Chapter 6
Role and Mechanism of Ciliary Transport

Dusanka Deretic

Abstract Vertebrate rod photoreceptors are exceptionally adapted cells that
convert light into image-forming signals, which are conveyed to the brain to create
vision. The foundation for the optimal function of rod photoreceptors is the
functional compartmentalization of the photosensitive membranes containing
the light receptor rhodopsin to the uniquely modified primary cilia that form the
specialized organelles, the rod outer segments (ROS). The ciliary transport machin-
ery involved in ROS morphogenesis is composed of intersecting networks
of macromolecular complexes that functionally link the small GTPases of the Arf
and Rab families. This chapter summarizes the role and mechanisms of photore-
ceptor ciliary transport, with the main emphases on the ciliary targeting of rhodop-
sin, which is essential for photoreceptor function and viability.
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6.1 Introduction

Primary cilia are exquisitely organized membrane projections that emanate from the
plasma membrane of almost all eukaryotic cells, where they function as environ-
mental sensors that capture a wide range of extracellular signals (Singla and Reiter
2006). Sensory receptors and their associated signal transduction machineries are
highly concentrated in the ciliary membrane, which is contiguous with, but distinctly
different from, the surrounding plasma membrane. The compartmentalization of the
sensory membranes is achieved by the directed transport of signaling molecules to
the base of the cilia, followed by the selective admission through the periciliary
diffusion barrier and retention of specific components in the ciliary membranes
(Christensen et al. 2007; Emmer et al. 2010; Leroux 2007; Nachury et al. 2010;
Rosenbaum and Witman 2002). Defects in primary cilia affect multiple tissues and
organs and cause human diseases and disorders broadly classified as ciliopathies,
which are manifested by both retinal degeneration and cystic kidneys, often accom-
panied by obesity, polydactyly, and sensory impairments (Blacque and Leroux
2006; Fliegauf et al. 2007; Gerdes et al. 2009; Sang et al. 2011).

Primary cilia of retinal rod photoreceptors elaborate specialized light sensing
organelles known as the rod outer segments (ROS), which are continuously
replenished throughout the lifetime of photoreceptor cells (Insinna and Besharse
2008). This membrane renewal depends on the precise ciliary targeting of light-
sensing components followed by their confinement in the ROS membranes. Rod
cell polarity is unmatched in other cells. Rod photoreceptors are distinctly divided
into three different compartments: the cell body called the rod inner segment (RIS)
that houses the biosynthetic and metabolic machinery, the ROS which is specialized
for light capture, and the synapse that conveys the image-forming signal to the
retinal neurons (Fig. 6.1). The light-sensing receptor rhodopsin that is highly
concentrated in the ROS is a prototypic G protein-coupled receptor (GPCR).
Because the ROS lack the biosynthetic machinery, rhodopsin is synthesized in the
RIS. After the passage through the Golgi complex it is incorporated into rhodopsin
transport carriers (RTCs) that bud from the trans-Golgi network (TGN) and deliver
rhodopsin to the base of the cilia (Deretic 2006). This specialized RTC-mediated
ciliary traffic that supports continuous ROS membrane renewal creates an unparal-
leled unidirectional membrane flow that represents an extreme case of ciliary
receptor targeting. The volume of ROS membrane trafficking is much higher in
amphibians than in mammals (Besharse 1986); thus, in amphibians the RTCs that
carry the bulk of newly synthesized ROS membranes are reproducibly detected in
the immediate proximity of the cilia where they presumably fuse with the plasma
membrane (Deretic and Papermaster 1991; Papermaster et al. 1985; Papermaster
et al. 1986) (Fig. 6.2). The biochemical characterization of isolated RTCs greatly
facilitated identification of proteins that associate with newly synthesized rhodopsin
during trafficking to the cilia and revealed the identity of important regulators of
rhodopsin trafficking, including the small GTPases Rab6, Rab8, and Rab11 (Deretic
et al. 1995; Deretic and Papermaster 1993; Deretic et al. 1996).
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Fig. 6.1 Functional organization of retinal rod photoreceptors. Photoreceptor cells are divided
into three distinct domains: the ROS, the RIS, and the synapse. RIS contain the biosynthetic
and sorting machinery, including the Golgi, and the trans-Golgi network (TGN) that are localized
in the myoid region (M ), and a dense array of mitochondria involved in the energy metabolism that
are localized in the ellipsoid region (E). Rhodopsin transport carriers (RTCs) bud from the TGN
and traverse the ellipsoid on their way to the cilium, which emanates from the basal body. RIS are
delineated by the adherens junctions (AJ). The synaptic terminal is at the opposite end of the cell
from the ROS and contains synaptic ribbons that anchor synaptic vesicles involved in neurotrans-
mitter release. The ROS houses approximately 1,000 stacked disk membranes that contain
approximately 10°~10° molecules of rhodopsin/disk. The phototransduction cascade is initiated
in the disk membrane when light-activated rhodopsin (R*) encounters and activates the trimeric
G-protein transducin, composed of Ga and Gfy subunits. The crystal structure of rhodopsin
(Palczewski et al. 2000) reveals seven transmembrane helices that shield the chromophore (dark
green) and the cytoplasmic helix 8 that lies perpendicular to the membrane, anchored by two
palmitates (green). The oligosaccharides are represented in blue (After Palczewski et al. 2000). In
the ROS, the cytoplasmic surface of rhodopsin is a site of interaction for transducin and other
regulators of phototransduction such as rhodopsin kinase and arrestin. In the RIS, the cytoplasmic
surface of rhodopsin interacts with the regulators of ciliary targeting.
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Fig. 6.2 RTCs are
delivered to the base of
the cilium. (a) Rhodopsin
transport carriers (RTCs),
detected by electron
microscopy (EM)
immunocytochemistry with
anti-rhodopsin mAb 11D5,
are clustered at the base
of the cilium (C) in the RIS.
Rhodopsin is also
concentrated in the ROS
disks and plasma
membrane, but not in

the RIS plasma membrane.
BB, basal body; m,
mitochondria. (Modified
from Deretic and
Papermaster 1991.)

