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Abstract

Cilia are microtubule-based, membrane-enclosed organelles that project from the
surface of most eukaryotic cells. Cilia perform important signalling functions in
development and homeostasis, and disruption of these functions in humans and other
metazoans is associated with diseases known as ciliopathies. Previously, it was
hypothesized that the NIMA-related kinases (Neks) evolved to coordinate ciliogenesis
and ciliary resorption with the cell cycle. In this work, | examine the events surrounding
pre-mitotic resorption in Chlamydomonas, and the roles of two Neks in ciliary regulation,
thereby advancing our understanding of the mechanisms that regulate ciliogenesis,

ciliary resorption, and ciliary length.

Pre-mitotic ciliary resorption occurs to free the basal body to act as a spindle pole during
mitosis, although little is known of the mechanisms or signals that regulate this event.
Here, | show that pre-mitotic resorption culminates in a severing event that separates the
basal body from the transition zone in Chlamydomonas. This severing may be essential

for cell cycle progression in Chlamydomonas and other organisms.

Mutations in mammalian Nek1 are associated with defective ciliogenesis and severe
ciliopathies, and signalling to the nucleus may be important for the etiology of these
ciliopathies. Here, | show that Nek1 cycles through the nucleus. Nek1 is therefore a

candidate to transduce signals between the cilium and nucleus.

Previous work demonstrated that RNAIi of the Chlamydomonas Nek CNK2 caused a
slight increase in flagellar length. | characterized a new cnk2-1 null mutant and
discovered that it contributes to the regulation of flagellar resorption and length control
by regulating the rate of flagellar disassembly. My work with cnk2-1 and a mutant strain
defective in a second ciliary kinase, 1f4-7, revealed that flagellar length is controlled by a
feedback system, wherein rates of both flagellar assembly and disassembly are

modulated when flagella are too long.

Keywords: Cilia; resorption; ciliogenesis; Nek; cell cycle; Chlamydomonas
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1. Introduction

Sections 1.1 and 1.3 of this chapter are adapted and updated from
Cellular Domains, First Edition, Editor I.R. Nabi, Authors Laura K. Hilton
and Lynne M. Quarmby, “Cilia”, Pages 245-266, © 2011 Wiley-Blackwell,
with permission.

As first author on this chapter, | conducted an extensive literature review,
wrote half of the text, generated/assembled all of the figures, and created
a table of >100 known ciliary proteins and their functions. LMQ wrote half
of the text and contributed to the conception and design of the figures.

1.1. Cilia: Structure and Function

Cilia are membrane-covered, microtubule-based structures that project from the
surface of eukaryotic cells. The earliest eukaryotic cells were ciliated and most extant
lineages retain cilia [Richards and Cavalier-Smith, 2005]. The primordial cilium may have
functioned both as a processing centre for signal transduction and as a device of motility
[Satir et al., 2008; Quarmby and Leroux, 2010]. Some cilia have retained both functions
whereas others have become highly specialized. Cilia are sometimes referred to as
flagella, especially in the case of the motile flagella of sperm or some protists like

Chlamydomonas, but should not be confused with the unrelated prokaryotic flagellum.

The fundamental structure of the cilium is conserved, both at the level of proteins
and ultrastructurally. Cilia are organized into four defined zones: the basal body, the
transition zone, the cilium proper and the tip (Figure 1.1). Each of these regions may be
more or less elaborated in different cell types. As this work considers the roles of most of
these regions in normal ciliary function, | will begin with a review of our current

knowledge of ciliary structure and function.



1.1.1.  The Basal Body

Basal bodies (BBs) are the interphase form of centrioles (reviewed in [Marshall,
2008]). Centrioles come in pairs of orthogonally-oriented short cylinders of nine triplet
microtubules: The ABC triplet is composed of one complete microtubule (the A-tubule;
made of 13 protofilaments) and two partial microtubules (B- and C-tubules with 11
protofilaments each) that “piggy-back”™ on the A tubule (Figure 1.1, [Marshall and
Rosenbaum, 2001]). With each cell cycle centrioles undergo replication: a new
“‘daughter” centriole forms next to each original “mother” centriole [Marshall and
Rosenbaum, 2001]. At prophase the original pair separates, with each mother taking its
daughter along into one of the daughter cells. The microtubule-driven separation of
centrioles during cell division facilitates efficient separation of daughter cell components.
During interphase, centrioles dock to the plasma membrane and elaborate into the BBs
from which cilia are built [Reiter et al., 2012]. In addition to providing the foundation for
cilia, BBs serve as microtubule organizing centres (MTOCs), directly impacting the

structure of the cytoplasmic cytoskeleton.

BBs have a structural polarity that has been examined most thoroughly in
Chlamydomonas (Figure 1.1; [Ringo, 1967; Johnson and Porter, 1968; Cavalier-Smith,
1974; Holmes and Dutcher, 1989; O'Toole et al., 2003]). In Chlamydomonas, a highly
stereotyped system of fibres emanating from the BBs serves to position the two flagella,
the nucleus and the eyespot. While the specifics of this fibre system may be unique to
the green algae, it is generally the case that the establishment of apical-basal and planar

cell polarity are tightly linked to BB placement in metazoans [Marshall, 2010].

In cells that possess only a single cilium, the mother centriole invariably serves
as the BB of the cilium [Vorobjev and Chentsov, 1982]. With few exceptions, ciliated
cells lose their cilia prior to entry into mitosis, presumably to provide flexibility and
precision in centriole separation and positioning during cell division [Parker et al., 2010].
However, in some organisms, such as C. elegans and Drosophila, only terminally
differentiated cells are ciliated. This means that once centrioles become basal bodies,
they never return to serve as centrioles again. In these cases, it is not uncommon to find

that basal bodies are degenerate and comprised of only singlet or doublet microtubules,



and become less distinguished from the microtubules of the ciliary axoneme [Marshall,
2008].

Key elaborations of the basal body include the transition fibres/distal appendages
that facilitate docking of the basal body to the cell membrane [Weiss et al., 1977]. All
cilia have these fibres, which are thought to play important roles as scaffolds for the
assembly and loading of intraflagellar transport (IFT) complexes (reviewed in [Reiter et
al., 2012]). A number of components of the distal appendages have been identified,
including CEP123, CEP164, CCDC41, and Odf1, and loss of any of these components
interferes with ciliary membrane docking and ciliogenesis [Graser et al., 2007; Singla et
al., 2010; Joo et al., 2013; Sillibourne et al., 2013; Tanos et al., 2013].

1.1.2. The Transition Zone

The transition from the basal body ABC triplet microtubules to the AB doublets
occurs at the proximal end of the transition zone (TZ; [O'Toole et al., 2003]). Assembly of
the TZ on the BB is a key step in the formation of cilia, but to date only two genes have
been implicated specifically in this process (UNI1 and UNI2; [Piasecki and Silflow, 2009].
In some cilia, such as the flagella of green algae, the transition zone contains highly
stereotyped and distinctive electron-dense structures [Ringo, 1967; O'Toole et al., 2003].
In other cells, such as the primary cilia of mammalian cells, the TZ is more difficult to
define ultrastructurally. However, TZs can usually be identified by the presence of Y-link
structures that connect the doublet microtubules to the membrane forming a “ciliary
necklace” that decorates the transition zone membrane [Gilula and Satir, 1972] The only
protein component of these Y-links identified thus far is CEP290 in Chlamydomonas
[Craige et al., 2010], although many proteins that localize to TZs and have related

functions are candidates to be components of the Y-link complex [Reiter et al., 2012].

Perhaps one of the most important functions of the ciliary transition zone is to
“gate” the entry and exit of membrane and soluble proteins into the ciliary compartment.
In Chlamydomonas, loss of CEP290 causes abnormal accumulation or reduction of IFT
proteins in flagella, alters the behavior of retrograde IFT, and reduces flagellar levels of
PKD2, a membrane protein associated with polycystic kidney disease in humans [Craige

et al.,, 2010]. In C. elegans and mammalian cells, transition zone proteins associated



with Meckel syndrome (MKS) and nephronopthisis (NPHP) form a complex that similarly
gates the entry and exit of both membrane and soluble ciliary components [Garcia-
Gonzalo et al., 2011; Williams et al.,, 2011]. These components have further roles in

ciliogenesis that will be addressed in Section 1.3.

1.1.3.  The Cilium

Underlying the membrane, providing structural support and a scaffold for
assembly and function, is the axoneme. The axoneme most often consists of nine
doublet microtubules that run the length of the cilium. In some cases, such as in C.
elegans sensory cilia, Chlamydomonas gametes, and mammalian olfactory cilia, the
doublet microtubules transition to singlets toward the distal end of the cilium [Silverman
and Leroux, 2009]. With few exceptions, motile cilia have a central pair of singlet
microtubules that participate in regulating motility — these cilia are designated 9+2. Most
non-motile cilia, such as mammalian primary cilia, olfactory cilia, and photoreceptor

outer segments, lack this central pair and are designated 9+0.

The axoneme of a non-motile 9+0 axoneme is relatively streamlined; the nine
outer doublet microtubules are composed of a- and B-tubulin with various post-
translational modifications, including acetylated o-tubulin, and glutamylation and
glycosylation of both tubulin isoforms [Gaertig and Wloga, 2008]. The 9-fold symmetry

established by the basal bodies continues throughout the length of the axoneme.

The motile 9+2 cilium, such as that of Chlamydomonas, builds on the basic
structure of the 9+0 cilium, but when examined in cross-section a number of important
distinguishing features are readily apparent (Figure 1.1). The outer doublets are
decorated with rows of inner and outer dyneins, radial spoke complexes, and inter-
doublet connections known as the nexin links (e.g., [Nicastro et al., 2006]). Recent
tomographic studies have revealed that the nexin link is the Dynein Regulatory Complex,
which plays a major role in regulating motility [Heuser et al., 2009]. Ten or more heavy
chain dyneins and a multitude of associated proteins form the outer and inner arm
dyneins [King and Kamiya, 2009]. Different species of dynein are restricted to specific
domains along the length of the flagella [Yagi et al., 2009]. Further spatial organization is

found in the distinct identities of each of the nine outer doublet microtubules [Wargo et



al., 2005]. Each singlet microtubule of the central pair has distinct projections, with the
C1 tubule having longer projections than the C2 tubule. Rotation of the central pair
relative to the outer doublets may regulate the waveform of ciliary beating [Omoto et al.,
1999].

The “membrane-matrix” fraction of the cilium includes the lipids and proteins of
the ciliary membrane, the IFT (Intra-Flagellar Transport) particles involved in ciliary
assembly, and the as yet poorly defined soluble fraction of the compartment [Pazour et
al., 2005]. IFT particles are made of two protein complexes that span the space
between the outer doublet microtubules and the ciliary membrane (see Section 1.3
Ciliogenesis). Although the ciliary membrane is continuous with the plasma membrane,
its lipid and protein composition is distinct [Reiter et al., 2012]. Predominant among
ciliary membrane proteins are signaling proteins such as receptors and ion channels
[Dunlap, 1977; Berbari et al., 2009]. The mechanisms that maintain the entire ciliary
compartment, keeping it distinct from the plasma membrane and the cytoplasm, are
active areas of investigation. In addition to the ciliary gate functions of the transition zone
(see Section 1.1.2), this selectivity may involve the regulation of ciliary import in a
mechanism similar to that of nuclear import [Dishinger et al., 2010; Kee et al., 2012], and
include the active export of non-ciliary components by IFT [Lechtreck et al., 2009;
Lechtreck et al., 2013].

1.1.4.  The Ciliary Tip

The tip of cilia and flagella remains one of the most enigmatic structures within
the cilium, and very little is known about its structure, composition, and function. Electron
microscopy has demonstrated that, in the motile flagella of Chlamydomonas and
Tetrahymena, the basic structure of the ciliary tip includes a plate and ball structure that
anchors the central pair to the ciliary membrane, and a plug inserted into the A tubule of
each outer doublet [Dentler, 1980]. The function and composition of these structures is
not yet defined. However the flagellar tip must perform three essential functions
necessary for maintaining the axoneme: regulating the turnover of flagellar subunits,
loading and unloading intraflagellar transport (IFT) cargo, and regulating the activity of
microtubule motors that transport IFT cargo along the axoneme [Sloboda, 2005]. The

microtubule plus-end binding protein EB1 localizes to the flagellar tip in
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Chlamydomonas, and has an essential role in the assembly of primary cilia [Pedersen et
al., 2003; Schroder et al., 2007]. It is not yet clear, however, whether this is due to the
known microtubule-stabilizing functions of EB1 or some other, yet unknown function at

the flagellar tip.

1.1.5.  Ciliary Function

Cilia evolved as sensory organelles [Satir et al., 2008; Quarmby and Leroux,
2010]. While all cilia likely perform at least rudimentary signaling functions, some are
highly specialized for sensory functions. A common feature of sensory cilia is that
receptor molecules are concentrated within the cilium. This can be observed in
photoreceptor cells, where the light-detecting machinery is condensed in the cell’s outer
segment; in olfactory cilia, where the G-protein coupled receptors and associated G-
proteins activate cAMP signaling and neuron depolarization from within the cilium; and in
neuronal cilia, where particular somatostatin and serotonin receptors localize exclusively
to primary cilia [Whitfield, 2004; Berbari et al., 2009]. Thus a number of normal signaling

functions are entirely dependent on the presence of a healthy cilium.

A growing number of human diseases are attributed to sensory dysfunction of
cilia. For example, the products of cystic kidney disease genes, such as polycystin-1 and
-2 (PC1 and PC2; autosomal dominant polycystic kidney disease), fibrocystin
(autosomal recessive PKD), and various nephronophthisis (NPHP) proteins, localize to
cilia [Nauli and Zhou, 2004]. In response to flow, PC1 and PC2 initiate downstream
signaling events that include Ca* influx and transcriptional changes [Zhou, 2009]. Cilia
are also critical for developmental and homeostatic Hedgehog (Hh) and Wnt signaling. In
mammals, the Hh receptor PTCH1 and downstream Hh effectors localize to cilia, and
proper localization of these components is essential for normal Hh signaling [Goetz and
Anderson, 2010]. For Wnt signaling, the presence or absence of a cilium determines
whether canonical or non-canonical Wnt signaling is activated [Lai et al., 2009]. The
Hippo pathway, an important regulator of cell growth and proliferation, is negatively
regulated by the TZ-localized ciliopathy protein NPHP4 [Habbig et al., 2011]. The cilium
is the site of localization of PDGF receptor a (PDGFRa), and is essential for cell

migration and wound healing [Schneider et al., 2005; Clement et al., 2013]. The roles of



these pathways in tumorigenesis also strongly implicate the cilium as an important

organelle in cancer.

Nephronophthisis, the most severe form of juvenile cystic kidney disease, has
joined a rapidly expanding group of heterogeneic ciliopathies associated with early
development and physiological homeostasis: Bardet-Beidl syndrome (BBS), Meckel
syndrome (MKS), Joubert syndrome (JBTS), NPHP, isolated and syndromic forms of
retinitis pigmentosa (RP), and a growing number of skeletal disorders (reviewed in
[Waters and Beales, 2011]). These disorders are highly pleiotropic, and symptoms can
include retinal degeneration, cysts of the kidney and liver, facial malformations, neural
tube defects, mental retardation, polydactyly, and obesity. While the disorders are
clinically distinct, some genes contribute pathogenic alleles to multiple disorders. For
example, nonsense mutations in CEP290 cause MKS, the most severe of these
disorders, while hypomorphic mutations can cause RP, NPHP, BBS, or JBTS [Chang et
al., 2006; Sayer et al., 2006; Frank et al., 2008; Leitch et al., 2008]. Many of the
abnormalities in these disorders have connections to Wnt, Hh, and planar cell polarity
signals, all of which have cilia-dependent functions in development [Zaghloul and
Katsanis, 2009]. A major hypothesis in the etiology of these ciliopathies, currently, is that
they arise from “leakiness” of the ciliary compartment [Reiter et al., 2012]. That is,
mutations in BBS, MKS, JBTS, and NPHP disease genes cause things like
transmembrane receptors to aberrantly leak into or out of the cilium. For example,
mutations in these genes can phenocopy Hedgehog signalling mutants, and the Hh
effector SMO fails to efficiently localize to mutant cilia [Garcia-Gonzalo et al., 2011; Chih
et al., 2012].

Although all cilia are sensory, some are also motile. Ciliary beating drives the
swimming behavior of unicellular organisms, such as Paramecium, Tefrahymena and
Chlamydomonas, colonial and multicellular protists such as Volvox, and metazoans like
Planaria. The gametes of multicellular organisms, for example mammalian sperm, can
be propelled by cilia (often known as flagella in this context). In complex tissues, motile
cilia can drive the flow of fluid over a surface. In mammals, this includes respiratory
epithelia, ependymal cells lining the brain cavities, and the epithelial cells that drive fluid
flow in oviducts. Whether propelling a cell over distance or moving or moving fluids over

a surface, the molecular machinery that drives underlying ciliary beat is conserved.
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Commensurate with the diversity of motile cilia in the human body, a number of
disease states derive directly from the loss of ciliary motility. Among the first ciliopathies
defined is Kartagener's Syndrome, also known as Primary Ciliary Dyskinesia (PCD).
This disorder is caused by loss of ciliary motility, often due to mutations in axonemal
dynein subunits [Leigh et al., 2009]. Predominant symptoms include chronic bronchitis
due to inefficient clearance of mucus from the airway. Because motile cilia in the
vertebrate embryonic node are essential establishing left-right asymmetry, approximately
50% of PCD patients have the placement of their organs reversed (reviewed in [Lee,
2011]). The motile cilia of ventricular ependymal cells help maintain circulation of
cerebrospinal fluid (CSF), without which CSF builds up in the brain causing

hydrocephalus.

The coordination of ciliary assembly and disassembly with the cell cycle is also
important for normal physiology. | will next review the important connections between
cilia and the cell cycle, and the features of the cell cycle that necessitate this

coordination.

1.2. Cilia, the Cell Cycle, and the Neks

Most cells lose their cilia prior to cell division by resorption, the tip-down
disassembly of the axoneme returning ciliary components to the cell body. This appears
to be a requirement for cell cycle progression because the basal bodies serve as
centrioles at the spindle poles during cell division, and must therefore be free to migrate
throughout the cell (Figure 1.2). In rare examples where the cilia are free to migrate with
the basal body, such as meiosis in butterfly sperm, cilia may remain attached to the
basal body throughout the cell cycle [Quarmby and Parker, 2005]. However, in
Chlamydomonas and mammalian cells, the two model systems | have used in this study,
ciliary retention is not conducive to cell cycle progression. In Chlamydomonas, this is
likely due to the presence of a rigid cell wall through which the cilium projects. If the
basal bodies remained attached to the flagellum, with its many connections to the
plasma membrane, the basal bodies would not be able to facilitate spindle assembly and
mitosis. In multicellular organisms, mitotic spindle orientation can be restricted by the

need for asymmetric cell division, or for division to occur in a particular plane to maintain



tissue architecture, so disassembling the cilium gives the centrosomes complete

freedom to execute these processes with fidelity.

Because the cilium disassembles as the cell divides, the daughter cells must
build new cilia. However, while many of the stages of ciliogenesis are well characterized,
very little is known about the signals that coordinate ciliogenesis with mitotic exit. In
Section 5.3 | will elaborate more on some potential components of this coordination

pathway, including Nek1, the subject of Chapter 2.

Chlamydomonas cells divide by a multiple fission mechanism; that is, at each cell
division they divide n times to produce 2" daughter cells, where n is dependent only on
the size of the mother cell prior to division. Small cells will divide once to produce only
two daughters, while large cells can divide up to four times to produce 16 daughters.
Chlamydomonas cells easily switch between being phototrophic (using photosynthesis
to fix CO;) or auxotrophic (consuming fixed sources of carbon like acetate), and will
continue to grow and divide asynchronously so long as there is a continual supply of
light or fixed carbon. When cells are transferred to the dark and deprived of fixed carbon,
all cells that have reached a minimum size threshold (commitment size) will divide
[Umen and Goodenough, 2001].

Cultures of Chlamydomonas cells can be synchronized by alternating exposure
to light and dark, with CO, as the only available source of carbon [Bisova et al., 2005].
This facilitates observation of ciliary resorption and ciliogenesis events related to the cell
cycle [Parker et al., 2010]. In some mammalian tissue culture cell types, synchrony can
be similarly achieved by regulating nutrient content. For example, retinal pigment
epithelium (RPE) cells can be forced into quiescence by depleting serum from the
media, at which point cells will generate cilia. Subsequently restoring serum to the media
then causes the cells to synchronously resorb their cilia and divide [Pugacheva et al.,
2007].

