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Abstract

Cilia are microtubule-based extensions of the cell membrane that extend from a mature
centriole. Primary (non-motile) cilia are present on most human cells and have impor-
tant roles in signalling pathways. At the base of the cilium is a selective barrier known as
the transition zone (TZ). Defects in the TZ are associated with human congenital diseases
such as Meckel-Gruber syndrome (MKS) and Nephronophthisis (NPHP). The TZ is formed
by three protein complexes, the MKS, NPHP and Cep290 modules, although the fruit fly
Drosophila melanogaster appears to lack the core components of the NPHP module. Re-
sults presented in this thesis shows that MKS proteins are spatially separated from Cep290
at the TZ in Drosophila spermatocyte cilia. The TZ of the spermatocyte cilia is perturbed
in flies mutant for MKS1 (MKSI2!) and fails to recruit key TZ proteins, although Cep290
and Chibby are recruited normally. Male fertility, however, is unaffected. Similarly, while
there are substantial abnormalities in microtubule and membrane organisation in developing
MKS1* mutant cilia, defects in mature MKSI*/ mutant cilia are limited to subtle changes in
IFT and a membrane surrounded volume within the cilium. The function of sensory neurons
is not negatively affected by the MKSI*/mutation. Evidently, given enough developmen-
tal time, ciliary defects can be largely rescued in flies and the localisation of MKS module

proteins to the cilia or flagella is not essential for viability or fertility in Drosophila.
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Chapter 1

Introduction

1.1 Centrioles, centrosomes and cilia

1.1.1 Centrioles

Centrioles are barrel shaped organelles consisting of microtubules that form two important
cell organisers: centrosomes and cilia (Carvalho-Santos et al., 2010; Marshall, 2009). Cen-
trosomes are the main microtubule organising centres in many animal cells, while cilia have
important roles in cellular sensation, signalling and motility (Chavali et al., 2014; Nigg and
Raff, 2009). To form a centriole, 9 microtubule blades are arranged radially around a cen-
tral cartwheel structure (Figure 1.1). The cartwheel is formed of a central tube and 9 radial
spokes to which the mictrotubules attach (Cottee et al., 2011). This structure depends on
the oligomerisation of Sas6 and Ana2 and is widely thought to be responsible for the 9-
fold symmetery of the centriole. Centriolar microtubule blades may be singlets, doublets
or triplets, depending on the organism or cell type (Delattre and Gonczy, 2004). The inner
most microtubule, the A tubule, consists of 13 protofilaments. The B tubule, which is the

second microtubule in doublets or triplets, and the C tubule, which is the outermost mi-
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A B
Vertebrate Drosophila

Cartwheel

~150 nm

~300-500 nm

Figure 1.1 Schematic of vertebrate and Drosophila centrioles. A) End on view of the centriole
with A, B and C tubules (green) arranged around the cartwheel (aquamarine) B) Schematic of the
vertebrate centriole pair (left panel) and the Drosophila centriole pair (right panel). The mother
centriole (dark green) can be distinguished from the daughter centriole (light green) by the distal
(grey) and subdistal (dark blue) appendages in the vertebrate system. Drosophila mother centrioles
lack (sub)distal appendages. Figure B is adapted from (Conduit et al., 2015b).

crotubule in triplets are incomplete rings and consist of 10 protofilaments each (Linck and
Stephens, 2007).

Unlike most cellular microtubules, which are dynamic, the centriolar microtubules are
very stable, probably due to several post-translational modifications including polyglutama-
tion, detyrosination and acetylation (Bobinnec et al., 1998; Eddé et al., 1990; Gundersen
and Bulinski, 1986; Piperno and Fuller, 1985). When a cell is born it usually contains two
duplication competent centrioles that are often held together by a fibrous matrix (Fu et al.,
2015; Nigg and Raff, 2009). The centriole pair comprises an older, mother centriole and
her younger daughter that was generated during S-phase of the previous cell cycle (Fu et al.,
2015; Nigg and Raff, 2009). In most organisms, the mother centriole can be distinguished
from the daughter by distal and subdistal appendages, although these are absent in C. ele-
gans and Drosophila melanogaster (Figure 1.1) (Reina and Gonzalez, 2014; Vorobjev and
Chentsov, 1982).

Centrioles duplicate once per cell cycle (Figure 1.2) (Chavali et al., 2014; Fu et al.,
2015; Nigg and Raff, 2009). In G;-phase, each cell has a pair of centrioles consisting of a

mother and a daughter. These centrioles are connected by a fibrous matrix at their bases. In
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S-phase, one daughter centriole grows from each pre-existing centriole, that are both now
referred to as mother centrioles. The mother centrioles and their growing daughters are ar-
ranged in a tight orthogonal fashion, with the base of the daughter connected (“engaged”)
at the side of the mother centriole towards the proximal end. During G,-phase, the fibrous
connection between the two pairs of centrioles are severed and the two centriole pairs sep-
arate. Concomitantly, the two mother centrioles recruit pericentriolar material (PCM) thus
forming two centrosomes that will form the two poles of the mitotic spindle. The centrioles

then disengage and the cell divides.

Recently great progress has been made in identifying the key proteins that are required
for the assembly of the daughter centriole. Pioneering genome-wide RNA1 studies in C.
elegans showed that only five genes are essential for centriole assembly, and a similar set
of proteins seem to be required in flies and humans (Dobbelaere et al., 2008; Kleylein-Sohn
et al., 2007; Pelletier et al., 2006). The protein kinase Sak/Plk4 is recruited to the side of
the mother centriole by either Asl (in flies), Spd-2 (in worms), or a combination of the two
(Cep152 and Cep192, respectively in humans). This kinase then recruits and phosphorylates
SAS-5/Ana2/STIL (worms/flies/humans, respectively) which in turn recruits SAS-6/Sas-6
to form the central cartwheel structure. This structure then recruits SAS-4/CPAP, which in

turn helps recruit the centriolar microtubules.

In mammalian multiciliated cells, such as the ones present in the human trachea, hun-
dreds of centrioles are required to form the motile cilia on these cells (Brooks and Walling-
ford, 2014; Yan et al., 2016). The majority of these centrioles are derived from electron
dense structures called deuterosomes, around which new centrioles form all around in a
flower like arrangement (Klos Dehring et al., 2013; Yan et al., 2016). The deuterosome
consists of only two identified proteins, Deupl and Ccd278, which recruit Cep152 and Plk4
in order to drive centriole amplification. Recently, it was shown that these deuterosomes

are formed on the daughter centriole and that procentrioles simultaneously form around the
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Figure 1.2 Centriole duplication cycle. Schematic of the centriole duplication cycle showing the
arrangement of the centrioles throughout the cell cycle. In Gj-phase, each cell has a pair of cen-
trioles consisting of a mother (dark green) and a daughter (light green), that are loosely connected
by a fibrous matrix (grey). The centrioles duplicate in S-phase, when a daughter centriole forms
from the side of the mother centriole. The mother and daughter centrioles are tightly connected (en-
gaged). Daughter centrioles reach their final length in G-phase, when the two pairs of centrioles
separate and acquire PCM (yellow) in late G;-phase, thus maturing into centrosomes. In M-phase,
the centrosome nucleates microtubules that form the mitotic spindle prior to cytokinesis and cen-
triole disengagement. After division, the cell may enter the cell cycle again or go into quiescence
(Go-phase). In Go-phase, the centrioles migrates to the plasma membrane, where the mother centri-
ole docks and extends its microtubules to form a cilium (aquamarine). Figure adapted from (Nigg
and Raff, 2009).



Introduction

deuterosomes and the mother centriole (Al Jord et al., 2014).

1.1.2 Centrosomes

In dividing cells, centrioles recruit an amorphous mass of proteins known as the pericentri-
olar material (PCM) to form a centrosome (Figure 1.2, Gi-phase). The centrosome is the
main microtubule organising center of most animal cells. While lacking in higher plants, the
role of the centrosome is otherwise extremely conserved throughout evolution (Carvalho-
Santos et al., 2010; Marshall, 2009). Centrosomes organise the microtubules along which
organelles may migrate through the cell. Their most important role, however, is the organ-
isation of the spindle during cell division. Interestingly, only mother centrioles are able to
recruit PCM (Conduit et al., 2015a; Wang et al., 2011). During their first round of mitosis,
phosphorylation of Sas4 primes daughter centrioles for the recruitment of Asl, thus con-
verting them to mature mother centrioles capable of recruiting PCM (Novak et al., 2014;
Novak et al., 2016). Asl is required not only for centriole duplication (see Section 1.1.1),
but also for the recruitment of Cnn and Spd2 (Conduit et al., 2010; Conduit et al., 2014).
These two proteins form a scaffold around the centriole, which allows other PCM proteins
to localise to the centrosome (Conduit et al., 2014). The PCM nucleates microtubules by
recruiting y-tubulin ring complexes (y-TuRCs) (Moritz et al., 1995). Centrosomes are not
strictly required for cell division in many systems, since there are alternative mechanisms
for nucleating the mitotic spindle. These include stabilisation of microtubules originat-
ing from the chromosomes at the kinetochores and the recruitment of y-TuRCs to existing
microtubules by the Augmin complex (Hayward et al., 2014; Meunier and Vernos, 2012;
O’Connell and Khodjakov, 2007). Drosophila, for example, develop relatively normally
without centrosomes, relying on other pathways of spindle assembly (Basto et al., 2006).
Flies without centrioles eclose at nearly the same rate as WT flies and are morphologically

normal, although they are unable to form cilia and are therefore uncoordinated. However,
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the centrosomal pathway of generating the mitotic spindle is more efficient than acentro-
somal pathways, which is important in rapidly dividing cells. Furthermore, centrosomes
appear to play a particularly important part in asymmetric divisions, where cells divide

asymmetrically to form two daughters of different fates (Basto et al., 2006).

1.1.3 Cilia

Cilia are microtubule based extensions of the plasma membrane that have important motility,
sensory and signalling roles (Berbari et al., 2009; Singla and Reiter, 2006). In non-dividing
cells, the centrioles migrate to the plasma membrane, where the older, mother centriole
docks and forms the basis of the cilium (Figure 1.2, insert) (Garcia-Gonzalo and Reiter,
2012; Ishikawa et al., 2005; Seeley and Nachury, 2010). In the context of cilia, centrioles
are more commonly called basal bodies. Cilia may be either motile or immotile. Motile
cilia or flagella beat in a coordinated fashion, which serves to either displace fluid over the
surface of the cell or propel the cell itself. Typically, the term motile cilia is used when the
organelle is present in large numbers on the cell, while flagella is used when one or a few
are present on the cell. However, cilia and flagella are often used interchangeably. Immotile
cilia, on the other hand, do not beat. They are, however, present on most human cells. Their
presence has long been thought to be a vestige of evolution (Wheatley, 1995). Over the past
decade, it has become apparent that immotile primary cilia are key signalling centres (Reiter
etal., 2012). The crucial developmental Hedgehog pathway relies on cilia and cilia have also
been implied in Wingless (Wnt), Ca?* and G-protein coupled receptor (GPCR) signalling
(Basten and Giles, 2013; Hilgendorf et al., 2016; Singla and Reiter, 2006). Defects in cilia
are associated with human disease. These diseases include congenital ciliopathies that result
in developmental abnormalities, but also more common diseases such as retinopathies and

cancer (Basten and Giles, 2013; Gerdes et al., 2009; Oh and Katsanis, 2012).
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1.2 Cilia biology

1.2.1 Ciliogenesis

In most multicellular organisms, cilia are assembled only in quiescent cells (Gg-phase) or in
cycling cells that are in G-phase of the cell cycle, and they are usually disassembled prior
to mitosis or, in the case of quiescent cells, upon re-entry into the cell cycle (Bornens, 2012;
Seeley and Nachury, 2010). Since the centriole at the base of the cilium is not only the
ciliary basal body, but also part of the centrosome, it is thought that the cilium disassembles
in dividing cells in order to allow the centriole to recruit PCM and form the mitotic spindle
(Basten and Giles, 2013; Ishikawa and Marshall, 2011; Seeley and Nachury, 2010).

At the transcriptional level, ciliogenesis is under the control of a highly conserved mas-
ter regulator, regulatory factor X (RFX). In many systems, including C. elegans, Xenopus,
zebrafish and mice, knock-down or knock-out or RFX genes results in gross defects in cilio-
genesis (Choksi et al., 2014). Another family of key transcriptional regulators, the forkhead
box transcriptions factors, also appears to be important for the biogenesis of cilia, particu-
larly motile cilia. Mammalian FOXJ1 and its functional Drosophila orthologue FBF3 are
expressed in motile cilia and are required for motile cilia biogenesis (Brody et al., 2000;
Chen et al., 1998; Newton et al., 2012). While it is clear that RFX and FOXJ1/FBF3 are
critically important for all cilia to form, there is a wide variety of cilia morphology and
function between and even within organisms. It seems likely that, analogous to homeotic
transcription factors, the levels of RFX and FOXJ1/FBF3 and the presence of cell type spe-
cific transcription factors cooperate to generate the appropriate cilium for each cell type.
Indeed, studies in Drosophila show that low and high levels of RFX drive the expression of
different genes (Cachero et al., 2011; Newton et al., 2012). Furthermore, there is some evi-
dence that suggests that cell type specific transcription factors contribute to ciliary diversity

(Gresh et al., 2004; Kiselak et al., 2010).
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To form a cilium, the centrioles, which lose most of their PCM in interphase, migrate
to the plasma membrane (Ishikawa et al., 2005; Palazzo et al., 2000). In mammalian cells,
the distal appendages of the mother centriole dock at the plasma membrane (Ishikawa et al.,
2005; Sorokin, 1968). The daughter centriole remains in close contact with the mother,
but does not participate in ciliogenesis. Drosophila centrioles lack distal appendages and
the exact mechanism of docking is not fully understood (Reina and Gonzalez, 2014). After
docking, the A and B microtubules of the basal body extend to form the axoneme (An-
derson, 1972; Czarnecki and Shah, 2012). The migrating basal body becomes associated
with vesicles that subsequently fuse with the plasma membrane, causing the membrane to
expand in order to accommodate the growing axoneme (Sorokin, 1968). Concomitantly,
the transition zone (TZ) forms at the distal end of the basal body. Here, the C tubule ter-
minates and transition fibres and Y-links connect the microtubules to the ciliary membrane
at the base of the axoneme (Figure 1.3) (Czarnecki and Shah, 2012; Hu and Nelson, 2011;
Ishikawa and Marshall, 2011). The TZ is a selective barrier at the base of the cilium that
helps to establish and maintain the cilium as a compartment separate from the rest of the
cytoplasm and the plasma membrane. Since no protein synthesis occurs within the cilium,
ciliogenesis is dependent on the delivery of ciliary building blocks to the ciliary tip. Motor
proteins and intraflagellar transport (IFT) protein complexes are therefore essential for cili-
ogenesis. Evidence in Chlamydomonas suggests that tubulin in the flagellum turns over and
that IFT remains important once the flagellum reaches its final length (Marshall and Rosen-
baum, 2001). Furthermore, Hedgehog signalling in the mouse cilium requires IFT proteins
(Huangfu et al., 2003). The role of IFT in growing and steady state cilia and flagella will
be discussed in more detail in Section 1.2.3. The length of the cilium appears to be highly
regulated. The length of cilia on specific cell types fall within a narrow range and even small
increases or decreases may have pathological consequences (Avasthi and Marshall, 2012).

However, at present the exact mechanisms of ciliary length regulation are unclear.
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Figure 1.3 Schematic of cilium. Schematic of a canonical cilium showing the centriole/basal body
(dark green), TZ (dark blue), including the transition fibres (light blue arrows and triangles in zoom
of the TZ) and Y-links (red arrows and Y-shapes in zoom of the TZ) and axoneme (aquamarine).
IFT-B (violet) is shown transporting cargo (orange) in the anterograde direction and IFT-A (pink) is
shown transporting cargo (yellow) in the retrograde direction. In the insert, cross sections of 9+0 and
9+2 cilia are shown. Dynein arms (dark blue lines) and central spokes (grey lines) are depicted in
the 942 cilium. Images in the zoom of the TZ are reproduced and adapted from (Reiter et al., 2012).
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1.2.2 Transition zone

The TZ is a morphologically distinct region at the base of the cilium (Czarnecki and Shah,
2012; Reiter et al., 2012; Takao and Verhey, 2015). By transmission electron microscopy
(TEM), the TZ appears in longitudinal sections as an area of increased electron density at the
ciliary membrane immediately distal to the basal body. In transverse sections, connections
between the microtubules and the membrane may be observed (Gilula and Satir, 1972).
Transition fibres connect the microtubules to the ciliary membrane at the distal end of the
basal bodies (Anderson, 1972). Distal to the transition fibres, a row of Y-links forms further

connections between the proximal axoneme and the membrane (Gilula and Satir, 1972).

Genetic and interaction studies suggest that the formation of the TZ depends on three
distinct protein complexes or modules, known as the Cep290, Meckel-Gruber syndrome
(MKS) and Nephronophtisis (NPHP) modules (Sang et al., 2012; Schouteden et al., 2015;
Williams et al., 2008; Williams et al., 2011; Yee et al., 2015). In C. elegans, a hierarchy of
TZ assembly is emerging. RGRIP1L (also known as MKS5 or NPHPS) is at the top of this
hierarchy, with the Cep290, MKS and NPHP modules below. Cep290 requires RGRIP1L to
localises to the center of the TZ (Li et al., 2016; Yang et al., 2015). Here, Cep290 builds a
scaffolding structure (Li et al., 2016; Schouteden et al., 2015). This central cylinder scaffold
is required for the rest of the TZ to form. In worms, Cep290 is also required for the attach-
ment of the tip of the dendrite to the extracellular material (Schouteden et al., 2015). Since
dendrites form by backward migration of the cell body in C. elegans, loss of this adhesion
of the dendritic tip results in defects in retrograde extension and consequently dendrite for-
mation (Heiman and Shaham, 2009). RGRIPIL also interacts genetically and functionally
with both the MKS and the NPHP modules and is required for the ciliary localisation of
both these modules (Jensen et al., 2015; Williams et al., 2011). In C. elegans, mutating a
gene from either the MKS or NPHP results does not result in gross defects in cilia. When a

gene from both modules is mutated, on the other hand, dendrites are shortened and cilia are
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found at random points between the cell body and the cuticle. Furthermore, these mutants
did not take up a fluorescent dye as effectively as wild type worms in a dye-filling assay
(Williams et al., 2008). Since the cilia are in contact with the external environment, the sen-
sory neurons fill with dye when the animal is placed in a dye. A reduction in dye filling is
therefore suggestive of defective cilia. Thus, the MKS and NPHP modules appear to act in a
redundant fashion in worms to form the transition fibres and Y-links (Williams et al., 2011).
Recently, a similar redundancy was also observed in mice when Tectonic, which is part of
the MKS complex, was mutated simultaneously with either NPHP1 or NPHP4 (Yee et al.,
2015). When a gene of all three modules is mutated, TZ features are completely absent and

axonemes are perturbed in C.elegans (Schouteden et al., 2015).

Recent advances in super-resolution microscopy allow for more detailed studies of the
TZ (Figure 1.4). In retinal pigment epithelial (RPE-1) cells, the protein most proximal to
the basal body appears to be Cep164, which is part of the distal appendages (Graser et al.,
2007; Yang et al., 2015). Both Cep290 and RGRIP1L localise to the center of the axoneme,
with RGRIPI1L localising distal to Cep290 (Lambacher et al., 2015; Yang et al., 2015).
MKSI partially overlaps with RGRIP1L, but also extends further away from the axoneme.
This localisation is consistent with the proposed role of the MKS module in forming the Y-
links. Other MKS associated proteins, including TCTN2 (one of the mammalian Tectonic
isoforms) and MKS3 (also known as Transmembrane protein 67, TMEMG67) link MKS1
and the ciliary membrane (Lambacher et al., 2015; Yang et al., 2015). NPHP1, TMEM107,
TMEM?216 and TMEM231 all localise in a similar pattern to MKS1 and MKS3 (Lambacher
et al., 2015). These findings are consistent with reports that the NPHP module cooperates
with the MKS module to form the Y-links (Jensen et al., 2015; Williams et al., 2011). MKS
module proteins often have membrane interacting domains such as B9 or C2 domains, sug-
gesting that they help to connect the Y-links to the membrane (Garcia-Gonzalo et al., 2011).

Transmembrane proteins likely anchor the TZ in the ciliary membrane through their trans-
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membrane domains (Basten and Giles, 2013). Two other TZ proteins, Ahil and Chibby
both form slightly larger rings than TMEM237 (Lee et al., 2014). At present, a limited
number of combinations of TZ proteins has been studied in a limited number of cell types
and model systems. Some caution is therefore required in interpreting the relative locali-
sations, however, the field is evolving rapidly and it is to be expected that more data will

emerge soon.

TCTN2

Figure 1.4 Schematic summary of TZ super-resolution data. Schematic overview of the locali-
sation of Cepl164 (blue), Cep290 (pink), RGRIP1L (red), MKSI1 (green), MKS3 (orange), TCTN2
(vellow), and NPHP1, TMEM107, TMEM216 and TMEM?231 (dashed line). Note that although
super-resolution data is available for Ahil, Chibby and TMEM237, these proteins have not been
studied in relation to the microtubules or any of the proteins depicted. Therefore their relative local-
isations could not be accurately shown here. This figure represents data from studies in C. elegans
and RPE-1 cells (Lambacher et al., 2015; Yang et al., 2015)

12



Introduction

1.2.3 Intraflagellar transport

Protein translation does not take place in the cilium and the TZ forms a barrier at the base of
the cilium. While small molecules will be able to diffuse through the TZ, molecules larger
than 60 nm need to be actively transported across the TZ by IFT (Anderson, 1972). IFT
proteins and their cargo, known as IFT trains, assemble at the TZ and are transported along
the microtubules by motor proteins (Figure 1.3) (Hsiao et al., 2012; Ishikawa and Marshall,
2011). IFT is bidirectional, although there are some characteristics that distinguish an-
terograde (base to tip) and retrograde (tip to base) transport. In Clamydomonas, anterograde
IFT trains are generally longer (~ 700 nm) and less electron dense than retrograde IFT trains
(~ 400 nm) (Pigino et al., 2009). Furthermore, while anterograde movement is driven by
the kinesin-2 family of motor proteins, retrograde transport is driven by dynein-2 (Pedersen
and Rosenbaum, 2008; Rosenbaum and Witman, 2002). Recently, it was shown in Chlamy-
domonas that anterograde IFT trains are transported along four specific protofiliaments on
the B-tubules, while retrograde IFT trains are transported along a specific pair of protofila-
ments in the A-tubule (Stepanek and Pigino, 2016). This result explains why antrograde and
retrograde IFT trains have never been observed to collide, while faster and slower moving
trains of each type have been shown to catch up with one another and continue their journey
as one. It is worth noting that these studies were performed on the motile cilia of Chlamy-
domonas, where the presence of the ciliary dynein motors means that there is only limited
space on the axonemal microtubules available for IFT cargoes to bind. It will be important
to test whether IFT also only occurs on specific protofiliaments of the A- and B-tubules
in non-motile cilia. IFT proteins form different complexes depending on the direction of
transport. IFT-B proteins are predominantly associated with anterograde transport, while
IFT-A proteins are mostly required for retrograde transport (Figure 1.3) (Cole et al., 1998;
Pazour et al., 1998; Pazour et al., 1999). In the assembling cilium, IFT is required for the

transport of axonemal components, including tubulin, to the growing cilia and flagella tips

13



Introduction

(Engel et al., 2009; Hao et al., 2011). Consequently, loss of IFT-B proteins often results in
short or even absent cilia. Conversely, IFT-A does not seem to be essential for the assembly
of cilia, although mutations in IFT-A components do result in ciliary abnormalities, such as
the mislocalisation of ciliary proteins or defects in ciliary signalling (Goetz and Anderson,
2010; Lee et al., 2008).

