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Members of Rab and ADP-ribosylation factor (Arf) family of small GTP-binding (G) proteins regulate several aspects of

intracellular transport and cytoskeleton organization. The phylogenetic analysis, combined with database mining approaches

has led to the identification of Arf-like (Arl) G proteins as a sub-group of the Arf family with approximately  20 members

in mammals. Arls are similar in structure to the Arfs, but exhibit immense diversity pertaining to their mechanisms of

membrane recruitment, subcellular distribution and cellular functions. Only a few members of this sub-group are currently

characterized, while information on the majority of Arl proteins remains scanty or is not known. In this review, we will

cover our current understanding of the functions performed by Arl sub-family members, described under three broad

categories: Arls involved in primary cilia formation and function, Arls engaged in secretory and endocytic transport, and

Arls regulating microtubule and actin organization.
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Preface

The Ras superfamily of proteins function as small

monomeric G proteins, and regulate diverse cellular

processes, including cell growth, differentiation,

proliferation, migration, establishment and maintenance

of cell polarity, vesicle and organelle transport, and

cytoskeletal organization (Wennerberg et al., 2005).

Using a simple biochemical strategy of alternating

between a GTP-bound (active) and a GDP-bound

(inactive) state, members of this superfamily transduce

information via signaling cascades. In the active state,

the G proteins recruit their interaction partners, also

known as effectors, and perform downstream

functions until GTP hydrolysis returns them to their

inactive state. Regulatory proteins control this switch

between active and inactive states, i.e. guanine

nucleotide exchange factors (GEFs) catalyze the

exchange of GDP for GTP and GTPase-activating

proteins (GAPs) accelerate hydrolysis of the bound

GTP to GDP (Fig. 1A). Based on their structure,

sequence and function, the Ras superfamily is further

divided into five families, including Ras, Rho, Ran,

Rab and Arf proteins with each family specialized to

play distinct functions in human cells (Goitre et al.,

2014). This review aims to provide a broad overview

of the Arf-like (Arl) proteins, which are part of the

Arf family and have more than 20 members in humans

(Burd et al., 2004; Donaldson and Jackson, 2011;

Gillingham and Munro, 2007). The term Arl refers to

a protein only structurally similar to Arfs, however,

Arls are different from Arfs in many aspects such as

their mechanism of membrane binding and diversity

of functions at the cellular level. We discuss these

aspects of Arl biology from their discovery to function

in the next section.

Kennison and co-workers discovered Arl

proteins in 1991 where they identified a Drosophila

gene encoding a protein structurally similar to the Arfs

of yeast and mammals, but lacking the co-factor

activity for the ADP-ribosylation of adenylate cyclase

activator Gsá by cholera toxin (known as Arf activity).

Thus, the identified protein was then named as Arf-
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like (Arl) protein 1 (Arl1) (Tamkun et al., 1991).

Subsequent studies revealed the existence of

mammalian cDNAs encoding proteins closely related

to Arfs including Arl2 (Clark et al., 1993), Arl3

(Cavenagh et al., 1994), Arl4 (Schurmann et al., 1994)

and Arl5 (Breiner et al., 1996). Arls form a large

sub-family of the Arf family with more than 20

members in humans, in comparison; there are only 6

mammalian Arf proteins. The six Arf proteins are

classified based on their sequence homology into three

classes, namely, Class I (Arf1, 2 and 3), Class II (Arf4

and 5) and Class III (Arf6) (Kahn et al., 2006). Arf

family also includes Sar1, a G protein conserved in all

eukaryotes that regulates vesicle budding at the

endoplasmic reticulum (ER) (Donaldson and Jackson,

2011).

Arl sub-family members are highly conserved

in vertebrates and some members like Arl1, Arl2 and

Arl18 are present in lower organisms, such as; yeast

and metazoans. Some members of the Arl subfamily

also have homologues in plants, including Arl1, Arl2,

Arl3, Arl5, Arl6 and Arl8. Table 1 list different Arl

sub-family members with information on their

subcellular distribution, orthologs, paralogs and known

functions.

Fig. 1: A) The GTPase cycle. Small GTP-binding proteins cycle between the inactive GDP and active GTP binding state

regulated by GEFs (promotes GDP to GTP exchange) and GAPs (hydrolyzing GTP to GDP). In their active state, GTPases

recruit their downstream effectors required for various cellular functions. B) Schematic representation of Rabs, Arfs

and Arls membrane association. Rab GTP-binding proteins in their GTP-bound state associate with the membrane via

C-terminal geranylgeranyl moieties, which get inserted into the lipid bilayer. Arfs contain an N-terminal amphipathic

helix and their second amino acid residue is myristoylated that helps to associate with the membrane. All Arls have the

N-terminal amphipathic helix, which is required for membrane association. Arl1 associates with the membrane in a

manner similar to Arfs (Mechanism-1), whereas, in many of the other Arls, the second amino acid myristoylation

signal is absent. Some Arls like Arl8a and Arl8b have acetylation instead of myristoylation, and it is speculated that

these require a receptor binding for their association to the membrane (Mechanism-2)
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Table 1: Different Arl sub-family members

ARL family Other Human Known Reported in other Reported Function(s) Reference(s)

member name(s) gene ID paralogs organisms localization(s)

ARL1 ARFL1 400 — S. cerevisiae, C. elegans, Trans-Golgi Traficking at the TGN; Endosome-to- Lowe et al., 1996;

D. melanogaster, D. rerio Network (TGN) Golgi trafficking Setty et al., 2003;

and  A. thaliana Munro, 2005

ARL2 ARFL2 402 — S. cerevisiae, C. elegans, Cytosol; Microtubules; Microtubule dynamics; mitochondrial fusion Antoshechkin and Han,

D. melanogaster, D. rerio Mitochondria 2002; Clark et al., 1993

and A. thaliana

ARL3 ARFL3 403 — S. cerevisiae, C. elegans, Ciliary tip Ciliary transport and localization of sensory Grayson et al., 2002

D. melanogaster, D. rerio receptors

and A. thaliana

ARL4A ARL4 10124 ARL4C and D. melanogaster and Cytosol; Nucleus; Maintenance of Golgi structure; Endosome- Hofmann et al., 2007;

ARL4D D. rerio Cortical actin to-Golgi transport; Signal transduction Lin et al., 2011

ARL4C LAK; ARL7 10123 ARL4A and D. rerio Cytosol; Nucleus; Cholesterol secretion; Microtubule dynamics; Hofmann et al., 2007;

ARL4D Cortical actin Cell morphological changes; Signal transduction Jacobs et al., 1999; Engel

et al., 2004

ARL4D ARF4L 379 ARL4A and D. melanogaster and Cytosol; Nucleus; Maintenance of mitochondrial morphology and Hofmann et al., 2007;

ARL4C D. rerio Cortical actin membrane potential; Adipogenesis; Actin Li et al., 2007;

remodeling; Nuclear dynamics Li et al., 2012a

ARL5A ARL5; 26225 ARL5B and S. cerevisiae, C. elegans, Golgi Endosome-to-Golgi transport Houghton et al., 2012

ARFLP5 ARL5C D. melanogaster and D. rerio

ARL5B ARL8 221079 ARL5A and — TGN Endosome-to-Golgi transport; Antiviral Houghton et al., 2012;

ARL5C innate immune responses Rosa-Ferreira et al., 2015

ARL5C ARL12 390790 ARL5A and D. rerio No information available No information available —

ARL5B

ARL6 BBS3; 84100 — S. cerevisiae, C. elegans, Cilia Cilia biogenesis and signaling Jin et al., 2010b; Yen et al.,

RP55 D. melanogaster and 2006; Zhang et al., 2011b);

