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Scope and aim of this thesis

Scope and aim of this thesis

Primary cilia are microtubule-based organelles that can be found on the surface of most
eukaryotic cells. Primary cilia detect external cues and play an important role in subsequent
signal transduction pathways. In the kidneys primary cilia act as a flow sensor. However,
both abnormally short and excessively long cilia fail to correctly act as a flow sensor, which
results in the formation of cysts inside the kidney and eventually kidney failure. Primary cilia
are assembled and maintained by a process known as intraflagellar transport. This process
involves the bidirectional transport of multimeric protein complexes along the microtubule
axis by motor proteins. It is likely that lengthening and shrinkage of cilia is modulated by the
intraflagellar transport machinery. This thesis contains studies aimed to gain more insight in
how intraflagellar transport and cilia length are regulated. To study intraflagellar transport we
use cultured mammalian cells as well as the nematode Caenorhabditis elegans.

Chapter 1 gives an introduction to the different aspects of cilia biology. First, both the structure
and function of the primary cilium are described. Next, intraflagellar transport inside the cilium
and membrane trafficking to the cilium are discussed.

Chapter 2 describes the characterization of MRK and MOK. These two ciliary kinases
negatively regulate cilia length, and MRK can modulate intraflagellar transport in cultured
mammalian cells. Both MRK and MOK act through the mTOR pathway.

Chapter 3 describes the identification of MRK and MOK binding partners using a biotinylation-
proteomics approach.

Chapter 4 describes the identification and characterization of SQL-1. SQL-1 is a Golgi protein
that can modulate cilia length and intraflagellar transport in C. elegans.

Chapter 5 discusses the results of the previous chapters and their relations to our current
understanding of the topic.
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Chapter 1

1.1. Historical perspective

The cilium is an organelle found in organisms spanning the eukaryotic lineage. They are antenna-
like structures that project from the cell body. They are also known as flagella, but to prevent
confusion with the bacterial flagella, which are structurally different from eukaryotic flagella,
the term cilium is preferred over flagella. Cilia were probably first observed by Antonie van
Leeuwenhoek at the end of the 17" century. When he looked through his homemade microscope
he observed living protozoa moving around in rainwater using their motile cilia. Motile cilia
make things move, which could be either the cells themselves, or fluids surrounding the cells.
For a long time it was assumed that making things move was the sole function of cilia. Curiously,
cells lacking a motile function were found to have a solitary cilium, which were named primary
cilia (Sorokin, 1968). At that time the primary cilium was considered an evolutionary leftover
and received little attention. However, at the beginning of the 21% century it was discovered that
several signaling factors localize to the primary cilium (Corbit et al., 2005; Haycraft et al., 2005;
Nauli et al., 2003; Pazour et al., 2002; Schneider et al., 2005; Yoder et al., 2002), showing that
they function in signal transduction. In addition, ciliary dysfunction was linked to a variety of
human diseases, collectively called ciliopathies. These two findings led to a renewed interest in
this organelle.

1.2. Structure of the cilium

The cilium consists of a microtubule-based axoneme covered by a specialized membrane. The
cilium’s axoneme emerges from the basal body, which is derived from the mother centriole, and
extends into the extracellular space. The inside of the cilium is separated from the cytosol by
the transition zone. A schematic representation of the basic structure of the cilium is presented
in figure 1.

1.2.1. The ciliary axoneme

The axoneme of the primary cilium typically consists of a ring of nine microtubules doublets,
called a 9+0 axoneme. In motile cilia the nine microtubule doublets enclose a central pair of
microtubule singlets, resulting in a 9+2 structure. In most cilia the segment of A-B-tubules
is followed by a single A tubule extension. These distal singlets can be found in unicellular
organisms, such as Chlamydomonas (Mesland et al., 1980), and invertebrates, such as the
nematode C. elegans (Ward et al., 1975), but also in several tissues of the mammalian system,
including pancreas, kidney, respiratory tissue, and in photoreceptors (Hidaka et al., 1995; Kubo
et al., 2008; Steinberg and Wood, 1975; Webber and Lee, 1975).

Tubulin that is destined for the cilia is derived from the tubulin pool in the cell body. Experiments
with tubulin tagged with a fluorescent protein have shown that tubulin is incorporated at the
distal tip of the axoneme (Song and Dentler, 2001). Eventually, the fluorescence spread along
the entire axoneme, showing that the microtubule axoneme turns over (Song and Dentler, 2001).
However, the subunit exchange is slow, less than 5% per hour (Nelsen, 1975; Rosenbaum and
Child, 1967; Rosenbaum et al., 1969; Thazhath et al., 2004). Incorporation of new tubulin
continues under conditions in which the cilium is shrinking or elongating (Song and Dentler,
2001).
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Figure 1. Architecture of a primary (9+0) cilium. The microtubule-based axoneme of the primary cilium
originates from the basal body. Cross sections show the microtubule triplets of the basal body, microtubule
doublets of the middle segment, and the microtubule singlets of the distal segment. The basal body is
anchored to the cytosolic microtubules through the basal feet, and to the membrane through the transition
fibers. The ciliary rootlets extend from the basal body into the cytoplasma. The inside of the cilium is
separated from the cytosol by the transition zone, which is characterized by the presence of Y-links, which
can be found at the beginning of the axoneme. The cilium is covered by the ciliary membrane, and at the
ciliary base a plasma membrane invagination, called the ciliary pocket, is present.

Tubulin can undergo a large number of post-translational modifications (Verhey and Gaertig,
2007; Westermann and Weber, 2003), and these PTMs are especially abundant in axonemal
tubulin. Axonemal tubulin has been shown to be acetylated (L’Hernault and Rosenbaum, 1985),
detyrosinated (Sherwin et al., 1987), polyglutamylated (Fouquet et al., 1994), and polyglycylated
(Rudiger et al., 1995). Loss-of-function studies with microtubule modifying enzymes suggest
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that PTM’s are important for the function, stability, and assembly of the cilium. For example,
the deacetylation of axonemal tubulin by HDAC6 promotes disassembly of primary cilia
(Pugacheva et al., 2007), and depletion of the acetyltransferase aTAT1 delays assembly
of primary cilia (Shida et al., 2010). In addition, polyglutamylation of axonemal tubulin is
necessary for the motile function of tracheal cilia (Ikegami et al., 2010). Studies of PTMs on
non-axonemal tubulin have shown that PTMs are important for docking of motor proteins and
plus end tracking proteins. Most likely these PTMs are also important for the binding of certain
proteins that associate with microtubules, which could explain the importance of PTMs for the
function of the cilium. Recently, the tubulin deglutamylase CCPP-1 was shown to control the
velocity and localization of the ciliary kinesins, OSM-3 and KLP-6 (O’Hagan et al., 2011),
which supports this idea.

1.2.2. The basal body

The basal body is a centriole-derived structure. A quiescent cell has two centrioles, of which the
mother centriole can act as basal body. Centrioles are organized in cylinders of nine microtubule
triplets. When the centriole acts as basal body the A and B microtubules of the triplet extend
to form the axoneme, the third microtubule is terminated at the transition zone (Ringo, 1967).
During the conversion of centriole to basal body, three accessory structures are formed:
transition fibers, basal feet, and ciliary rootlets. Transition fibers anchor the basal body to the
ciliary membrane at the curved base of the ciliary pocket (Anderson, 1972), an invagination
of the plasma membrane directly next to the ciliary base. The ciliary rootlets extend from the
basal body into the cytoplasm (Tachi et al., 1974), providing additional support for the primary
cilium. Basal feet project laterally from the side of the basal body, where they anchor cytosolic
microtubules (Anderson, 1974). The basal body comprises of a large number of proteins
(Kobayashi and Dynlacht, 2011). Centrosomal proteins can positively and negatively affect
cilia formation. Several of these centrosomal proteins, like for example ODF2 (Ishikawa et al.,
2005) and Cepl64 (Graser et al., 2007), have been shown to be necessary for the formation
of a functional cilium. Two other centrosomal proteins, Cep97 and CP110, actively suppress
ciliogenesis (Spektor et al., 2007).

1.2.3. The ciliary membrane

The ciliary membrane is continuous with the surrounding plasma membrane, however the
composition of the ciliary membrane differs from the plasma membrane. Compared to the
plasma membrane, the ciliary membrane is enriched in sterols (Souto-Padron and de Souza,
1983), glycolipids (Bloodgood et al., 1995), and sphingolipids (Kaneshiro et al., 1984; Kaya
et al., 1984). In addition, since inositol-5-phospatase INPPSE localizes to the cilium (Bielas et
al., 2009; Jacoby et al., 2009), it might also be enriched in the products of INPP5, PI(4)P and
PI(3,4)P2.

To prevent diffusion of lipids and transmembrane proteins there must be a membrane diffusion
barrier. Expression of a GPI-anchored fluorescent protein in Malin-Darby Canine Kidney
(MDCK) cells showed fluorescence along the complete apical membrane, with the exception
of a black hole surrounding the site where the cilium protruded from the membrane (Vieira et
al., 2006), showing that such a diffusion barrier exists. Intriguingly, the diameter of the ‘black
hole’ is 1.2-1.8 um, greater than the 0.3 pm diameter of the cilium, showing that the ciliary
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membrane is larger than only the membrane covering the axoneme. This additional stretch of
membrane could be an ideal spot for docking and fusion of vesicles. This theory is supported
by immunocytochemical studies in frog retina, which showed rows of vesicles with rhodopsin
fusing around the base of the cilium (Papermaster et al., 1985). The diameter of the site of
vesicle fusion is similar to the ‘black hole’ observed with the GPI-anchored fluorescent protein
in MDCK cells. In addition, there is an invagination of the plasma membrane directly next to
the ciliary base, which is called the ciliary pocket (Anderson, 1972).

1.2.4. The transition zone

The region where the centriolar triplet microtubular structure converts into the axonemal doublet
microtubular structure is annotated as the transition zone. Transmission electron microscopy
showed that the transition zone contains Y-links, that connect the axonemal microtubules to
the ciliary membrane (Muresan and Besharse, 1994). Several proteins that have been linked to
the ciliopathies nephronophthisis and Meckel syndrome localize to the transition zone, and are
components of the Y-links. The loss of one these proteins, NPHP6/CEP290, in Chlamydomonas
alters the protein composition of the flagellum (Craige et al., 2010). Absence of NPHP-1 and
NPHP-4 in C. elegans, results in mislocalization of certain proteins involved in intraflagellar
transport, the transport system within the cilium (Jauregui et al., 2008). Also in a mammalian
system ciliary proteins fail to localize to the cilium in the absence of a number of transition zone
proteins (Garcia-Gonzalo et al., 2011). Thus, the transition zone proteins appear to be required
for entry of ciliary proteins in the cilium.

1.3. The primary cilium as sensory organelle

Primary cilia act as cellular antennae for a variety of signaling pathways (Berbari et al., 2009;
Singla and Reiter, 2006). There are two apparent advantages to signal transduction in the
cilium. First, regulating ciliary localization of signal transducers allows modulation of signaling
pathways. Secondly, it provides the option to concentrate signal transducers, since there is a
diffusion barrier between the cilium and the cell body.

Primary cilia can detect both physical and biochemical extracellular signals. In the collecting
duct of kidneys primary cilia act as mechanosensors. By an unknown mechanism polycystin-1,
polycystin-2, and fibrocystin convert mechanical stimuli into a calcium influx in the cell body
(Nauli et al., 2003). Examples of biochemical signals are the ligands PDGF-AA and PDGF-
BB, who bind the ciliary receptor PDGFRaa (Schneider et al., 2005). Primary cilia also play
a critical role in the function of two important developmental signaling pathways: Hedgehog
(Hh) and Wnt signaling. Mutations disrupting ciliogenesis have diverse effects on the Hh
and Wnt pathway (Caspary et al., 2007; Corbit et al., 2008; Gerdes et al., 2007; Huangfu and
Anderson, 2005; Huangfu et al., 2003; Tran et al., 2008; Zhang et al., 2012), and several key
components of the mammalian Hh and Wnt pathway, Ptch1, Smoothened, Gli2, Gli3, Su(fu),
and Inv all localize to primary cilia (Corbit et al., 2005; Haycraft et al., 2005; Rohatgi et al.,
2007; Watanabe et al., 2003). Examples in both vertebrates and nematodes show that primary
cilia are essential for sensing the external environment. Photoreceptors are specialized primary
cilia, and olfactory sensory neurons have multiple sensory cilia capable of detecting odorants
(Berbari et al., 2009). A C. elegans hermaphrodite has 302 neurons, of which 60 neurons posses
primary cilia (Inglis et al., 2007). Mutations in genes that affect ciliogenesis or cilia function

17




Chapter 1

result in defects in chemotaxis and osmotic avoidance (Inglis et al., 2007), indicating that C.
elegans also uses primary cilia to sense its external environment.

1.4. Intraflagellar Transport

Since cilia lack the machinery necessary for protein synthesis all proteins that function in cilia
need to be transported there. Transport within the cilium is mediated by a specialized transport
system, which is called intraflagellar transport (IFT). During IFT large protein complexes are
transported from the base of the cilium, along the axonemal axis, towards the distal tip by
kinesin motors (anterograde transport), and from the distal tip back to the cell body by dynein
motors (retrograde transport). IFT was first visualized by DIC in Chlamydomonas (Kozminski
et al., 1993). Later the process was also visualized in other model systems, including C. elegans
(Orozco et al., 1999) and cultured kidney epithelial cells (Follit et al., 2006; Tran et al., 2008),
using GFP-tagged components of the IFT complex, indicating that IFT is conserved among
ciliated organisms. Using the different model organisms, most of the proteins that make up
the IFT particle have been identified and characterized (components of the IFT machinery are
summarized in Table 1). Comparative genomics has shown that these genes are conserved in
ciliated organism, but not present in non-ciliated organisms like plants and fungi (Avidor-Reiss
et al., 2004; Li et al., 2004). The IFT particle is made up of three different subcomplexes: the
ciliary motor proteins, complex A and complex B (Cole and Snell, 2009). Proteins that are
part of the BBSome, a large protein complex that has been proposed to be involved in the
trafficking of membrane proteins to the cilium, have been shown to move inside cilia with the
same velocities as IFT particles (Blacque et al., 2004; Lechtreck et al., 2009a; Nachury et al.,
2007; Ou et al., 2007). This suggests that the BBSome associates with at least a subset of [FT
particles. A schematic representation of the IFT machinery in the cilium is presented in figure 2.

1.4.1. Ciliary motor proteins

The main ciliary kinesin is kinesin-II, a heterotrimeric complex which belongs to the kinesin-2
family (Miki et al., 2005). Kinesin-II consists of two motor subunits, KIF3A and KIF3B, and a
nonmotor subunit called KAP3 (Cole et al., 1992; Cole et al., 1993; Wedaman et al., 1996). The
importance of kinesin-II for a functional cilium was first shown using a Chlamydomonas mutant,
flal 0¥, containing a temperature-sensitive mutation in Chlamydomonas’ orthologue of KIF3A
(Kozminski et al., 1995). Inactivation of FLA10 in deflagellated Chlamydononas cells blocked
the assembly of new flagella. When FLA 10 was inactivated in flagellated Chlamydononas cells
IFT was no longer observed and the flagella shortened. This showed that kinesin-II is required
for both the assembly and maintenance of the flagellum in Chlamydononas. Studies in mouse,
Tetrahymena, and Drosophila showed that kinesin-II is also required for cilia assembly in these
organisms (Brown et al., 1999; Marszalek et al., 1999; Nonaka et al., 1998; Sarpal et al., 2003).

Interestingly, inactivation of kinesin-II in C. elegans does not block cilia assembly and IFT.
This is explained by the presence of an additional ciliary kinesin in C. elegans, OSM-3. Only
when both kinesins are absent the sensory neurons of C. elegans fail to assemble cilia (Snow
et al., 2004). In vivo motility measurements, as well as in vitro microtubule gliding assays,
showed that kinesin-II and OSM-3 cooperate to transport C. elegans’ IFT particles (Pan et al.,
2006; Snow et al., 2004). However, kinesin-II and OSM-3 do not cooperate along the whole
microtubule axis of the sensory cilia, but only travel in the middle segments of the axoneme,

18



Introduction

Anterograde transport

Y
TR ° *é'“i“-e
S LAY

Retrograde transport

&9‘-

Jn“?

i kinesin-Il g % @ complexA

. Complex B BBsome @ Axonemal tubulin lﬂﬂfl Membrane receptor

Figure 2. Intraflagellar transport machinery. Kinesin-II and OSM-3/KIF17 move IFT particles
(composed of complex A, complex B, the BBsome, ciliary precursor proteins, signaling proteins, and
cytoplasmic dynein 2) along the proximal segment of the cilium. In the sensory cilia of C. elegans and
vertebrate photoreceptors (and likely more types of primary cilia), kinesin-II is removed at the end of the
proximal segment, and OSM-3/KIF17 moves the IFT particles along the distal segment to the distal tip
of the cilium. Cytosolic dynein 2 transports the IFT particles (now containing the kinesins and turnover
products as cargo) back to the cell body.

which has microtubule doublets, whereas OSM-3 alone is responsible for anterograde IFT in the
distal segment (Snow et al., 2004). This segmentation of the sensory cilia of C. elegans is similar
to the structure of photoreceptor cilia invertebrates, which have a segment characterized by
microtubule doublets, called the connecting cilium, and a segment characterized by microtubule
singlets, called the outer segment (Ramamurthy and Cayouette, 2009; Reese, 1965). In several
model organisms, kinesin-II has been shown to be restricted to the connecting cilium (Beech et
al., 1996; Insinna et al., 2009; Muresan et al., 1999). However, the OSM-3 orthologue KIF17
localizes to both connecting cilium and outer segment, and is required for the formation of only
the outer segment of the photoreceptor (Insinna et al., 2008). Together, this shows a resemblance
between the IFT machinery in the sensory cilia of C. elegans and the photoreceptor cilia of
vertebrates.

Additional kinesins have been found in genomic and proteomic screens for ciliary proteins
(Avidor-Reiss et al., 2004; Blacque et al., 2005; Liu et al., 2007; Ostrowski et al., 2002; Pazour
et al., 2005), some of which are still uncharacterized, while others, such as KLP-6, have been
described to have clear ciliary functions. KLP-6 is expressed in the sensory neurons of C. elegans
males, and is required for ciliary localization of polycystin-2 (Peden and Barr, 2005). In C.
elegans polycystin-2 controls male mating behaviour (Peden and Barr, 2005) and in humans it
functions in sensing fluid flow in the kidney (Nauli et al., 2003). In addition, dysfunction of this
protein causes the ciliopathy polycystic kidney disease in humans (Hildebrandt et al., 2011). In
the male-specifc CEM cilia of klp-6 mutants the velocities of kinesin-II and OSM-3 are reduced
(Morsci and Barr, 2011), but how this is achieved is unclear. A mammalian orthologue of KLP-
6 exists, but has not yet been characterized. In vertebrates, KIF3A can form a heteromeric
kinesin with both KIF3B and KIF3C (Muresan et al., 1998). In zebrafish, loss of kif3c alone
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Table 1: Components of the IFT machinery; adapted from (Cole and Snell, 2009; Ishikawa and

Marshall, 2011; Pedersen and Rosenbaum, 2008)

20

Subcomplex Protein in | Protein in | Protein in
H. sapiens | C. elegans | Chlamydomonas
Ciliary motors KIF3A KLP-20 FLA10
KIF3B KLP-11 FLAS
KIFAP3 KAP-1 FLA3
KIF17 OSM-3 -
DYNC2H1 CHE-3 DHCl1b
DYNC2LI1 XBX-1 DIbLIC
WDR34 DYCI-1 FAP133
DYNLL1 DLC-4 FLA14
IFT Complex A WDR19 DYF-2 FAP66
IFT140 CHE-11 IFT140
THM1 ZK328.7 FAP60
IFT122 DAF-10 IFT122
WDR35 IFTA-1 IFT121
IFT43 - IFT43
IFT Complex B IFT172 OSM-1 IFT172
IFTS88 OSM-5 IFTS88
IFT81 IFT-81 IFT81
IFT80 CHE-2 IFT80
IFT74 IFT-74 IFT74/72
TTC30A/B DYF-1 IFT70
IFT57 CHE-13 IFT57
IFT54 DYF-11 IFT54
IFT52 OSM-6 IFT52
IFT46 DYF-6 IFT46
IFT27 - IFT27
HSPBI11 - IFT25
RABLS IFTA-2 IFT22
IFT20 IFT-20 IFT20
IFT complex A accessory TULP3 TUB-1 TLP1
IFT complex B accessory CLUAPI DYF-3 FAP22
BBSome BBSI1 BBS-1 BBSI
BBS2 BBS-2 -
BBS4 F58A4.14 BBS4
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BBSS5 BBS-5 BBS5
BBS7 BBS-7 BBS7
BBS8 BBS-8 BBS8
BBS9 BBS-9 BBS9
BBIP10 - -

does not result in any obvious cilia defects, but loss of both kif3c and kif3b results in a more
severe cilia defect than the loss of kif3b alone (Zhao et al., 2012). Moreover, overexpression
of kif3c rescues cilia defects in kif3b mutant (Zhao et al., 2012). These data indicate that kif3c
can act redundantly with kif3b. KIF3A and KIF3B knock out (KO) mouse die at midgestation
(Marszalek et al., 1999; Nonaka et al., 1998), but KIF3C KO mice do not display any obvious
phenotype (Yang et al., 2001). KIF7, a member of the kinesin-4 family, acts as a regulator
of Hedgehog signaling (Cheung et al., 2009; Endoh-Yamagami et al., 2009; Hsu et al., 2011;
Liem et al., 2009). KIF7 associates with Gli transcription factors, and is required for ciliary
localization of GLI3 (Cheung et al., 2009; Endoh-Yamagami et al., 2009). Interestingly, KIF7
has been demonstrated to localize to both the basal body and the distal tip of mouse fibroblast
cilia (Endoh-Yamagami et al., 2009; Liem et al., 2009). Whether KIF7 moves together with
the IFT complex or moves alone is still unclear. In addition to KIF7, the closely related kinesin
KIF27 also plays a role ciliary hedgehog signaling (Liem et al., 2009; Wilson et al., 2009).
However, whether KIF27 also localizes to the primary cilium has not yet been determined.

Besides kinesins that function in cargo transport, the cilium also contains kinesins with other
functions. In Chlamydomonas, KLP-1, a member of the kinesin-9 family, localizes to the central
pair of microtubules and regulates the rate of flagellar beating (Yokoyama et al., 2004). In
Leishmania and Giardia the microtubule depolymerising kinesin Kinesin-13 is involved in cilia
length control (Blaineau et al., 2007; Dawson et al., 2007). Interestingly, Kinesin-13 requires the
IFT machinery to be delivered to the distal tip (Piao et al., 2009).

The motor protein complex that is responsible for retrograde IFT is cytoplasmic dynein
2 (previously kown as cytoplasmic dynein 1b). Cytoplasmic dynein 2 is composed of a
homodimeric heavy chain, DYNC2-H1 (Pazour et al., 1999), a light intermediate chain,
DYNC2LII1 (Hou et al., 2004), an intermediate chain, WDR34 (Rompolas et al., 2007), and a
light chain, DYNLLI (Pazour et al., 1998). Biochemical studies demonstrated that these four
proteins are part of the same complex (Perrone et al., 2003; Rompolas et al., 2007). Mutants for
the different components of cytoplasmic dynein 2, in Chlamydomonas, C. elegans, and mouse,
have stunted cilia which contain accumulations of IFT particles (Huangfu and Anderson, 2005;
May et al., 2005; Orozco et al., 1999; Pazour et al., 1999; Pazour et al., 1998; Porter et al., 1999;
Rana et al., 2004; Schafer et al., 2003; Wicks et al., 2000). When compared to anterograde
IFT, retrograde IFT has received little attention, leaving much to explore on the composition,
function, and regulation of retrograde IFT.