This synchrony strategy has been employed to test the roles of signalling
pathways in coordinating resorption and ciliogenesis with the cell cycle, although still
relatively little is known about these processes. One important regulatory step occurs

when the cell-cycle kinase aurora A phosphorylates and activates the histone



deacetylase HDACB, which then goes on to deacetylate ciliary microtubules [Pugacheva
et al., 2007; Plotnikova et al., 2012]. Furthermore, siRNA of HDACG6 inhibits ciliary
resorption upon growth factor stimulation of cell division [Pugacheva et al., 2007]. The
tubulin deacetylation itself is not likely the direct cause of ciliary resorption since
acetylated tubulin is not essential for the assembly or maintenance of cilia [Kozminski et
al., 1993; Shida et al., 2010]. Thus, tubulin deacetylation appears to play a key role in
regulating pre-mitotic ciliary disassembly, possibly by signalling to still-unidentified

resorption machinery.

Another component of the pre-mitotic resorption pathway in mammalian cells is
the dynein light chain protein Tctex-1, which is required to be phosphorylated and
recruited to the TZ for pre-mitotic resorption to proceed [Li et al., 2011]. The centrosomal
protein Nde1 interacts with another dynein light chain, LC8, to negatively regulate ciliary
length and promote pre-mitotic resorption [Kim et al., 2011]. That both Tctex-1 and Nde1
have roles in regulating cytoplasmic dynein activity may implicate the retrograde IFT

motor in pre-mitotic ciliary resorption.

Based on data described below, the Quarmby lab hypothesized that the NIMA-
related kinases, or Neks, may have evolved to coordinate cilia with the cell cycle
[Quarmby and Mahjoub, 2005]. The Neks are serine/threonine kinases found throughout
eukaryotes, defined by similarity of the N-terminal kinase domain to the Aspergillus cell
cycle kinase NIMA, with highly divergent C-terminal regulatory domains (reviewed in [Fry
et al., 2012]). Some members of this family are activated by dimerization and
autophosphorylation, but there is no known commonality of activating phosphorylation
events or of substrates [Fry et al., 2012]. An extensive phylogenetic analysis of the Nek
family revealed that the last common ancestor of all eukaryotes, which was ciliated,
possessed at least five Neks [Parker et al., 2007]. Today, organisms that have ciliated
cells that re-enter the cell cycle have more representatives of these five clades than
those whose ciliated cells are terminally differentiated [Parker et al., 2007]. For example,
Chlamydomonas and humans have at least one representative of each of these clades,
but plants, which have neither cilia nor centrioles, have representatives of only one of
these clades [Parker et al., 2007]. This suggests that cells that co-ordinate cilia with the
cell cycle maintained a greater diversity of Neks for this purpose, while non-ciliated

organisms lost most members of this family as a consequence of the loss of cilia.
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The founding member of the Nek family is the lone Nek NIMA (never in mitosis
gene A), found in the non-ciliated fungus Aspergillus nidulans. 1t was named for a
conditional mutation that prevented cells from entering mitosis at the restrictive
temperature [Osmani et al., 1991]. Therefore early studies on Nek family members
focused on cell cycle roles for the Neks. For example, Nek2, which belongs to the same
clade as Aspergillus NIMA, localizes to the centrosome and plays a critical role in
centrosome disjunction, the separation of the centrioles that occurs as they duplicate at
the onset of mitosis (Reviewed in [Fry et al., 2012]). Nek9, Nek6, and Nek7 participate in
a mitotic signalling cascade that is required for normal mitotic spindle assembly [Belham
et al., 2003; O'Regan and Fry, 2009]. However, none of these early studies on the roles

of Neks in cell cycle considered their functions in cilia.

The first evidence that Neks might play a role in regulating cilia and the cell cycle
came when the Quarmby Lab discovered that the causative mutation in a
Chlamydomonas deflagellation mutant, fa2, disrupted a gene encoding a Nek [Mahjoub
et al.,, 2002]. Consistent with the previously described roles for Neks in cell cycle
regulation, fa2 mutants exhibit a delay in G2-M progression that manifests as unusually
large cells [Mahjoub et al., 2002]. Coincident with the identification of FA2, a novel
hypothesis for the etiology of polycystic kidney disease was emerging. First, it was
discovered that the C. elegans orthologs of the human polycystins localize to the cilia of
male sensory neurons and are required for male mating behaviour [Barr and Sternberg,
1999; Barr et al., 2001]. Shortly thereafter, the causative mutation in the orpk mouse
model of PKD was identified in the Tg737 gene, which encodes the mouse ortholog of
Chlamydomonas IFT88 and is required for ciliogenesis [Pazour et al., 2000]. These data

pointed the finger squarely at a role for cilia in the development of cystic kidneys.

At the time, of the seven remaining mouse models for cystic kidneys, one was
caused by a mutation in Nek1 and the other in Nek8 [Upadhya et al., 2000; Liu et al.,
2002]. The Quarmby lab demonstrated that Nek8 localizes to the proximal half of the
cilium, and showed that the causative mutation in the mouse model disrupted its ciliary
localization [Mahjoub et al., 2005; Trapp et al., 2008]. These data prompted the screen
of a cohort of patients with a severe juvenile cystic kidney disease called
nephronophthisis, and identified causative mutations in human Nek8 that disrupt its

ciliary localization [Otto et al., 2008]. Furthermore, Nek1 localizes to centrosomes, and
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its overexpression inhibits post-mitotic ciliogenesis [Mahjoub et al., 2005; White and
Quarmby, 2008]. More recently, causative mutations in Nek1 were identified in the
embryonic-lethal skeletal ciliopathy Short Rib-Polydactyly Syndrome (SRPS) [Thiel et al.,
2011; Chen et al., 2012a; Chen et al., 2012b; El Hokayem et al., 2012].

Thus far we know little about the cell cycle-related functions of the two ciliopathy
Neks, Nek1 and Nek8. However, some of the previously mentioned cell cycle Neks have
recently been re-examined for novel ciliary functions. Nek2 has been localized to the
distal end of the basal body in ciliated interphase cells, and Nek2 siRNA delays ciliary
resorption until after the centrioles have duplicated and separated [Spalluto et al., 2012].
Similarly, Nek7 knock-out mouse embryonic fibroblasts are characterized by reduced
overall ciliation and a population of cells with multiple primary cilia [Salem et al., 2010]. It
is possible that the effects of Nek2 and Nek7 on cilia are directly responsible for their
effects on cell cycle since resorption of the cilium appears to be an important signal for

cell cycle progression [Jackson, 2011].

1.3. Ciliogenesis

After a cell has completed mitosis, the first step in creating a new cilium is to
dock the basal body at the plasma membrane [Marshall, 2008]. This process typically
involves docking of the basal body to a specialized ciliary vesicle, which subsequently
fuses to the plasma membrane. The migration of the basal body to the surface of the cell
involves intracellular polarity cues, as the cilium forms at the apical surface of the cell.
The transition zone and its associated fibres are then assembled and this structure

anchors the cilium in its permanent position in the plasma membrane.

As soon as the ciliary vesicle has docked to the centriole (or before it docks to
the plasma membrane, if the ciliary vesicle step is omitted) the transition zone and its
associated Y-link structures have already begun to form. The docking of the centriole
and the formation of the transition zone are regulated by complex interactions between
the MKS and NPHP proteins [Reiter et al.,, 2012]. This interaction network has been
defined in both mammalian and C. elegans model systems [Garcia-Gonzalo et al., 2011;
Sang et al., 2011; Williams et al., 2011; Chih et al., 2012], although little is known of the
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functions of these proteins in Chlamydomonas. Importantly, the formation of the
transition zone establishes the ciliary gate early on in ciliogenesis, separating the cilium

from the cell body before axoneme outgrowth even begins [Reiter et al., 2012].

The cilium is assembled via the addition of ciliary components to the distal tip.
IFT complexes A and B, assembled from distinct subunits, transport cargo from the cell
body towards the tip of the axoneme in IFT “trains” containing multiple A and B
complexes (Figure 1.3). Anterograde transport (toward the + end of the ciliary
microtubules and the distal tip of the cilium) is mediated by kinesin-2, which is thought to
associate with complex B, while retrograde transport is mediated by cytoplasmic dynein
in association with complex A [Cole, 2009]. Mutations in complex B subunits obliterate
ciliogenesis [Pazour et al., 2000; Brazelton et al., 2001], while mutations in complex A
subunits cause accumulation of material at the ciliary tip [lomini et al., 2009; Jonassen et
al.,, 2012]. In addition to carrying the building blocks of the ciliary axoneme, there is
growing evidence that IFT trains also participate in the transport of membrane proteins

along the axoneme.

A subset of the proteins related to the ciliopathy BBS also participate in IFT, and
are important for membrane biogenesis and membrane protein trafficking in cilia. These
BBS proteins assemble into a complex referred to as the BBSome, which includes
Rabin8/Sec2p, a guanine nucleotide exchange factor (GEF) for the Rab8/Sec4p
vesicular trafficking small GTPase [Nachury et al.,, 2007]. Since Rab8 is required for
ciliogenesis, it has been hypothesized that Rabin8 and Rab8 regulate the docking and
fusion of vesicles to the ciliary membrane to create new ciliary membrane (reviewed by
[Das and Guo, 2011]). In C. elegans, anterograde IFT is mediated by two kinesin
motors, kinesin-Il and OSM-3, which cooperate to transport IFT complexes in the
proximal half of the cilium. The BBSome is important for regulating the association
between these two motors [Ou et al., 2005; Pan et al., 2006]. In Chlamydomonas and
mammals, appears to function as an adaptor between IFT complexes and membrane
cargoes, and is required for the import of some membrane proteins into cilia and for the
export of others [Lechtreck et al., 2009; Jin et al., 2010; Lechtreck et al., 2013].

At least one IFT protein (IFT20) is involved not only in the ciliary IFT trains, but
also in vesicular traffic [Follit et al., 2006]. IFT20 is thought to facilitate the trafficking of
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vesicles carrying ciliary membrane proteins from the Golgi to the base of the cilia. These
vesicles then fuse with the plasma membrane near the transitional fibres, delivering
membrane proteins and lipids to the IFT particles for transport into the cilium. Baldari
and Rosenbaum [2010] have proposed that axonemal components might also be

targeted to the cilium via association with cilia-destined vesicles.

Ciliogenesis also involves new synthesis of many ciliary proteins, including
tubulin, and axonemal dyneins [Lefebvre et al., 1978]. Recent RNAseq analysis
identified 1850 genes that are upregulated during flagellar regeneration in
Chlamydomonas [Albee et al., 2013]. In metazoans, the expression of ciliary genes is
coordinated by the activity of RFX transcription factors, which bind to a highly sterotyped
site in the promoter region of the majority of ciliary genes [Swoboda et al., 2000; Chen et
al., 2006]. A subset of genes that are required for the assembly and function of motile
cilia are regulated by the FOXJ1 transcription factor [Yu et al., 2008]. However,
Chlamydomonas and other bikonts lack either RFX or FOXJ1 homologs, and very little is
known about the promoter sequences that regulate ciliary gene transcription [Chu et al.,
2010; Piasecki et al., 2010]. Nonetheless, transcriptional upregulation of ciliary genes is

likely one of the key events that coordinates ciliogenesis with cell cycle exit.

1.4. Ciliary Resorption and Deflagellation

Ciliary resorption occurs in most organisms prior to mitosis, and, in
Chlamydomonas, in response to growth on solid agar plates. Much less is known about
the mechanisms that govern ciliary resorption than ciliogenesis. Given the dynamic
nature of ciliary microtubules, at the very least we can say that resorption occurs when
the rate of disassembly exceeds the rate of assembly. The Chlamydomonas
temperature sensitive fla10-1 mutant carries a point mutation in the motor domain of the
anterograde IFT kinesin motor, and flagellar assembly halts at the restrictive
temperature, causing flagella to gradually resorb [Kozminski et al., 1995; lomini et al.,
2001; Marshall and Rosenbaum, 2001; Marshall et al.,, 2005]. The drug ciliabrevin
similarly causes anterograde IFT reduction leading to resorption [Engel et al., 2011].
Although it has been assumed that retrograde IFT was required for ciliary resorption by

returning disassembled ciliary components to the cell body, this may not actually be the
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case. Temperature sensitive Chlamydomonas mutants with defects in IFT B complex
particles gradually resorb at the restrictive temperature, and accumulate large amounts
of IFT material and other ciliary components in a large bulge at the tip of the short
flagella [lomini et al., 2009]. This observation indicates that neither retrograde IFT, nor
the ability to clear ciliary components from the ciliary tip, are required to shorten flagella.
Another Chlamydomonas mutant, dhc1b-3, which carries a temperature sensitive
mutation in the motor domain of the retrograde IFT dynein, can maintain full-length
flagella for up to 24 hours at the restrictive temperature, and appears only to have a
defect in its ability to regenerate flagella following mitosis [Engel et al., 2012]. Therefore
retrograde IFT may participate in the return of ciliary components to the cell body, but it
is not required for the disassembly of the axoneme that leads to ciliary resorption. The

mechanisms that do facilitate ciliary resorption remain elusive.

In rare cases, deflagellation is used as an alternative to resorption prior to
mitosis, but in Chlamydomonas and the cells lining the human respiratory tract
deflagellation occurs in response to stress (reviewed in [Quarmby, 2004],[Coggins et al.,
1980]). Most of what we know about deflagellation has been discovered in
Chlamydomonas. The deflagellation response can be activated by acidifying the media
with a weak organic acid, such as acetic acid, that can permeate the cell membrane and
acidify the cytoplasm [Hartzell et al., 1993]. This drop in pH triggers an influx of Ca2+
from the media, which activates the severing machinery at the site of flagellar autotomy
(SOFA) at the distal end of the transition zone [Lewin and Lee, 1985; Quarmby and
Hartzell, 1994]. Deflagellation can also be induced by permeabilizing the cells in the
presence of calcium [Lewin and Burrascano, 1983]. Upon severing of the microtubule
axoneme, the flagellar membrane pinches off to seal the membrane over the transition
zone, and the flagellum is shed into the environment. Forward genetics approaches
have identified mutations in two genes that are required for acid-induced deflagellation,
adf1 and adf2, but these mutants all deflagellate normally when permeabilized in the
presence of calcium, indicating that the severing machinery is intact ([Finst et al., 1998],
F. Meili, P. Buckoll, M. Lethan, and J. Pike, unpublished data). In contrast, mutations in
one of the two known flagellar autotomy (FA) genes prevent deflagellation in response to
any known stimulus [Finst et al., 2000; Mahjoub et al., 2002]. FA1 is a scaffolding protein
with a Ca2+/CaM binding motif [Finst et al., 2000], and FA2 is a kinase from the NIMA-
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related kinase family (see Section 1.2. Cilia, the Cell Cycle, and the Neks, [Mahjoub et
al., 2002]). Both FA1 and FA2 localize to the SOFA [Mahjoub et al., 2004; Parker, 2008].

Although resorption and deflagellation seem like dramatically different processes,
there is good evidence that they share commonalities. Parker et al. [2003] made a
number of observations that suggest a connection. First, fla10-1 mutants don’t just
resorb at the restrictive temperature, they often deflagellate instead, indicating that the
severing machinery can be activated by the loss of IFT. Second, fla10-1 fa double
mutants, which are incapable of deflagellation, resorb more slowly at the restrictive
temperature than fla10-71 single mutants. Remarkably, this suggests that the severing
machinery contributes to flagellar resorption, possibly by removing axonemal
components at the base of the flagellum. Third, fa7 and fa2 mutants, when treated with
the same pH shock stimulus that induces deflagellation in wild-type cells, resorb their
flagella. This indicates that the signal for deflagellation can be relayed into a signal for
resorption when deflagellation is not possible. Together, these data indicate that there
may be overlap in the signalling pathways and/or the machinery that control both
flagellar resorption and deflagellation. In this study, | will also address a role for

axonemal severing in pre-mitotic resorption in Chlamydomonas (see Chapter 3).

1.5. Ciliary Length Control

As | have mentioned already, ciliary microtubules are dynamic, although they
behave somewhat differently from cytoplasmic microtubules. First, isolated
Chlamydomonas flagellar microtubules are stable in solution for extended periods of
time and do not undergo dramatic microtubule catastrophes the way isolated
cytoplasmic microtubules do. Second, microtubule depolymerizing drugs like colchicine
prevent the elongation of flagellar microtubules and are often used to inhibit ciliogenesis,
but do not cause full-length flagella to resorb [Rosenbaum et al., 1969]. These
observations initially led to the conclusion that ciliary microtubules are highly stable in

vivo and undergo very little turnover [Tilney and Gibbins, 1968].

However, a number of observations confirm that ciliary microtubules are, in fact,

dynamic. First, in vivo **S labeling studies reveal that both the microtubule axoneme and
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its associated appendages are undergoing constant turnover, even at steady-state
length [Song and Dentler, 2001]. Second, experiments that measure the incorporation of
tagged tubulin subunits into otherwise unlabelled axonemes show that tubulin turnover is
ongoing in steady-state length flagella, but only at the distal tips [Marshall and
Rosenbaum, 2001; Hao et al., 2011]. This last point especially suggests that, at steady
state length, flagella are undergoing constant disassembly that is balanced by constant
assembly. This has been coined the balance point model, and it explains how dynamic
ciliary microtubules manage to maintain a steady-state length, which then becomes a
function of the rates of assembly and disassembly. When the rate of assembly exceeds
the rate of disassembly, cilia will elongate, and when disassembly exceeds assembly

they will shorten.

The question of length control then becomes a question of how the rates of
assembly and disassembly are regulated. There are abundant data from experiments
using Chlamydomonas which demonstrate that the rate of flagellar assembly is inversely
proportional to the length of the flagella, which may be due to the fact that axonemal
components must be transported by IFT to the ciliary tip for assembly [Marshall and
Rosenbaum, 2001; Marshall et al., 2005; Engel et al., 2009]. As the flagellum elongates,
the time it takes IFT to transport cargo to the tip increases, so the rate of delivery
decreases. This is further supported by the observation that the rate of injection of IFT
particles into the flagellum decreases as flagella elongate [Ludington et al., 2013]. Unlike
assembly, the rate of disassembly appears to be constant and length-independent, as
demonstrated by the linear rate of resorption in fla10-1 mutant flagella at the restrictive
temperature [Marshall et al., 2005]. Based on these observations, steady-state ciliary
length could be achieved when the length-dependent rate of assembly matches the
length-independent rate of disassembly, and active regulation of these rates would not

be required [Wemmer and Marshall, 2007].

However, the existence of mutants that produce long cilia in Chlamydomonas
and other organisms suggests that the rates of assembly and disassembly may be under
more control than is implied by the balance point model. For example, Chlamydomonas
If4 mutants can have flagella almost four times longer than those of wild-type cells
[Asleson and Lefebvre, 1998; Berman et al., 2003], and mutations in the mouse and

human homologs of LF4 cause long cilia and retinal degeneration [Omori et al., 2010;
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Ozgll et al., 2011; Tucker et al., 2011]. Recently, the length defect in /f4 mutant flagella
was attributed to an accelerated rate of assembly, apparent from the increased rate of
injection of IFT particles into the flagellum [Ludington et al., 2013]. These data suggest
that the wild-type function of the LF4 protein, which is a kinase, is to inhibit the rate of
assembly, supporting my hypothesis that flagellar length is actively regulated by
feedback control of the rates of assembly and disassembly (see Chapter 4). My work
places another Chlamydomonas kinase, CNK2, in a signalling pathway that actively

regulates rates of assembly and disassembly to control flagellar length.

1.6. Research aims

In this study, | have examined the events of pre-mitotic resorption of flagella, and
the roles of two Neks in ciliogenesis, ciliary resorption, and length control. In Chapter 2, |
use mouse tissue culture cell lines to examine the localization of a kinase required for
ciliogenesis, Nek1. Although full-length Nek1 localizes to centrosomes [White and
Quarmby, 2008], sequence analysis predicted that it possesses nuclear localization and
nuclear export signals. When cells expressing EGFP-Nek1 were treated with Leptomycin
B, which blocks CRM1-dependent nuclear export, Nek1 became trapped in the nucleus,
indicating that the protein continually cycles in and out of the nucleus. | went on to
functionally define one of at least two nuclear import signals. My data indicate that Nek1

may transduce signals between the cilium and the nucleus to control ciliogenesis.