Several lines of evidence suggest that once the cilium has reached its final length, IFT
continues to be required. First, inhibiting anterograde transport leads to shortening of flag-
ella over time, suggesting that even in steady-state, tubulin at the ciliary tip is turning
over (Marshall and Rosenbaum, 2001). Second, different types of cilia require other, non-
axonemal, proteins. Primary cilia, for example, rely on IFT to import Hedgehog receptors
and signalling molecules (Huangfu et al., 2003). Although the exact mechanism of IFT
train assembly and regulation is not know, the IFT-B complex and axonemal proteins gen-
erally appear to accumulate at the base of the cilium (Follit et al., 2009; Qin et al., 2004),

implicating a role for the TZ in the assembly and loading of IFT trains.

1.2.4 Types of cilia

While cilia have many shared characteristics, such as originating from a basal body docked
at the apical membrane and an axoneme that forms a microtubule based extension of the
plasma membrane, there are many different types of cilia. The most obvious distinction be-
tween cilia is between motile and immotile cilia, although distinctions can be made between
subtypes in these two groups. Most motile cilia have a 9+2 microtubule configuration, with
a central pair of microtubules in the middle of the axoneme that connects to the axonemal
microtubules via radial spokes (Figure 1.3) (Choksi et al., 2014; Ishikawa and Marshall,
2011; Oh and Katsanis, 2012). These cilia contain a specialized form of dynein (termed
ciliary dynein) that uses the energy released upon ATP hydrolysis to generate either a wave-

like or a rotational movement of the cilia. Importantly, however, it is now known that some
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motile cilia can have a 9+0 microtubule configuration. The mouse node, for example, ap-
pears to have a random distribution of both 9+0 and 9+2 motile cilia that generate liquid
flows in the extracellular space that are important for establishing left-right asymmetry (dis-
cussed in more detail in Section 1.4.1) (Caspary et al., 2007; Odate et al., 2016). It is also
important to note that some specialized cells contain more than one motile cilium. Such
multi-ciliated cells are present in the human airway and fallopian tubes and seem to spe-
cialise in the movement of viscous liquids (Brooks and Wallingford, 2014; Garcia-Gonzalo

and Reiter, 2012; Ishikawa and Marshall, 2011).

Immotile cilia (often termed primary cilia) have important sensory and signalling roles.
The canonical primary cilium is a single cylindrical structure with a 9+0 microtubule con-
figuration and is involved in signalling, most notably through the Hedgehog pathway (dis-
cussed in more detail in Sections 1.4.2 and 1.4.3) (Goetz and Anderson, 2010). However,
many immotile cilia appear to be sensory in nature. The structure of the canonical primary
cilium is similar to the sensory cilia in the kidney that sense fluid flow. In the retinal sensory
neurons, a 9+0 cilium connects the dendrite to the outer segment, a specialised protrusion
packed with photoreceptors. Although primary or sensory cilia do not require a central pair
of microtubules for motility, some of these cilia nevertheless do have a 9+2 microtubule
configuration. Olfactory cilia, for example, have a central pair of microtubules, although
they do not possess the dynein arms that are required for motility (Jenkins et al., 2009).
Olfactory cilia are arranged in groups of 10-30 cilia extending from olfactory knobs into
the nasal mucosa and covered in olfactory receptors. Similar to olfactory cilia, the transient
kinocilium in the inner ear also possess a central pair of microtubules (Schwander et al.,

2010).

Cilia and flagella are present across eukaryotes and are can be traced to the last eu-
karyotic common ancestor (LECA) (Mitchell, 2016; Satir et al., 2008; Sung and Leroux,

2013). The widespread presence of cilia suggests a selective advantage (Silverman and Ler-
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oux, 2009). Studies of different and distantly related branches of evolution suggests that
the LECA had a 9+2 microtubule arrangement and most likely had both motile and sen-
sory functions (Satir et al., 2008). It is thought that many ciliary proteins, including cilia
trafficking complexes such as the IFT proteins and the BBSome, were also present in this
common ancestor (Mitchell, 2016). Ultrastructural studies suggest variations in the num-
ber and arrangement of ciliary microtubules, the length and morphology of cilia as well as
the presence of structures such as ciliary caps and the transition zone (Barker et al., 2014;
Silverman and Leroux, 2009). An elegant study in C. elegans used electron tomography to
reconstruct 50 out of 60 sensory cilia in the worm at high resolution and in 3D (Doroquez
et al., 2014). This work highlights the variations on the canonical cylindrical mono-cilium
that exist within one organism. Although all cilia share many shared characteristics, it is
important to remember the different features that the organelle may present within and be-
tween species. The data presented in this thesis was obtained in Drosophila, which also has

different types of cilia (discussed in more detail in Section 1.3).

1.3 Ciliated cells in Drosophila melanogaster

1.3.1 Spermatocytes

Unlike humans and other mammals, which have cilia on most cells, Drosophila have cilia
only on two cell types; cells of the sperm lineage and a subset of sensory neurons (Ker-
nan, 2007). Drosophila sperm are derived from male germ line stem cells (Figure 1.5).
These cells divide asymmetrically (Yamashita et al., 2003) to regenerate the stem cell and
produce a spermatogonial cell. Each spermatogonium proceeds through four rounds of
mitotic division, to produce a cyst of 16 spermatocytes (Tates, 1971). The spermatocytes
grow extensively over several days and then undergo two rounds of meiotic division to give

rise to 64 haploid spermatids. In the 16 spermatocytes, both centrioles dock at the plasma
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membrane to form a short cilium. Although this cilium is well documented, its function
is unknown (Gottardo et al., 2013; Riparbelli et al., 2012; Tates, 1971). During the subse-
quent meiotic divisions these cilia remain intact, but are internalised in a deep membrane
pocket that translocates to the nucleus; although the centrioles are still organizing a short
cilium, they nevertheless recruit PCM and participate in the formation of the meiotic spin-
dles (Riparbelli et al., 2012; Tates, 1971). After meiosis 11, the mitochondria fuse and form
a major and minor mitochondrial derivative that wrap around each other to form a structure
known as the nebenkern (Stanley et al., 1972; Tokuyasu, 1975). In the newly formed sper-
matids the nebenkern forms an interleaved structure that resembles the layers of an onion,
and this stage is often referred to as the “onion” stage. At this stage in spermatogenesis, the
basal body is embedded in the nuclear envelope (Stanley et al., 1972). Next, both the mito-
chondrial derivative and the nucleus elongate (Phillips, 1970; Tokuyasu, 1974). Finally, the
mature sperm are individualised (Fabrizio et al., 1998; Tokuyasu et al., 1972b; Tokuyasu
et al., 1972a). This process is initiated by the individualisation complex that assembles at
the mature elongated nucleus and strips away organelles, membrane and cytoplasm as it
moves along the spermatids (Fabrizio et al., 1998). The mature and individualised sperm
are then stored in the seminal vesicle until mating. Mature sperm have a flagellum that is
approximately 1.8 mm long (Tates, 1971). Despite this great length, the assembly of the
flagellum is independent of IFT in Drosophila (Han et al., 2003). Presumably, this is due
to the fact that Drosophila sperm flagella are assembled in the cytoplasm, with only the last
Ium encased in a membrane (Tates, 1971; Tokuyasu, 1975). Thus, tubulin subunits could

reach the growing flagellar tip by diffusion.

The flagellum axoneme is made up of 9 sets of outer doublet microtubules with a central
pair of microtubules with associated dynein arms for motility. Conversely, the spermatocyte
cilium is made up of triplet microtubules, like the basal body. The spermatocyte cilium

lacks a central pair of microtubules, although a single tubular structure can be observed in
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Figure 1.5 Drosophila spermatogenesis. Schematic overview of spermatogenesis in Drosophila
melanogaster. 1) The GSC divides to give rise to one new GSC attached to the hub (beige) and one
spermatogonium. Through four mitotic divisions, the spermatogonium produces 16 spermatocytes,
arranged in a cyst. 2) As the spermatocytes grow and mature, the centrioles (dark green) duplicate,
migrate to the plasma membrane and form four cilia (aquamarine). 3) When the spermatocytes enter
mitosis, the cilia remain intact, but are internalised. The centrioles/cilia recruit PCM (yellow) and
build the meiotic spindle. 4) The second round of meiosis gives rise to haploid spermatids with
only one centriole/cilium. The cilium is remodelled and extends to form the flagellar axoneme (light
green) The TZ migrates along the axoneme in elongating spermatids. 5) Spermatids elongate, mature

and are individualised before coiling and storage in the seminal vesicle. Figure adapted from (Basiri
et al., 2014; Riparbelli et al., 2012; Riparbelli et al., 2013).
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the center of the basal body in spermatocyte, extending into the cilium (Fabian and Brill,
2012; Tates, 1971). The formation of this central tubular structure requires Cep135/BId10,
a protein that is also required for the formation of the central pair of microtubules in the
flagellum of mature sperm (Carvalho-Santos et al., 2012; Mottier-Pavie and Megraw, 2009;
Roque et al., 2012). Although it has been suggested this tubular structure is a microtubule,
the conserved cartwheel proteins Sas6 and Ana?2 localise to this structure, raising the possi-
bility that it is related to the central tube of the cartwheel (Roque et al., 2012). Despite these
clear differences in organisation between the spermatocyte cilium and the mature sperm
flagellum, TEM analysis of different stages of spermatogenesis and microtubule regrowth
assays suggest that the spermatocyte cilium persists throughout spermatogenesis and is ex-
tensively remodelled to form the sperm flagellum (Tates, 1971; Gottardo et al., 2014). It is
interesting that all four centrioles form a short cilium in the spermatocyte, as in most cell
types only the mother centriole can form a cilium (Vorobjev and Chentsov, 1982). This may
help ensure that each of the daughter cells inherits an already established cilium after the
two rounds of meiosis, perhaps indicating that the cilium serves as an important template
for flagellum assembly. It remains unclear why the cilium forms two cell divisions before
the flagellum, and whether this short cilium has any function that is independent of a role in

guiding flagellum assembly.

1.3.2 Sensory neurons

The peripheral nervous system (PNS) of Drosophila comprises ciliated type 1 and non-
ciliated type II neurons (Brewster and Bodmer, 1995; Kernan, 2007). Type I neurons each
have a single dendrite with a cilium at the distal end. They are surrounded by three to four
support cells, that each have a specialised role (Figure 1.6). The neuron and its support cells
are all derived from a single ectodermal sensory organ precursor (SOP) cell (Brewster and

Bodmer, 1995; Ghysen and Dambly-Chaudiere, 1989). In contrast, type II neurons all have
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multiple dendrites and no support cells. Type I neurons may have either external sensory
(ES) structures in the cuticle or internally located stretch receptors, known as chordotonal

(Ch) organs (Jarman, 2002; Kernan, 2007).

Clusters of five Ch organs are involved in larval proprioception, which is required for
normal locomotion (Caldwell et al., 2003a; Cachero et al., 2011; Jarman et al., 1995). In
the adult, Ch organs are present in the joints of the legs and the Johnston’s organ, the fly
auditory apparatus (Gillespie and Walker, 2001; Gopfert and Robert, 2003; Kernan, 2007).
Ch organs are made up of functional units called scolopodia. Although there may be tissue
specific variations, generally, each scolopidium contains a sensory neuron, a scolopale cell
that encloses the cilium in a fluid filled cavity and secretes the dendritic cap to which the
tip of the cilium is attached, and a cap cell (also known as attachment cell) that connects
the dendritic cap and the cuticle (Bodmer et al., 1989; Brewster and Bodmer, 1995; Brew-
ster and Bodmer, 1996; Styczynska-Soczka and Jarman, 2015; Uga and Kuwabara, 1965).
These cells are all derived from a single SOP, which also produces a ligament cell and an
ectodermal cell through a series of orchestrated asymmetric cell divisions (Figure 1.6 A).
Each scolopale may enclose up to three cilia (Kernan, 2007). The tip of the cilia is attached
to the dendritic cap by the protein No Mechanoreceptor Potential A (NompA), while the
base of the cilium is anchored by the ciliary rootlet (Chung et al., 2001; Styczynska-Soczka
and Jarman, 2015). Upon mechanical stimulation, the dendritic cap pulls on the cilia and
stretches them, resulting in the opening of Transient Receptor Potential ion channels (TRPs)
in the ciliary membrane to generate an action potential. These TRPs are built from subunits
including NompC, Nanchung (Nan) and Inactive (Iav) (Gong, 2004; Kim et al., 2003; Lee
et al., 2010; Liang et al., 2011; Walker et al., 2000; Zhang et al., 2013). NompC is thought
to attach to microtubules through the Ankyrin repeats at its N-terminus (Liang et al., 2013a;
Zhang et al., 2015a). This mechanical tether may act as a "gating spring", transferring the

macroscopic stimuli acting on the cells into microscopic stimuli that open the ion channel.
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Figure 1.6 Drosophila ciliated neurons. Schematic overview of ciliated neurons Drosophila
melanogaster. A) Chordotonal organ with the ciliated neuron (aquamarine) and the scolopale (light
green), cap (blue) and ligament (yellow) cells (top panel) and the cell lineage of the Ch organs (bot-
tom panel). B) External sensory organ with the ciliated neuron (aquamarine), the bristle and shaft
(grey), sheath (light green), socket (blue) and glial (yellow) cells (top panel) and the cell lineage of
the ES organs (bottom panel). Figure adapted from (Cachero et al., 2011; Kernan, 2007).
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ES organs may be either mechanosensory or chemosensory. The chaete, or sensory
bristles are the most abundant and best characterised ES organs. Other ES organs include
the campaniform sensilla that are present on the legs, wings and haltere of the fly and that
sense deformation of the cuticle (Keil, 1997). Like Ch organs, all cells of the ES organ are
derived from a single SOP. In addition to the neuron, the SOP produces three other cells,
the thecogen, tormogen and trichogen (Hartenstein, 1988; Hartenstein and Posakony, 1989).
The thecogen is the support cell most closely associated with the neuron, while the trichogen
secretes the bristle shaft and the tormogen forms the socket (Figure 1.6 B). The bristle shaft
is physically connected to the tip of the cilium by NompA (Chung et al., 2001). Like in
Ch organs, NompC ion channels open in response to a mechanical stimulus to generate
an action potential (Kernan, 2007; Lee et al., 2010; Liang et al., 2011). The ion channel
formed by the Iav and Nan subunits, however, appears to be specific to Ch organs (Gong,
2004). In addition to NompA and TRP subunits, genetic screens have revealed a number of
genes required for sensory cilia function in Drosophila (Kernan et al., 1994; Willingham and
Keil, 2004). These include two genes that are required for IFT, reduced mechanoreceptor
potential A (RempA) and NompB. RempA is a member of the IFT-A complex, which is
primarily associated with retrograde transport, while NompB is part of the predominantly
anterograde IFT-B complex. Furthermore, NompH encodes a cytochrome P450 that is only
expressed in sensory bristles, while the function of NompD is unknown (Kernan et al., 1994;

Willingham and Keil, 2004).

Arguably, a third class of cilated neurons can be distinguished (Andrew Jarman, per-
sonal communication). Olfactory sensilla in the antenna are hollow sensory hairs (Benton,
2007; Joseph and Carlson, 2015; Pellegrino and Nakagawa, 2009). At first glance they ap-
pear similar to ES organs, with a cilium extending into a sensory hair. However, while ES
organs extend to the base of the bristle and form a mechanical connection to the hair, the

olfactory cilia are not attached to the hair at the ciliary tip. Instead, the cilia extend further
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into the hair and are surrounded by a lymph that is in contact with the external environment
(Benton, 2007). The olfactory sense odorants in this lymph via GPCRs embedded in the
ciliary membrane. Like ES and Ch organs, olfactory ciliated neurons are surrounded by
supporting cells that originate from the same SOP as the neuron (Barish and Volkan, 2015).
In summary, although Ch, ES and olfactory sensilla function in different tissues, sense dif-
ferent stimuli and are morphologically different, there are parallels in their biogenesis and

function.

Both Ch and ES organ development begins with the expression of proneural genes in
specific groups of ectodermal cells called proneural clusters (Furman and Bukharina, 2012;
Ghysen et al., 1993). The expression of proneural genes in these proneural clusters is most
likely the result of developmental patterning (Ghysen and Dambly-Chaudiere, 1989; Ghy-
sen et al., 1993). The proneural gene most associated with Ch organs is atonal (ato) (Jarman
et al., 1993). ES organs, on the other hand, depend primarily on the achaete-scute complex
(AS-C) (Campuzano and Modolell, 1992). Although initially all cells in these proneural
clusters express proneural genes, only one cell goes on to become the SOP. This selection
of the SOP is mediated by Notch signalling (Lai and Orgogozo, 2004). Both ato and AS-C
are expressed transiently, suggesting that they initiate a signalling cascade that ultimately
results in the differentiation of the sensory organs (Cachero et al., 2011). The ciliogenesis
master regulator Rfx is required by both Ch and ES organs, but interestingly, Rfx is ex-
pressed at different levels in the Ch and ES lineages (Cachero et al., 2011). Furthermore,
the ciliary transcription factor Fdf3 is expressed only in Ch organs and regulates the genes
required for aspects of Ch ciliary specialisation (Newton et al., 2012). Therefore, it seems
that by regulating the levels of expression of transcription factors and expressing a different
combination of transcription factors, the proneural clusters can generate ciliated neurons

with similar, yet distinct lineages and characteristics.
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1.4 The role of cilia in development and signalling

1.4.1 Left-right asymmetry

A first breakthrough in understanding primary cilia function in metazoans came with the re-
alization that primary cilia are crucial for establishing the left-right (L-R) asymmetry early
in murine development. Although the cilia in the mammalian node exhibit both a 9+0 and
9+2 organisation in apparently random distribution, they are motile and rotate clockwise to
displace fluid over the embryonic node (Caspary et al., 2007; Odate et al., 2016). Elegant
experiments with fluorescent beads showed that the resulting fluid-flow is uni-directional,
and always towards the left (Nonaka et al., 1998; Takeda et al., 1999). This displacement
of fluid is therefore known as leftward flow. Following the discovery of leftward flow as the
regulator of L-R asymmetry, theories proposing a molecular mechanism fell broadly in two
models. The first model proposes that leftward flow could generate a gradient signalling
molecules that specify the fate of the cells along the gradient, known as morphogens. The
second model relies on mechanosensation of the flow by cilia and downstream signalling
to pattern the embryo. Although the question has not been completely resolved, no mor-
phogens have been identified and under experimental conditions, as few as two cilia are
enough to break symmetry (Yoshiba et al., 2012). Immotile cilia surrounding the node
sense this flow and rely on the Ca®* ion channel PKD2 (Yoshiba et al., 2012). Defects in
the rotational movement of the nodal cilia or in the ciliary localisation of PKD2 result in a
failure to break symmetry or randomised asymmetry (Hirokawa et al., 2006; Yoshiba et al.,
2012). It remains unclear, however, how Ca”* signalling establishes L-R asymmetry (Babu
and Roy, 2013). In humans, a reversed asymmetry, known as situs inversus, or non-reversed
asymmetry defects, known as situs ambiguus, is a hallmark of some ciliopathies (Bisgrove
and Yost, 2006; Czarnecki and Shah, 2012; Ong and Gubler, 2011; Shapiro et al., 2014;

Praveen et al., 2015). The normal asymmetric arrangement of abdominal organs is known
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as situs solitus. While the data described above was gathered in mammalian systems, other
vertebrates including Xenopus and Danio rerio, orchestrate L-R asymmetry in similar ways

(Matsui and Bessho, 2012; Schweickert et al., 2007).

1.4.2 Hedgehog signalling

The second breakthrough that established the functional importance of metazoan primary
cilia came with the realization that the Sonic Hedgehog (Shh) signalling pathway relies on
cilia. The Shh (Hedgehog, or Hh in Drosophila) signalling pathway is one of the best stud-
ied pathways and is required for developmental pattern formation, proliferation and tissue
homeostasis (Huangfu and Anderson, 2005; Liu et al., 2005). In mammals, extracellular
Sonic Hedgehog (Shh) binds to Patched (Ptc), a transmembrane receptor enriched in the
cilium (Figure 1.7) (Rohatgi et al., 2007). Upon Shh binding, repressive mechanisms that
act on the transmembrane protein Smoothened (Smo) are removed, allowing Smo to accu-
mulate in the cilium. In the presence of Smo, Suppressor of Fu (SUFU), disassociates from
Gli. This allows Gli to translocate to the nucleus where it activates the transcription of target
genes (Briscoe and Thérond, 2013; Hui and Angers, 2011). In the absence of Shh ligand,
Gli is phosphorylated and proteolytically processed into a repressor form (GliR). The con-
formational change in Smo upon Shh binding results in the release of uncleaved, active Gli
(GliA). In Drosophila, where Hh signalling was first discovered, the pathway is very similar
to mammalian Shh signalling (Niisslein-Volhard and Wieschaus, 1980). The Drosophila
orthologue of Gli is known as Cubitus interruptus (Ci) and relies on the activation of Fu and
phosphorylated Costal2 (Cos2) for activaiton. Interestingly, Drosohila Ptc and Smo localise
to the plasma membrane, rather than the primary cilium (Corbit et al., 2005; Rohatgi et al.,
2007). Indeed, unlike in vertebrates, most cells in Drosophila do not have a primary cilium.
It is unclear why mammalian Shh signalling requires a cilium, and there is much debate

in the field about how the complex relationship between cilia assembly and Hh signalling
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evolved (Goetz and Anderson, 2010; Roy, 2012). Note that it is also possible that cilia and
Hh signalling evolved together and that the link between Hh and cilia has become lost in
Drosophila. Perhaps the most likely explanation is that the gated nature of the cilium allows
for enrichment of Hh signalling molecules, both in the ciliary membrane and in the ciliary
cytoplasm. Such enrichment would make the pathway more efficient, which may be criti-

cally important in mammals, but not in lower eukaryotes such as the fly (Nachury, 2014).

1.4.3 Other signalling pathways

Although Hh signalling is one of the most important metazoan ciliary signalling pathways,
the number of signalling pathways associated with the primary cilium is ever increasing
(Nachury, 2014). It is important to note, however, that the evidence linking the function
of these other pathways to cilia is usually not clear cut: whereas cilia are essential for Shh
signalling in vertebrates, it seems that cilia can modulate several other pathways, often in

complex ways, but that cilia are not essential for the activity of these pathways.

