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Abstract

The primary cilia are microtubule-based organelles that protrude from most of the eukaryotic
cells. Recognized as the cell’s antenna, primary cilia function as a signaling hub for many
physiologically and developmentally important signaling cascades. Ciliary dysfunction causes a
wide spectrum of syndromic human genetic diseases collectively termed "“ciliopathies”. Mounting
evidences have shown that various small GTPases have been implicated in the context of cilia as
well as human ciliopathies. However, how these small GTPases affect cilia formation and function
remains poorly understood. Here we review and discuss the ciliary role of three Arf-like small
GTPases (Arls), Arl3, Arl6, and Arl13b.

Introduction

Cilia are micrometer-scale hair-like organelles that protrude from the surface of most
eukaryotic cells. Based on their function, cilia are divided into two types: motile cilia and
non-motile cilia (or primary cilia). Motile cilium has a rhythmic waving or beating motion
that promotes cell motility or fluid flow over the cell surface. Primary cilium is recognized
as the cell’s antenna, which functions as a signaling hub for many physiologically and
developmentally important signaling cascades, including polycystins, Sonic hedgehog, Wnt,
and various GPCR signaling pathways [1-3]. Recently, positional cloning and pathogenesis
studies have identified that mutations in more than 50 human genes, most of which encode
exclusively and highly conserved ciliary proteins across species, cause various syndromic
human genetic diseases, which are now collectively termed "ciliopathies”. Consistent with
the ubiquitous existence of cilia, most ciliopathies exhibit disrupted developmental
homeostasis in many organs, including the kidneys, central nervous system (CNS),
cardiovascular system, liver, bones, eyes, ears, nose, and fat storage tissue [4, 5]. Despite the
clinical relevance of cilia, we know little about how cilia form and function as well as the
mechanistic insights into the ciliopathy genes. In this regard, the greatest challenges ahead
are to explore how cilia form and function; determine the pathogenesis underlying
ciliopathies; and design therapies to prevent, delay, or halt disease progression.
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Cilia are microtubule-based structure that tightly covered by the plasma membrane. No
ribosome exists inside the cilium and, thus, the protein needed for cilia biogenesis and
function need to be synthesized in the cytoplasm and then transported into the cilium. A
phylogenetically conserved cellular process, termed Intraflagellar Transport (IFT), is then
responsible for the bidirectional transport of ciliary structural and signaling proteins inside
cilia. The IFT complex, which contains more than 20 proteins, is composed of IFT-A and
IFT-B subcomplex that cooperate together to mediate the movement of IFT cargos along the
axoneme [6].

Small GTPases are key molecular switches that bind and hydrolyze GTP in diverse
membrane- and cytoskeleton-related cellular processes. The unique enzymatical
characteristic of small GTPases has made this group of proteins favorite and viable drug
targets in many human diseases [7, 8]. Recently, emerging evidences have highlighted the
roles of various small GTPases, including the members in Arf, Arl (Arf-like), Rab, and Ran
subfamilies, in cilia formation and function [9, 10]. Among all small GTPases involved in
the context of cilia, Arls are particularly intriguing due to two facts: First, the whole Arl
family contains over 20 members. However, all Arls lack the biochemical or genetic
activities characteristic of Arfs, which makes Arls the least studied group compared with
other small GTPases [11]; Second, Arl6 and Arl13b are the only two small GTPases
identified so far to be mutated in human ciliopathy patients. Thus, understanding the role of
Arls in cilia would have imminent impact on either basic science in regarding to how the
Arls act in cells or translational study in regarding to the pathogenesis of ciliopathies and the
potential to identify ciliary switch(es) that can be used as therapeutic target(s).