D. rerio Liew et al., 2014); Wiens et

al., 2010; Zhang et al.,

2011a

ARL8A GIE2; 127829 ARL8B C. elegans, D. melanogaster, Lysosome Lysosome motility Bagshaw et al., 2006;

ARL10B D. rerio and  A. thaliana Rosa-Ferreira and Munro,

2011

ARL8B GIE1; 55207 ARL8A C. elegans, D. melanogaster, Lysosome; Lysosome- Lysosome positioning and motility; Antigen Bagshaw et al., 2006;

ARL10C D. rerio and  A. thaliana related organelles presentation; Cargo trafficking towards Rosa-Ferreira and Munro,

lysosomes; Autophagosome-lysosome fusion; 2011; Kaniuk et al., 2011;

Salmonella-induced filament formation Garg et al., 2011; Khatter et

al., 2015a; Marwaha et al.,

2017
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Membrane association of Arl GTP-binding

proteins

Arf proteins, including the Arls, have a conserved

mode of membrane binding that distinguishes them

from the other families of G proteins. All Arf family

members harbor an N-terminal amphipathic helix

required for membrane binding (Antonny et al.,

1997). Additionally, relative to the other G proteins,

the length of intervening sequence between

switch-I and switch-II (known as “inter-switch”)

regions is much longer in Arf family members

(Burd et al., 2004; Donaldson and Jackson, 2011).

Switch-I and switch-II are regions within the

minimal G domain of all Ras superfamily members

that form the nucleotide-binding pocket and also

interact with the GEFs and GAPs. In the GDP-

bound state, switch-I and switch-II regions of the

Arf family members orient such that the inter-

switch region is retracted, forming a pocket

holding the N-terminal amphipathic helix. Once

the GDP is exchanged for GTP, there is a two-

residue shift in the inter-switch region pulling the

switch regions up, and facilitating the switch to

active conformation by releasing the amphipathic

helix for membrane anchorage. The nucleotide-

dependent structural change phenomenon unique

to the Arf family members has been termed as

the “inter-switch toggle” mechanism (Kahn et al.,

2006; Pasqualato et al., 2002). In case of Arl1,

Arl2, Arl3 and Arfs (such as Arf1 and Arf6), the

detailed working of inter-switch toggle mechanism

have been described based on structural analysis

of either the GTP- or GDP-bound states of the

proteins (Antonny et al., 1997; Pasqualato et al.,

2002).

Another feature that contributes to the

membrane association of all Arf proteins and few

Arls (such as Arl1) is “myristoylation” - a lipid

modification that occurs co-translationally and

requires the presence of “glycine” at the second

(+2) amino acid position. Thus, upon GTP-binding,

both the N-terminal amphipathic helix and

myristoyl group are inserted into the membrane

(Amor et al., 2001; Panic et al., 2003a). Notably,

most Arl proteins either lack this modification or

the signal for myristoylation is not conserved. For

instance, Arl2 contains the N-myristoylation motif

but is reported to lack the modification (Sharer etA
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al., 2002). Arl8 paralogs, Arl8a and Arl8b, have

“isoleucine” and “leucine” as their particular second

amino acids, which are required for acetylation and

might bind to membranes through putative acetylation

receptors (Hofmann and Munro, 2006; Khatter et al.,

2015b). Given the different mechanisms, a common

scheme of Arls association with membranes cannot

be described yet. Further structural studies need to

be performed with individual Arls to know more about

the mechanism of their membrane association.

Although Arls and Arf might differ in the N-terminal

modification, one common feature is their close

contact with the membrane, as compared to other G

protein subfamilies including Ras, Rho and Rabs that

have a long C-terminal linker at which the lipid

modification takes place (Fig. 1B). Arfs and Arls thus

function close to the membrane and recruit effectors

that induce membrane curvature (such as coat

proteins) or modify lipids (such as phosphoinositide

kinases) or tether closely apposed membranes.

As the mode of membrane binding for several

Arls remains unknown, so is the identity of the GEFs

and GAPs for Arl proteins. This is in contrast to Arfs

where the identification of GEFs and GAPs has been

aided by the presence of signature catalytic domains,

i.e. all Arf-specific GEFs contain a conserved Sec7

domain, and all Arf-specific GAPs contain a conserved

zing-finger catalytic domain (Donaldson and Jackson,

2011). It is not known whether the Arf-specific GEFs

and GAPs can also act on Arl proteins and will be a

crucial question to be addressed in future studies.

To summarize the current literature on Arl

proteins, we have classified Arls into three broad

categories according to their cellular localization and

function: Arls involved in primary cilia formation and

function, Arls engaged in secretory and endocytic

transport, and Arls regulating cytoskeletal organization.

Like other G proteins of the Ras superfamily, Arls

function by recruiting effector proteins to specific

subcellular locations (Fig. 2). However, some of the

strategies or mode of functioning are unique to Arl

proteins and do not have a parallel example in Rabs

and Arfs, such as their function as a GEF for another

G protein or function as guanosine dissociation

inhibitors (GDIs)-displacement factors for allosteric

release of lipidated proteins from their respective

GDIs or function in regulating microtubule biogenesis.

In the next section, we review the conventional and

unconventional functions of different Arl proteins.

Arls in Cilia and Ciliogenesis

Cilia are slender, microscopic, hair-like microtubule-

based structures emanating from the surface of most

eukaryotic cells that act as organelles for motility and

sensation. Based on their function, cilia are categorized

into two types, i.e., motile cilia that have a rhythmic

waving motion mediating fluid flow in the extracellular

milieu, and non-motile or primary cilia that act as cell’s

antenna and harbor many sensory receptors and

signaling molecules (Spasic and Jacobs, 2017).

Primary cilia regulate transduction of various signaling

pathways, such as Sonic hedgehog (Shh), Wnt and

Platelet-derived growth factor (PDGF), which are

Fig. 2: Schematic representation of the subcellular

distribution of the Arl sub-family members. Arl sub-

family members localize to different compartments

within cells. For example, Arl1, Arl5, Arl15 and Arl18

localize to the Golgi, regulating trafficking to and

from this compartment. Arl4 and its paralogs localize

to actin filaments beneath the plasma membrane.

Arl11 exhibit nucleo-cytoplasmic distribution and can

also be found on cortical actin structures and

regulates ERK1/2 signaling. Arl14 has been reported

to localize to MVBs in dendritic cells regulating

MHC-II trafficking. Multiple localizations have been

reported for Arl2 that includes the cytoplasm,

mitochondria and microtubules. Arl2 localize to

mitochondria and is crucial for its function and

morphology. Arl2 has been shown to be a key

regulator of microtubule dynamics. Arl8b localizes

to lysosomes and regulates its positioning and fusion

with other organelles
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crucial for embryonic development and tissue pattern

formation (Goetz and Anderson, 2010). Evolutionarily

conserved microtubule motor-mediated bidirectional

transport by kinesin (anterograde transport) and

axonemal dynein (retrograde transport) maintains the

sensory transduction activity of primary cilia. A wide

range of genetic defects like Bardet-Biedl syndrome,

Joubert syndrome, nephronophthisis, Meckel-Gruber

syndrome, autosomal dominant polycystic kidney

disease, and autosomal recessive polycystic kidney

disease have already been shown to be related to

defects in cilia biogenesis/signaling, collectively

referred to as “ciliopathies” (Reiter and Leroux, 2017).

Earlier studies have shown that amongst the Arl sub-

family members, Arl3, Arl6 and Arl13b play distinct

roles in cilia formation and function (Fig. 3). The next

section describes the role of these Arl proteins in cilia

formation and function.

Arl3

The role of Arl3 in the context of cilia biology was

first appreciated with the observation that Arl3 ortholog

in Leishmania donovani (LdARL-3A) regulates

flagellum biogenesis (Cuvillier et al., 2000).