Although the role of the cilium in the Wnt signalling pathway has been the subject of
much research and discussion, it is still not very well understood and the data is sometimes
contradictory. Briefly, in canonical Wnt signalling, the binding of Wnt to the receptors Friz-
zled (Fz) and lipoprotein receptor-related protein 5/6 (LRP5/6) results in the disassembly of
a destruction complex that sequesters 3-catenin in the absence of the ligand. Accumulation
of 3-catenin in the nucleus switches on target genes via the activation of transcription factors
(Gao and Chen, 2010). Downregulation and mutation of ciliary genes such as Kif3a, IFT88,
OFD1 and Chibby has been reported to lead to an increase in nuclear [3-catenin and there-
fore increased activation of Wnt target genes (Corbit et al., 2008; Voronina et al., 2009).
However, other studies involving the downregulation or mutation of the same genes did not

show any effect on Wnt signalling (Huang and Schier, 2009; Ocbina et al., 2009). These

26



Introduction

OFF ON
p TR
; SUFU)

Mammals

= a@»
Drosophila OFF

éo

- @

Figure 1.7 Schematic of Hh signalling in mammals and Drosophila. Schematic overview of Hh
receptors and signalling molecules in the absence (left panel) and presence (right panel) of the Hh
ligand. In mammals (top panel), binding of Hh to Ptc allows Smo to accumulate in the cilium. Smo
accumulation inhibits SuFu, thus relieving the brake on Gli. GliA translocates to the nucleus where
it activates the transcription of target genes. In Drosophila (bottom panel), Hh binding to Ptc allows
Smo to translocate to the plasma membrane, which results in the activation of Fu and Cos2 and
thereby the release of CiA and the transcription of target genes in the nucleus. Image adapted from
(Briscoe and Thérond, 2013)
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apparently contradictory results may be due to species differences, or differences between
tissues and/or developmental stages. In addition to canonical signalling through (-catenin,
Wnt binding to Fz, but not LRP5/6 may also mediate planar cell polarity (PCP) signalling
(Wallingford and Mitchell, 2011). This non-canonical Wnt signalling is less well under-
stood than canonical Wnt signalling, but appears to modulate intracellular Ca>* levels and
PCP factors (Katoh, 2005). Similar to canonical Wnt signalling, the role of cilia in PCP
is not very well understood. Although PCP defects are associated with ciliopathies, there
is a developing view that these defects are not due to defects in the cilium (Basten and
Giles, 2013). Rather, it is thought that PCP positions the centrosomes and that defects in
this positioning may explain PCP defects such as problems with convergent extension (body
axis elongation) during gastrulation and subsequent defects in formation and closure of the
neural tube (Carvajal-Gonzalez et al., 2016; Keller et al., 2008; Wallingford and Mitchell,
2011). Indeed, the IFT-B protein IFT88 is required for the correct positioning of the mitotic
spindle (Delaval et al., 2011). Mutations in /F788 or related genes may then result in a fail-
ure to position the centrosome correctly downstream of PCP signalling and result in PCP
defects without necessarily involving the cilium. Finally, it has been postulated that cilia
may play a role in shifting the balance between canonical and non-canonical Wnt signalling
(Corbit et al., 2008; Simons et al., 2005). Given the lack of understanding of Wnt signalling
in general and the role of the cilium in Wnt and PCP signalling in particular, this hypothesis

will require further study.

The ubiquitous second messenger Ca*, is often associated with cilia. In the human
kidney, for example, the sensation of flow results in the opening of the polycystin complex
(encoded by ciliopathy genes PKDI and PKD2) and the import of extracellular Ca>*. Ele-
vated Ca®* mediates the conversion of cAMP to AMP by phosphodiesterase (Abdul-Majeed
and Nauli, 2011). Understanding the role of Ca”* signalling in the cilium is complicated

not only by the variety of potential targets, but also by crosstalk between the Ca’* signalling
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pathway, the Wnt pathway (described above) and the mTOR pathway (Abdul-Majeed and
Nauli, 2011). Furthermore, Ca’* levels are not only affected by ion channels importing it
from the extracellular environment, but also by release from the endoplasmatic reticulum as

a downstream effect of ligand binding to GPCRs or receptor tyrosine kinases (RTKs).

RTKSs were first linked to primary cilia when the ciliary localisation of platelet-derived
growth factor receptor-o. (PDGFRa) was found to be required for downstream activation of
downstream Mek1/2-Erk1/2 signalling (Schneider et al., 2005). Following the discovery of
a role for the primary cilium in PDGF signalling, the cilium has also been implicated in
other RTK pathways including epidermal growth factor (EGF), insulin-like growth factor
(IGF1), fibroblast growth factor (FGF) and angiopoietin (Tie2) mediated signalling (Bas-
ten and Giles, 2013; Christensen et al., 2012). Generally, the binding of a ligand to an
RTK induces dimerisation and a conformational change that activates the intracellular ty-
rosine kinase domain. This facilitates phosphorylation of nearby RTKs and the subsequent
assembly and activation of downstream signalling molecules (Lemmon and Schlessinger,
2010). RTKs form a broad family of proteins that are required for normal embryonic devel-
opment and tissue homeostasis (Blume-Jensen and Hunter, 2001). As such, misregulation
of these pathways may contribute to tumourigenesis. While some RTKs localise to the pri-
mary cilium, such as PDGFRa, others, including PDGFR( localise to the plasma membrane
(Schneider et al., 2005; Christensen et al., 2012). While it is not yet clear why some RTKs,
but not others, localise to the primary cilium, it is possible that the primary cilium is a site

for crosstalk with other signalling pathways (Christensen et al., 2012).

The Hippo pathway helps regulate tissue growth and homeostasis and has been linked
to the primary cilium since NPHP4 was recently shown to negatively regulate the Hippo
pathway through inhibition of the Lats1 kinase (Habbig et al., 2011). The Hippo pathway
was discovered in Drosophila melanogaster, where it regulates tissue growth control and

members of this pathway act as tumour suppressors and oncogenes in mammals (Harvey
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and Tapon, 2007). Several other effector molecules of the Hippo pathway also localise to
the primary cilium, although the exact role of the cilium in the Hippo pathway remains
unclear (Basten and Giles, 2013).

In addition to these main signalling pathways, an ever increasing list of receptors and
signalling molecules are being identified as potential components of the cilium. Recent
discoveries include GPCRs somatostatin receptor 3 (Sstr3) and serotonin subtype 6 receptor
(5-HTs) as well as TGF-3 and Notch (Basten and Giles, 2013; Oh and Katsanis, 2012). It
seems likely that the list of signalling pathways modulated by the cilium will continue to

grow over the coming years.

1.5 Ciliopathies

1.5.1 Congenital ciliopathies

While most human cells have a cilium, only a few of these cilia are motile. Motile cilia are
present in the trachea, where they clear the airways of mucus and debris, in the fallopian
tubes, where they propel the ovum from the ovaries to the uterus, while sperm rely on motile
flagella for their movement (Brooks and Wallingford, 2014; Ishikawa and Marshall, 2011).
Defects in these motile cilia have long been associated with human disease. Primary cilia
dyskinesia (PCD), also known as Kartagener syndrome, is caused by impaired motility of
cilia and associated with infertility in both males and females, situs defects and respiratory
problems (Praveen et al., 2015). Confusingly, despite its name, PCD does not involve the
dysfunction of primary cilia, but rather reflects that the disease is congenital, as opposed to
secondary cilia dyskinesia, which is acquired (Praveen et al., 2015). PCD is often caused by
mutations in genes required for the correct formation of dynein arms and the central pair of
microtubules that are essential for motility(Bisgrove and Yost, 2006; Praveen et al., 2015).

Unlike motile cilia, primary cilia have long been regarded as a remnant of evolution.

30



Introduction

However, genetic studies of patients suffering from diseases such as Meckel Gruber and
Joubert syndrome, now known as ciliopathies, identified mutations in cilia associated genes
as the cause of these diseases. This discovery sparked a renewed interest in the organelle.
Many proteins encoded by ciliopathy genes localise to the base of the cilium, suggesting

that defects in the TZ can cause disease (Reiter et al., 2012).

Ciliopathies tend to have overlapping phenotypes that range in severity. Renal cysts are
among the most prevalent symptoms of ciliopathies. In polycystic kidney disease (PKD),
cysts arise throughout the kidneys and the kidneys are massively enlarged (Boucher and
Sandford, 2004). In contrast to other ciliopathies described below, PKD is caused by
dominant mutations. Mutations in PKD1 and PKD2 account for >95% of the disease.
Nephronophthisis (NPHP) is also characterised by kidney cysts. In contrast to PKD, the
cysts are restricted to the cortico-medullar junction in the kidney and although the kidneys
progressively become more cystic, they are not typically enlarged (Bergmann et al., 2008).
NPHP is the mildest form of a continuum of ciliopathies. When associated with degenera-
tion of the photoreceptors and loss of vision as a result of retinis pigmentosa, the disease is
known as Senior-Lgken syndrome (SLSN). Joubert syndrome (JBTS) includes both retinal
degeneration and cortico-medullar renal cysts, but is also associated with CNS defects. In
Magnetic Resonance Imaging (MRI), a "molar tooth sign" can be observed in JBTS. This is
a malformation of the hindbrain that resembles a molar tooth and is associated with hypo-
tonia, ataxia and intellectual disability. More severe central nervous system (CNS) defects,
including encephaloce, as well as polydactyly and hepatic fibrosis are associated with MKS.
Given the severity of the disease, MKS usually results in fetal or perinatal death (Czarnecki
and Shah, 2012; Ong and Gubler, 2011). A genetically and clinically distinct ciliopathy
is Bardet-Biedl syndrome (BBS). In addition to the ciliopathy symptoms described above,
BBS is also commonly associated with obesity, diabetes, hypertension and congenital heart

disease (Bisgrove and Yost, 2006; Forsythe and Beales, 1993). Unlike the NPHP-SLSN-
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JBTS-MKS continuum of ciliopathies, BBS is typically not associated with mutations of
TZ genes. Instead, the disease is caused by mutations in the BBSome (named after the

disease), which forms a cilia specific transport complex (Jin et al., 2010).

Interestingly, mutations in the same gene can underlie different ciliopathies. For ex-
ample, mutations in MKSI and Tectonic are associated with both MKS and JBTS. Re-
cent research suggests that truncating mutations are associated with the more severe MKS
syndrome, while non-truncating mutations underlie the milder JBTS (Huppke et al., 2014;
Slaats et al., 2015; Szymanska et al., 2014). However, in many cases the genotype-phenotype
correlation is still poorly understood. A better understanding of protein function and inter-
action as well as the identification of key residues and domains will help to achieve a better
understanding of the mechanism by which mutations in the same gene are associated with

milder or more severe manifestations of disease along the spectrum of ciliopathies.

1.5.2 Acquired ciliary disease

Since cilia are present on most human cells and are involved in a multitude of signalling
pathways, they have the potential to cause or modulate many different human diseases.
Indeed, in addition to congenital ciliopathies, cilia dysfunction has now been linked with
more common diseases such as cancer and obesity. Many different cilia-associated genes,
including Glil, RGRIPIL, NPHPY, have been found to be mutated in a wide range of can-
cers (Hassounah et al., 2012). A wide range of cancers including glioblastoma, melanoma,
medullablastoma and basal cell carcinoma as well as breast, pancreatic, prostate and ovarian
cancer require upregulated Hh signalling in order to survive and progress (Basten and Giles,
2013; Hassounah et al., 2012; Teglund and Toftgard, 2010). Interestingly, cilia can both
promote and repress an increase in Hh signalling (Barakat et al., 2010; Han et al., 2009;
Hassounah et al., 2012; Pasca di Magliano and Hebrok, 2003; Seeley and Nachury, 2010).

While mutations in upstream Hh genes, such as Ptc, Smo and Shh, require cilia for the pro-
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cessing of the signal and the activation of target genes, mutations in downstream genes such
as GliA, bypass the requirement for cilia (Han et al., 2009; Wong et al., 2009). In tumours
driven by downstream Hh mutations, the presence of cilia can dampen Hh signalling by the
presence of GliR and these cancers often lose cilia (Hassounah et al., 2012). The dual role
of cilia in Hh signalling as well as the distinction between upstream and downstream muta-
tions has implications for the potential success of Hh inhibitors in cancer therapy. While Hh
inhibitors are effective in trials in cell lines and some mouse models, the efficacy in clinical
trials has been mixed (Hassounah et al., 2012; Ng and Curran, 2011). This is partially due
to the fact that most Hh inhibitors target upstream Hh signalling, which is not effective in
tumours with downstream mutations and is susceptible to resistance by tumours acquiring
downstream Hh mutations (Ng and Curran, 2011; Gonnissen et al., 2015). Some success
has been reported for clinical trials using Gli inhibitors such as GANT61, although further
studies of the efficacy and toxicity in different types of cancer will be required (Gonnissen

et al., 2015).

Cilia have long been associated with metabolic defect in the context of ciliopathies such
as BBS. This has led to speculation that cilia may play a role in acquired hypertension,
obesity and diabetes (Davenport and Yoder, 2005). Recently, advances have been made
in understanding how the cilium and ciliopathy genes influence blood pressure, appetite
and glucose levels. Normal Shh signalling is required for the correct development of the
pancreas, with defects in cilia associated with loss of endocrine tissue (Lodh et al., 2014).
Furthermore, cilia are required for the regulation of adipogenesis, uptake of insulin in mus-
cle and modulation of the satiety hormone leptin (Andersen and Sandholt, 2015; Oh et al.,
2015). Primary cilia appear to required for an adequate response to shear stress in the vas-
cular endothelial cells, while kidney cysts result in renal ischaemia. Cilia defects, therefore,
misregulate the angiotensin-aldosterone system, which results in hypertension (Ando and

Yamamoto, 2013; Chapman et al., 2010). However, at present there is little evidence of
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a major causal role for cilia in hypertension or metabolic disorders outside of congenital

ciliopathies (Andersen and Sandholt, 2015; Davenport and Yoder, 2005).

1.5.3 Cilia disease mechanism

In the motile ciliopathy PCD, the respiratory and fertility symptoms observed are a direct
result of the reduced or abnormal beating patterns of cilia in the airways and reproductive
system (Bisgrove and Yost, 2006; Basten and Giles, 2013; Praveen et al., 2015). Situs
defects, which include both situs inversus, or a mirrored organ system and situs ambiguus,
non-mirrored organ laterality defects, are present in ~ 50 % of patients, suggesting situs
organisation is random in PCD patients (Shapiro et al., 2014). Since cilia are required for
L-R asymmetry (see Section 1.4.1), situs defects can be traced to defects in the beating of
the motile cilia in the node (Praveen et al., 2015).

For immotile ciliopathies, the disease mechanism is less straightforward and less well
understood. As discussed above (Section 1.5.1), immotile ciliopathies have an overlapping
range of symptoms that may include kidney cysts, situs inversus, polydactyly and neural
tube defects (Bisgrove and Yost, 2006; Ong and Gubler, 2011; Powles-Glover, 2014). Kid-
ney cysts are caused by a defect in Ca>* signalling, which leads to overproliferation of the
kidney epithelium via changes in Wnt, Ras/Raf/ERK and mTOR pathways (Abdul-Majeed
and Nauli, 2011). Similar to PCD, situs defects are due to defects either in the generation
of leftward flow by the motile cilia of the node, or a failure to sense this flow by the sensory
cilia that surround the node, or both (Basten and Giles, 2013; Bisgrove and Yost, 2006;
Czarnecki and Shah, 2012; Ong and Gubler, 2011; Powles-Glover, 2014). Since Shh sig-
nalling is required for limb patterning and many polydactyly mouse mutants have defects in
Shh signalling, polydactyly is most likely a Hh defect, rather than a defect in the cilium itself
(Haycraft et al., 2005; Laufer et al., 1994; Ocbina and Anderson, 2008; Wang et al., 2000).

Similarly, the patterning of the neural tube is dependent on Shh (Pal and Mukhopadhyay,
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2015; Sasai and Briscoe, 2012; Vogel et al., 2012). The Wnt and PCP signalling pathways
have also been implicated in neural tube defects (see Section 1.4.3), suggesting that the
proper patterning of the neural tube depends on several signalling pathways that can be in-
fluenced by cilia (Sasai and Briscoe, 2012; Vogel et al., 2012). Defects in the neural tube
lead to clinical defects including encephalocele, hydrocephalus and intellectual disability
(Czarnecki and Shah, 2012; Davis and Katsanis, 2012; Powles-Glover, 2014; Vogel et al.,
2012). As these examples illustrate, the dependency of Hh and other signalling pathways
on cilia makes it hard to distinguish Hh defects from pure cilia defects in mammals. For
this reason, Drosophila could be a useful system to study cilia biogenesis and to separate
Hh defects in particular from cilia defects. This information will be a valuable addition to

studies of animal models of ciliopathies.

1.6 Thesis outline

In this thesis, the suitability of Drosophila as a model organism to study ciliogenesis in vivo
is addressed, with a particular focus on genes involved in the assembly of the TZ that have
been implicated in human disease. In Chapter 3, the generation and characterisation of novel
mutant alleles for three Drosophila ciliopathy genes are described. Further characterisation
of the MKSI mutant allele, MKSI*!, is described in Chapter 4 for spermatocyte cilia and
in Chapter 5 for the sensory cilia that innervate the bristles. Finally, preliminary in vivo
studies of Cep104, which may be involved in ciliogenesis, are described in Chapter 6. The
data presented on the MKS module was part of a collaborative project with a post-doc in
the lab, Dr. Hélio Roque, who acquired some of the data presented in this thesis. Some
of the data presented in Chapter 6 was acquired by a part II student, Zai Gen Tan, who |
supervised. Wherever there is any data acquired by or in collaboration with others, this is

indicated in the text.
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Chapter 2

Materials and methods

2.1 Fly husbandry

2.1.1 Fly handling

Flies were reared on Drosophila culture medium (5.5% glucose, 5% yeast extract, 3.5%
wheat flour, 1% penicillin/streptomycin, 0.4% propionic acid, 0.25% nipagen) in 8x2.5 cm
plastic vials or 0.25 pint plastic bottles. These were kept at 18°C or 25°C. Embryos were
collected at 25 °C on fruit juice agar plates (25% fruit juice, 2.5% sucrose, 2.1% agar),

supplemented with fresh yeast. Standard fly handling techniques were used (Roberts, 1986).

2.1.2 Drosophila melanogaster stocks

w97 was used as the wild type stock in all experiments. Phenotypic markers and balancer

chromosomes used in this study have been described previously (Lindsley and Zimm, 1992).

Drosophila stocks used in this thesis are listed in Table 2.1.
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Table 2.1 Drosophila stocks used in this thesis

Stock name Description Origin

p{EPgy2}CG2556EY2942 | Used to create MKSI*! Bloomington Stock Center

Sb[Sco]/CyPTb p-element transposase Bloomington Stock Center

MKSI*! MKS1 mutant This thesis

NosG4VP16 UAS-cas9 | Used to generate B9DI*! | Simon Bullock, MRC LMB

B9DIM B9D1 mutant This thesis

CC2D2A%! CC2D2A mutant Hélio Roque, Raff Group

Cep290Mect Cep290 mutant Tomer Avidor-Reiss, University
of Toledo

Plp’ Plp mutant Maruxa Martinez-Campos, Raff
Group

DfPlp Plp deficiency Bloomington Stock Center

2.1.3 Generation of transgenic lines

Transgenic fly lines were generated through microinjection of the transgene in a p-element

transformation vector marked with the red eye colour w* gene (see Section 2.4.4) into w

1118

embryos. Microinjection, selection of transgenic flies and mating of individual transgenic

flies to establish a line were carried out by either BestGene Inc or the Department of Genet-

ics, University of Cambridge. Upon arrival in the laboratory, the transgenes were mapped

and balanced using standard protocols (Greenspan, 2004). Stocks were kept as either ho-

mozygous or balanced stocks. All transgenic lines used in this thesis are listed in Table 2.2.
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Table 2.2 Transgenic Drosophila lines used in this thesis

Stock name Description Origin
pUbg-GFP-MKS1 N-terminal GFP fusion to MKSI1 This thesis
pUbg-MKS1-GFP C-terminal GFP fusion to MKS1 This thesis
pUbg-B9D1-GFP C-terminal GFP fusion to BODI This thesis
pUbg-B9D2-GFP C-terminal GFP fusion to B9D2 This thesis
eMKS1-mCherry C-terminal mCherry fusion to MKS1 | This thesis
eCC2D2A-GFP C-terminal GFP fusion to CC2D2A Hélio Roque, Raff
Group
pUbq-TMEM216-GFP | C-terminal fusion to TMEMZ216 Alan Wainman, Raff
Group
pUbg-Tectonic-GFP C-terminal fusion to Tectonic Alan Wainman, Raff
Group
eCby-GFP C-terminal GFP fusion to Chibby Bénédicte Durand,
Claude Bernard Uni-
versity
pGFP-P6YM2  GFP- | NompA GFP trap Maurice Kernan
NompA

pUAS-NompC-GFP

C-terminal GFP fusion to NompC

Yuh Nung Jan, HHMI

NompC-Gal4

Gal4 driver under NompC control

Yuh Nung Jan, HHMI

eGFP-NompB(32-2)

N-terminal GFP fusion to NompB

Maurice Kernan, Stony
Brook University

eRempA-YFP

C-terminal YFP fusion to RempA

Maurice Kernan, Stony
Brook University

Jupiter-mCherry

C-terminal GFP fusion to Jupiter

Renata Basto, Institute
Curie
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2.1.4 Generation of the MKSI2!allele

The MKS12!allele was generated through imprecise p-element excision. A p-element 581
bp upstream of MKS1I, P{EPgy2}CG25565Y02042 was mobilised by the transposase A2-3Sb
through crossing. The p-element is marked with a w* and progeny where the p-element has
been excised can therefore be selected by screening for the absence of the red eye colour.
When p-element excision is imprecise, some of the flanking genomic DNA is deleted. This
was screened for by single fly diagnostic PCR and confirmed by Sanger sequencing (see

Section 2.4.2 and Section 2.4.6, respectively).

2.1.5 Generation of the BIDI*, CC2D2A2! and Cep104*!alleles

The B9DIA!, CC2D2AA! and Cepl04*' mutant alleles were all generated by CRISPR
genome engineering (Jinek et al., 2012). Synthetic guide RNAs (sgRNAs) were designed
to target the 5° end of BIDI, CC2D2A and Cepl04 for cleavage by the Cas9 endonucle-
ase (see Table 2.3). Repair of the double-strand breaks induced by the Cas9 endonuclease
through non-homlogous end joining (NHEJ) can result in small insertions or deletions (in-
dels), which may cause a frameshift. The sgRNA sequences were cloned into the pCDF3-
dU6:3gRNA plasmid (Port et al., 2014), Addgene plasmid #49410) and microinjected into
Drosophila embryos expressing the Cas9 gene under the control of the Nanos promoter
(Port et al., 2014). Injected embryos were left to develop into adults and screened for indels
by single wing PCR and high-resolution melt analysis (HRMA) (see Section 2.4.3). Indels

were then precisely determined by Sanger sequencing.

40



Materials and methods

Table 2.3 gRNAs used in this thesis

Gene Construct name Target sequence

JR_CG14870_1 GAAAGGTGGCCGAGACTATTTGG

B9D1 JR_CG14870_2 CATCGTGGGCCAAATAGTCTCGG

JR_CG14870_3 CATCAGTCTCCCGGGCAACGAGG

CC2D2A | CG43370_exonl_3 | GCAAAAGTTGATAAGGGCAACGGAAGGCAG

Cepl04 | Cepl0O4_exonl_1 CCTGAGGCGAACACCACGTTAAA

Cepl104_exon3_1 TGTGTCCACGTAGGGGCACA

2.2 Behavioural assays

2.2.1 Larval hearing assay

10 third instar larvae per experiment were selected and transferred to a fruit juice agar plate.
This was placed on top of a speaker through which 10 pure 500 Hz tone of 1 second duration
were played at 10 second intervals. The responses of the larvae were filmed and movies
were blinded before scoring the behaviour. Pauses and changes of direction were scored as
1, retractions as 2 and freezing over between two time points as 3. Each of the 3 technical

replicates is presented as an average of the behaviour of 10 larvae over 10 time points.