Studies of Ras/Rho small GTPases have demonstrated that numerous proteins bind to small
GTPases to control their localization, activity, and downstream signaling pathways. The
interactors include enzymes involved in posttranslational modifications, guanine nucleotide
exchange factors (GEF), GTPase-activating factors (GAP), and effectors (such as adaptors,
motors, kinases, and phosphatases) that bind specifically to the active form of small
GTPases [12-14]. This mini-review summarizes recent developments in the molecular
mechanisms underlying the role of poorly understood ciliopathy Arls in the context of cilia,
with particular emphasis on their ciliary effectors and the coordinated action.

Arl3 acts negatively in ciliogenesis but positively in cilia signaling

The implication of Arl3 in the context of cilia was first documented in a study on
LAdARL-3A gene (the ortholog of the human Ar/3gene in Leishmania donovani) that
showed overexpression of the constitutively active form of LAARL-3(Q70L) leads to
shortened flagellum [15]. Later, immunofluorescence study on human retina photoreceptor
cells showed that Arl3 predominantly localizes to the connecting cilium [16]. A comparative
genomics study also indicated that Ar/3, along with Ar/6, is exclusively found in the genome
of ciliated organisms during evolution [17]. Although Ar/3has not been identified as a
causal locus in any human ciliopathy, Ar/3knockout mice do exhibit typical ciliopathy
manifestations characterized by cysts in the kidney, liver, and pancreas and impaired
photoreceptor development [18]. Similar to many other cilia-defective knockout mouse
models, Ar/37~ mice are very sick and die within 3 weeks after birth [18].

In C. elegans, a functional GFP-tagged ARL-3 exhibits a strong ciliary localization [19].
Arl-37~ worms still possess properly formed cilia. However, similar to the observations
made in Lefishmania, the overexpression of a dominant active ARL-3(Q72L) caused
ciliogenesis defects, suggesting that ARL-3 is a negative regulator of ciliogenesis [19]. This
also explains why depletion of Arl3 protein by RNAI treatment in mammalian systems does
not affect ciliogenesis [20]. The fact that depletion of ARL-3 can partially rescue the
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ciliogenesis defects in ar/-137~ worms further strengthens the conclusion that ARL-3
negatively regulates ciliogenesis [19]. Our studies in C. efegans indicated that ARL-3 plays
a role in regulating the integrity of IFT complex through Histone deacetylatase 6 (HDACS6)-
dependent pathway [19]. Nevertheless, the exact molecular mechanism underlying the
function of ARL-3 in ciliogenesis is still poorly understood.

Except for the role in cilia formation, Ar/3also regulates ciliary signaling through, probably,
regulating the proper ciliary targeting of various key signaling receptors/molecules. For
example, the worm polycystins LOV-1/Polycystin-1 and PKD-2/Polycystin-2 localize to the
cilia of male-specific sensory neurons and are required for the two cilia-mediated male
mechanosensory behaviors: response (Rsp) and location of vulva (Lov) [21, 22]. Arl-37/~
worms show compromised ciliary targeting of polycystins and defective Rsp and Lov
behaviors (unpublished data in the Hu lab). Arl3 was implicated in regulating rhodopsin
localization as well as the membrane association and traffic of heterotrimeric G-protein
transducin in photoreceptor cells [18, 23]. Knockdown of Ar/3in mammalian cells also
disrupts the transportation of Gli3, the key signaling molecule in Hedgehog pathway [20].