1.4.2. IFT complexes A and B
IFT particles where first isolated from the flagella of Chlamydomonas using sucrose density

gradient centrifugation (Piperno and Mead, 1997). They were found to consist of two sub-
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complexes (IFT-A and IFT-B) that dissociate at increased ionic strength (Cole et al., 1998).
Sub-complex A is composed of four proteins (IFT144, IFT140, IFT139 and IFT122), and sub-
complex B of eleven proteins (IFT172, IFT88, IFT81, IFT80, IFT 74/72, IFT57/55, IFT52,
IFT46, IFT27, and IFT20). Later two more complex A proteins (IFT121 and IFT43), and four
more complex B proteins (IFT70, IFT54, IFT25 and IFT22) have been identified (Bacaj et
al., 2008; Blacque et al., 2006; Follit et al., 2009; Kunitomo and lino, 2008; Lechtreck et al.,
2009b; Li et al., 2008; Omori et al., 2008; Ou et al., 2005; Piperno et al., 1998; Schafer et al.,
2006; Wang et al., 2009). The distinction of subcomplex A and B is not just biochemical, but
also functional. Mutations in IFT-A proteins result in short and stumpy cilia with bulges filled
with IFT proteins (Arts et al., 2011; Tomini et al., 2009; Piperno et al., 1998), which is similar
to depletion of cytoplasmic dynein 2 subunits. Mutations in IFT-B proteins lead to absent or
very short cilia (Cole, 2003). This difference in phenotype led to the idea that I[FT-A and IFT-B
complexes function specifically in retrograde and anterograde transport, respectively.

The most probable function of subcomplex A and B is to link cargo proteins to the motor proteins,
to get the cargo transported from the base of the cilium to the distal tip and back. For this, IFT
proteins need to interact among themselves, with cargo and with the ciliary kinesin and dynein
complexes. After depletion of THMI1/IFT139 and WDR35/IFT121, a complex of WDR19/
IFT144, IFT140, and IFT122 remained (Mukhopadhyay et al., 2010), which suggests that these
three proteins form the “core” of IFT-A, and that THM1/IFT139, WDR35/IFT121 and IFT43
act as “peripheral” proteins. Recently, biochemical analysis confirmed that WDR19/IFT144,
IFT140, and IFT122 indeed form a heterotrimeric stable core complex (Behal et al., 2012). In
addition, it was shown that WDR35/IFT121 directly interacts with THM1/IFT139, and with
IFT43 (Behal et al., 2012). Sub-complex A associates with IFT complex A accessory protein
TULP3, and both TULP3 and the IFT-A “core” proteins are necessary for ciliary localization of
the GPCRs Sstr3 and Mchrl, but are not required for ciliary localization of the Hh-associated
GPCR Smoothened (Mukhopadhyay et al., 2010). Further studies are needed to determine how
sub-complex A interacts with the motor proteins, sub-complex B, and possibly the BBSome.

Sub-complex B was initially found to dissociate from sub-complex A at increased ionic strength
(>50mM NacCl) (Cole et al., 1998). Purification of the IFT complex at even higher ionic strength
(300 mM NaCl) led to the dissociation of four more “weakly” bound subunits, leaving behind
the IFT-B “core” complex, which consist of IFT88/81/74/72/52/46/27 (Lucker et al., 2005).
Yeast two-hybrid studies showed that IFT81 interacts with itself and with IFT74/72 (Lucker
et al., 2005), and that IFT27 and IFT25 interact with each other (Follit et al., 2009; Rual et al.,
2005; Wang et al., 2009). Recombinantly co-expressed IFT81/ IFT74/72/IFT27/IFT25 can form
a stable complex (Taschner et al., 2011). This complex associates with IFT52, which in turn
directly interacts with IFT88, IFT70, and IFT46 (Taschner et al., 2011). IFT88/IFT70/IFT46/
IFT52 can also form a stable complex in vitro (Taschner et al., 2011). All complex B proteins
are conserved among ciliated organisms, with the exception of [FT27 and IFT25, which
are present in mammals and Chlamydomonas, but not in C. elegans and Drosophila.
IFT27 and IFT25 have been shown to interact with each other in Chlamydomonas,
mouse, and human (Follit et al., 2009; Rual et al., 2005; Wang et al., 2009), and are not
required for cilia assembly (Keady et al., 2012). IFT27 is a Rab-like small G protein,
and lacks the protein-protein interaction domains found in other IFT proteins (Qin
et al., 2007). IFT25 has been proposed to couple Hh component to the [FT complex
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(Keady et al., 2012). Of the remaining five “peripheral” complex B proteins (IFT172, IFT80,
IFT57, IFT54, and IFT20), IFT172 appears to be required for the transition of anterograde to
retrograde transport at the distal tip (Pedersen et al., 2005; Tsao and Gorovsky, 2008). I[FT54
could be the link between the IFT complex and the membrane-associated complexes. It directly
interacts with Rabaptin-5, which in turn interacts with the small GTPase Rab8 (Omori et al.,
2008). Rab8 is important for transport of vesicles to the ciliary base and their subsequent fusion
(Nachury et al., 2007). IFT54 interacts with another complex B protein, IFT20 (Omori
et al., 2008). IFT20 localizes to both the cilium and the Golgi apparatus (Follit et al.,
20006); this localization pattern is unique among the IFT proteins.

1.4.3. The BBSome

Bardet-Biedl syndrome (BBS) is a ciliopathy characterized by obesity, mental retardation,
retinal degeneration, and cystic kidneys (Zaghloul and Katsanis, 2009). Thus far mutations in
14 genes have been linked to this ciliopathy, and seven of these BBS proteins (BBS1, BBS2,
BBS4, BBSS5, BBS7, BBSS8, and BBS9) together form a complex that is known as the BBSome
(Nachury et al., 2007). In Chlamydomonas, C. elegans, as well as in cultured in mammalian
cells, BBS proteins have been shown to move along the axoneme, with similar rates as motor
proteins and IFT complex A and B proteins (Blacque et al., 2004; Lechtreck et al., 2009a;
Nachury et al., 2007; Ou et al., 2005; Ou et al., 2007). In mouse BBS knockout models, many
cells do still assemble cilia, although sometimes with minor structural defects (Davis et al.,
2007; Mykytyn et al., 2004; Nishimura et al., 2004; Ross et al., 2005; Zhang et al., 2011). In C.
elegans, loss-of-function mutation of bbs-1, bbs-7, or bbs-8 results in dissociation of complex A
and B, where complex A is transported by kinesin-II and complex B by OSM-3 (Ou et al., 2005;
Ou et al., 2007). In the neurons of Bbs2-/- and Bbs4-/- mice the GPCRs SSTR3 and MCHR1
no longer localize to the cilium (Berbari et al., 2008). In C. elegans a TRPV channel, OSM-9,
mislocalizes and accumulates near the transition zone in bbs-7 and bbs-8 mutant animals (Tan
et al., 2007). Thus, BBS proteins are not required for cilia assembly, but appear to be required
for transport of specific cargo, and to maintain integrity of the IFT complex.

1.5. Membrane trafficking to the cilium

For its function the cilium depends on the delivery of specific proteins and lipids. This could be
achieved in two ways, specific proteins/lipids that reside in the plasma membrane could cross the
diffusion barrier that separate the plasma membrane from ciliary membrane, or by direct delivery
of vesicles, from the Golgi apparatus at the ciliary base. Although there are some examples of
the former (Hunnicutt et al., 1990; Milenkovic et al., 2009), the latter model is currently more
accepted. Targeting of vesicles with membrane proteins to the cilium appears to be mediated by
specific ciliary targeting sequences (CTS), of which several have been identified in a number of
ciliary proteins (reviewed in (Pazour and Bloodgood, 2008)). The mechanisms behind sorting
and transporting membrane proteins destined for the cilium are far from understood, but recent
studies have identified several key proteins involved. The CTSs of rhodopsin, polycystin-1 and
polycystin-2 are recognized by the small GTPase Arf4 (Deretic et al., 2005; Ward et al., 2011),
which then forms a ciliary targeting complex together with ASAP1, Rab11 and FIP3 (Mazelova
et al., 2009). The CTS of fibrocystin, which has no similarity with the CTS of rhodopsin and
the two polycystins, is recognized by a different small GTPase, Rab8 (Follit et al., 2010). Rab8
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Figure 3. Membrane trafficking to the cilium. Vesicles containing specific cargo destined for the cilium
are derived from the Golgi apparatus. Membrane receptors are thought to be recognized by Arf4, and
targeted to the ciliary base by a complex composed of ASAP1, Rab11 and FIP3. In addition to membrane
receptors, these post-Golgi vesicles also contain the adaptor/complex B protein IFT20. GMAP210/
SQL-1, which anchors IFT20 to the Golgi membrane, is not present on these vesicles. Once the vesicles
with membrane receptors arrive at the ciliary base they fuse with the ciliary membrane. This process is
thought to be facilitated by Rab8 and possibly the BBSome. At the ciliary base the membrane receptors are
recognized by IFT particles, and transported to the distal tip.

localizes to the cilium, and has been implicated in the docking and fusion of post-Golgi vesicles
at the base of the cilium (Moritz et al., 2001; Mukhopadhyay et al., 2008; Nachury et al., 2007).
The CTS of SSTR3 is recognized by the BBSome, and upon binding of SSTR3’s CTS the
BBSome is recruited to the cilium by BBS3/Arl6 (Jin et al., 2010). Interestingly, the BBSome
associates with Rabin8, a guanine exchange factor for Rab8 and Rab11 (Knodler et al., 2010;
Nachury et al., 2007).

In addition to the small GTPases discussed above, IFT complex proteins also function in
membrane trafficking to the cilium. Complex B protein IFT20 is unique among the IFT complex
proteins, because it localizes to the Golgi apparatus, in addition to the cilium and basal body
(Follit et al., 2006). A complete knockdown of IFT20 blocks cilia assembly, but interestingly
a moderate knockdown of IFT20 prevents the ciliary localization of the membrane protein
polycystin-2, likely because of reduced transport from the Golgi apparatus (Follit et al., 2006).
IFT20 is anchored to the Golgi apparatus by the Golgin protein GMAP210 (Follit et al., 2008).
GMAP210 mutant cells also have less polycystin-2 localized to the cilium (Follit et al., 2008).
IFT20 directly interacts with another complex B protein, IFT54 (Follit et al., 2009; Li et al.,
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2008; Omori et al., 2008), which associates with Rab8 through Rabaptin-5 (Omori et al., 2008).
A schematic representation of membrane trafficking to the cilium (based on current literature)
is shown in figure 3.

1.6. Regulation of ciliogenesis

The timing of assembly and disassembly of the cilium is coupled to cell cycle progression. Cilia
are assembled during G1 or GO, and disassembled prior to mitosis. Conditions that influence
whether a non-dividing cell will assemble a cilium are cell confluence, fluid flow, and cell
spreading (Besschetnova et al., 2010; Iomini et al., 2004; Pitaval et al., 2010). Different cell
types possess cilia of different lengths, as well as morphology, suggesting that cilia length is
subject to cell type specific regulation (Satir and Christensen, 2007). Furthermore, there are
increasing numbers of examples showing that external cues can modulate cilia length (Miyoshi
etal., 2011).

1.6.1. Assembly of the cilium

The formation of a primary cilium starts with the migration and docking of the mother centriole
at the plasma membrane, which is followed by the transition of the mother centriole into a
basal body (Santos and Reiter, 2008). This transition comprises the formation of ciliary rootlets,
and the modification of the distal appendages and subdistal appendages into transition fibers
and basal feet, respectively (Hoyer-Fender, 2010; Kobayashi and Dynlacht, 2011). The nine
microtubule doublets subsequently extend from nine microtubule triplets of the basal body,
which is mediated by IFT. The molecular pathways that control the decision of the cell to
start cilia assembly are unknown, but there is some knowledge on how premature formation
of cilia is prevented. Two centrosomal proteins, Cep97 and CP110, actively suppress cilia
formation; Cep97 by recruiting CP110, and CP110 by capping the distal end of the distal
centriolar microtubules (Spektor et al., 2007). CP110 was found to interact with Cep290, and
this interaction is required for CP110 to prevent cilia assembly (Tsang et al., 2008). CP110 also
interacts with a depolymerising kinesin, KIF24, which is predicted to counteract microtubule
polymerization by remodelling microtubules at the distal end of centrioles that could otherwise
lead to premature formation of cilia (Kobayashi et al., 2011).

1.6.2. Regulation of cilium length (by IFT)

Cilium length is not fixed, but can be modified, both by structural proteins and signaling
proteins. An overview of cilia length altering proteins is shown in table 2. Structural proteins
that can modify cilia length include basal body and transition zone proteins. In MEFs, loss of
Tctnl, Tetn2, Tmem67 and Cc2d2, four transition zone proteins that form a multimeric protein
complex, has been demonstrated to result in shorter cilia (Garcia-Gonzalo et al., 2011). Depletion
of another transition zone protein, NPHP-§, in ciliated hTERT-RPE]1 cells results in elongation
of primary cilia (Patzke et al., 2010). Conversely, basal body protein Ndel negatively regulates
cilia length in h\TERT-RPE1 cells, as well as in zebrafish embryos (Kim et al., 2011). Cilia length
modulation by basal body and transition zone proteins could be explained by their proposed
function in the recruitment of ciliary proteins from the cell body to the cilium. Cilia length
can also be regulated by modification of axoneme stability. For example, two microtubule-
associated proteins (MAPs), RP1 and DCDC2, positively regulate cilia length (Massinen et al.,
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2011; Omori et al., 2010).

The majority of proteins that regulate cilia length are signaling proteins. Especially kinases have
been found to regulate cilia length (Asleson and Lefebvre, 1998; Bengs et al., 2005; Berman
et al., 2003; Bradley and Quarmby, 2005; Burghoorn et al., 2007; Ko et al., 2010; Miyoshi et
al., 2009; Omori et al., 2010; Smith et al., 2006; Sohara et al., 2008; Tam et al., 2007; Thiel et
al., 2011; Wang et al., 2006; Wloga et al., 2006), but also phosphatases (Clement et al., 2011;
Kim et al., 2010) and G proteins (Burghoorn et al., 2010). Currently, it is largely unknown how
signaling proteins mechanistically alter cilia length. They could act through structural proteins,
like for example MAK (male germ cell-associated protein kinase), which acts through RP1
(Omori et al., 2010). However, in order for the cilium to increase in length, the IFT machinery
has to deliver additional axonemal subunits at the distal tip, more than what is necessary to
compensate for the continuous turnover of axonemal subunits when the cilium remains the same
length. An influx of axonemal precursor proteins at the distal tip could be achieved by several
changes in the IFT machinery, such as IFT particle size, IFT velocity, frequency of IFT events,
and cargo selection. Therefore, it is likely that IFT plays an important role in the regulation of
cilia length.

Because of the presence of two ciliary segments, two different ciliary kinesins, and the relative
ease with which IFT can be visualized, the sensory cilia of C. elegans’ amphid neurons provide
an excellent model to study the regulation of IFT. The sensory cilia of C. elegans’ amphid
neurons can be divided in a middle segment, which has nine microtubule doublets, and a distal
segment, which has nine microtubule singlets (Perkins et al., 1986; Ward et al., 1975). In the
middle segment IFT is mediated by two members of the kinesin-2 family, kinesin-II and OSM-
3, at a velocity of 0.7 pm/s (Figure 4A) (Snow et al., 2004). At the end of the middle segment
kinesin-II dissociates from the complex, and OSM-3 moves alone at 1.2 pm/s in the distal
segment (Figure 4A) (Snow et al., 2004). The intrinsic velocity of kinesin-II, for example in
an osm-3 mutant, is 0,5 pm/s (Snow et al., 2004). Thus, the velocity of IFT in the middle
segment, where kinesin-II and OSM-3 cooperate to transport IFT particles, of 0.7 um/s, is the
intermediate velocity of the ‘slow’ kinesin-II and the ‘fast’ OSM-3.

Members of the family of ros cross-hybridizing kinases (RCKs) have been shown to negatively
regulate cilia length in several organisms (Bengs et al., 2005; Berman et al., 2003; Burghoorn
et al., 2007; Omori et al., 2010). Live imaging in C. elegans showed that the RCK dyf-5 can
modulate IFT. In dyf-5 mutant animals kinesin-II is no longer restricted to the middle segment,
and OSM-3 moves at a reduced speed and separately from kinesin-II and the IFT complex
(Figure 4B) (Burghoorn et al., 2007). This indicates that dyf-5 acts as a negative cilia length
regulator by regulating the docking and undocking of ciliary motors from IFT particles.

In response to harsh environmental condition or overcrowding C. elegans enters an alternative
developmental stage, called dauer (Cassada and Russell, 1975). During dauer formation the
position and structure of several cilia are altered (Albert and Riddle, 1983). Interestingly, in
animals exposed to dauer pheromone (a pheromone that induces entry into the dauer stage)
the coordination of kinesin-II and OSM-3 appears to be affected (Burghoorn et al., 2010). Live
imaging of IFT in the amphid channel cilia of these animals showed that kinesin-II moved at
~0.6 um/s, OSM-3 at ~0.9 um/s, and complex A and B proteins at ~0.7 um/s (Burghoorn et
al., 2010). Taken together, these velocities suggest that in pheromone-treated animals some
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Table 2: Proteins that alter cilia length in vertebrates; adapted from (Avasthi and Marshall, 2011)

Name Type/Class Affects Reference
protein cilia length

positively (1)

or negatively

()
RP1 MT associated protein 1 (Liu et al., 2003)
DCDC2 | MT associated protein 1 (Massinen et al., 2011)
NPHP-8 [ Transition zone protein l (Patzke et al., 2010)
Tetnl Transition zone protein 1 (Garcia-Gonzalo et al., 2011)
Tctn2 Transition zone protein 1 (Garcia-Gonzalo et al., 2011)
Tmem67 | Transition zone protein 1 (Garcia-Gonzalo et al., 2011)
CC2D2A | Transition zone protein 1 (Garcia-Gonzalo et al., 2011)
Ndel Centrosomal protein ! (Kim et al., 2011)
Bromi GTPase activating protein 1 (Ko et al., 2010)
Tscl GTPase activating protein ! (DiBella et al., 2009)
Tsc2 GTPase activating protein l (Bonnet et al., 2009)
Rab8 Small GTPase 1 (Nachury et al., 2007)
PLA2G3 | Phospholipase ! (Kim et al., 2010)
HDAC6 | Histone deacetylase 1 (Pugacheva et al., 2007)
HEF1 Scaffolding protein 1 (Pugacheva et al., 2007)
Foxjl Transcription factor l (Cruz et al., 2010)
ACTR3 | Actin-related protein ! (Kim et al., 2010)
Notch Transmembrane protein 1 (Lopes et al., 2010)
Fleer TC repeat protein 1 (Pathak et al., 2007)
KIF17 Kinesin 1 (Insinna et al., 2008)
Nek8 Kinase l (Smith et al., 2006)
Nekl Kinase 1 (Thiel et al., 2011)
Nek4 Kinase 1 (Coene et al., 2011)
MAK Kinase ! (Omori et al., 2010)
Aurora A | Kinase 1 (Pugacheva et al., 2007)
Seék1 Kinase 1 (Yuan et al., 2012)
Gsk3p Kinase ! (Miyoshi et al., 2009)
ACIII Adenylate cyclase ! (Ou et al., 2009)
Cdc14B | Phosphatase 1 (Clement et al., 2011)
PTPN23 | Phosphatase l (Kim et al., 2010)
Fefrl Receptor 1 (Neugebauer et al., 2009)
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IFT particles are transported only by kinesin-II, while others are transported only by OSM-
3, in addition to the ‘normal’ IFT complex transported by both ciliary kinesins (Figure 4B).
Animals with a mutation of the sensory Ga subunit gpa-3 do not enter dauer stage (Zwaal et
al., 1997). Interestingly, mutation of gpa-3 affects the coordination of the IFT kinesins very
similar to exposure to dauer pheromone, and these effects are not cumulative, suggesting that
gpa-3 functions in the same pathway as dauer pheromone to regulate the coordination of IFT
kinesins. These data suggest that external cues can alter cilia length, and that this is achieved by
modulation of IFT.

In addition to studies in C. elegans, there are also examples described of modulation of cilia length
by regulation of IFT in Chlamydomonas and cultured mammalian cells. In Chlamydomonas,
it has been shown that directly after flagellar regeneration IFT particle size increases, while
IFT velocity decreases (Engel et al., 2009). However, in fully elongated flagella particle size
decreases again, and IFT velocity increases (Engel et al., 2009). The quantity of IFT proteins is
the same in long and short flagella (Engel et al., 2009; Marshall et al., 2005). These data suggest
that in short, elongating flagella IFT particles form long and slow moving trains, while in long,
fully elongated flagella IFT particles form short and fast moving particles. Intriguingly, similar
experiments in cultured kidney epithelium cells gave conflicting results. The length of primary
cilia of cultured kidney epithelium cells can be increased by either a decrease of intracellular
calcium or by an increase of intracellular cAMP (Besschetnova et al., 2010). Interestingly, when
elongation of primary cilia was induced in this way, the velocity of IFT particles moving in the
anterograde direction was increased, but the velocity of IFT particles moving in the retrograde
direction was not affected (Besschetnova et al., 2010). These data suggest a model where an
increase of anterograde IFT velocity, with no changes in retrograde IFT velocity, results in
increased delivery of axonemal precursors, and leads to elongation of cilia length.

1.6.4. Disassembly of the cilium

Removal of the primary cilium, for example to allow cell division to proceed, can occur via two
different mechanisms, either by deciliation, or by resorption. The fastest mechanism by which a
cell can remove its cilium is by shedding its cilium (a process known as deciliation). This process
has been observed in both Chlamydomonas and cultured mammalian cells, and it occurs as a
result of environmental stress, or in order to facilitate rapid re-entry into the cell cycle (Overgaard
et al., 2009; Quarmby, 2004). In Chlamydomonas, a microtubule-severing protein, Katanin, has
been described to cleave the axoneme between the basal body and the transition zone prior to
deflagellation (Rasi et al., 2009). Resorption of Chlamydomonas’ flagella is accompanied by
an increased number of empty IFT particles moving in the anterograde direction, while IFT
particles moving in the retrograde direction continue to return ciliary proteins to the cell body
(Pan and Snell, 2005). A decrease or complete stop of delivery of axoneme subunits to the
distal tip, while disassembly products continue to be transported back to the cell body, would
eventually lead to the resorption of the flagellum. In cultured mammalian cells IFT proteins
are required for the disassembly of primary cilia (Pugacheva et al., 2007), suggesting that [FT-
mediated resorption of cilia is conserved.

Several proteins promote the disassembly of primary cilia. One of these proteins, Pitchfork
(Pifo) accumulates at the basal body during cilia disassembly, where it activates Aurora A kinase
(Kinzel et al., 2010). Aurora A kinase, in turn, activates a microtubule deacetylase HDACS6,
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Figure 4. Examples of regulation of IFT in C. elegans. (A) In wild type animals IFT particles in the
middle segment of the amphid channel cilia are transported by both OSM-3 and kinesin-II, after the middle
segment kinesin-II is removed, and the IFT complex is transported by OSM-3 (Snow et al., 2004). (B)
In dyf-5 animals kinesin-II and OSM-3 no longer travel together, the IFT complex associates only with
kinesin-II, kinesin-II can move into the distal segment and the velocity of OSM-3 alone is lower than the
normal 1.2 pm/s (Burghoorn et al., 2007). (C) In gpa-3(lf) and gpa-3QL animals, and in animals exposed to
dauer pheromone the IFT particles are partially uncoupled, generating additional IFT particles transported
only by kinesin-II and only by OSM-3 (Burghoorn et al., 2010).

which deacetylates, and destabilizes axonemal microtubules (Pugacheva et al., 2007). A light
chain subunit of cytoplasmic dynein Tctex-1 is recruited to the transition zone before S phase,
where it controls cilia disassembly (Li et al., 2011). Flagellar proteins have been found to be
labelled with ubiquitin during flagellar resorption (Huang et al., 2009), suggesting that the
ubiquitination system also plays a role in cilia/flagella resorption.