(b) Vesicular membrane
structures at the base

of the cilium carry newly
synthesized rhodopsin,
detected by EM
autoradiography.
Radiolabeled rhodopsin

is also seen in the basal
ROS disks. (Reproduced
from Papermaster

et al. 1986)

6.2 Role of Ciliary Transport

In the ROS, rhodopsin is tightly packed within the membranous disks, at
concentrations high enough to capture a single photon and signal its absorption
(Baylor et al. 1979). The ability of rods to function as perfect cellular machines that
convert light absorbed by rhodopsin into changes in neurotransmitter release is based
on the extraordinary magnitude of signal amplification through a succession of
interactions that has been well documented and recently described in detail
(Arshavsky and Burns 2012; Burns and Arshavsky 2005; Palczewski 2012). Briefly,
within a millisecond of photon capture, activated rhodopsin (also known as
metarhodopsin II or R*) initiates a G protein (transducin)-mediated cascade of
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interactions that amplify the signal and convert it into electrical response that is
relayed across synapses to other neurons in the retina. The first step of the cascade
is transducin activation on membranous disks, which proceeds at the rate higher
than any other G-protein activation by GPCRs. Further signal amplification is
achieved through the subsequent activation of cGMP phosphodiesterase (PDE),
an enzyme with an extraordinary catalytic activity that rapidly lowers cGMP
concentration. The decrease in cGMP concentration results in closing of the
c¢GMP channels in the ROS plasma membrane, which causes decrease in inward
current that is further amplified by the intrinsic properties of the channels. These
processes mediating fast signal propagation are perfectly orchestrated because
the organelle that houses the components of the phototransduction cascade is built
to optimize their performance. Components of the ROS are either a part of the
well-integrated light-sensing network or provide the framework that supports
it. Proteins and lipids that participate in phototransduction are efficiently seques-
tered in the ROS, away from those taking part in other cellular functions that would
impede the propagation of the visual signal. The ROS architecture reflects the
structure—functional organization of the organelle from which it is derived,
the primary cilium. The entry into primary cilia is an extremely selective process
that is regulated by the lipid and protein networks, which limit the ciliary access by
forming the periciliary diffusion barrier, or the ciliary gate. Once the ciliary gate
is established during ciliogenesis, only the selected proteins and lipids can gain
ciliary access, thus allowing the exquisitely orchestrated interactions such as the
phototransduction cascade to proceed at an optimal rate.

The signal amplification within ROS disk membranes is aided by the low viscosity
resulting from the exceptionally high content of unsaturated long-chain phospholipids
highly enriched in omega-3 docosahexaenoic acid [DHA, 22:6(n-3)]. However,
these unsaturated phospholipids are exquisitely susceptible to light and oxidative
damage, thus rendering the ROS environment toxic for its constituents (Anderson and
Penn 2004; Winkler et al. 1999). To counteract the constant exposure to damaging
agents, light-sensitive membranes are continuously produced and renewed, which
creates a high-energy burden for photoreceptor cells. Newly synthesized ROS
components have to traverse a maze of obstacles created by tightly packed mitochon-
dria in the RIS and carry passwords that provide access into the cilia. Nevertheless,
all these processes are essential for survival because disruptions of the regulatory
networks at the entrance to the cilia lead to dysfunctions that cause human retinal
dystrophies and syndromic diseases that affect multiple organs, including the eyes.

6.3 Mechanism of Ciliary Transport

6.3.1 Structure—Functional Organization of Primary Cilia
and the ROS

Primary cilia are elaborated after the cell division in a process regulated by the
centrosome, which is composed of two centrioles that dock at the plasma membrane
and become the basal body (BB). During ciliogenesis, one (mother) centriole is
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Fig. 6.3 ROS is a modified primary cilium. Parallel organization of the axoneme, transition zone,
and the basal body of the primary cilia and the ROS is visualized through the alignment and color-
coding that emphasizes the separation of cilia from the rest of the cell. Schematic cross sections on
the left depict, from the bottom: the basal body and the transition fibers (green) that extend from
the distal end of the basal body to the cell membrane; the transition zone with microtubule doublets
and the Y-shaped cross-linkers (red); a circular array of microtubule doublets that fills the
axoneme; and the singlets at the distal end of the axoneme. The electron micrographs on the
right show the equivalent photoreceptor structures: the basal body and the transition fibers of
mouse photoreceptor (reproduced from Sedmak and Wolfrum 2011) and the ciliary necklace in the
transition zone (reproduced from Besharse et al. 1985)