In Chapter 3, | used Chlamydomonas cells to characterize a novel ciliary
severing event that occurs during pre-mitotic resorption. Jeremy Parker and Qasim Rasi
observed by immunofluorescence that two acetylated tubulin foci remain embedded in
the Chlamydomonas mother cell wall after cell division is completed. Dennis Diener of
the Rosenbaum lab used electron microscopy to identify these “flagellar remnants” as
degenerated transition zones. | performed live-cell imaging of pre-mitotic resorption, and
observed these flagellar remnants left behind in the mother cell wall once resorption was
complete and cortical rotation had begun. We hypothesize that pre-mitotic resorption
culminates in a severing event that frees the basal body from the transition zone, and
that this may be essential for cell cycle progression so that the basal bodies may migrate

freely to act as spindle poles in mitosis.
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In Chapter 4, | characterize a novel Chlamydomonas mutant strain with a null
mutation in the gene encoding a NIMA-related kinase, CNK2. Previous work by
Quarmby lab graduate student Brian Bradley demonstrated that CNK2 localizes to
flagella, and that RNAi of CNK2 causes slightly long flagella while overexpression
causes slightly short flagella [Bradley and Quarmby, 2005]. Similar to the RNAI results, |
find that the cnk2-1 cells have slightly long flagella, and are defective in flagellar
resorption in response to a number of stimuli that cause resorption in wild-type cells. My
data indicate that both the subtle length phenotype and the resorption defect can be
attributed to a reduced rate of disassembly in the cnk2-1 mutant. Strikingly, we
uncovered a synthetic long flagella phenotype of cnk2-1 If4-7 double mutants, whose
flagella are much longer those of either single mutant. | concluded that this occurs
because of a decreased rate of disassembly caused by cnk2-1 and an increased rate of
assembly caused by /f4-7. | demonstrate that the rates of both flagellar assembly and
disassembly are regulated in response to longer-than-optimal flagellar length, revealing
for the first time the presence of a feedback control loop that maintains wild-type flagellar

length.
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1.7. Figures
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Figure 1.1.  Anatomy of a cilium.

This diagram of a cilium including cross-sections is based on data from
Chlamydomonas. (A) A ciliary basal body (BB; pink), transition zone (TZ; green), and
axoneme (blue) are shown, with cross sections through each region shown on either
side. Adapted from O’'Toole et al. [2003]. (1) A ring of amorphous material at the
proximal end of the BB. (2) The proximal end of the BB has a “cartwheel” structure at its
center with nine triplet microtubule (MT) “blades” surrounding it. The A, B, and C tubules
are indicated. (3) Transition fibres that anchor the BB to the plasma membrane are
shown as triangular projections from the blades. An electron tomography (ET) image of
this section of the BB is shown adjacent. From O’Toole et al., [2003] with permission. (4)
Transition fibres from the distal end of the BB continue through the proximal end of the
transition zone (TZ). (5) Stellate fibres within the MT ring of the TZ, and the termination
of the transition fibres in pores surrounding the TZ. An ET image of this section of the TZ
is shown adjacent; asterisks indicate the pores in the surrounding ciliary membrane
From O’'Toole et al., [2003] with permission. (6) The arrangement of 9 outer doublet MTs
and the central pair are shown, with the A and B tubules indicated. A TEM image of an
axoneme is shown adjacent, with central pair and outer doublet projections visible
Reprinted from Sakato and King [2004] with permission from Elsevier. (7) The recently-
identified proximal site of severing where the TZ severs from the BB before mitosis. (8)
The site of flagellar autotomy (SOFA) where the axoneme severs during the
deflagellation stress response. (B) A simplified representation of the 96 nm repeat
pattern in which inner and outer arm dyneins and radial spokes are arrayed. (C) Cryo-ET
image and volume rendering of 160 averaged sections through two adjacent outer
doublet MTs. RS — Radial Spoke; ODA — outer dynein arm; IDA — inner dynein arm; N —
Nexin link/DRC; IL — Dynein tail complex (from Nicastro et al., [2006]. Reprinted with
permission from AAAS).Figure 1.1 reprinted from Cellular Domains, First Edition, Editor
I.R. Nabi, Authors Laura K. Hilton and Lynne M. Quarmby, “Cilia”, Pages 245-266. ©
2011 Wiley-Blackwell, with permission.
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Figure 1.2.  Cilia and the Cell Cycle

During interphase, the centrosome is located adjacent to the plasma membrane of the
cell and the mother centriole becomes the BB that nucleates a cilium. Before cell
division, the cilium is resorbed. The centrioles then duplicate and participate in
cytokinesis. After cell division, new cilia are built from the older of the two centrioles.
Reprinted from Cellular Domains, First Edition, Editor I.R. Nabi, Authors Laura K. Hilton
and Lynne M. Quarmby, “Cilia”, Pages 245-266. © 2011 Wiley-Blackwell, with
permission.
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Figure 1.3.  Intraflagellar Transport.

(1) IFT components accumulate at the basal body and are assembled on the transition
fibres. Membrane proteins arrive at the base of the cilium from the Golgi via vesicular
transport pathways. (2) IFT particles transport cargo along the ciliary axoneme in IFT
trains. In certain species, such as C. elegans, OSM-3 supplements Kinesin-II driven
anterograde transport. (3) In these species, OSM-3 is the sole molecular motor
responsible for driving anterograde transport along the distal singular MTs. (4) At the
distal tip of the cilium, IFT complexes disassemble, and structural components may be
added at the tip of the axoneme. As ciliary components are turned over, IFT complexes
are reassembled for transport back to the cell body. (5) IFT trains transport ciliary
components using cytoplasmic dynein as the exclusive molecular motor for retrograde
transport. (6) Retrograde IFT complexes are disassembled at the BB, and membrane
components are degraded using the endosomal recycling pathway. (7) TEM of
Chlamydomonas flagella showing three IFT trains. Black arrowheads indicate the longer
anterograde trains and the white arrowhead indicates a shorter retrograde train cp:
central pair; md: microtubule doublet; m: membrane. (© Pigino et al., 2009. Originally
published in The Journal of Cell Biology. 187: 135-148). This complete figure is reprinted
from Cellular Domains, First Edition, Editor |.R. Nabi, Authors Laura K. Hilton and Lynne
M. Quarmby, “Cilia”, Pages 245-266. © 2011 Wiley-Blackwell, with permission.
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sub-clone, interpreted all the data, and wrote the manuscript. MCW
conducted the remainder of the experiments and helped with data
analysis. LMQ was involved with the conception and design of the
experiments, data analysis, and writing of the manuscript.

2.1. Abstract

Mutations in NEK1 in mice are causal for cystic kidneys, and model the ciliopathy
polycystic kidney disease caused by abnormal ciliary structure or signaling. NEK1 has
previously been shown to localize near centrosomes and to play a role in centrosomal
stability and ciliogenesis. Recent data suggest that the etiology of kidney cysts involves
aberrant signaling from the primary cilium to the nucleus. Here we demonstrate that
NEK?1 contains functional nuclear localization signals, is exported from the nucleus via a
nuclear export signal-dependent pathway and that the protein cycles through the
nucleus. Our data suggest that NEK1 is a candidate to transduce messages from the

ciliary basal-body region to the regulation of nuclear gene expression.
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2.2. Introduction

NEK1 is a member of the NIMA-related kinase (Nek) family, members of which
are defined by similarity in their kinase domains to that of the essential Aspergillus
nidulans cell cycle kinase NIMA (never in mitosis A) [Letwin et al., 1992; Quarmby and
Mahjoub, 2005]. Two mouse models for polycystic kidney disease (PKD), kat and kat?,
are caused by mutations in NEK1, and therefore implicate NEK1 in the etiology of PKD
[Upadhya et al., 2000]. The kat strains present a recessive, pleiotropic phenotype that
includes progressive cystic kidneys, runting, facial dysmorphism, hydrocephalus, and
anemia [Janaswami et al., 1997; Vogler et al., 1999; Upadhya et al., 2000]. Despite

extensive phenotypic characterization, little is known of the cellular functions of NEK1.

NEK1 is found associated with centrosomes, where it remains throughout the cell
cycle [Mahjoub et al., 2005; Shalom et al., 2008; White and Quarmby, 2008]. It has
recently been implicated in the maintenance of centrosomes and in the formation of the
primary cilium [Evangelista et al., 2008; Shalom et al., 2008; White and Quarmby, 2008].
It remains unknown, however, whether defects in NEK1 cause cystic kidneys directly, by
failing to relay a particular signal to the cell; or indirectly, by interfering with the structure

of the primary cilium.

Recent evidence indicates that signals for both proliferation and differentiation
are received by the primary cilium [Caspary et al., 2007; Christensen et al., 2007];
therefore it is not surprising that some cystogenic proteins are active in both cilium and
nucleus. ADPKD is caused by mutations in either gene encoding polycystin-1 (PC1) or
polycystin-2 (PC2), large membrane proteins that localize to the primary cilia in renal
epithelia (reviewed in [Zhou, 2009]). In response to mechanical stimuli proteolytic
cleavage releases the C-terminal tail of PC1, which then translocates to the nucleus to
alter gene expression independently or in association with the transcription factor STAT-
6 [Chauvet et al., 2004; Low et al., 2006]. PC2 helps stimulate this cleavage [Bertuccio
et al., 2009]; thus the polycystins function co-operatively in altering gene expression
through cilium-to-nucleus signaling. ARPKD is caused by mutations in the gene
encoding fibrocystin, another membrane protein that localizes to cilia, which similarly
undergoes proteolytic cleavage in response to Ca?* signals, and the released C-terminal

tail translocates to the nucleus [Hiesberger et al., 2006]. Similarly, mutations in inversin
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cause an autosomal recessive cystic kidney disease (NPHP2, [Otto et al., 2003]) and

inversin affects nuclear signaling through the Wnt pathway [Simons et al., 2005].

The presence of one or more predicted nuclear localization signals (NLSs) and
nuclear export signals (NESs) in NEK1 suggest that NEK1 might also be directly
involved in communicating a change in state to the transcriptional machinery of the cell.
Dysfunctional communication with the nucleus is likely to be an important aspect of
cystogenesis, accounting for changes in proliferation and differentiation status [Simons
et al., 2005; Low et al., 2006]. Therefore, we set out to test whether NEK1 is capable of
translocating to the nucleus, and if so, to define the functional nuclear transit signals. In
this paper we demonstrate that endogenous NEK1 cycles through the nucleus,
indicating that NEK1 may be capable of carrying signals between the primary cilium and
the nucleus. In addition, we report the functional definition of two NLSs and the use of

an NES-dependent nuclear export pathway.

2.3. Materials and Methods

2.3.1. Cell lines and cell culture

Inner medullary collecting duct (IMCD3) murine renal epithelial cells were
maintained in a 1:1 mixture of DMEM and Ham’s F12 medium supplemented with 10%
fetal bovine serum (DMEM-F12 (+), Invitrogen, Carlsbad, CA). All experiments were
carried out on cells that had been passaged fewer than ten times, and grown to
confluence on coverslips. Transient transfections were carried out with 4 ug of plasmid
and Lipofectamine 2000 (Invitrogen) in OPTI-MEM reduced-serum media according to
the manufacturer’s protocol. After 6 hours, cells were washed with PBS and incubated in
DMEM-F12 (+) overnight. For nuclear export experiments, cells were treated with either

5ng/ul Leptomycin B or a solvent control for six hours, 24 hours post-transfection.

2.3.2. Antibodies and Microscopy

For microscopy, cells grown on coverslips were fixed with methanol at -20°C for

ten minutes and rehydrated in PBS. If immunofluorescence was required, coverslips
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were incubated with primary antibody diluted in PBS for one hour, and then washed
twice for 15 minutes in PBS. This was repeated for secondary antibody. Coverslips
were then incubated with 1 pg/mL 4',6-diamidino-2-phenylindole (DAPI) for 10 minutes
at room-temperature to stain nuclei. Coverslips were mounted with MOWIOL 4-88
(Calbiochem, San Diego, CA). Microscopy was carried out on the Delta Vision system
(Applied Precision, Issaquah, WA) as described previously [Cokol et al., 2000; Mahjoub
et al., 2004]. By visual inspection, we considered the distribution of NEK1 signal to be
“nuclear/cytoplasmic” when there was a clear signal in both compartments; a
substantially greater distribution of NEK1 signal to either the nucleus or cytoplasm was
counted as “nuclear” or “cytoplasmic”, respectively. At least 300 cells were scored for
each construct. Primary antibodies include mouse monoclonal anti-myc (Clone 9E10;
1:2000; Clontech, Palo Alto, CA) and rabbit polyclonal anti-NEK1 (1:100; from Dr. Y.
Chen, University of Texas Health Science Center, San Antonio; [Polci et al., 2004]).
Secondary antibodies include Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:500;
Molecular Probes, Eugene, OR) and Alexa Fluor 594-conjugated goat anti-mouse I1gG
(1:2000; Molecular Probes).

2.3.3. Molecular Constructs

Sequence representing the full-length NEK1 cDNA (GenBank accession no.
AY850065) was cloned into the Sacl-Sall sites of pEGFP-C2 (Clontech), and truncations
were made using standard molecular biology techniques. To generate myc-NEK1, the

full-length NEK1 sequence was cloned into the Sal1 site of the pCMV-myc plasmid.

2.4. Results

2.4.1. NEK1 cycles through the nucleus in IMCD3 cells

Although two classical NLSs have been previously predicted for NEK1
(364KKRR367, 580RKRK583) using the PredictNLS tool (available through the
PredictProtein server at https://www.predictprotein.org/ [Cokol et al., 2000]), mutating
one or both of these NLSs does not interfere with the nuclear localization of C-terminally
truncated NEK1 (our unpublished data; [Feige et al., 2006]). These data indicated that
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an additional sequence participated in the transport of NEK1 into the nucleus, either an
NLS or a region that interacted with another protein that itself had an NLS. We re-
examined the NEK1 sequence for new NLS predictions using the updated PredictNLS
database and uncovered a single bipartite predicted NLS between residues 355-378
(NLS in Figure  2.1). The NES prediction  tool NetNES  v1.1
(http://www.cbs.dtu.dk/services/NetNES/; [la Cour et al., 2004]) predicts two leucine-rich
NESs for NEK1: NES1 at residues 764-774, and NES2 at residues 1131-1138 (NES1
and NES2 in Figure 1).

While full-length NEK1 is predominantly cytoplasmic, the presence of multiple
predicted NLS and NES in NEK1 led us to investigate the nuclear translocation of NEK1.
The nuclear export-blocking drug Leptomycin B (LMB) binds to CRM1, an essential
factor in NES-dependent nuclear export in mammalian cells, and prevents the interaction
of CRM1 with NES-containing proteins [Kudo et al., 1998]. To test the effects of LMB on
the sub-cellular localization of NEK1, we transfected IMCD3 cells with myc-NEK1 and
treated cells with LMB for 6 hours beginning 24 hours post-transfection. In cells treated
with LMB, but not in control cells, full-length myc-NEK1 accumulates in the nucleus
(Figure 2.2, A and B). When untransfected cells are treated with LMB, endogenous
NEK1 also accumulates in the nucleus (Figure 2.2, C and D). This indicates that NEK1
has at least one functional NES that is blocked by LMB.

In attempts to identify the NES, we mutated both predicted NESs individually and
together (LQL772AQA; LRL1134AQA). These mutations did not cause nuclear
accumulation of the protein (data not shown). Several different scenarios could explain
these negative results. It is possible that the mutations disrupted protein structure in
such a way as to interfere with import. Alternatively, the functional NES may be cryptic.
Finally, it is possible that NEK1 exits the nucleus via interaction with another NES-

bearing protein.

The LMB experiments demonstrated the existence of NES-dependent nuclear
export of NEK1. However, in tissue culture cells we always observe a predominantly
cytoplasmic localization of endogenous NEK1. In order to obtain the result that we did in

the LMB experiment, NEK1 must be cycling through the nucleus, accumulating in the
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nucleus only when export is blocked. This implies the existence of functional NLSs in
NEK1.

2.4.2. NEK1 has at least two functional NLSs

To define functional NLSs within NEK1, we generated a series of EGFP-tagged
NEK1 truncations (Figure 2.1) and transfected them into IMCD3 cells. EGFP alone
distributes to both nucleus and cytoplasm (Figure 2.3 A) because it is smaller than the
passive diffusion threshold of the nuclear pore complex [Keminer and Peters, 1999].
The EGFP-tagged kinase domain (residues 1-258) is predominantly cytoplasmic (Figure
2.3 B), while EGFP-NEK1 1-321, 1-352 and 1-686 are predominantly nuclear (Figure 2.3
C, D and E). The EGFP-tagged basic domain (residues 258-353) and the EGFP-coiled-
coil domain (residues 353-686) are also predominantly nuclear, indicating that there is a
functional NLS in both the basic and the coiled-coil domains (Figure 2.3 F and G). The
ability of the 1-321 construct to localize to the nucleus indicates that the functional NLS
within the basic domain lies within residues 258-321. However, no stretches of basic
amino acids occur within this region and consequently it is clear that although this region

can direct nuclear import, no canonical NLS exists within this sequence.

We proceeded to test functionality of the predicted bipartite NLS, which is in the
coiled-coil domain, by mutating two stretches of basic amino acids in the NLS, KK357AG
and KR366AG, in the 353-686 construct. As predicted, nuclear localization of this
construct is severely disrupted (Figure 2.3 H). Including the basic domain in NLS-
mutated EGFP-NEK1 (residues 258-686, Figure 2.3 |) rescues nuclear localization of the
construct. Taken together, these data confirm that the predicted NLS is functional, and
that the basic domain harbors a second cryptic NLS. Our data demonstrate that each of

the two NLSs is sufficient on its own to direct nuclear localization of NEK1.

2.5. Discussion

We have established the presence of two functional NLSs and the nuclear export
of NEK1 via an NES-dependent pathway. Only one NLS, located at the beginning of the

coiled-coil region of NEK1, functions as predicted on the basis of sequence. A second,
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cryptic NLS lies within the basic region C-terminal to the kinase domain. The NES-
dependent export of NEK1 is confirmed through experiments with leptomycin-B (LMB),
which causes both transiently expressed myc-NEK1 and endogenous NEK1 to
accumulate in the nucleus (Figure 2.3). Furthermore, the LMB experiments demonstrate
that endogenous NEK1 cycles through the nucleus, making it an excellent candidate for

conveying signals between the primary cilium and the nucleus.

While NEK1 is continually cycling through the nucleus, it remains unknown what
physiological signals will cause the protein to accumulate in the nucleus. A recent report
demonstrated that NEK1 translocates to the nucleus in response to nuclear DNA
damage [Chen et al., 2008]; however, the upstream signals that regulate this activity
with respect to functional nuclear transit signals are unknown. Recent reports have
identified three phosphorylated residues on mouse NEK1, which could help regulate the
activity of NEK1 nuclear transit signals [Ballif et al., 2004; Zanivan et al., 2008]. Aberrant
regulation of NEK1 nuclear localization and its activity within the nucleus could

contribute to cystogenesis.

We have recently shown that NEK1 affects ciliogenesis [White and Quarmby,
2008]. In the current paper we have shown that NEK1 cycles through the nucleus. NEK1
therefore may be one of a cohort of cystogenic proteins that affects both ciliary and
nuclear signaling. Our data add support to the idea that defective ciliary signaling is
transduced into aberrant regulation of nuclear gene expression, which may be an

important component of the etiology of kidney cysts.
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2.7. Figures
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Figure 2.1.  Predominant Localization of Different NEK1 Constructs.

This schematic shows the different domains of the NEK1 protein, and the distribution of
predicted nuclear translocation signals. The various NEK1 truncations shown were
expressed as GFP fusions in IMCD3 cells, and their predominant localization is indicated
as nuclear (N), cytoplasmic (C), or both (N/C). +++: strong localization; ++: moderate
localization; +: weak localization; -: no localization.
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Figure 2.2. NEK1 Cycles Through the Nucleus.

(A, B) IMCD3 cells were transfected with myc-NEK1. Twenty-four hours post-
transfection, cells were left untreated (LMB-) or treated with leptomycin B (LMB+) for 6
hours, then fixed for immunofluorescence and stained with anti-myc (red) and DAPI
(blue). (C, D) Un-transfected IMCD3 cells were subjected to the same LMB experiment,
then cells were fixed and stained with anti-NEK1 antibody (green) and DAPI (blue). The
frequency of the observed localization of myc-NEK1 or endogenous NEK1 [nuclear (N),
cytoplasmic (C), or both (N/C)] is indicated. Scale bar represents 5 um.
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Figure 2.3. @ NEK1 Has Two Functional NLSs.