So far, several interactors/effectors, including Golgin-245, CCDC104, C200rf194, Binder of
Arl Two (BART), HDACS6, Phosphodiesterase 6 delta subunit (PDE68), Uncoordinated 119
protein (UNC-119), and one GAP protein, Retinitis Pigmentosa 2 (RP2), have been
implicated in Arl3 pathway [19, 24-27]. Among these candidates, Golgin-245, CCDC104,
C200rf194, and BART were only biochemically confirmed as interactors of ARL3, with no
clear biological significance proven yet [26, 27]. HDACG is a microtubule-associated
deacetylase that can deacetylates substrates, such as tubulin, heat shock protein 90, and
cortactin [28]. We found that ARL-3 regulates the association between IFT subcomplex B
and KIF17 motor in an HDAC-6-dependent manner in C. elegans, but the detailed
mechanism still remains undefined [19]. Reminiscent of the ciliary role of Arl3, activation
of HDACG6 promotes cilia disassembly and loss of HDACG activity selectively stabilizes
cilia in human retinal epithelial cells [29]. Intriguingly, HDACS is highly expressed in
cholangiocarcinoma cells and HDACSG inhibition not only restores ciliogenesis but also
slows tumor growth in a cilia-dependent way [30]. Combining with the observation that
ARL3 protein is highly expressed in various human tumor cell lines [31], this certainly raise
an interesting question about the functional correlation among ARL3/HDACS, cilia and
malignant transformation.

The other two Arl3 effectors, PDE66 and UNC119, share extensive sequence homology.
These proteins have similar hydrophobic lipid binding pockets and were shown to work
together with GTP-bound ARL3 and its GAP protein RP2 to regulate the proper ciliary
targeting of various lipid-modified proteins [23]. PDE6& was originally identified as a
prenyl-binding protein [32]. In mammalian system, GTP-bound ARLS3 binds with PDE66 to
release the farnesylated cargo protein from PDE66 [33, 34]. Compared with PDEGS,
UNC119 binds to myristoylated proteins, such as Nephronophthisis 3 (NPHP3) and
transducin a subunit [27, 35]. In a working model, UNC119 binds and transports the
myristoylated NPHP3 to the cilium, then the association between the ciliary GTP-bound
ARL3 and UNC119 results in the release of myristoylated NPHP3 protein. RP2, which acts
as the GAP for ARL3, converts GTP-bound ARL3 to GDP-bound ARL3 and consequently
releases UNC119 from ARL3 [27]. Recently, it was even proposed that the UNC119,
PDE66, and RP2 might all function together as effectors of GTP-bound ARL3 in regulating
the assembly and membrane targeting of transducin, in which UNC119 binds to acylated
transducin a subunit Ga.1, RP2 binds to transducin p subunit GB1, PDE6& binds to
prenylated transducin -y subunit Gy1 [23]. Given these data, ARL3 probably acts in a GTP-
dependent manner as the allosteric release factor for lipid-modified cargo proteins from its
effectors or GAP protein.
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Arl6 is indispensable in cilia signaling but dispensable in ciliogenesis

Arl6 is the first known Arl to be associated with an inherited ciliopathy [36]. Bardet-Biedl
syndrome (BBS) is an autosomal recessive inherited disease characterized by six major
defects including obesity, mental retardation, renal anomalies, polydactyly, retinal
degeneration, and hypogenitalism [37]. Seventeen genes (BBS1, BBS2, BBS3 (ARL6),
BBS4, BBS5, BBS6 (MKKS), BBS7, BBS8 (TTC8), BBS9, BBS10, BBS11 (TRIM32),
BBS12, MKS1, CEP290, C20RF86, SDCCAGS, and LZTFL1) have been implicated in
causing BBS so far [37-40]. When mapping the causal gene in BBS3 patients, the authors
reasoned that the ortholog of BBS3should also exist in other ciliated organisms. By using
ciliated organism’s genome as references, two groups were able to identify ARL6 as the
causal locus for BBS3[36, 41]. Further analyses with the determination of the crystal
structure of GTP-bound human ARLSG6 protein suggested that mutations identified in BBS3
patients locate around ARL6 GTP binding motif, suggesting the importance of small
GTPase activity in ciliopathy etiology [42].

The role of Arl6 in the context of cilia is largely unknown due to the lack of the knowledge
on its ciliary effectors. Ar/6 knockdown zebrafishes and Ar/67~ mice both show the
common BBS associated phenotypes, suggesting that the ciliary function of Arl6 is highly
conserved [43, 44]. In C. elegans, Arl-6, the ortholog of human ARLG6, localizes
predominantly to the basal body and the axoneme of the cilium, and occasionally moves
along the axoneme [36]. In ciliated IMCD3 cells, ARL6 exhibits a unique ring-like
localization pattern at the distal end of basal body [42]. In RPE1-hTERT cells, ARL6
colocalizes with the BBSome in punctate at the ciliary membrane [45].

