Article 688352

https://doi.org/10.1083/jcb.201811173
https://doi.org/10.1111/j.1600-0854.2010.01086.x
https://doi.org/10.1111/j.1600-0854.2010.01086.x
https://doi.org/10.1074/jbc.274.32.22303
https://doi.org/10.1074/jbc.274.32.22303
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Ubiquitination-Dependent Regulation of Small GTPases in Membrane Trafficking: From Cell Biology to Human Diseases
	Introduction
	Small Gtpases in Membrane Trafficking Pathways
	Small GTPases in Endocytic Pathway
	Membrane Internalization Step
	Trafficking of Endocytic Vesicles to Early Endosomes
	Trafficking of Early Endosomes to Lysosomes
	Trafficking of Endosomes to the Recycling Compartments
	Small GTPases in Exocytic Pathway
	ER-to-Golgi Transport
	Intra-Golgi Transport
	Golgi-to-Cell Surface Transport
	Golgi-to-Endocytic Compartment Transport
	Small GTPases in Autophagic Pathway
	Autophagosome Formation Step
	Autophagosome Maturation Step
	Exophagy Step

	Regulation of Small Gtpases by Ubiquitination
	Ubiquitination Regulates Small GTPase Stability
	Ubiquitination Regulates Small GTPase Activity
	Ubiquitination Regulates Small GTPase Localization

	Dysregulation of Small Gtpase Ubiquitination in Membrane Trafficking-Related Diseases
	Dysregulation of Small GTPase Ubiquitination in Neurological Diseases
	Dysregulation of Small GTPase Ubiquitination in Infections

	Conclusion
	Author Contributions
	Funding
	References