IMCD3 cells were transfected with GFP-NEK1 fusion constructs (green) using the
indicated residues of NEK1, then fixed for immunofluorescence and stained with DAPI
(blue). The frequency of the observed localization of each construct [nuclear (N),
cytoplasmic (C), or both (N/C)] is indicated. Scale bar represents 5 um.
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3.1.

generally ciliated in interphase, but not in mitosis. The precise mechanism of pre-mitotic
ciliary loss has been controversial, with data supporting either sequential disassembly
through the transition zone or, alternatively, a severing event at the base of the cilia.
Here we show by live cell imaging and immunofluoresence microscopy that resorbing
We postulated that the

remnants are the product of severing of doublet microtubules between the basal bodies

flagella leave remnants associated with the mother cell wall.

and the flagellar transition zone, thereby freeing the centrioles to participate in spindle

Centrioles Are Freed from Cilia by
Severing Prior to Mitosis
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writing the manuscript.

Abstract

Cilia are necessary for normal tissue development and homeostasis. Cells are
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organization. We show via TEM that flagellar remnants are indeed flagellar transition
zones encased in vesicles derived from the flagellar membrane. This transition zone
vesicle can be lodged within the cell wall or it can be expelled into the environment. This
process is observable in Chlamydomonas, first because the released flagellar remnants
can remain associated with the cell by virtue of attachments to the cell wall, and second
because the Chlamydomonas transition zone is particularly rich with electron-dense
structure. However, release of basal bodies for spindle-associated function is likely to be

conserved among the eukaryotes.

3.2. Introduction

Eukaryotic cilia/flagella (the terms are interchangeable) are composed of four
distinct structural regions. Within the cytoplasm of the cell is the basal body, which is
anchored to the plasma membrane via transitional fibres [O'Toole et al., 2003].
Microtubules of the basal body are continuous with the transition zone (TZ) and ciliary
microtubules, which extend typically 5-15 pm out from the cell, and along with the ciliary
membrane, form the cilium proper. At the distal end of the cilium is a cap structure that
bears attachments to the ciliary membrane and is the major site of ciliary subunit
addition and subtraction [Dentler and Rosenbaum, 1977; Johnson and Rosenbaum,
1992]. The TZ region is the site of several important activities (reviewed in Pazour and
Bloodgood [2008]): in addition to anchoring the cilium at the surface of the cell through Y
fibres that connect with the base of the ciliary membrane, it is the region where the triplet
microtubules of the basal body become doublet microtubules of the cilium proper; it
forms a putative flagellar pore complex that regulates the traffic of proteins into and out
of the cilium; and it forms a diffusion barrier that prevents mixing of flagellar and cell
body membrane components. In addition, the distal end of the TZ is where the central
pair microtubules of motile cilia are nucleated. This distal region of the TZ is also the site
of severing during deflagellation, the stress-induced event that is the quickest mode of

ciliary loss [Quarmby, 2009].

We have previously proposed that deflagellation is mediated by the microtubule-
severing ATPase, katanin p60, but genetic evidence has been lacking [Lohret et al.,

1998; Lohret et al., 1999]. Using an RNAi knock-down approach, we recently showed
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that in wild-type (flagellated) Chlamydomonas cells, reduction of the levels of katanin is
lethal [Rasi et al., 2009]. In contrast, we observed that katanin levels can be efficiently
reduced in mutant backgrounds that lack flagella, implying that katanin plays an
essential function that is abrogated in cells lacking cilia [Rasi et al., 2009]. One possible
explanation is that katanin serves to release basal bodies from their transition zones,

thus freeing them to migrate and facilitate proper placement of the spindle poles.

In this report, TEM images reveal structures encased in vesicles and
embedded in post-mitotic mother cell walls. These images are consistent with the
predicted TZs encased in membrane derived from the flagella. This transition zone
vesicle can be lodged within the cell wall or it can be expelled into the environment, as
we show by live cell imaging. Additionally, our live cell imaging has allowed us to
discover that pre-mitotic resorption of flagella is faster than reported rates of
experimentally-induced flagellar resorption in non-dividing cells (e.g. [Marshall et al.,
2005; Pan and Snell, 2005])

3.3. Materials and Methods

Chlamydomonas strains were obtained from the Chlamydomonas Genetics
Center. Wild-type Chlamydomonas 137¢ mt(-) (CC-124) was used for all EM
experiments, pf6 mutant cells (CC-1029) were used for live cell imaging experiments.

Cells were maintained on TAP medium with 1.5% agar [Harris, 2009].

For IFM experiments, cultures enriched for dividing cells were obtained by
transferring cells growing asynchronously in TAP liquid cultures to liquid minimal
medium (MI) [Harris, 2009], for 24 hours in the dark. Cells were then resuspended in
fresh TAP in bright light for ~12 hours, then returned to Ml in the dark to induce division
and assayed by phase-contrast microscopy for the presence of an abundance of large

cells suggestive of imminent division.

IFM was performed as described previously [Rasi et al., 2009]. For EM,
synchronous cultures were fixed by adding an equal volume of 5% glutaraldehyde in Ml
medium. The cells were shipped overnight (from Burnaby to New Haven) and processed

the following day by fixing 30 minutes at RT in 2.5% glutaraldehyde in Ml with 0.1%
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tannic acid, postfixed in 1% osmium tetroxide in 100 mM cacadylate buffer pH 7.2 for 1
hour at 4°C, and stained en bloc with 1% uranyl acetate. The fixed cells were
sedimented and embedded in 1% agarose, dehydrated, and embedded in Epon resin.
Sections were viewed with a JEOL 1230 electron microscope and images were collected
with an Orca HR digital camera (Hamamatsu). Micrographs were rotated, cropped, and

their brightness and contrast were adjusted in Photoshop (Adobe).

For live cell imaging, cultures enriched for dividing cells were obtained by
transferring cells growing asynchronously in TAP liquid cultures to liquid minimal
medium (MI) [Harris, 2009], for 24 hours in the dark. Cells were then resuspended in
fresh TAP in bright light for 6 hours, then embedded in 0.5% low melting point agarose in
MI and imaged in the dark on a Delta Vision system (Applied Precision, Issaquah WA).
Images were captured once every minute for 6 hours. Flagellar length was measured in
five-minute intervals using SoftWorx software (Applied Precision). Only cells with flagella

longer than 4 um at the start of imaging were included in our analyses.

3.4. Results

In the Chlamydomonas cell cycle, a haploid vegetative cell grows until it
passes a commitment point, then some time later divides N times to produce 2"
daughter cells (N is typically 1-4 [Umen and Goodenough, 2001]). The parental cell is
surrounded by a cell wall with two tunnels at the anterior end through which the flagella
pass into the surrounding medium. Prior to the first division the flagella resorb, though
details of how this occurs are sketchy, and the cell rotates within the cell wall. The
progeny cells remain encased in the cell wall of the parental cell (the "mother cell wall")

until they assembile flagella of their own, become motile and “hatch”.

To more carefully examine the resorption of flagella prior to division, live cells
were imaged with time-lapsed photomicroscopy as they approached and completed
mitosis. Imaging was facilitated by using a mutant with immotile flagella (pf6). To enrich
for cells entering cell division, cells were held in the dark in minimal medium, then

released to light in rich medium. Cells were observed over the next 6 hours and when a
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substantial fraction of the population of cells were greater than ~9 uym in diameter, live

cells were imaged as described in materials and methods.

Using this technique, we captured twenty-one cells that remained in focus
through flagellar resorption and cell division allowing us to describe this process
quantitatively. Comparing the lengths of the two flagella on a given cell revealed that the
initiation and rate of resorption of the pair was tightly coupled (Figure 3.1A). As is
commonly observed for paralyzed mutants, the pf6 flagella are generally shorter than
those of wild-type, and we did not observe any flagella greater than 10 um in length. It is
important to note that most of the cells in these samples were entering the division cycle
and we cannot know a priori which ones had already begun to resorb their flagella. For
this reason, we used the onset of cytoplasmic rotation as our time anchor (Figure 3.1B).
The pause between the completion of flagellar resorption and cytoplasmic rotation
indicates that mitosis is occurring [Holmes and Dutcher, 1989]. This period was
generally 10-20 min in the cells captured on video, though one was much longer (45
min) and two were not seen to rotate. We observed an average rate of resorption of 0.17
pm/min in the final 20 minutes of resorption where the flagellar length decreased in a
linear fashion (N= 9 cells from 3 independent experiments, using only one flagellum per
cell; standard deviation of 0.05; range 0.09 to 0.26). We note that although there is
variability in previously reported resorption rates, our data supports the conclusion that
pre-mitotic flagellar resorption is substantially faster than flagellar resorption induced by
NaPP; or by a shift to the restrictive temperature of the fla10-1 anterograde IFT mutant
[Marshall et al., 2005; Pan and Snell, 2005].

Although we and others have documented flagella of various Ilengths
(presumably partially resorbed) detached from the basal bodies yet still adhering to cells
during division, in all twenty-one cells observed here, the flagella resorbed completely,
leaving only a small round spot visible, typically associated with the mother cell wall in a
position consistent with the flagellar tunnels (Figure 3.2A). In two of the twenty-one cells
recorded by live cell imaging, the cell appeared to eject a small particle from cell wall
tunnel and these particles were lost to the surrounding media (e.g. Figure 3.2B). We
speculate that these spots were remnants of the resorbed flagella, which were lodged in
the flagellar tunnel in the cell wall, and were dislodged by the rotation of the protoplast. If

these, and the small spots seen associated with the mother cell wall of most cells
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entering mitosis, are in fact small vesicular remnants of the resorbed flagella, they may
be generated by severing from the basal body and may contain residual microtubules or
tubulin. Consistent with this hypothesis, we previously reported pairs of “dots” observed
by anti-acetylated tubulin IFM in locations consistent with the flagellar tunnels of the

mother cell wall [Rasi et al., 2009] and proposed that these were isolated TZs.

To determine whether these dots were indeed shed TZs, we grew cultures
enriched for dividing cells and processed duplicate aliquots for immunofluorescence
microscopy (IFM) and TEM. Taken together with our earlier published observations [Rasi
et al., 2009] we have observed greater than 300 unhatched daughter clusters by IMF. In
80% of these, the anti-acetylated tubulin antibody recognized two small dots near
unhatched daughter cells, in a position consistent with the flagellar tunnels of the mother
cell wall (for example see Figure 3.3A, arrow). Though the tunnels in the cell wall were
only occasionally seen in TEM section, these often contained small vesicles that
enveloped electron dense material with characteristics of a TZ (Figure 3.3B-G). In none
of these cases were microtubules still evident, but in longitudinal section the central part
of the “H” of the TZ was clearly visible (Figure 3.3C-E) and in some cases (e.g. Figure
3.3E) the vesicle appeared to include little more than the central hub of the TZ. In cross
section the central circle of the TZ could be seen (Figure 3.3F and G) and even though
the microtubule doublets were no longer present the 9 fold symmetry sometimes was
detectable (Figure 3.3F) as were links between the central hub and the surrounding
membrane (Figure 3.3G). For the TZ to be contained within a vesicle, it must have been

severed from the basal body.

3.5. Discussion

Due to the small size of the basal body and attached transition zone, and the
transient nature of flagellar resorption, the exact sequence of events late in flagellar
resorption in Chlamydomonas has been controversial. Johnson and Porter [1968]
observed by TEM, flagella attached to transition zones, but severed from basal bodies,
in agreement with our previous IMF observations and with the TEM images presented
here. Cavalier-Smith [1974] and Gaffal [1988], however, made observations that led to

the widely-held interpretation that flagella are sequentially disassembled via resorption,
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starting at the distal end and proceeding proximally until the entire flagellum and
transition zone are gone, and the basal bodies are free of flagellar microtubules. Subtle
differences in strains, culture conditions, or fixation may be contributing to these
conflicting observations, but the greatest limitation of all three studies with respect to this
issue is that very few dividing cells were observed. To resolve this question, we enriched
for dividing cells, which enabled us to observe hundreds of cells by immunofluorescent
microscopy in addition to numerous by TEM and twenty-one by live cell video

microscopy. Consequently, our data is less sensitive to rare events.

We and others have documented flagellar remnants that were microns long still
attached to dividing Chlamydomonas though, as we now appreciate, they were no
longer attached to the basal bodies. This observation demonstrated that severing the
flagella can occur before resorption is complete. Rare TEM images also supported this
idea and suggested that pre-mitotic severing occurred between the basal body and the
TZ [Johnson and Porter, 1968]. For this to be true there must be two sites where the
axoneme can be severed: just distal to the TZ, as occurs during pH-induced autotomy
[Quarmby, 2009]; and, between the basal body and the TZ [Rasi et al., 2009]. Two
different sites of severing suggest two different molecular machineries are involved, but
it is likely that they share components [Parker and Quarmby, 2003]. A requirement for
the microtubule-severing ATPase, katanin in severing proximal to the TZ may be the
reason a knockdown of the 60 kD subunit of katanin is lethal in flagellated cells [Rasi et
al., 2009].

Even though severing of partially resorbed flagella from the basal bodies before
division has been documented [Piasecki and Silflow, 2009; Rasi et al., 2009], this
relatively rare event was not observed in the experiments reported here. All of the cells
captured on video fully resorbed their flagella before division. The cell must send two
different signals to its flagella prior to cell division; one to resorb, possibly so that the
axonemal tubulin can be reutilized during mitosis; and a second to abscise, perhaps to
free the basal body to perform other roles in mitosis and cell division. We hypothesize
that the signal to resorb is given long enough before abscission that normally the flagella
resorb fully before severing of the TZ. Occasionally, resorption may not begin early

enough and severing occurs before resorption is complete to rid the cell of its flagella
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before division starts. This may explain the perplexing images presented in earlier
works [Piasecki and Silflow, 2009; Rasi et al., 2009].

The most generally cited speculation for why flagella are lost before mitosis is to
free the basal bodies to participate as centrioles in organizing the spindle. Ciliary loss is
common and is consistently observed when the presence of cilia would otherwise restrict
the plane of division, for example, in highly organized tissues. It should be emphasized
that we do not fully understand the roles of the Chlamydomonas basal bodies during
mitosis and cytokinesis. However, it is likely that migration and positioning of the basal
bodies is critical for one or both of these processes and thus, in this cell, it is likely that
the cell wall necessitates flagellar loss and release of the basal body. Because the
flagella exit the cell through two tunnels in the cell wall, the basal bodies cannot separate

and the cell can not rotate while the flagella are in place.

We propose that the TZ vesicle is abandoned by the cell because the transition
zone and its associated fibres and plasma membrane and cell wall connections are not
easily disassembled for the recycling of component molecules, as happens with
components of the flagellum proper [Lefebvre et al., 1978]. Consistent with this idea, we
observed several TZ vesicles which retained visible connections with the surrounding
membrane. This model is conceptually similar to how the microtubules of cytokinetic
midbodies are not recycled, but rather (topologically) cast outside the cytoplasm [Mullins
and Mclintosh, 1982]. Intriguingly, Rab11 is implicated in both formation of both
midbodies [Wilson et al., 2005] and cilia [Mazelova et al., 2009], leading us to propose
that the abscission events of premitotic cilia loss and cytokinesis may have common

components.

Understanding the mechanism of pre-mitotic flagellar resorption gives some
insight into flagellar regrowth under different circumstances. Post-deflagellation, the
transition zone remains in the cell and the basal bodies remain docked to the
membrane; thus the cell can quickly re-grow new flagella [Rosenbaum and Child, 1967].
During experimentally induced resorption, for example using a medium low in calcium
and high in monovalent cations, flagella shorten via an unknown mechanism, but do not
fully disappear (data not shown). Thus, the basal bodies and transition zones are not

likely to be extensively modified by the induction of resorption, explaining the rapid

42



regrowth of flagella when these cells are returned to normal medium (data not shown). In
contrast to regrowth after deflagellation or induced resorption, assembly of a new
flagellum post-mitosis requires docking of the basal bodies to the apical membrane as

well as assembly of a TZ.

Some Chlamydomonas mutants with defects in flagellar assembly (the fla
mutants) deflagellate precociously: they tend to deflagellate in the absence of the stress
stimuli that are normally used to induce deflagellation [Parker and Quarmby, 2003]. At
the time, these data suggested to us that there was a relationship between flagellar
resorption and the severing of axonemal microtubules. The new data presented here
provides direct evidence that in Chlamydomonas, normal pre-mitotic flagellar
disassembly involves a microtubule-severing event between a basal body and its
flagellar transition zone. However, the relationship between this event and deflagellation
remains enigmatic. Release of basal bodies by severing from TZs has been observed in
another green alga, Chlorogonium [Hoops and Witman, 1985]. In the case of
Chlorogonium, the TZ and flagella remain attached to the cell and functional while the
basal bodies migrate and serve as spindle pole foci. Although the retention of functional
flagella makes the Chlorogonium situation unusual, it does reflect the common theme of
pre-mitotic release of basal bodies from the TZ. We expect that a similar severing event

occurs in all cells that bear complex TZs, and may occur in others as well.

3.6. Conclusions

Here we provide evidence that pre-mitotic flagellar resorption in Chlamydomonas
involves microtubule severing between the flagellar TZ and the basal bodies, and that
the TZ is not itself resorbed or otherwise recycled, as is the majority of the axoneme. It is
not yet known whether a similar severing event is required to release the basal bodies of
other ciliated cells that divide, such as mammalian cells bearing primary cilia. Although
all cilia have a TZ that mediates attachment to the ciliary membrane, not all contain TZs
that are as structurally elaborate as those in Chlamydomonas [Sanders and Salisbury,
1989; O'Toole et al., 2003]. Thus, it is not clear whether all will require a severing event
to release the basal bodies prior to mitosis or whether some of the simpler transition

zones might be amenable to disassembly akin the resorption of the cilium proper.

43



3.7. Acknowledgements

This work was funded by a Natural Sciences and Engineering Research Council
Discovery Grant to L.M.Q. and by National Institutes of Health grant GM-14642 to J.L.R.

3.8. Figures
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Figure 3.1.  Flagellar Length Measurements During Resorption.

A. The length of the longer flagellum is plotted against the length of the shorter flagellum
during resorption for each of six mitotic cells from two separate experiments. B. The
length of a single flagellum from each of 9 mitotic cells from 3 separate experiments was
measured once every five minutes during resorption. The beginning of cortical rotation is
set as time 0.
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Figure 3.2. Imaging of Dividing Chlamydomonas Cells Reveals Formation of
Remnant Vesicles in Living Cells.
Panels are time-lapse DIC (A) and phase contrast (B) images of flagellar resorption of
single cells. In all cells examined thus far, remnants are visible upon completion of
resorption. Arrowheads indicate remnants and times indicate minutes after the first
image shown (not all cells are captured at the onset of resorption). Scale bars, 5 um. A.
Resorption is gradual until the entire axoneme is gone except for two remnants left in
association with the cell wall. The remnants (indicated by arrowheads) remain in this
position even after cytoplasmic rotation and cytokinesis, indicating that they are
associated with the mother wall and not with a daughter cell. B. The left flagellum
shortens gradually until it is not visible, then a remnant is ejected through the flagellar
tunnel in the cell wall and comes to rest near the cell.
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Figure 3.3.  Flagellar Remnants Visualized by Immunofluorescence Microscopy
Appear to be Flagellar Transition Zones (TZs) When Visualized by
Electron Microscopy (EM).
A. Unhatched Chlamydomonas daughter cells stained for anti-acetylated tubulin and
anti-a-tubulin. We typically see two flagellar remnants in a position consistent with the
anterior flagellar tunnels of the mother cell wall (arrows). A pair of spots such as shown
here are clearly visible in 80% of unhatched cells in our preparations (N > 300). Scale
bar, 5um. B-G. Cells from the same (E and F) culture as A, or a similar culture (B-D and
G) visualized by thin-section EM. B. These cells are completing their second round of
division and remain encased in their mother cell wall. The box surrounds a flagellar
tunnel in the mother cell wall. Scale bar, 2 um. C. This magnified view of the boxed area
from B shows a vesicle that contains a flagellar transition zone seen in longitudinal
section. This remnant vesicle clearly sits within the flagellar tunnel of the cell wall. The
TZ appears to be split in two along the cross-piece of the canonical electron-dense H.
Scale bar, 100 nm. D. A remnant vesicle lies within its mother cell wall with electron
dense material resembling the hub of a transition zone. Scale bar, 100 nm. E. In this
case the remnant vesicle closely encases the electron dense material resembling the
hub of a transition zone. Scale bar, 100 nm. F. A cross-section through a remnant
vesicle reveals a disintegrating transition zone. No microtubule doublets are present, but
nine projections remain attached to the central core of the TZ . The hub has an eccentric
location in the vesicle. Electron dense masses on the inside of the membrane are
probably the remains of the Y links that once connected the microtubules to the flagellar
membrane. Scale bar, 100 nm. G. The two flagellar tunnels of one cell are seen, one
containing a cross section of a partial transition zone, the other, with no clearly
identifiable flagellar remnant. Scale bar, 100 nm.
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4. The Chlamydomonas cnk2-1 Mutant Supports
a Feedback Model for Flagellar Length
Control

The following chapter has submitted for review at Current Biology. The
authors of the paper were as follows:

Laura K. Hilton, Kavisha Gunawardane, Joo Wan Kim, Marianne C.
Schwarz, and Lynne M. Quarmby

Department of Molecular Biology and Biochemistry, Simon Fraser
University, Burnaby, British Columbia, Canada, V5A 1S6

As first author, | conceived of, designed, and interpreted all of the
experiments and wrote the manuscript. KG conducted one of the three
experiments that contributed to each of Figures 4E and 4F. JWK
conducted the solid media resorption experiment (Figure 2C). MCS
performed one of the experiments that contributed to Figure 4E, and
isolated the If4 cnk2 double mutant. LMQ helped with conception, design,
and interpretation and with writing the manuscript.