modified and acquires appendages, accessory structures, and the pericentriolar
material (PCM) that are necessary for the formation of the microtubule-organizing
center (MTOC), and one (daughter) centriole remains unmodified (Bettencourt-Dias
and Glover 2007) (Fig. 6.3). The mother centriole then elaborates the axoneme
containing an orderly array of nine microtubule pairs, with two central single micro-
tubules (structure 9C2) in motile cilia, or without the central pair (structure 9C0) in
primary (nonmotile) cilia. The microtubule doublets extend into the axoneme and
eventually become singlets. At the ciliary base, the basal body is connected to the
ciliary membrane via transition fibers (Fig. 6.3), which are densely packed propeller-
like sheets that leave only 60-nm openings severely restricting the passage into cilia
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(Anderson 1972). Immediately adjacent to the basal body is the short and very narrow,
approximately 300-nm, transition zone filled with the doublet microtubules and
Y-shaped structures that link them to the ciliary membrane and form a unique
organization termed the ciliary necklace (Gilula and Satir 1972). The Y-shaped
structures are also observed in the so-called connecting cilium of photoreceptor
cells (Besharse et al. 1985; Horst et al. 1987) (Fig. 6.3), which corresponds to the
transition zone of primary cilia. The ROS is essentially a significantly enlarged cilium
filled with a stacked array of membranous disks (Fig. 6.3). Microtubules are also
connected to the ciliary membrane through the highly conserved intraflagellar trans-
port complexes (IFTs) and molecular motors that move membrane proteins along
the cilia (Insinna and Besharse 2008). The architecture of the mouse photoreceptor
cilium was recently examined by cryo-electron tomography, which revealed tethered
vesicles at the base of the cilium, which may correspond to RTCs, although they
have not been identified as such (Gilliam et al. 2012). Nevertheless, in amphibian
photoreceptors abundant RTCs are detected in the vicinity of the periciliary RIS
plasma membrane (Deretic and Papermaster 1991; Papermaster et al. 1985;
Papermaster et al. 1986), indicating that this is the site of delivery for the ciliary
cargo. Thus, the rules of ciliary entry that restrict the access of non-cilia components
have to apply to ROS membrane delivery. To gain access to the ROS, resident lipids
and proteins have to pass the periciliary diffusion barrier, also called the ciliary gate.

6.3.2 The Periciliary Diffusion Barrier

The periciliary diffusion barrier, or the ciliary gate, is formed through specific lipid
ordering and the formation of septin rings and multiprotein complexes that are
located at the transition zone (Chih et al. 2012; Craige et al. 2010; Garcia-Gonzalo
et al. 2011; Garcia-Gonzalo and Reiter 2012; Hu et al. 2010; Nachury et al. 2010;
Sang et al. 2011; van Reeuwijk et al. 2011; Vieira et al. 2006; Williams et al. 2011).
The periciliary diffusion barrier separates the ciliary membrane from the surround-
ing plasma membrane through the particularly high lipid ordering caused by the
abundance of cholesterol and glycosphingolipids (Godi et al. 2004; Vieira
et al. 2006). This increased lipid ordering has also been observed at the base of
the photoreceptor cilium where cholesterol-enriched rings were detected by freeze-
fracture analysis (Andrews and Cohen 1983). The ROS and the periciliary RIS
membranes differ greatly in their composition and fluidity, which presumably
limits the mixing of their contents. Septin rings may also participate in the barrier
formation at the photoreceptor transition zone, but this has not yet been established.

The ciliary gate is generally formed through NPHP-JBTS-MKS protein com-
plexes located at the centrosomes and the transition zone, which are composed of
distinct functional modules linked into networks that build and maintain the
primary cilium (Fig. 6.4) (Chih et al. 2012; Garcia-Gonzalo et al. 2011; Garcia-
Gonzalo and Reiter 2012; Sang et al. 2011; van Reeuwijk et al. 2011; Williams
et al. 2011). These molecular assemblies represent the largest group of the genes
linked to photoreceptor degeneration. Mutations in genes encoding for NPHP-
JBTS-MKS proteins cause ciliary defects that lead to retinal and neural
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Fig. 6.4 The transition zone and the basal body house NPHP-JBTS-MKS and BBS multiprotein
complexes that are linked to the small GTPase Rab8. The NPHP-JBTS-MKS network is presented
in distinct modules as mapped by Sang et al. 2011, with transition zone proteins involved in cell
polarization in blue, basal body network that regulates cilia integrity in gold, and the Hedgehog
regulatory network in green. Inversins are shown in gray. BBSome is localized at the basal body
and interacts with Arl6 (BBS3), which regulates its function, and with PCM1. BBS6 is located at
the daughter centriole. Both the NPHP-JBTS-MKS network and the BBSome interact extensively
with the small GTPase Rab8 and its GEF Rabin8, which regulate ciliogenesis and membrane
trafficking to the cilia. The activity of Rabin8 is regulated through phosphorylation by the S/T
kinase NDR2, which is also involved in ciliopathies

dysfunction, nephronophthisis, Joubert syndrome, and Meckel syndrome.
Nephrocystin-5 (NPHPS) and nephrocystin-6 (NPHP6) form a module at the
centrosomes that regulates ciliogenesis (Fig. 6.4). Mutations in NPHP5 cause
combined retinitis pigmentosa and nephronophthisis, comprising the renal-retinal
Senior-Loken syndrome (Otto et al. 2005). In retinal photoreceptors, NPHP5
functions in conjunction with NPHP2, and the MKSI1-related protein B9d2, to
support the ciliary transport of rhodopsin (Zhao and Malicki 2011).

NPHP6, also known as CEP290, is a multifunctional protein mutated in Joubert
syndrome (Sayer et al. 2006) and truncated in early-onset retinal degeneration in
the rd16 mouse (Chang et al. 2006). In retinal photoreceptors, NPHP6 has been
localized to basal bodies and the cilium (Chang et al. 2006; Sayer et al. 2006). It
was recently shown that CEP-290/NPHP6 interacts with CEP162, a microtubule-
recognition protein that initiates the assembly of the transition zone (Wang et al.
2013). Of high relevance for ciliary membrane trafficking, at the transition zone
CEP-290/NPHP6 links NPHP-JBTS-MKS complexes with the small GTPase Rab8
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to promote ciliogenesis (Kim et al. 2008; Rachel et al. 2012; Sang et al. 2011;
Tsang et al. 2008).