2.2.2 Larval crawling assay

10 third instar larvae per condition were selected and transferred to a fruit juice agar plate.
The larvae were filmed for 2 minutes while crawling around without stimuli. The movies
were then blindly analysed in Fiji (Schindelin et al., 2012), using the NeuronJ plugin. The

movements of the larvae were traced manually and the length and number of vertices mea-
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sured. Each larvae is presented as a separate data point.

2.2.3 Climbing assay

For the standard climbing assay, 15 1-3 day old adult flies were collected in a plastic 25
ml measuring cylinder and knocked to the bottom of the cylinder by tapping. The flies
were then allowed to crawl up the sides of the measuring cylinder and the number of flies
above 12 cm was counted. Data is presented as the averages of 3 technical replicates. To
measure the distance climbed by individual flies, 10 1-3 day old adult flies were collected
in a glass 10 ml measuring cylinder. The flies were filmed being knocked to the bottom
and crawling up the sides of the measuring cylinder. To allow the flies being filmed, a glass
measuring cylinder had to be used. As this was shorter than the 25 ml measuring cylinder
used above, the experimental time was reduced to 7 seconds to prevent flies reaching the
top of the measuring cylinder within the experimental time frame. The distance climbed by
each fly was measured in Fiji (Schindelin et al., 2012). Data is represented as the average

of 5 technical replicates.

2.2.4 Fertility

To asses whether flies were sterile, 25 single mutant or WT flies were crossed to 3 WT flies
of the opposite sex. Progeny was counted and flies were classed as sterile if no progeny
was obtained. To quantify male fertility, single mutant or WT flies were crossed to 3 WT
females. Hatched embryos were counted every morning and evening for 6 days. Each of

the 25 biological replicates is presented as the average number of hatched embryos per day.

2.2.5 Grooming assay

10 flies for each time point were covered in Reactive Yellow 86 dust (Organic Dyestuffs

Corporation) by shaking them in a vial. Excess dust was removed by gently tapping the
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flies against the mesh of a cage (Seeds et al., 2014). The flies were then left to groom
themselves for 0, 30, 60 or 90 minutes before being anaesthetised and decapitated. Pictures
of the head and the notum were then taken on a dissecting microscope equipped with a

Digital Sight camera (Nikon). Images were analysed using Fiji (Schindelin et al., 2012).

2.2.6 Electrophysiology

Individual 2-4 day old males were collected and immobilised on a dissection plate. A tung-
sten wire reference electrode was placed in the thorax. Bristles were cut at the midpoint
before placing a measuring electrode filled with 121 mM K*, 9mM Na*, 0.5 mM Ca’*, 4
mM Mg2+, 35 mM glucose and 5 mM HEPES (pH 7.1) over them (Kernan et al., 1994). The
bristles were then moved 30um towards the body to evoke a mechanical response potential
(MRP) using a piezo electric stage. MRPs were calculated using Clampfit 10.5 (Molecular

Devices).

2.3 Bioinformatics

2.3.1 BLAST

Uniprot BLAST (n->n) was used to find candidate orthologues of human ciliopathy proteins

in the Drosophila database and assess the conservation from humans to Drosophila.

2.3.2 Domain predictions

The COILs server (Lupas et al.,, 1991) and PSIPRED Protein Sequence Analysis Work-
bench (Jones, 1999) were used to predict protein structure and domains from the nucleotide

sequence.

43



Materials and methods

2.3.3 gRNA design

The CRISPR target finder (Gratz et al., 2013) was used to find 18-21 nt 5°-NGG-3’ proto-
spacer adjacent motif (PAM) sites, required for Cas9 cleavage. Candidate gRNAs with low
off-target potential as assessed by the CRISPR target finder and close to the 5° end of the
coding sequence were selected. Since a 5° guanine is required for transcription from U6

promoters, gRNAs that lacked a 5° guanine were extended with a guanine at the 5° end.

2.4 Molecular biology

2.4.1 Genomic DNA preparation

Individual flies or severed wings were squashed in squishing buffer (10 mM Tris HCI pH 8,
1 mM EDTA, 25 mM NaCl), supplemented with 200 pug/ml proteinase K just before use. 50
ul of buffer was used for whole flies, 10 ul for wings. DNA was extracted from the samples
by incubating at 55°C for 30 minutes and the proteinase was inactivated by incubating at

95°C for 10 minutes.

242 PCR

PCRs for cloning purposes were performed using Phusion High-Fidelity PCR 2x Master

Mix (NEB), using the following protocol:

98°C 30 seconds

98°C 10 seconds

45-72°C 30 seconds repeat 30 times
72°C 30 seconds/kb

72°C 10 minutes
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Diagnostic PCRs were performed using One7ag Quick-Load 2x Master Mix (NEB) using

the following protocol:

94°C 30 seconds

94°C 30 seconds

45-68°C 1 minute repeat 30 times
68°C 1 minute/kb

68°C 5 minutes

PCR products were analysed using 1% agarose gel and prestained markers (NEB) to assess

their size. All primers used in this thesis are listed in Table 2.4.

Table 2.4 Primers used in this thesis

Primer name | Direction | Sequence Use

Pratt_Oligo5 Forward | GGGGACAAGTTTGTACAAAAA | Clone
AGCAGGCTCCCAAAAAAGCA | pUbg-GFP-MKSI1
GAGACATAAAGC

Pratt_Oligo6 Reverse GGGGACCACTTTGTACAAGAA | Clone
AGCTGGGTCTTAAAACTCAGC | pUbg-GFP-MKS1
CTGGTAGT

Pratt_Oligo7 Forward | GGGGACAAGTTTGTACAAAAA | Clone
AGCAGGCTCCATGCAAAAAA | pUbg-MKS1-GFP
GCAGAGACAT

Pratt_Oligo8 Reverse GGGGACCACTTTGTACAAGAA | Clone
AGCTGGGTCAAACTCAGCCT pUbg-MKS1-GFP
GGTAGTATG

Pratt_Oligo73 | Reverse | AAACTCAGCCTGGTAGTATGC | Clone
eMKS1-mCherry
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Pratt_Oligo73a | Forward | AGGCCTAAATTCTCCATCGTC | Clone
eMKS1-mCherry
Pratt_Oligo75 | Reverse | GGGGACCACTTTGTACAAGAA | Clone
AGCTGGGTCAAACTCAGCCT | eMKS1-mCherry
GGTAGTATGC
Pratt_Oligo75a | Forward | GGGGACAAGTTTGTACAAAAA | Clone
AGCAGGCTCCAGGCCTAAATT | eMKSI1-mCherry
CTCCATCGTC
Pratt_Oligo39 | Forward | CACCGTCTCTGCATCTTCCA Screen for MKSI1
deletions
Pratt_Oligo40 | Reverse | CTGTTTATCGGCGGTTGCG Screen for MKSI
deletions
Pratt_Oligo53 | Forward | GTACATACATATGCTTCTCAC Screen for MKSI
GTTT deletions
Pratt_Oligo68 | Reverse | GGGGACCACTTTGTACAAGAA | Clone MKS1 NT
AGCTGGGTCTTAATCCGG antibody fragment
ATAGACATAGAG
Pratt_Oligo69 | Forward | GGGGACAAGTTTGTACAAAAA | Clone MKS1 CT
AGCAGGCTCCGACGATGAT antibody fragment
GGTTTCTCT
Pratt_Oligo70 | Reverse | ATCCGGATAGACATAGAG Clone MKS1 NT
antibody fragment
Pratt_Oligo71 Forward | GACGATGATGGTTTCTCT Clone MKS1 CT

antibody fragment
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Pratt_Oligo85 | check ATGAGCGCCAGCGAAGGCAT | Clone pUbg-B9D1-
GFP
Pratt_Oligo86 | Reverse | GGAGTGCCAATGGTAGCCCA | Clone pUbg-B9D1-
GFP
Pratt_Oligo87 | Forward | ATGGCGGAGGTGCACATAATC | Clone pUbg-B9D2-
GFP
Pratt_Oligo88 | Reverse | CTTGAACTCCACGCCGTATTC | Clone pUbg-B9D2-
GFP
Pratt_Oligo89 | Forward | GGGGACAAGTTTGTACAAAA | Clone pUbg-B9D2-
AAGCAGGCTCCATGAGCG GFP
CCAGCGAAGGCAT
Pratt_Oligo90 | Reverse | GGGGACCACTTTGTACAAGAA | Clone pUbg-B9D2-
AGCTGGGTCGGAGTGCC GFP
AATGGTAGCCCA
Pratt_Oligo91 | Forward | GGGGACAAGTTTGTACAAAA | Clone pUbg-B9D2-
AAGCAGGCTCCATGGCGG GFP
AGGTGCACATAATC
Pratt_Oligo92 | Reverse | GGGGACCACTTTGTACAAGAA | Clone pUbg-B9D2-
AGCTGGGTCCTTGAACTC GFP
CACGCCGTATTC
Pratt_Oligo157 | Forward | TTCGCGTCAGGCTCAGGACC | Cepl04 F482A
GC mutagenesis
Pratt_Oligo158 | Reverse TAGAACTGCTCCACCAGC Cepl04 F482A

mutagenesis
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Pratt_Oligo159 | Forward | AGAGATGCCGATTACTCCGT Cepl04 V532D
GTTTAG mutagenesis

Pratt_Oligo160 | Reverse | TACAGCGCGATGCAGCAG Cepl04 V532D
mutagenesis

Pratt_Oligo161 | Forward | AGAGATGCCGCTTACTCCGTG | Cepl04 V532A
mutagenesis

Pratt_Oligo162 | Reverse | TACAGCGCGATGCAGCAG Cepl04 V532A
mutagenesis

Pratt_Oligo163 | Forward | GGAGCCTGTGGCAAAGGTG Cepl04 R667A
GCC mutagenesis

Pratt_Oligo164 | Reverse GCTGGATGATGGATGCCG Cepl04 R667A

mutagenesis

243 HRMA

Primers were designed to give 100-200 nucleotide PCR products spanning the region to
which the sgRNAs were targeted. Indels result in a shift in the melting temperature of the
heteroduplex, which can be detected by labelling the DNA with a dye that fluoresces only
when bound to double stranded DNA and following the fluorescence signal during a 70°C-
90°C temperature gradient. PCR reactions were assembled with 5 pl 2x Hotshot Diamond
PCR MasterMix (Clent Lifescience), 1 ul genomic DNA, 200 nM of each primer and 1ul
LC Green Plus dye (BioFire Diagnostics) and amplified and analysed in a RotorGeneQ
real time cycler, using the RotorGeneQ software (Qiagen). Samples with non-WT melting

curves were treated with ExoSAP (Affymetrix) to remove nucleotides and primers before

Sanger sequencing to verify and map the indels.
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2.4.4 Construction of plasmids

cDNAs for all genes were obtained from the Berkeley Drosophila Genome Project and pre-
pared for use in the Gateway cloning system (Invitrogen) by adding attB sequences at both
ends of the constructs by PCR as described in section 2.4.2. The PCR products were pu-
rified using the QIAquick PCR Purification kit (Qiagen) and recombined into the pDONR
Zeo entry vector, before recombining into pUbqg, pRNA, pMal-cx2 plasmids or a promo-
torless plasmid modified from the pUbq as listed in Table 2.5. Plasmids were transformed
into competent cells according to manufacturer’s instructions and purified using Miniprep
or Midiprep kits (Qiagen). All plasmids were fully sequenced to verify the inserts (see

Section2.4.6).

Table 2.5 Plasmids used in this thesis

Construct Type of plasmid (selection cassette)
pUbq-GFPMksl1 Gateway expression vector (KanR)
pUbg-Mks1GFP Gateway expression vector (KanR)
pUbg-BOD1GFP Gateway expression vector (KanR)
pUbg-B9D2GFP Gateway expression vector (KanR)
eMks1mCherry Gateway expression vector (KanR)
pMal-cx2-Mks 11903 MBP-fusion protein expression vector (AmpR)
pMal-cx2-Mks1218-2100 MBP-fusion protein expression vector (AmpR)
pRNA-Cep104GFP T3 RNA polymerase promoter vector (AmpR)
pRNA-Cep10424PCGFP T3 RNA polymerase promoter vector (AmpR)
pRNA-Cep1042APCII GEP T3 RNA polymerase promoter vector (AmpR)
pRNA-Cep10424PC-CCGEP T3 RNA polymerase promoter vector (AmpR)
pPRNA-Cep10424PC-2GEP T3 RNA polymerase promoter vector (AmpR)
pRNA-Cep104AAPC-TOGGEP T3 RNA polymerase promoter vector (AmpR)
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pRNA-Cep1042APC-BGEP T3 RNA polymerase promoter vector (AmpR)
pRNA-GFPCep104 T3 RNA polymerase promoter vector (AmpR)
pRNA-GFPCep10444NF T3 RNA polymerase promoter vector (AmpR)
pPRNA-GFPCep104213-2NF T3 RNA polymerase promoter vector (AmpR)
pRNA-GFPCep104ATOG-ZNF T3 RNA polymerase promoter vector (AmpR)
pRNA-GFPCep104412-2NF T3 RNA polymerase promoter vector (AmpR)
pPRNA-GFPCep104ACC-ZNF T3 RNA polymerase promoter vector (AmpR)
pRNA-GFPCep104411-2NF T3 RNA polymerase promoter vector (AmpR)

pCDF3-dU63:gRNA-JR_CG14870_1 Nanos gRNA vector (AmpR)

pCDF3-dU6:3gRNA-JR_CG14870_2 Nanos gRNA vector (AmpR)

pCDF3-dU6:3gRNA-JR_CG14870_3 Nanos gRNA vector (AmpR)

pCDF3-dU63:gRNA-Cep104_exonl_1 Nanos gRNA vector (AmpR)

pCDF3-dU6:3gRNA-CG43370_exonl_3 | Nanos gRNA vector (AmpR)

2.4.5 Site-directed mutagenesis

Site-directed mutagenesis was performed on pDONRCep104 using the Q5 Site-Directed
Mutagenesis kit (NEB). Primers were designed using the NEBaseChanger tool and can be

found in table 2.4. The PCRs were performed using the following protocol:

98°C 30 seconds

98°C 10 seconds

50-72°C 30 seconds repeat 30 times
72°C 30 seconds/kb

72°C 5 minutes

Mutated PCR products were then purified and transformed into competent cells according
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to manufacturer’s instructions. Plasmids were fully sequenced to verify the mutations, see

section 2.4.6.

2.4.6 DNA Sequencing

Sanger sequencing was performed by SourceBioscience using standard sequencing proto-

cols. Sequencing data was analysed using ApE - A plasmid editor (University of Utah).

2.4.7 Invitro RNA transcription

PCR amplified cDNA was cloned into a pRNA vector using the Gateway cloning system
(Invitrogen) and linearised by Ascl restriction digest and ethanol precipitated overnight at
-20°C. In vitro transcription using the mMessage mMachine T3 Kit (Ambion) resulted in
capped mRNAs that were purified using the RNeasy MinElute Clean Up kit (Qiagen). RNA
was diluted to a concentration of 3 mg/ml in DPEC treated H,O (Ambion) for full length
constructs and stored at -20°C. RNA was injected at equimolar concentrations to allow for

comparison across constructs.

2.5 Cell biology

2.5.1 Microinjection of RNA into living embryos

Flies were allowed to lay eggs on a fruit juice agar plate with fresh yeast for 30-45 minutes.
Embryos were then collected, dechorionated manually and lined up on a glass bottom dish.
Embryos were then dessicated for 3-5 minutes in a 25°C incubator before covering them in
Voltalef oil (VWR). The RNA was injected into the posterior of syncytial embryos using

finely drawn glass needles. Embryos were left for 1 hour to allow translation of the RNA
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and maturation of the resulting fluorescent fusion protein before imaging on a Perkin Elmer

ERS Spinning Disk confocal system.

2.5.2 Fixation and immunostaining of pupal testes

Testes were dissected from late male pupae in PBS and fixed in 4% paraformaldehyde for 30
minutes and then squashed between one high precision thickness 1.5 coverslip (Marienfeld)
and one thickness 1 coverslip (VWR), the latter coated in silicone. The coverslips were
immediately put in liquid nitrogen to facilitate the chipping away of the thinner coverslip
using a razor blade. The high precision coverslips with the sample were then incubated in
ice cold ethanol for 15 minutes at -20°C, followed by a 10 minute incubation in PBT and
washes in PBS. The samples were stained in Asl antibody in a wet chamber overnight at 4°C.
The Asl antibody was raised in either guinea pigs (Raff lab number 199) or rabbits (Raff
lab number 11). The samples were then washed in PBS again before staining in secondary
antibody for 2 hours in a wet chamber. Secondary antibodies conjugated to Alexa 405, -
488 or - 594 (Molecular Probes) were used 1:1000 in PBS. For samples with GFP, GFP
booster (Chromotek) was added 1:500 at this step as well. Finally, samples were washed in
PBS several times, mounted in Vectashield (Vectorlabs) and sealed with nail varnish. The

samples were imaged using a Deltavision OMX V3 microscope (GE Healthcare).

2.5.3 Fixation and immunostaining of the pupal notum

Newly formed male pupae were identified by their white cases and marked. The pupae were
then left to develop for 48 hours as described before being removed from the pupal case and
fixed in 4% paraformaldehyde and 2.5% in 0.2 M PIPES and heptane in an Eppendorf
tube for 1 hour. After this initial fixation, the notum of the pupa was dissected and fixed
overnight in 4% paraformaldehyde and 2.5% in 0.2 M PIPES at 4°C. Samples were then

dehydrated in methanol for 1 hour, incubated in PBT for 2 hours and washed in PBS for 3
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hours before overnight staining in primary antibody at 4°C. After extensive washing in PBS,
samples were stained with fluorescently labelled secondary antibodies overnight at 4°C. The
samples were mounted in Vectashield (Vectorlabs), sealed with nail varnish ab imaged using

a Deltavision OMX V3 microscope (GE Healthcare).

2.5.4 Preparation of pupal notum for live cell imaging

Pupae were staged as described above and left to develop for 30 hours. Pupae were then
immobilised on a microscope slide and the pupal case covering the head and thorax was
removed. 4 coverslips were stacked on either side of the sample using nail varnish. These
coverslips form a spacer to prevent squashing of the pupae before covering the pupae with
a coverslip coated in Voltalef oil (VWR) and imaging using an Andor Revolution XD Spin-

ning Disk confocal system.

2.5.5 Preparation of pupal testes for electron microscopy

Pupal testes were dissected in PBS and fixed in 2.5% glutaraldehyde in 0.1 M PIPES buffer
(pH 7.2) for 1 hour at room temperature and then at 4°C overnight. Samples were washed in
0.1 M PIPES buffer and post-fixed in 1% OsOy for 2 hours. After rinsing in H>O, samples
were stained en-bloc in 1% uranyl acetate for 2 hours at 4°C, rinsed in H,O and dehydrated
in an ethanol series before gradual epoxy resin infiltration and embedding in Agar100 resin
(Agar Scientific). Blocks were polymerised overnight at 60°C before trimming, sectioning

and imaging on a TECNAI T12 transmission electron microscope (FEI).

2.5.6 Preparation of pupal notum for electron microscopy

Pupae were staged, dissected and fixed as described in section 2.5.3 up to overnight fixation
in 4% paraformaldehyde and 2.5% in 0.2 M PIPES at 4°C. Samples were then washed in 0.2

M PIPES, before en-bloc staining in 1% OsO4 in H>O for 90 minutes at room temperature.
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After staining, the samples rinsed in H,O. Secondary fixation was performed in 1% uranyl
acetate in H>O overnight at 4°C. After rinsing in H,O the samples were dehydrated in
an ethanol series, followed by 100% acetate before gradual epoxy resin infiltration and
embedding in Agar100 resin (Agar Scientific). Blocks were polymerised over 24 hours at
60°C before trimming, sectioning and imaging on a TECNAI T12 transmission electron

microscope (FEI).

2.5.7 Preparation of pupal notum for SBF-SEM

Pupae were staged, dissected and fixed as described in section 2.5.3 up to overnight fixation
in 4% paraformaldehyde and 2.5% in 0.2 M PIPES at 4°C. 0.1% tannic acid in PIPES was
also added to the fixative. Samples were washed in 0.1 PIPES, followed by neutralisation
of residual glutaraldehyde in 50 mM glycine in 0.1 M PIPES for 30 minutes. Samples
were then embedded in 4% porcine gelatin and 4% low melting point agarose in H,O and
allowed to set for 15 minutes at 4°C. Initial en-bloc staining was performed by rotating
samples in 3% K4[Fe(CN)g] and 4% OsO4 in H>O for 1 hour at 4°C. Samples were rinsed
in H>O before incubating in freshly prepared 1% CHgN4S in H>,O for 20 minutes at room
temperature. Further en-bloc staining in 2% OsQy4 for 30 minutes at 4°C was performed
before rinsing and secondary fixation in 1% uranyl acetate in H,O overnight at 4°C. After
rinsing, the samples were stained en-bloc in 20 mM lead nitrate in aspartic acid (pH 5.5) for
30 minutes at room temperature. Samples were the rinsed in H,O and dehydrated in an ice-
cold ethanol series, followed by ice-cold acetone. The samples were gradually infiltrated
and embedded in Durcupan resin over 3 days. The resin was polymerised for 48-72 house
at 60°C. The quality of the sample preparation was assessed by preparing and imaging a few
sections on a TECNAI T12 transmission electron microscope (FEI). The samples were then
trimmed and mounted on an aluminium specimen pin using conductive epoxy glue, which

was set at 60°overnight. A smooth block face was created using a Reichert-Jung Ultracut C
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microtome (Leica Microsystems) and samples were coated in gold using a Q150R ES Dual
Carbon/Sputter Coater (Quorum Technologies) for 2 minutes. Samples were imaged on a
Merlin Compact Field Emission Gun SEM (FEG-SEM) with Variable Pressure (VP) mode

(Zeiss) with a 3View System (Gatan).

2.6 Microscopy and image analysis

2.6.1 Electron tomography

150 nm ultrathin sections were obtained using a Reichert-Jung Ultracut C (Leica Microsys-
tems) and collected on Cu slot grids. Samples were post-stained in lead citrate and 10 nm
colloidal gold particles were applied to both sides of the grid to facilitate the reconstructions
of tomograms. Dual-axis tilt series were acquired using Serial EM (Mastronarde, 2005)
on a TECNAI T12 transmission electron microscope (FEI). Tomograms were reconstructed

using the IMOD package (Kremer et al., 1996).

2.6.2 SBF-SEM

Samples were sectioned and imaged on a Merlin Compact Field Emission Gun SEM (FEG-
SEM) with Variable Pressure (VP) mode (Zeiss) with a 3View System (Gatan). The ac-
celerating voltage was 3.5 kV, the variable pressure 50 Pa and the aperture size was 20
um. Images were reconstructed using the IMOD package (Kremer et al., 1996). The axial

resolution of the images is 50 nm, the theoretical lateral resolution is 2.5 nm.