4.1. Abstract

Background: Many of the diverse functions of cilia depend upon tight control of
their length. Steady-state length reflects a balance between rates of ciliary assembly and
disassembly, two parameters likely controlled by a length sensor of unknown identity or

mechanism.

Results: A null mutation in Chlamydomonas CNK2, a member of the
evolutionarily conserved family of NIMA-related kinases, reveals feedback regulation of
assembly and disassembly rates. The cnk2-1 mutant cells have a mild long flagella (If)
phenotype as a consequence of reduced rates of flagellar disassembly. This is in
contrast to the strong If mutant, /f4-7, which exhibits an aberrantly high rate of assembly.
Cells carrying both mutations have even longer flagella than /f4-7 single mutants. In

addition to their high rate of assembly, /f4-7 mutants have a CNK2-dependent increase

47



in disassembly rate. Finally, cnk2-1 cells have a decreased rate of turnover of flagellar
subunits at the tip of the flagellum, demonstrating that the effects on disassembly are

compensated by a reduced rate of assembly.

Conclusion: We propose a model wherein CNK2 and LF4 modulate rates of
disassembly and assembly respectively in a feedback loop that is activated when flagella

exceed optimal length.

4.2. Introduction

Cilia are dynamic, microtubule-based organelles that project from the surface of
most eukaryotic cells. Perturbations in ciliary length are associated with certain
ciliopathies, diseases that arise from defects in ciliary structure or function. For example,
long cilia have been associated with retinitis pigmentosa [Omori et al., 2010; Ozglil et al.,
2011; Tucker et al., 2011] and Meckel syndrome [Tammachote et al., 2009] in humans.
Short cilia often arise from defects in the machinery of ciliary assembly or the
composition and structural integrity of cilia, but long cilia arise from defects in the
processes that regulate ciliary length. Mutations that cause abnormally long cilia are

therefore valuable for studying these processes.

Cilia are regenerated de novo at least once per cell cycle in interphase.
Components of the growing cilia are transported to the tip by molecular motors through a
process known as intraflagellar transport (IFT) (e.g. [Qin et al., 2004; Hao et al., 2011]).
Anterograde IFT, utilizing kinesin-2 motor proteins, delivers components to the ciliary tip,
while retrograde IFT, utilizing cytoplasmic dynein motor proteins, returns IFT
components to the cell body (reviewed in [Pedersen and Rosenbaum, 2008]). As cilia
elongate, the rate at which IFT delivers cargo to the tip decreases; consequently, the
rate of ciliary assembly is inversely proportional to the length of the cilium [Marshall and
Rosenbaum, 2001; Marshall et al., 2005; Engel et al., 2009].

In contrast to assembly, the rate of ciliary disassembly appears to be constant
and length independent (e.g. [Marshall et al., 2005]). As the ciliary microtubules are
dynamic and there is constant turnover of microtubule subunits at the distal tip of the

cilium [Marshall and Rosenbaum, 2001; Song and Dentler, 2001], steady-state length is
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achieved at the balance point, when the rate of assembly is equal to the rate of
disassembly [Marshall and Rosenbaum, 2001; Marshall et al., 2005; Engel et al., 2009].

It has been argued that little or no regulation of assembly and disassembly is
required per se to maintain wild-type ciliary length [Ludington et al., 2012; Ludington et
al., 2013] However, the existence of mutations that alter ciliary length, especially long
cilia mutants, suggest that the normal function of these mutated components is to

regulate ciliary length, possibly by regulating the rates of assembly and/or disassembly.

The NIMA-related protein kinases (Neks) are a family that may have co-evolved
with centrioles to regulate cilia and cell cycle functions [Parker et al., 2007]. A growing
body of evidence suggests that members of the Nek family have roles in regulating
ciliary disassembly. First, the Chlamydomonas Nek FAZ2 is essential for deflagellation, a
form of disassembly where cells sever the ciliary axoneme and shed their flagella into
the environment in response to stress [Mahjoub et al., 2002]. The ciliate Tetrahymena
thermophila possesses more than 30 Neks, and so far four of them have been shown to
negatively regulate ciliary length [Wloga et al., 2006]. In mammalian cells, siRNA of
Nek2 delays pre-mitotic resorption until after centrosome duplication and separation
[Spalluto et al.,, 2012], and Nek7 knockout causes cells to become aberrantly
multiciliated [Salem et al., 2010]. Overexpression of mouse Nek1 prevents ciliogenesis

and destabilizes centrioles [White and Quarmby, 2008].

Previously, we showed that another Chlamydomonas Nek, CNK2, localizes to
flagella, and that RNAi of CNK2 causes slightly long flagella while overexpression
causes slightly short flagella [Bradley and Quarmby, 2005]. Here we describe a new
cnk2-1 null strain that exhibits a similar mild long flagella phenotype. Importantly, we find
that the cnk2-1 null is defective in some types of ciliary resorption, consistent with a
reduced basal rate of ciliary disassembly. We have discovered a genetic interaction
between cnk2-1 and the long flagella mutant /f4, and propose a model wherein the
dysregulated flagellar assembly of /f4 mutants [Ludington et al., 2013] is enhanced by
reduced disassembly in cnk2-1. We also show that perturbations in flagellar length are
associated with measurable changes in the rates of flagellar assembly and disassembly.
Our results reveal an active length sensing mechanism that regulates ciliary length,

probably through feedback control of the rates of assembly and disassembly.
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4.3. Materials and Methods

4.3.1. Strains and culture conditions

The If4 (CC-4535), fla10-1 (CC-1919), adf1-6 (CC-3747), HA-tubulin (CC-3055),
and wild-type 137c mt+ and mt- (CC-125 and CC-124) were obtained from the
Chlamydomonas Resource Center at the University of Minnesota. The cnk2-1 mutant
strain provided by Olivier Vallon (Institut Curie, Paris, France) was generated in a 137c
mt- strain [Meslet-Cladiére and Vallon, 2012]. It was back-crossed to 137c mt+, and the
cnk2-1 mutant progeny back-crossed three more times to 137c. The mutant progeny
were identified by PCR of the coding region of the CrAad insert using primers
CrAad_Start Fwd (5'- ATGGCCAAGCTGACCAGCGCC-3’) and RBCS_Dw_Short (5’-
CGCCTCCATTTACACGGAGCG-3’). Except where noted, experiments were performed

on fourth-generation cnk2-1 progeny, using a wild-type sibling strain for all controls.

The If4 cnk2-1 double mutant was generated by mating second generation cnk2-
1 with If4. Complete tetrads were screened for the long flagella phenotype and for the
presence of the CrAad insert by PCR to identify tetrads with a non-parental di-type. All

experiments on the double mutant used If4, cnk2-1, and WT sibling strains as controls.

The fla10 mutant combinations were generated by mating fla10-1 to the If4 cnk2-
1 double mutant described above. Progeny were screened first for the temperature-
sensitive fla10 phenotype, then for the long flagella phenotype, and finally for resorption
in the presence of IBMX to identify single fla10 mutants, double fla10 cnk2-1 and fla10
If4, and triple fla10 If4 cnk2-1 mutants. Each strain was derived from a different tetrad.
The cnk2-1 HA-tubulin strain was generated by crossing fourth-generation cnk2-1 with
the HA-tubulin strain, and screening the progeny for cnk2-1 resorption phenotypes as
described above, and by immunoblotting with rat anti-HA (high-affinity clone 3F10,
1:1000, Roche). The adf1-6 cnk2-1 double mutant was generated similarly, and progeny

were screened for resorption and deflagellation phenotypes.

For all experiments, cells were maintained on tris-acetate-phosphate (TAP)
plates containing 1.5% agar [Harris, 2009], and grown in liquid TAP media for at least 18

hours prior to experiments involving flagellar length measurements. For NaPPi

50



experiments, cells were grown in liquid TAP media and transferred to liquid M media
[Harris, 2009] for at least 1 hour before NaPPi was added. For solid media flagellation

experiments, cells were spread on 3% agar TAP plates.

4.3.2. Generation of CNK2 antibody and immunoblotting

To generate a CNK2 antibody, the CNK2 cDNA [Bradley and Quarmby, 2005]
was cloned into pET-DEST42 (Invitrogen), a bacterial expression vector that encodes a
6xHIS tag at the C-terminus of the recombinant protein. CNK2-6xHIS was expressed in
BL21 competent cells (Invitrogen) and purified on a HisTrap-FF column (GE Life
Sciences). 1 mg of purified protein was used to inoculate two rabbits (Pacific
Immunology), and antisera from the final bleed from one rabbit was selected for its ability
to specifically detect CNK2 in wild-type flagellar extracts, but not cnk2-1 flagellar
extracts, at a 1:5000 dilution of crude antiserum. The IC140 antibody was a generous
gift from Win Sale (Emory University, Atlanta, GA). The secondary antibody for
immunoblotting was horseradish peroxidase-conjugated goat anti-rabbit IgG (1:20,000,
Sigma-Aldrich), detected with Luminata Forte HRP substrate (Millipore).

4.3.3.  Characterizing and rescuing the cnk2-1 mutation

To identify the 5’ end of the site of insertion in the CNK2 gene, genomic DNA
was isolated from cnk2-1 and a fragment was PCR amplified using a forward primer that
anneals near the CNK2 start codon (5-TTAGACCCGTCCTTCGCCAT-3’) and a reverse
primer that anneals to the 5’ end of the CrAad insert (5-CAGCTTTTGTTCCCTTTAGTG-
3’). The PCR product was ligated into pGEM-T Easy (Promega) and sequenced using
standard primers that anneal to the vector's T7 and SP6 sites (Operon). This sequence

was aligned to the CNK2 genomic sequence to identify the 5’ end of the site of insertion.

To rescue the cnk2-1 mutation, a 9.8 kb fragment of 137c genomic DNA was
PCR-amplified to include the entire CNK2 gene, plus 1.6 kb upstream and 1.8 kb
downstream of the transcript start and end sites. This fragment was ligated into the
EcoRl site of pBluescript SK Il. The resulting clone was co-transformed into cnk2-1 cells
with pSI103, which confers resistance to paromomycin [Sizova et al., 2001], by the glass

bead method [Kindle, 1990]. Transformants that grew on paromomycin-containing media
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were screened for flagellar resorption during treatment with 1 mM IBMX, and strains that
resorbed like wild-type were further tested by western blot to confirm expression of

CNK2 protein in flagella.

4.3.4.  Flagellar length measurements and immunofluorescence

For steady-state length and NaPPi, IBMX, and fla10 experiments, 25%
glutaraldehyde was added to samples of liquid culture to a final concentration of 1%.
IBMX (1-isobutyl-3-methylxanthine, Sigma) was dissolved in DMSO at 100 mM and
added to cells in TAP media at a final concentration of 1 mM. NaPPi (sodium
pyrophosphate tetrabasic, Sigma) was dissolved in water at 200 mM and adjusted to pH
7 with concentrated HCI, and added to cells in M media to a final concentration of 20
mM. For solid media flagellation experiments, cells were scraped off of 3% agar TAP
plates and resuspended directly in 1% glutaraldehyde in TAP. For pre-mitotic resorption
experiments, cells were synchronized on a 14:10 light:dark cycle in Sueoka high-salt
media [Harris, 2009], and embedded in 1% low-melting point agarose on a slide within
30 minutes of the dark-shift. Cells were imaged by DIC on a DeltaVision microscope,
using the built-in SoftWORX image analysis software to measure flagellar lengths

(Applied Precision).

Long-zero experiments were performed as described previously [Ludington et al.,
2012] using the microfluidic chamber CO04A and the ONIX perfusion system (CellASIC).
Cells were deflagellated by perfusing the chamber with a 1:1 mix of TAP media and
deflagellation buffer (40 mM sodium acetate pH 4.5, 1 mM CaCl; [Finst et al., 1998]) for
60 seconds, then continually perfusing TAP media while the cells recovered. Cells were
imaged by phase contrast on a Nikon 6D microscope, and flagella were measured using

ImageJ 64.

For HA-tubulin quadriflagellate cell (QFC) experiments, cells were mated and
QFCs separated from un-mated cells as described previously [Marshall and
Rosenbaum, 2001]. Cells were fixed in a solution containing 0.1% glutaraldehyde and
4% formaldehyde for immunofluorescence using a previously described protocol [Parker
et al., 2010]. Primary antibodies include mouse monoclonal anti-a-tubulin IgG1 clone
DM1A (1:300, Sigma), anti-p-tubulin IgG1 clone D66 (1:300, Sigma), and rat monoclonal
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anti-HA high-affinity 1gG clone 3F10 (1:300, Roche). Secondary antibodies were goat
anti-mouse IgG1 Alexa Fluor 594 and goat anti-Rat IgG Alexa Fluor 488 (both 1:300,
Life Technologies). Slides were imaged and analyzed on a DeltaVision microscope

(Applied Precision).

4.4. Results

4.4.1. The cnk2-1 mutant is null and has a flagellar resorption
defect

The Chlamydomonas cnk2-1 mutant strain is an insertional mutant, discovered
during the early stages of a long-term project to generate a robust insertional mutant
library for Chlamydomonas complete with flanking sequence tags [Meslet-Cladiére and
Vallon, 2012]. The mutants are produced by transforming a derivative of the wild-type
strain CC-124 with a spectinomycin resistance cassette, CrAad, and salmon sperm
carrier DNA, and flanking sequence tags are identified by 3’ RACE [Meslet-Cladiére and
Vallon, 2012]. For the cnk2-1 mutant strain, 3’ RACE showed that the 3’ end of the
insertion lies within the intron of the CNK2 5° UTR. We were interested in characterizing

the strain further because of our earlier work on this gene [Bradley and Quarmby, 2005].

We made a forward PCR primer complementary to a sequence near the stop
codon of the CrAad gene, and screened a number of reverse primers specific for
different parts of the CNK2 gene until we found a pair that successfully produced a PCR
product. We found that pairing with a reverse primer that anneals near the CNK2 start
codon produced a PCR product. Sequencing of this PCR product revealed that the 5’
end of the insertion also lies within the first CNK2 intron in the 5 UTR (Figure 4.1A).

To separate the CrAad insertion in the CNK2 gene from additional insertions of
either CrAad or salmon sperm carrier DNA, we performed four back-crosses with the
wild-type strain CC-125, and followed the insertion by PCR (Figure 4.1B, top panel). All
subsequent experiments were performed on fourth generation cnk2-1 back-crossed

strains.
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We next raised an antibody against purified recombinant CNK2 protein (see
Section 4.2 Materials and Methods). Using this antibody in western blots, CNK2 protein
is not detectable in whole cell extracts of wild-type cells (not shown), but a band of 72
kDa, the predicted size of CNK2, is detectable in flagellar extracts. This band is not
present in cnk2-1 flagellar extracts, and we conclude that the Ab is specifically

recognizing CNK2 and that cnk2-1 is null for protein expression (Figure 4.1B).

Because we had previously shown that RNAi of CNK2 resulted in a mild long
flagella phenotype [Bradley and Quarmby, 2005], we compared flagellar lengths and
found that cnk2-1 mutant flagella are slightly longer than wild-type. Transformation of the
mutant strain with a 10 kb genomic fragment containing the CNK2 gene fully restored
expression of CNK2 in flagella (Figure 4.1B) and restored wildtype flagellar length
(Figure 4.1C).

We hypothesized that the cnk2-1 cells were compensating for the loss of CNK2
protein and screened known chemical modifiers of flagellar length for enhancers of the
cnk2-1 phenotype. Sodium pyrophosphate (NaPPi) and 1-isobutyl-3-methylxanthine
(IBMX) both cause gradual resorption of wild-type flagella [Lefebvre et al., 1978;
Lefebvre et al., 1980]. We discovered that both chemicals induce flagellar resorption in
both WT and cnk2-1:CNK2 rescue cells, but have a greatly reduced effect on cnk2-1
mutants (Figure 4.2A and B).

Chlamydomonas cells also resorb their flagella when they are transferred from
liquid to solid media. We tested the effect of the cnk2-1 mutation on this type of
resorption by maintaining cells in liquid media for 24 hours before transferring them to
solid media and comparing the fraction of flagellated cells. Under these conditions, 70%
of cnk2-1 mutant cells were flagellated after 24 hours on solid media, while wild-type and

cnk2-1:CNK2 rescue strains are 14% and 5% flagellated, respectively (Figure 4.2C).

Chlamydomonas flagella also resorb when the two flagella are unequal in length.
This phenomenon is most apparent in a “long-zero” experiment: when one flagellum is
amputated and the other is full-length, the long flagellum resorbs as the zero-length
flagellum regenerates, and once they are equal in length they continue to regenerate

together until both flagella are full-length again Rosenbaum et al. [1969]; [Ludington et
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al., 2012]. To test the role of CNK2 in the resorption phase of long-zeros, we used adf7-
6 [Finst et al., 1998], a hypomorphic allele of an acid deflagellation-defective mutant in
which ~10% of cells shed a single flagellum after treatment with weak organic acid. We
loaded adf1-6 or adf1-6 cnk2-1 cells into a microfluidic chamber under continuous flow of
fresh media, induced deflagellation by lowering the pH of the media to 4.0 with acetic
acid for one minute, then imaged uniflagellate cells for one hour to observe flagellar
length equalization. Similar to previous results with wild-type cells [Ludington et al.,
2012], we consistently observed resorption of the remaining flagellum as the shed
flagellum regenerated in adf1-6 single mutants (Figure 4.3A), and did not observe any
abnormal behavior such as overshoot (Figure 4.3C). However, in adf1-6 cnk2-1 double
mutants, we never observed resorption of the longer flagellum as the shed flagellum
regenerated (Figure 4.3B, D). We conclude that CNK2 is required for the resorption

phase of flagellar length equalization.

Finally, we investigated the role of CNK2 in pre-mitotic flagellar resorption. The
final stage of flagellar resorption prior to mitosis is a microtubule-severing event that
occurs between the basal body and the flagellar transition zone [Parker et al., 2010].
This severing event doesn’t typically occur until tip-down resorption is nearly complete,
so the by-product of this severing is a small flagellar remnant (<1 ym long) left in the
mother cell wall. We reasoned that if CNK2 is an important component of the pre-mitotic
resorption pathway, then we would observe a reduced rate of resorption and a high
frequency of cnk2-1 mutants undergoing early PSOS severing to produce longer
flagellar remnants. However, we found that cnk2-1 mutant flagella resorb at a rate that is
very similar to wild-type, and that the flagella always resorbed completely leaving no
abnormally long flagellar remnants (Figure 4.2D). We note that pre-mitotic resorption is
faster than other types of resorption described here (0.35 pm/min for pre-mitotic
resorption, 0.14 ym/min for long-zeros, 0.08 pym/min for IBMX in wild-type cells). Our
data indicate that pre-mitotic resorption is regulated by distinct signaling pathways or

disassembly mechanisms than resorption induced by chemicals or solid media.
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4.4.2. cnk2-1 If4 double mutants have longer flagella than If4 single
mutants

In Chlamydomonas, mutations in five genes (LF1 — LF5) are known to cause
abnormally long flagella [Barsel et al., 1988] [Asleson and Lefebvre, 1998] [Tam et al.,
2013]. Cells carrying mutations in two /f genes have synthetic phenotypes such as
aflagellate cells or suppression of regeneration defects [Barsel et al., 1988; Asleson and
Lefebvre, 1998]. Relatively little is known about the functions of the LF gene products,
but it was recently shown that /f4 mutants have an increased rate of injection of IFT
material into the flagellum relative to wild-type, suggesting that /f4 flagella become long
due to an increased rate of assembly [Ludington et al., 2013]. The /f4 mutants also have
the longest flagella of all the /f mutants, with some flagella reaching nearly four times
wild-type length. Populations of /f4 mutant cells have a very wide distribution of flagellar
lengths, including flagella that are shorter than wild-type ([Asleson and Lefebvre, 1998;
Berman et al., 2003] and Figure 4.4A).