The small GTPase Rab8, which is described in detail later, is a central regulator
of the final stages of polarized membrane traffic, carrier fusion, and ciliogenesis
(Bryant et al. 2010; Deretic et al. 1995; Moritz et al. 2001; Murga-Zamalloa
et al. 2010a; Nachury et al. 2007; Wang et al. 2012; Yoshimura et al. 2007).
Rab8 is principally activated by the guanine nucleotide exchange factor (GEF)
Rabin8 (Hattula et al. 2002). In rod photoreceptors, Rabin8 is associated with the
TGN and the RTCs (Wang et al. 2012). However, in addition to Rabin8 retinal
photoreceptors express another Rab8 GEF named retinitis pigmentosa GTPase
regulator (RPGR). Mutations in RPGR that reduce its GEF activity cause photore-
ceptor degeneration in X-linked retinitis pigmentosa (XLRP)(Murga-Zamalloa
et al. 2010a). The presence of multiple Rab8 GEFs in rod photoreceptors suggests
that the additional or alternative control of Rab8 may be needed for the extraordi-
nary ciliary traffic that supports continuous ROS membrane expansion. Moreover,
given the multiple interactors of Rab8 during ciliogenesis and ciliary trafficking it is
possible that some of the ciliopathy NPHP-JBTS-MKS proteins with presently
unknown function actually perform regulatory roles in the Rab8 activity cycles.

The retina-specific Rab8 GEF RPGR is a key player in ciliary morphogenesis. It is
homologous to RCC1, the nucleotide exchange factor for the small GTPase Ran
(Meindl et al. 1996). Mutations in the ORF15 isoform of RPGR are linked to
photoreceptor degeneration in XLRP (Kirschner et al. 1999). RPGR is anchored
to the photoreceptor cilium through RPGRIP1, which is affected in patients with
LCA (Dryja et al. 2001; Hong et al. 2000; Hong et al. 2001; Shu et al. 2005; Zhao
et al. 2003). RPGR is intimately associated with the NPHP-JBTS-MKS protein
network and interacts with NPHPS, NPHP6, and NPHPS, also known as RPGRIP1L
(RPGRIP-like), mutations in which cause Joubert syndrome (Arts et al. 2007; Chang
et al. 2006; Murga-Zamalloa et al. 2010b; Otto et al. 2005). RPGR is also a risk factor
for retinal degeneration in patents with ciliopathies caused by mutations in other genes
(Khanna et al. 2009). Given the high susceptibility of the RPGR regulatory network to
disease-causing mutations, it is apparent that the activation of Rab8 by RPGR is
subject to a tight spatiotemporal regulation at the rod photoreceptor transition zone.

The sheer number of retinopathy-associated ciliary proteins indicates that the
malfunction of the ciliary gate has dire consequences for the photoreceptor polarity
and health. Different functional networks involved in ciliogenesis and multiple
ciliopathy complexes appear to be closely linked to the small GTPase Rab8. In
addition to the NPHP-JBTS-MKS network, both Rab8 and Rabin8 also interact
directly with the BBSome, a complex required for ciliogenesis that is composed of
seven BBS proteins, mutations in which cause the Bardet Biedel syndrome (Jin
et al. 2010; Nachury et al. 2007). Because of the BBsome connection to Rab8, some
of the defects in Bardet Biedel syndrome may in fact be caused by defects in Rab8-
mediated membrane transport to the cilium.

In addition to the universal components of the periciliary diffusion barrier,
photoreceptors also have a structure called the periciliary ridge complex (PRC), a
specialized domain involved in the fusion of incoming membrane carriers with the
RIS plasma membrane in amphibians (Fig. 6.5) (Maerker et al. 2008; Peters
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Fig. 6.5 The periciliary ridge complex (PRC) surrounds the base of the cilium and houses
regulators of RTC fusion. (a) RTCs, referred to here as vesicles (v), fuse with the RIS plasma

membrane at the periciliary ridge complex (PRC). (Reproduced form Peters et al. 1983.) (b—e)
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et al. 1983). Mammalian photoreceptors have a functionally equivalent region
called the periciliary membrane complex (PMC), which houses components of
the protein network that is disrupted in Usher syndrome (USH), the most frequent
cause of combined deafness and blindness (Jacobson et al. 2008; Maerker
et al. 2008; Overlack et al. 2008; Rachel et al. 2012; Williams 2008; Yang
et al. 2010). Through its multiprotein interactions, this network appears to support
the unique specialization of the periciliary region and the linkage of the ciliary
membrane to the surrounding RIS plasma membrane (Maerker et al. 2008).

PRC is the site of interaction of the RTC fusion executors syntaxin
3 and SNAP-25, the two plasma membrane SNAREs (soluble N-ethylmaleimi-
de-ensitive factor attachment protein receptors) that control the Rab8-mediated
delivery of rhodopsin to the cilium and the ROS (Fig. 6.5) (Mazelova
et al. 2009b). The late-acting function of Rab8 in ciliary trafficking indicates
that ROS membrane constituents have to enter the Rab8-regulated membrane
pathway to gain ciliary access. This is precisely how rhodopsin gets to the cilia,
and the way that it achieves that is through interactions with multiple small
GTPases and the scaffold proteins that regulate their activation/inactivation
cycles and collectively operate upstream of Rab8.