The BBSome is composed of eight BBS proteins, including BBS1, BBS2, BBS4, BBS5,
BBS7, BBS8, BBS9, and BBIP10 [46, 47]. The BBSome components are highly conserved
during evolution and, as a whole, shares common structural features with COPI, COPII and
clathrin coats [45]. Loss of Ar/6 does not affect BBSome formation but disrupts proper
localization of Melanin concentrating hormone receptor 1 (MCHRL1) to ciliary membranes in
mouse model [44]. Because MCHR1 is involved in the regulation of feeding behavior and
BBS is associated with hyperphagia-induced obesity, these results suggest that altered
signaling caused by the mislocalization of ciliary sensory receptors underlies the
manifestations in BBS patients and provides a potential molecular mechanism to link cilia
defects with obesity [44, 48]. Additionally, ARL6 and BBSome are required for the ciliary
entry of Somatostatin receptor 3 in mammalian cells [45]. It was proposed that GTP-bound
ARLS recruits the BBSome and BBSome-associated cargo complex to membrane and
assembles a polymerized coat-cargo complex that can be dragged through the periciliary
diffusion barrier [45]. Leroux’s lab also proved that ARL6/BBS3 GTPases activity is
required for the ciliary Wnt signaling in mammalian cells [42]. Interestingly, other than the
ciliary entry of membrane receptors, loss of Ar/6 can affect the retrograde transport of
sensory receptor Smoothened inside cilia in mammalian cells, which leads to modest
decrease in ciliary Shh signaling [44]. Studies in our lab also confirmed that various sensory
receptors consistently mislocalize in ar/-6 knockout worms (unpublished data in the Hu lab).
Taken together, these evidences suggest that the role of Arl6 in the context of cilia is highly
conserved and the variety of symptoms found in BBS patients is likely due to the
compromised ciliary targeting or removal of various sensory receptors and/or signaling
molecules.

In drastic contrast to its essential role in cilia signaling, Arl6 appears to be dispensable in the
process of cilia formation. In C. elegans, all other bbs mutants exhibited disrupted IFT
integrity and slightly truncated cilia [49], whereas ar/-67~ animals show completely normal
IFT and cilia morphology (unpublished data in the Hu lab). Similarly, no difference could be
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found in primary cilia numbers and length between W7 and Ar/6~~ mice [44]. Interestingly,
it was reported that the abrogation of ARLG6 activity leads to increased portion of ciliated
cells with longer cilia in IMCD3 cells [42], suggesting that Arl6 may function similarly as
Arl3 to negatively regulate ciliogenesis. Thus, it would be interesting to examine the
potential functional crosstalk between Arl3 and Arl6, which both limit the ciliogenesis.

Arl13, the all-rounder in cilia formation and signaling

Arl13b was initially identified as a candidate that potentially plays a role in multiple ciliated
organs in zebrafish [50, 51]. Ar/136""" mouse embryos show ciliopathy defects in neural
tube patterning, limbs and eyes [52]. In 2008, ARL 138 mutations were identified in two
families with the classical form of Joubert Syndrome (JBTS), which is a rapidly expanding
group of ciliopathies characterized by abnormalities in the central nervous system as well as
other variable common-shared ciliopathy manifestations such as cystic kidney, blindness,
and polydactyly [53, 54]. ARL13B proteins specifically enrich inside cilia in different
organisms [19, 51, 52]. For example, when overexpressing a functional GFP-tagged ARL-13
in C. elegans, almost all ARL-13 are transported into the cilium, with little to none protein
detected in the cytoplasm [19]. This observation suggests that ARL-13 probably functions
exclusively in the context of cilia. Ultrastructurally, the cilia in ar/-137~ worms and
Arl136"" mice are surprisingly similar, with truncated axoneme plus defective B-tubule
closing [19, 52], which suggesting the highly conserved function for ARL-13/Arl13b in
cilia.