To our surprise, we find that /f4 cnk2-1 double mutant flagella are significantly
longer than If4 single mutants (25.4 ym vs. 18.2 ym, p<0.0001, Figure 4.4A) indicating
that flagella can be stable at lengths much longer than what is typical of populations of
If4 single mutant cells. Furthermore, we observed that If4 cnk2-1 double mutant flagella
are resistant to the effects of IBMX and NaPPi on flagellar resorption, while /f4 single

mutants resorb faster than wild-type in response to either chemical (Figure 4.4B, C).

The abnormal flagellar lengths of cnk2-1, If4, and If4 cnk2-1 can be explained by
perturbations in the rates of flagellar assembly or disassembly. We propose that when
wild-type flagella grow past their prescribed length, or are otherwise induced to resorb,
the disassembly rate is increased and the assembly rate is decreased. In cnk2-1
mutants, flagella that grow too long are unable to activate disassembly, but compensate
by decreasing the assembly rate. In /f4 mutants, the long flagella are unable to inhibit
assembly, but compensate by increasing the rate of disassembly in a CNK2-dependent
fashion. We hypothesize that in the /f4 cnk2-1 double mutants, a decreased rate of

disassembly combined with an increased rate of assembly produces extra-long flagella.
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4.4.3. Rates of flagellar assembly and disassembly are actively
regulated

To test the hypothesis that the disassembly rate is increased to compensate for
increased assembly in /f4 cells we examined the rates of disassembly in the fla10 mutant
background. The Chlamydomonas fla10-1 mutant has a temperature-sensitive defect in
a subunit of kinesin-II, the anterograde IFT motor: at the restrictive temperature (33°C)
anterograde IFT and flagellar assembly are dramatically reduced [Walther et al., 1994;
Kozminski et al., 1995; Marshall and Rosenbaum, 2001]. Under these conditions some
flagella are lost by deflagellation [Parker and Quarmby, 2003], while others gradually
resorb due to continued disassembly with very little assembly [Kozminski et al., 1995]
[lomini et al., 2001] [Marshall and Rosenbaum, 2001] [Marshall et al., 2005]. Thus, the
rate of resorption of fla10-1 mutant flagella at the restrictive temperature can be used to

approximate the basal rate of disassembly.

We generated double mutants of fla10-1 with cnk2-1 and If4, and a fla10-1 If4
cnk2-1 triple mutant. Cells were cultured at 21°C for 24 hours, then incubated at 33°C
with samples taken for flagellar length measurements every hour for two hours (Figure
4.5). We find that fla10-1 flagella resorb at a rate of 0.046 um/min, whereas fla10-1 If4
double mutants resorb at an increased rate of 0.075 ym/min. The rate of resorption is
much lower in fla10 cnk2-1 double mutants and fla10-1 cnk2-1 If4 triple mutants (0.013
and 0.028 pm/min, respectively). These data support our idea that /f4 cells, whose
primary defect is increased assembly [Ludington et al., 2013] have a compensatory
elevation of disassembly rate. Importantly, the data demonstrate that the basal rate of
disassembly is CNK2-dependent, as is the further stimulation of disassembly in the

context of /f4.

To test whether the converse is also true, that is, whether the rate of assembly is
decreased to compensate for reduced disassembly in cnk2-1 mutants, we first compared
the rates of flagellar regeneration after deflagellation by pH shock (Figure 4.6A). cnk2-1
mutant cells begin regenerating flagella earlier than wild-type, similar to our previously
reported results for CNK2 RNAI [Bradley and Quarmby, 2005], but overall regeneration

rates do not differ between cnk2-1 and wild-type cells. Consistent with our model,
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assembly rates during assembly are not affected. We predict that assembly rates are

only affected when flagella are full length or longer.

The most direct way to assess the rate of flagellar assembly is to measure the
rate of incorporation of new tubulin subunits at the tip of the flagellum. In
Chlamydomonas, incorporation is assessed by mating a strain expressing epitope-
tagged HA-tubulin with an untagged tubulin strain. Each pair of mated cells will form a
quadriflagellate cell (QFC), a temporary dikaryon with two pairs of flagella. These QFCs
retain nearly full-length flagella for up to two hours before the flagella are rapidly
resorbed. As the tubulin subunits are turned over at the tip of the flagella, the unlabeled
flagella will have new HA-tubulin subunits incorporated at the tip that can be detected by

immunofluorescence (Figure 4.6B, [Marshall and Rosenbaum, 2001]).

If cnk2-1 mutants have reduced disassembly but wild-type rates of assembly, we
would observe new HA-tubulin incorporation at the tip of the unlabeled flagella in
amounts similar to or greater than wild-type, along with a gradual increase in flagellar
length over the course of the experiment. However, if as we predict flagellar assembly is
decreased to compensate for decreased disassembly in cnk2-1 cells, then we would
observe a decrease in the amount of HA-tubulin incorporation relative to wild-type and a
constant flagellar length. We generated a cnk2-1 HA-tubulin strain and mated this strain
with cnk2-1 cells with unlabeled tubulin. We incubated the QFCs for 30 or 60 minutes
before fixing the cells for immunofluorescence. As predicted, we observe a significantly
reduced amount of new tubulin incorporation at the tip of cnk2-1 mutant flagella

compared to wild-type (Figure 4.6C, D).

4.5. Discussion

4.5.1. A ciliary length sensor regulates rates of assembly and
disassembly to modify length

The maintenance of normal ciliary length is critical to the normal function of many
different types of cilia. Chlamydomonas rely on normal ciliary motility and signalling for
feeding and mating, and cells with flagella that are too long, too short, or of unequal

length do not swim well (e.g. [McVittie, 1972; Asleson and Lefebvre, 1998; Engel et al.,
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2011; Avasthi et al., 2012]). In humans and other vertebrates, cilia are essential for
developmental and homeostatic signalling processes. When cilia grow abnormally long,
many of these functions are interrupted, resulting in disease [Tammachote et al., 2009;
Omori et al., 2010; Ozguil et al., 2011; Tucker et al., 2011].

We have shown here that perturbations in ciliary length are associated with
changes in the rates of both assembly and disassembly. In /f4 mutant flagella, an
increase in the rate of assembly is likely the cause of the long flagella phenotype
[Ludington et al.,, 2013], and the increase in the rate of disassembly may be a
compensatory mechanism (Figure 4.5). Conversely, in cnk2-1 mutant flagella, a
decrease in the rate of disassembly is likely the cause of the long flagella phenotype
(Figures 4.2, 4.3, and 4.5), while the decrease in the rate of assembly compensates to

maintain near wild-type flagellar length (Figure 4.6).

We propose that a ciliary length sensor detects abnormally long cilia and
modulates rates of assembly and disassembly accordingly (Figure 4.7). In our model,
ciliary assembly would continue at a high rate until ciliary length exceeds some set
length, then the length sensor would stimulate a reduction in the rate of assembly,
possibly via the LF4 kinase, and simultaneously activate disassembly via CNK2. This
model explains our observation that /f4 cnk2-1 double mutants have very long flagella
because the double mutant cells have lost their ability to control rates of both flagellar
assembly and disassembly. Steady state ciliary length is ultimately a consequence of
balanced rates of assembly and disassembly [Marshall and Rosenbaum, 2001; Marshall
et al., 2005; Engel et al., 2009; Hao et al., 2011; Ludington et al., 2012; Ludington et al.,
2013]. We propose that there exists a length sensor that operates through the two
kinases, CNK2 and LF4, to provide tight control of length via feedback regulation of the

rates of assembly and disassembly.

4.5.2. CNK2 as a regulator of ciliary disassembly

We have shown that the cnk2-1 mutant, which doesn’t express any detectable
CNK2 protein, has slightly longer flagella than wild-type, and that it is defective in
flagellar resorption in response to NaPPi, IBMX, and solid media (Figure 4.2), unequal

flagellar length (Figure 4.3), and the loss of IFT at the restrictive temperature in a fla10-1
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cnk2-1 double mutant (Figure 4.5). We propose that the defective ciliary resorption and
the long flagella phenotype are both consequences of a reduction in the basal rate of
flagellar disassembly. Furthermore, that fla10-1 If4 double mutant flagella have a higher
basal rate of disassembly than fla10-1 If4 cnk2-1 triple mutant flagella indicates that
CNK2 is required to activate flagellar disassembly when flagella grow too long (Figure
4.5).

To our knowledge, cnk2-1 is the first Chlamydomonas mutant with defective
flagellar resorption to be characterized, but other potential components of the resorption
signaling pathway have been identified. For example, Chlamydomonas aurora-like
kinase (CALK) becomes phosphorylated shortly after deflagellation [Pan et al., 2004],
and its phosphorylation state and activity changes in response to the length of flagella
[Luo et al., 2011; Cao et al., 2013], indicating that it may be a component of the flagellar
length-sensing pathway. The phosphorylation state of a Chlamydomonas microtubule-
depolymerizing kinsein, CrKinesin-13, similarly changes as flagellar length changes
during regeneration and shortening, but RNAI of CrKinesin-13 causes short flagella, not
long flagella as would be expected for a component of the disassembly pathway [Piao et
al., 2009].

Unlike flagellar assembly, which is entirely dependent on IFT (reviewed in
[Pedersen and Rosenbaum, 2008]), flagellar disassembly does not require IFT. This is
apparent in the temperature-sensitive retrograde IFT mutants fla75 and fla17, defective
in components of the IFT-A complex, which resorb at the restrictive temperature similar
to fla10-1 [Piperno et al., 1998; lomini et al., 2009]. The dhc1b-3 mutant, which has a
temperature-sensitive defect in the retrograde dynein motor, lacks retrograde IFT at the
restrictive temperature, and while it does not resorb upon shift to the restrictive
temperature, it does resorb in response to NaPPi with wild-type kinetics [Engel et al.,
2012]. Therefore it is unlikely that the disassembly defect in cnk2-1 is caused by a

decrease in retrograde IFT.

Exactly how CNK2 could regulate ciliary disassembly remains enigmatic.
Whereas FA2, a CNK2-related Nek required for deflagellation, localizes to the site of
axonemal severing [Mahjoub et al., 2002; Mahjoub et al., 2004], CNK2 localizes along

the length of the axoneme [Bradley and Quarmby, 2005]. The Neks are emerging as
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regulators of cilia and cell cycle, both of which are dependent on microtubules,
suggesting a role for the Neks as regulators of microtubule dynamics or of processes
that depend on microtubules (reviewed in [Fry et al., 2012]). Arabidopsis Nek6 (a
member of the same clade as mammalian Nek11 [Parker et al., 2007]) negatively
regulates microtubule stability, possibly by directly phosphorylating p-tubulin [Motose et
al.,, 2011; Motose et al., 2012], and Nek4 may perform similar functions in mammalian
cells [Doles and Hemann, 2010]. CNK2 could similarly alter flagellar microtubule stability
directly, by regulating the activity of tubulin post-translational modifications that affect
microtubule stability, such as polyglutamylation and acetylation [Pugacheva et al., 2007;
Chang et al., 2009; Lacroix et al., 2010; Sudo and Baas, 2010; O'Hagan et al., 2011], or
by regulating the microtubule depolymerizing functions of other proteins, such as MCAK
[Blaineau et al., 2007]. Future work to dissect the CNK2-dependent disassembly
pathway will be invaluable for understanding both the mechanism and regulation of

ciliary disassembly.
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Figure 4.1. The cnk2-1 Mutation Causes a Slight Increase in Steady-State
Flagellar Length.
A. The CrAad insert (grey) is inserted in the first intron within the 5 UTR of the CNK2
gene. Hashed blocks: UTR exons; white blocks: protein coding exons. B. Top panel:
PCR of the CrAad insert was used to identify cnk2-1 mutant strains. Middle panel:
Western blot of isolated flagella probed with anti-CNK2. Bottom panel: Anti-IC140
western blot as a control for loading of flagellar protein. (+): pALM33 plasmid containing
CrAad gene; W: wild-type; C: cnk2-1; R: cnk2-1:CNK2 rescue. C. Measurements of
flagellar lengths from WT, cnk2-1, and cnk2-1:CNK2 rescue strains. One flagellum from
30-100 cells from each strain were measured in each of three independent experiments.
Error bars represent 95% confidence interval. Means were compared by Tukey’s HSD; *
p<0.05, **** p<0.0001.
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Figure 4.2.  cnk2-1 Mutants are Defective in Some Types of Flagellar Resorption.
Flagellar lengths of WT, cnk2-1, and cnk2-1:CNKZ2 rescue strains were measured at
hourly intervals of treatment with 1 mM IBMX (A) or 20 mM NaPPi (B). At least 30 cells
were measured at each time point in two independent experiments. Error bars represent
standard deviations. C. Cells were first maintained in liquid culture for 24 hours and the
percentage of cells with flagella was scored (black bars). The cells were then transferred
to solid media for 24 hours and again scored for percent flagellation (grey bars). 100
cells were counted for each strain in two independent experiments. Error bars represent
standard deviations. D. Cells were partially synchronized then embedded in agarose at
the beginning of the dark phase and imaged once every minute until resorption and cell
division were complete. Flagellar length was measured once every five minutes, working
backwards from the time resorption was completed (0 minutes). WT N = 6 from 3
different experiments; cnk2-1 N = 5 from 3 different experiments, error bars represent
standard deviation.
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Figure 4.3. CNK2 is Required for the Resorption Phase of Flagellar Length
Equalization.
adf1-6 (A, C) or adf1-6 cnk2-1 (B, D) cells were captured in a microfluidic chamber under
continuous flow of fresh media. Deflagellation of a single flagellum was induced by
reducing the pH of the media to 4.5 for 1 min with 40 mM sodium acetate, then washing
the low-pH buffer out to allow the flagella to regenerate. The length of each flagellum
was measured every five minutes for 50 minutes after pH shock. A, B. The length of the
amputated flagellum (red) and unamputated flagellum (blue) as a function of time post
deflagellation. N = 6 cells (A) or 4 cells (B). C, D. The length of the amputated flagellum
as a fuction of the length of the unamputated (long) flagellum.
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Figure 4.4.  If4 cnk2-1 Double Mutant Flagella are Longer than Single Mutant
Flagella.
A-D. Representative DIC images of wild-type (A), cnk2-1 (B), If4 (C), or If4 cnk2-1 (D)
cells. Scale bar 5 um. E. Distributions and average lengths of wild-type, single mutant,
and double mutant flagella. One flagellum from at least fifty cells from each of two
different experiments were measured. Error bars represent 95% confidence intervals.
Means were compared by Tukey HSD; * p <.05; **** p <.0001. F. Flagellar lengths
were measured at hourly intervals during treatment with 1 mM IBMX. For each strain at
least 30 cells were measured from each of two independent experiments. Error bars
represent 95% confidence intervals. G. Same as (B), except cells were treated with 20
mM NaPPi, and 25 cells were measured from one experiment.
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Figure 4.5. The Rate of Flagellar Disassembly is Increased in If4 Mutant
Flagella, Dependent on CNK2.
fla10-1 cells, and double or triple mutants with /f4 and cnk2-1, were maintained in liquid
culture at 21°C, and flagellar lengths were measured (0 minutes). Cultures were then
shifted to the restrictive temperature (33°C) and lengths were measured each hour for
two hours. One flagellum from at least 25 cells from each strain were measured at each
time point from each of two independent experiments. A. Flagellar length as a function of
time at 33°C. Error bars represent 95% confidence intervals. B. Linear regression
analysis of the data in (A) gives a resorption rate for each strain. Error bars represent
standard deviation.
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Figure 4.6.  Flagellar Assembly is Reduced at Steady-State Length in cnk2-1
Mutant Flagella.
A. Flagellar regeneration kinetics of wild-type and cnk2-1 mutant flagella were
determined by deflagellating cells by pH shock, and measuring flagellar lengths at
various time points during regeneration. Flagella from fifty cells were measured at each
time point for each strain. Error bars represent 95% confidence interval. B-D. Wild-type
cells were mated to HA-tubulin cells (WT), or cnk2-1 cells were mated to cnk2-1 HA-
tubulin cells (cnk2-1), and resulting quadriflagellate cells (QFCs) were incubated for 30
or 60 minutes before being fixed and stained with antibodies to a/p-tubulin and HA [8].
B. Representative image of a wild-type QFC 60 minutes after mating. C. The amount of
new tubulin incorporation is measured as the length of the HA-stained section at the
distal tip of the flagellum, and flagellar length is measured from the total length of the
acetylated tubulin-stained section. D. Distributions for the amount of new tubulin
incorporation. At least 30 cells from each of two independent experiments were
measured at each time point for each strain. Error bars represent 95% confidence
interval. Means were compared by Tukey’s HSD. **** p < 0.0001.
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Figure 4.7. A Model for Flagellar Length Control by Feedback Regulation
Involving Both Assembly and Disassembly.

Flagella become too long when assembly exceeds disassembly (dashed line, top right).

Once they become too long, they can reduce their overall length by activating

disassembly via CNK2 and by inhibiting assembly via LF4. Similar regulatory

mechanisms could act to inhibit disassembly and activate assembly when flagella

become too short.
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5. Conclusions and Future Directions

5.1. Nek1, Ciliogenesis, and Nuclear Cycling

In Chapter 2, | reported that Nek1, which normally localizes to centrosomes, is
also continually cycling through the nucleus. We know this because blocking nuclear
export with the CRM1 inhibitor Leptomycin B causes Nek1 to accumulate in the nucleus.
I demonstrated that Nek1 contains at least two functional nuclear localization signals
(NLS), one of which was defined by sequence analysis and mutagenesis, the other of
which remains cryptic. In Chapter 2, | suggested that the purpose of Nek1 nuclear
cycling might be to relay signals between the centrosome/cilium and the nucleus. Here, |
will elaborate on the possible nuclear functions of Nek1, the signals that may regulate its

nuclear localization, and the relationship to human health and disease.

The Nek1*®?/ mutation in mice is an insertion of a single guanosine at position
996 in the Nek1 cDNA, resulting in a premature stop codon [Upadhya et al., 2000].
Several groups have confirmed that this is a null mutation, and that Nek7kat2/at-2J
homozygotes do not express any detectable Nek1 protein [Polci et al., 2004; Feige et al.,
2006]. These mice are characterized by runting, facial dysmorphism, anemia, male
sterility, hydrocephalus, and progressive polycystic kidneys [Vogler et al., 1999]. They
survive into adulthood and ultimately succumb to renal failure before one year of age,
indicating that Nek1 is important for normal development and homeostasis in mice but is

not essential for viability [Vogler et al., 1999].

In contrast, null mutations of Nek1 in humans cause short rib-polydactyly
syndrome (SRPS) type Il or type lll, and always result in embryonic lethality [Thiel et al.,
2011; Chen et al., 2012a; Chen et al., 2012b; ElI Hokayem et al., 2012]. Some features
of this disorder are similar to the mouse phenotype, including facial dysmorphism and
cystic kidneys, but it is distinguished by skeletal abnormalities including short ribs, short
limbs, and polydactyly. Cultured fibroblasts from a Nek1 SRPS embryo and from

Nek1¥et2/ a2} mice both produce short, stumpy cilia in a small fraction of cells and no
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cilia in the remainder of cells [Shalom et al., 2008; Thiel et al., 2011]. Additionally, they
have abnormal acetylated microtubule structures in the cytoplasm [Shalom et al., 2008;
Thiel et al., 2011]. Thus, null mutations of Nek1 have similar effects at the cellular level
in both humans and mice, but have much more severe effects on development in

humans.

SRPS types Il and Ill can also be caused by mutations in DYNC2H1, the gene
encoding the cytoplasmic dynein retrograde IFT motor; /IFT80, encoding an IFT complex
B protein; and WDR35, encoding the IFT121 complex A protein (reviewed by [Huber and
Cormier-Daire, 2012]). Mutations in any of these components abolish ciliogenesis, and
consequently hedgehog signalling and osteogenesis are severely disrupted. Many of the
clinical features of SRPS, such as cystic kidneys and polydactyly, are hallmark features
of a variety of ciliopathies (e.g. [Davis and Katsanis, 2012]). These data strongly
implicate ciliary defects in the pathology of SRPS, yet Nek1 has been most extensively

characterized as a component of the DNA damage response (DDR).