6.3.3 The Rab Family of Small GTPases

In its ciliary transport, rhodopsin interacts with the small GTPases of the Rab and
Arf families that play a central role in organizing intracellular membrane trafficking
as well as membrane delivery to primary cilia. The hallmark feature of all GTPases,
including Rabs and Arfs, is their function as universal molecular switches whose on
and off states are triggered by binding and hydrolysis of GTP. This tried-and-true
mechanism gives directionality to cellular processes such as signal transduction,
cytoskeleton dynamics, and membrane trafficking. The small GTPases undergo

<
<

Fig. 6.5 (continued) Usher protein whirlin is localized at the PMC in mouse photoreceptors (b, ¢)
and at the PRC in frog photoreceptors (d, e). Longitudinal (b) and transverse (c) views of whirlin
that was detected by immuno-EM. (d) Whirlin (green) was localized above the basal bodies
marked by y-tubulin (red) in the longitudinal views of frog photoreceptors. (e) Whirlin appears as
circles surrounding the basal bodies in the transverse view. [(b—e) Reproduced from Yang
et al. 2010.] (f) EM image detailing RIS structure of a frog photoreceptor. Ellipsoid region (E)
is filled with densely packed mitochondria (). RTCs (arrows) traverse this region and fuse at the
base of the cilium (C), at the periciliary ridge complex (PRC, arrow). CP, calycal processes. (g)
Anti-whirlin specifically detects the PRC (arrow). (h) SNAREs SNAP-25 (green) and syntaxin
3 (STX3, red) colocalize in the RIS at the RTC fusion sites (yellow, arrows). Asterisk, RIS of green
rods. (i) SNAP-25 (green) and whirlin (red) colocalize at the same sites at the base of the cilium
(yellow, arrows). (j) Magnified PRC from h shows RTC fusion sites. [(f—j) Reproduced from
Mazelova et al. 2009b]
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activation—inactivation cycles that are regulated by guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs) that cooperatively control
membrane budding and tethering of membranes to other membranes and to cyto-
skeletal elements (Mizuno-Yamasaki et al. 2012). These regulatory functions are
frequently performed by multifunctional proteins that act at the intersection of
different cellular pathways and allow crosstalk between different families of
small GTPases (Baschieri and Farhan 2012; Deretic 2013). Rabs regulate the
delivery of cargo to their particular intracellular destinations through the recruit-
ment of macromolecular complexes that organize membrane microdomains, thus
inducing changes in membrane identity during cargo progression through intracel-
lular compartments (Grosshans et al. 2006; Rink et al. 2005; Stenmark 2009; Zerial
and McBride 2001). For instance, the succession of Rab6, Rab11, and Rab8 occurs
on the photoreceptor biosynthetic membranes during progression of rhodopsin from
the Golgi complex toward the cilia (Deretic et al. 1995; Deretic and Papermaster
1993; Deretic et al. 1996). The functional networks of Rab GEF and GAP cascades
and positive-feedback loops generated by GEF—effector interactions link the dif-
ferent stages of a particular cellular transport pathway. A prime example of a
GEF-effector network is the highly conserved Rabl1-Rabin8-Rab8-Secl5
ciliogenesis cascade that is composed of the homologues of the Ypt32p-Sec2p-
Secdp-Secl5p proteins involved in yeast budding (Feng et al. 2012; Knodler
et al. 2010; Wang et al. 2012; Westlake et al. 2011).

Rab8 is the linchpin of the Rabl1-Rabin8-Rab8-Secl5 ciliogenesis cascade
and a central regulator of intracellular membrane trafficking responsible for the
final stages of the directed delivery of ciliary membrane components to the ciliary
gate (Feng et al. 2012; Knodler et al. 2010; Murga-Zamalloa et al. 2010a; Nachury
et al. 2007; Wang et al. 2012; Westlake et al. 2011; Yoshimura et al. 2007). In its
active conformation, Rab8 performs multiple functions in ciliogenesis and ciliary
targeting through an array of effectors and regulatory proteins. Consistent with its
dynamic functions, Rab8 localizes to developing cilia but departs mature cilia
(Westlake et al. 2011). The cilia and the ROS of mature photoreceptors are devoid
of Rab8, which is present only in the RIS where it is predominantly associated
with RTCs (Fig. 6.6) (Deretic et al. 1995; Moritz et al. 2001; Wang et al. 2012).
The involvement of Rab8 in rhodopsin trafficking was established early on and
subsequently demonstrated in transgenic photoreceptors expressing the dominant-
negative GFP-Rab8T22N GTP-binding-deficient mutant that causes accumulation
of RTCs below the cilium (Deretic et al. 1995; Moritz et al. 2001). Notably, Rab8
directly interacts with rhodopsin and other ciliary cargo, including polycystin 1 and
fibrocystin (Follit et al. 2010; Wang et al. 2012; Ward et al. 2011).

Activation of Rab8 is mediated by Rabl1 1a, through the activation of the Rab8 GEF
Rabin8 (Feng et al. 2012; Knodler et al. 2010; Wang et al. 2012; Westlake et al. 2011).
In rod photoreceptors, Rabin8 colocalizes with Rabl1 at the Golgi/TGN (Wang
et al. 2012). Rabin8 also associates with Rab11-containing carriers, including RTCs
(Wang et al. 2012; Westlake et al. 2011), and with the basal body (Nachury
et al. 2007). Rabin8 is recruited to the membrane through Rablla, specific
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Fig. 6.6 Rab8 regulates RTC fusion at the base of the cilium. (a) Scanning EM of the frog retina
reveals the PRC in a cell with the ROS broken off. CP, calycal processes. (b, ¢) RTCs cluster at the
base of the cilium (arrow) where Rab8 (red) and actin detected by phalloidin staining (green)
colocalize (yellow). (Reproduced from Deretic et al. 1995.) (d, e) Abundant membranous struc-
tures accumulate below the cilium in photoreceptors expressing GFP-Rab8T22N mutant. The
accumulated membranes are RTCs as they are labeled with anti-rhodopsin mAb 11D5.
(Reproduced from Moritz et al. 2001)

phospholipids, and a serine/threonine kinase NDR2 (also called STK38L) (Chiba
et al. 2013) (see Fig. 6.4). NDR2 was identified as a canine retinal degeneration gene
corresponding to the human ciliopathy Leber congenital amaurosis (LCA)(Berta
et al. 2011; Goldstein et al. 2010). The exceptional conservation of the Rabl1-
Rabin8-Rabs8 ciliogenesis cascade that also functions in photoreceptors implies that
in its quest to reach the ROS rhodopsin engages the ancient molecular machinery that
regulates the polarity and growth of baker’s yeast. However, the road to the cilia is less
straightforward than yeast budding and the additional complexity is imparted by Arf4
and its regulator, the Arf GAP ASAP1, which are not expressed in yeast.
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6.3.4 The Arf Family of GTPases