2.6.3 3D Structured Illumination Microscopy

Fixed samples were analysed on a Deltavision OMX V3 microscope (GE Healthcare), using

a 60x/1.42 oil UPlanSApo objective (Olympus), 405 nm, 488 nm, 593 nm diode lasers and
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Edge 5.5 sCMOS cameras (PCO). 3D Structured Illumination Microscopy (3D-SIM) im-
age stacks were acquired with 5 phases, 3 angles per image plane and a 0.125 um distance
between the planes, using the OMX Deltavision software. Raw images were computation-
ally reconstructed using softWoRx 6.1 (Applied Precision) using channel specific optical
transfer functions. Reconstructed images were aligned using OMX Editor software with
alignment parameters obtained from automatically aligning 0.2 um TetraSpec beads (Life
Technologies). Processing of images and measuring of distances was done using Fiji. Im-

ages shown are maximum intensity projections of several z planes.

2.6.4 Live cell imaging of bristle sensory neurons

Living pupae were imaged at 21°C on an Andor Revolution XD Spinning Disk confocal
system mounted on an inverted TE-2000E microscope (Nikon), using a 488 nm diode laser
and an EMCCD camera (iXon, Andor). Image stacks were acquired using 1Q2 software
(Andor) with a 500 nm distance between the planes. For NompA-GFP, a 40x air objective
was used and stacks were acquired every 5 minutes for 20+ hours from 30 hours APF. For
NompB-GFP, RempA-YFP and NompC-GFP, a 60x oil objective was used and a single
stack was acquired at 72 hours APF. Movies and images were processed and analysed using

Fiji.

2.6.5 Live cell imaging of RNA injections

Living embryos were imaged on a Perkin Elmer ERS Spinning Disk confocal system mounted
on an inverted Axiovert 200M microscope (Carl Zeiss Ltd), using a 63x/1.4 oil objective,
488 nm and 568 nm diode lasers and a CCD camera (Orca ER, Hamamatsu). Image stacks
were acquired using Ultraview ERS software (Perkin Elmer) with a 500 nm distance be-
tween the planes. The data was then blinded, analysed using Fiji and scored into different

categories as described in section 2.7.6.
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2.7 Quantification and statistics

2.7.1 Electrophysiology

MRPs were calculated using Clampfit 10.5. The means were then compared using a one-

way ANOVA with Tukey’s multiple comparisons test in Prism 6 (Graphpad).

2.7.2 Grooming assay

Images were analysed in Fiji. The head or notum was selected as an ROI using the polygon
tool, and the area was measured. Next, the color threshold was set to the Reactive Yellow 86
dust to select the areas covered in the dust. The area of these parts within the original ROI
was also measured and the ratio was determined. Data is represented as the average over 10

flies.

2.7.3 Fluorescence intensity measurements

Images were analysed in Fiji. A sum projection of the z stack was made and a circle was
drawn around the signal at the ciliary base and the mean gray value was determined. The
same circle was drawn to measure the background next to the signal, which was deducted

from the signal. Data is represented as an average per pupa.

2.7.4 NompB length measurements

Images were analysed in IMOD. The signal was traced with open contours and the length

of the trace was measured.
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2.7.5 NompAGFP live imaging

Movies were processed using Fiji. Maximum intensity z projections were converted to 8 bit
files. Subtraction of background, contrast enhancement and finding edges of the cilia were
all done automatically. The length of 10 cilia was then measured and tracked through all
time frames automatically using the JFilament 2D plugin (Smith et al., 2010). Background
was set to the mean fluorescence intensity of the field of view and foreground was set to
3.5 standard deviations of the mean fluorescence intensity. Ciliary length was then plotted
against time in Excel (Microsoft). The growth rate was determined by fitting a line to the
curves in the linear growth phase. Data for the first 4 hours is presented as the average per
pupae over 10 cilia. Where the whole growth curve is show, the mean growth rate with a

95% confidence interval was plotted.

2.7.6 Cep104 localisation

Stacks were analysed using a Fiji macro. Centrioles were detected as 10-50 pixel objects
with intensities more than 2 standard deviations above the mean. GFP intensity at the centri-
oles was then measured and the background around each individual centriole was deducted.
Intensities within 1 standard deviation of the mean were considered absent, 1-1.5 standard
deviations above the mean intensity as moderate and >1.5 as strong. Data is represented as

the averages of at least 15 embryos.
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Chapter 3

Generation and characterisation of MKS

module mutations

3.1 Introduction

Over the past decade, several genetic studies have linked cilia related genes to human dis-
ease, sparking a renewed interest in the organelle (Gerdes et al., 2009; Czarnecki and Shah,
2012; Davis and Katsanis, 2012). Most of the mutations that underlie ciliopathies, such as
Meckel-Gruber (MKS) and Joubert syndrome (JBTS), are now identified. Interestingly, the
proteins encoded by the disease genes all localise to the TZ at the base of the cilium (Czar-
necki and Shah, 2012; Davis and Katsanis, 2012; Hu and Nelson, 2011; Reiter et al., 2012).
The TZ is a complex structure at the basal body/axoneme interface (Garcia-Gonzalo and
Reiter, 2012; Ishikawa and Marshall, 2011). Y-links and transition fibres form connections
between the microtubules and the membrane, which are thought to contribute to a selective
barrier that allows the cilium to form a separate compartment within the cell (Czarnecki and

Shah, 2012; Hsiao et al., 2012; Hu and Nelson, 2011; Nachury et al., 2010; Reiter et al.,
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2012).

Within the TZ, proteins can be grouped into three distinct complexes, or modules, MKS
(containing proteins such as MKS1, BO9D1 and B9D2), NPHP (containing proteins such as
NPHP1 and NPH2) and Cep290 (containing proteins such as Cep290 and ATXNT1) (Garcia-
Gonzalo et al., 2011; Chih et al., 2012; Sang et al., 2012; Schouteden et al., 2015; Williams
et al., 2008; Williams et al., 2011; Yee et al., 2015). Studies in C. elegans indicate that there
is a redundancy between the MKS and NPHP modules (Williams et al., 2008; Williams
et al., 2011). The MKS and NPHP modules required Cep290 to localise to the TZ, which
in turn requires RGRIPIL (Li et al., 2016; Schouteden et al., 2015; Yang et al., 2015).
Interestingly, Drosophila appear to lack an NPHP module (Barker et al., 2014). The Cep290
module has been shown to be essential for ciliogenesis in flies (Basiri et al., 2014), but the
MKS module has not been studied. The lack of an NPHP module in Drosophila potentially
simplifies the analysis of TZ assembly and function in this organism. Furthermore, the
essential developmental Hedgehog pathway is independent of cilia in Drosophila (Varjosalo
etal., 2006; Roy, 2012). This means flies offer an attractive opportunity to study the function
of ciliopathy genes in vivo and to dissect cilia defects that are independent of Hedgehog

signalling defects.

In this chapter 1 describe the identification and characterisation of the Drosophila or-
thologues of MKS module genes MKS1, B9D1 and CC2D2A. MKS1 was first identified as
a ciliopathy gene in 2006 (Kyttild et al., 2006) when it was found to be mutated in MKS
patients. Several genetic studies have since identified mutations in the gene that underlie
either MKS or Joubert syndrome (Auber et al., 2007; Szymanska et al., 2012; Romani et
al., 2014; Slaats et al., 2015). Mutations that truncate the gene are associated with MKS,
while non-truncating mutations underlie the less severe Joubert syndrome. Mutations in
both BOD1 and CC2D2A are also associated with MKS and Joubert syndrome and, as with

MKSI1, the mutations that underlie MKS are distinct from the mutations associated with
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Joubert syndrome. (Tallila et al., 2008; Mougou-Zerelli et al., 2009; Doherty et al., 2010;
Hopp et al., 2011; Szymanska et al., 2012; Romani et al., 2014). In Drosophila, mutants for
MKSI1, B9DI and CC2D2A (MKSI2!, BO9DIA! and CC2D2AA!, respectively, are all viable
and lack obvious developmental defects. Since flies have cilia only on cells of the sperm
lineage and sensory neurons, these phenotypes were analysed in detail. No defects in fertil-
ity or coordination were observed in MKSI*, BODI* or CC2D2A* mutants. If anything,
the cilia of MKS12/and B9D 1% mutants, but not CC2D2A* mutants appeared slightly more

sensitive than WT.

3.2 Results

3.2.1 Identification of Drosophila ciliopathy genes

Drosophila orthologues of human ciliopathy genes were identified through Uniprot BLAST
analysis. Hits with an e-value below 1e-0.5 were validated by reciprocal BLAST analysis,
followed by comparison of key domains between human and fly proteins. These ortho-
logues are in broad agreement with orthologues identified in Drosophila by Dr. Helen Dawe
(University of Exeter, personal communication), whose findings have since been published
(Barker et al., 2014). All orthologues identified in this thesis are listed in Table 3.1. The
Drosophila orthologue of MKS1, CG15730, is a 2203 bp (699 amino acids) gene located
on the X chromosome. It has a predicted B9-C2 domain at amino acids 437-613 that is
conserved from flies to humans (Figure 3.1, top panel). This domain is conserved with 29%
identity. CG 14870, the Drosophila orthologue of B9D1, is 999 bp (421 amino acids) gene
located on third chromosome. This protein also has a predicted B9-C2 domain at amino
acid position 56-226 (Figure 3.1, middle panel), which is conserved with 39% identity from
humans to flies. The Drosophila orthologue of CC2D2A, CG43370, is an 4788 bp (1337

amino acids) gene, located on the second chromosome. The protein does not contain a B9
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Table 3.1 Drosophila orthologues of human ciliopathy genes

Human gene | Drosophila gene | Amino acid identity | Amino acid similarity
MKS1 CG15730 24% 40%
B9D1 CG14870 34% 55%
B9D2 CG42730 44% 65%
MKS3 CG15923 25% 43%
TMEM216 CGS8l116 32% 52%
TMEM237 CG14186 11% 42%
CC2D2A CG43370 27% 46%
Tectonic CG42731 24% 36%
Cep290 CG13889 19% 31%

domain, but there are 2 predicted C2 domains at amino acids 421-560 and 772-914 (Figure
3.1, bottom panel). The region containing these C2 domains is conserved with 28% identity

between humans and flies.

3.2.2 Generation of an MKS1 mutant allele, MKS12!

Since there are no published mutant alleles for MKSI in Drosophila, a new mutant al-
lele was generated for this thesis by p-element excision. Mobilisation of the p-element
by a transposase may occur imprecisely and remove some of the flanking genomic DNA,
thus generating a deletion. A fly stock with a p-element inserted 581 bp upstream of
MKSI, P{EngZ}CG2556EYOZO42, was obtained. The p-element was mobilised by cross-
ing the stock to a stock expressing the p-element transposase A2-3 (Robertson et al., 1988).

P{EPgy2}CG25565Y02042 is marked with w*, allowing for screening for the loss of the p-
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element from the genome by eye colour. 536 white eyed F1 females were obtained and
individually crossed to generate a stock with the putative deletions balanced over FM7h.
The F1 females were then screened for deletions in MKS! by single fly diagnostic PCR and
Sanger sequencing. 15 deletions of varying sizes were obtained. The largest deletion spans
1.4 kb and removes 474 of the 699 amino acids of MKSI1, including the ATG and part of
the conserved B9 domain (Figure 3.1, top panel, capped line) and will be referred to as

MKSIAL,

MKS1

i A1
457

B9D1

77
o —— — Al

41

CC2D2A

Figure 3.1 Schematic overview of MKS1, BID1 and CC2D2A. Domains (green) and mutations
(capped lines and asterisks) are marked on the schematic. The deletion in MKS/I removes the ATG
and the first 474 amino acids (capped line). The deletion in B9D1 induce a frameshift at amino acid
41, leading to miss sense codons (dashed capped line) and a premature stop codon (red asterisk) at
amino acid 77. In CC2D2A, the deletion creates a frameshift at amino acid 40, creating miss sense
codons (dashed capped line) and a premature stop codon at amino acid 46 (red asterisk).
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3.2.3 Generation of B9IDIA! and CC2D2AA!

MKSI is part of the MKS module of proteins. To gain more insight into the role of MKS1
within this module and into the complex as a whole, mutations were also generated in the
genes encoding MKS module proteins BOD1 and CC2D2A. No published mutations were
available for these genes and new mutant alleles were generated by CRISPR genome engi-
neering. Synthetic guide RNAs (sgRNAs) were used to target the Cas9 endonuclease to the
5 end of B9DI and CC2D2A and generate double strand breaks. These double strand breaks
may be repaired imprecisely by non-homologous end-joining, generating small insertions
or deletions (indels). These indels are often small, but can create a frame shift, which will
result in scrambled code and usually the introduction of a premature stop codon. sgRNAs
(see Table 2.3) were designed for each gene, cloned into the pCDF3-dU6:3gRNA vector
and microinjected into Drosophila embryos expressing the Cas9 gene under the Nanos pro-
moter, which drives expression of the Cas9 gene in the Drosophila germline. 38 surviving
"founder" adults for B9DI and 8 for CC2D2A were individually crossed to generate a stock
with putative mutations balanced over TM6C or SMS, respectively, before screening for
indels by high resolution melt analysis (HRMA) and Sanger sequencing. A 127 bp deletion
at position 185 was selected from 10 indels in B9DI. This deletion induces a frameshift
at amino acid 41, leading to scrambled code and a premature stop codon at amino acid 77
(Figure 3.1, middle panel, capped line and red asterisk, respectively). A 14 bp deletion at
position 117 was selected from 3 indels in CC2D2A. This deletion results in a frameshift
at amino acid 40 and a premature stop codon at amino acid 46 (Figure 3.1, bottom panel,
capped line and red asterisk, respectively). These alleles will be referred to as B9DI*! and

CC2D2A%!, respectively.
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3.2.4 Viability and fertility of MKS module mutations

Homozygous or hemizygous MKSI2!, B9DIA! and CC2D2A*! mutant adult flies are vi-
able and fertile; no obvious developmental abnormalities were observed and all three stocks
have now been maintained in the laboratory for several years. Male Drosophila without
functional cilia are sterile as they can not produce motile sperm, so the fertility of the
MKSIA, B9DIA! and CC2D2AA" mutants indicates that their sperm flagella are at least

1 mutants, male fertility was quantified by counting the number

partly functional. In MKS
of F1 larvae per day for individual WT, MKSI*' mutants and MKSI*'mutants rescued by

GFP-MKSI1 males (Figure 3.2 A).
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Figure 3.2 Fertility and sperm axonemes in MKSI*'mutant males. A) Quantification of the
number of eclosed embryos per vial per day when individual MKS/*' mutant and MKSI*!, GFP-
MKSI rescue males were mated with 3 WT females. B) Electron micrograph of mature sperm in
cross-section in MKSI*!, the flagella (green arrows) have a normal 9-fold symmetry with intact
microtubules, in which the central pair (white arrowheads) as well as the mitochondrial derivative
(orange arrowheads) are clearly visible and look normal. Scale bar: 200 nm. Error bars represent
the S.E.M, significance was assessed using a Mann-Whitney test, ns = not significant.

No significant difference (p = 0.306) was observed between MKSIA! mutants (4.667
eclosed embryos/day £ 0.652) and WT (6.632 eclosed embryos/day + 1.153) males, indi-
cating that there are no gross defects in the flagella of the sperm. Indeed, when the spermatid

cysts were qualitatively analysed using TEM, no ultrastructural defects were observed in the
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sperm flagella (Figure 3.2 B). The 9-fold symmetry of microtubules was intact, and the cen-
tral pair of microtubules in the axoneme as well as the mitochondrial derivative that ensure

motility were clearly visible.

3.2.5 Behavioural studies of TZ mutations

In addition to male sterility, flies without functional cilia are uncoordinated due to defects
in ciliated sensory neurons. Therefore, behavioural studies of MKSI2! mutant flies were
conducted to assess ciliary function in this mutant.

To assess negative gravitaxis, a simple climbing assay was conducted (Hirsch and Tryon,
1956). WT flies climb back to the top of a vial after they have been knocked to the bottom,
while flies with defective cilia can not climb properly. An initial climbing assay (Figure 3.3
A and B) showed no clear difference (p = 0.800) in the number of flies that climb above
12 cm in 10 s between MKSI2 mutant (40% =+ 5.774) and WT (33.33% + 8.819) flies. It

was observed, however, that some MKSI4!

mutant flies seemed to reach higher regions of
the tube than the WT flies. Therefore, the climbing assay was repeated and the distance
climbed in 7 seconds by individual flies was measured (Figure 3.3 C). A significant increase
(p = 0.011) in distance climbed was observed in MKSIA mutant flies (495.3 px & 35.78)
compared to WT (383.8 px £ 41.23) (Figure 3.3 D). Thus, there are clearly no negative

]AI

effects on gravitaxis as a result of the MKS/~' mutations. The small increase in gravitaxis is

a surprising result, that will be addressed in further behavioural studies.

In order to assess the function of mechanosensory neurons that innervate the fly bristles,
the grooming behaviour of the flies was analysed. When covered with dust, flies use their
legs to clean their bodies in a highly characteristic way (Phillis et al., 1993). The grooming
assay showed a significant increase (p = 0.004) in the cleaned surface of the head after being
coated in dust and left to groom for 30 minutes between MKS/ Almutant (90.76% + 1.838)

and WT flies (76.36% =+ 4.680 in WT). After 60 minutes of grooming there was still a
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Figure 3.3 Climbing assays in WT and MKS1*! mutant flies. A) Schematic overview of standard
climbing assay. B) Quantification of the percentage of flies that climb above 12 cm within 10 sec-
onds. Each data point is an average of 10 flies and 3 replicates. C) Schematic overview of distance
climbing assay. D) Quantification the average distance individual flies climb in 7 seconds. Each
data point is an average of 10 flies and 5 replicates. Error bars represent the S.E.M, significance was
assessed a Mann-Whitney test: ns = not significant, *p<0.01.
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significant difference (p = 0.019) in the cleaned surface of the head between MKS 4/ mutant
flies (92.28% =+ 1.453) and WT (88.18% =+ 1.679). After 90 minutes of grooming, the flies
heads were largely cleaned in both MKS/ Al (9539 + 1.097) and WT (94.70 % + 1.497)
and no significant (p = 0.548) difference could be observed (Figure 3.4 A).
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Figure 3.4 Grooming assays in WT and MKSI*! mutant flies. A) Representative images of the
head after O and 30 minutes of grooming and quantification of the area of the head cleaned after 30,
60 and 90 minutes of grooming WT and MKSI*!. B) Representative images of the notum after 0
and 30 minutes of grooming (clean areas are marked with black arrows) and quantification of the
area of the head cleaned after 30, 60 and 90 minutes of grooming in WT and MKSI2!. Error bars

represent the S.E.M., significance was assessed using a students t-test: ns = not significant, *p<0.01,
*#p<00.1, ***p<0.0001.

Interestingly, no difference was observed in the cleaning of the notum at any time point

(Figure 3.4 B). After 30 minutes the surface cleaned was not significantly different (p =
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0.542) in MKSI* mutants (35.35% =+ 3.513) and WT (45.85% =+ 5.683). The surfaces
cleaned in MKS72 mutants (53.34% =+ 3.930) and WT (44.67% + 3.201) were also similar
(p = 0.444) after 60 minutes and after 90 minutes (p =0.178) (81.19 £ 3.107 in WT, 72.00%
+ 2.921). It is clear, however, that both MKS 1A mutant and WT flies start cleaning the
notum within 90 minutes as the cleaned area increases between 30 and 90 minutes. Taken
together, the climbing and grooming assays suggest that there are no obvious defects in
cilia function in MKSI*/mutants and there may be a small increase in the sensitivity of

MKS 1% mutant Drosophila sensory cilia.

3.2.6 Electrophysiology of MKS module mutations

In order to analyse ciliary function more directly, the action potential generated in the sen-
sory neurons in response to a stimulus can be measured using electrophysiology techniques
(Kernan et al., 1994). These experiments require specialised equipment and knowledge and
were performed by a collaborator (Dr. Joshua Titlow, University of Oxford). Each of the
bristles on the notum is innervated by a single ES neuron. By cutting off the tip off the
bristle and placing an electrode over it, the transepithelial potential (TEP) can be measured
between this electrode and a reference electrode placed in the notum haemolymph (Figure
3.5 A). Upon stimulation of the neuron by bending of the bristle using a piezo stage, ion
channels in the ciliary membrane open. This allows ions to flow into the neuron and gener-
ate a mechanical response potential (MRP) (Figure 3.5 B). These potentials were measured
and quantified in the sensory neurons in WT and MKSI2!, BO9DI* and CC2D2A* mutants.
Plp® (Martinez-Campos et al., 2004) was used as a negative control as these flies are known
to have severely reduced cilia function and a GFP-MKS1 transgene in the MKS/*/mutant
background was also measured (Figure 3.5 C). The average MRP was significantly (p =
0.016) increased in MKSI4! (13.880 mV =+ 1.226) compared to WT (9.554 mV =+ 0.793).
BIDI! also had a significantly (p = 0.004) increased amplitude (14.440 mV =+ 1.146) com-
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Figure 3.5 Electrophysiology of sensory bristles in WT and TZ mutants. A) Schematic of elec-
trophysiology set-up. B) Representative trans-epithelial electron potential (TEP) traces for WT,
MKSIA, BODIA! CC2D2AM and, as a negative control, Plp5foPlp, in which cilia function is
known to be severely reduced (Martinez-Campos et al., 2004). A trace from the MEKSI! rescued
by GFP-MKSI is also shown. C) Quantification of the mechanical response potential (MRP) de-
rived from the traces shown in B. Error bars represent the S.E.M, significance was assessed using a
one-way ANOVA: ns = not significant, *p<0.01, **p<00.1, ***p<0.0001.
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pared to WT, but no difference (p = 0.149) was observed in C C2D2AM (12.420 + 0.903). A
small increase (p = 0.106) was also observed in MKSI*!, GFP-MKS1 (12.440 mV =+ 1.209),

]AI

indicating either that the transgene can not fully rescue the effects of the MKS/~ mutation

or that differences in the genetic background may contribute to the slight increase observed.