Furthermore, comparative genomics analysis had

revealed that Arl3 and Arl6 are present only in the

ciliated organisms (Avidor-Reiss et al., 2004; Grayson

et al., 2002). More direct evidence came from the

immunofluorescence studies showing that Arl3

localizes to the cilia in mammalian photoreceptors and

furthermore, mouse model of germ line Arl3 deletion

showed a multi-organ ciliopathy phenotype

characterized by impaired photoreceptor development

and cyst formation in the kidney, liver and pancreas

(Grayson et al., 2002; Schrick et al., 2006).

Interestingly, overexpression of constitutively active

Arl3 ortholog in C. elegans (ARL-3 Q72L) and L.

donovani (LdARL-3 Q70L) caused ciliogenesis

defects, suggesting that Arl3 acts as a negative

regulator of ciliogenesis (Cuvillier et al., 2000; Li et

al., 2010). In agreement with these studies, the Arl3

knockout in worms or its transient depletion in

mammalian cells did not affect overall cilia morphology.

However, in mammalian cells, Arl3 depletion led to

defects in ciliary transport and sensory receptor

localization (Lai et al., 2011; Li et al., 2010). Further

studies in human retinal pigment epithelial cells have

shown that Arl3 forms a complex with its GAP,

Retinitis pigmentosa-2 (RP-2) and mediates

interaction between the intraflagellar transport complex

(IFT) and ciliary kinesin motor (Kif17), thus regulating

intraciliary transport (Evans et al., 2010; Wright et

al., 2011). Arl3 interacts with and regulates the

localization of Kif7, a ciliary tip kinesin that in turn

regulates Shh signaling from cilia. Further, Arl3 in

complex with Arl13b modulates the association

between IFT subcomplexes (IFT-A and IFT-B) and

regulates intraciliary transport (Li et al., 2010).

Recent studies have suggested a mode of action

for Arl3 in the cilia, where Arl3 is proposed to regulate

the delivery of lipidated ciliary cargo to the appropriate

ciliary membrane (Ismail, 2017; Ismail et al., 2012;

Ismail et al., 2011). Inside the cilium, Arl3 is converted

to its GTP-bound form by its GEF, Arl13b, a member

of the Arl sub-family that localizes to cilia (Fig. 3).

Arl3 associates with its interaction partners

Phosphodiesterase 6 delta subunit (PDE6δ) and

Uncoordinated-119 protein (UNC-119), which act as

guanosine dissociation inhibitors (GDIs)-like factor for

the shuttling of prenylated and myristoylated cargo

protein, respectively (Constantine et al., 2012; Linari

et al., 1999; Veltel et al., 2008; Zhang et al., 2012).

In this cascade of events, Arl3 functions as a GDI

displacement factor or GDF to promote the release

of the lipidated cargo from PDE6δ and UNC-119

(Ismail et al., 2012; Ismail et al., 2011). The process

is regulated by RP-2, a GAP for Arl3, which is

localized at the base of the cilia and likely promotes

GTP hydrolysis of Arl3 upon its exit from the cilium

(Gotthardt et al., 2015) (Fig. 3). Interestingly, both

GEF (Arl13b) and GAP (RP-2) of Arl3 are mutated

in Joubert syndrome (JS) and Retinitis Pigmentosa,

respectively (Cantagrel et al., 2008; Chapple et al.,

2000). These observations indicate that altering the

levels of Arl3-GTP in the cilium can lead to ciliopathies,

emphasizing the importance of this G protein in

regulating cilia function.

Arl6

Arl6, also known as BBS3, was the first member of

Arl sub-family associated with an autosomal recessive

ciliopathy, Bardet-Biedl syndrome (BBS), which is

characterized by obesity, mental retardation, renal

anomalies, polydactyly, retinal degeneration, and

hypogenitalism (Chiang et al., 2004). Arl6 is one of

the seventeen genes implicated in BBS till now, and

mutations that lead to premature truncation and affect

the GTP-binding of Arl6 have been reported in BBS
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patients (Kobayashi et al., 2009; Marion et al., 2012;

Otto et al., 2010; Zaghloul and Katsanis, 2009). Arl6

function is conserved across evolution, as evident from

the BBS-associated phenotypes observed inzebrafish

and mice lacking Arl6 expression (Yen et al., 2006;

Zhang et al., 2011).

Besides Arl6, eight other BBS proteins, including

BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9 and

BBIP10 form a coat-like ciliary trafficking protein

complex (known as the BBSome) that is highly

conserved across evolution and mediate trafficking

towards the primary cilium (Berbari et al., 2008;

Blacque et al., 2004; Nachury et al., 2007). GTP-

binding of Arl6 results in recruitment of the BBSome-

associated cargo complex to ciliary membranes that

can be dragged through the periciliary diffusion barrier

into the cilia (Jin et al., 2010) (Fig. 3). Interaction of

Arl6 with the BBSome complex is also highly

conserved across evolution with residues implicated

in binding of Arl6 to BBS1 conserved between

Chlamydomonasrein hardtii and humans (Lechtreck

et al., 2009; Mourão et al., 2014). Notably, ciliary

GPCRs, smoothened (smo) and somatostatin receptor

3 (Sstr3) activation trigger Arl6-dependent

polymerization of BBSome, which is required for the

exit of activated GPCRs from the cilia (Ye et al.,

2018). The nucleotide-free form of Arl6 directly binds

to IFT27 (intraflagellar transport 27) and favor exit

of the BBSome complex from cilia. Also, Arl6

regulates the retrograde transport of Shh and Wnt

signaling receptors inside the cilia (Liew et al., 2014;

Fig. 3: Pictorial representation of Arls and their distribution in ciliated cells. Arl sub-family members like Arl3, Arl6 and

Arl13b have been reported to regulate cilia biology. Arl13b interacts with tubulin and is essential for the localization

of sensory receptors. Arl13b acts a GEF for Arl3, thus activating it, which in turn associate with a carrier protein in

complex with lipidated cargo. After Arl3 association, the lipidated cargo is released, and the remaining carrier protein

is transported in cilia. RP2 regulates Arl3-GTP to Arl3-GDP conversion and once in the inactive state, Arl3 releases the

carrier protein and comes out of the cilia. Also, Arl3 helps in regulating the localization of sensory receptors in ciliary

tips. Arl6 is responsible for intraflagellar transport of BBSome-bound cargo



196 Rituraj Marwaha et al.

Wiens et al., 2010; Zhang et al., 2011). Taken together,

these pieces of evidence suggest that the symptoms

of BBS upon Arl6 mutation might be due to the

reduced targeting of BBSome to the cilia, resulting in

loss of sensory receptors or molecules from cilia

(Mourão et al., 2014). In contrast to its role in

regulating cilia signaling, Arl6 is dispensable for cilia

formation, as evident by normal primary cilia

morphology and numbers in mice knock out for Arl6

(Zhang et al., 2011).

Notably, among all the Arls reported in

ciliogenesis or ciliary functioning, Arl6 is the only G

protein reported to move inside the cilia at typical IFT

rates, although Arl6 is not an integral IFT component

(Fan et al., 2004). How Arl6 moves with IFT and

whether it regulates cargo motility is not yet known.

A recent study has shown the role of Arl6 in trafficking

of activated ciliary receptors by selective permeation

through transition zone (Ye et al., 2018). How Arl6

regulates this selective permeation is still an open

question for further investigation.

Arl13b

Arl13 has two paralogs, Arl13a and Arl13b, conserved

in C. reinhardtii, C. elegans, D. rerio and mammals.