1.7. Ciliopathies

Because of the important sensory and motile function of cilia it is no surprise that ciliary
dysfunction has been linked to several genetic diseases, which are collectively ciliopathies.
As a result of the role of primary cilia in developmental signaling pathways, such as Wnt and
Hh, mutations that block ciliogenesis result in lethality early in embryogenesis. Therefore,
mutations that cause ciliopathies often result in only minor defects, such as small changes in
cilia morphology and/or mislocalization of ciliary signaling proteins. Currently, more than a
dozen diseases are considered ciliopathies, which include Joubert syndrome, nephronophthisis,
Senior-Loken syndrome, oral-facial-digital syndrome, Jeune syndrome, autosomal dominant
and recessive polycystic kidney disease, Leber congenital amaurosis, Meckel-Gruber
syndrome, Bardet-Biedl syndrome, Usher syndrome, and retinitis pigmentosa (Novarino et al.,
2011). Common conditions observed in ciliopathy patients include polydactyly, cystic kidneys,
retinal degradation, situs inversus, and mental retardation (Baker and Beales, 2009). A better
understanding of cilia biology would provide increased insights into the molecular mechanisms
involved in these disorders.
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Chapter 2

Abstract

Primary cilia are microtubule-based organelles, which have important sensory functions. A wide
variety exists in cilia length and morphology, probably reflecting their specific functions in
different tissues. Cilia length and morphology are thought to be regulated by several signaling
pathways. Cilia are build and maintained by a specialized transport mechanism, known as
intraflagellar transport (IFT). During IFT, motor proteins transport multimeric protein complexes
along the microtubule axoneme, delivering proteins to the distal tip or returning them to the cell
body. Here, we show that MRK and MOK, two members of the ros cross-hybridizing kinase
family (RCK), localize to the primary cilium, and negatively regulate cilia length in IMCD-
3 cells. To analyze whether MRK and/or MOK regulate IFT, we generated IMCD-3 clones
stably expressing fluorescently tagged components of the IFT machinery: KIF3B, KIF17,
IFT43, IFT20, and BBS8. We found that these proteins all moved at ~0.45 um/s in anterograde
and retrograde direction. Knockdown of MRK increased anterograde IFT velocity, but did not
affect retrograde IFT, correlating with delivery of more axonemal precursors at the distal tip,
and cilium lengthening. Previous studies have shown that the mTOR pathway modulates cilia
length, and that MRK phosphorylates Raptor, a subunit of mMTORC]1. We found that the mTOR
inhibitor rapamycin can block all effects of MRK and MOK depletion, indicating MRK and
MOK act through the mTOR pathway. In summary, we show that MRK and MOK are important
signaling proteins in regulating cilia length, IFT, and possibly cilia function.
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MRK and MOK regulate cilia length and IFT

Introduction

Primary cilia are microtubule-based protrusions that can be found on the surface of almost all
vertebrate cells, and function as sensory organelles. Defects in cilia structure or length have
been associated with many genetic diseases, collectively called ciliopathies (Hildebrandt et al.,
2011). The assembly and maintenance of primary cilia depends on intraflagellar transport (IFT).
IFT is a microtubule-based transport mechanism that brings cargo to the tip of the cilium, and
back to the cell body (Pedersen and Rosenbaum, 2008). IFT particles are composed of motor
proteins, kinesins (kinesin-II and KIF17/OSM-3), which mediate anterograde transport, dynein
(cytoplasmic dynein 2), which mediates retrograde transport, and adaptor complexes (complex
A, complex B, and the BBsome) (Pedersen and Rosenbaum, 2008).

In vertebrates, a wide variety in both cilia length and morphology exists, most likely to better
support cilium function in specific tissues. Moreover, primary cilia length is not fixed, but may
vary in a well regulated manner. Several classes of signaling molecules have been shown to
modulate cilia length (Avasthi and Marshall, 2011; Miyoshi et al., 2011). How elongation and
shortening of cilia is achieved mechanistically is not completely understood, but it has been
shown to be accompanied by changes in IFT dynamics (Besschetnova et al., 2010; Burghoorn
et al., 2007; Burghoorn et al., 2010; Engel et al., 2009).

The family of ros cross-hybridizing kinases (RCKs), a small family of kinases (Manning et al.,
2002), are characterized by a MAP kinase-like Thr-Xaa-Tyr (TXY) motif in their activation
loop, and an overall structure similar to Cdks (Miyata et al., 1999). In Chlamydomonas (LF4),
Leishmania (LmxMPKDO9), C. elegans (dyf-5), and mouse (MAK) RCKs have been identified
that negatively regulate cilia length (Bengs et al., 2005; Berman et al., 2003; Burghoorn et al.,
2007; Omori et al., 2010). In addition, dyf-5 affects the C. elegans IFT machinery (Burghoorn et
al., 2007). The sensory cilia of C. elegans’ amphid neurons can be divided in a middle segment,
which has nine microtubule doublets, and a distal segment, which has nine microtubule singlets
(Ward et al., 1975). In the middle segment of wild type animals IFT particles are transported by
kinesin-II and OSM-3 together, and in the distal segment only by OSM-3 (Snow et al., 2004).
However, in dyf-5 mutant animals kinesin-II and OSM-3 no longer move together, and the IFT
complex travels with kinesin-II. In addition, kinesin-II can move into the distal segment in dyf-5
mutant animals. Together these data suggest that DYF-5 plays a role in the undocking of kinesin
II from IFT particles and in the docking of OSM-3 onto IFT particles.

In mammals, the RCK family contains three members: MAK/RCK (male germ cell-associated
kinase/ ros cross-hybridizing kinase) (Bladt and Birchmeier, 1993; Xia et al., 2002), MRK/ICK
(MAK-related kinase/intestinal cell kinase) (Abe et al., 1995; Togawa et al., 2000), and MOK/
RAGE (MAPK/MAK/MRK overlapping kinase/renal tumor antigen) (Miyata et al., 1999; Van
Den Eynde et al., 1999). Recently, it was shown that MAK is expressed in photoreceptor cells,
where it localizes to the connecting cilium and outer-segment axoneme (Omori et al., 2010).
In retina of Mak knock out mice the cilia are elongated, and several IFT markers mislocalized
(Omori et al., 2010). In addition, photoreceptors of Mak knock out mice degenerate over time
(Omori et al., 2010). In line with the phenotype of KO mice, mutations in MAK have been
found in patients with Retinitis Pigmentosa, a ciliopathy characterized by apoptotic death of
photoreceptor cells (Ozgul et al., 2011; Tucker et al., 2011). MRK has been associated with
endocrine-cerebro-osteodysplasia (ECO) (Lahiry et al., 2009). ECO is a lethal recessive disorder
with multiple anomalies involving the endocrine, cerebral, and skeletal systems. The ciliopathies
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Jeune syndrome, short-rib polydactyly, and Sensenbrenner syndrome are also characterized by
skeletal anomalies (Waters and Beales, 2011).

Here, we investigate whether MRK and MOK also have a ciliary function. We show that
both MRK and MOK localize to the primary cilium in cultured renal epithelial cells (IMCD-
3). Using knockdown and overexpression experiments, we demonstrate that both MRK and
MOK negatively regulate cilia length. To analyze whether MRK and/or MOK regulate IFT, we
generated IMCD-3 clones stably expressing fluorescently tagged KIF3B, KIF17, IFT43, IFT20,
or BBS8. We found that these proteins all move at ~0.45 pm/s in anterograde and in retrograde
direction. In IMCD-3 cells depleted of MRK we observed that the anterograde velocity of all
tested GFP-tagged IFT markers increased. Remarkably, treating the IMCD-3 cells with the
mTOR inhibitor rapamycin completely blocked all effects of MRK and MOK knockdown,
indicating MRK and MOK act through the mTOR pathway.

44



MRK and MOK regulate cilia length and IFT

Results

MRK and MOK localize to the primary cilium

To investigate whether MRK and MOK function in the primary cilium, we first determined
their subcellular localization pattern. We generated N- and C-terminal GFP-fusion constructs
for MRK and MOK and expressed these constructs in IMCD-3 cells. Both MRK and MOK
localized to the primary cilium in serum-starved IMCD-3 cells (Figure 1A, 1B). In addition, we
observed two spots at the ciliary base, which co-localized with the centrosomal marker centrin-2
(Figure 1A, 1B). MRK and MOK also localized to the nucleus, which is in line with previous
observations (Fu et al., 2005; Yang et al., 2002). C-terminally tagged MRK and MOK gave
similar subcellular localization patterns (data not shown). Live imaging of these cells showed
movement of MRK and MOK inside the cilium in anterograde and retrograde direction (data not
shown), suggesting that MRK and MOK associate with the IFT complex. Together these data
indicate that both MRK and MOK function in the primary cilium.

MRK and MOK negatively regulate cilia length

Because MAK, as well as orthologues in other model organisms, act as negative regulators of
cilia length we expected that MRK and MOK would also negatively regulate cilia length. RT-
PCR showed that IMCD-3 cells express MRK and MOK, but do not express MAK (data not
shown). To knockdown MRK we used two non-overlapping lentiviral ShRNA’s targeted against
MRK, shMRK #01 and shMRK #02. Immunoblotting showed that these shRNA’s effectively
reduced MRK expression (Figure 2A). Measurement of cilia length showed that cilia of IMCD-
3 cells depleted of MRK were ~60% longer than those of control cells (Figure 2B, 2D). Two

‘

Figure 1. MRK and MOK localize to the primary cilium. IMCD-3 cells expressing GFP-MRK and
CFP-centrin-2 (A), or GFP-MOK and CFP-centrin-2 (B), were serum-starved for 48 hours, fixed with
paraformaldehyde, and immunostained for acetylated tubulin (acTub). Insets show enlargements of the
region containing the cilium. Scale bars, 10 pm.
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Figure 2. MRK and MOK control cilia length. (A) Immunoblot of cell lysates of IMCD-3 cells
transduced with shRNA’s targeting MRK and MOK, Actin was used as loading control. (B) Average
length of primary cilia of IMCD-3 cells depleted of MRK. (C) Average length of primary cilia of IMCD-3
cells depleted of MOK. (D) Immunofiuorescence images of IMCD-3 cells expressing the control shRNA,
MRKsh #01, or MOKsh #01 stained with anti-acetylated tubulin. Scale bar, 10 um. (E) Average length of
primary cilia of IMCD-3 cells overexpressing GFP-C1, wild type (wt) GFP-MRK, kinase-dead (kd) GFP-
MRK, wt GFP-MOK, or kd GFP-MOK. (F) Immunofiuorescence images of IMCD-3 cells expressing
GFP-C1, wt GFP-MRK, kd GFP-MRK, wt GFP-MOK, or kd GFP-MOK stained with anti-acetylated

tubulin. Scale bar, 1 pm. Statistically significant differences compared to control cells are indicated with a
black asterisk. Error bars indicate SD.
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independent lentiviral shRNA’s targeted against MOK, shMOK #01 and shMOK #02 reduced
MOK expression, as judged by immunoblotting (Figure 2A). Cilia length measurements showed
that depletion of MOK resulted in a ~40% elongation of cilium length (Figure 2C, 2D). Neither
knockdown of MRK nor MOK affected the percentage of IMCD-3 cells that formed cilia after
48 hours of serum starvation (data not shown).

In addition, we analyzed the effect of overexpression of N-terminal GFP-fusions of wild type
MRK and MOK, and N-terminal GFP-fusions of kinase-dead MRK and MOK, on cilia length.
To generate kinase-dead mutant constructs we replaced an essential lysine in the ATP-binding
pocket for a methionine, making the protein inactive (Xia et al., 2002). Transfected IMCD-3
cells were serum starved for 48 hours, and cilia length was determined by anti-acetylated tubulin
immunostaining. Cells transfected with GFP-MRK had ~40% shorter cilia compared to cells
transfected with an empty GFP vector (Figure 2E, 2F). Conversely, overexpression of kinase-
dead GFP-MRK did not affect cilia length (Figure 2E, 2F), indicating that kinase activity of
MRK is necessary for the negative regulation of cilia length by MRK. Overexpression of GFP-
MOK did not affect cilia length (Figure 2E, 2F).

Together, these data suggest that MRK and MOK can negatively regulate cilia length in IMCD-
3 cells, where the effects of MRK on cilia length are more profound than those of MOK.

MRK regulates IFT

Since mutation of dyf-5 affects IFT in C. elegans, we determined whether reduced expression
of MRK and/or MOK affects IFT in cultured mammalian cells. In C. elegans anterograde IFT
is mediated by two ciliary kinesins, kinesin-II and OSM-3 (Snow et al., 2004). In vertebrates,
kinesin-II appears to be the ‘core’ ciliary kinesin (Verhey et al., 2011), while OSM-3’s
vertebrate orthologue KIF17 acts in a cell type specific manner (Insinna et al., 2008). Using
immunofluorescence, we confirmed that KIF17 is expressed and localizes to the primary cilium
in IMCD-3 cells (data no shown). To visualize IFT for all IFT subcomplexes, we generated
clonal lines stably expressing the following GFP fusions: IFT43-YFP (complex A), IFT20-GFP
(complex B), mCit-KIF3B (kinesin-II), KIF17-mCit (KIF17), and GFP-BBS8 (BBSome). All
five markers localized to the primary cilia (Figure 3A), and moved in both anterograde and
retrograde direction along the microtubule axis (Figure 3B).

First, we determined the velocities of the IFT components in IMCD-3 cells expressing a control
shRNA. All five IFT markers moved in the anterograde direction at 0.40-0.45 pm/s, and in the
retrograde direction at 0.39-0.46 pm/s (Figure 3C). Next, we reduced the expression of MRK
in the cells stably expressing each of the five IFT markers. The average anterograde velocities
of all tested IFT markers were significantly increased with an average of 35% in cells depleted
of MRK (Figure 3C). In contrast, there were no significant effects on retrograde velocities of
any of the tested IFT markers (Figure 3C). An increase of the anterograde velocity of the I[FT
machinery while retrograde IFT velocity is not affected would result in the delivery of more
material at the distal tip, which would explain the elongation of primary cilia in MRK-depleted
IMCD-3 cells. Depletion of MOK also yields longer primary cilia, however in contrast to MRK,
depletion of MOK did not significantly affect anterograde or retrograde IFT velocity. Perhaps
the effect of depletion of MOK on cilia length is achieved by effects on other IFT parameters,
for example the number of transport events, particle size, or cargo types.
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Figure 3. Depletion of MRK results in increased anterograde IFT velocity. (A) Fluorescence images of
the cilia of IMCD-3 cells stably expressing mCit-Kif3b, [FT43-YFP, GFP-BBSS, IFT20-GFP, and Kif17-
mCit. The basal body is indicated with an arrowhead. Scale bar, 1 um. (B) Representative examples of
kymographs of IFT43-YFP in control cells and in cells depleted of MRK. The basal body and the distal tip
of the cilium are indicated with b.b. and d.t., respectively. In the corresponding drawings the anterograde
trajectories are shown in blue, and retrograde trajectories are shown in red. (C) Average anterograde and
retrograde velocities of IFT components in control cells, and cells depleted of MRK and MOK. Statistically
significant differences compared to the velocity of the same IFT component in IMCD-3 control cells are
indicated with a black asterisk. Error bars indicate SD.

MRK and MOK act through mTOR

Primary cilia are highly dynamic structures, whose length is tightly regulated by several signaling
pathways (Avasthi and Marshall, 2011; Miyoshi et al., 2011). An increase in intracellular cyclic
AMP (cAMP) results in an elongation of primary cilia, as well as an increase in the anterograde
velocity of IFT particles (Besschetnova et al., 2010). Since these effects are similar to the effect
observed upon MRK depletion, we wondered whether MRK (and possibly MOK) function in
the same pathway. We treated control cells, cells depleted of MRK, and cells depleted of MOK
with forskolin (which increases cAMP levels), and measured cilia length and IFT velocities.
Addition of forskolin to control cells increased cilia length (Figure 4A, 4B), as shown previously
(Besschetnova et al., 2010). Interestingly, forskolin treatment of cells depleted of MRK, resulted
in an additional increase of cilia length (Figure 4A, 4B). These data suggest that the effect of
MRK depletion on cilia length is independent of the cAMP pathway. Depletion of MOK in
forskolin-treated cells did not result in significantly longer cilia (Figure 4A, 4B), suggesting that
MOK depletion and forskolin affect the same pathway. Depletion of MRK or treatment with
forskolin resulted in increased anterograde IFT velocity of IFT20-GFP (Figure 4C). However,
depletion of MRK and treatment with forskolin at the same time did not result in an additional
increase of the anterograde IFT velocity of IFT20-GFP (Figure 4C). This could mean that MRK
and cAMP act in the same pathway in the regulation of IFT, but that in addition cilium length is
modulated by other mechanisms.

Cilium length and function are also regulated by the mTOR pathway (Yuan et al., 2012).
Interestingly, MRK has been shown to phosphorylate Raptor (Wu et al., 2012), a component
of mTOR Complex 1 (mTORCI1) (Kim et al., 2002). To investigate whether MRK and MOK
act through the mTOR pathway, we treated control cells, and cells expressing shiMRK #01, or
shMOK #01 with rapamycin, an inhibitor of mMTOR. Rapamycin treatment of cells depleted of
MRK and MOK completely blocked cilia elongation, while cilia length in control cells was not
affected (Figure 4D, 4E). Rapamycin treatment also suppressed the effect of MRK depletion on
the anterograde IFT velocity of IFT20-GFP (Figure 4F). Together our data indicate that MRK
and MOK function in the same pathway as mTOR, most likely upstream of mTOR.
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Figure 4. MRK and MOK act through mTOR. (A) Average length of primary cilia of IMCD-3 cells
expressing a control sShRNA, shMRK #01, or shMOK #01, untreated or treated with 100 uM forskolin
(Fsk) for 24 hours. (B) Immunofluorescence images of IMCD-3 cells expressing a control shRNA,
MRKsh #01, or MOKsh #01, untreated or forskolin-treated, stained with anti-acetylated tubulin. (C)
Average anterograde velocity of IFT20-GFP in IMCD-3 control cells, and cells depleted of MRK,
untreated and forskolin-treated. (D) Average length of primary cilia of IMCD-3 cells expressing a control
shRNA, shMRK #01, or shMOK #01, untreated or treated with 0.5 uM rapamycin (rapa) for 24 hours.
(E) Immunofluorescence images of IMCD-3 cells expressing a control sShRNA, MRKsh #01, or MOKsh
#01, untreated or rapamycin-treated, stained with anti-acetylated tubulin. (F) Average anterograde velocity
of IFT20-GFP in IMCD-3 control cells, and cells depleted of MRK, untreated and rapamycin-treated.
Statistically significant differences compared to the untreated cells are indicated with a black asterisk, and
to the control shRNA are indicated with a red asterisk. Error bars indicate SD. Scale bar, 10 pm.
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Discussion

In this study we show that the ros cross-hybridizing kinases (RCKs) MRK and MOK function
in the regulation of primary cilia length. Both MRK and MOK localize to the primary cilium
in cultured renal epithelial cells. Our knockdown experiments indicate that MRK and MOK
negatively regulate cilia length. Overexpression of MRK resulted in shorter primary cilia, while
overexpression of MOK did not affect cilia length. Depletion of MRK resulted in increased
anterograde IFT velocities of components of all the IFT subcomplexes, while retrograde velocity
was not affected. The effect of MRK depletion on cilia length was independent of cAMP
signaling, but the effect of forskolin and MRK depletion on IFT were not additive. Depletion of
MOK in forskolin-treated cells did not lead to further cilia length increase. Using an inhibitor of
mTOR, rapamycin, we showed that the effects of both MRK and MOK on cilia length and IFT
require the mTOR pathway.

Regulation of cilium length by IFT

Elongation of cilia is thought to be achieved by increased delivery of axonemal subunits at the
distal tip by the anterograde IFT system. Our work showing that depletion of MRK increases
anterograde IFT velocity and cilia length is in agreement with this theory. In addition, an increase
of axonemal precursors at the distal tip could be achieved by altering other IFT parameters.
For example, in Chlamydomonas it has been shown that during flagellar regeneration IFT
particle size increases, while IFT velocity decreases. In fully elongated flagella the particle
size decreases again, and IFT velocity increases. These data suggest that in short, elongating
flagella IFT particles form long and slow moving trains, while in long, fully elongated flagella
IFT particles form short and fast moving particles. Since MOK did regulate cilia length, but
did not affect anterograde IFT velocity, it could be that particle size, or other IFT parameters
such IFT frequency or cargo selection are altered, resulting in an influx of material at the distal
tip. Unfortunately, it proved to be impossible to accurately and reproducible measure these
parameters in our imaging setup.

Signaling cascade by which MRK and MOK regulate cilia length

MRK can be phosporylated and activated by CCRK (cell cycle-related kinase). CCRK is
the vertebrate orthologue of Chlamydomonas’ long flagella 2 (If2) and C. elegans’ dyf-19.
Chlamydomonas cells containing a mutant allele of /f2 form extra long flagella (Asleson and
Lefebvre, 1998). Mutations in dyf-19 resulted in the abnormal distribution of some IFT proteins,
but did not significantly affect cilia length (Phirke et al., 2011). In zebrafish, CCRK acts together
with its binding partner Bromi to regulate ciliary assembly (Ko et al., 2010). Downstream,
MRK has been shown to phosphorylate Raptor (Wu et al., 2012), a component of mTORCI
(Kim et al., 2002). Recently, the mTOR pathway has been linked to cilia length regulation
(Yuan et al., 2012). mTOR exists in at least two molecular complexes, n"TORC1 and mTORC?2,
which are defined by the presence of either Raptor (mTORC1) or Rictor (mTORC2). Raptor
is a scaffolding protein that recruits S6K1 and 4EBP1 to mTORCI (Nojima et al., 2003).
After subsequent phosphorylation by mTOR, S6K1 and 4EBP1 promote mRNA translation
and ribosome biogenesis (Ma and Blenis, 2009). Thus, modulation of cilia length by mTOR is
probably achieved by regulation of protein synthesis (Yuan et al., 2012). Our observation that
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treatment with rapamycin suppresses all effects of depletion of MRK and MOK on cilia length
and IFT, and the finding that MRK phosphorylates Raptor, make it likely that MRK and possibly
MOK act in a cilia length regulating pathway, which involves Raptor and mTOR. Whether this
pathway also involves CCRK remains to be determined. It is unclear where this pathway acts.
Both the downstream target Raptor and the upstream regulator CCRK have never been shown
to localize to the ciliary compartment. In addition, it remains unclear how such a signaling
cascade could increase anterograde IFT velocities. Possibly, changes in protein synthesis as a
result of modulation of the mTOR pathway could affect IFT kinetics. An alternative pathway
might involve retinitis pigmentosa 1 (RP1), since the third RCK, MAK, negatively regulates
cilia length by acting through RP1 (Omori et al., 2010). RP1 is a microtubule-associated protein,
which positively regulates cilia length, and can be phosphorylated by MAK (Omori et al.,
2010). However, in IMCD-3 cells MRK and MOK probably do not act through RP1, because
it is exclusively expressed in photoreceptor cells (Sullivan et al., 1999). Interestingly, increased
expression of a close relative of RP1, DCDC2, has also been shown to positively regulate cilia
length (Massinen et al., 2011). Further studies are required to better understand the molecular
mechanisms behind the regulation cilia length and IFT by MRK and MOK.