The encounter with the small GTPase Arf4 at the Golgi/TGN endows rhodopsin
with the initial information on its cellular destination (Deretic et al. 2005; Mazelova
et al. 2009a). Arf4 is a member of the Arf family of small GTPases that includes
Arf, Arf-like (Arl) and Sar proteins, which collectively regulate lipid metabolism,
membrane trafficking, organelle morphology, and cytoskeleton dynamics
(Donaldson 2005; Kahn et al. 2006). The mammalian Arfs consist of six isoforms
(Arf1-Arf6) that are, with the exception of Arf6, associated with the Golgi.
In addition to the distinctive function in the Golgi, Arf4, Arl3, Arl6, and Arl13b
are also strongly implicated in specialized membrane transport to primary cilia
(Donaldson and Jackson 2011; Mazelova et al. 2009a; Nachury et al. 2007).
The precise site of action of Arf GTPases is determined by the intracellular
localization of Arf GEFs, because Arf activation is directly coupled with membrane
association by the N-terminal “myristoyl switch” that inserts the protein into the
membrane. Arfs have very low catalytic activity, and Arf GAPs are absolutely
critical for GTP hydrolysis and Arf inactivation providing directionality to mem-
brane transport. Arf GAPs are often incorporated into protein coats that shape the
membranes in preparation for budding of distinct transport carriers (Donaldson and
Jackson 2011; Kahn et al. 2006). In rhodopsin trafficking, Arf4 and its GAP ASAP1
form the basis of the ciliary targeting complex that regulates its delivery to the cilia.
ASAPI is not only a GAP for Arf4, but is also its effector because a point mutation
in Arf4 (I46D) that selectively abolishes ASAP1-mediated GTP hydrolysis disrupts
RTC budding, causing rhodopsin mislocalization and rapid retinal degeneration in
transgenic frogs (Mazelova et al. 2009a).

The Arf family GTPase Arl6 regulates the function of the BBSome, which is
implicated in the delivery of ciliary cargo (Jin et al. 2010; Nachury et al. 2007).
Arf GTPases Arl3 and Arl13b are also involved in ciliogenesis, and their
impaired function is responsible for retinitis pigmentosa 2 (RP2) and Joubert
syndrome, respectively. RP2 protein is a GAP that regulates GTP hydrolysis on
Arl3 (Veltel et al. 2008). Arl3 controls the delivery of lipidated proteins to the ROS
by specifically releasing lipid-modified ciliary cargo, including the N-acylated
transducin a-subunit, from the lipid moiety-binding protein UNC119 at the base
of the cilia (Gopalakrishna et al. 2011; Ismail et al. 2012; Schwarz et al. 2012;
Veltel et al. 2008; Wright et al. 2011; Zhang et al. 2011). Remarkably, loss of RP2
also reduces rhodopsin content of the ROS, indicating that the transport of lipidated
proteins may be functionally linked to the ciliary transport of rhodopsin
(Li et al. 2013). Similar to Arl3, Arl13b is a part of a network that regulates ciliary
targeting of lipid-modified proteins, which is affected in JBTS and NPHP (Humbert
et al. 2012). Remarkably, even the limited number of ubiquitous proteins such as
Arfs can regulate very specific cellular processes by being integrated into networks
with distinct sets of regulators and effectors. Furthermore, Arfs act at distinct steps
of cargo delivery to photoreceptor cilia: whereas Arf4 functions at the Golgi/TGN
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to direct rhodopsin incorporation into ciliary-targeted RTCs, Arls are specifically
localized to the cilia where they directly control the ciliary access of proteins that
likely reach the cilia through diverse mechanisms.

6.3.5 The Arf4-Based Ciliary Targeting Complex

The Arf4-based ciliary targeting complex directs rhodopsin into the Rab11-Rabin8-
Rab8-Sec15-regulated pathway, thus ensuring its ciliary access. In addition to small
GTPases Arf4 and Rabl1 and the Arf GAP ASAPI, the complex also contains the
Rab11-Arf interacting protein FIP3 (Mazelova et al. 2009a; Wang et al. 2012).
ASAPI1 is a centerpiece of this complex because of its scaffolding properties that
organize components acting sequentially en route to cilia (Fig. 6.7). At the Golgi/
TGN, a specific Arf-GEF activates Arf4, which subsequently binds rhodopsin,
initiating the assembly of the targeting complex (Deretic et al. 2005; Mazelova
et al. 2009a). ASAP1 is recruited to the TGN through distinct lipid and protein
interactions and forms a tripartite complex with activated Arf4 and rhodopsin
(Wang et al. 2012). Concurrently, ASAP1 binds Rab11a and the Rab11-Arf effector
FIP3, completing the initial targeting complex. ASAP1 likely causes membrane
deformation through its specialized curvature-inducing BAR domain, which acts as
the autoinhibitor of its GAP activity (Jian et al. 2009; Nie et al. 2006). The GTP
hydrolysis on Arf4 by ASAP1 that completes this stage is likely assisted by FIP3,
which acts as the regulator of ASAP1 GAP activity (Inoue et al. 2008). GTP
hydrolysis and inactivation of Arf4 serve as the proofreading mechanism for
rhodopsin incorporation into nascent RTCs. However, at this stage RTCs still do
not posses the full information on their cellular destination, which is necessary to
navigate their way to the cilium. This information is provided during budding of
nascent RTCs from the TGN through the ASAP1- and Rablla-mediated recruit-
ment of Rab8 and its GEF Rabin8 (Wang et al. 2012). Because Rab8 acts at the site
of fusion with the periciliary plasma membrane, RTCs marked with Rab8 are
endowed with the distinct cellular address. Activation of Rab8 by Rabin8 likely
takes place on RTCs, thus rendering them competent for fusion with the periciliary
plasma membrane.