The two paralogs share 43% sequence similarity in

case of humans. Whereas the role of Arl13b in cilia

biology is well established in different organisms (as

discussed below), the sub-cellular function of Arl13a

is yet to be explored. A recent study using zebrafish

(D. rerio) as the model organism recognizes Arl13a

and Arl13b to be having a separate temporal expression

in early zebrafish embryos, speculating different

functions for the two paralogs (Song and Perkins,

2018). Arl13b was first identified in zebrafish as one

of the genes responsible for polycystic kidney disorder

and was closely related to Chlamy domonas genes

encoding components of IFT particles (Sun et al.,

2004). A later study showed that zebrafish Arl13b is

enriched in the cilium and is essential for cilia formation

in multiple organs. In agreement with these findings,

Arl13b mutants in zebrafish showed cilia-associated

phenotypes, including cystic kidney and body curvature

(Duldulao et al., 2009). Mutations in the G domain of

Arl13b (R79Q) that significantly reduce its ability to

bind GTP have been linked to the classical form of

JS, an autosomal recessive disorder arising due to

coupled defects in cilia structure and cilia signaling

(Cantagrel et al., 2008). The hennin mice that carry

a null mutation at the Arl13b gene locus resemble the

mutant phenotypes observed in JS patients. These

mice show coupled defects in cilia structure, defect

in Shh and BMP (Bone morphogenetic protein)

signaling pathways and abnormal expression of Wnt

ligands (Horner and Caspary, 2011; Larkins et al.,

2011). Ultrastructure analysis of cilia in the hennin

mutant mouse revealed not only a defect in the ciliary

length but also truncated ciliary axoneme with open

B-tubules of the outer microtubule doublets (Caspary

et al., 2007). A defect in B-tubule closing was also

observed in Arl13 mutant C. elegans, indicating

conservation of Arl13b function in cilia formation and

functioning (Horner and Caspary, 2011; Larkins et

al., 2011). A recent study has shown that Arl13b

interacts with Vangl2 (Vang (Van Gogh, Drosophila-

like 2) to regulate cilia length (Song et al., 2016).

Arl13b not only regulates cilia ultrastructure but

also governs localization of transmembrane ciliary

proteins and trafficking of sensory receptors inside

cilia (Cevik et al., 2010; Li et al., 2010; Liem et al.,

2012). For instance, Arl13b regulates the localization

and trafficking of Smoothened (Smo) receptor, a sonic

hedgehog signaling inhibitor, inside the cilia. GTP-

bound Arl13b also directly interacts with the Sec5

and Sec8 subunits of the exocyst complex and

regulates ciliogenesis. This interaction is required for

functional cilia, as depletion of either Arl13b or subunits

of exocyst complex impair formation of functional cilia

(Seixas et al., 2016). In neurons, Arl13b regulates

primary cilia-mediated signaling of ciliary GPCR

(Sstr3), which in turn, regulates synaptic connectivity

and the interneuron morphology (Ye et al., 2018).

Notably, SUMOylation modification of Arl13b reported

in both C. elegans and mammalian cells regulated

Arl13b function in mediating ciliary targeting of the

sensory receptors but was not required for ciliogenesis

(Li et al., 2012b). A recent study has characterized

tubulin as a direct binding partner of Arl13b and this

binding was required for the homogenous distribution

of Arl13b along the ciliary membrane. Further, this

study also suggests that correct distribution of signaling

proteins also depends upon the interaction of Arl13b

with the microtubules of the ciliary axoneme

(Revenkova et al., 2018) (Fig. 3).

Recently, Arl13b was identified as a GEF for

Arl3, which as previously described, regulates the
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allosteric release of lipidated cargo inside the cilium

(Ismail, 2017). The GEF activity of Arl13b is mediated

by its G domain and additional helix present in the

unusually long C-terminal region of Arl13b. The C-

terminal region of Arl13b harbors a coiled-coil domain

and a proline-rich domain (PRD). Indeed, both the

GTPase and the C-terminal domain of Arl13b were

required for cilia formation and functioning (Li et al.,

2010) (Fig. 3).

Interestingly, besides its function in regulating

cilia structure and function, Arl13b colocalizes with

markers of recycling endosomes, Arf6 and Rab22a,

and regulates the recycling of endocytosed cargo

(Barral et al., 2012). Arl13b colocalizes and interacts

with the actin cytoskeleton and regulates cell migration

by promoting the formation of circular dorsal ruffles

(Casalou et al., 2014). Non-muscle myosin heavy

chain IIA (also known as Myh9) was identified as an

Arl13b effector that was necessary for Arl13b and

actin interaction, and consequently for circular dorsal

ruffles formation and cell migration (Casalou et al.,

2014). Other studies showing the defective migration

of interneurons in Arl13b knockout mice as well as in

fibroblasts from the hennin mice support the role of

Arl13b in cell migration (Higginbotham et al., 2012;

Pruski et al., 2016).

Arls in Secretory and Endocytic Transport

Pathways

Eukaryotic cells contain an extensive endomembrane

system involved in material exchange both within the

cell and with the extracellular environment. This

exchange of material is essential for maintaining

cellular homeostasis and takes place via three major

trafficking pathways: secretory, endocytic, and

recycling. The cargo for exchange is packaged into

vesicles at the donor compartment, which then buds

off and is released into the cytosol. The vesicle then

moves on the microtubule track and upon reaching

the acceptor compartment; it fuses with the acceptor

membrane to release its content. Various classes of

proteins including coat proteins, small GTPases,

molecular motors, tethering proteins and SNAREs are

responsible for the tight regulation of membrane

trafficking pathways (Huotari and Helenius, 2011;

Naslavsky and Caplan, 2018). Small GTPases are

the master regulators of the compartment that they

localize to, regulating the trafficking of cargo to and

from that compartment by recruiting their downstream

effectors. Members of the Ras super-family of small

GTPases, i.e. Rabs, Arfs and Arls are known to

regulate vesicular trafficking in cells (Khatter et al.,

2015b). As previously described, Arfs and Arls

effectors are constrained close to the membrane

surface and therefore include proteins that induce

membrane curvature (such as coat proteins), or modify

lipids (such as phosphoinositide kinases) or tether

closely apposed membranes (Fig. 1B). Below we

summarize the information on Arl proteins and their

effectors implicated in membrane trafficking.

Arl1

Arl1 is the first Arl sub-family member to be identified

and is one of the well-characterized Arl proteins. It is

conserved from yeast to mammals and is also found

in plants and protozoa (Munro, 2005). Studies in

multiple model organisms, including yeast and fruit

flies, as well as in mammalian cells have shown that

Arl1 localizes to the trans-Golgi network (TGN)

(Lowe et al., 1996). The primary function of Arl1 in

different organisms is to regulate the trafficking of

various cargos at the TGN. The effectors of Arl1

belong to three major categories: GRIP domain

proteins, Arfaptins, and Arf-GEF complex. The GRIP

domain-containing proteins, Golgins act as tethering

factors during vesicle fusion and are required for

maintaining the architecture of Golgi complex (Yu and

Lee, 2017). In mammalian cells, Arl1 interacts with

two GRIP domain-containing proteins, namely Golgin-

97 and Golgin-245. Arl1 and Golgin-97 interaction have

been reported to regulate the transport of vesicles

containing E-cadherin and Interleukin (IL)-10 thus

modulating cell polarity and innate immunity (Lu et

al., 2004). The GTP-bound Arl1 recruits Golgin-245

to the Golgi membrane, which in turn regulates

trafficking of TNF (Tumor necrosis factor)-á, IL-6

and promotes lipid droplet and chylomicrons formation

(Panic et al., 2003a; Wu et al., 2004).