3.3 Discussion

Since flies only have cilia in sensory neurons and cells of the sperm lineage, flies lacking
functional cilia are male sterile and uncoordinated. Male sterility is the result of a lack of
motile sperm, while the uncoordinated phenotype arises from a failure of signal transduction
in the mechanosensory neuron, which results in an inability to perceive stimuli and execute
coordinated movements. Analysis of male fertility shows that the males mutant for MKS1,
B9DI or CC2D2A are all fertile. There was no detectable difference in fertility between
MKSI1*" mutant and WT males. Furthermore, the ultrastructure of MKSI*/mutant sperm
axonemes appears normal with intact microtubule structure and 9-fold symmetry. Together,
these results indicate that there are no visible defects in the sperm flagella. This is in con-
trast to mutations in three other TZ genes, Cep290, Chibby and Dilatory (Dila) (Basiri et
al., 2014; Enjolras et al., 2012; Ma and Jarman, 2011). These mutants all have defects in
the sperm flagella, with cells failing to individualise, unstable axonemes and gaps within
the spermatid cysts, resulting in reduced male fertility. In addition to male fertility defects,
these three mutants also have coordination defects. Both Cep290™¢“H and dila flies are fully
uncoordinated, as shown by a complete absence of MRP in Cep290™¢“!!, and an inability
to walk, feed or climb in dila (Basiri et al., 2014; Ma and Jarman, 2011). cby]/ ! flies are
more mildly uncoordinated, but do show a reduced climbing reflex and MRP (Enjolras et
al., 2012). Surprisingly, however, MKS1 Al BOD M and CC2D2A2 mutant flies all show no
defects in coordination. MKSI*'and B9DI* mutants even have a slightly increased MRP,

which in the case of MKSI*!is consistent with an increase in climbing and grooming re-
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flex. This suggests that, if anything, sensory cilia function is slightly increased in MKS
module mutants. CC2D2A* mutant MRPs are identical to WT, suggesting that there may
be a difference between the MKS/%'and B9DI* mutant alleles on the one hand and the
CC2D2A* mutant allele on the other. Alternatively, it remains possible that these slight, but
significant, differences in electrophysiology and behaviour may reflect genetic background
differences between strains. Furthermore, it is possible that the WT strain that was used as
a control in these experiments, w®’, has a slightly impaired MRP compared to other "wild
type" strains such as OregonR. Both of these issues could be addressed in the future by
back-crossing each mutation into the same genetic background. Several "wild type" strains
could be tested prior to back-crossing each mutation in order to identify a strain in which
the MRP is robust.

While MKS1, B9D1 and CC2D2A all have been reported to be part of the MKS module,
the definition of the TZ modules is not yet very well established and the exact composition
of the TZ modules may vary between cell types and species. However, both MKS1 and
BI9D1 have a B9 domain, while CC2D2A does not. This may indicate that MKS1 and
B9D1 are more similar to each other than to CC2D2A. Indeed, as shown in Chapter 4,
MKS1 and B9D1 are interdependent for their localisation, while CC2D2A has a slightly
different localisation profile.

While the grooming of the head was increased in MKS14/

mutant flies, the grooming of
the notum was not. Grooming behaviour in flies is highly hierarchical and flies clean their
heads first, followed by the abdomen and the wings, and finally clean the notum (Seeds et
al., 2014). Since there is a difference in the first, but not the last body part the flies groom, it
is possible that MKSI*' mutant flies desensitise. This may be because the reservoir of ions
is depleted, abolishing any differences in MRP or because behavioural adaptation occurs.

Since the MRP was not measured for extended periods of time under constant stimulation,

it is not possible to distinguish between these possibilities without further experiments.
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Chapter 4

Ultrastructural and localisation studies

of spermatocyte cilia

4.1 Introduction

In this Chapter, studies of the localisation of TZ proteins using the Drosophila spermatocyte
cilia as a model will be described. The same cells are also used to study the effect of
mutations in ciliopathy proteins on the localisation of TZ proteins and the ultrastructure of

the TZ. Type I sensory neurons will be studied in Chapter 5.

Drosophila sperm are derived from male germ line stem cells (GSC). These cells divide
asymmetrically to give rise to spermatogonia (Yamashita et al., 2003). Through four meiotic
divisions, each spermatogonium gives rise to 16 spermatocytes. In the spermatocytes, both
centrioles dock at the plasma membrane to form a short cilium. The basal bodies and cilia
in the spermatocytes are made up of triplet microtubules and lack a central pair of micro-
tubules (Fabian and Brill, 2012; Tates, 1971). Although this cilium is well documented, its

function is unknown (Gottardo et al., 2013; Riparbelli et al., 2012; Tates, 1971). During the
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subsequent meiotic divisions these cilia remain intact, but are internalised in a deep mem-
brane pocket that translocates to the nucleus; although the centrioles are still organizing a
short cilium, they nevertheless recruit PCM and participate in the formation of the meiotic
spindles during two rounds of meiotic division that will give rise to 64 haploid spermatids
(Riparbelli et al., 2012; Tates, 1971). The spermatids then undergo maturation, individual-
isation and coiling to develop into mature sperm that is stored in the seminal vesicle until
mating (Fabrizio et al., 1998; Phillips, 1970; Tokuyasu et al., 1972b; Tokuyasu et al., 1972a;
Tokuyasu, 1974). Mature sperm have a flagellum that is approximately 1.8 mm long (Tates,
1971). Unlike the triplet microtubules of the spermatocyte cilium, the flagellar axoneme
is made up of doublet microtubules. Furthermore, the flagellum possesses a central pair
of microtubules with associated dynein arms for motility. Nevertheless, TEM analysis of
different stages of spermatogenesis and microtubule regrowth assays suggest that the sper-
matocyte cilium persists throughout spermatogenesis and is extensively remodelled to form

the sperm flagellum (Tates, 1971; Gottardo et al., 2014).

In this Chapter, the localisation of TZ proteins in both WT and MKS/*/mutant sperma-
tocyte cilia are described. The data confirms that ciliopathy proteins localise to the TZ in the
spermatocyte cilia, immediately distal to the basal body. Intriguingly, the proteins localise to

12 mutant cilia, all

distinct regions within the TZ, suggesting functional differences. In MKS
TZ proteins apart from Cep290 and Chibby fail to localise, suggesting that MKS1 is essen-
tial for the formation of a proper TZ. Indeed, electron tomography studies of MKS /2 mutant
spermatocyte cilia reveal that the axoneme fails to extend properly from the basal body and
that there is a lack of the electron density at the membrane that is characteristic for the TZ.
Deletion of B9D1 results in the absence of MKS1 at the TZ, confirming the interdependency
of MKS module proteins reported in other systems. The ultrastructure of B9D /2 mutant

]AI

cilia is very similar to MKS/* mutant cilia, with more severe defects in Cep290M¢““mutants

and less severe defects in CC2D2A* mutants. Finally, some of the TZ proteins can be found
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extending most of the way along the cilium by 3D-SIM, similarly, the electron density can
also be observed extending to, but not including the ciliary tip. This suggests that the sper-
matocyte cilia do not extend much beyond the TZ so that almost the entire spermatocyte

cilium may be considered a modified TZ.

4.2 Results

4.2.1 Ciliopathy proteins localise to distinct regions within the TZ

In order to characterise the TZ, transgenic flies expressing fluorescent fusion proteins of
most Drosophila TZ proteins were generated. The localisation of these proteins was studied
in Drosophila primary spermatocytes in late pupal testes. The samples were squashed before
immunostaining to achieve a 1 cell layer thick sample for analysis by dual colour 3D SIM
super-resolution microscopy. The basal bodies are labelled in red with an antibody against
the outer centriolar protein Asl. Asl localises to the basal body wall and so enables the
centrioles to be visualized as two orthogonal barrels in 3D-SIM images (Figure 4.1 A).

All TZ proteins except Cep290 form a hollow structure distal to the basal body that
varies in width and length and may be open or closed at the distal end. Cep290 also localises
distal to the basal body, but it appears to form a rod rather than a barrel. It is possible,
however, that this is because Cep290 is localized towards the inner region of the cilia and
so any barrel structure may be below the resolution of the 3D-SIM system (~ 120 nm) and
would be visualized as a rod. The length (Figure 4.1 C), width of the rod or barrel wall
(Figure 4.1 D) and diameter of the barrel (Figure 4.1 E) were all measured (Figure 4.1 B
shows a schematic of the measurements taken). The Asl labelling at the basal body wall has
an average circumference of 0.37 um and average length of 1.3 um. Cep290 forms a rod
with a diameter of 0.33 um and a length 0.53 um. The rod appears distal to the basal body

and localises to the middle of the axoneme, where the microtubules are. Chibby forms the
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Figure 4.1 Localisation of TZ proteins in WT and MKS1*'mutant spermatocyte cilia. A) Repre-
sentative 3D-SIM images of Drosophila spermatocyte cilia showing the localisation of GFP-tagged
TZ proteins (green) in relation to the basal body in WT (left panels) and MKSI/(right panels). The
basal body is labelled with an antibody against Asterless (Asl). B) Schematic of measurements taken
in C-E. C) Quantification of the length of the Asl and TZ proteins. Isolated dots were observed in
some cases, but disregarded for these measurements. D) Thickness of the wall for Asl and TZ pro-
teins that form a hollow tube, or the rod in the case of Cep290. E) Quantification of the diameter
of the barrel formed by Asl and various TZ GFP fusion proteins. n>30 images, n>15 cilia for all
measurements. Scale bar 2um. Error bars represent the S.E.M.
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tightest barrel-like structure with a width of 0.21 um, the signal extends 0.51 um from the
basal body. MKS1, BOD1, Tectonic and TMEM216 all have similar widths of 0.28-0.29 um,
but their lengths range from 0.54 pm for Tectonic to 0.98 um for BOD1. MKS1 extends 0.67
um and TMEM216 extends 0.71 um from the centriole. Interestingly, in some images, a
“dot” of MKS1, BO9D1, BOD2 and CC2D2A could also be visualised at the tip of the cilium

(Figure 4.1, arrows).

Asl B9D1-GFP
B

MKS1-GFP i 9D2-GFP Merge
’A o~ g &, > ‘l‘ .’A P o
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Figure 4.2 Compound electron tomography and 3D-SIM images. Images were created by gen-
erating intensity maps from the measurements in Figure 4.1 C-E and scaling and aligning the Asl to
the basal body wall.

In an attempt to better understand the relationship between the TZ and the basal body,
the axonemal microtubules and the ciliary membrane, “compound” images were created by
overlaying the average 3D-SIM distribution of each of the TZ proteins upon an electron
tomogram of a typical primary spermatocyte cilium (Figure 4.2). Since some distortion of
the tissue is likely during the fixation and processing of the EM samples, these compound
images must be interpreted with caution. Nevertheless, these images suggest that Cep290
localises to the lumen of the axoneme, overlapping with the axonemal microtubules. Chibby

forms a barrel that overlaps with both Cep290 and the axonemal microtubules, but not the
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membrane. Tectonic, MKS1, TMEM?216, BOD1 and B9D2 all form barrels that seem to
bridge the microtubules and the membrane. Interestingly, the distance the proteins extend
from the basal body ranges from halfway for Chibby, to the tip of the axonemal microtubules
for BOD1 and B9D2. These observations are consistent with the notion that the cilium does
not extend much beyond the TZ and that the spermatocyte cilium may largely comprise a
modified TZ.

4.2.2 Key ciliopathy proteins fail to localise in MKSI*! cilia

In order to study the effect of the lack of MKS1 on the localisation of other TZ proteins,
the fluorescently labelled TZ proteins were crossed into the MKSI*! mutant background
and analysed as described above (Figure 4.1 A). In MKSI*! mutant spermatocytes, B9D1,
B9D2, TMEMZ216 and Tectonic were not detectable in the cilium, indicating that these pro-
teins depend on MKS1 for their localisation to the cilium. In contrast, the localisation of

Cep290 and Chibby appears largely unperturbed in MKS 14/

mutant spermatocytes, suggest-
ing that these proteins are higher up in the hierarchy of ciliogenesis than MKSI.
Interestingly, CC2D2A is not detectable at the cilium in MKS/4! mutant spermatocytes,
but a fraction of the protein appeared to co-localise with Asl at the outer centriole wall.
CC2D2A is therefore able to localise to the centriole independently of MKS1, but it requires

the presence of MKS1 to either enter the cilium or be retained there. These experiments

show that MKS1 is required for the correct localisation of key TZ proteins.

4.2.3 Localisation defects in B9IDI2 mutant cilia

Since proteins of the MKS module have been reported to depend on each other for localisa-
tion to the cilium in worms, MKS1-GFP and B9D2-GFP were crossed into the B9D 1A mutant
background and analysed using 3D-SIM as described above (Williams et al., 2008). MKS1

and BOD2 were not detectable at the cilium in B9DI*' mutant spermatocytes (Figure 4.3),
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indicating that MKS1 and B9DI are interdependent for their localisation in Drosophila.
Since MKSTI is required to efficiently localize all other TZ proteins tested, except Chibby
and Cep290, the loss of MKS1 from the cilia in the BOD1 mutant strongly suggests that the

cilia localization of most TZ proteins will be perturbed in the B9D 1%/ mutant background.

WT BI9D 14

MKS1-GFP

B9D2-GFP

Figure 4.3 Localisation of MKS1 and B9D2 in WT and B9DI*!spermatocyte cilia. Representa-
tive 3D-SIM images of MKS1-GFP and BO9D2-GFP (green) in WT (left panels) and B9DIA (right
panels) spermatocyte cilia, where the basal body is labelled with Asl (red). n>30 images.

4.2.4 Ultrastructural abnormalities in MKS12!, B9D1* and CC2D2A7!

mutant spermatocyte cilia

Since the localisation of most TZ proteins to the cilium is perturbed in MKS/4! mutant
spermatocytes, electron tomography was carried out on the primary spermatocytes to study
the ultrastructure of the cilium in WT, MKSI2/ mutant and MKS12/rescued by GFP-MKSI1
(Figure 4.4 A). While the length of the basal body is not affected by the MKSI*'mutation
(Figure 4.4 B), the axoneme is reduced in length from ~ 500 nm to ~ 150 nm (Figure 4.4 C).
Consequently, the ratio of the axoneme to the basal body is reduced in MKS/2 mutant cilia
(Figure 4.4 D). Furthermore, the characteristic electron density that indicates the presence

of proteins or lipids at the ciliary membrane in the WT, was not observed in MKS/*/mutant
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Figure 4.4 Electron microscopy of WT, MKSI*'mutant, and MKSI*!, GFP-MKS1 spermato-
cyte cilia. A) Electron tomograms of WT, MKS1*'mutant, and MKSI%!, GFP-MKS1 spermatocyte
cilia showing the basal body (dark green line), axoneme (bright green line) and the electron density
characteristic for the TZ (arrows) that is missing in MKS*/cilia. B) Quantification of the length of
the basal body C) Quantification of the length of axoneme D) Quantification of the ratio of the length
of the axoneme and the basal body. Scale bar: 100 nm. Error bars represent the S.D. No statistical
analysis was performed on these results as the n is too small. However, more cilia from different flies
were observed by eye and the phenotype appeared highly reproducible.
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spermatocytes (Figure 4.4 A, arrows). Importantly, the defects in both the length and the
electron density of the axoneme are rescued by the expression of the GFP-MKST transgene
in the MKSI*/mutant background, indicating that the defects are specific to the loss of
MKSI1. Together with the localisation studies described in Section 4.2.2, these electron
micrographs suggest that the TZ is severely compromised in MKSI*/ mutant spermatocyte

cilia.

Importantly, the B9D 1% mutant phenotype recapitulates the MKSI*/ mutant phenotype,
as the cilium is reduced to ~ 175 nm and no electron density was observed at the cil-
iary membrane (Figure 4.5). This result is consistent with the interdependency of MKSI1
and B9D1 for their localisation to the cilium (described in Section 4.2.3). Interestingly,
CC2D2AA! are also reduced in length at ~ 350 nm, however, this reduction is less severe
than the reduction observed in both MKSI*/and B9D1*' mutants. Centriolar microtubules
extend to form a short axoneme in this mutant and some electron density can be observed at
the ciliary membrane. A difference between the phenotype of CC2D2A%! mutants and the
phenotype of MKSIA! and B9D1* mutants was also observed in electrophysiology experi-
ments (described in Section 3.2.6). Taken together, these results suggest there is less overlap
in the phenotypes of the MKSI*! and CC2D2A" mutant alleles than in the phenotypes of
the MKSI2! and B9D 1 mutant alleles. Cep290MecH(Basiri et al., 2014) mutant centrioles
were found at the membrane, but did not extended their microtubules to form an axoneme

in spermatocytes (Figure 4.5).

Together, these results suggest that MKS1 is required for proper TZ formation. The
defects observed in MKSI*'mutants are fully rescued by expressing GFP-MKS1 in the
MKSI*' mutant background. B9D1 appears to have a very similar role to MKS1, while
Cep290 seems to be completely essential for TZ formation. In the absence of CC2D2A,
the axoneme is shortened, but not to the same extent as in the absence of either MKS1 or

BIDI. In all cases ~ 3 tomograms were acquired, although more cilia from different flies
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were always observed. Note that the processing of samples for TEM tends to result in some
shrinkage of the tissue and that length measurements should therefore not be compared

across EM and fluorescence microscopy.

WT BID 14" CC2D2A* Cep290™ect

Axoneme

Basal body

Figure 4.5 Electron microscopy of WT, BIDI*!, CC2D2A*!, Cep290*H mutant spermato-
cyte cilia. Electron tomograms of WT, MEKS 12 mutant, and MKSI2!, GFP-MKS1 spermatocyte
cilia showing the basal body (dark green line), axoneme (bright green line). The axoneme is short-
ened from ~ 500 nm in WT to ~ 175 nm in B9DI* and ~ 175 nm in CC2D2A* mutant cilia. In
Cep290MeCH (Basiri et al., 2014), no axonemes were observed. Scale bar: 100 nm.
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4.3 Discussion

The resolution of conventional light microscopy is limited to the wavelength of light to
~ 200 nm. The size of centrioles ranges from ~ 100 nm in wing discs to ~ 800 nm in
spermatocytes, with WT spermatocyte axonemes measuring ~ 700 nm (Franz et al., 2013).
Since these dimensions are very close to the resolution limit of conventional fluorescent
microscopy, super-resolution microscopy is revolutionising the fields of centrioles, centro-
somes and cilia. 3D-SIM confirmed that Drosophila orthologues of ciliopathy proteins in-
deed localise to the TZ, in agreement with data from other model systems (Reiter et al.,
2012). Interestingly, the proteins do not localise to the same structures or regions within the
TZ, as was also recently observed for a subset of TZ proteins in RPE-1 cells (Yang et al.,
2015). As in the RPE-1 cells, Cep290 localises to the centre of the axoneme in Drosophila
spermatocytes, most likely overlapping with the microtubules. This localisation is consis-
tent with reports that Cep290 forms a central cylinder that acts as a scaffold for the rest of
the TZ (Schouteden et al., 2015). Indeed, Chibby overlaps with Cep290 to form a tight bar-
rel. This is consistent with reports of Chibby localisation in mouse embryonic fibroblasts
(MEFs) (Lee et al., 2014). Chibby is recruited to the basal body and TZ by Cep164 and
required for the recruitment of Rabin 8 as well as Ahil and Arl13b (Burke et al., 2014; Lee
etal., 2014). All other TZ proteins overlap with these two proteins, but the barrels they form
are wider and appear to overlap with the ciliary membrane. The length of the barrel also
varies between proteins, with the longest barrels extending almost to the top of the cilium.
Since the spermatocyte cilium is very short, it is likely that it does not extend much beyond
the TZ, although these cilia are slightly unusual and it is also possible that the entire cilium

is a modified TZ that may have a role in the formation of the flagellum in the mature sperm.

Deletion of MKS1 abolishes the ciliary localisation of all proteins except for Cep290 and

Chibby, which shows that MKSI is required for proper TZ assembly. Conversely, deletion
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of B9D1 disrupts the localisation of MKS1, suggesting that proteins of the MKS module
are interdependent for their localisation and form a functional unit within the TZ. While
CC2D2A fails to localise to the axoneme in MKSI* mutant cilia, it localises to the basal
body wall, where it overlaps with the Asl labelling. While CC2D2A is able to localise
to the basal body in the absence of MKSI1, it does rely on MKSI1 either to localise to the
cilium directly or to build a cilium or TZ that is competent to recruit CC2D2A. It is cur-
rently unclear whether CC2D2A has a role at the centriole/basal body in Drosophila. In the
mouse, CC2D2A is known to localise to the mother centriole where it promotes the assem-
bly of subdistal appendages (Veleri et al., 2014). In mammals, structures like the subdistal
appendages distinguish the mother and daughter centriole and enable the mother, but not
the daughter to dock at the plasma membrane and form the base of a cilium (Anderson,
1972; Tanos et al., 2013). Flies lack subdistal appendages, so the role of CC2D2A cannot
be exactly the same. It is possible, however, that CC2D2A primes the centriole for cilia
biogenesis in some way as, unlike in the mouse, it localises to both the mother and daughter

centrioles in flies and these will be both go on to form cilia in spermatocytes.

While the axoneme in CC2D2AA mutant cilia is dramatically shortened, it does extend,
unlike MKSI%'and B9DI1* mutant cilia. This suggests that, while CC2D2A clearly has a
role in TZ formation, there is less functional overlap between CC2D2A and MKS1 than
between BOD1 and MKSI1 in Drosophila spermatocytes. As described in Section 3.2.6,
CC2D2A*! did not have any effect on the MRP of the sensory bristle cilia, while an increase
in MRP was observed in both MKS1%and B9DI*/ mutants. Together, these results suggest
that CC2D2A is not as closely related to MKS1 as BOD1 is. As mentioned before (Section
3.3), the different modules of the TZ have not been very well established and may vary
between species and cell types. However, further experiments will be required to determine

whether CC2D2A is a true MKS module protein.

In agreement with the lack of TZ protein localisation in MKSI*’and B9DI*/ mutant
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cilia, there is a lack of the electron density that can be observed at the membrane of the
WT TZ. Furthermore, the axoneme fails to extend in both of these mutants. Although the
function of these cilia are unknown, the results described in this Chapter and the previous
Chapter suggest that the absence of these cilia does not result in any obvious defects in the
flies. Most importantly, the defects in the spermatocyte cilia described above do not appear
to lead to substantial defects in the sperm axonemes, even though it is widely assumed that
these cilia will ultimately form the sperm axoneme (Fabian and Brill, 2012; Gottardo et al.,
2013; Riparbelli et al., 2012; Tates, 1971). Importantly, the assembly of the sperm flagellum
axoneme is independent of IFT (Avidor-Reiss and Leroux, 2015; Basiri et al., 2014). Since
the TZ forms early in ciliogenesis, a role for the TZ in regulating IFT in the developing
cilium has been proposed (Deane et al., 2001; Garcia-Gonzalo et al., 2011; Garcia-Gonzalo
and Reiter, 2016). It seems possible, therefore, that the lack of defects in the mature sperm
flagellum is because IFT is not required to build this flagellum. The relationship between

MKS1, the TZ and IFT in other ciliated cells will be discussed in more detail in 5.
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Chapter 5

Ultrastructural and localisation studies

of sensory cilia

5.1 Introduction

In Chapter 3, it was observed that the MKS 74/ mutation does not negatively affect cilia func-
tion, while in Chapter 4, extensive defects in the ultrastructure and protein localisation of
spermatocyte TZ were described. In this Chapter, the ultrastructure and protein localisation
of cilia present on the only other ciliated cell type in flies, the Type I sensory neurons, will

be described.

The peripheral nervous system (PNS) of Drosophila comprises ciliated type I and non-
ciliated type II neurons (Brewster and Bodmer, 1995; Kernan, 2007). Type I neurons each
have a single dendrite with a cilium at the distal end. They are surrounded by three to
four support cells, that each have a specialised role. The neuron and its support cells are all
derived from a single ectodermal sensory organ precursor (SOP) cell (Brewster and Bodmer,

1995). In contrast, type II neurons have multiple dendrites and are not associated with
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support cells. Type I neurons may have either external sensory (ES) structures in the cuticle

or internally located stretch receptors, known as chordotonal (Ch) organs (Kernan, 2007).