In the final stages of ciliary targeting, the Rab8a-positive membrane carriers
are tethered to the plasma membrane by the conserved octameric complex
called the exocyst (Fig. 6.7) (Das and Guo 2011; Heider and Munson 2012;
Hsu et al. 2004; Novick et al. 2006). The exocyst, or the Sec6/8 complex, is
localized at the base of the cilium in epithelial cells and photoreceptors (Mazelova
et al. 2009b; Rogers et al. 2004). The exocyst undergoes dynamic assembly—
disassembly cycles that regulate the polarized membrane delivery. The Secl5
subunit of the exocyst interacts directly with Rab8a, Rabin8, and Rablla and
travels to the plasma membrane on transport carriers (Bryant et al. 2010; Feng
et al. 2012; Wu et al. 2005; Zhang et al. 2004). Sec15 is a component of the Rab11-
Rabin8-Rab8-Sec15 cascade, which in fact constitutes a highly conserved Rab8
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Fig. 6.7 Molecular interactions and the sequence of events taking place during rhodopsin
trafficking to the cilia. At the TGN, rhodopsin forms a complex with activated Arf4 and ASAP1:
this leads to the orderly formation of the Arf4-based ciliary targeting complex, which, in addition
to Arf4, contains ASAP1, Rabll, and FIP3. Following GTP hydrolysis on Arf4, ASAP1 and
Rabl11 recruit Rabin8 and Rab8, which is a critical regulator of fusion with the plasma membrane.
On RTCs, ASAP1 serves as a scaffold for activation of Rab8 by Rabin8. Activated Rab8 permits
RTC fusion and cargo delivery across the diffusion barrier surrounding the cilium, based in part on
its ability to interact with the Secl5 subunit of the exocyst, an octameric membrane tethering
complex involved in ciliary targeting. Secl5 directly interacts with Rab8, Rab11, and Rabin8

GEF-effector interaction network that is essential for yeast budding and membrane
trafficking to the cilium (Das and Guo 2011; Feng et al. 2012). In addition to Sec15,
the Secl0 component of the exocyst is also involved in cargo delivery. Secl0
interacts directly with IFT20 and the ciliary receptor polycystin 2 and is required
for its ciliary localization (Fogelgren et al. 2011).

The establishment of the sequence of events in the ciliary targeting of rhodopsin
was recently facilitated through the use of the proximity ligation assay (PLA) for
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Fig. 6.8 Arf4, ASAPI, and the Rablla—Rabin8-Rab8 ciliary-targeting complex sequentially
interact with rhodopsin transiting from the Golgi/TGN into RTCs. Endogenous protein—protein
interactions in situ were detected in a form of fluorescent dots by the proximity ligation assay
(PLA). The signal is generated when the fluorescently labeled oligonucleotides are hybridized to
the primers covalently linked to secondary antibodies, which recognize in coincidence binding of
primary antibodies to two proteins interacting at a range <16 nm. Interaction sites (red dots) were
detected by PLA for rhodopsin-Arf4 (a), rhodopsin-ASAP1 (b), rhodopsin-Rabl11 (d), Rabl1-
ASAPI (e), and rhodopsin-Rab8 (f). ¢ Rhodopsin-Arf4 PLA (red dots) was subsequently stained
with antibody to the trans-Golgi marker Rab6 conjugated to Alexa Fluor 488 (green). Arrows
indicate rhodopsin—Arf4 interaction sites juxtaposed to the trans-Golgi cisternae (Rab6, green).
(Modified from Wang et al. 2012)

analysis of protein—protein interactions in situ (Wang et al. 2012). The interaction
sites of rhodopsin with the Arf4-based ciliary targeting complex and the Rab
GTPases are illustrated in Fig. 6.8. Because of the unique geometry of the photo-
receptors and the unidirectional progression of newly synthesized rhodopsin toward
the cilia, quantification of the fluorescence signals generated by PLA provided
invaluable information about the order of protein—protein interactions involved in
ciliary targeting. For instance, more than 97 % of rhodopsin-Arf4 interaction sites
are contained within the photoreceptor myoid at the Golgi complex, whereas only
3 % are found within the photoreceptor ellipsoid, where RTCs are localized. By
contrast, 59 % of rhodopsin-Rab8 interaction sites are at the Golgi and 41 % are
associated with RTCs (Fig. 6.8), pointing to the sequential interactions of rhodopsin
with these GTPases, with Arf4 almost exclusively operating at the Golgi and
upstream of Rab8 that functions on RTCs.