Human Arl1 also plays an essential role in

regulating protein secretion and does so through the

action of its downstream effectors like Arfaptin-1 and

Arfaptin-2. Arfaptins are BAR domain-containing

proteins, which interact with Arl1 through this domain

(Nakamura et al., 2012). Studies have shown that

Arl1 interaction with Arfaptin-1 regulates insulin

secretion from the pancreatic β-cells, and also
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regulates trafficking of acidic secretory protein

chromogranin-A in neuroendocrine cells (Cruz-Garcia

et al., 2013; Gehart et al., 2012). Also, Arl1 forms a

multiprotein complex with inactive protein kinase D2

(PKD2), Arfaptin-2 and Arf1 to regulate the secretion

of the matrix metalloproteinase in pancreatic cancer

cells (Eiseler et al., 2016). Arl1-Arfaptin interaction

is also reported in Drosophila where it has been

implicated in the maintenance of neuronal growth and

development (Chang et al., 2015). The fruitfly ortholog

of mammalian Arl1 was also found to be essential for

the centrosome cycle, wing development and salivary

granule formation (Torres et al., 2014).

Previous studies have shown that Arl1 recruits

Arf-GEFs, brefeldin-A inhibited guanine nucleotide-

exchange proteins (BIGs)-BIG1 and BIG2 in

mammalian cells and their orthologs, Sec7 (ortholog

of BIG1) in yeast and Sec71 (ortholog of BIG1 and

BIG2) in the fruitfly, to the TGN (Christis and Munro,

2012; Richardson et al., 2012). It has been

demonstrated in Drosophila that Arl1 and Sec71

recruit AP-1 (adaptor protein-1) and regulate normal

salivary granule formation (Torres et al., 2014). In

yeast cells, Arl1 deletion is viable but shows defects

in potassium ion uptake, cell wall integrity and leads

to hypersensitivity to salt, high temperature, increased

pH, and other stress stimuli, suggesting a role of Arl1

in providing stress tolerance to the organism

(Maresova et al., 2012). Further, in yeast cells, Arl1

might have an overlapping function at the TGN with

the tethering factor, GARP (Golgi associated

retrograde protein) complex, as suggested by the

synthetic lethality and physical interaction of Arl1 with

Vps53, a subunit of the GARP complex (Panic et al.,

2003b). Arl1 in complex with Arl3 has also been

reported to regulate selective autophagy in yeast cells,

where it modulates Atg9 trafficking at the TGN (Wang

et al., 2017a).

Like for other known small G proteins, a set of

specific GEFs and GAPs regulate the membrane

recruitment and GTP/GDP cycle of Arl1. In case of

yeast cells, the Arf-GEF Syt1 (Synaptotagmin 1) and

Arf-GAP  Gcs1  are  characterized  as  regulators  of

Arl1 activation, whereas no GEFs or GAPs for Arl1

are known in humans (Yu and Lee, 2017). Future

studies will reveal how Arl1 is regulated in mammals

and shed light on the detailed mechanism of their

action.

Arl5

Arl5 is a Golgi-localized G protein, which is absent in

yeast but is conserved in higher eukaryotes, with two

paralogs in humans, namely Arl5a and Arl5b

(Houghton et al., 2012). Studies in mammalian cells

with stable over-expression of Arl5b showed

enhanced trafficking of TGN38 cargo from

endosomes-to-Golgi, while the reverse phenotype was

observed upon its depletion. These findings were

further supported by the observation that Arl5b

recruits the tethering factor GARP complex at the

TGN, known to regulate endosomes-to-Golgi

trafficking (Houghton et al., 2012; Rosa-Ferreira et

al., 2015). Arl5b not only participates in the membrane

trafficking pathway but also plays a role in host antiviral

innate immune response by negatively regulating

melanoma differentiation-associated gene-5 (MDA-

5) signaling, which is required for the IFN (Interferon)-

β pathway activation (Kitai et al., 2015). Despite

emerging new functions of Arl5, the identity of protein

partners regulated by Arl5b needs further investigation.

Arl8

Arl8 is the only known Arl protein primarily localized

to lysosomes, the organelle responsible for degradation

of extracellular and intracellular cargo. It is highly

conserved from protozoan to metazoans, lost in yeast

but reappeared in higher-order organisms. In

organisms such as Drosophila melanogaster,

Trypanosoma cruzi and Caenorhabditis elegans,

a single gene encodes for Arl8, whereas in plants like

Arabidopsis thaliana and Nicotiana tabacum, there

are four Arl8-related genes. In mammals, two Arl8

paralogs are present; Arl8a and Arl8b that share 91%

sequence identity. We refer the readers to an extensive

review of Arl8 for details on its discovery, structure,

mechanism of lysosomal membrane association and

functions (Khatter et al., 2015b).

Initial reports on Arl8b suggested its localization

on the mitotic spindle with a role in chromosome

segregation during mitosis (Okai et al., 2004). Soon,

these findings were refuted with the data showing

lysosomal localization of both Arl8 paralogs and their

role in regulating lysosome motility on the microtubule

tracks (Bagshaw et al., 2006; Rosa-Ferreira and

Munro, 2011). Subsequent studies identified SKIP (Sif-

A and kinesin-interacting protein; also known as

PLEKHM2) as the downstream effector of Arl8b
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that mediated kinesin-1 recruitment to promote

microtubule-based motility of lysosomes towards the

cell periphery (Boucrot et al., 2005; Rosa-Ferreira

and Munro, 2011). Accordingly, siRNA-mediated

depletion of both Arl8b and SKIP in mammalian cells

resulted in perinuclear clustering of lysosomes. Later

studies have revealed that Arl8b-SKIP complex also

regulatesmotility of lysosome-related organelles (lytic

granules) in NK cells, and lysosome tubulation in

macrophages and dendritic cells (Mrakovic et al.,

2012; Tuli et al., 2013). Arl8b and kinesin-1 have been

reported to promote the plus-end-directed movement

of late-endosomal protein complex p14-MP1 to focal

adhesions, leading to their disassembly and turnover,

thus helping the cells to migrate (Schiefermeier et

al., 2014). In C. elegans, where Arl8b effector SKIP

is not present, Arl8 directly binds to the kinesin motor

protein Unc-104/Kif-1a and transports the pre-

synaptic vesicles in neurons (Klassen et al., 2010;

Wu et al., 2013). As described in a recent study, Arl8

in its GTP-bound state is recruited to the membranes

of synaptic vesicles and promotes the transition of

Unc-104 from an auto-inhibited state to active state,

thus facilitating the transport of vesicles on microtubule

tracks (Niwa et al., 2016).

Lysosome positioning by Arl8b has been

implicated in cell migration and cancer cell invasion.

Depletion of Arl8b in prostate cancer cells led to the

juxtanuclear accumulation of lysosomes and resulted

in reduced invasive growth and protease release to

degrade the extracellular matrix (Cabukusta and

Neefjes, 2018; Dykes et al., 2016). Arl8b has also

been shown to play an essential role in regulating the

trafficking of antigen-presenting molecules like CD1d

and MHC class II towards lysosomes (Garg et al.,

2011; Michelet et al., 2015). Together, these studies

provide strong evidence of Arl8’s role in regulating

lysosome positioning and motility in various cell types

and conservation of this function among different

organisms (Fig. 4).

BORC (BLOC (Biogenesis of lysosome-related

organelles complex) One-Related Complex), a multi-

subunit protein complex has been recently reported

to regulate membrane association of Arl8b (Pu et al.,

2015) (Fig. 4). Knockout of myrlysin, a BORC-

specific subunit, led to dissociation of Arl8b from

lysosomal membranes and lysosome clustering in the

perinuclear region (Pu et al., 2015). In mammalian

cell studies, BORC complex did not show any GEF

activity towards Arl8b, while in C. elegans BORC

subunit, SAM-4, was shown to have GEF activity

towards Arl8 and BORC-mediated activation of Arl8

was essential for the transport of SVPs (synaptic

vesicle precursor) in axons (Niwa et al., 2016). In

neuronal cells, the BORC-Arl8-SKIP-Kinesin-1

complex has been shown to regulate lysosome

movement specifically in axons and not in dendrites.