Concluding remarks

Cilia length and morphology vary extensively between different tissues. These differences are
important for the specific functions of cilia, since inappropriate elongation of cilia hinders the
biological processes in which cilia function (Niggemann et al., 1992; Yuan et al., 2012). Several
ciliopathies arise from defects in cilia length control. For example, MAK, negative regulator
of cilia length and close relative of MRK and MOK, has been linked to the retina-specific
ciliopathy retinitis pigmentosa (Ozgul et al., 2011; Tucker et al., 2011). Also Juvenile Cystic
Kidney Disease and Meckel-Gruber Syndrome have been linked to the long cilia phenotype
(Sohara et al., 2008; Tammachote et al., 2009). MRK has been linked to endocrine-cerebro-
osteodysplasia (ECO), which has ciliopathy-like symptoms (Lahiry et al., 2009). Previously
reported data have identified a number of signaling proteins that play an important role in
controlling cilia length. Here we show that MRK and MOK function in the mTOR pathway
to regulate cilia length, and we provide evidence that regulation of cilia length is achieved by
modulation of IFT.
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Material and methods

Antibodies and plasmids

The following primary antibodies were used: mouse monoclonal anti-acetylated tubulin (Sigma;
immunofluorescence (IF), 1:1000), rabbit polyclonal anti-MRK (Gift from Zheng Fu; Western
blot (WB), 1:500), rabbit polyclonal anti-MOK (Cosmo Bio Co., Ltd.; WB, 1:1000), and
anti-actin (Millipore; WB, 1:5000). The following secondary antibodies were used: alexa594-
conjugated anti-mouse (Invitrogen; IF, 1:1000), HRP-conjugated anti-rabbit (Dako; WB,
1:5000), and HRP-conjugated anti-mouse (Amersham; WB, 1:10000).

IFT43-YFP was a gift from Heleen Arts, and IFT20-GFP was a gift from Gregory Pazour. GFP-
MRK was generated by PCR amplifying the MRK open reading frame (ORF) from mouse MRK
cDNA (IMAGE clone 4224269) and subcloning it into the EcoRI and Kpnl sites of pEGFP-C1.
GFP-MOK was generated by PCR amplifying from the MOK ORF from mouse MOK ¢DNA (a
gift from Yoshihiko Miyata) and subcloning it into the Sall and Sacll sites of pEGFP-C1. GFP-
BBS8 was generated by PCR amplifying the BBS8 ORF from the mouse BBS8 cDNA (IMAGE
clone 4527657) and subcloning it into the Kpnl and Apal sites of pEGFP-C1. CFP-centrin-2
was generated by PCR amplifying the centrin-2 ORF from IMCD-3 ¢cDNA and subcloning it
into the Kpnl and BamHI sites of pECFP-N1. The coding sequence of mouse KIF3B (IMAGE
clone 8862410) was subcloned by PCR into the pmCit-C1 vector (equivalent to Clontech
pEGFP-C1 except that EGFP was replaced with a monomeric version of mCitrine) using Xho I
and EcoRI restriction sites engineered into the 5’ and 3’ PCR primers, respectively. The plasmid
was confirmed by sequencing in both directions. A single mutation was found which changed
Valine 34 to Alanine. This mutation does not change the motility of KIF3B (KJV, unpublished).
Kif17-mCit has been described previously (Hammond et al., 2010).

To make a kinase-dead GFP-MRK construct site-directed mutagenesis was used to change the
codon of an essential lysine residue at a.a. position 33 into a methionine codon. To make a
kinase-dead GFP-MOK construct site-directed mutagenesis was used to change the codon of an
essential lysine residue at a.a. position 35 into a methionine codon. The shRNA clones, non-target
control shRNA, shMRK #01 (targeting sequence (T.S.), CACAACCACGAGGCGGTGTAA),
shMRK  #02 (T.S., CCAGTGAAATTGACACAATTT), shMOK #01 (T.S,,
CTGGTTCTCTTGCACTAATAT), and shMOK #02 (T.S., GCCGGAGAATATCCTAGTAAA)
were obtained from the TRC lentivirus-based shRNA library (Sigma). For additional information,
see SI Materials and Methods.

Cell culture and transfections

IMCD-3 cells (CRC-212, ATCC) were grown in DMEM/F10 medium supplemented with 10%
FCS, penicillin (100 U/ml) and streptomycin (100 pg/ml). For transient transfections IMCD-3
cells, at 60% confluency, were transfected with FuGENE 6 (Roche), and serum starved for 48
hours to induce ciliogenesis.

To generate clonal IMCD-3 cell lines that stably express GFP-tagged IFT complex components,
IMCD-3 cells were first transfected with linearized FP-fusion constructs. After 48 hours, G418
(500 pg/ml) was used to select transfected cells. After two weeks, the viable cells were sorted
on a FACS Aria II cell sorter (Becton-Dickinson) to select the GFP-positive cells. Individual
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cells were seeded in a 96-well plate and cultured until there were enough cells to confirm the
FP-construct expression levels and subcellular localization by fluorescence microscopy.

Immunofluorescence and microscopy

IMCD-3 cells were fixed with 4% PFA, permeabilized with 0.15% Triton X-100 in PBS, and
blocked with blocking buffer (1% BSA and 0.05% Tween-20 in 1x PBS) for 45 minutes at
room temperature (R.T.). Cells were incubated with primary antibodies (in blocking buffer) for
1 h at R.T., and washed three times with PBS tween (0.05% Tween-20 in 1x PBS). Cells were
incubated with fluorescent-conjugated secondary antibodies (in blocking buffer) for 45 minutes
at R.T., and washed three times with PBS tween. After the washing steps the cells were washed
with 70% ethanol for 1 minute and 100% ethanol for 1 minute. The samples were air-dried and
mounted on a microscope slide with mounting solution (20 mM Tris HC1 pH 8, 0.2 M DABCO,
90% glycerol). Subcellular localization studies and cilia length measurements were performed
using a Zeiss Imager Z1 microscope with a 63x (NA 1.4) objective.

Retroviral expression

Third-generation lentiviruses were packaged in HEK293T cells by transient co-transfection,
with Lipofectamine 2000 (Invitrogen), of pMDg/RRE, pRSVREYV, pMD.9, and pLKO.1-puro
containing non-target control shRNA, shMRK #01, shMRK #02, shMOK #01, or shMOK
#02. IMCD-3 cells growing at 40% confluency were transduced with lentiviruses. Forty-eight
hours after transduction, the transduced cells were serum-starved in the presence of 5 pg/ml
puromycin. After 48 hours of serum starvation cells were either harvested for protein extraction
or used to determine cilia length or IFT velocities.

Western Blot Analysis

IMCD-3 cells were harvested in lysis buffer (50 mM Tris pH 6.8, 5 mM EDTA, 5% glycerol, 2%
SDS, 1% B-mercaptoethanol, and Protease Inhibitor Cocktail (Roche)). Lysates were centrifuged
at 13.200 rpm for 1 min at 4 °C. Supernatants were collected, and 1x Laemmli loading buffer
was added. The protein samples were separated on SDS-PAGE gels and then transferred to a
nitrocellulose transfer membrane (Whatman). Membranes were probed with primary antibodies,
washed three times with PBST (0.25% Tween-20 in 1x PBS), probed with HRP-conjugated
secondary antibodies, washed three times with PBST, and finally the membranes were exposed
to chemiluminescence reagent (Amersham). Chemiluminescence was detected with Alliance
2.7 (UVltec).

Imaging of intraflagellar transport in cultured cells

Clonal IMCD-3 cells stably expressing mCit-KIF3B, IFT43-YFP, GFP-BBSS, IFT20-GFP, or
KIF17-mCit were grown on 18 mm cover slips. Prior to analysis glass slide were inversed
onto a 24 mm cover slip, and placed in a live-cell imaging chamber. Time-lapse movies were
acquired on a spinning-disc microscope (CSU-X1-A1; Yokogawa) equipped with 100 1.49 NA
oil objective (Nikon) and an EMCCD camera (QuantEM 512SC; Roper Scientific), installed
on an inverted research microscope (Eclipse Ti-E; Nikon), and controlled with MetaMorph 7.5
software (Molecular Devices). To determine the IFT particles’ velocities, kymographs were
generated in ImageJ with the Kymograph plugin, written by J. Rietdorf.
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Statistical analysis

P values were derived from one-way ANOVA analysis, followed by a Bonferroni post-hoc
test, using SPSS. In all figures the criteria for statistical significance was defined as P < 0.001.
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Chapter 3

Abstract

Primary cilia are microtubule-based organelles, which have important sensory functions.
Primary cilia are dynamic organelles, and their length can be modulated by several signaling
molecules. MRK and MOK are two kinases that can negatively regulate cilia length in cultured
renal epithelial cells, and MRK also modulates intraflagellar transport. However, the molecular
mechanisms by which MRK and MOK regulate cilia length are not clear. To gain more insight
in the function of MRK and MOK we sought to identify proteins that interact with MRK
and MOK using a proteomic approach. Our analysis revealed a range of MRK and/or MOK
binding proteins, including centrosomal proteins, proteins involved in microtubule-based motor
transport, and signal transduction. In addition, we compared the proteins found in the mass
spectrometry analysis with proteins found in the ciliary proteome and with proteins containing
the MRK phosphorylation consensus sequence (R-P-X-S/T-P). The proteins found using this
approach provide a source for future experiments aiming to determine the ciliary function of
MRK and MOK.
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Introduction

Primary cilia are microtubule-based organelles found on the surface of most eukaryotic cells.
They have specialized sensory functions, including chemosensation, mechanosensation, and
photosensation (Satir and Christensen, 2008). A wide variety of cilia lengths and morphologies
exists, probably reflecting their specific functions in different types of tissues and organisms.
Several signaling proteins regulate cilia and morphology (Avasthi and Marshall, 2011). Among
the signaling proteins that modulate cilia length is a small family of kinases, the RCKs (ros
cross-hybridizing kinases). Members of the RCK family have been shown to negatively regulate
cilia length in Chlamydomonas, Leishmania, C. elegans, and mice (Bengs et al., 2005; Berman
et al., 2003; Burghoorn et al., 2007; Omori et al., 2010).

The mammalian genomes harbor three members of the RCK family: MAK/RCK (male germ
cell-associated kinase/ros cross-hybridizing kinase) (Bladt and Birchmeier, 1993; Xia et al.,
2002), MRK/ICK (MAK-related kinase/intestinal cell kinase) (Abe et al., 1995; Togawa et al.,
2000), and MOK/RAGE (MAPK/MAK/MRK overlapping kinase/renal tumor antigen) (Miyata
et al., 1999; Van Den Eynde et al., 1999). Several proteins have been found to interact with the
different RCK members. Co-immunoprecipitation assays showed that MAK, which regulates
cilia length in mouse photoreceptors (Omori et al., 2010), associates with and phosporylates
the microtubule-associated protein (MAP) RP1 (Omori et al., 2010). A yeast two-hybrid
screen showed that MRK interacts with CCRK (cell cycle-related kinase), Raptor (regulatory-
associated protein of mTOR), PP5 (protein phosphatase 5), and Scythe (Fu et al., 2006). Of these
four proteins, CCRK is the only protein with a known ciliary function. The CCRK homologue in
Chlamydomonas, LF2 (long flagella 2), is a negative regulator of cilia length (Tam et al., 2007).
In zebrafish, CCRK, together with Bromi, regulates ciliary membrane and axonemal growth
(Ko et al., 2010). The other three proteins do not immediately appear to have a ciliary function.
Raptor is an mTOR scaffold protein (Yonezawa et al., 2004). Interestingly, the mTOR pathway
was recently shown to be involved in the modulation of cilia length (Yuan et al., 2012). Protein
phosphatase 5 (PP5) is a negative regulator of growth arrest (Zuo et al., 1998; Zuo et al., 1999)
and Scythe is an inhibitor of apoptosis (Desmots et al., 2005). Co-immunoprecipitation assays
showed that MOK binds the molecular chaperones Cdc37, HSC70, HSP90, HSP70, and HSP60
(Miyata et al., 2001). No other binding partners have been reported for MOK.

Regulation of cilia length is complex process, involving several signaling pathways, as well as
structural proteins (Avasthi and Marshall, 2011; Miyoshi et al., 2011). To gain more insight in
how RCK kinases regulate cilia length, we sought to identify proteins that associate with MRK
and/or MOK using a proteomics approach. MS analysis of proteins co-purified with tagged
MRK and MOK identified various potential MRK and MOK interacting proteins.
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Results

Identification of MRK and MOK binding partners in HEK293T cells using a biotinylation-
proteomics approach

We chose to perform our pull-down assays in HEK293T cells, because of their high transfection
efficiency. Although some groups have reported that HEK293T can generate primary cilia
(Gerdes et al., 2007; Kinzel et al., 2010; van Rooijen et al., 2008), we did not observe any ciliated
HEK293T cells after 48 hours of serum-starvation (data not shown). However, HEK293T cells
do express MRK and MOK (data not shown), as well as most IFT complex proteins (Boldt et al.,
2011). Triple tagged MRK and MOK constructs were generated by fusing GFP, a V5 tag, and
a biotinylation tag (bio-tag) to their C-terminal end. In addition to wild type MRK and MOK,
we also generated triple tagged kinase-dead MRK and MOK. In kinase-dead mutant constructs
an essential lysine in the ATP-binding pocket was changed into a methionine, making the
protein inactive (Xia et al., 2002). Each of the resulting constructs were transiently expressed
together with birA, a bacterial protein—biotin ligase (Driegen et al., 2005), in HEK293T cells.
Biotinylated MRK and MOK were recovered from the HEK293T extracts using magnetic
streptavidin beads. MRK/MOK and co-precipitated proteins were resolved on SDS-PAGE
followed by Coomassie staining (Figure 1A). The (co)-purified proteins were subjected to MS
analysis. This analysis identified numerous potential binding partners of MRK and MOK. After
exclusion of aspecifically binding proteins (proteins that were pulled-down with GFP-Bio),
MS analysis identified 89 potential binding partners for wild type MOK, 262 potential binding
partners for kinase-dead MOK, 416 potential binding partners for wild type MRK, and 341
potential binding partners for kinase-dead MRK.

Comparison of candidate proteins with ciliary proteome database

To select the candidate binding partners of MRK and MOK relevant to cilia, we decided to
compare our MS results with the ciliary proteome database (http://www.ciliaproteome.org). The
ciliary proteome (Gherman et al., 2006) provides an overview of candidate ciliary proteins
by combining several proteomic (Andersen et al., 2003; Keller et al., 2005; Liu et al., 2007;
Ostrowski et al., 2002; Pazour et al., 2005) and genomic studies (Avidor-Reiss et al., 2004;
Blacque et al., 2005; Broadhead et al., 2006; Efimenko et al., 2005; Li et al., 2004). Proteins
that are present (according to the ciliary proteome database) in at least two of these proteomic/
genomic studies, as well as in our mass spec results are shown in table 1. This reduced the
list of candidate binding partners to 66 proteins. It is important to note that with this approach
cytosolic proteins that directly interact with MOK and MRK might not be taken into account.
These proteins could still play an important role in how MRK and MOK regulate cilia length
and IFT. This list of candidates comprises proteins that have been described to function in a
variety of processes. At first glance some process do not appear to be compatible with a ciliary
function (for examples transcription and translation), while others function in processes which
are compatible with a ciliary function (for example centrosomal proteins and proteins involved
MT-based transport).
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Figure 1. Purification of MRK and MOK, and their binding partners. (A) Coomassie stained SDS-
PAGE gel with (co)-purified proteins from pull-down assays in HEK293T with GFP-Bio (GFP), MRKwt-
GFP-Bio (MRKwt), MRKkd-GFP-Bio (MRKkd), MOKwt-GFP-Bio (MOKwt), and MOKkd-GFP-Bio
(MOKKkd). The proteins used as baits are indicated with asterisks. (B) Western blot analysis of the lysate,
unbound, and bound fractions of pull down assays in HEK293T visualizing MRKwt, MRKkd, MOKwt,
MOKKkd, and GFP with anti-GFP.

Identification of proteins containing R-P-X-S/T-P, the MRK phosphorylation consensus
sequence

Protein kinases recognize specific amino acid sequences surrounding the site of
phosphorylation (Songyang et al., 1996), which can be useful for identifying protein
substrates. Using a positional scanning peptide array method, R-P-X-S/T-P was identified

as the preferred phosphorylation consensus sequence recognized by MRK (Fu et al., 2006).
We performed a BLAST search for this consensus sequence in both the human and mouse
genomes. This search yielded 84 proteins containing the MRK phosphorylation consensus
sequence. Several of these proteins had already been described to have a ciliary function.

The most interesting one is RP1, a MT-associated protein that positively regulates cilia
length, and which is the downstream target of the third RCK, MAK (Omori et al., 2010).

The BLAST search also yielded three basal body-associated proteins: Centrosomal protein
110kDa/Centriolin, centrosomal protein 350kDa, and rootletin. In addition, two ciliary dynein
subunits were found, axonemal dynein heavy chain 1 and axonemal dynein heavy chain 3.
However, these dyneins do not function in IFT, but instead function in the coordinated beating
of motile cilia (Lee, 2011). MRK has been found to phosphorylate Raptor (Fu et al., 2009),

an associated component of mTOR (Kim et al., 2002). Surprisingly, the phosporylation site
of Raptor for MRK was R-P-G-T-T (Wu et al., 2012), which is slightly different from the
MRK phosphorylation consensus sequence (a nonpolar a.a proline is replaced for a polar a.a.
threonine). This suggests that minor deviations of the phosphorylation consensus sequence
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are possible. When comparing the proteins containing the MRK phosphorylation consensus
sequence with the candidate binding partners from the pull-down experiments we found two
proteins that were present in both: nuclear mitotic apparatus protein 1 (NUMA1) and ankyrin
repeat domain-containing protein 17 (ANKRD17). Intriguingly, both proteins are also present
in the ciliary proteome. It would be interesting to further examine this interaction.
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Discussion
Mass spectrometry analysis

Here we used a biotinylation-proteomics approach to identify the molecular partners of MRK
and MOK, in order to learn more about their function. For this approach, the biotin ligase from
Escherichia coli (birA) was used to biotinylate proteins containing a short (15 amino acids)
peptide sequence, the bio-tag (Driegen et al., 2005). In HEK293T cells transfected with tagged
MRK/MOK (and birA) we observed high expression of these fluorescent proteins (data not
shown), however biotinylated wild type and kinase-dead MRK and MOK were not efficiently
pulled down from HEK293T cells. A possible explanation would be that not all bio-tagged
MRK and MOK is efficiently biotinylated, for example because bio-tagged MRK/MOK and
birA reside in different cellular compartments in the cell. Western blot analysis revealed that
there was still a considerable amount of tagged MRK and MOK present in the unbound fractions
(Figure 1B), supporting this idea. Perhaps, pull down experiments with beads coated with an
antibody, such as anti-GFP or anti-V5, would be more efficient.

Centrosomal proteins

Among the proteins that co-purified with MRK were four centrosomal proteins: centrosomal
protein 164kDa (Cepl64), pericentrin (Pcnt), centrosomal protein 170kDa (Cepl70), and
CDKS5 regulatory subunit associated protein 2 (CDKSRAP2). Cepl164 localizes to the distal
appendages of the basal body, and in the absence of Cepl64, hTERT-RPEI1 cells fail to form
primary cilia (Graser et al., 2007). Pcnt is an integral component of the centrosome, and can
act as a multifunctional scaffold for numerous proteins and protein complexes (Doxsey et al.,
1994; Takahashi et al., 2002; Zimmerman et al., 2004). Interestingly, Pent depletion disrupts
basal body localization of IFT proteins and the cation channel polycystin-2 (PC2), and inhibits
primary cilia assembly in hTERT-RPE1 cells (Jurczyk et al., 2004). Cep170 associates with
subdistal appendages, and depletion of Cep170 perturbs cytoskeletal organization and cell shape
(Guarguaglini et al., 2005). CDKSRAP2 functions in gamma-tubulin attachment to centrosomes
(Fong etal., 2008). Three additional centrosomal proteins were found to have the preferred MRK
phosphorylation consensus sequence: Centriolin, Centrosome-associated protein 350 (Cep350),
and Rootletin. Centriolin interacts with proteins of the vesicle-targeting exocyst complexes and
vesicle-fusion SNARE complexes (Gromley et al., 2005), as well as with Hook2 (Szebenyi et
al., 2007), a member of the Hook family of proteins which function in the positioning of cellular
structures. Cep350 has been described to function in MT anchoring (Yan et al., 2006). Rootletin
is a structural component of the ciliary rootlet (Yang et al., 2002), but has also been described
to act as a scaffolding protein for kinesin-1 vesicular cargos (Yang and Li, 2005). In C. elegans,
the amphid cilia of che-10 (homologue of rootletin) mutants degenerate, leaving dendrites with
bulb-shaped endings, filled with protein accumulations (Perkins et al., 1986). MRK and MOK
both localize to the basal body and it is very well possible that MRK and MOK regulate the
entry of specific ciliary proteins at this location.

Microtubule-based transport & other microtubule-associated proteins

Intraflagellar transport is a microtubule motor protein-based transport system. Molecular
motors use microtubules to transport cargo to particular locations. Typically, adaptor and
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scaffold proteins are used to bind cargo to the motor proteins. MOK and MRK both undergo
transport in the cilium, but MRK also affects the anterograde velocity of IFT particles. Thus,
an interaction of MRK and MOK with components of molecular transport machineries could
be explained in different ways. Dynein light chain 1/LC8 was co-purified with kinase-dead
MOK. Dynein light chain 1 is part of cytoplasmic dynein 2 (Rompolas et al., 2007), the dynein
motor complex responsible for retrograde IFT. Additionally, it has been shown that Ndel
negatively regulates ciliary length by tethering dynein light chain 1 at the basal body (Kim et
al., 2011). Tubulin tyrosine ligase-like family member 3 (TTLL3) was found in the IPs of both
wild type and kinase-dead MRK. Posttranslational modifications (PTMs) of microtubules can
alter the affinities of motor proteins. TTLL3 acts as a tubulin glycine ligase and depletion of
TTLL3 shortens the ciliary axoneme (Wloga et al., 2009). Two other proteins associated with
microtubule-based motor transport found in the MS analysis are nuclear distribution gene

C (NudC) and intraflagellar transport 74 (IFT74). NudC mediates the interaction between
dynein and dynactin complexes with kinesin-1, when these complexes are transported in an
anterograde direction (Yamada et al., 2010). IFT74 is a peripheral complex B protein. In C.
elegans, ift-74 mutants show marginal defects in cilia formation, thus if#-74 is not absolutely
required for ciliogenesis (Kobayashi et al., 2007). Modulation of the MT motor protein-

based transport system inside the cilium, but also towards the cilium, could alter the delivery
of proteins to the distal tip, and thus explain the function of MRK and MOK as negative
regulators of cilia length.

Signal transduction

MRK and MOK are kinases, and probably function in a signaling cascade. In the MS analysis
of the co-purified proteins multiple signaling components were found: several subunits of
protein phosphatase 1 (PP1), three G protein subunits, a subunit of a cAMP-dependent protein
kinase, and MAK. PP1 is a major serine/threonine-protein phosphatase involved in various
cellular processes (Shi, 2009). One of these is the modulation of sperm motility (Fardilha

et al., 2011), a process where MAK also functions in (Shinkai et al., 2002). Membrane-
associated G proteins are heterotrimeric proteins, consisting of o, B, and y subunit. The three
G protein subunits that co-purified with MRK/MOK have not been described to have a ciliary
function. cAMP-dependent protein kinase type II-alpha regulatory subunit (PRKAR2A) has
been shown to interact with GSK-3 (Tanji et al., 2002), a component of the mTOR pathways
and a negative regulator of cilia length (Miyoshi et al., 2009). Finally, MAK co-purified with
MRK, which could mean that RCKs can form heterodimers, or function together in a bigger
complex.