Using C. elegans as a model, others and we previously demonstrated that ARL-13 regulates
cilia formation via maintaining the integrity of IFT particles [19, 55]. Our studies indicated
that worm ARL-13 regulates cilia formation by enhancing the binding force between IFT
subcomplex A and subcomplex B. In ar/-13 mutant worms, the dissociation between IFT-A
and IFT-B leads to disrupted IFT integrity and compromised ciliogenesis. ARL-13(R83Q),
which resembles the R79Q mutation identified in patients and only retains half of the
GTPase activity of the wide-type protein, could not fully rescue the ciliogenesis defect of
arl-13~~ worms, which further suggests that the requirement of the GTPase activity of
ARL-13 in ciliogenesis [19]. However, until now, no GEF and GAP protein for Arl13b was
identified yet.

Except for the defects in cilia structure, abnormalities in cilia signaling pathways, including
Sonic Hedgehog (Shh) signaling pathway, Bone Morphogenetic Protein (BMP) signaling
pathway, and abnormally expressed Wnt ligands were also reported in Ar/136"" mouse
mutant [52, 56]. It has been proved that the abnormal Shh signaling pathway is a result from
the mislocalization of Smoothened (Smo) and Shh signaling components [57]. Several
ciliary chemo- or mechano-sensory receptors, like PKD-2, ODR-10, TAX-2, and OSM-9,
also mislocalize or accumulate in C. elegans ar/-13 mutants [55].

In C. elegans, it is known that PKD-2 does not bind to the moving IFT particles [58], thus,
the reported role of ARL-13 in IFT assembly could not explain why sensory receptors, at
least for some of them, mislocalize in ar/-13 mutant cilia. We proposed that ARL-13 might
have different effectors in cilia formation and signaling. Recently, this hypothesis was
proved to be true by our discoveries that the SUMOylation modification of ARI-13/ARL13B
specifically regulates the proper ciliary targeting of various sensory receptors across species
[59]. We found that ARL13B associates with, and as a consequence, is SUMOylated by
UBC9 (the sole E2 small ubiquitin-like modifier (SUMQO)-conjugating enzyme) both in C.
elegans and mammalian cells. Mutations that totally abolish the SUMOylation of ARL-13/
ARL13B do not affect the role of ARL-13/ARL13B in ciliogenesis, but only compromise
the ciliary targeting of sensory receptors, which indicates that UBC-9 is a specific ARL-13/
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ARL-13B effector in cilia signaling. Considering the fact that more and more critical
signaling pathways have been identified as using primary cilium as a central hub and that
JBTS patients exhibit diverse phenotypes in different organs, it would be interesting to
verify whether ARL13B SUMOylation also generally regulates cilia sensory functions in
every affected organs by determining the proper ciliary targeting of the corresponding
sensory receptors [59].

Besides targeting the ciliary sensory receptors, ARL13B also facilitates the ciliary targeting
of inositol polyphosphate-5-phosphatase E (INPP5E), another causal protein of JBTS,
through a distinct function network formed by ARL13B, INPP5E, phosphodiesterase 66
(PDEG66) and centrosomal protein 164 (CEP164) in mammalian cells [60]. This observation
raises a couple of interesting questions. First, does ARL13B also regulate the ciliary entry of
other ciliopathy proteins, especially JBTS proteins? Second, is this regulation depending on
the SUMOylation of ARL13B? Third, since it was found that PDE68, one of known ARL3
effector, probably acts upstream of ARL13B in facilitating the ciliary targeting of INPP5E
[60], it would be intriguing to examine the functional crosstalk between ARL13B and ARL3
in this cellular process. Although the authors did not observe the mislocalization of INPP5E
after knockdown ARL3 [60], it does not exclude the possibility that ARL3 and ARL13B
may function redundantly in regulating the ciliary entry of INPP5E. At least in C. elegans,
the defects in the ciliary entry of polycystins as well as their ciliary signaling are more
severe in ar/-3; arl-13 double knockout animals than in ar/-3or ar/-13single knockout
animals (unpublished data in the Hu lab).