The axonal lysosomal movement was also shown to

be essential for maintaining the growth cone and

turnover of autophagosomes in distal axons (Farias

et al., 2017). Findings from two recent studies suggest

that under nutrient-rich conditions, BORC weakly

associates with Ragulator, a scaffold complex that

regulates mTOR complex 1 (mTORC1). BORC

association with Ragulator recruits mTORC1 to

lysosomes, and simultaneously BORC promotes Arl8-

kinesin recruitment to lysosomes, positioning them to

the cell periphery and leading to mTORC1 activation

(Filipek et al., 2017; Pu et al., 2017). Interestingly,

BORC and Arl8 recruit two kinds of kinesin motors

namely kinesin-1 (also known as KIF5B) and kinesin-

3 (also known as KIF1A) for lysosome movement on

microtubule tracks (Guardia et al., 2016).

Apart from its role in lysosome positioning, Arl8b

is also a crucial factor responsible for mediating fusion

of lysosomes with other compartments. The set of

downstream effectors of Arl8b that facilitate fusion

events are the HOPS (Homotypic Protein Sorting)

complex - a hexameric tethering complex, SKIP/

PLEKHM2 and PLEKHM1 (Khatter et al., 2015a;

Marwaha et al., 2017) (Fig. 4). First evidence for

Arl8’s role in cargo trafficking was shown in C.

elegans where its loss led to an impaired fusion of

late endosomes and lysosomes (Nakae et al., 2010).

In mammalian cells, Arl8b directly binds to Vps41

subunit of the HOPS complex, recruiting it to

lysosomal membranes that further facilitate the

assembly of the rest of the subunits, except for Vps39

which is brought onto these endosomes through its

interaction with SKIP (Garg et al., 2011; Khatter et

al., 2015a). In a recent study from our group, we

identified PLEKHM1, a known Rab7 effector, as an

interaction partner of Arl8b in mammalian cells

(Marwaha et al., 2017; McEwan et al., 2015).

PLEKHM1 interacts with Arl8b via its N-terminal

RUN domain and with Rab7 via its C-terminal

pleckstrin homology (PH) and C1 domain, thus acting
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as a linker between the two GTPases. It forms a

platform for the assembly of the fusion machinery

including HOPS complex, thus mediating fusion of

lysosomes with endosomes and autophagosomes. Both

PLEKHM1 and SKIP/PLEKHM2 interact with Arl8b

via their respective RUN domains, thus competing

with each other for binding to Arl8b and regulating

lysosome distribution in an opposing manner

(Marwaha et al., 2017). It will be interesting to

determine the upstream signaling pathway and stimuli

that leads to preferential binding of one effector of

Arl8b over the other. For instance, given the current

knowledge about PLEKHM1 and SKIP/PLEKHM2

as effectors of Arl8b and their roles in autophagic

cargo clearance and lysosome distribution, it is

interesting to speculate that Arl8b affinity for

PLEKHM1 versus SKIP might depend upon the

nutrient status of the cell.

Arl8b and its effectors not only support cellular

physiology but are also targeted by the intracellular

pathogens, such as Salmonella typhimurium and

Mycobacterium tuberculosis that exploits Arl8b (and

its effectors) for its survival and replication in

mammalian cells (Michelet et al., 2018; Sindhwani et

al., 2017). Arl8b depletion was observed to hamper

Salmonella-induced filament (Sif, a structure

important for bacterial pathogenesis) formation

(Kaniuk et al., 2011). In a recent study from our group,

we have reported that HOPS complex is recruited to

the vacuolar survival and replicative niche of the

pathogen in an Arl8b-dependent manner that helps

the bacteria-containing vacuole to gain access to host

membrane and nutrition (Sindhwani et al., 2017) (Fig.

4).

Fig. 4: Arl8 and its downstream effectors. Arl8b localizes to the lysosomal membranes in the presence of multi-subunit

complex BORC. Once on the membranes, in its GTP-bound state, Arl8b binds to its downstream effectors like SKIP,

HOPS complex, and PLEKHM1 to regulate lysosome positioning and cargo degradation. The Arl8b-SKIP-HOPS complex

machinery is exploited by pathogens like Salmonella for establishing infection in host cells
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Earlier studies have documented that infection

with virulent M. tuberculosis causes necrosis of the

macrophages, a form of cell death, by inflicting plasma

membrane lesions, which in turn allows the bacteria

to escape from their host macrophage and infect new

cells. In contrast, when macrophages are infected

with avirulent M. tuberculosis, these lesions are

rapidly resealed by a repair mechanism (termed as

plasma membrane repair) dependent on lysosome

recruitment (Behar et al., 2010; Divangahi et al.,

2009). However, mechanisms of plasma membrane

repair induced in response to M. tuberculosis

infection remain unknown. In a recent study, it has

been reported that the presence of Arl8b is crucial to

control the death outcome of the M. tuberculosis-

infected macrophages, as silencing of the Arl8b gene

significantly increased the level of necrotic cells upon

avirulent M. tuberculosis infection (Michelet et al.,

2018). Together, these results provide mechanistic

insight into how M. tuberculosis evades membrane

repair to thrive inside the host cells. Also, in plants,

Arl8 is shown to act as a crucial host factor required

for Tomato Mosaic virus (ToMV) pathogenesis

(Nishikiori et al., 2011). These studies show that Arl8

is an essential factor regulating lysosome biology and

further investigation of its diversity in function and

effectors will help in understanding the underlying

regulatory mechanisms of lysosome function.

Arl14

Arl14 was identified as one of the candidates in a

genome-wide siRNA screening for host factors in

dendritic cells that regulates antigen presentation by

MHC class II molecules (Paul et al., 2011). Arl14

was reported to localize to the multi-vesicular bodies

and colocalized with PIP5K1A, a phosphatidyl-kinase.

The authors reported that Arl14 regulates the vesicular

transport of MHC class II on actin cytoskeletal tracks

by recruiting its effector ARF7EP, which in turn, binds

and recruitsthe actin-based motor protein myosin-1E

for transport of these vesicles. It will be important to

analyze Arl14 localization and interaction partners in

other cell types apart from immune cells.

Arfrp1/Arl18

Arfrp1, also referred to as Arl18, is conserved from

yeast to mammals and its orthologs are also found in

plants and Dictyostelium. Initial studies on Arfrp1

suggested that it is an essential factor for the early

embryonic development, as its deletion in mouse

embryos was lethal (Mueller et al., 2002; Zahn et al.,

2006). Localization studies in yeast (Arl3 is the yeast

ortholog of Arfrp1) and mammalian cells showed that

Arfrp1 localizes to the trans-Golgi compartment and

promotes the recruitment of Arl1 and its downstream

effectors; GRIP domain-containing proteins including

Golgin-97 and Golgin-245, to the Golgi (Panic et al.,

2003b; Setty et al., 2003; Shin et al., 2005). Arfrp1

also interacts with ARF1 GEF cytohesin and regulate

the ARF-dependent inhibition of Phospholipase D

(Schurmann et al., 1999). Arfrp1 also regulates the

trafficking to and from TGN of cargo, such as; E-

cadherin, GLUT4, Vangl2, VSVG and endosome-to-

Golgi delivery of Shiga toxin (Guo et al., 2013; Hesse

et al., 2010; Shin et al., 2005; Zahn et al., 2008).

Recent studies shed light on the role of Arfrp1 in

modulating the lipid metabolism in cells. Arfrp1

disrupted mouse models show reduced amounts of

brown and white adipose tissues and hampered

chylomicron formation, indicating an essential role of

Arfrp1in lipid metabolism (Hesse et al., 2013; Hommel

et al., 2010).