Others

In addition to IFT, the cilium also relies on vesicular-mediated transport for its formation and
its function (Emmer et al., 2010; Nachury et al., 2010; Pazour and Bloodgood, 2008). ADP-
ribosylation factor 1 (ARF1), RAB1A, RAB10, RAP2C, ADP-ribosylation factor 6 (ARF6),
Ras-related protein R-Ras (RRAS), and golgin B1 were co-purified with MRK and/or MOK.
Of these proteins, Rab10 is the only protein that has been described to have a ciliary function
(Babbey et al., 2010). Since subcellular localization studies suggest that neither MRK nor
MOK associate with vesicles it is unclear why they would associate with proteins involved in
vesicular-mediated transport.
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The proteins of the 14-3-3 family are scaffolding proteins that anchor different signaling
proteins (Bustos, 2012). 14-3-3¢, 14-3-3y, and 14-3-36 co-purified with both MRK and MOK.
These three proteins could act as scaffolding proteins for MRK and MOK, bringing them in
close proximity with upstream or downstream signaling proteins.

NMEI1 and NME2, which can form hexamers (Janin et al., 2000), are nucleoside diphosphate
kinases (NDPKs). These kinases catalyze the exchange of phosphate groups between different
nucleoside diphosphates. Several members have already been shown to localize to primary cilia
and sperm flagella, but their function in the cilium is still unknown. Interestingly, NMEI has
been shown to interact with Aurora A kinase, which regulates the disassembly of cilia (Kinzel
etal., 2010).

The presence of NUMA1 and ANKRDI17 in the MS analysis of proteins that co-purified
with MRK and/or MOK was particularly interesting because they contain MRK’s preferred
phosphorylation consensus sequence. NuMA plays a central role in spindle maintenance by
physically tethering microtubules to centrosomes and by focusing spindle microtubules at the
poles (Gaglio et al., 1995; Gordon et al., 2001; Kallajoki et al., 1991; Merdes et al., 1996).
ANKRDI17 is ubiquitously expressed and binds Cyclin E/Cdk2 (Deng et al., 2009; Wang et al.,
2012), a key regulator of the G -S transition.
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Material and methods
Plasmids

GFPbio was generated by PCR amplification of the V5-bio-tag from PK-bio (Gift from Eric
Soler) and subcloning into the BsrGI and Notl sites of pEGFP-N1 (Clontech). MOKwt-GFP-
bio was generated by subcloning the V5-bio-tag from GFP-bio into the BsrGI and NotI sites of
MOKwt-GFP. MOKwt-GFP had previously been generated by PCR amplification of the MOK
ORF from mouse MOK cDNA (a gift from Yoshihiko Miyata) and subcloning it into the Nhel
and HindIII sites of pEGFP-N1. MOKkd-GFPbio was generated by replacing MOKwt from
MOKwt-GFPbio with MOKkd from MOKkd-GFP using the Nhel and HindIII sites. MOKkd-
GFP had previously been generated by changing the codon of an essential lysine residue at a.a.
position 33 into a methionine codon using site-directed mutagenesis. To make a kinase-dead
GFP-MOK construct, site-directed mutagenesis was used to change the codon of an essential
lysine residue at a.a. position 35 into a methionine codon. MRKwt-GFPbio was generated by
replacing MOKwt from MOKwt-GFPbio with MRKwt from MRKwt-GFP using the Agel
and EcoRI sites. MRKwt-GFP had previously been generated by PCR amplification of the
MRK open reading frame (ORF) from mouse MRK cDNA (purchased from ImaGenes) and
subcloning it into the Nhel and HindIII sites of pEGFP-N1. MRKkd-GFPbio was generated by
replacing MOKwt from MOKwt-GFPbio with MRKkd from MRKkd-GFP using the Agel and
EcoRI sites. MRKkd-GFP had previously been generated by changing the codon of an essential
lysine residue at a.a. position 35 into a methionine codon using site-directed mutagenesis. HA-
birA was a gift from Dies Meijer.

Cell culture and transfections

HEK293T cells were grown in DMEM/F10 medium supplemented with 10% FCS, penicillin
(100 U/ml) and streptomycin (100 pg/ml). For pull-down experiments, four 14-cm plates with
HEK?293T cells, ata confluency of 80%, were transfected using Lipofectamine 2000 (Invitrogen).

Pull-down

For pull-downs, HEK293 cells transfected with the bio-tagged bait protein and birA were
harvested one day after transfection. Harvested cells were washed once with 1x PBS, and lysed
with lysis buffer (20 mM Tris pH 7.5, 150 mM KCl, 0.2% Triton X-100, 10% glycerol, and
Protease Inhibitor Cocktail (Roche)) for 30 minutes on ice. Cell lysates were centrifuged for
10 minutes at 16.000 g. Supernatant was incubated with streptavidin-coated beads (Dynabeads
M-280 Streptavidin, Invitrogen) for two hours at room temperature, which had been blocked
for 30 minutes at room temperature with blocking buffer (20 mM Tris pH 7.5, 150 mM KCI,
20% glycerol, and 1 ng/ul chicken egg albumin). Afterwards, the beads were washed six times
with wash buffer (20 mM Tris pH 7.5, 150 mM KCI, 0.1% Triton X-100, 10% glycerol, and
Protease Inhibitor Cocktail (Roche). Finally, purified proteins were eluted in 50 pl 1x PBS by
boiling for 5 minutes. Proteins were resolved on a pre-cast polyacrylamide gel (NuPAGE Novex
4-12% Bis-Tris Gels, Invitrogen), and stained using Colloidal Blue Staining Kit (Invitrogen).
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Western Blot Analysis

The lysate, unbound, and bound fractions, obtained during the pull-downs, were separated
on SDS-PAGE gels and then transferred to a nitrocellulose transfer membrane (Whatman).
Membranes were probed with rabbit polyclonal anti-GFP (Abcam; 1:1000), washed three times
with PBST (0.25% Tween-20 in 1x PBS), probed with HRP-conjugated anti-rabbit (Dako;
WB, 1:5000), washed three times with PBST, and finally the membranes were exposed to
chemiluminescence reagent (Amersham). Chemiluminescence was detected with Alliance 2.7
(UVlItec).

Mass spectrometry

One-dimensional SDS-PAGE gel lanes were cut into 2-mm slices using an automatic gel
slicer and subjected to in-gel reduction with dithiothreitol, alkylation with iodoacetamide, and
digestion with trypsin (sequencing grade; Promega), as described previously (Wilm et al., 1996).
Nanoflow liquid chromatography-tandem mass spectrometry was performed on an 1100 series
capillary liquid chromatography system (Agilent Technologies) coupled to an LTQ-Orbitrap
mass spectrometer (Thermo) operating in positive mode and equipped with a nanospray source.
Peptide mixtures were trapped on a ReproSil C18 reversed-phase column (column dimensions,
1.5 cm by 100 pm, packed in-house; Dr Maisch GmbH) at a flow rate of 8§ pl/min. Peptide
separation was performed on a ReproSil C18 reversed-phase column (column dimensions, 15
cm by 50 um, packed in-house; Dr Maisch GmbH) using a linear gradient from 0 to 80% B
buffer (A buffer is 0.1 M acetic acid, and B buffer is 80% [vol/vol] acetonitrile-0.1 M acetic
acid) for 70 min and at a constant flow rate of 200 nl/min using a splitter. The column eluent
was directly sprayed into the electrospray ionization source of the mass spectrometer. Mass
spectra were acquired in continuum mode; fragmentation of the peptides was performed in
data-dependent mode. Peak lists were automatically created from raw data files using Mascot
Distiller software (version 2.0; MatrixScience). The Mascot search algorithm (version 2.2) was
used for searching against the International Protein Index database (IPI_human 20110407.
fasta). Peptide tolerance was typically set to 10 ppm, and the fragment ion tolerance was set to
0.8 Da. A maximum number of two missed cleavages by trypsin were allowed, and carbamido-
methylated cysteine and oxidized methionine were set as fixed and variable modifications,
respectively. The Mascot score cutoff value for a positive protein hit was set to 40. Individual
peptide tandem mass spectrometry spectra with Mascot scores <40 were checked manually and
either interpreted as valid identifications or discarded. Proteins present in the negative control
(GFPbio) were omitted from the initial analysis.
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Abstract

Primary cilia are microtubule-based organelles, which have an important sensory function. For
their function they rely on the delivery of specific proteins, both by intracellular trafficking and
intraflagellar transport (IFT). In C. elegans’ cilia anterograde IFT is mediated by kinesin-II and
OSM-3. Previously, we have shown that expression of a dominant active G protein o, subunit
(GPA-3QL) in amphid channel neurons affects the coordination of kinesin-II and OSM-3 and
cilia length, suggesting that environmental signals can affect IFT and cilia length. Here, we
show that mutation of sq/-1 (suppressor of gpa-3QL — 1), which encodes the homologue of the
mammalian Golgi protein GMAP-210, can suppress the gpa-3QL cilia length phenotype. SQL-
1 localizes to the Golgi apparatus, where it is required for maintaining Golgi organization. Loss
of sql-1 by itself does not affect cilia length, while overexpression of sg/-/ results in longer
cilia. Using live imaging of fluorescently tagged IFT proteins, we show that in sq/-/ mutants
OSM-3 moves faster, kinesin-II moves slower, and that some complex A and B proteins move at
an intermediate velocity, while others move at the same velocity as OSM-3. This indicates that
mutation of sq/-1 destabilizes the IFT complex. Finally, we show that simultaneous inactivation
of sql-1 and activation of gpa-3QL affects the velocity of OSM-3. In summary, we show that in
C. elegans the Golgin protein SQL-1 plays an important role in maintaining the stability of the
IFT complex.
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Introduction

Primary cilia are microtubule-based protrusions that can be found on the surface of almost all
vertebrate cells, and have important sensory functions. Cilia dysfunction has been associated
with a number of genetic diseases, collectively called ciliopathies (Hildebrandt et al., 2011).
Many ciliopathies affect various tissues and are caused by defects in proteins that play a role
in transport to the cilium or within the cilium. Often these mutations do not completely block
ciliogenesis, but rather result in changes in cilia morphology and/or localization of signaling
proteins in cilia.

A large diversity in cilia lengths and morphologies exists, probably reflecting the specialized
functions cilia can have in different tissues and/or organisms. However, little is known about how
this diversity is achieved. Different types of signaling molecules, including second messengers
(Abdul-Majeed et al., 2012; Besschetnova et al., 2010; Mukhopadhyay et al., 2008; Ou et al.,
2009), kinases (Berman et al., 2003; Burghoorn et al., 2007; Miyoshi et al., 2009; Omori et
al., 2010; Tam et al., 2007; Wang et al., 2006) and G proteins (Burghoorn et al., 2010) have
been shown to regulate cilia length and cilia morphology. Since these signaling pathways also
regulate transport, both in and toward the cilium, it is likely that these transport processes play a
role in regulating cilium length and morphology (Silverman and Leroux, 2009).

Ciliary proteins often originate from the Golgi apparatus (Emmer et al., 2010; Pazour and
Bloodgood, 2008). A number of small GTPases, including Arf4, Arl6 and Rab8 (Jin et al., 2010;
Mazelova et al., 2009; Nachury et al., 2007; Wiens et al., 2010), are involved in budding of
vesicles from the Golgi apparatus and fusion at the ciliary base. In the absence of components
of the multimeric BBSome complex, which is composed of 7 Bardet-Biedl Syndrome (BBS)
proteins (Nachury et al., 2007), the GPCRs rhodopsin, Sstr3, and Mchrl (Abd-El-Barr et al.,
2007; Berbari et al., 2008; Nishimura et al., 2004), fail to reach the cilium, indicating that
the BBSome functions in trafficking of (G-protein coupled) receptors to the cilium. However,
whether the BBSome functions in vesicular transport, cargo selection, or vesicle docking and
fusion is not completely clear.

Once inside the cilium, signaling proteins and structural proteins are transported by intraflagellar
transport (IFT). During this process, IFT particles, multimeric protein complexes consisting of
~20 proteins, carry cargo along the microtubule axis of the cilium, towards the distal tip and
back. Movement of the IFT particle is powered by kinesin-2 motors (anterograde transport)
and cytosolic dynein 2 (retrograde transport) (Rosenbaum and Witman, 2002). IFT particles
are organized in two distinct subcomplexes, complex A and complex B (Cole and Snell, 2009).
Complex A has been implicated in retrograde transport and complex B in anterograde transport.
In addition, proteins that are part of the BBSome have been observed moving in the cilium,
with similar velocities as components of the IFT complex (Blacque et al., 2004; Nachury et al.,
2007), suggesting that the BBSome associates with or is part of the IFT complex.

GMAP210 was recently found to play a role in vesicular transport from the Golgi to the cilium
(Follit et al., 2008). It belongs to the Golgin family, whose members are characterized by a
large number of coiled-coil domains, and function in maintaining the organization and position
of the Golgi apparatus (Short et al., 2005). GMAP210 localizes to the cis-Golgi network (Rios
et al., 1994), and is important for Golgi integrity (Rios et al., 2004). Interestingly, GMAP210
was found to anchor IFT20 to the Golgi apparatus. IFT20 is proposed to function as an adaptor
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protein for targeting vesicles to the cilium. In addition, IFT20 is a complex B protein (Follit et
al., 2006). In line with its novel role in vesicular trafficking to the cilium, absence of GMAP210
results in reduced levels of ciliary polycystin-2 (Follit et al., 2008). GMAP210 knockout mice
die at birth, most likely due to heart and lung defects (Follit et al., 2008). Both heart and lung
are among the organs affected in ciliopathy patients (Cardenas-Rodriguez and Badano, 2009).

The sensory cilia of C. elegans’ amphid neurons provide an excellent model to study the
regulation of cilia morphology. They can be divided in a middle segment, which has nine
microtubule doublets, and a distal segment, which has nine microtubule singlets (Perkins et
al., 1986; Ward et al., 1975). In the middle segment the IFT complex is transported by two
members of the kinesin-2 family, kinesin-II and OSM-3. At the end of the middle segment
kinesin-II dissociates from the complex, which leaves OSM-3 to transport the IFT complex
in the distal segment (Snow et al., 2004). We have previously shown that in animals carrying
a dominant active mutant gpa-3 sensory Ga subunit, gpa-3QL, the coordination of kinesin-
IT and OSM-3 in cilia is affected, and the sensory cilia are shorter (Burghoorn et al., 2010).
Interestingly, exposure of animals to dauer pheromone (a continuously secreted compound that
at high concentration induces an alternative larval stage, the dauer larva (Golden and Riddle,
1982)), affects the coordination of kinesin-II and OSM-3 very similarly as gpa-30L (Burghoorn
et al., 2010). IFT measurements on gpa-3 mutant animals exposed to dauer pheromone suggest
that gpa-3 functions in the pathway by which the pheromone affects IFT. Together these results
suggest that environmental cues transduced via GPA-3 can modulate IFT.

To find out how gpa-3 regulates IFT and cilia length we performed a screen for suppressors of
the gpa-3QL cilia defect. We identified and characterized one of the mutants, sq/-/, and found
that sql-1 encodes the C. elegans’ orthologue of the mammalian Golgin protein GMAP210.
We show that SQL-1 is ubiquitously expressed and localizes to the Golgi apparatus. In sql-1
mutants the Golgi structure seems disorganized, in line with the function of Golgin proteins.
In addition, sg/-1 affects the stability of the IFT machinery, resulting in a partial separation of
kinesin-II and OSM-3, and transport of the IFT complex predominantly by OSM-3.
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Results

sql-1 encodes the C. elegans orthologue of mammalian GMAP210

A subset of the amphid neurons of wild type C. elegans can take up fluorescent dyes (e.g.
DiO) from the environment (Hedgecock et al., 1985). However, animals with ciliary defects
lose this ability. Among the mutations that result in such a dye filling defect is a dominant
active mutation of the sensory Ga subunit gpa-3, gpa-30L (Zwaal et al., 1997). We performed
a forward genetic screen for mutations that suppress the dye filling defect of gpa-3QL animals.
Using SNP-mapping (Wicks et al., 2001), the mutation in gj202, one of the mutants (Figure
1A), was mapped to a region of chromosome III. Injection of a combination of long-range PCR
fragments spanning 35 kbp restored the gpa-3QL dye filling defect. This region was predicted to
encode three genes, Y111B2A.4, Y111B2A.5, and Y111B2A.26. Using RT-PCR we found that
these three predicted genes were actually a single gene spanning 18 exons, which we named
sql-1 (suppressor of gpa-3QL — 1). sql-1(gj202) contains an A>T nonsense mutation in exon 8§
that introduces a premature stop codon (Figure 1B).

A sql-1; c

wild type gpa-3QL gpa-3QL

250 kDa —
150 kDa

100 kDa
75 kDa =

B | A AN AN A A AN A AANAANN A A /\.WI
I | |
632 bp deletion 192 bp deletion T 175 bp deletion
in tm4995 in tm2440 A—T in gj202 in tm2409
[l No predicted domains coiled -coil region [l GRAB domain |l GA1 domain

Figure 1. Identification of sq/-1. (A) DiO dye filling of wild type, gpa-3QL, and sql-1(gj202),; gpa-
3QL animals. The dye filling defect of gpa-3QL animals is suppressed in sq/-1(gj202); gpa3QL. DiO
dye filling stains 6 pairs of amphid neurons. The cell bodies (indicated with an arrowhead) and dendrites
(indicated with an arrow) of some of these are in the focal plane of this picture. Anterior is towards the
top. Outlines of the worms are indicated with a dotted line. Scale bar, 10 pm. (B) Schematic representation
of the sql-1 gene structure. Coding exons are indicated as colored boxes. The coiled-coil region is shown
in grey, the GRAB domain in blue, the GA-1 domain in red, and regions with no predicted domains in
black. The position of the missense mutation in sq/-/ (g/202) animals is indicated with an arrow, and
the deletions of sql-1(tm2409), sql-1(tm2440), and sql-1(tm4995) animals are indicated with black bars.
(C) Immunoblotting of whole worm lysates collected from wild type, sql-1(tm2440), and sql-1(tm2409)
animals, with an antibody raised against the N-terminal end of SQL-1. * marks wild type SQL-1, ** marks
truncated SQL-1 in tm2440 animals.
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sql-1 encodes the C. elegans orthologue of mammalian GMAP210, a member of the family
of Golgin proteins (Short et al., 2005). At the a.a. level SQL-1 shows 12% identity to mouse
GMAP210. Both SQL-1 and GMAP210 consist of predominantly coiled-coil domains;
a.a. 5-1116 in SQL-1 and a.a. 64-1768 in GMAP210. The remaining 153 a.a. polypeptide
of mammalian GMAP210 contains a GRAB (GRIP-related Arf-binding) domain, which is
necessary for Golgi localization and might bind small GTPases, as well as a GA-1 motif, with
unknown function (Gillingham et al., 2004; Short et al., 2005). The last 201 amino acids of
mammalian GMAP210 have also been shown to interact with y-tubulin (Infante et al., 1999;
Rios et al., 2004). C. elegans’SQL-1 contains regions with high similarity to the GRAB (56%
homology) and GA-1 domains (61% homology), suggesting these domains are conserved. The
first 38 a.a. of GMAP210 contain an ALPS (ArfGAP-1 lipid-packing sensor) motif (Drin et
al., 2007), which can also mediate Golgi targeting (Cardenas et al., 2009), but this motif is not
present in C. elegans’ SQL-1. Finally, mammalian GMAP210 has been shown to bind IFT20,
and the IFT20-binding site was mapped to residues 1180-1319 of GMAP210 (Follit et al.,
2008). It was suggested that the IFT20-binding site was not conserved in C. elegans (Follit et al.,
2008). However, in SQL-1 we found a region with 39% similarity (16% identity) to the IFT20
binding region of mammalian GMAP210. To determine whether this interaction is conserved
in C. elegans we performed co-IP assays on animals expressing GFP-tagged IFT-20. We found
that anti-SQL-1 antibodies were unable to bring down IFT-20::GFP, and anti-GFP antibodies
failed to bring down endogenous SQL-1 (Figure S1A, S1B). In addition, we determined the
subcellular localization of IFT-20 using a full length if#-20::gfp fusion construct. In the ciliated
neurons [FT-20::GFP localized to the cilia, transition zone, dendrites, and cell body. In the cilia
we observed IFT-20::GFP positive particles, but in the transition zone, dendrites, and cell body
we only observed a diffuse signal (Figure S1C). The localization pattern of IFT-20::GFP in sql-/
mutant animals was identical to that of wild type animals. These data suggest that in C. elegans
SQL-1 and IFT-20 do not physically interact, and that IFT-20 does not localize to the Golgi
apparatus. Possibly, IFT-20’s function in the Golgi apparatus is not conserved in C. elegans.

Initially, two deletion mutants were obtained from the NBP-Japan, sql-1(tm2409), and sql-
1(tm2440). In the sql-1(tm2440) strain 192 bp of exon 4 was deleted, resulting in the loss of
64 a.a. of SQL-1 (Figure 1B). Western blot analysis, using antibodies raised against the N- and
C-terminal parts of the SQL-1 protein, showed that the sql-1(tm2440) strain indeed expressed
a smaller SQL-1 protein (Figure 1C, Figure S2A). sql-1(tm2440); gpa-3QL animals were dye
filling defective, thus the deletion in sql-1(tm2440) did not suppress the dye filling defect of
gpa-30L animals (data not shown). The sq/-1(tm2409) strain carries a 175 bp deletion, starting
in intron 14 and ending in exon 15. RT-PCR showed that this resulted in the loss of exon 15,
a frameshift in exon 16, and an early stop (data not shown). We could not detect the truncated
SQL-1 protein of sql-1(tm2409) animals on a Western blot (expected molecular weight 137
kDa), or in immunofluorescence (Figure 1C, Figure S2A, S2B), indicating sql-1(tm2409) is a
null allele. In sql-1(tm2409); gpa-30L mutants the dye filling defect caused by gpa-3QL was
suppressed (data not shown). Recently, we obtained a third deletion mutant, 1m4995. The sql-
1(tm4955) strain carries a 632 bp deletion, which removes exon 1 suggesting it might be a null
allele. However, we could detect sq/-/ mRNA in the animals using RT-PCR with primers located
in exons 3 and 8 (data not shown). Conversely, we could not detect a truncated SQL-1 protein on
Western blot, or with immunofluorescence (data not shown). This suggests that sq/-1(tm4995) is
anull allele. sql-1(tm4955),gpa-3QL animals did show dye filling (data not shown). In addition
to the loss-of-function mutants, we generated animals that contain extra copies of the sq/-1 gene,
sql-1XS. Western blot analysis showed that sq/-1.XS animals (gj2077) expressed approximately
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Figure 2. SQL-1 localizes to the Golgi apparatus. (A) Immunofluorescence images of wild type animals
expressing SQL-1::GFP (green) stained with anti-SQV-8 (red) to mark the Golgi apparatus. Outline of
the worm is indicated with a dotted line. Scale bar, 10 pm. (B) Immunofluorescence images of wild type
animals expressing the Golgi marker AMAN-2::YFP (green) in the ASI neurons stained with anti-SQL-1
(red). Anterior is towards the top. Outlines of the worm is indicated with a dotted line. Scale bar, 10 um.

three times more SQL-1 than wild type animals (data not shown). Overexpression of sg/-/ did
not affect dye filling. All loss-of-function and overexpression animals were healthy and showed
no apparent phenotype.