ES organs may be either mechanosensory or chemosensory. The chaete, or sensory
bristles are the most abundant ES organs. Located externally on the notum of the fly, they
are also among the most accessible and amenable to imaging and functional studies. The
SOP undergoes a series of highly stereotypical divisions to form the neuron and three other
cells, the thecogen, tormogen and trichogen (Hartenstein, 1988; Hartenstein and Posakony,
1989). The thecogen forms the support cell most closely associated with the neuron, the
sheath cell, while the trichogen (sometimes called hair cell) secretes the bristle shaft and the

tormogen forms the socket.

Genetic screens have identified a number of genes required for sensory bristle ciliary
function in Drosophila (Kernan et al., 1994; Willingham and Keil, 2004). These include
two genes that are required for IFT: reduced mechanoreceptor potential A (RempA) and no
mechanoreceptor potential B (NompB). NompB (IFT88 in humans) is a member of the IFT-
B complex, which is primarily associated with anterograde transport, while RempA (IFT140
in humans) is part of the predominantly retrograde IFT-A complex (Han et al., 2003; Lee
et al., 2008). In addition, these screens identified NompA, NompC, NompD and NompH.
NompA physically attaches the cilium to the bristle and is required for the transduction of
the mechanic stimulus to the neuron (Chung et al., 2001). To generate the action potential in
response to the stimulus, ion channels in the membrane open. NompC encodes a transient
receptor potential (TRP) channel in the bristle (Walker et al., 2000). NompH encodes a
cytochrome P450 that is only expressed in sensory bristles, while the function of NompD is

unknown (Kernan et al., 1994; Willingham and Keil, 2004).

The results described in this Chapter suggest that while there are initially substan-
tial defects in MKSI*' mutant cilia, these defects are largely rescued over time. In de-

veloping MKSI*' mutant cilia, there are striking defects in both the microtubules and the
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membrane. These are largely rescued by the time the cilia appear fully developed. How-

1A mutant cilia. Furthermore,

ever, while the TZ does form, it is shorter in mature MKS
a membrane surrounded volume could be observed in cilia at this stage in development.
In MKSI*/cilia, this volume is larger than in WT. Live cell imaging of NompA revealed

that while MKSI*/mutant cilia initially grows more slowly, the final signal does not seem

different from WT.

5.2 Results

5.2.1 Ultrastructure of sensory cilia

In order to gain insight into the architecture of the sensory organs, serial block-face scanning
electron microscopy (SBF-SEM) was used. With this technique, the block is automatically
sectioned by an ultramicrotome within the microscope and the whole block face is then
scanned after each section. Consequently, much larger volumes can be imaged by SBF-
SEM than by TEM. The data described in this section were performed by Dr. Hélio Roque.

The ultrastructure of sensory cilia was analysed by SBF-SEM at two different time
points; 48 and 72 hours after pupa formation (APF). At 48 hours APF, the cuticle is not
formed yet. Since the cuticle is a barrier for EM stains, it is easier to observe the ultrastruc-
ture at this point in development (Figure 5.1). At this time point, the sensory organ extends
into an electron dense bristle that extends away from the epithelium of the notum. Within
the bristle cell, many microtubules and small mitochondria can be observed. The neuron
extends into the hair cell, reaching the base of the bristle (Figure 5.1 A and C). The cilium is
at the tip of the sensory process, protruding out of the hair cell into the void and elongating
along the bristle (Figure 5.1 B and C, magenta). A thin, electron dense protrusion can be
observed extending away from the ciliary tip (Figure 5.1 C, dark blue). This structure has

not been described before, but may be important for cilia function. Strikingly, the ciliated
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neuron (Figure 5.1 A and C, cyan) seems to be entirely encapsulated in hair cell (Figure
5.1 A, dark stained cell) and the support cell (Figure 5.1 A, yellow dashed line), with the

sensory process protruding through hair cell and the support cell and emerging on the other

side (Figure 5.1 A and C, cyan dashed line).

Protrusion

Cilium

Figure 5.1 SBF-SEM of WT sensory bristle cilia. A) Electron micrograph showing a single slice
of a 3D dataset giving an overview of the organisation of the neuron (outlined in cyan dashed line)
hair cell (dark stained) and support cell (outlined in yellow dashed line). B) A higher magnification
view of 6 z slices showing the ciliary tip and the protrusion extending into the void (white arrow-
heads). C) A 3D rendered model of this complete dataset, showing the arrangement of the hair cell
(green), neuron (cyan), cilium (magenta) and ciliary protrusion (dark blue). D) Three views of the
arrangement of the neuron (cyan), hair cell (green) and socket cell (magenta). Scale bars: 300 nm.
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While it has been suggested the cilium is surrounded by the support cells or products
secreted by these cells, how exactly this arrangement is formed is not fully understood
(Hartenstein, 1988; Kernan, 2007). Drawings based on electron microscopy studies suggest
that the hair (trichogen) and socket (tormogen) cells wrap "mesaxon-like processes" around
the sheath (thecogen) cell and the neuron (Hartenstein, 1988). The term mesaxon-like is
based on Schwann cells, which wrap around axons and secrete myelin (Monk et al., 2015).
The, to my knowledge novel, 3D-reconstruction performed here, however, suggests the neu-
ron is closely associated with the sheath cell and both the neuron and the sheath cell then
form a "tunnel" through the volume of the socket cell. A time series of serial EM studies
of Ch organs suggest that support cells, in this case the scolopale, can form a fissure and
subsequently a cavity that allows the dendrite to extend into the cell (Carlson et al., 1997).

A similar process could contribute to the formation of the ES organ, although time series

like the ones described for Ch organs will be required to confirm this.

Figure 5.2 SBF-SEM and electron tomography of WT sensory bristly cilia. A) Overview of the
cilium (yellow dashed line) within the sensory organ by SBF-SEM. B) Higher magnification 6 SBF-
SEM z slices through the cilia volume at the ciliary tip and the electron dense protrusion extending
into the cuticle (white arrowheads). C) Electron tomograms of two examples of the electron dense
protrusion (blue dashed lines) extending from the ciliary tip into the cuticle. Scale bars A-B: 300
nm, C: 100 nm.
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At 72 hours APF, the organisation of the sensory organ is largely unchanged (Figure
5.2). The cuticle is now deposited and the ciliary tip terminates at the cuticle barrier of
the bristle. The electron dense protrusion is more difficult to observe within the cuticle.
However, careful electron tomography shows that this protrusion is still present at 72 hours
APF and extends into the cuticle, physically linking the ciliary tip to the bristle (Figure 5.2
C). These experiments have revealed a highly unusual tissue architecture, with the ciliated
neuron essentially entirely surrounded by the support cell. This means the support cell has
a donut shape, with a channel passing through it. Furthermore, the data shows that the tip

of the cilium is physically connected to the cuticle via an electron dense protrusion.

5.2.2 Ultrastructural abnormalities in MKS1*! mutant sensory cilia

After establishing an overview of the sensory organ by SBF-SEM, electron tomography was
performed to achieve increased magnification and resolution of key structures, focusing in
particular on the cilium. The experiments in this section were performed in collaboration
with Dr. Hélio Roque. At 48 hours APF, a clear disorganisation of the membrane and micro-
tubules can be observed in MKSI2! mutant sensory cilia compared to WT cilia (Figure 5.3
A and B). The WT ciliary membrane is straight and organised tightly around an axoneme.
The axoneme is composed of 9 doublet microtubules originating from the basal body. How-
ever, in the MKSI2! mutant cilia, very few microtubules extend from the basal body into the
axoneme (Figure 5.3 E), the cilium is less regular and cylindrical and the ciliary membrane
is more loosely organised (Figure 5.3 A and B). Specific defects can also be observed at the
tip (Figure 5.3 C) and base (Figure 5.3 D and F) of the cilium. In WT cilia, there is electron
density at the membrane of the ciliary tip and this part of the membrane is closely associated
with the membrane of the support cell. In MKS/2 mutant cilia, this electron density and the
association with the support cell is less well organised (Figure 5.3 C). At the base of the WT

cilium, the TZ can be distinguished immediately distal to the basal body as an area of
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Figure 5.3 Electron tomography of sensory bristle cilia at 48 hours APF. A) Electron tomograms
of WT and MKSI* mutant sensory bristle cilia showing the basal body (dark green line), TZ (blue
line) and axoneme (bright green line) at 48 hours APF. B) 3D models of the cilia shown in (A).
Microtubules not attached to the basal body are labelled in magenta. C) Higher magnification elec-
tron tomograms of ciliary tip. In MKSI*' mutant cilia gaps (yellow arrows) are present between the
ciliary membrane and the sheath cell membrane (dashed yellow line), and the electron-dense crys-
talline array normally found between the cells appears disordered. D) Higher magnification electron
tomograms of the TZ (blue capped lines). The MKSI*'mutant TZ is shorter and the electron dense
material at the membrane appears more diffuse. E) Quantification of the number of axonemal mi-
crotubules derived from the basal body present at various lengths along the cilium. F) Quantification
of TZ length. Note that as there was no difference in the TZ between 48 and 72 hours APF, some
data is taken from tomograms at 72 hours APF. Scale bars A-B: 500 nm, C-D: 100 nm. Error bars
represent the S.D. Significance was assessed using a Wilcoxon test, *p<0.01.
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Figure 5.4 Electron tomography of sensory bristle cilia at 72 hours APF. A) Electron tomograms
of WT and MKSI* sensory bristle cilia showing the basal body (blue line), TZ (dark green line)
and axoneme (bright green line) at 72 hours APF. A membrane surrounded volume can be observed
within the cilium (gold arrows) and this is larger in MKSI%!. B) 3D models of A, showing micro-
tubules not attached to the basal body (magenta), the inner membrane surrounded volume (gold)
in addition to the basal body, TZ and axonemal microtubules. C) Quantification of the total ac-
quired cilia volume in WT and MKS/*'mutants. D) Quantification of the inner volume in WT and
MKS1* mutants. E) Quantification of the ratio of the inner volume to the total acquired cilia volume
in WT and MKSI*'mutants. Since the inner volume is slightly, but not significantly larger and the
total volume is slightly, but not significantly smaller, the inner volume is proportionally larger in
MKS1* mutant cilia. Scale bar: 500 nm. Error bars represent the S.D., significance was assessed

using a students t-test, p*<0.01, p**<0.001.
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the membrane that is relatively straight and electron dense. In MKSI*/mutant cilia, the TZ
is still present, but is significantly (p = 0.031) smaller (0.469 4 0.012 um) than the WT TZ
(0.587 £ 0.011 um). Note that the TZ did not change between 48 and 72 hours APF and the
measurements of the TZ at 72 hours were also included in the analysis presented in Figure
5.3 F. At 72 hours APF, the number of microtubules in MKSI4! mutant cilia is closer to
the number of microtubules in WT cilia (Figure 5.4 A and B). The membrane structure also
resembles the WT cilium more closely. At this stage in development, a large membrane-

surrounded volume can be observed within the cilium (Figure 5.4 A, yellow arrows and B,

gold). This volume is larger in MKSI*/ mutant cilia (Figure 5.4 D), although

Figure 5.5 Electron tomography of sensory bristle cilia membrane surrounded inner volume.
Electron micrographs of serial sections of the same sample show that the inner volume is connected
to the extracellular environment via a narrow channel in the ciliary membrane (gold arrow, in section
0), the sheath membrane is marked with dashed yellow line. Scale bar: 100 nm.

significance is not reached. This may be in part due to the small n, but since the total ciliary
volume is smaller (Figure 5.4 C, again not significant) the inner membrane surrounded vol-

ume clearly is proportionally larger in MKS1%mutant cilia (Figure 5.4 E). Interestingly, this
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inner membrane surrounded volume appears to be connected to the extracellular environ-
ment via a narrow channel in the ciliary membrane (Figure 5.5). This membrane surrounded
volume has not been observed before and its functional significance is therefore unknown.
In summary, while there are clear defects in the microtubules and the membrane of
sensory cilia at 48 hours APF, these defects appear to be largely corrected by 72 hours. At 72
hours APF MKSI*'mutant cilia can only be distinguished from WT by the slightly shorter

TZ and the proportionally increased membrane surrounded volume within the cilium.

5.2.3 Larval behaviour assays

]A]

While no severe defects were observed in MKS/”' mutant sensory cilia at 72 hours APF,

the ciliary structure is perturbed at 48 hours APF, as described above (Section 5.2.2). This

result is consistent with the observations that adult MKS 4/

mutant flies exhibit few, if any
defects in ES cilia function and associated behaviours (see Sections 3.2.5 and 3.2.6) but
this does not exclude the possibility that the MKSI/*/mutation affects the function of Ch
organs. In the larva, Ch organs are required for normal hearing and crawling. Therefore,
preliminary studies of these behaviours were conducted on third instar larvae, just before
pupa formation.

First, a hearing assay, adapted from previous studies in Drosophila, was performed
(Styczynska-Soczka and Jarman, 2015). WT larvae startle in response to sound, which
can be observed as a retraction, which may be followed by a change of direction or a pro-
longed absence of movement (freeze) (Wu et al., 2011). Larvae were played 500 Hz tones
and their behaviour was scored. Higher scores indicate stronger responses. Interestingly, the
MKS 1% mutant larvae do have a significantly (p = 0.036) reduced response to sound (1.780
4 0.062) compared to WT (2.320 £ 0.167) (Figure 5.6 A). This is in contrast to behaviour

studies in adults, which showed an increased response to stimuli (Section 3.2.5).

To investigate whether the reduced response to sound was indicative of a general reduc-
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Figure 5.6 Quantification of behaviour in WT and MKS7%! mutant larvae. A) Quantification of
the average response per larva to a pure 500 Hz tone. Each data point is an average of 10 larvae over
10 tones. B) Quantification of the distance crawled by individual larvae in 2 minutes. Error bars
represent the S.E.M., significance was assessed using a Mann-Whitney test (A) or using a students
t-test (B), p*<0.01.

tion in ciliary function, analysis of larval crawling behaviour was performed (Styczynska-
Soczka and Jarman, 2015). WT larvae crawl around freely, whereas defects in proprio-
ception cause flies with defective cilia to move less (Caldwell et al., 2003b). WT and
MKS1* mutant larvae were placed on an apple juice-agar plate and imaged while crawling
freely for 2 minutes. MKS/* mutant larvae covered significantly (p = 0.013) less distance
(134.5 px £ 17.60) than WT larvae (200.9 px £ 16.02) (Figure 5.6 B), suggesting that these
larvae have defects in proprioception. While the sound and crawling experiments are pre-
liminary, they do suggest that there may be small, but significant, defects in ciliary function
in MKS1*'mutant larvae. This is clearly in contrast to behaviour and electrophysiology in

]AI

adults, which, if anything, show a slight increase in ciliary function in MKS/~' mutant flies.

5.2.4 NompA and NompC localise normally in MKS12!

Although most ultrastructural defects in MKSI*/ mutant cilia appear to be “rescued” by 72

hours APF, it seemed possible that the localisation of other ciliary proteins may be affected
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by the mutation. To study the localisation of NompA, which is thought to form a mechanical
link that is required for transduction of stimuli, a NompA-GFP trap cassette in the WT and
MKS1* mutant backgrounds was imaged at 72 hours APF (Chung et al., 2001). In both
WT and MKSI* mutant cilia, NompA-GFP localised strongly to the base of the cilium
with a thin and much dimmer protrusion extending into the sensory process (Figure 5.7
B, arrowhead). No significant difference (p = 0.667) was observed in the length of this

protrusion in MKS1* mutants (14.12 nm =+ 0.827) compared to WT (14.79 nm =+ 0.800).

Quantification of the fluorescence signal (Figure 5.7 C) showed that the amount of
NompA is not significantly different (p = 0.310) in MKSI*' mutant (4109 a.u. + 311.2)
and WT cilia (5442 a.u. £ 835.1). To study the localisation of TRP ion channel NompC,
expression of a UAS-NompC-GFP transgene was driven by NompC-Gal4 in the WT and
MKS 1% mutant backgrounds and imaged at 72 hours APF (Walker et al., 2000). NompC-
GFP localised to the base of the cilium as a single dot in both WT and MKSI*/ mutant sen-
sory cilia (Figure 5.7 E). The quantity of NompC-GFP appears not significantly different (p
=0.859) in MKS1* mutant cilia (4790 a.u. £ 1341) and WT (4317 a.u. £ 1015), indicating

that the distribution of this ion channel is not perturbed in MKSI!

mutant cilia (Figure 5.7
F). Together, these results suggests there are no changes in the NompC ion channel or the

mechanical link between the cilium and its support cells.

5.2.5 Changes in IFT in MKSI*! mutant sensory cilia

To assess whether IFT is affected by the loss of MKS1, a GFP tagged version of NompB
(IFT88, required for anterograde transport) and a YFP tagged version of RempA (IFT140,
required for retrograde transport) were expressed in WT and MKSI*! mutant backgrounds
and imaged in sensory bristles at 72 hours APF (Han et al., 2003; Lee et al., 2008). In
both WT and MKSI*' mutant cilia, NompB-GFP forms an elongated structure at the base

of the cilium (Figure 5.8 B-D). Interestingly, the signal is significantly (p = 0.008) more
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Figure 5.7 Localisation of NompA and NompC in WT and MKS1*/ mutant cilia. A) Schematic
overview of the cilium in the sensory bristle. B) Representative image of NompA-GFP in WT and
MKSI* mutant cilia. NompA localises strongly to the base of the cilium and a thin protrusion with
lower fluorescence intensity (white arrowheads) extends into the sensory process. C) Quantification
of the fluorescence intensity of NompA-GFP in WT and MKSI*'mutant cilia. D) Quantification
of the distance from the tip of the protrusion to the base of the cilium in WT and MKSI*mutant
cilia. E) Representative images of NompC-GFP in WT and MKSI*'mutant cilia. F) Quantification
of the fluorescence intensity of NompA-GFP in WT and MKSI*'mutant cilia. Error bars represent
the S.E.M., significance was assessed using a Mann-Whitney test, ns = not significant. Scale bar:
2um.
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elongated in MKSIA! mutant cilia (3.072 nm + 0.247), than in WT (2.299 nm + 0.091),
while intensity of the signal appears similar (p = 0.802) in MKS/* mutant (955.6 a.u. =+
86.28) cilia and in WT (1056 a.u. + 275.5). Together, these results show there is more

NompB-GFP present at the base of the cilium in MKSI*! mutant cilia than in WT cilia.

RempA-YFP forms a dot at the base of the cilium in both WT and MKSI*/mutants
(Figure 5.8 E). The intensity of RempA-YFP, however, appears significantly (p = 0.008)
lower in MKSIA mutants (800.1 a.u. + 93.34) than in WT (1287 a.u. + 67.35) (Figure
5.8 F). This suggests that the localisation of IFT-B complex components to the base of the

cilium is increased, while the localisation of IFT-A complex components is decreased.

IFT complexes have be visualised by electron microscopy as "trains" travelling along
the microtubules in Chlamydomonas and some human cells (Marshall, 2013; Rogowski et
al., 2013; Stepanek and Pigino, 2016; Vannuccini et al., 2016). Interestingly, in electron
tomograms of the fly sensory cilia, electron dense particles can be observed along the mi-
crotubules at the base of the cilium (Figure 5.8 F, orange arrows). The appearance of these
particles is consistent with IFT particles observed in the literature (Marshall, 2013; Ro-
gowski et al., 2013; Stepanek and Pigino, 2016; Vannuccini et al., 2016). Moreover, while
in the WT the putative IFT trains are short and interspersed, in MKSI*/ mutant cilia the IFT
trains are longer and are almost continuous, potentially in agreement with the increase in

NompB-GFP observed at the base of the cilium (Figure 5.8 A).

Surprisingly, however, in sensory cilia these putative IFT particles are located on the
inside of the microtubules. In examples in the literature, which are mostly obtained from
Chlamydomonas, the IFT trains are on the outside of the axoneme, between the microtubules
and the membrane. Although further experiments will be required to test whether these
electron dense particles really are IFT complexes, this result raises the possibility that IFT
particles may be assembled and transported on either the luminal side of the axoneme or the

membrane facing side, depending on the cell type and organism.
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Figure 5.8 IFT in WT and MKSI*'mutant sensory bristle cilia. A) Representative images of
NompB-GFP in WT and MKS/*' mutant cilia. B) Quantification of the intensity of the NompB-
GFP signal in A. C) Quantification of the length of the NompB-GFP signal in A. D) Representative
images of RempA-YFP in WT and MKS/4' mutant cilia. E) Quantification of the intensity of the
RempA-YFP signal in D. F) Putative electron dense IFT trains (orange arrows) in the TZ (blue
line) of sensory bristle cilia. Each data point represents the average of all cilia in the field of view
per pupa. Significance was assessed using a Mann-Whitney test, ns = not significant, p*<0.01,
p**<0.001. Scale bars A and D: 2 um, F: 100 nm.
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5.2.6 Live-cell imaging of ciliogenesis

In order to gain more dynamic insight into the process of ciliogenesis, a live cell imaging
protocol was established. Fluorescently labelled RempA, NompA, NompB and NompC
were tested as ciliary markers. These fluorescent constructs were expressed in a WT back-
ground. NompC-GFP expression was driven by the NompC-Gal4 driver, while all other
fusion proteins were expressed under the endogenous promoter. The fluorescent proteins
were imaged in developing sensory bristles in the Drosophila pupal notum over extended
periods of time on an Andor spinning disk system. The pupal notum is well established
for live cell imaging (Zitserman and Roegiers, 2011). Of the potential cilia markers, only
NompA-GFP was present at early enough stages and at sufficient fluorescence levels to

allow imaging the growing cilium over long periods of time (up to 24 hours).

To image NompA-GFP, the pupal case was partially removed from pupae at 30 hours
APF. Pupae were then imaged for 22 hours on a spinning disk system. Both in WT and
MKSIA! cilia, NompA-GFP showed a highly unusual dynamic profile (Figure 5.9 A-B).
Initially, protein localized as small dot that then extended in length in a linear fashion to
a size of ~ 25 um in both WT and MKSI*! cilia. After a short plateau phase, the sig-
nal abruptly dropped to ~ 4 pym. Although the the final length of the NompA-GFP signal
does not appear to be significantly (p = 0.1130) different in MKSI* mutant cilia (3.915 +
0.239) compared WT (4.471 £ 0.225) (Figure 5.9 B), the initial rate of NompA extension is
slightly, but significantly (p = 0.011) lower in MKS/*! mutants (0.008 % 0.001) compared
to in WT (0.012 £ 0.001) (Figure 5.9 C). However, NompA-GFP appears to form both a
bright dot and a much dimmer protrusion (see Section 5.2.4). This protrusion possibly cor-
responds to the electron dense protrusion observed in SBF-SEM and electron tomography
studies of the sensory bristle cilium (see Sections 5.2.1 and 5.2.2). Therefore, it seems likely

that NompA-GFP does not just label the cilium.
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Figure 5.9 Live cell imaging of NompA-GFP in bristle cilia. A) Stills from representative cilia
in WT (top panel) and MKSI%/(bottom panel). B) Quantification of NompA-GFP incorporation in
sensory bristle cilia in WT and MKSI*/ mutant cilia over ~ 25 25 hours. Data is presented as all cilia
in the field of view of 9 flies of each genotype + the S.E.M. C) Quantification of the initial rate of
NompA-GFP incorporation in WT and MKS*/mutant sensory bristle cilia. Scale bar: 5 um. Error
bars represent the S.E.M., significance was assessed using a students t-test, *p<0.01.