6.3.6 The Ciliary Targeting Signals

Clearly, to engage the correct sorting machinery and enter the ciliary pathway
rhodopsin and other sensory receptors have to be equipped with adequate ciliary
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Fig. 6.9 Rhodopsin ciliary targeting signals (CTSs). The rhodopsin cytoplasmic C-terminal VxPx
and H-8 FR are its functional ciliary targeting signals (CTSs) that are recognized by Arf4 and
ASAPI, respectively. The VxPx and FR targeting motifs are highly conserved among other ciliary
sensory receptors

targeting signals. The ciliary targeting sequences that have been identified to date
are highly divergent and likely engage an array of binding partners that act at
different stages of ciliary membrane traffic (Berbari et al. 2008; Corbit et al. 2005;
Fan et al. 2007; Follit et al. 2010; Jin et al. 2010; Kizhatil et al. 2009; Mazelova
et al. 2009a; Tao et al. 2009). The extremely conserved rhodopsin ciliary targeting
signal (CTS) VxPx directly engages Arf4 to direct thodopsin to the primary cilia
(Deretic et al. 2005). The CTS VxPx is also conserved among other ciliary sensory
receptors, including polycystins 1 and 2 and the CNGB1b subunit of the olfactory
cyclic nucleotide-gated channel (Fig. 6.9) (Deretic et al. 1998; Deretic et al. 2005;
Geng et al. 2006; Jenkins et al. 2006; Ward et al. 2011). Numerous mutations
affecting the CTS VxPx cause the most severe forms of autosomal dominant
retinitis pigmentosa (ADRP) (Berson et al. 2002), supporting the crucial role of
this signal in the directed delivery of rhodopsin to the cilia and ROS. Transgenic
expression of rhodopsin carrying mutations in the VxPx motif leads to retinal
degeneration in various animal models as a result of rhodopsin mislocalization to
multiple cellular compartments, including the synapse that is otherwise devoid of
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rhodopsin (Concepcion and Chen 2010; Concepcion et al. 2002; Green et al. 2000;
Lee and Flannery 2007; Li et al. 1996; Li et al. 1998; Ng et al. 2008; Sommer
et al. 2011; Tam et al. 2000). Mislocalized rhodopsin likely exerts a dominant-
negative effect on the regulators of functional compartmentalization in photore-
ceptor cells, even initiating abnormal neurite outgrowth that is observed in animal
models and in patients with ADRP (Li et al. 1998).

The recently identified CTS of rhodopsin, the so-called CTS FR, is composed of
amino acids phenylalanine and arginine (AA 313 and 314) localized within its
cytoplasmic helix 8 (Wang et al. 2012). In addition to rhodopsin, CTS FR is
conserved in ciliary-targeted GPCRs such as Smoothened and SSTR3 (Corbit
et al. 2005) (Fig. 6.9). The CTS FR is a recognition motif for the Arf GAP
ASAP1 (Wang et al. 2012). This signal is essential for the delivery, to primary
cilia of mouse kidney IMCD3 cells, of a fusion protein composed of bovine
rhodopsin and eGFP, followed by the C-terminal VxPx motif (Rh-GFP-VxPx).
When the CTS FR is replaced with alanines, the fusion protein designated [FR-AA]
Rh-GFP-VxPx does not interact with ASAPI1, fails to connect with Rab8, and
consequently does not localize to cilia (Wang et al. 2012). Thus, CTSs VxPx and
FR engage two binding partners, Arf4 and ASAP1, which cooperatively assure the
entry into the Rab8-regulated membrane pathway that provides ciliary access.
During ciliary trafficking, rhodopsin is not just a passive cargo that is sorted into
appropriate carriers but actively recruits the relevant sorting machinery involved in
ciliary targeting, which is also shared by other ciliary sensory receptors.

Although the VxPx motif is a key to ciliary localization of rhodopsin, the
only other known ROS constituent that has the functional VxPx targeting signal
is a lipidated protein retinol dehydrogenase, but the mechanism of its targeting
has not been examined (Luo et al. 2004). Other ROS membrane components
have different targeting signals and employ different trafficking mechanisms.
For example, targeting of peripherin/rds to ROS requires its C terminus, and
particularly the valine at position 332 that is downstream of the conserved amphi-
pathic helix, although the protein that recognizes this motif has not been identified
(Salinas et al. 2013; Tam et al. 2004). Notably, NPHP and MKS proteins that
regulate the ciliary transport of rhodopsin are not involved in the transport of
peripherin/rds, supporting their different ciliary routes (Zhao and Malicki 2011).
Guanylyl cyclase 1 (GC1) appears to have a diffuse targeting signal and may be
cotransported to ROS with other proteins, possibly including rhodopsin (Bhowmick
et al. 2009; Karan et al. 2011). Interestingly, in the absence of GCl1, trafficking of
lipidated ROS proteins is also affected, again suggesting the link between the
integral and peripheral components of the ROS light-sensing membranes (Karan
et al. 2008). The targeting of cyclic nucleotide-gated (CNG) channels that localize
exclusively to the ROS plasma membrane is distinctly different from that of the
disk membrane constituents and requires interaction with ankyrin-G (Kizhatil
et al. 2009). Other ROS proteins are delivered to the cilia through a multitude of
mechanisms that have been recently uncovered and reviewed in depth (Pearring
et al. 2013).
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6.4 Concluding Remarks

Functional compartmentalization of retinal rod photoreceptors endows these cells
with qualities essential for the capture and propagation of visual signals. The
underlying structure of the light-sensing organelle, the ROS, is that of a primary
cilium, with specializations that include exceptional proliferation of sensory mem-
branes that convert light absorbed by rhodopsin into changes in neurotransmitter
release. Thus, the role of ciliary transport is to replenish the light-sensing mem-
branes and deliver rhodopsin and the components of the phototransduction cascade
to the exact periciliary location in the photoreceptor cell and nowhere else. The
mechanism of ciliary membrane targeting employed by photoreceptors is highly
conserved among ciliated cells and involves ordered recruitment and activation of
small GTPases of the Rab and Arf families through scaffold proteins and
multiprotein complexes, some of which are located at the entrance to the cilia.
The disruption of the delicate balance of activities that coordinate the events in
light-sensitive membrane renewal ultimately results in the loss of visual function.
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