SQL-1 is ubiquitously expressed, and localizes to the Golgi apparatus

To determine the expression pattern and subcellular localization of SQL-1, two different
antibodies were raised against SQL-1, one against an N-terminal part (a.a. 106-737) of SQL-1,
and one against a C-terminal part (a.a. 519-1328). Immunofluorescence on wild type animals
showed a spotted pattern throughout the whole body (Figure S2B), suggesting SQL-1 is
ubiquitously expressed. A similar pattern was seen in sql-1(tm2440) animals (Figure S2B), but
no immunoreactivity could be detected in sql-1(tm2409) and sql-1(tm4995) animals (Figure
S2B, data not shown), confirming the specificity of the antibodies.

To confirm the localization pattern determined in the immunofluorescence experiments, we
generated animals that expressed full length SQL-1 fused to GFP, p_, ::sql-1::GFP animals.
In these animals we observed spots throughout their bodies (Figure 2A), similar to the pattern
observed with SQL-1 Abs. Since the homologue of SQL-1, GMAP210, localizes to the Golgi
apparatus (Rios et al., 1994), we stained Py ,-:8ql-1::GFP animals with an antibody against
the glucuronyl transferase SQV-8, which stains the Golgi apparatus (Hadwiger et al., 2010).
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This showed co-localization of SQL-1 and SQV-8 (Figure 2A). Both the immunofluorescence
data and GFP fusion confirm that SQL-1 localizes to the Golgi apparatus. Interestingly, also
an N-terminal (a.a. 1-302) SQL-1::GFP fusion localized to spots throughout the animal (data
not shown), suggesting that perhaps SQL-1 contains an N-terminal region that mediates Golgi
localization. However, this GFP-fusion is more abundant in the cytosol than the full length
SQL-1 GFP-fusion (data not shown).

Mutation of sql/-1 suppresses the dye-filling defect of gpa-3QL animals, and therefore we
analyzed the expression and subcellular localization of SQL-1 in neurons. We generated animals
that express ed the Golgi marker AMAN-2, an alpha-mannosidase, tagged with YFP only in one
pair of ciliated sensory neurons, the ASI neurons (p_ .:aman-2::YFP), or in a subset of inter-
and motor neurons (pgh_ ,--aman-2::YFP). Staining of these animals with a-SQL-1 Ab indeed
showed co-localization of AMAN-2::YFP and SQL-1 in the cell bodies of the ASI neurons
(Figure 2B), and in the cell bodies of glr-1 expressing neurons (data not shown). In P S 5ql-
1::GFP animals, we observed SQL-1::GFP in the Golgi apparatus, and sometimes SQL-1 spots
in the dendrites (data not shown). These SQL-1 spots were immobile, and were never observed
in close proximity of the cilium. Together these data show that SQL-1 localizes to the Golgi
apparatus in C. elegans’ciliated sensory neurons.

sql-1 is required for maintaining Golgi apparatus structure, but is not
required for normal GPA-3 localization

Knock-down of GMAP210 has been shown to result in the dispersion of the Golgi membranes
(Rios etal., 2004; Yadav et al., 2009). However, no defects were observed in the Golgi apparatus
of GMAP210 mutant mice (Follit et al., 2008). We wondered whether the absence of SQL-1
affects the integrity of the Golgi apparatus in C. elegans.

To investigate this we visualized the Golgi apparatus specifically in the ASI neurons using
AMAN-2::GFP in wild type and sq/-1(tm2409) animals. In wild type animals we observed clear
AMAN-2::GFP structures in the ASI cells (Figure 3A, 3B). However, in the majority of the
sql-1(tm2409) animals the AMAN-2::GFP signal was more fragmented or even diffuse (Figure
3A, 3B). These results suggest that loss of function of sg/-1 affects the organization of the Golgi
apparatus.

One way to explain the suppression of the dye filling defect in sql-1(tm2409); gpa-3QL animals
is a trafficking defect of dominant active GPA-3QL protein, caused by the absence of the Golgi
protein SQL-1. Therefore we used immunofluorescence to visualize the localization of GPA-3.
In both wild type and sql-1(tm2409) animals GPA-3 can be observed at the ciliary membrane
at comparable levels (Figure 3C), showing that sq/-/ is not required for ciliary localization of
GPA-3. In gpa-3QL and sql-1; gpa-3QL animals a-GPA-3 staining is much stronger, showing
GPA-3QL localization in the cilia, dendrite, and cell bodies. However, we observed no obvious
differences in the levels of GPA-3QL staining in the cilia of gpa-3QL and sql-1; gpa-3QL
animals (data not shown). Together these data suggest that suppression of the Dyf phenotype in
sql-1(tm2409); gpa-30L animals is not caused by absence of ciliary GPA-3QL.

Mutation of sq/-1 regulates cilia length, and acts cell-autonomously

It was previously shown that the cilia of the ADF, ASH, ASI, ASK, and ADL neurons of adult
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Golgi morphologies:
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M fragmented

M normal
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wild type sql-1

Figure 3. SQL-1 is required to maintain Golgi organization. (A) Percentage of wild type
and sql-1(tm2409) animals that have distinct Golgi-membranes (normal), fragmentation of the
Golgi-membranes (fragmented), or diffuse AMAN-2::GFP fluorescence (diffuse). The Golgi
apparatus was visualized in the ASI neurons using AMAN-2::GFP. (B) ASI neurons of wild
type and sql-1(tm2409) animals expressing AMAN-2::YFP. Outline of the cells and nuclei are
indicated with a dotted line. Scale bar, 5 pm. (C) Immunofluorescence images of wild type
and sql-1(tm2409) animals stained with anti-GPA-3. Sensory cilia are indicated with a bracket.
Anterior is towards the left. Outlines of the worms are indicated with a dotted line. Scale bar,
5 pm.

gpa-3QL animals are shorter than those of wild-type adult animals (Burghoorn et al., 2010),
explaining the dye filling defect. To determine if sq/-/ mutation affects cilia length of gpa-
30L animals, we visualized cilia using an ASI neuron specific gpa-4::gfp construct, and a
gpa-15::gfp construct expressed in ASH, ASK, and ADL neurons (Jansen et al., 1999). Cilium
length of gpa-3QL animals was restored to approximately wild type length in sql-1(tm2409);
gpa-30L animals (Figure 4A, 4B).

To determine if sql-1 levels themselves regulate cilium length we visualized cilia of sql-
1(tm2409) and sql-1XS animals. Cilium length in sql-1(tm2409) animals is comparable to cilium
length in wild type animals (Figure 4A, 4B). Interestingly, the cilia of ASI neurons of animals that
overexpress SQL-1, sq/-1XS, were significantly longer than those of wild-type animals (Figure
4A). To test if this effect on cilia length depends on either of the two kinesins we measured ASI
lengths in osm-3; sql-1XS and kap-1; sql-1XS animals. osm-3; sql-1XS animals had longer cilia
than osm-3 animals (Figure 4A), suggesting that osm-3 is not required for cilia lengthening in
sql-1XS animals. However, loss of kap-1 completely suppressed cilia lengthening as a result of
sql-1 overexpression (Figure 4A), indicating that kinesin-II is required for this effect.

To further confirm the specificity of suppression of the Dyf phenotype in gpa-3QL animals by
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Figure 4. sql-1 regulates cilia length. Average length of sensory cilia of the ASI neurons (A), and ASH,
ASK, ADL neurons (B) in various genetic backgrounds. Statistically significant differences (p < 0.001)
compared to cilia length in wild type animals are indicated in black, compared to cilia length in gpa-3Q0L
animals in red, compared to cilia length in sq/-1; gpa-3QL animals in green, and compared to cilia length
in osm-3 animals in blue. Statistical analysis was performed using an ANOVA, followed by a Bonferroni
post hoc test. Error bars indicate SD.

the loss of SQL-1 we re-introduced the sql-1 gene in sql-1(tm2409); gpa-3QL animals. This
resulted in a decrease of the length of the cilia of the ASI neurons, comparable to the length
of ASI cilia in gpa-30L animals (Figure 4A). In addition, while expression of wild type sql-
1 specifically in the ASI neurons of sg/-1,; gpa-3QL animals did rescue ASI cilia length it did
not affect the length of the cilia of ASH, ASK, and ADL. This suggests that sq/-/ acts cell-
autonomously.

Mutation of sq/-1 partially uncouples kinesin-II and OSM-3

We previously hypothesized that the decrease of cilia length in gpa-3QL animals was the result
of the partial uncoupling of kinesin-II and OSM-3 observed in the gpa-3QL animals (Burghoorn
et al., 2010). To determine whether sq/-/ also affects the IFT machinery, we examined the
motility of the two ciliary kinesins KAP-1 (mammalian homologue KAP3) and OSM-3 (KIF17),
two complex A proteins CHE-11 (IFT140), DAF-10 (IFT22), two complex B proteins OSM-1
(IFT172) and CHE-13 (IFT57), and the dynein motor subunit XBX-1 (D2LIC) in sql-1(tm2409)
animals as well as in wild type animals. In wild type animals all IFT proteins were transported
at approximately 0.7 um/s in the middle segments (Table 1), and at approximately 1.15 pm/s
in the distal segments (Table S1). These speeds are consistent with published data (Snow et al.,
2004). However, in the middle segments of sg/-1(tm2409) animals kinesin-II moved at 0.59
pm/s, and OSM-3 at 0.89 pm/s (Table 1). Since the two kinesins moved with different velocities
it is not possible that they were in the same complex at all time. CHE-11::GFP (complex A),
OSM-1::GFP (complex B) and XBX-1::GFP (dynein) moved at similar velocities as OSM-3
in the middle segments of sql-1(tm2409) animals (Table 1), which implies that these associate
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with IFT particles transported by OSM-3. Interestingly, DAF-10::GFP (complex A) and CHE-
13::GFP (complex B) both moved at 0.67 pm/s in the middle segments of sq/-1(tm2409) animals
(Table 1). In the distal segments of sq/-1(tm2409) animals, all examined IFT markers moved at
a velocity of 1.15 um/s, just as in wild type animals (Table S1).

To exclude that the any of these effects were caused by changes in the intrinsic velocities of
kinesin-II or OSM-3, we decided to measure how the absence of SQL-1 affects IFT motility in
osm-3 and kap-1 mutant backgrounds. In sq/-1(tm2409); osm-3 animals KAP-1::GFP (kinesin-
II), DAF-10::GFP (complex A), CHE-13::GFP (complex B), and XBX-1::GFP (cargo) moved
at 0.49-0.52 um/s (Table 1), similar to the velocities observed in osm-3 animals. In kap-1; sql-
1(tm2409) animals OSM-3::GFP, DAF-10::GFP (complex A), CHE-13::GFP (complex B), and
XBX-1::GFP (dynein) moved at the 1.00-1.19 pm/s (Table 1), similar to velocities observed in
kap-1 animals. These data indicate that the intrinsic velocities of the kinesins are not altered in
sql-1 mutant animals.

Together these data suggest that in sqg/-1(tm2409) animals kinesin-II and OSM-3 are partially
separated. Moreover, the IFT complex also appears to dissociate. Of the tested IFT markers
CHE-11, OSM-1, and XBX-1 predominantly travel with OSM-3, and DAF-10 and CHE-13
remain associated with the kinesin-II/OSM-3 complex. An alternative explanation would be that
DAF-10 and CHE-13 associate with all three possible particles (the slow kinesin-II particle, the
fast OSM-3 particle and the kinesin-II/OSM-3 complex), averaging in a velocity of 0.7 pm/s. To
distinguish between these two possibilities we plotted the distributions of the speeds of CHE-
13::GFP and DAF-10::GFP IFT events, where the presence of CHE-13 and DAF-10 in three
particle types would show as additional peaks, or at least a wider distribution. However, the
distributions of the CHE-11::GFP and DAF-10::GFP IFT events in wild type and sg/-1(tm2409)
animals (Figure S3) were very similar, suggesting that CHE-11 and DAF-10 were only present
in the kinesin-II/OSM-3 transported particles.

It is not clear how SQL-1 affects IFT. Because of GMAP210’s function in sorting or transport
of proteins destined for the ciliary membrane, a possible explanation could be a defect in
trafficking of ciliary proteins in the dendrite. Therefore, we visualized RAB-8 (a small GTPase
involved in protein trafficking in the dendrite (Kaplan et al., 2010)) in the dendrites of the ciliated
neurons. In sql-1(tm2409) animals we did not observe significant differences in the localization
of GFP::RAB-8, or in the motility and frequency of transport events of GFP::RAB-8 positive
particles, compared to wild type animals (data not shown).

OSM-3::GFP speed is affected in sq/-1; gpa-3QL double mutant

Since in gpa-3QL, gpa-3 and sql-1(tm2409) animals IFT is affected, we decided to examine IFT
in double mutants, to study their genetic interaction. In the middle segments of sq/-1(tm2409);
gpa-3 animals KAP-1::GFP and XBX-1::GFP moved at velocities similar to those observed
in sql-1 or gpa-3 single mutant animals, OSM-3::GFP moved at the same speed as in sql-
1(tm2409) animals (Table 1). These data suggest that gpa-3 and sq/-/ function in the same
genetic pathway.

In the middle segments of sql-1(tm2409); gpa-3OL animals KAP-1::GFP, DAF-10::GFP, and
CHE-13::GFP moved at velocities similar to those observed in the middle segment of sql-
1(tm2409) animals, while OSM-3::GFP and XBX-1::GFP moved significantly slower than in
sql-1(tm2409) animals (Table 1). Compared to gpa-3QL animals OSM-3::GFP and KAP-1::GFP

89

<+
.
Q
2
o
<
=
@)




881 9I0F T80  LOCT  #CI'OFLY90 LTC wL10 F T80 I-1bs

Chapter 4

an an aN £-uso
€17 =LT0FE0] aN aN [-dvy
S61 9I'0FCLO TEI 9I'0F0L0 ¥TT 90 F 0L 0 ad£y prim
U PpS FI3eIdAe U Pps FoSeadAe u PS ¥ d3eadAe ad£youan

I-X4X €I-AHD I-INSO

(03aed) uruiq pnted g-LAI

an an AN 20T  «LO0OF0S0 70£-vds ‘g-uiso [-1bs
861 ;81°0F98°0 AN $0T s3€T°0 F 160 AN 70¢-vds ‘[-]bs ‘[-dvy
an AN 1€ C€0TF6I°1 aN 10£-vds {[-dvy
10 91°0F890 AN $IT  9T0F8L0 061  II'0F090 70§-pd3 ‘[-]bs
AN  TTC ,1€T0FELO0  8LI  .wCTOF¥80  8YI  ,oCI'0F 950 10£-vd3
S0T ~IT'0F0L0 AN 0FT rqeLlT’'0F980 11T wII'0F 650 §-vd3 ‘[-1bs
AN 061 ,z91'0F8L0 TSI ,=bTOFHOL L6] k10 FLSO §-vd3
01T  «LO'0F6%°0 VN aN L0z +:80°0 F ZS°0 £-utso ‘[-1bs
11T «61'0F0I'1 aN 61T  6I0F61°1 aN [-1bs ‘[-dpy
TIT  ATOFLY0 S61  «61'0F$80 T6I  1+61'0F68°0 O0IC  600F 650 [-1bs
an aN  0SI PIOFOLO 16 01°0 F 610 £-uso
an aN 0€1  HTOFLI'T 06 91°0 F0L0 [-dvy
€1T 9107690  SII IT0F690 TIC LTOFOLO 61 01°0F0L0 adKy prim
U Pps FI3eadae U PSsF93eadAe U Pps FoserdAe u PS F 93eadAe adKyouan)

0r-dava I1-4HD €-INSO I-dVI

apnaed v-LA1 sursauny Arerr)

*RI[I AAOSUDS [ SUPSI]2 *) JO JUIWISIS I[PPIW Y} UI SANIIO[IA L[ dpeadoadajue s)ddyye 1-7bs 11 a1qel,

90



SQL-1/GMAP210 modulates intraflagellar transport

¥ Jadey)D

“PAUTLINAP Jou ‘(N painsesw sooned J 4] JO JOqUINU ‘U :SUONBIAIQQY 159} 00y Isod 1uoiidjuog & £q pamo[[o} ‘VAONY Ue Suisn
powiog1ad sem SisATeue [eINSHRIS A[OANIAASII €, PUB | YIIM PIJRIIPUI dIB PUNOISNORQ JUBINW dWES Y} Ul JJID::¢-INSO Pue d40::1
-dV JO San100[oA a3 03 paredwiod SIdIeW d {0 Y} JO §oBd JO SANIO0[IA T AT JO (10070 > d) SOOUILIP JUBIYIUSIS A[[BINISIIEIS ‘5 UM
TOE-vd3 [-dpy 01 paredwiod pue ¢, yym S[RWIUR (6047 U1) [ -1bs *[-dpy 01 paredwod ¢, yym sjewitue (50 zuil) [-1bs ‘1-dpy 0y paredwos ¢,
YIM s[euIrue 70 €-»ds 0} paredwod ¢, ym S[RWIUR (60p ) [-1hs 01 pareduwiod ¢; qum s[ewitue ¢-pds 03 pareduwiod ¢, yarm pajedrpur aIe
srewiue 9d£) prim ur sanoo[dA I ] 03 paredwod (1000 > d) SOOUIMIP Jueoyiudis A[jeonsnels (010 <& 39 ulooyding) ul paqLIosap
Asnoraaxd a1om | iIm Pajejoute SANINO[AA ‘SPUNoIsyorq juenwi pue adA) pyim ur JI0:1-XgX PuR JA0:€1-dHD dAD:T-INSO
‘dAD:01-AVA ‘dADTT-HHD ‘dADE-INSO ‘dAD::1-dV JO (PS) uoneiadp prepuels F (s/wn ur) sanroo[oa [ 4] dpeIsolajue a5erony

an an AN 70¢-pd3 ‘¢c-uiso [-1bs
aN 11T #81°0F6L0 AN 70¢-vds ‘[-]bs ‘[-dvy
aN an aN 10£-vds f[-dvy
80T ¢poel'0FT90 97T  wI1'0F69°0 aN 70£-pd3 ‘[-]bs
10T ,z1€C0FELO aN 10T LTOFLLO 70€-vd3
0CC  9T'0F6L0 $0T «TI'0F 690 aN §-vd3 ‘[-1bs
0T  E€T0FLLO aN 961 ,z1=0T0F 080 ¢-vds
0T 600F TS0 61T 900 F 050 aN g-utso ‘[-1bs

11T #0TO0FI0T SO0T  «STOFLIT aN [-]bs ‘[-dvy

91



Chapter 4

moved at similar speeds in sql-1(tm2409); gpa-3QL animals, while XBX-1::GFP moved slower
in the double mutant.

Interestingly, in distal segments of sq/-1(tm2409),; gpa-30L animals all measured components
of the IFT complex (OSM-3, DAF-10, CHE-13, and XBX-1) moved slower than the expected
1.15 pm/s, the velocity of the IFT complex in the distal segments of wild type, sql-1(tm2409),
and gpa-3QL animals (Table S1), although not all these speeds are significantly slower, probably
due to the large variation in speeds. One possible explanation would be that in sq/-1(tm2409);
gpa-3QL animals kinesin-1I would be able to enter the distal segment, as previously observed in
dyf-5 mutant animals (Burghoorn et al., 2007). However we could not detect any KAP-1::GFP
in the distal segments of sql-1(tm2409); gpa-30L animals (Figure S4). A second explanation
would be that the intrinsic velocity of OSM-3 is affected in sql-1(tm2409); gpa-30L animals.
To test this we generated sq/-1(tm2409); kap-1; gpa-3QL animals in which the IFT complex is
transported by only OSM-3 in both segments. In these animals OSM-3::GFP, DAF-10::GFP,
and CHE-13::GFP indeed moved at reduced velocities (0.79-0.94 pm/s) in the middle segments
(Table 1). In the middle segments of the respective double mutants, sql-1(tm2409); kap-1 and
kap-1; gpa-3QL, all IFT::GFP fusions measured moved at 1.10-1.19 um/s, the velocity of IFT
mediated by OSM-3 alone (Table 1). Together these data suggest that in the absence of SQL-1
and presence of a dominant active GPA-3 motility of OSM-3 kinesin is affected.
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Discussion

Summary

In this study we identified and characterized SQL-1 (suppressor of gpa-30QL — 1), the C. elegans
orthologue of mammalian GMAP210. Loss of sqg/-1 suppresses the ciliary length defect of gpa-
30QL animals and probably as a result of that also the dye filling defect of these animals. Loss-of-
function of sq/-1 by itself does not affect cilia length, however overexpression of sq/-1 results in
an increase of cilia length. SQL-1 is ubiquitously expressed and localizes to the Golgi apparatus.
Loss of sql-1 has a mild effect on Golgi integrity. Importantly, mutation of sq/-1 affects the IFT
machinery and partially uncouples kinesin-II and OSM-3. Genetic epistasis analyses suggest
that sq/-1 and gpa-3 function in the same genetic pathway.

SQL-1/GMAP210 functions

GMAP210 localizes to the Golgi apparatus. Two domains have been identified that mediate this
localization, the N-terminal ALPS domain, and the C-terminal GRAB domain (Cardenas et al.,
2009; Follit et al., 2008; Gillingham et al., 2004). SQL-1 also localizes to the Golgi apparatus, as
determined using immunofluorescence and with GFP fusion constructs. In the sensory neurons,
SQL-1 is mostly restricted to the cell bodies, with sometimes SQL-1 spots in the dendrite, but
never in or close to the cilium. Interestingly, not only full length SQL-1 fused to GFP localizes
to the Golgi apparatus, but also a fusion protein containing the 302 most N-terminal amino acids
localizes there. Since SQL-1 does not seem to have an ALPS domain and the GRAB domain is
not present in the shortened fragment, Golgi targeting of this fragment must be mediated by a
different, still uncharacterized SQL-1 domain.

Several functions have been ascribed to GMAP210. One of these proposed functions is
maintaining the structure of the Golgi apparatus. Fragmentation of the Golgi apparatus has been
observed in cultured HeLa cells after RNAi against GMAP210, as well as in primary dermal
fibroblasts isolated from GMAP210 -/- mice (Rios et al., 2004; Smits et al., 2010; Yadav et al.,
2009). Interestingly, others did not observe any structural Golgi defects in similar experiments
(Follit et al., 2008; Gillingham et al., 2004). We visualized the Golgi apparatus of C. elegans
specifically in the ASI neurons with AMAN-2::GFP, and observed more dispersed or even
diffuse AMAN-2::GFP fluorescence in sql-1(tm2409). This suggests that in C. elegans SQL-1
is required for maintaining Golgi integrity.

Follit et al. have shown that GMAP210 interacts with complex B protein I[FT20 and plays a role
in sorting and/or transport to the ciliary membrane (Follit et al., 2008). They found that mouse
embryonic kidney cells lacking GMAP210 could still form cilia, showing that GMAP210 is not
required for cilia assembly, although these cilia were slightly shorter. Consistent with a role in
vesicular transport to the cilium, it was shown that in the absence of GMAP210 polycystin-2
levels in the cilium were lower. The interaction between GMAP210 and IFT20 is not conserved
in C. elegans, since SQL-1 did not co-immunoprecipitate with IFT-20, and IFT-20 did not co-
immunoprecipitate with SQL-1. This is in line with low level of conservation of the IFT20-
binding domain in C. elegans, as proposed previously (Follit et al., 2008). In the cell bodies
of sensory neurons we did not observe any localization of IFT-20::GFP to the Golgi apparatus,
where mammalian IFT20 resides in cultured cells (Follit et al., 2006). In addition, in ift-20
mutant animals the ciliary membrane protein ODR-10 still localizes to the sensory cilia (Kaplan
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et al., 2010). Thus, it is very well possible that the role of IFT20 as adaptor protein in trafficking
ciliary membrane proteins is not conserved in C. elegans. Mutation of sq/-1 does not affect cilia
length, where the absence of GMAP210 in cultured mammalian cells results in slightly shorter
cilia. Interestingly, animals that overexpress SQL-1 do show a cilia length increase, indicating
that also SQL-1 plays a role in the regulation of cilium length.