Concluding remarks

In C. elegans, ARL-3 and ARL-13 both act to stabilize the integrity of IFT complex, but
through different mechanisms. Comparing to our understanding that ARL-3 acts through
HDACS to regulate the binding between IFT-B and KIF17 motor, little is known about how
ARL-13 regulates the association between IFT-A and IFT-B [19]. Interestingly, HDAC6
also interacts with BBIP10, a core subunit of the BBSome in mammalian cells [47]. Similar
to ARL-13, the C. elegans BBSome also play an important role in stabilizing the association
between IFT-A and IFT-B [49]. On the other hand, GTP-bound ARL6/BBS3 recruits the
BBSome onto the ciliary membrane in mammalian cells [45]. All these facts suggest
unexpectedly sophisticated crosstalks, synergistically and/or antagonistically, exist for the
three ciliary Arls in regarding to their roles in cilia biogenesis and signaling.

One key to deduce the coordinated function of Arls in the context of cilia is to identify the
ciliary GEFs, GAPs, and effectors of Arls. Small GTPases use GDP/GTP alternation to act
as a variety of functional switches critical for cells’ homeostasis. The GTPase switch is
turned on by GEFs, which stimulate the release of GDP to allow the binding of GTP, and
turned off by GAPs, which accelerate the hydrolysis of GTP. Once activated, small GTPases
can bind to various effectors to fulfill the switching role. However, no GEF and only one
GAP protein (RP2 for Arl3) was identified for the ciliary Arls so far. Although Arf GEF/
GAP proteins are defined by the conserved signature domains and this facilitated the
identification process for other Arf GEF/GAP proteins from yeast to human, no evidence
demonstrated that the Arf GEF/GAP proteins also work on Arls proteins [11]. Functional
identification and characterization of Arl regulators in the context of cilia will undoubtedly
provide seminal clues to their ciliary roles. To this end, combining the power of simple
genetic models and traditional biochemical toolkits, such as tandem affinity purification, can
definitely accelerate the discovery process.

In the past few years, the function of the ciliary Arls has been investigated in greater detail
than ever before, and we now have a much better molecular understanding of multiple, yet
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complicated, roles that these three Arls play in seemingly every biological process inside
cilia. No doubt the ciliary Arls have been well accepted to be critical switches in cilia and
ciliopathies. However, key questions will keep biologists busy for a while due to our poor
understanding of the molecular mechanisms, especially the identity of Arl regulators/
effectors. The fact that Arls as well as many of the identified effectors of small GTPases are
enzymatic proteins promises the potential that further exploration in this field could lead to
the identification of novel therapeutic targets for certain ciliopathies.
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Fig. 1. A working model for theroleof ciliary Arls

Arl3 stabilize the association between IFT-B and the KIF17 motor in an HDAC-6-dependent
manner; GTP-bound ARL3 binds to UNC119/myristoylated-NPHP3 complex and release
NPHP3 into the cilium. GTP-bound ARL3 works together with different effectors to
mediate the proper ciliary trafficking/targeting of transducin. GTP-bound Arl6 recruits the
BBSome and sensory receptors into cilia. ARL-13 enhances the association between IFT-A
and IFT-B subcomplexes; The SUMOylation of Arl13b by UBC9 is required for the ciliary
targeting of sensory receptors; GTP-bound Arl13b interacts with and facilitates the ciliary
targeting of INPP5SE. Dashed lines indicate the underlying molecular mechanisms remain
unclear.
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