Arls Involved in Cytoskeletal Organization

Several of the Arl sub-family members have been

reported to interact with the microtubule (MT) and

actin cytoskeleton and regulate their organization

within the cell. These include Arl2, Arl4 and its

paralogs, and Arl11. This list will expand as the function

and interaction partners of Arl sub-family members

are explored in the future. For instance, recently

Arl13b has been shown to interact with tubulin and

this interaction was crucial for the correct distribution

of signaling proteins in the cilium (Revenkova et al.,

2018). We summarize below the current

understanding on the role of Arl proteins in cytoskeletal

organization.

Arl2

Arl2 was serendipitously discovered during cloning

of human Arfs and is a highly conserved Arl sub-

family member with orthologs present from yeast to

humans and even in plants (Clark et al., 1993; McElver

et al., 2000). Subsequent studies showed that Arl2

binds with tubulin-folding cofactor D, which mediates

its interaction with á-tubulin, indicating a possible role

for Arl2 in regulating MT assembly (Bhamidipati et

al., 2000; Kahn et al., 2005). Arl2 role in MT
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polymerization was confirmed through genetic studies

conducted in multiple organisms and has established

Arl2 as a regulator of cofactors involved in áâ-tubulin

folding and degradation (Antoshechkin and Han, 2002;

Hoyt et al., 1990; Price et al., 2010; Radcliffe et al.,

2000). MT polymerization and degradation is regulated

by an evolutionarily conserved tubulin chaperone

complex (TBC complex) comprising of five subunits

(TBCA-E) (Tian and Cowan, 2013). Arl2 interacts

with TBCC subunit of TBC complex and this

interaction strongly activates GTP-hydrolysis of Arl2,

suggesting TBCC acts as a GAP for Arl2 (Mori and

Toda, 2013; Nithianantham et al., 2015). Recent

studies have shown that binding of the Arl2-TBC

complex to áâ-tubulin is GTP-dependent and is

required for MT polymerization (Francis et al., 2017a;

Francis et al., 2017b). Disruption in Arl2 activity or

depletion of tubulin-chaperone subunits results in loss

of MT dynamics, resulting in defects in cell shape,

polarity, and severely impairs mitotic and meiotic

spindle formation (Chen et al., 2016; Long et al., 2015;

Price et al., 2010; Zhou et al., 2017). The information

on the role of Arl2 in MT depolymerization is limited,

and the role played by individual subunits of TBC

complex in regulating the MT dynamics needs further

investigation. Higher resolution structural studies on

Arl2-TBC chaperones in different GTP-hydrolysis

and áâ-tubulin bound states will reveal the nature of

biogenesis and degradation of MTs. A crucial question

that remains unanswered is how do the levels of

soluble áâ-tubulin changes with the lifespan of cells

and during intensive polymerization processes like cell

division? How does in vivo soluble áâ-tubulin

concentration affect MT dynamics, and more

specifically how all these processes are regulated by

Arl2-TBC chaperone?

In addition to regulating MT dynamics, Arl2 also

localizes to mitochondria and in association with its

GAP, ELMOD2 (ELMO domain containing 2),

regulate mitochondrial fusion, motility and ATP levels

(Newman et al., 2017; Newman et al., 2014). In plants

and worms, Arl2 orthologs are shown to regulate

cytokinesis (McElver et al., 2000). Recent studies

have also revealed the role of Arl2 along with closely

related subfamily member, Arl3, in trafficking of

lipidated cargo by interaction with carrier proteins

including PDE6ä and UNC-119 (Fansa et al., 2016;

Ozdemir et al., 2018). It is likely that the major cellular

function of Arl2 is regulating the trafficking of lipidated

cargo to different intracellular locations. Arl2 exclusion

from cilia suggests that Arl3 performs a similar function

for lipidated cargo targeted for delivery towards the

cilium. What is unclear is that whether these functions

of Arl2 are linked to its role in regulating MT dynamics

and will need further exploration.

Arl4

Arl4 form a sub-group within the Arl sub-family having

three paralogs: Arl4a, Arl4c and Arl4d. They differ

from other members of the Arl sub-family by an

extended C-terminal region containing stretches of

basic amino acids and a short insertion in the inter-

switch region (Pasqualato et al., 2002). The unique

basic residues at the C-terminus of Arl4 proteins form

the binding site for importin-á and function as nuclear

localization signal for the Arl4 paralogs (Jacobs et

al., 1999). Notably, gene expression of the Arl4

paralogs is developmentally regulated as well as with

the stages of differentiation and is tissue-specific (Lin

et al., 2000; Lin et al., 2002; Schurmann et al., 1994).

Initial in situ hybridization experiments in rats revealed

Arl4a mRNA expression in germ cells of testes and

also coincided with the development of the brain,

suggesting its role in neurogenesis and somitogenesis

(Jacobs et al., 1998; Lin et al., 2000). Arl4a knockout

mice showed reduced sperm count; however, the

progeny size and frequency were not affected,

suggesting that mouse Arl4a is not essential for germ

cell formation or development (Schurmann et al.,

2002).

Interestingly, ectopic expression of the tagged

versions of all three Arl4 paralogs revealed their pre-

dominant localization to the plasma membrane with

some nuclear accumulation for Arl4d. The plasma

membrane localization of Arl4 protein required both;

the recognition motif for myristoylation, and the stretch

of basic residues at their C-terminus (Hofmann et

al., 2007). Screening for Arl4 binding partners led to

the identification of ARNO (Arf nucleotide-binding

site opener), a GEF for small G protein Arf6, as an

effector for Arl4 paralogs. Expression of Arl4a, Arl4c

and Arl4d were sufficient to recruit ARNO (also

known as cytohesin-2) and its other relatives

cytohesin-1, Grp1/cytohesin-3, and cytohesin-4 to the

plasma membrane (Hofmann et al., 2007). Thus, Arl4

paralogs function as the upstream regulator of ARNO

to promote activation of Arf6, which in turn regulates
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actin remodeling, endocytosis, and cell adhesion.

Supporting the role of Arl4a as a critical regulator of

actin dynamics, it was shown to interact with ELMO,

which further remodels actin cytoskeleton via the

DOCK-180 and Rac signaling pathway (Patel et al.,

2011). A recent functional characterization study for

Arl4a has also revealed that it partly localizes to the

TGN and interacts with the Golgi resident protein

GCC185 to regulate the Golgi organization and

endosomes-to-Golgi trafficking (Lin et al., 2011).

Arl4c (more commonly known as Arl7) is the

closest relative of Arl4a with 71% identity at amino

acid level. An initial study on Arl4c suggested that it

is a nuclear protein as its EGFP-tagged version

localized inside the nucleus (Jacobs et al., 1999). A

subsequent study has characterized Arl4c as one of

the key players in the cholesterol export pathway

(Engel et al., 2004). Further experiments using gain-

of-function liver X receptor (LXR) systems, identified

Arl4c as a direct target of LXR that regulates

cholesterol efflux (Hong et al., 2011). Interestingly,

Arl4c was also shown to interact with á-tubulin and

regulate transferrin receptor recycling from early

endosomes, suggesting a role in membrane trafficking

pathway (Wei et al., 2009).

Arl4d shares 59% sequence identity with Arl4c

at amino acid level. Arl4d localize to the plasma

membrane in its GTP-bound state and promotes

recruitment of ARNO to the cell surface (Hofmann

et al., 2007). However, the GTP-binding defective

form of Arl4d (T35N) localized to the mitochondria

and its expression dissipated the mitochondrial

membrane potential, leading to fragmentation of the

organelle (Li et al., 2012a). The authors also found

Arl4d localization to mitochondria under endogenous

conditions, indicating that GDP-bound Arl4d might

have a function in regulating mitochondria morphology

and function.