Mutation of sql-1 affects IFT

In the absence of sgl/-1 the velocities of different components of the IFT machinery are affected.
In sgl-1(tm2409) animals we observed a reduced velocity of KAP-1::GFP, 0.59 um/s instead of
~0.7 pm/s in wild type animals, and an increased velocity of OSM-3::GFP, 0.89 um/s. Since the
intrinsic velocities of OSM-3 and kinesin-II are not affected in s¢/-/ mutant animals, there is a
partial separation of OSM-3 and kinesin-II, where IFT is mediated by kinesin-II alone, OSM-3
alone, and kinesin-II and OSM-3 together. Based on the observed speeds, we calculated that
approximately 38 % of OSM-3 motor proteins moved independently from kinesin-II and that 61
% of kinesin-II motor proteins moved independently from OSM-3.

The complex A protein CHE-11, complex B protein OSM-1 and dynein motor subunit XBX-
1 moved in sql-1(tm2409) animals at approximately the same velocity as OSM-3, suggesting
that these proteins are in the same complexes as OSM-3. Surprisingly, the complex A protein
DAF-10 and the complex B protein CHE-13 moved at approximately 0.7 um/s in sql-1(tm2409)
animals. This could mean that CHE-13 and DAF-10 are present in all three particles, i.e. those
transported by kinesin-II only, those transported by OSM-3 only and those transported by both
kinesins, or that CHE-13 and DAF-10 are only present in the kinesin-II/OSM-3 IFT particles.
Distribution analysis of DAF-10 and CHE-13 velocities in wild type and sq/-/ mutant animals
overlap, suggesting they are only present in the kinesin-II/OSM-3 complex.

Our data are consistent with a model in which the middle segments of the sensory cilia of sql-
1(tm2409) animals contain three types of particles: complete IFT particles, empty kinesin-II and
incomplete IFT particles consisting of OSM-3, but not kinesin-II, and at least CHE-11, OSM-1
and XBX-1, but not DAF-10 and CHE-13 (Figure 5). These latter particles likely contain more
IFT components; we found that also the complex B protein IFT-20 moves at the same speed as
OSM-3, CHE-11, OSM-1 and XBX-1 in sq/-1(tm2409) animals (data not shown).

Our finding that different IFT complex proteins have different velocities in sq/-1 (tm2409) animals
indicates a destabilization of the IFT complex. CHE-11/IFT140 is part of the “core” of complex
A (Behal et al., 2012; Mukhopadhyay et al., 2010; Ou et al., 2007) and interacts with complex
B protein OSM-1/IFT172 in a co-IP (Follit et al., 2009), suggesting that the destabilized IFT
particles in sq/-1 mutants might reflect the “core” of the IFT machinery. Further analyses using
dual colour imaging to visualize the motility of additional IFT components simultaneously is
necessary to reveal the makeup of the IFT particles in sq/-/ mutant animals.

At present, it is unclear how mutation of sg/-1 affects the stability of the IFT complex. Our data
and those presented by Follit et al. (2008) indicate that SQL-1/GMAP210 only resides in the
Golgi apparatus and not in the cilium. Therefore, it is likely that the IFT defect is caused by a
sorting defect of vesicles destined for the cilium. E.g. vesicles could exit the Golgi apparatus
prematurely, or fail to transport some proteins required for IFT or maintenance of the stability
of the IFT complex. Other proteins required for the stability of the IFT complex include BBS
and NPHP proteins. However, mutation of these proteins causes uncoupling complex A and B
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A wild type B sql-1 mutant

Marker Presence or absence in complex  Velocity

i kinesin-Il @ Complex A KAP-1 + + - ~0.6 pym/s
- + + ~0.85 ym/s
?o ® Incomplete complex A CHE-11 B + + ~0.85 pum/s
% @ Complex B DAF-10 - + - 0.7 ym/s
@ BBsome @ ncomplete complex B C?:EMT]‘IB : : T ~8.'$ir$17;/s
O cargo XBX-1 - + + ~0.85 pum/s

Figure 5. Proposed model of IFT in the sensory cilia of sq/-1 mutant animals. (A) In wild type animals
IFT particles in the middle segment of the sensory cilia are transported by both OSM-3 and kinesin-II. (B)
In sg/-1 mutant animals IFT particles are destabilized, resulting in the existence of two additional types
of IFT particles: A slow IFT particle composed of only kinesin-II, and a fast IFT particle composed of
incomplete complex A (with at least CHE-11), incomplete complex B (with at least OSM-1 and IFT-20),
and dynein, and transported by OSM-3. Bellow the schematic model of IFT in sq/-7/ mutant animals the
presence (+) or absence (-) of the GFP markers in the proposed IFT particles in sq/-/ mutant animals are
shown, as well as the velocities of the tested GFP markers.

(BBS proteins) (Ou et al., 2005; Ou et al., 2007) or mainly affect the complex B protein OSM-6/
IFT52 (Jauregui et al., 2008). Finally, the presence of other kinesins such as KLP-6 (Morsci and
Barr, 2011) or another still unidentified ciliary kinesin, could also explain the differences in the
velocities observed in sq/-/ mutant animals.

Interactions of sq/-1 and gpa-3

We identified sql-1 as a suppressor of the dye filling defect of gpa-3QL animals. In agreement
with the effect on dye filing mutation, of s¢/-1 also suppressed the effect of gpa-30QL on cilium
length. gpa-3 and sq/-1 also interact at the level of the regulation of IFT. Mutation of gpa-3
causes a separation of kinesin Il and OSM-3, where complex A and B particle proteins move
at an intermediate speed (Burghoorn et al., 2010). sql-1(tm2409); gpa-3 animals showed very
similar speeds as sq/-1(tm2409) or gpa-3 animals indicating that sq/-/ acts in the same genetic
pathway as gpa-3.

Also in gpa-3QL animals we observed a partial separation of kinesin II and OSM-3, while
complex A and B particle proteins moved at an intermediate velocity (Burghoorn et al., 2010).
These data are consistent with two models in which the middle segments of the cilia of gpa-
30L animals contain three types of particles: in the first model the cilia contain complete IFT
particles, empty kinesin-II and empty OSM-3, while in the second model the cilia contain
complete IFT particles, IFT particles only lacking kinesin-II and IFT particle only lacking
OSM-3. If the former is true, less fully loaded particles would reach the distal segment of the
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cilium, explaining the length defect in gpa-3QL animals. Since, in sg/-/ mutant animals IFT
particles are predominantly transported by OSM-3. Inactivation of sg/-1 in gpa-3QL animals
would cause cargo to be transported predominantly by OSM-3, which would result in more
loaded particles in the distal tip, and a suppression of the cilium length defect.

Interestingly, we found that simultaneous inactivation of sq/-/ and dominant activation of gpa-
3 affects the intrinsic velocity of OSM-3. In the distal segment of sql-1(tm2409); gpa-3QL
animals, and both middle and distal segments of sql-1(tm2409); kap-1,; gpa-3QL animals OSM-
3 moved at 0.82-1.06 um/s, significantly slower than the expected 1.15 pum/s. Consistently, all
other IFT proteins moved slower in the distal segments of sql-1(tm2409), gpa-3QL animals. The
reduced speed of OSM-3 in sql-1; gpa-30L double mutant animals likely affects the speed of
the whole IFT machinery. In wild type animals KAP-1 by itself moves at 0.5 um/s, OSM-3 by
itself moves at 1.15 pm/s and the complex with both kinesins moves at 0.7 um/s. This implies
that the drag of OSM-3, moving 0.7 pm/s faster than kinesin-II, increases kinesin-II speed
by 0.2 um/s. In sgl-1; gpa-3QL animals OSM-3 moves approximately 0.44 pum/s faster than
kinesin-II. If we assume similar kinetics this would increase kinesin-II speed by 0.13 pum/s and
the whole complex would move at 0.63 pm/s. In the middle segments of sq/-1,; gpa-3QL animals
KAP-1::GFP moved at 0.6 um/s which is close to the presumed speed of the whole IFT complex
calculated above, and removal of osm-3 reduced KAP-1::GFP speed to 0.5 pm/s, suggesting
that most kinesin-II moves together with OSM-3. OSM-3::GFP however, moved at 0.78 pm/s
and this speed increased to 0.94 pm/s upon removal of kap-1, suggesting that almost 50 % of
OSM-3 moves separately from kinesin-II. DAF-10, CHE-13 and XBX-1 moved at intermediate
speeds of 0.62-0.69 pum/s, suggesting that they are transported by kinesin-II/OSM-3 particles
and OSM-3 particles. Since OSM-3::GFP moves considerably faster, probably also a pool of
unattached OSM-3::GFP exists. Based on our findings and these calculations, we propose that
the cilia middle segments of sq/-1,; gpa-3QL animals contain three types of particles: complete
IFT particles, transported by kinesin-II and OSM-3, IFT particles transported by OSM-3 alone
and OSM-3 moving separately.

Concluding remarks

From our and previously reported data it is clear that SQL-1/GMAP210 functions at the Golgi
apparatus in routing of proteins to the cilium. Absence of SQL-1 leads to alterations in the IFT
machinery, uncoupling of the two kinesins and destabilization of complex A and B. How these
effects come about is unclear, but it seems likely that absence of SQL-1 in the Golgi affects the
routing of one or more proteins that are required in the cilium for proper IFT.
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Material and Methods

Strains and Constructs

Worms were cultured using standard methods (Brenner, 1974). Wild-type animals were C. elegans
Bristol N2. Alleles used in this study were sq/-1(gj202)111, sql-1(tm2440)I11, sql-1(tm4995)I11,
sql-1(tm2409)111, gpa-3(pk35)V, gpa-30L(syls25)X, gpa-3QL(syls24)IV, ift-20(gk548)1, osm-
3(pSO2)1V, kap-1(0k676)I11. sql-1 alleles tm2409, tm2440 and tm4955 were obtained from NBP-
Japan. Published transgenes used were: gpa-4.:gfp, gpa-15::gfp, osm-3::gfp, kap-1::gfp, che-
11::gfp, osm-1::gfp, che-13::gfp, xbx-1::yfp, pg]ril::aman—z.‘:yﬁ?, D5 -8fp::rab-8 (Haycraft et
al., 2003; Jansen et al., 1999; Kaplan et al., 2010; Qin et al., 2001; Rolls et al., 2002; Schafer et
al., 2003; Signor et al., 1999; Snow et al., 2004). Also several new constructs were generated.
osm-3::gfp was created by fusing a 1 kb osm-3 promoter fragment to osm-3::gfp (gift from
Piali Sengupta), kap-1::gfp was created by fusing a 0,8 kb kap-1 promoter fragment to kap-
1::gfp (gift from Piali Sengupta), P, ..:daf-10::gfp was generated by replacing the osm-3 ORF
in osm-3.:gfp with the daf-10 cDNA (gift from Piali Sengupta), ift-20::gfp was generated by
fusion-PCR (Hobert, 2002). The translational sq/-1::gfp and P . ,8ql-1::gfp constructs were
made by fusing the sq/-1 promoter fragment (2,2 kb) or the gpa-4 promoter fragment (2,5 kb)
with the sq/-1 ¢cDNA in pPD95.77 (gift from Andrew Fire). The sq/-1 constructs were made
by introducing a stop codon in the translational sq/-1::gfp construct, at the 3’ end of sq/-1. A
P, ,-aman-2::yfp was made by fusing the gpa-4 promoter to the translation start site of aman-
2 (gift from Tom Rapoport). A P, ,-aman-2::gfp construct was made by subcloning a PCR
product of aman-2 into P, ,-gpa-4::gfp in frame with gfp. Microinjections were performed as
described (Mello and Fire, 1995). IFT constructs were injected at concentrations ranging from
20 ng to 50 ng/pl and analyzed for correct expression by imaging IFT particles in wild-type
animals. The sq/-1 construct was injected in wild type animals at concentrations up to 150 ng/ul
to generate transgenic lines that overexpress sq/-/ approximately 2 — 3 fold.

Identification and characterization of sql-1

gpa-30L(syls25)X animals were mutagenized with 50 mM ethyl methanesulfonate (EMS) to
generate random mutations. 100 cultures were started with 12 EMS-treated animals each. The
F2 and F3 progeny of the mutagenized animals were subjected to dye filling and 12 animals
that took up fluorescent dye were individually picked onto new culture dishes. The progeny
of these putative suppressor mutants was subjected to dye filling. This procedure identified
nine independent suppressor mutants, including sql-1(gj202). Using SNP mapping (Wicks et
al., 2001) we mapped sql-1(gj202) to a region of approximately 120 kb on chromosome III.
To identify the mutated genes, gpa-30L(syls25)X; sql-1(gj202) mutant animals were injected
with long range PCR fragments spanning the 35 kbp region containing the predicted genes
Y111B2A.4, YI11B2A.5 and Y111B2A.26. The dye filling defect was only restored in animals
injected with PCR fragments spanning all three genes, not with each of the genes individually.
Sequencing identified an A to T mutation in the predicted gene Y111B2A.5. We used RT-PCR to
characterize the ORF of wild type and sq/-/ mutant animals. Rescue was confirmed by injecting
5 ng/ul sql-1 or sql-1::GFP construct into gpa-3QL(syls25)X; sql-1(tm2409) mutant animals.
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Immunofluorescence and Microscopy

Animals were permeabilized, fixed and stained according to standard methods (Finney and
Ruvkun, 1990). For SQL-1 rabbit polyclonal antibody production, the N-terminal cDNA
of sql-1 (exon 3-8) and the C-terminal cDNA of sq/-1 (exon 7-18) were cloned into pGST-
Parallel (pGEX4T1 derivate, (Sheffield et al., 1999)). Polyclonal antibodies were generated by
collecting serum from rabbits immunized with either the N-terminal or the C-terminal, E. coli
produced, purified SQL-1 proteins fused to gluthatione S-transferase (immunization performed
by Harlan Laboratories). Antibodies were affinity purified prior to immunofluorescence
staining. Secondary antibodies were goat-anti-rabbit Alexa 594-conjugated (Molecular Probes,
Eugen, OR). Specificity of the antibody was confirmed by the absence of immunoreactivity in
sql-1(tm2409) mutant animals. SQV-8 antibody was a gift from Jon Audhya. GPA-3 antibody
staining was performed as described (Lans et al., 2004). Dye filling was performed using
DiO (Molecular probes) as described (Perkins et al., 1986). Antibody staining, localization of
fluorescent proteins, cilia morphology and cilia lengths were measured using a Zeiss Imager Z1
microscope with a 100x (NA 1.4) objective.

Immunoblotting

Total lysates of 40 worms were solubilized with Laemmli loading buffer. After electrophoresis
on an 8 % SDS-PAGE gel, proteins were transferred to membranes and probed with antibodies
against SQL-1 (affinity purified), ECL-horseradish peroxidase-conjugated anti-rabbit (Dako),
and detected with ECL Plus Western blot detection system (Amersham).

IP

Strains used were Bristol N2 and gj2180/ift-20::gfp]. Worms were collected from 9 full 10
cm plates and washed 3 times with M9, once with cold 100 mM NaCl, and resuspended in
homogenization buffer (15 mM HEPES pH 7.6, 10 mM KCI, 1.5 mM MgCl2, 0.1 mM EDTA,
0.5 mM EGTA, 44 mM sucrose, | mM DTT, protease inhibitor). Worms were lysed by
sonication, and after clearing of the lysates by centrifugation, they were loaded onto antibody
coupled protein A sepharose CL-4B beads (GE Healthcare). Rabbit polyclonal anti-SQL-1 and
rabbit polyclonal anti-GFP (Abcam) antibodies were bound according to the manufacturer’s
instructions. Lysates were incubated overnight at 4°C, washed 5 times with IP buffer (20 mM
Tris-HCI pH 7.5, 150 mM NaCl, 5 mM MgCl2, 5 % glycerol, 0.1 % NP40, protease inhibitor),
separated on a 11 % SDS-PAGE gel and blotted. Western blots were incubated with rabbit
polyclonal anti-SQL-1 and mouse monoclonal anti-GFP (NeuroMab). Secondary antibodies
used were ECL-horseradish peroxidase-conjugated anti-rabbit (Dako) and anti-mouse (GE
Healthcare), respectively, which were detected with ECL Plus Western blot detection system
(Amersham).

Live imaging of IFT particles

Live imaging of the GFP-tagged IFT particles was carried out as described (Snow et al., 2004).
Images were acquired on a Zeiss confocal microscope CLSMS510 with a 63x (NA1.4) objective.
Worms were mounted on an agarose pad and anaesthetized with 10 mM levamisole. Kymographs
were generated in ImageJ with the Kymograph plugin, written by J. Rietdorf
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Calculations

The observed OSM-3::GFP and KAP-1::GFP speeds are each composed of the speed of the
fraction that moves together with the other kinesin (at 0.70 um/seconds, OSM-3::GFP speed in
osm-3 animals, and KAP-1::GFP speed in kap-1 animals) and the fraction that moves separately
(at 1.17 pm/seconds, OSM-3::GFP speed in kap-1 animals, or 0.49 um/seconds, KAP-1::GFP
speed in osm-3 animals). The formula used to calculate the fraction of OSM-3 that moves
separately (x) in sg/-I/ mutants is: x .= (v_wl_ F"mgemer)/(Vmafvmgmer)’ where Vel is the OSM-
3::GFP speed measured in a sq/-/ mutant, Vioeether is the OSM-3::GFP speed measured in osm-3
animals and v, is the OSM-3::GFP speed measured in kap-/ animals. The formula used to
calculate the fraction of KAP-1 that moves separately (x) is: x

kap-1 = (Vv 1[7‘) )/(V VY veethe )s
K i ap- sql- {ogethu max  together
where v, is the KAP-1::GFP speed measured in a sq/-/ mutant, v is the KAP-1::GFP

together
speed measured in kap-1 animals and v is the KAP-1::GFP speed measured in osm-3 animals.
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Figure S1. SQL-1 does not interact with IFT-20. Immunoblots showing co-immunoprecipitation assays
with anti-GFP (A) and anti-SQL-1 (B) coupled to protein A sepharose. Whole worm lysates of wild
type animals and animals expressing ift-20::gfp (Load) were incubated with anti-GFP and anti-SQL-1
antibody beads. The supernatant (Sup) was removed, the beads were washed, and immunoprecipitated
protein was eluted (Eluted). In both cases, the bottom panel shows that the anti-GFP and anti-SQL-1
antibody beads successfully pulled down IFT-20::GFP and SQL-1, respectively. However, SQL-1 did not
co-immunoprecipitate with anti-GFP beads, and IFT-20::GFP did not co-immunoprecipitate with anti-
SQL-1 beads. (C) Fluorescence image (combination of two focal planes) of animals expressing ift-20::gfp
in the sensory neurons, illustrating that IFT-20::GFP localizes predominantly in cilia and transition zones,
and diffusely throughout the sensory neurons. Anterior is towards the left. Scale bar, 10 pm.
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Figure S2. SQL-1 could not be detected in sq/-1(tm2409) animals. (A) Immunoblotting of whole
worm lysates collected from wild type, tm2440, and tm2409 animals, with an antibody raised against the
C-terminal end of SQL-1. * marks wild type SQL-1 , ** marks truncated SQL-1 in tm2440 animals. (B)
Immunofluorescence with the antibody raised against the N-terminal half of SQL-1 on wild type, tm2440
and tm2409 animals. Scale bar, 20 um
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Figure S3. Kinesin-II and OSM-3 are partially uncoupled in the middle segment of the sensory
cilia of sq/-1 animals. Distribution of transport events of OSM-3::GFP, KAP-1::GFP, CHE-11::GFP,
DAF-10::GFP, OSM-1::GFP, CHE-13::GFP, and XBX-1::GFP in the middle segments of wild type and
sql-1(tm2409) animals.
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Figure S4. Kinesin-II is restricted to the middle segment of the sensory cilia of sql-1(tm2409); gpa-
30L animals. Localization of KAP-1::GFP and OSM-3::GFP in the sensory cilia of sq/-1(tm2409), gpa-
30L animals, * marks the transition zone.
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Table S1. sql-1 affects anterograde IFT velocities in distal segment.

Ciliary kinesins IFT-A particle
OSM-3 CHE-11 DAF-10
Genotype averagexsd n averagetsd n averagetsd n
wild type 1.17+0.21 152 1.20+0.27 49  1.19+030 211
kap-1 1.23 £0.28 42 ND ND
sql-1 1.09 £0.25 127 1.19+0.29 8 1.19+0.23 208
kap-1;sql-1 1.23+£0.23 205 ND 1.26+£0.27 218
gpa-3 1.12+0.45" 65 1.22+0.33" 46 ND
sql-1; gpa-3 1.11+£0.20 199 ND 1.24+£0.27 146
gpa-30L 1.10£031" 72 1.11+£021" 65 ND
sql-1; gpa-30L 0.82+£0.17*>¢ 168 ND 0.98 £0.24** 206
kap-1; gpa-30L 1.17+026° 66 ND ND :I)
sql-1; kap-1; gpa-30L 1.06 £0.25 200 ND 1.08+0.21 213 é—
®
IFT-B particle Dynein (cargo)
OSM-1 CHE-13 XBX-1

Genotype averagetsd n averagetsd n average£sd n
wild type 1.10£0.30 76 1.16+0.21 64 1.17+023 86
kap-1 ND ND 1.15+£0.28 214
sql-1 1.10£0.20 210 1.29+0.32 215 1.09+0.25 129
kap-1;sql-1 ND 1.15+£0.28 203 1.16+£024 220
gpa-3 1.18+0.26" 51 ND 1.14+£0.23" 86
sql-1; gpa-3 ND 1.14+0.23 215 1.17+£0.21 201
gpa-30L 1.09+£0.18 65 ND 1.28+0.27° 76
sql-1; gpa-30L ND 1.07+0.26° 208 1.08+0.23 204
kap-1; gpa-30L ND ND ND
sql-1; kap-1; gpa-30L ND 0.89 £0.16*> 201 ND

Average IFT velocities (in pm/s) = standard deviation (sd) of OSM-3::GFP, CHE-11::GFP, DAF-10::GFP,
OSM-1::GFP, CHE-13::GFP and XBX-1::GFP in wild type and mutant backgrounds. Velocities annotated
with * have previously been described in (Burghoorn et al., 2010). Statistically significant differences (P
<0.001) compared to IFT velocity in wild type animals are indicated with *, compared to sq/-1(tm2409)
animals with °, and compared to gpa-3QL animals with ©. Statistical analysis was performed using an
ANOVA, followed by a Bonferroni post hoc test. Abbreviations: n, number of IFT particles measured;

ND, not determined.
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Chapter 5

Introduction

Primary cilia are microtubule-based organelles that can be found on the surface of most
cukaryotic cells. They perform specialized sensory functions, including chemosensation,
mechanosensation, and photosensation (Satir and Christensen, 2008). There is a large diversity
in cilia length and in cilia morphology. In vertebrates the most common primary cilium is a
slender antenna-like structure of approximately 5-10 um. These primary cilia can for example
be found on kidney epithelial cells. Conversely, olfactory cilia can be ~200 um long (McEwen
et al., 2008). Photoreceptor cells have a specialized and morphological distinct cilium, known
as the outer segment (Ramamurthy and Cayouette, 2009). In addition to the ciliary axoneme this
domain also contains disk membranes, which are essential for photosensation. The nematode
Caenorhabditis elegans has a subset of ciliated neurons that are responsible for sensing their
chemical and physical environments (Inglis et al., 2007). These sensory cilia include rod-
like cilia (the channel cilia), but also morphologically distinct cilia, with wing- or finger-like
membranous appendages (e.g. AWA/B/C and AFD neuron cilia).