The DNA damage response pathway involves the activation of two kinases, ATM
(ataxia telangiectasia mutated) and ATR (ATM- and Rad3-related) in response to DNA
double strand breaks (reviewed by [Heijink et al., 2013]). Upon activation, ATM and ATR
(in complex with its interacting protein, ATRIP) phosphorylate the checkpoint kinases
Chk2 and Chk1, respectively [Heijink et al., 2013]. Chk1 and Chk2 then maintain the
Cdc25 phosphatase in its inactive form, which prevents the dephosphorylation and
activation of either CyclinE/Cdk2 (causing G1 arrest and S-phase delay) or Cyclin B/Cdk
1 (causing G2 arrest) [Donzelli and Draetta, 2003]. Ultimately, the effect of the activation
of these DDR checkpoints is a delay in cell cycle progression until DNA damage can be
repaired [Heijink et al., 2013]. ATM and ATR-ATRIP localize to DNA damage foci within

the nucleus when this pathway is activated [Heijink et al., 2013].

The role of Nek1 in the DDR may provide the best explanation for the ability of
Nek1 to cycle through the nucleus. In cell culture, treatment with ionizing radiation
causes Nek1 to accumulate in the nucleus and associate with DNA damage repair
proteins at the DNA damage foci [Polci et al., 2004]. Nek1 mutant MEFs are also more
susceptible to the deleterious effects of ionizing radiation than wild-type MEFs, and fail

to arrest properly at G1/S and G2/M checkpoints in response to DNA damage [Polci et
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al., 2004; Chen et al., 2008; Pelegrini et al., 2010]. Recent data indicates that Nek1
functions upstream of ATR-ATRIP, and that its kinase activity is important for
phosphorylation and activation of Chk1 [Chen et al., 2011; Liu et al., 2013]. These data
suggest that Nek1 cycles through the nucleus and becomes trapped there upon
activation of the DDR.

Although the DDR and ciliogenesis are diverse cellular pathways, the dual role of
Nek1 in both of these situations may be indicative of a connection. Recent data suggest
that the cilium might function as a cell cycle checkpoint, and that a delay in pre-mitotic
ciliary resorption causes a delay in cell cycle progression (see Section 1.2, [Pugacheva
et al., 2007; Kim et al., 2011; Li et al., 2011; Plotnikova et al., 2012]). However, an exact
mechanism for how delayed resorption might lead to cell cycle arrest has not yet been
identified. | hypothesize that Nek1 functions at centrosomes to sense the state of the
cilium as the cell approaches mitosis. If ciliary resorption is incomplete, Nek1 could relay
that signal to the DDR to activate cell cycle arrest. This hypothesis could be tested by
inducing delayed pre-mitotic resorption, for example by siRNA of HDACG6, and examining
the localization of Nek1 and the activation of DDR components such as Chk1. If my
hypothesis is correct, then Chk1 should become phosphorylated and activated in these

cells in a Nek1-dependent pathway.

While this hypothesis justifies the role of Nek1, a centrosomal protein, in the
DDR, it does not explain its role in ciliogenesis. Recently, it has been proposed that p53,
a tumour suppressor that is regulated by both ATM and ATR-ATRIP, promotes
quiescence in stem cells (reviewed by [Sperka et al., 2012]). Since ciliation is a hallmark
of quiescence, this implicates the DDR in the signals that regulate ciliogenesis. In one
study, TEM of fibroblasts from a human Nek1-deficient SRPS patient revealed the
absence of ciliary vesicles on the centrioles of serum-depleted quiescent cells [Thiel et
al., 2011]. This indicates that Nek1 is involved in the signalling pathways that are
involved in the earliest stages of ciliogenesis. Furthermore, CEP164, a component of the
centriolar distal appendages that are required for ciliary vesicle formation and basal body
docking, also interacts with the DDR pathway, and mutations in the gene encoding
CEP164 are associated with a nephronophthisis-type disease [Graser et al., 2007; Chaki

et al., 2012]. It would be very informative to examine the effects of p53 on the activity of
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Nek1, and to examine the effects of Nek1 on the assembly of centriolar components like

CEP164, to determine how Nek1 and the DDR contribute to ciliogenesis.

Lastly, it would be valuable to examine the roles of Nek1 orthologs in other
organisms. In Chlamydomonas, the Nek1 ortholog is CNK10 [Parker et al., 2007],
although they share less than 25% overall sequence identity. Recently, Susan Dutcher’s
lab identified a cnk70 mutant in a screen for Taxol-sensitive mutants generated by
insertional mutagenesis (H. Lin and S. Dutcher, personal communication). Early
characterization has revealed a flagellar regeneration defect, and a mysterious cell
survival phenotype that manifests as cell death after two weeks on solid agar media (H.
Lin and S. Dutcher, personal communication). It is tantalizing to speculate that this cell
survival phenotype is related to a DDR-type pathway in Chlamydomonas. This would
indicate remarkable functional conservation of the Nek1 clade across billions of years of

evolution, despite major sequence divergence.

5.2. Resorption and Deflagellation Converge:
Severing at the PSOS

As | described in Section 1.4 (Ciliary Resorption and Deflagellation), evidence
from Chlamydomonas suggests that flagellar resorption and deflagellation share
common mechanisms and/or signalling pathways. In Chapter 3, Jeremy Parker and |
described yet another instance of overlap between these two pathways when we
demonstrated that pre-mitotic resorption culminates in an axonemal severing event that
separates the basal body from the transition zone at the PSOS. We speculated that such
a severing event might be essential for cell cycle progression in Chlamydomonas, and

may be conserved in ciliated eukaryotes.

Further evidence for the essential nature of this severing event comes from
Quarmby lab research into the pathways and mechanisms that control deflagellation. In
1998, Finst et al. conducted a genetic screen for Chlamydomonas mutants with defects
in deflagellation using a combination of insertional and UV mutagenesis (see Section 1.4
for a description of the mutants recovered). This screen produced 4-6 mutant alleles of

each of three genes, adf1, fa1, and fa2, so it appeared to be saturated. However, this
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cannot represent a complete parts list for deflagellation, because we know that
deflagellation requires a calcium sensor to activate the severing machinery in response
to calcium influx and a microtubule severing protein (such as katanin) to directly sever
the microtubule axoneme. If pre-mitotic PSOS severing relies on some of the same
components as deflagellation severing at the SOFA (Figure 5.1), then these additional
components could be missing from the deflagellation screen because they would be

essential for cell survival and therefore would not have been uncovered in the screen.

To address this issue, the Quarmby lab is currently conducting a second genetic
screen to identify conditional temperature-sensitive (ts) deflagellation mutants, with the
hypothesis that some ts deflagellation mutants will be ts-lethal due to defects in cell
cycle progression. So far, the screen has produced multiple new alleles of adf1, fa1, and
fa2; one allele of a new gene, adfZ; a still-unnamed ts mutant with a phenotype ts for fa
and non-ts for adf; and 3 ts fa mutants that are still in the very early stages of
characterization. Whereas adf mutants are defective in the calcium influx that activates
the severing machinery, fa mutants are defective in the severing machinery and its direct
regulatory components. This means that PSOS mutants, including the elusive calcium
sensor and microtubule severing proteins, should have fa phenotypes with respect to
deflagellation. Therefore isolating more ts fa mutants, and identifying the causative
mutations, is the number one priority to assembly the parts list for severing at the PSOS
and the SOFA.

It is worth noting that the Chlamydomonas fa2 mutant also has a delay in cell
cycle progression that manifests as large cell size, but that this does not appear to be
related to defective PSOS severing. Rasi et al. [2009] observed the presence of flagellar
remnants in the mother cell wall of mitotic fa2-3 mutant cells, indicating that PSOS
severing is intact. Live cell imaging of fa2 mutants during mitosis confirmed that pre-
mitotic resorption and PSOS severing proceed normally (my own unpublished
observations). However, FA2 may affect cell size and cell cycle progression by
coordinating the timing of pre-mitotic resorption with cell cycle. In wild-type cells, after
pre-mitotic resorption the cell cortex rotates 90° relative to the cell wall before mitosis
proceeds, so the cleavage furrow forms perpendicular to the long axis of the cell. | found
that fa2 mutant cells rarely undergo cortical rotation, so the cleavage furrow forms

parallel to the long axis of the cell (data not shown). This may indicate that the cell is
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already primed for division before resorption is complete, and that the delay in pre-
mitotic resorption leaves the cell without enough time to complete cortical rotation prior
to division. That FA2 is also a Nek lends support to the hypothesis that the Neks are

coordinators of cilia and the cell cycle.

Phylogenetic analysis of the Neks revealed that FA2, along with CNK2 and its
paralog CNK1, belongs to a clade that is only represented in protists [Parker et al.,
2007]. Remarkably, when FA2-GFP is expressed in mouse kidney epithelial cells in cell
culture, it localizes to the ciliary transition zone and to the proximal end of both mother
and daughter centrioles in a pattern that is very similar to what is observed in
Chlamydomonas cells [Mahjoub et al., 2004]. FA2-GFP also localizes to the cytokinetic
midbody that connects the cytoplasm of recently divided daughter cells [Mahjoub et al.,
2004]. The presence of FA2-GFP at both of these sites may indicate that a microtubule
severing complex, involved in both axonemal severing and midbody abscission, may
exist in mammalian cells and may be conserved between mammals and
Chlamydomonas. Although the phylogenetic analysis of the Neks doesn’t indicate a
direct mammalian ortholog of FA2, it doesn’'t rule out the presence of a functional
ortholog. One candidate is Nek2, which has a very similar localization pattern in ciliated
cells as FA2-GFP [Spalluto et al., 2012]. Furthermore, siRNA of Nek2 in cell culture
delays pre-mitotic ciliary resorption until after centrosomes have separated [Spalluto et
al., 2012], an effect that bears similarity to the delayed cell cycle progression in

Chlamydomonas fa2 mutants.

In Chlamydomonas cells, the transition zone is relatively structurally elaborate,
including a large electron-dense “H” structure of unknown function or composition at its
core that clearly distinguishes the distal and proximal ends [Ringo, 1967]. Comparatively
speaking, the transition zone of primary cilia is simple (reviewed in [Fisch and Dupuis-
Williams, 2011]). Whereas the sites of axonemal severing in Chlamydomonas cells are
positioned at either end of the transition zone, these two sites may be compressed into a
single site that executes both stress-related deciliation and pre-mitotic severing in
mammalian cilia. If this is the case, then it is likely that FA2-GFP interacts with
components of this combined SOFA/PSOS when it is expressed in mammalian cells.
Quarmby Lab graduate student Mette Lethan is currently attempting to identify

components of the mammalian severing complex by co-immunoprecipitating them with
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FA2-GFP. Together with new Chlamydomonas mutants identified in the conditional
deflagellation mutant screen, these data should provide a thorough list of important

components for pre-mitotic severing.

Once the PSOS components have been identified, RNAi experiments could be
used to assess the functions of these components in mammalian cells. For example,
defects in mitotic entry could indicate that PSOS severing acts as a mitotic checkpoint
that prevents cells from going on in mitosis until it is complete. This could be the event
that Nek1 communicates to the DDR checkpoint (see section 5.1). Alternatively, in
organized tissues where the plane of cell division is important for maintaining tissue
architecture, loss of PSOS severing could interfere with spindle orientation and result in
disorganization. This type of disorganization is hypothesized to contribute to the
formation of kidney cysts [Jonassen et al., 2008], making PSOS components excellent

candidates for human ciliopathy genes.

5.3. CNK2 in Ciliary Length Control

In Chapter 4, | demonstrate that a Chlamydomonas flagellar Nek, CNK2,
regulates both flagellar resorption and length by regulating the rate of axonemal
disassembly. | also show that another kinase, LF4, participates in flagellar length control
by regulating the rate of assembly. My data provide an important framework for
understanding how ciliary length is controlled by demonstrating that rates of assembly

and disassembly are both actively regulated when flagella are too long.

The tight control of ciliary length is critical for the function of cilia in many
developmental, homeostatic, and sensory processes. In Chlamydomonas, flagella that
are too long or too short interfere with normal motility. In the wild, this would interfere
with a cell’s ability to move toward optimal sunlight conditions for photosynthesis. Since
mating is also dependent on flagella in Chlamydomonas, long or short flagella would
severely compromise fitness. Therefore it is likely that wild-type flagellar length has been

evolutionarily selected.

In vertebrates, where the primary cilia are the hub of developmental and

homeostatic signalling processes, the correct ciliary length is important for their normal
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function. When cells are induced to have multiple cilia by inducing supernumerary
centrosomes, the same number of signalling molecules (including the Shh effector, Smo)
is produced, but they are distributed among a greater number of cilia [Mahjoub and
Stearns, 2012]. This dilution dramatically reduces the efficacy of the Shh signalling
pathway [Mahjoub and Stearns, 2012]. A similar dilution of the signalling molecules
could be created in abnormally long primary cilia, and could be a contributing factor in
the etiology of ciliopathies like Meckel Syndrome, which has phenotypes related to
defective Shh signalling and has been associated with long primary cilia [Tammachote et
al.,, 2009]. In Chlamydomonas, where signals in the flagellum are generated during
mating in response to flagellar adhesion, having extra-long flagella could similarly dilute
the signals and reduce overall mating efficiency. Since long flagella mutants have
reduced mating efficiency compared to wild-type (my own unpublished observations), it
could be valuable to determine whether this is due to decreased motility and difficulty in
finding mating partners, or due to a dilution of the flagellar agglutinins and the

downstream signalling effectors.

In ciliated cells that re-enter the cell cycle, long cilia may interfere with the timing
of cell division by delaying the completion of pre-mitotic resorption. Depletion of either
Tctex-1 or Nde1 causes long cilia and delays in cell cycle re-entry [Kim et al., 2011; Li et
al., 2011; Palmer et al., 2011]. Surprisingly, in Chlamydomonas, the presence of very
long flagella does not seem to have this effect on the cell cycle. However, to my
knowledge, a close-up examination of the growth rates or pre-mitotic resorption has not
been conducted yet for any of the five If mutants. My work in Chapter 4 demonstrated
that If4 mutants have an accelerated rate of disassembly, which cells could take
advantage of to complete pre-mitotic resorption rapidly, thereby minimizing the effect on
the cell cycle. Alternatively, /f mutants could be executing PSOS severing before
complete resorption, leaving longer flagellar remnants. Either way, the Chlamydomonas
If mutants could be valuable tools for identifying the mechanisms by which cells deal with

long cilia during mitosis.

In terminally differentiated cells, such as photoreceptors in the vertebrate eye or
sensory neurons in C. elegans, long cilia usually degenerate over time probably due to
structural instability. The mammalian homolog of Chlamydomonas LF4, MAK, also

regulates ciliary length. When MAK is mutated in humans or mice, the result is
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elongation of the photoreceptor connecting cilium and gradual degeneration of the
photoreceptor outer segment [Omori et al., 2010; Ozgiil et al., 2011; Tucker et al., 2011].
Mutations in the gene encoding the C. elegans homolog of LF4, DYF-5, also cause
elongation of the neuronal sensory cilia, accompanied by structural defects [Burghoorn
et al., 2007]. The C. elegans dyf-18 mutant, which disrupts the gene encoding the
homolog of the Chlamydomonas LF2 CDK-like kinase, has also been characterized, and
causes long, curly cilia and mild structural defects similar to those observed in the dyf-5
mutant [Phirke et al., 2011]. Remarkably, the presence of homologs of both LF4 and LF2
with similar functions in metazoans indicates that the signalling pathways that control

ciliary length are highly conserved throughout evolution.

Unlike LF4 or LF2, CNK2 belongs to the same protist-only clade of Neks as FA2
and therefore does not have a direct mammalian ortholog [Parker et al., 2007]. As | have
already discussed for FA2 (see Section 5.2), this does not rule out the possibility that
mammalian cells have a functional ortholog for CNK2. Brian Bradley demonstrated that
CNK2-GFP localizes to the primary cilium in IMCD3 cells (Figure 5.2). These data are
especially remarkable because the primary cilium is a much more streamlined structure
than the elaborate Chlamydomonas motile flagellum, and indicate that core components

of the complex with which CNK2 interacts may be conserved.

The ciliary localization of CNK2 in mammalian cells may be a valuable tool for
identifying components of this length control complex. This could be done by expressing
epitope-tagged CNK2 in IMCD3 cells, performing immunoprecipitation, and identifying
interacting proteins by mass spectrometry. | have attempted a similar workflow in
Chlamydomonas, but was unable to isolate CNK2-HA by immunoprecipitation. In
addition to a binding partner approach, the powerful genetics of Chlamydomonas could
be used to identify new components of the CNK2 resorption/length control pathway. |
could enrich for mutants by taking advantage of the fact that Chlamydomonas cells are
phototactic. Cells that fail to resorb in response to NaPPi or IBMX could be separated
from wild-type cells on the basis of their ability to swim towards a light source because
they maintain full-length flagella in these treatments. Mutagenesis could also be
performed on cnk2-1 mutant cells to look for second-site mutations that suppress the

cnk2-1 phenotype. Using an insertional mutagenesis approach similar to the one that
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generated the cnk2-1 mutant would allow rapid identification of causative mutations by
3’-RACE [Meslet-Cladiere and Vallon, 2012].

This genetic approach may be especially valuable for identifying the elusive
length sensor that relays information about incorrect flagellar length to the LF4 and
CNK2 signalling pathways. One important system that may contribute to the sensation
and regulation of flagellar length is Ca®* [Rosenbaum, 2003]. Importantly, the amount of
current generated by Ca?" influx is proportional to the length of the flagella, indicating
that number of voltage-gated Ca®* channels in the flagellum also correlates with flagellar
length [Beck and Uhl, 1994]. It is reasonable to predict, then, that long flagella would
have higher Ca?* current than wild-type length flagella, in which case high levels of Ca*
would cause flagella to shorten. This is consistent with a number of stimuli that cause
flagellar resorption. As | mentioned in Section 1.4, when deflagellation-defective fa
mutants are treated with pH shock, they resorb instead of deflagellating. Since the pH
shock induces an influx of Ca?' into the cell, it is possible that this increase in
intracellular Ca?* is triggering the resorption response. Moreover, NaPPi and IBMX, the
chemicals | used to induce resorption in Chapter 4, may both be influencing intracellular
Ca?*. Although it has been hypothesized that NaPPi is acting as a Ca*" chelator, and
that low levels of Ca®" are responsible for resorption in NaPPi-treated cells [Lefebvre et
al., 1978], preliminary experiments revealed that NaPPi induces a stronger resorption
effect in media with high levels of Ca®* (1 mM) than in media with no added Ca*
(Kavisha Gunawardane, unpublished observations). Further experiments are required to
determine whether increased Ca®" is, in fact, responsible for the resorption effect of
NaPPi. Finally, as IBMX is a cyclic nucleotide phosphodiesterase inhibitor, its effect on
Chlamydomonas flagella is likely an increase in cAMP and/or cGMP levels. As a second
messenger, cAMP is often responsible for inducing Ca®" influx or release from
intracellular stores, so IBMX may also be causing an increase in Ca®" within the
flagellum. Such a Ca®" signal could be translated into effects on both assembly and

disassembly to effect changes in overall flagellar length.

How, then, would changes in Ca®" be translated into changes in the rate of
assembly? Since IFT is required to deliver new flagellar subunits to the tip of the
flagellum for assembly to occur, it is possible that the regulation of assembly occurs at

the level of regulating IFT. From data in /f4 mutant cells, we know that the rate of
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injection of IFT particles is increased in long flagella. If IFT is the key regulatory step in
cnk2-1 mutants, then | would expect to observe a decrease in the overall rate of IFT
particle injection into the flagella. If instead | observe no change in the rate of IFT in
cnk2-1 mutants, this would indicate that the rate of assembly is being regulated some

other way.

The regulation of assembly rates could alternatively be achieved by regulating
the affinity of IFT complexes for their cargos. This is an aspect of IFT that is still largely
uncharacterized. Recently, the rate of tubulin transport and incorporation was measured
in C. elegans cilia [Hao et al., 2011]. However, one cannot observe events related to
ciliogenesis, ciliary resorption, or perturbations to ciliary length in C. elegans, so this
data is only informative for cargo transport for maintenance of steady-state length. In
many ways, this makes Chlamydomonas the ideal system for studying the relationship
between cargo transport and ciliary length. At the 2013 FASEB Biology of Cilia and
Flagella meeting, Dr. Karl Lechtreck reported a system for measuring the rate of
transport of two Chlamydomonas axonemal components that participate in the regulation
of motility: DRC4, a component of the dynein regulatory complex, and PF16, a central
pair component. This has enabled, for the first time, direct measurement of the
correlation between the movement of IFT complex proteins and motors with cargo
transport. Although DRC4 and PF16 are important components of the axoneme, they
are not required for ciliogenesis and do not directly contribute to axonemal elongation.
Once a system for measuring the trafficking of tubulin has been developed, it will be
possible to directly measure how the association of IFT particles with tubulin cargo
contributes to the regulation of flagellar length. Consistent with my hypothesis that Ca®*
may act as the length sensor, intraflagellar Ca** levels were recently shown to regulate
the binding of IFT particles to flagellar membrane glycoproteins to control flagellar
surface motility [Shih et al., 2013]. Similar regulation by Ca?* levels could conceivably

contribute to regulating the loading of tubulin cargo onto IFT.