Arl11

Arl11, also known as ARLTS1 (ADP-ribosylation

factor-like tumor suppressor gene-1), was initially

identified as a putative tumor suppressor gene located

on the chromosome locus 13q14.3, genomic region

often deleted in a variety of hematopoietic and solid

tumors (Calin et al., 2005). Arl11 is a 196 amino acids

long protein with homologs in the fruit-fly, zebrafish,

plants and mammals. The first link of Arl11 to tumor

biology was revealed in a large scale screening study

where a higher frequency of truncated Arl11

(Trp149Stop) protein and down-regulation of Arl11

expression by hypermethylation of its promoter was

explicitly found in the cancer cells (Yendamuri et al.,

2007). In subsequent studies, a mutation in Arl11 gene

leading to either premature truncation (Trp149Stop)

or point mutation (Cys148Arg) was found in various

cancer types (Yendamuri et al., 2008). The Arl11

expression is down-regulated by promoter methylation

in lung carcinomas, and restoration of Arl11 expression

in lung cancer cell lines by adenovirus transduction or

by treatment with a demethylating reagent led to up-

regulation of pro-apoptotic factors and tumor cell death

(Yendamuri et al., 2007).

Although Arl11 was shown to be a tumor

suppressor, not much was known about its cellular

functions, mechanism of action or downstream

effectors. Expression profile data suggested

expression of Arl11 in lymphoid tissues like spleen,

bone marrow and lymph nodes (Siltanen et al., 2013;

Yendamuri et al., 2007). A recent study revealed that

Arl11 localizes in the nucleus, cytosol and cortical actin

structures (Arya et al., 2018). The authors found that

Arl11 is a crucial factor for macrophage activation,

as its down-regulation led to low levels of pro-

inflammatory cytokine production by LPS-stimulated

macrophages, and inability to control Salmonella

growth in macrophages. The mechanism described

proposes that Arl11 interacts and colocalizes with

ERK1/2 (MAPK downstream of Toll-like receptor 4

(TLR4) signaling) on the actin cytoskeleton and

promotes ERK1/2 phosphorylation, which is required

for pro-inflammatory cytokine production upon LPS/

pathogen stimuli. Further, ectopic expression of Arl11

led to prolonged activation of the ERK1/2 pathway,

leading to upregulation of the apoptotic machinery

(Arya et al., 2018; Platko et al., 2018). This study is

the first to report on the cellular function of Arl11.

With the current knowledge about Arl11, it holds a lot

of potential to be further explored as a pro-

inflammatory, tumor suppressing candidate protein that

can be a crucial target for the treatment of various

carcinomas and pathogen encounters.

Functions of Other Less Characterized Arls

As mentioned in Table 1, Arl sub-family comprises

nearly 20 members, and for many subfamily members
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no function has been ascribed so far or very little

information is available. The next section summarizes

the limited information/functions available for such

Arl sub-family members.

Arl9

Arl9 is a 187 amino acid long protein that has remained

uncharacterized to date. Bioinformatics analysis

predicted that Arl9 might be affected in prostate

cancer, but quantitative real time-PCR analysis of

prostate tumor samples showed no difference in Arl9

levels as compared to control samples (Louro et al.,

2004). Arl9 was also reported to be one of the several

neurogenic genes affecting developing Xenopus visual

system (Bestman et al., 2015). Future studies can

shed light on the localization and physiological functions

of this Arl sub-family member.

Arl10

Arl10 is another Arl protein subfamily member that

has remained uncharacterized to date. Interestingly,

the only report based on a two-step genome-wide

association study (GWAS) suggests Arl10 is a gene

associated with social conformity (Chen et al., 2018).

Arl15

Arl15, also known as Arfrp2, is widely expressed in

human tissues with maximum expression levels in

skeletal muscles (Richards et al., 2009). Various

GWAS have identified Arl15 as a gene influencing

adiponectin levels and associated with metabolic

disorders such as childhood obesity, type II diabetes,

and coronary heart disease (Breitfeld et al., 2012;

Dahlman and Arner, 2010; Glessner et al., 2010;

Richards et al., 2009). Population-specific genetic

studies identified Arl15 as a non-HLA gene

influencing rheumatoid arthritis susceptibility in North

Indians and Han population from Northwest China

(Negi et al., 2013; Wang et al., 2017b). Given the

high association of Arl15 with diabetes, a recent study

has shown that Arl15 is up-regulated and associated

with the Golgi membranes upon insulin stimulation and

depletion of Arl15 hindered the activation of the insulin

signaling pathway (Zhao et al., 2017). It will be

important to identify the upstream molecular players

that promote membrane recruitment of Arl15 upon

insulin stimulation.

Arl16

Arl16 was initially identified as an early stage signature

gene for the Alzheimer’s disease in a gene expression-

profiling screen done on mouse models of Alzheimer’s

disease (Arisi et al., 2011). A single report till date on

Arl16 identifies it as a negative regulator of RIG-1

(retinoic acid inducible gene-1), a receptor for RNA

derived from viruses-mediated signaling (Yang et al.,

2011). The authors found that Arl16 interacts with

the C-terminal domain of RIG-1 and suppresses the

RNA-RIG-1 interaction. Depletion of Arl16 led to

replication of VSVG and upregulation of virus-induced

IFN-â expression. The subcellular localization of over-

expressed Arl16 in cultured cells was observed to be

cytosolic. The importance and diversity of physiological

roles played by Arl16 can only be appreciated with

efforts towards detailed characterization of Arl16 to

know more about its tissue expression levels,

downstream effectors, GEFs and GAPs.

Conclusion

Arl proteins were discovered more than two decades

ago, yet we have only begun to understand their

physiological functions. There are around 20 members

of this sub-family of proteins in mammals, but only a

few members such as Arl1, Arl2, Arl8b, and ciliary

Arls-3, 6 and 13b have been studied in depth. Arls,

similar to Arf proteins, recruit effectors that function

closely apposed to membranes. Examples of these

associations include coat adaptors (e.g., BBSome

recruited by Arl6), tethering factors (e.g., Golgins

recruited by Arl1 or HOPS complex recruited by

Arl8b), and GEFs (e.g., ARNO recruited by Arl4

paralogs). Growing evidence suggests that Arl proteins

play unconventional roles to those generally attributed

to the small G proteins, such as the recently-described

role of Arl13b as a GEF for Arl3 or Arl2/Arl3 function

as GDFs to promote the release of GDI-bound

lipidated cargo to specific sub-cellular locations.

Several Arl proteins including Arl2, Arl4, Arl11 and

Arl13b bind to, and regulate microtubule and actin

cytoskeleton organization. The interaction of Arl

proteins with actin cytoskeleton has been shown to

be important for processes such as cell migration and

assembly of signaling complexes. Due to the lack of

information on the majority of Arl sub-family members,

it is not known whether regulating cytoskeleton

organization and linking membrane-cytoskeleton will
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ultimately come out to be a general feature of this

subfamily. For most Arl proteins, we are yet to uncover

their subcellular localization, interaction partners and

regulatory factors such as GEFs and GAPs.

In conclusion, Arl proteins form a large subgroup

within the Arf family with several members that are

highly conserved across evolution. The expansion of

this sub-family with increasing complexity of functions

at the cellular level, as in the case of higher

eukaryotes, suggests that like Rabs, Arl proteins have

a “characteristic” role to perform at diverse sub-

cellular locations. As part of future studies, it will be

important to identify sub-cellular functions of the

majority members of the Arl sub-familybefore a

common role can be ascribed to the Arl proteins, as

has been attributed to the Rab family of small G

proteins.
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