Primary cilia are not static, but instead their length and morphology appear to be regulated
by several signaling pathways (Miyoshi et al., 2011). Several examples suggest that alteration
of cilia length and morphology is achieved by modulation of intraflagellar transport (IFT)
(Besschetnova et al., 2010; Burghoorn et al., 2007; Burghoorn et al., 2010; Mukhopadhyay et al.,
2007), a specialized motor protein-based transport system that delivers ciliary proteins to the tip
of the cilium. Anterograde IFT is mediated by two ciliary kinesins, kinesin-II and KIF17/OSM-
3. Retrograde IFT is mediated by cytoplasmic dynein 2. Axonemal proteins slowly turnover,
thus a continual delivery of ciliary precursor proteins is required to balance the turnover of
axonemal proteins. The lengthening of cilia requires the delivery of additional cilairy precursor
proteins. This could be achieved by several changes in the IFT machinery, such as IFT particle
size, IFT velocity, frequency of IFT events, and cargo selection.

Study of IFT dynamics

In chapter 2, we show that two v-ros cross-hybridizing kinases (RCKs), MRK (MAK-related
kinase) and MOK (MAPK/MAK/MRK overlapping kinase), negatively regulate cilia length.
By visualizing IFT using GFP-tagged components of the IFT machinery in cultured renal
epithelial cells, we show that depletion of MRK results in an increase of the anterograde IFT
velocity of all tested IFT components. Depletion of MRK did not affect retrograde transport.
Increased anterograde velocity, together with unchanged retrograde velocity, would result in
an increase in the delivery of ciliary precursors proteins required for elongation of the cilium.
MOK also negatively regulated cilia length, but did not affect anterograde or retrograde IFT
velocities. Possibly, other parameters such as IFT frequency or IFT particle size are altered
in renal epithelial cells depleted of MOK. Unfortunately, our kymographs showed too much
background fluorescence from the cell body to quantify these parameters.

A nice example of what would be possible is provided by studies in Chlamydomas. Both flagella
of Chlamydomas can adhere to a cover glass (Bloodgood, 1995). This allows visualization of IFT
particles with total internal reflection fluorescence (TIRF) microscopy, where the fluorescent cell
bodies remain outside the field of illumination. Using TIRF it was shown that in Chlamydomas
IFT particles form long and slow trains when a flagellum is elongating and that IFT particles
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form short and fast trains when the flagellum has a steady length (Engel et al., 2009). These data
show that there is more to IFT dynamics then only IFT velocities.

Thus, it would be interesting to determine IFT particle size and IFT frequency in cilia of cultured
mammalian cells, and e.g. test whether these parameters change when MOK or MRK are
inactivated. In our current approach cells were inverted on a coverslip, but still cilia were outside
of the TIRF imaging zone (~100 nm of the coverslip). Perhaps this problem could be overcome
by using other (flatter) cells. Alternatively, photoactivatable fluorescent proteins could be used
to visualize only IFT proteins residing in the cilium. In addition to velocity measurements based
on kymographs, the use of other microscopy techniques, such as single molecule and FRAP,
could yield imporant information on the dynamics of IFT proteins and ciliary motor proteins on
the microtubule axis (in cultured mammalian cells).

In addition to a microscopy approach to study IFT, it would be possible to study IFT using
a biochemical approach. Cultured mammalian cells have been shown to shed their primary
cilium in stressful circumstances (Overgaard et al., 2009). These free cilia can be isolated from
the medium, and analyzed with subsequent proteomic analyses. Recently, it was shown that
this is technically feasible (Ishikawa et al., 2012). As described previously, lengthening of
cilia requires an influx of ciliary precursors. If this occurs by a shift in the cargo transported
by the IFT machinery, from more functional proteins (such as membrane receptors) to more
structural proteins (i.e. axonemal tubulin), this might be detectable in the protein composition
of the isolated cilia. These changes are probably not very apparent when comparing the levels of
structural proteins such as axonemal tubulin, since these proteins are quite abundant in cilia with
a constant length as well as in growing cilia. It seems more likely, that such an approach would
show differences in the levels of adaptor proteins that link specific cargo to the IFT complex,
like for example the BBSome which acts as an adaptor complex to target GPCRs to the cilium.
The adaptor protein NudC, which was co-purified with MRK and MOK (Chapter 3), could be
such a cargo-specific adaptor protein.

Modulation of the velocity of motor proteins

Elongation of cilia length, both by the activation of adenyl cyclase (Besschetnova et al., 2010)
and depletion of MRK (Chapter 2), is accompanied by in increase in the anterograde velocity
of the IFT machinery. How this increase is achieved remains unknown. Thus far, three different
mechanisms have been shown to regulate kinesin motility in vivo. Firstly, posttranslational
modifications of specific kinesin subunits can affect their motility (Figure 1B). For example,
phosphorylation of KIF5 motors by JNK weakens their affinity for microtubules (Morfini et
al., 2006). Secondly, the motility of motor proteins can be affected by modifications of the
microtubule track (e.g. polyglutamylation, tyrosination/detyrosination, and acetylation) (Figure
1C), or its nucleotide-binding state (i.e. GTP versus GDP). Several examples of regulation of
motor protein motility by tubulin modifications have been described (Cai et al., 2009; Dunn et
al., 2008; Konishi and Setou, 2009; Nakata et al., 2011; Reed et al., 2006), but the most notable
examples of regulation of motor motility by tubulin modifications has been described in sensory
cilia of C. elegans " male-specific CEM neurons. Mutation of CCPP-1, a tubulin deglutamylating
enzyme, increases the velocity of OSM-3 in these cilia (O’Hagan et al., 2011). Interestingly, we
identified tubulin tyrosine ligase-like family member 3 as a potential binding partner of MRK in
our pull-down assays (Chapter 3). Thirdly, the motility of motor proteins can be influenced by
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Figure 1. Overview of four possible models by which anterograde IFT velocities could be increased.
(A) Ciliary precursor proteins are delivered at the distal tip by anterograde IFT, where they are required
to balance the continuous turnover of axonemal proteins. The anterograde velocity and the delivery of
ciliary precursor proteins could be increased by placing PTMs on the kinesin motor (B), modifying PTMs
present on axonemal tubulin (C), introduction or removal of MAPs (D), and by changes is the transported
cargo (E).

MT-associated proteins (MAPs) (Figure 1D). The MAPs tau, MAP1B and MAP4 all have been
shown to negatively influence motor-based transport (Ebneth et al., 1998; Jimenez-Mateos et
al., 2006; Tokuraku et al., 2007). Intriguingly, the third RCK, MAK, binds to and phosphorylates
the photoreceptor-specific MAP retinitis pigmentosa 1 (RP1). RP1 overexpression results in an
increase of cilia length (Omori et al., 2010), thus probably RP1 has a positive effect on IFT.
A fourth explanation for an increase of anterograde IFT velocities could be a shift in cargo.
A cilium that increases in length requires the delivery of tubulin. IFT particles loaded with
(membrane) receptors are embedded in the ciliary membrane, while IFT particles loaded with
only tubulin might not associate with the membrane and therefore experience less friction than
IFT particles loaded with (membrane) receptors, resulting in increased velocity (Figure 1E).

A cilium length regulating signaling cascade

Several signaling proteins have been described to alter cilia length (Avasthi and Marshall,
2011; Miyoshi et al., 2011). Recently, the TOR pathway has been reported to positively regulate
cilia length (Yuan et al., 2012). In chapter 2 we show that the effects of MRK- and MOK-
depletion on cilia can be suppressed by the addition of the mTOR inhibitor rapamycin (Chapter
2), suggesting that MRK and MOK act through mTOR. mTOR is a serine/threonine protein
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kinase that acts as a master regulator of cell growth, cell proliferation, cell motility, cell survival,
protein synthesis, and transcription (Weber and Gutmann, 2012). Interestingly, MRK has been
shown to phosphorylate Raptor (regulatory associated protein of mTOR) (Fu et al., 2009; Wu
et al., 2012), which, together with mTOR, mLST8/GBL, PRAS40, and Deptor (Kim et al.,
2002; Kim et al., 2003; Peterson et al., 2009; Vander Haar et al., 2007), forms the mTORC1
complex which directly regulates protein synthesis in mammals. Upstream, MRK activity
can be regulated by (de)phosphorylation of Thr-157 by CCRK (cell cycle-related kinase) and
PP5 (protein phosphatase 5) (Fu et al., 2006). In zebrafish, CCRK has been shown to regulate
ciliary membrane and axonemal growth (Ko et al., 2010), and in Chlamydomonas a CCRK
homologue, LF2p, negatively regulates cilia length (Tam et al., 2007). Thus, CCRK appears to
have a function in regulating cilia a length. In a speculative model of a signaling pathway that
regulates cilium length MRK activity is regulated the kinase CCRK and the phosphatase PP5.
When activated, MRK phoshorylates Raptor, resulting in the inhibition of cilia lengthening by
mTORCI (Figure 2).

But how does mTOR promote cilia elongation? An increase in the level of soluble tubulin
positively regulates cilia length (Sharma et al., 2011). The mTORC1 complex directly regulates
protein synthesis in mammals, and an increase of ciliary precursor synthesis could explain the
mTORC1-mediated lengthening of primary cilia. Possibly, MRK/MOK would act as negative
regulator of cilia length by suppressing the synthesis of tubulin via inhibition of mTOR. If this
is true, treatment of cells with an inhibitor of protein synthesis (for example cycloheximide) in
cells depleted of MRK or MOK would not result in an increase of cilia length, and cells treated
with both cycloheximide and rapamycin should result in the same cilia length as cycloheximide
alone and rapamycin alone.

If the sole function of MRK/MOK is the modulation of mMTORCT1 it would be sufficient for MRK
and MOK to reside in the cytosol, since Raptor, CCRK, and PP5 do not appear to localize in the
cilium. However, we observed that MRK and MOK also localize to the cilium in cultured renal
epithelial cells. Possibly, they have additional upstream or downstream partners in the cilium.
In order to better understand the ciliary function of MRK and MOK it is vital to get a clear
overview of their protein partners. In chapter 3, we performed pull-down experiments on lysates
of HEK293T cells expressing tagged MRK/MOK, followed by mass spectrometry analysis of
co-purified proteins. This analysis yielded a range of potential MRK and MOK binding partners.
Unfortunately, they did not include any of the published binding partners of MRK (CCRK,
PP5, Raptor, and Scythe). It could be that the reported MRK-binding partners could are not
expressed in HEK293T cells, or maybe this interaction only occurs in ciliated cells. Pull-down
experiments on lysates of ciliated IMCD-3 cells, that stably express tagged MRK or MOK,
could teach us more about the ciliary function of these two kinases. In addition, pull-down
experiments on lysates of C. elegans expressing tagged DYF-5 would also be informative. This
does not mean that there are no interesting proteins in the pull-down assays in HEK293T cells.
The list of proteins identified in the original pull-down assays in HEK293T cells features known
ciliary proteins such as centrosomal protein 164kDa, pericentrin, centrosomal protein 170kDa,
dynein light chain 1/LCS8, tubulin tyrosine ligase-like family member 3, intraflagellar transport
74, and male germ cell-associated kinase. For these proteins it would be interesting to confirm
their interaction with co-IP experiments, especially when these proteins would also be present
in future mass spec data of pull-down experiments with lysates of ciliated IMCD-3 cells and
lysates of C. elegans expressing tagged DYF-5. In addition, the interaction between MRK and
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Figure 2. A speculative model of MRKSs position in a cilia length regulating signaling cascade. MRK
activity is regulated by the phosphorylation-state of Thr-157, which can be phosphorylated by CCRK and
dephosphorylated by PP5. MRK phosphorylates Raptor at Thr-908, thereby inhibiting mTORC1-mediated
elongation of cilia length. The mTOR inhibitor rapamycin can block mTORC1-mediated elongation of
cilia length in the absence of MRK.

Raptor, CCRK, and PP5 should be studies in more detail using co-IP experiments. Finally, the
role of these proteins in cilia length regulation and their relationship to MRK and MOK should
be analyzed by testing the effects of their depletion or overexpression on cilia length, as well as
subcellular localization pattern.

The role of membrane trafficking in regulation of cilia length and IFT

Not only the transport of ciliary proteins inside the cilium, but also transport of ciliary proteins
to the ciliary base is important in modulating cilia length and function. For example, the small
GTPase Rab8, which has been implicated in docking and fusion of vesicles at the ciliary base,
increases cilia length when overexpressed (Nachury et al., 2007). Furthermore, a functional
genomic screen for modulators cilium length also identified several proteins involved in vesicle
trafficking (Kim et al., 2010). In chapter 4, we described the identification and characterization
of the C. elegans gene sql-1. SQL-1 belongs to the Golgin family, which has been proposed
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to function in maintaining the organization of the Golgi apparatus (Short et al., 2005).
Overexpression of sq/-1 results in an increase of cilia length, indicating that sg/-/ can also
regulate cilia length. Silencing of the mammalian homologue of sq/-/, GMAP210, in primary
mouse embryonic fibroblasts resulted in a decrease of cilia length (Follit et al., 2008). GMAP210
binds to complex B protein IFT20 (Follit et al., 2009). Mammalian [FT20 is unique among the
IFT complex proteins because it not only localizes to the cilium, but also to the Golgi apparatus,
where it functions as an adaptor protein for targeting vesicles to the cilium (Follit et al., 20006).
SQL-1/GMAP210 could thus function in sorting of proteins/vesicle to the cilium. This function
would also explain its role as cilia length regulator. Using live imaging of fluorescently tagged
IFT proteins we showed that mutation of sq/-/ destabilizes the IFT complex. This can also be
explained by a role of SQL-1 in sorting of proteins/vesicles to the cilium. In sql-1(If) animals
certain proteins would not, or to lesser extent, reach the cilium, including proteins required for
maintaining a stable IFT complex.

Because of its localization pattern and its effect on cilia length and IFT, it is likely that SQL-
1 is involved in sorting and/or transport of proteins destined for the cilium. The mechanisms
behind these processes are far from understood, but recent studies have identified several key
proteins involved. However, how these proteins cooperate to get ciliary proteins to the ciliary
compartment is also unclear. In C. elegans, some of these proteins have been shown to have
distinct localization patterns. For example, STAM-1, HGRS-1, and RAB-5, localize directly
beneath the ciliary base (Hu et al., 2007), while RAB-8 localizes in motile spots in the cell
bodies and dendrites of the ciliated neurons (Kaplan et al., 2010). UNC-101, a component of
Clathrin adaptor (AP) complexes, is restricted to the cell body and does not co-localize with
RAB-8 (Kaplan et al., 2010). Co-localization studies with these different markers, as well as
of homologues of mammalian proteins described to function in protein transport to the cilium,
could help to determine where SQL-1 exactly functions during protein transport to the cilium.

Although the interaction between SQL-1/GMAP210 and IFT-20 is not conserved in C. elegans,
we clearly show that SQL-1 has a ciliary function. It would be interesting to identify the binding
partners of SQL-1, to resolve through which proteins SQL-1 acts on cilia length and IFT.
There are, however, some difficulties to overcome. SQL-1 is not only expressed in the ciliated
neurons, but is ubiquitously expressed, and thus many of the identified binding partners might
not directly have a ciliary function. This problem could be overcome by a pull-down experiment
with the lysate of animals that express sg/-/ only in the ciliated neurons. This approach would
strongly reduce the amount of SQL-1 protein, and would require very large C. elegans cultures
to obtain enough starting material.

Final remarks

In conclusion, primary cilia are highly dynamic organelles, whose length and morphology are
tightly regulated by various signaling pathways. This study, as well as other studies, show the
importance of IFT in the modulation of cilia length. However, further research is necessary to
gain more insight in the signal transduction pathways that regulate cilia length and the molecular
mechanism behind the modulation of IFT velocities.
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Summary

Summary

Primary cilia are microtubule-based protrusions that can be found on the surface of almost all
vertebrate cells, and have important sensory functions. There is wide variety in cilia length
and morphology, probably reflecting their specific function in different types of tissue as well
as organisms. Cilia are build and maintained by a motor protein based transport mechanism,
known as intraflagellar transport (IFT). During IFT, motor protein transport multimeric proteins
complexes along the microtubule axis of the cilium, delivering proteins to the distal tip and
returning them to the cell body. Primary cilia are dynamic structures, and their length can be
modulated by several signaling pathways. It is evident that IFT plays an important role in
regulating cilia length.

In chapter 1, I give a general introduction to what is known about primary cilia and IFT.
First, I discuss the general structure and sensory function of primary cilia. Next, I describe
the four subcomplexes from which an IFT particle is composed, the ciliary kinesins, complex
A, complex B, and the BBSome. Subsequently, I discuss the molecular mechanisms behind
the cell’s decision when to form and when to disassemble a primary cilium, and how the cell
regulates cilia length. Finally, I discuss the implications of abnormal ciliogenesis and ciliary
length control in human diseases.

In chapter 2, I describe the characterization of two members of the family of the ros cross-
hybridizing kinases (RCKs), MRK and MOK. Both kinases localize to the primary cilia, where
they negatively regulate cilia length. Using cultured kidney epithelial cells expressing GFP-
tagged components of the IFT complex, I found that that silencing MRK resulted in an increase
in the velocity of particles that move to tip of the cilium, but did affect the velocity of particles
that move toward the cell body. This would result in delivery of more material at the distal
tip, and elongation of the cilium. We propose that MRK regulates cilia length by, directly or
indirectly, modulating the velocity of particles that move toward the tip. In addition, we show
that the mTOR inhibitor rapamycin can block all the effects of MRK and MOK depletion,
suggesting MRK and MOK act through the mTOR pathway.

In chapter 3, I used a proteomics approach to identify the binding partners of MRK and MOK.
This analysis revealed a range of MRK and/or MOK binding proteins, including centrosomal
proteins, proteins involved in microtubule-based motor transport, and in signal transduction.
By comparing our mass spec results with known ciliary proteins and with proteins that contain
the preferred phosphorylation consensus sequence of MRK I created a starting point for future
experiments aiming to determine the ciliary function of MRK and MOK.

In chapter 4, I describe the identification and characterization of the gene sq/-/. Because of
the diverse array of in vivo tools available for studying intraflagellar transport, ciliary integrity,
and cilia mutants, C. elegans is a popular model organism in cilia biology. In C. elegans, we
performed a genetic screen to identify new genes that are involved cilia length regulation. One
of the genes found in this screen, sql/-1, localized to the Golgi apparatus, where it is required for
maintaining Golgi organization. In addition, SQL-1 can regulate cilia length, and is required to
preserve stability of the IFT complex.

In chapter 5, I discuss the results presented in chapters 2, 3 and 4 and suggest possible future
experiments that can be done to further unravel the function of mammalian MRK and MOK, as
well as C. elegans’ SQL-1.
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Een primair cilium is een haarvormig organel dat uit de cel steekt. Cilia zijn aanwezig op
bijna alle cellen van gewervelde dieren en hebben een belangrijke functie in het waarnemen
van omgevingssignalen. Cilia worden opgebouwd en onderhouden door een specifiek
transportsysteem; intraflagellair transport (IFT). Tijdens dit proces worden grote eiwitcomplexen
door motoreiwitten getransporteerd langs de microtubuli die zich in het cilium bevinden. Er
is een grote variéteit in lengte en morfologie van cilia. Dit is waarschijnlijk het gevolg van
de specifieke functies die ze hebben in zowel verschillende weefsels als organismen. Verder
zijn primaire cilia dynamische structuren. Hun lengte wordt gemoduleerd door meerdere
signaaltransductiepaden. Waarschijnlijk speelt IFT een belangrijke rol in het reguleren van cilia
lengte.

In hoofdstuk 1 geef ik een algemene introductie over wat er bekend is over primaire cilia en
IFT. Ik begin met het beschrijven van de algemene structuur en de functie van cilia. Vervolgens
bespreek ik de vier subcomplexen waar IFT deeltjes uit bestaan. Dit zijn de motoreiwitten,
complex A, complex B, en het BBSome. Daarna beschrijf ik de moleculaire mechanismen die
verantwoordelijk zijn voor de beslissing van de cel om een cilium te bouwen, voor de regulatie
van cilia lengte en voor de beslissing om het cilium af te breken. Tot slot bespreek ik de gevolgen
van het niet correct functioneren van het cilium in ziekten bij de mens.

In hoofdstuk 2 beschrijf ik de karakterisatie van twee eiwitten die behoren tot de familie van
ros cross-hybridizing kinases (RCKs), zijnde MRK en MOK. Beide kinases bevinden zich in
de cilia van gekweekte nierepitheelcellen waar ze de lengte van cilia reguleren. Uitschakelen
van zowel het MRK gen als het MOK gen resulteert in een verlenging van het cilium. Het tot
overexpressie brengen van MRK resulteert in een verkorting van het cilium. Om het effect van
MRK en MOK op IFT te bestuderen brachten wij met GFP gelabelde IFT eiwitten tot expressie
in gekweekte niercellen. Uitschakeling van MRK in deze cellen resulteerde in een versnelling
van IFT deeltjes die naar de punt van het cilium gebracht worden, terwijl het transport terug naar
de cel niet beinvloed werd. Wij vermoeden dat MRK de lengte van cilia reguleert door, direct
of indirect, de snelheid van IFT deeltjes te moduleren. Daarnaast laten we zien dat rapamycine
(een remmer van het eiwit mTOR) de effecten die het uitschakelen van MRK en MOK op cilia
lengte en IFT hebben, blokkeert. Dit suggereert dat MRK en MOK samenwerken via het mTOR
signaaltransductiepad in de regulatie van cilia lengte en IFT.

In hoofdstuk 3 heb ik een proteomics benadering gebruikt om de bindingspartners van MRK
en MOK te identificeren. Bij deze benadering heb ik een scala aan MRK en/of MOK bindende
eiwitten gedetecteerd, waaronder centrosomale eiwitten. Deze eiwitten zijn betrokken bij
motortransport langs microtubuli en eiwitten die functioneren in signaaltransductie. Door de
door ons gevonden resultaten te vergelijken met eiwitten waarvan we weten dat ze zich in het
cilium bevinden en met eiwitten die de aminozuur sequentie bevatten die MRK fosforyleert,
hebben wij een aantal belangrijke kandidaat eiwitten gevonden die kunnen helpen om in de
toekomst de functie van MRK en MOK verder te bepalen.

In hoofdstuk 4 beschrijf ik de identificatie en karakterisatie van het gen sg/-1. De nematode C.
elegans is een populair modelorganisme om cilia te bestuderen, onder andere omdat het redelijk
eenvoudig is om IFT te visualiseren. Om nieuwe genen te identificeren die functioneren in de
regulatie van cilia lengte hebben wij in C. elegans een genetische screen uitgevoerd. Eén van
de genen gevonden in deze screen was sgl-1. Wij laten zien dat sql-1 tot expressie komt in alle
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cellen van C. elegans. Tevens laten wij zien dat SQL-1 zich in het Golgi-apparaat bevindt. Daar
is het nodig om de organisatie van het Golgi-apparaat te handhaven. Verder kan SQL-1 de lengte
van het cilium reguleren en is het belangrijk voor de stabiliteit van het I[FT complex.

In hoofdstuk 5 bespreek ik de resultaten zoals beschreven in de hoofdstukken 2, 3 en 4 en
beschrijf ik de mogelijke tockomstige experimenten die gedaan kunnen worden om de precieze
functies van de zoogdiereiwitten MRK en MOK, evenals het C. elegans eiwit SQL-1, verder te
ontrafelen.
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