It is more difficult to speculate on the ways in which flagellar disassembly is
regulated, especially because my data is the first to show that disassembly is regulated
at all. However, flagellar microtubules are stable compared to cytoplasmic microtubules,
possibly due to the presence of microtubule stabilizing components at the tip of the

flagellum. The microtubule +-end tracking protein (+TIP) EB1 localizes to the tips of
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Chlamydomonas flagella, and is required for ciliogenesis in mammalian primary cilia
[Pedersen et al., 2003; Schroder et al., 2007]. EB1 itself, or other +TIPs, could function
to regulate the flagellar microtubule disassembly rate, helping to keep it low during
flagellar elongation and increasing it when flagella are too long or need to be resorbed.
Microtubule depolymerizing kinesins of the kinesin-13 family, one of which has been
identified in Chlamydomonas, may also participate in the regulation of disassembly [Piao
et al., 2009]. The proteomics and genetics approaches that | have suggested for the
flagellar resorption pathway may help identify more components that are involved in

regulating both the rates of assembly and disassembly.

Finally, | would like to address the role of CNK2, a Nek, in cell cycle regulation.
Previous work in the Quarmby lab demonstrated that overexpression of CNK2 was
associated with smaller cell size, while RNAi was associated with larger cell size, and it
was concluded that CNK2 regulates the minimum commitment size for division (see
section 1.2, [Bradley and Quarmby, 2005]). As part of the characterization of the cnk2-1
mutant strain, | attempted to examine the commitment size of the mutants but was
unable to find a consistent phenotype, nor was | able to identify any genetic interactions
between cnk2-1 and other commitment size mutants. This result is inconclusive and
requires further follow-up, but a lack of cell cycle phenotype of the cnk2-1 mutant would
be consistent with the observation that CNK2 is not required for pre-mitotic resorption
(Figure 4.2). The cell size phenotype previously reported may have been associated with
off-target effects of the RNAIi construct used, and possibly to mild cytotoxic effects of
overexpressing CNK2 in a wild-type background. This would make CNK2 one of few
Neks characterized to-date with no discernible effects on the cell cycle. However, CNK2
and its paralog CNK1 arose from a gene duplication that occurred quite recently in the
Chlamydomonas lineage [Parker et al., 2007]. Subfunctionalization often occurs as a
consequence of gene duplication, where each paralog evolves to perform only a subset
of the functions that the single ancestral gene performed. Limited characterization of
CNK1 has been performed so far, but | would hypothesize that it has retained the cell
cycle functions that have been lost from CNK2. Given the sequence similarity between
CNK1 and CNK2, it is also possible that CNK1 was one of the off-target effects of the
CNK2 RNAI, and that this was responsible for the observed cell cycle phenotype
[Bradley and Quarmby, 2005].
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5.4. Perspectives

My work has used Chlamydomonas and mouse tissue culture cells to examine
the functions of two diverse members of the NIMA-related kinase family,
Chlamydomonas CNK2 and mouse Nek1. Since | completed my work showing that
Nek1 cycles between the nucleus and the centrosomes, a significant amount of data has
been produced to show that Nek1 functions in the DNA damage response. This makes
Nek1 a dual-role Nek, with functions in both cilia and cell cycle regulation, similar to the
original dual-role Nek, Chlamydomonas FAZ2. It will be valuable to tie the ciliary roles of
Nek1 to its cell cycle roles to advance our understanding of how cilia and the cell cycle
are mutually controlled. Although | did not identify any cell cycle roles for CNK2, | did find
that CNK2 participates in an important length control pathway in Chlamydomonas. The
mechanisms by which length is sensed and assembly and disassembly regulated remain
elusive. Nonetheless, ciliary length control may be an excellent target for drug
development to treat adult-onset degenerative ciliopathies such as PKD and retinitis
pigmentosa. My results with CNK2 provide a framework in which to understand how
such treatments could work. Lastly, my work helped to characterize an axonemal
severing event that occurs as a (likely) essential last step in pre-mitotic ciliary resorption.
The Quarmby lab is already employing multiple strategies to identify components that
participate in the execution of this event, and it's reasonable to expect that members of
the Nek family will be involved. Altogether, my work significantly advances our

understanding of the roles of Neks in regulating cilia and the cell cycle.
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5.5. Figures

PRE-MITOTIC DEFLAGELLATION

RESORPTION

Figure 5.1.  Pre-mitotic Resorption vs. Deflagellation.

During pre-mitotic resorption (left side) the cilium is disassembled from the tip-down, and
axonemal components are returned to the cell body. Once the axoneme (blue) is
disassembled, the remainder of the transition zone (green) is severed from the basal
body (pink) at the proximal site of severing (PSOS). The membrane pinches off to seal
the cell, leaving the transition zone in a vesicle. During deflagellation (right side) the
axoneme is severed at the distal end of the transition zone, at the site of flagellar
autotomy (SOFA). As in PSOS severing, the membrane pinches off over the transition
zone to seal the cell, and the flagellum is shed.

82



acetylated tubulin

v-tubulin Merge w/ DAPI

CNK2-GFP

Figure 5.2. Chlamydomonas CNK2-GFP Localizes to Cilia in mouse IMCD3 cells.
Mouse inner medullary collecting duct cells were transfected with pEGFP-CNK2 (green),
and fixed and stained with antibodies to acetylated tubulin (cilium, red) and y-tubulin
(centrosome, red). Blue: DAPI, nucleus. Image by Brian Bradley.
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Appendix A.

Regulation of CNK2 by Phosphorylation

Brian Bradley originally observed that expressing full-length kinase-active CNK2-6xHIS
in bacteria produces a protein that runs at a substantially higher molecular weight on
SDS-PAGE gels (~100 kDa) than either CNK2-6xHIS K40A (presumptive kinase dead)
or endogenous CNK2 detected by anti-CNK2 western blot (~72 kDa) (Figure A.1A). | set
out to determine whether this apparent increase in molecular weight was due to
hyperphosphorylation. | expressed and purified CNK2-6xHIS WT and CNK2-6xHIS
K40A from bacteria, and treated the WT sample with protein phosphatase 1 (PP1).
Treatment of CNK2-6xHIS WT with PP1 resulted in a decrease in the apparent
molecular weight of the protein by SDS-PAGE, although it did not reduce it to the same
apparent molecular weight as CNK2-6xHIS K40A (Figure A.1B). To determine
conclusively that the size shift was due to hyperphosphorylation, | examined a sample of
purified CNK2-6xHIS WT by mass spectrometry. This identified 27 phosphorylated
serines and threonines in the purified recombinant protein (Figure A.2).

Given that the K40A recombinant protein does not appear to by hyperphosphorylated, it
is likely that the phosphorylation of the WT recombinant protein is due to
autophosphorylation. Kinase assays using myelin basic protein as a substrate reveal
that WT rCNK2 is kinase active, while K40A rCNK2 is not (Figure A.3). This lends
support to the hypothesis that the hyperphosphorylation of WT rCNK2 is due to
autophosphorylation.

I next considered whether phosphorylation of CNK2 in vivo might be important to
regulate its activity. Given that WT rCKN2 is hyperphosphorylated and kinase active,
and that CNK2 is required for IBMX-induced flagellar resorption, we reasoned that
endogenous CNK2 may become phosphorylated in vivo upon IBMX treatment. To test
this, | isolated flagella from WT cells after various intervals of IBMX treatment in the
presence of phosphatase inhibitors, and detected CNK2 by western blot (Figure A.4). |
was unable to detect any size shift in the CNK2 band, indicating at least that CNK2 does
not become hyperphosphorylated in vivo to the same extent as WT rCNK2.

Although endogenous CNK2 does not appear hyperphosphorylated in vivo, | reasoned
that phosphorylation of only one or two residues may be required to regulate CNK2
activity. | hypothesized that phosphorylation of threonine in the activation loop may be
responsible for activating CNK2, similar to the regulatory mechanism of mouse Nek8
[Zalli et al., 2012]. Alignment of the Nek8 kinase domain with the CNK2 kinase domain,
and comparison with the phosphorylated residues identified by mass spectrometry, |
determined that CNK2 has four phosphorylated activation loop threonines that may
participate in its regulation. My strategy to identify which of these might be key to
activating CNK2 was to mutate each residue to an alanine in CNK2-6xHIS and observe
whether the protein continued to become hyperphosphorylated. | found that mutating
any of the four of these residues abolished the hyperphosphorylation of rCNK2 (Figure
A.5). Future experiments should include mutating these threonine residues to glutamate
or aspartate to generate “phospho-mimic” rCNK2. If phospho-mimic rCNK2 is
hyperphosphorylated in vitro, that could indicate that the mutation makes CNK2
constitutively active. This could be followed up by expressing phospho-mimic CNK2 in
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Chlamydomonas, where | predict it would cause very short flagella due to constitutive
activation of the CNK2-dependent resorption pathways.

SYPRO Ruby
Stained Gel

Figure A.1. PP1 treatment indicates that CNK2-6xHIS WT is
hyperphosphorylated.

A. CNK2-6xHIS WT (kinase active CNK2) and K40A (kinase dead CNK2) were

expressed in bacteria and purified using the HisTrapFF purification system. The purified

proteins were run on an 8% SDS-PAGE gel stained with SYPRO Ruby. B. CNK2-6xHIS

WT was treated with protein phosphatase 1 (PP1) and run on an SDS-PAGE gel,

alongside untreated CNK2-6xHIS WT. The gel was stained with SYPRO Ruby.
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Figure A.2. Mass spectrometry revealed 27 phosphorylated serine and
threonine residues in recombinant CNK2-6xHIS.

Purified CNK2-6xHIS was tryptically digested and run on a LTQ-Orbitrap LCMS/MS.

Phosphorylation sites are indicated on this schematic of the CNK2 protein.

*Phosphorylated serine residue; TPhosphorylated threonine residue.
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Figure A.3. CNK2-6xHIS WT is kinase active.

Myelin basic protein (MBP) was incubated with either CNK2-6xHIS WT or K40A and y-
¥P_ATP, then run on a 12% SDS-PAGE gel and detected by autoradiography. MBP
becomes phosphorylated with CNK2-6xHIS WT, but not with K40A.

Time in 0 15 30 60

IBMX (min)

a-CNK2

Figure A.4. Endogenous CNK2 does not become hyperphosphorylated in
response to IBMX treatment.

Flagella were isolated in the presence of phosphatase inhibitors from WT

Chlamydomonas cells at various time intervals during treatment with IBMX. Samples

were run on an 8% SDS-PAGE gel and detected by anti-CNK2 immunoblotting.
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Figure A.5. Mutating putative activation loop threonine residues abolishes
hyperphosphorylation of CNK2-6xHIS.

Threonine residues in the putative activation loop of CNK2 were mutated to alanine in

CNK2-6xHIS. The constructs were transformed into bacteria and expression was

induced with IPTG (+). The samples were run on an 8% SDS-PAGE gel and CNK2-

6xHIS was detected by immunoblotting with anti-CNK2.
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Appendix B.

Biochemical approaches to identifying CNK2 substrates and
binding partners.

Fractionation of wild-type flagella revealed that CNK2 is found associated with the
flagellar axoneme in the KCl-extractable fraction (Figure B.1), suggesting that it is
associated with an axonemal complex. We reasoned that CNK2 might be associated
with a structural component of the flagellum that is lost in motility mutants. Brian Bradley
examined the localization of CNK2-HA overexpressed in a wild-type background, and
found that it localized normally to the flagella of various structural mutants ([Bradley and
Quarmby, 2005] and Table B.1). | followed up on this observation by isolating flagella
from a greater number of structural mutants and examining them by anti-CNK2 western
blot to confirm that localization of the endogenous CNK2 protein is not affected (Figure
B.2 and Table B.1).

To attempt to identify binding partners of CNK2, | performed chemical cross-linking on
wild-type axonemes using the zero-length cross-linker EDC (1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride), and examined cross-linked
axonemes by anti-CNK2 western blot. The predominant cross-linked product has an
apparent molecular weight of approximately 140 kDa, almost exactly twice that of CNK2
(Figure B.3). It is possible that this product is a dimer of CNK2. | planned to repeat this in
cnk2-1 cells expressing CNK2-HA to facilitate immunoprecipitation of CNK2 and its
cross-linked binding partners, but was never successful at isolating CNK2-HA by
immunoprecipitation.

Lastly, | had planned to use the Shokat method to identify substrates of CNK2. This
method involves mutating a “gateway” methionine residue in the kinase domain to a
glycine, thereby allowing a bulky ATP analog such as N6-Benzyl-ATP-y-S to fit into the
active site of the modified kinase [Allen et al., 2007]. Upon phosphorylation by the
modified kinase, substrates become tagged with the y-thiophosphate group, which can
be immunoprecipitated with a commercial antibody [Allen et al., 2007]. To this end, |
generated an M87G mutation in CNK2-6xHIS to first test whether the kinase could utilize
the ATP analog. | found that the M87G mutation abolished hyperphosphorylation in vitro
(Figure B.4A). Furthermore, expressing CNK2-HA M87G in cnk2-1 mutant cells failed to
rescue the NaPPi and IBMX resorption defect (Figure B.4B). | chose to terminate this
experiment because it appears that the M87G mutation renders CNK2 kinase dead.

Finally, | examined wild-type and cnk2-1 mutant flagella, with or without treatment with
IBMX or NaPPi, for key phosphorylation events that may be part of the CNK2-dependent
resorption pathway. | incubated wild-type and cnk2-1 cells in phosphate-free media
supplemented with 3P0, for 24 hours, then incubated them with either 1 mM IBMX or
NaPPi for 10 minutes before isolating flagella in the presence of phosphatase inhibitors.
The flagella were then run on SDS-PAGE gels and phosphoproteins were detected by
autoradiography. No differences in phosphorylated proteins were detected between
treated and untreated samples, or between wild-type and cnk2-1 (Figure B.5). Thus the
experiment was unsuccessful, and could be repeated at some point in the future.
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N ¢ @
Figure B.1. CNK2 is associated with the flagellar axoneme.
Flagella were isolated from wild-type cells and fractionated into membrane & matrix
(M/M), whole axoneme (Ax), KCI extract (KCl), and extracted axoneme (Ex. Ax.)
fractions. The fractions were run on an 8% SDS-PAGE gel and examined by western-

blotting with anti-CNK2. Anti-IC140 is a positive control for the axoneme and KClI
fractions.
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F wWc F wWC F WC F WC F WwWC F wc F

_ - =

Figure B.2. CNK2 is localized to the flagella of various structural mutants.
Flagella (F) were isolated from various structural motility mutants, run on 8% SDS-PAGE
gels, and examined by western-blotting with anti-CNK2. Flagellar fractions were
compared to whole cell (WC). Anti-IC140 was used as a loading control, and is missing
from pf9 mutants because it is a component of the inner dynein arms.

Table B.1. The localization of CNK2 in various structural mutants.

Mutant | Structural Defect CNK2 present in flagella by CNK2-HA present in flagella by
wB? IF? [Bradley and Quarmby,
2005]

pfo Inner dynein arms Yes Yes

pf14 Radial Spokes Yes Yes

pf18 Central pair Yes Yes

oda9 Outer dynein arms Yes Yes

ida5 Inner dynein arms Yes Not Done

mia1 MIA complex Yes Not Done

mia2 MIA complex Yes Not Done

pf3 Nexin-DRC Not Done Yes
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Figure B.3. EDC cross-linking of wild-type axonemes reveals a

140 kDa cross-linked product with CNK2.
Whole flagella were isolated from wild-type Chlamydomonas cells and incubated with
increasing concentrations of EDC for one hour. The reaction was quenched by adding
sample buffer, the samples were run on a 4-20% SDS-PAGE gel, and examined by
immunoblotting with anti-CNK2. Endogenous CNK2 is present as a ~72 kDa band, and
the primary cross-linked product runs at ~140 kDa.
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Figure B.4. The gateway M87G mutation renders CNK2 kinase dead.

A. CNK2-6xHIS WT, K40A, and M87G were expressed in bacteria, and CNK2 was
detected by anti-CNK2 immunoblotting. Both the K40A and M87G mutations eliminate
the hyperphosphorylation of CNK2 (p-CNK2). B. CNK2-HA M87G was expressed in the
cnk2-1 mutant background. These cells were treated with 0.5 mM IBMX or 20 mM
NaPPi, and flagellar lengths were measured each hour for six hours, and compared to
wild-type (137c¢) and cnk2-1 cells. Seventy-five cells were measured at each time point,
error bars represent SEM.
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Figure B.5. Identifying flagellar phosphoproteins generated upon treatment with
IBMX or NaPPi.
Wild-type or cnk2-1 cells were incubated in 300 mL tris-acetate media (without
phosphate) in the presence of 300 uCi of **PO, for 24 hours. Each culture was divided
equally into three parts and treated with 1 mM IBMX, 20 mM NaPPi, or nothing for 10
minutes. Phosphatase inhibitor cocktail was added and flagella were isolated as usual.
Isolated flagella were run on a 4-20% SDS-PAGE gel, and phosphoproteins were
detected by autoradiography.

109



	Approval
	Partial Copyright Licence
	Abstract
	Dedication
	Acknowledgements
	Table of Contents
	List of Figures
	List of Acronyms
	1. Introduction
	1.1. Cilia: Structure and Function
	1.1.1. The Basal Body
	1.1.2. The Transition Zone
	1.1.3. The Cilium 
	1.1.4. The Ciliary Tip
	1.1.5. Ciliary Function

	1.2. Cilia, the Cell Cycle, and the Neks
	1.3. Ciliogenesis
	1.4. Ciliary Resorption and Deflagellation
	1.5. Ciliary Length Control
	1.6. Research aims
	1.7. Figures

	2. The NIMA-related kinase NEK1 cycles through the nucleus
	2.1. Abstract
	2.2. Introduction
	2.3. Materials and Methods
	2.3.1. Cell lines and cell culture
	2.3.2. Antibodies and Microscopy
	2.3.3. Molecular Constructs

	2.4. Results
	2.4.1. NEK1 cycles through the nucleus in IMCD3 cells
	2.4.2. NEK1 has at least two functional NLSs

	2.5. Discussion
	2.6. Acknowledgements
	2.7. Figures

	3. Centrioles Are Freed from Cilia bySevering Prior to Mitosis
	3.1. Abstract
	3.2. Introduction
	3.3. Materials and Methods
	3.4. Results
	3.5. Discussion
	3.6. Conclusions
	3.7. Acknowledgements
	3.8. Figures

	4. The Chlamydomonas cnk2-1 Mutant Supports a Feedback Model for Flagellar Length Control
	4.1. Abstract
	4.2. Introduction
	4.3. Materials and Methods
	4.3.1. Strains and culture conditions
	4.3.2. Generation of CNK2 antibody and immunoblotting
	4.3.3. Characterizing and rescuing the cnk2-1 mutation
	4.3.4. Flagellar length measurements and immunofluorescence

	4.4. Results
	4.4.1. The cnk2-1 mutant is null and has a flagellar resorption defect
	4.4.2. cnk2-1 lf4 double mutants have longer flagella than lf4 single mutants
	4.4.3. Rates of flagellar assembly and disassembly are actively regulated

	4.5. Discussion
	4.5.1. A ciliary length sensor regulates rates of assembly and disassembly to modify length
	4.5.2. CNK2 as a regulator of ciliary disassembly 

	4.6. Acknowledgements
	4.7. Figures

	5. Conclusions and Future Directions
	5.1. Nek1, Ciliogenesis, and Nuclear Cycling
	5.2. Resorption and Deflagellation Converge:Severing at the PSOS
	5.3. CNK2 in Ciliary Length Control
	5.4. Perspectives
	5.5. Figures

	References
	 Appendices
	Appendix A. Regulation of CNK2 by Phosphorylation
	Appendix B. Biochemical approaches to identifying CNK2 substrates and binding partners. 

	Word Bookmarks
	ToC
	LoF

	PCL_Declaration_p.iii_Fall2013_digitalOnlySubmissions.pdf
	Partial Copyright Licence



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