More detailed analysis of NompA-GFP, such as co-expression with other fluorescent
cilia proteins, will be required to determine which structures are labelled by the constructs
and what the significance of the drop in the length of the NompA-GFP signal is. Moreover,
further fluorescent constructs (or combinations thereof) could be tested in this set-up. What
is clear, however, is that the cilia in the pupal notum can be imaged successfully over up to

24 hours, provided the fluorescent signal is bright enough.
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5.3 Discussion

Each bristle on the notum of the fly is associated with an ES organ that consists of a cil-
iated neuron and its support cells, all of which are derived from one SOP. The divisions
and differentiation of the SOP and its progeny are highly stereotypical and well described
(Brewster and Bodmer, 1995; Ghysen and Dambly-Chaudiere, 1989; Ghysen et al., 1993;
Kernan, 2007). Their location on the outside of the body makes the sensory bristles suit-
able for fluorescence (live-)imaging as well as electron microscopy. To my knowledge, the
arrangement of the ES organ within the tissue is studied both on a larger scale (using SBF-
SEM) and in more detail (using electron tomography) than previously. Both techniques
offer 3D analysis of the cilia and the surrounding tissue and reveal a highly unusual tissue
architecture. The dendrite of the ciliated neuron extends through the support cell, which
envelops the neuron entirely. This arrangement is present at both 48 and 72 hours APF and,
to my knowledge, has not been observed in 3D and at this level of detail before. To form
such a "tunnel" through the support cell, the ES neuron dendrite must either extend into the
support cell from the basal side and exit at the apical side, with concomitant rearrangement
of the support cell membrane to allow the formation of a tunnel or the support cell must
envelop the growing dendrite and fuse to form a hollow. While this is a fascinating ques-
tion, it may be difficult to answer. The ES organ develops between ~ 30 and ~ 72 hours
APF and during this period the tissue moves as the pupa develops. Therefore, to get good
quality live-imaging data, the tissue would have to be imaged over long periods of time and
the z-stacks would have to be large enough to ensure the relevant cells stay in focus, or the
microscope should be able to reliably focus on the tissue automatically. This means that
fluorescent markers have to be bright and photostable. It may also be difficult to resolve
the different cells. One possibility could be to express different wavelength UAS reporter

constructs driven by cell type specific Gal4 drivers, although most Gal4 drivers tend to be
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expressed in multiple cell types of the sensory organs (Nicholson et al., 2008). Another pos-
sibility is to perform SBF-SEM on a series of timed pupae. Since the sample preparation,
image acquisition and image reconstruction are all time consuming, this will be very labour

intensive, depending on the time resolution required to build an accurate model.

The combination of SBF-SEM and electron tomography also revealed an electron dense
protrusion that physically connects the ciliary tip to the cuticle. This is likely required for the
transmission of mechanical force from the hair to the mechanosensory neuron. Previously,
it was shown that the Drosophila ciliary protein NompA localises to sensory organs and is
required for the connection between the sensory cilium and cuticular structures (Chung et
al., 2001). In my hands, NompA-GFP localises to a bright dot at the base of the bristle and
extends into the bristle as a thin (and much dimmer) protrusion at 72 hours APF. This sug-
gests that NompA may localise to, or be part of the electron dense protrusion mechanically
links the bristle and the ciliated neuron. This hypothesis could be addressed by immunogold

labelleling.

Electron tomography at 48 and 72 hours APF showed while there are defects in the

organisation of MKSI*!

mutant cilia, the ultrastructure of the cilium is largely normal by
72 hours APFE. At 48 hours APF, most of the basal body microtubules extend to form the
axoneme in the WT cilium. The cilium as a whole is relatively straight and the membrane
is organised tightly around the microtubules. In MKSI*/ mutant cilia, however, only a few
of the basal body microtubules have extended at this time point. The cilium lacks structure
and the membrane is less organised. At 72 hours, however, these defects are largely res-
cued. Both the WT and the MKS1*/basal bodies have now extended all their microtubules
to form the axoneme. In addition to these microtubules, both have a comparable density of
microtubules that are wholly contained within the cilium. In studies of Drosophila campan-

iform sensilla and studies of bristle sensilla in other insects have shown a tubular body (Keil,

1997; Liang et al., 2011; Liang et al., 2013b). It seems possible that this tubular body corre-
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sponds to the extra-axonemal microtubules described here. However, since there is limited
data on the tubular body and this data was acquired in other systems, further investigation
will be required to confirm this. Tubular bodies or other non-axonemal microtubules may
provide additional structure and rigidity to the cilium, or act as the microtubules with which
NompC Ankyrin repeats associate in order to form a gating spring in the cilium, similar to
the gating spring that has been described in campaniform sensilla (Liang et al., 2011; Zhang
et al., 2015a). At 72 hours APF, both WT and MKSI%/cilia are very straight with the ciliary
membrane appearing highly organised and associated tightly to both the microtubules and
the plasma membrane of neighbouring support cells. Interestingly, the localisation of two
IFT proteins is perturbed in MKS/* mutant cilia. The levels of RempA, part of the IFT-A
complex predominantly associated with retrograde transport, is decreased at the base of the
cilium, while the levels of NompB, part of the IFT-B complex predominantly associated
with anterograde transport, is increased. Interestingly, mutations in RempA result in an
increase in NompB in the chordotonal organs (Lee et al., 2008). This suggests that an ini-
tial defect in RempA localization might lead to a subsequent defect in NompB localization
in the MKSI* mutant cilia. Moreover, IFT was recently shown to influence microtubule
growth as IFT-54, another component of the IFT-B complex, modulates the expression of
microtubule associated protein 4 (MAP4) (Bizet et al., 2015). MAP4 is known to localise to
the cilium where it negatively regulates ciliary growth (Ghossoub et al., 2013). This may ex-
plain why microtubules do not elongate as efficiently in MKS7*/ mutant axonemes as in WT
axonemes. Perhaps as a result of the lack of microtubules, the structure of the membrane is

also affected by the MKSI* mutation.

Both RempA-YFP and NompB-GFP mostly localise to the base of the cilium. RempA-
YFP forms a single dot, while the NompB-GFP signal is elongated along the cilium. In-
terestingly, electron density was observed along the microtubules in the TZ. This electron

density resembles IFT trains observed in other systems and may correspond to the NompB-
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GFP signal. In support of this hypothesis both the electron density and the NompB-GFP

signal is more elongated in MKSI*/

mutant cilia, although immunogold labelling will be the
only way to confirm it. If these electron dense particles are indeed IFT trains, immuno-
gold labelling in both cross-section and longitudinal sections of the cilium will also show
whether the IFT-A and IFT-B complex travel on different microtubules, as was recently
shown in Chlamydomonas (Stepanek and Pigino, 2016). Intriguingly, the electron densi-
ties are found facing the lumen of the axoneme. So far, all IFT trains have been observed
on the outside of the axoneme, between the microtubules and the ciliary membrane. How-
ever, studies have mostly been done in Chlamydomonas, which has a motile flagellum. It
is possible that the central pair of microtubules and the dynein arms that are characteristic
of motile cilia would make it more favourable for the IFT trains to travel on the outside of
the microtubules. In Drosophila, nothing in the literature provides a compelling reason for
IFT trains to travel on the outside of the axoneme. There may be important species and cell
type differences in IFT. In the dataset described here, IFT-like particles were only observed
in the TZ, not in the axoneme. A possible explanation is that the chances of encountering
IFT trains at the base of the cilium are higher than in the axoneme since IFT trains tend to
accumulate at the base of the cilium (Follit et al., 2009; Qin et al., 2004). However, it is
important to note that without conclusive immunogold labelling of NompB and/or RempA,
describing the electron dense particles found in the TZ as IFT trains is speculative and this
hypothesis is likely to be controversial.

As described in Section 3.2.6, the action potential in mature MKSIA!

mutant sensory
cilia seems to have a slightly larger amplitude. In agreement with this, MKS/*/mutant flies
seem to respond slightly more strongly to some stimuli. These results could indicate that
more ions flood into the cell upon stimulation. The quantity and distribution of ion channel

]AI

NompC does not, however, appear to be affected in MKS7~' mutant cilia. Although it is pos-

sible that other ion channels may be present and negatively affected by the loss of MKS1,
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this seems unlikely as MRPs are undetectable in NompC mutant bristles (Kernan et al.,
1994). Another possibility is a larger amount of ions entering the cell because the concen-
tration in the extracellular environment is higher. The larger membrane surrounded volume
found within MKSI*' mutant sensory cilia at 72 hours APF may make more ions available
to the cilium, which may result in a larger amplitude of the action potential. Further experi-
ments will be required to investigate this hypothesis. For example, it could be informative to
directly image the flow ions in response to stimuli by using Ca®* sensitive dyes or reporter
constructs (Riemensperger et al., 2012). Furthermore, it will be interesting to see how WT
and MKS % mutant neurons react to continuous stimulation. If the membrane surrounded
volume is the source of ions, it would be expected that while the initial response to stimuli
is increased in MKSI1*' mutant flies, the response will gradually be reduced and as the stores

1A mutant

of ions in the volume are depleted, resulting in a similar response in WT and MKS
neurons, or potentially an even lower response in MKSI*/mutant flies as the ions may be
more diluted in the larger membrane surrounded volume. Conversely, as described above,
at 48 hours APF there are considerable defects in the MKS/*/ mutant cilium. This suggests
that there may be defect in ciliary function at earlier stages. Furthermore, it is possible that
there are defects in other types of cilia, such as the Ch organs. To address this possibility,
some preliminary experiments were conducted in third instar larvae. WT larvae normally
crawl around freely when left on agar. Larvae with defects in proprioception as a result of
mutations in cilia related genes cover less distance under the same circumstances. Further-
more, such larvae would be predicted to show less of a "startle-response” after a sound or
touch stimulus. Indeed, MKSI2 mutant larvae crawl less far than WT larvae if left undis-
turbed for two minutes. Furthermore, when played a 500 Hz tone or when touched with
a single brush hair, the MKSI*'mutant larvae have a reduced startle response compared to

WT larvae. This suggests that, in contrast to MKS 12 mutant adults, MKSI12/ mutant larvae

have defects in proprioception. Since these experiments measure only some behaviours and
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larval Ch cilia have not been studied by imaging techniques or electrophysiology, these re-
sults are very preliminary. Without further study, these experiments are somewhat difficult
to interpret. Since there are defects in MKSI*/mutant sensory bristles at 48 hours APF,
but not 72 hours APF it is also possible that the MKSI*/ mutation affects larval cilia at a
certain point in development, but not necessarily throughout the larval stage. In this sce-
nario, it is possible that the larvae were analysed at a stage of development where there
are defects in the MKSI*'mutant cilia. More extensive analysis of larval sensory neurons
at different time using behavioural studies combined with electrophysiology, fluorescence
microscopy and electron tomography experiments similar to those described for pupal ES
organs in this thesis will be required to determine whether the behavioural defects observed
in MKS1*'mutant larvae observed in these preliminary studies are indicative of a real defect
in larval Ch cilia. Furthermore, such experiments will provide mechanistic insight into any

defect.

As shown in this Chapter and Chapter 4, axonemes that are largely functional and ul-
trastructurally relatively normal will eventually form in both the Drosophila sensory cilia

and sperm lineages in MKSI*!

mutant flies. This suggests that flies can compensate for the
loss of MKS1 and build and maintain a largely normal TZ without it. Indeed, a TZ can
clearly be distinguished in electron tomograms taken at 48 and 72 hours APF. Although the
morphology of the TZ is relatively normal in MKSI*/ mutant cilia, the TZ is shorter than
the WT TZ at both time points. Between 48 and 72 hours APF the lack of mictrotubules in
the axoneme and the wavy structure of the ciliary membrane are largely rescued. Similarly,
while spermatocytes do not form the short cilia that are thought to be precursors of the sperm
flagellum, sperm flagella do eventually form and have no obvious defects in morphology or
function. This is in contrast to mutations in Cep290, Chibby and dila (Basiri et al., 2014;

Enjolras et al., 2012; Ma and Jarman, 2011). In the absence of either of these proteins,

both types of cilia have clear functional defects. Evidently, Cep290, Chibby and Dila are
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able to build a functional TZ in Drosophila sensory neurons in the absence of MKSI1, but
this is not possible in the absence of Cep290, Chibby or Dila. The relatively mild defects
in MKS deficient cilia in other systems, most notably C.elegans, is thought to be due to
a redundancy with proteins of the NPHP module (Williams et al., 2008; Williams et al.,
2011; Yee et al., 2015). However, in flies, no orthologues of core NPHP proteins have been
discovered to date (Basiri et al., 2014; Barker et al., 2014). Therefore, the mild phenotype
of the MKSI*'mutation is perhaps surprising. It seems possible that there are functional
orthologues of NPHP proteins in flies that have not yet been discovered, or that MKSI1 is
redundant with another TZ protein. Perhaps the most likely candidates for this redundancy
are Chibby, Dila or proteins of the BBSome. Mutations in the latter complex were recently
shown to modulate the phenotypes of Cep290, MKS and NPHP module mutations in other
systems (Barbelanne et al., 2015; Yee et al., 2015; Zhang et al., 2014). However, not much

is known about the BBSome in flies.

Many of the defects observed in patients or mammalian models of ciliopathies, such as
defects in L-R asymmetry, neural tube defects and defects in limb patterning are likely to be
the result of perturbation of signalling pathways such as the Hedgehog pathway (described
in more detail in Section 1.5.3). Depending on the tissue, defects in the cilia structure range
from perturbations of cilia length and a reduction in the number of cilia in the node and kid-
ney of MKSI mutant mice and rats, to no visible defects in the lungs and bile ducts of MKS1
mutant mice (Tammachote et al., 2009; Weatherbee et al., 2009). The cilium of Drosophila
sensory neurons could be a cell type that is similarly capable of building a largely normal cil-
ium without MKS1. The structure of MKS mutant mammalian cells has, however, been less
extensively studied by fluorescence or electron microscopy than Drosophila MKS 14/ mutant
cilia in this thesis. Finally, it is important to note that Drosophila are relatively simple or-
ganisms. Flies without centrosomes, for example, develop almost normally (Basto et al.,

2006). The timing of their eclosure is near normal and with the exception of ciliated cells,
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the flies are morphologically normal. In higher eukaryotes, however, centrosomes are in-
dispensable and the absence of centrosomes triggers pS3 mediated arrest in G-phase or
apoptosis (Bazzi and Anderson, 2014; Lambrus et al., 2015; Lerit and Poulton, 2016). Fly
cells lacking centrosomes do not arrest or die, suggesting that cell cycle checkpoints may
not be as stringent as in vertebrates (Basto et al., 2006). It is possible that defects in the
cilium are also less likely to trigger responses such as apoptosis, potentially providing a

developmental window in which defects can be rescued.
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Chapter 6

Cepl104

6.1 Introduction

In this Chapter, efforts to characterise a recently identified cilia associated gene, Cepl04,
are described. A CRISPR indel mutation (Cepl0427) was generated, and mutant flies are
both male and female sterile, which appears to be caused by extensive defects in the flagellar
ultrastructure in males. An analysis of this mutant allele, however, suggests that this allele
may affect other genes or gene regulatory regions. Because this project was started relatively
recently and the genetics of the Cep04*/ mutant allele appear to be complicated, all results

presented in this Chapter are preliminary.

Cep104 was first identified in a screen for microtubule plus-end tracking proteins (+TIPs)
(Jiang et al., 2012). Like many +TIPs, Cep104 has an SxIP motif (Jakobsen et al., 2011;
Jiang et al., 2012). This motif facilitates the binding of +TIPs to microtubule end binding
(EB) proteins (Honnappa et al., 2009). At the centriole, the protein interacts with Cep97
through its N-terminus and with CP110 through its C-terminus (Jiang et al., 2012). Like

Cepl04, both of these proteins localise to the distal end of the centriole where they are
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thought to regulate centriole length and or ciliogenesis (Franz et al., 2013; Schmidt et al.,
2009; Spektor et al., 2007; Tsang et al., 2006). Studies in Chlamydomonas showed that
Cepl04 also localises to the ciliary tip (Satish Tammana et al., 2013). In ciliated mam-
malian cells (RPE-1 cells), Cep104 localises both to the ciliary tip and the distal end of
the daughter, but not the mother centriole. Knock-down of Cep104 in RPE-1 cells showed
marked defects in ciliogenesis, consistent with the phenotypes observed in Cepl04 mutants
in Chlamydomonas (Satish Tammana et al., 2013). Consistent with a role in ciliogenesis,
mutations in Cep104 were recently linked to human JBTS (Srour et al., 2015). In addition
to the Cep97 and CP110 interaction sites, a collaborator at the University of Cambridge,
Dr. Mark van Breugel, recently identified and solved the crystal structure of a TOG domain
in human Cepl104, and showed that this domain interacts with tubulin in vitro (Mark van
Breugel, personal communication). These results are in agreement with in vitro studies of
human Cep104 and a crystal structure of chicken Cep104 that has since been published by
another group (Rezabkova et al., 2016). The interaction between the TOG domain and tubu-
lin is hitherto unconfirmed in vivo or in crystallo. Indeed, since the gene was identified so

recently, not much is known about the role of Cep104 in either centrosomes or cilia in vivo.

In this Chapter, the localisation of Cep104 was studied in both Drosophila spermatocyte
cilia and Drosophila embryos. In the spermatocytes, Cep104 localises to the center of the
cilium in a punctate fashion. In the embryo, analysis of the localisation of GFP-tagged
Cep104 mRNA constructs relative to the centriolar protein Asl suggest that a domain at the
far N-terminus is required for centrosomal localisation of Cep104, while the far C-terminus
on its own localises to the mitotic spindle, rather than the centrosomes. Although studies of
Cep104 were hampered by lack of time and the complicated genetics of the Cepl04* allele,
results in other systems suggests the protein has an interesting role and future studies will

likely yield interesting results.
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6.2 Results

6.2.1 Identification of key domains in Cep104

The Drosophila orthologue of Cepl04 was identified through n->n Uniprot BLAST as
CGI10137. CGI10137 is a 12.6 kbp (941 amino acids) gene located on the second chro-
mosome. Secondary structure prediction using COILs, FFAS and PsiPRED identified 4
structured domains. In addition to verifying 3 domains identified previously from bioin-
formatical and structural studies (Mark van Breugel, personal communication), a potential
coiled-coil domain was identified at amino acids 200-285. At the N-terminus (amino acid
position 1-171), a domain predicted to be similar to APC10 can be found, a predicted TOG
domain at amino acids 463-732, and a Zinc-finger domain at amino acids 802-934 (Figure

6.1).

Cep104

0 941
like
120
E— — — — — = — A1

Figure 6.1 Schematic overview of Cep104. Domains (green) and mutations (capped lines and as-
terisk) are marked on the schematic. The 4 bp insertion in Cep104 induces a frameshift at amino acid
119, leading to miss sense codons (dashed capped line) and a premature stop codon (red asterisk) at
amino acid 120.

6.2.2 Localisation of Cep104 in spermatocytes

In order to study the localisation of Cepl104 in ciliated cells, transgenic flies expressing
Cep104-GFP were created. The localisation of Cepl104-GFP was studied in Drosophila

spermatocytes using 3D-SIM as described in Chapter 4. Cep104 localises to the center of
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the cilia, immediately distal to the basal bodies which are labelled in red with an antibody
against Asl (Figure 6.2 A). The protein does not form a continuous signal along the cilium,
but forms dots. The localisation to the center of the cilium suggests that Cep104 may be
closely associated with the axonemal microtubules. Cep104-GFP also localises to the flag-
ella where it forms an elongated structure distal to the basal body (Figure 6.2 B). It is unclear

what the function of Cep104 in the flagella may be. It is important to note that Cep104-GFP

is overexpressed and these results should therefore be interpreted with caution.

Figure 6.2 Localisation of Cep104-GFP in testes. A) Representative 3D-SIM image of Drosophila
spermatocyte cilia showing the localisation of GFP-tagged Cep104 (green) in relation to the basal
body. The basal body is labelled with an antibody against Asl (red). B) Representative 3D-SIM
image of Drosophila spermatid flagella showing the localisation of GFP-tagged Cep104 (green) in
relation to the basal body (red) and the DNA (blue). Scale bars: 2 pm.

6.2.3 Microinjections of Cep104 mRNA constructs into living embryos

In order to gain insight into the role of the domains identified above (Section 6.2.1), various
GFP tagged Cep104 constructs were injected into Drosophila embryos as mRNA to assess
their localisation. The domains were sequentially deleted by progressively trimming back

from either the N- or C-terminus. All constructs were fluorescently labelled with GFP. For
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this assay, the mRNA was generated in vitro and injected into living Drosophila embryos
by part II student Zhai Gen Tan under my supervision. Once the mRNA had been translated
and the protein had been folded and matured, the embryos were imaged and the localisation
pattern was assessed. To assess the localisation of the constructs relative to the centrosomes
and to enable quantification of the GFP signal at the centrosomes, the constructs were in-
jected into embryos expressing Asl-mCherry. A Fiji macro was written by Dr. Hélio Roque
to quantify the levels of Cep104 at the centrosome in an automated and unbiased fashion.
Briefly, the centrosomes were located using the Asl-mCherry channel, before measuring the
Cepl04 signal in the GFP channel. The levels of GFP surrounding the centrosome were
also measured and subtracted from the level at the centrosome to correct for background
fluorescence. Cepl04 levels were scored as "strong" when the signal was more than two
standard deviations above background, "moderate" when between one and two standard de-
viations above background and "undetectable" when within one standard deviation of the

background.

Constructs that are labelled with GFP at the N-terminus (GFP-Cep104) appear to lo-
calise poorly, compared to constructs labelled at the C-terminus (Figure 6.3). A possible
explanation could be that the GFP is preventing the N-terminal portion of Cep104 from fold-
ing properly, which might interfere with its localisation. This hypothesis is supported by the
fact that the construct lacking the N-terminal APC10 domain (Cep1042APC_GFP) localises
less strongly to the centrosomes (0% strong localisation, 7 % moderate localisation) than
Cepl104FL-GFP (90 % strong localisation, 7 % moderate localisation). Removing the first
linker, L1 (Cep104-GFPAAPCLL) “ag well as L1 and the coiled-coil Cepl104-GFPAAPC-CC
result in undetectable localisation in 100 % of embryos. Also deleting the second linker,
L2 CeplO4—GFPAAPC'L2, seems to result in some moderate localisation (26 %). Finally,
deleting the TOG domain Cepl104-GFPAAPC-TOG r the TOG domain and the third linker,

L3 Cepl04-GFPAAPCL3 in addition to the domains previously mentioned, resulted some
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Figure 6.3 Localisation of Cep104-GFP in embryos. Quantification of progressively trimmed back
Cep104-GFP constructs (left panel). Localisation of all Cep104-GFP constructs at the centrosome
is classified in strong (orange), moderate (pink) or undectectable (green). Representative images of
each construct are also depicted (right panel). Scale bars: 2 um.
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moderate localisation (26 % and 13 %, respectively). These two constructs have a more
diffuse localisation and appear to localise to the spindle in mitosis. Since GFP-Cep104F-
was not robustly detected at the centrosomes (0 % strong localisation, 7 % moderate locali-
sation), quantitative analysis of the deletion constructs with an N-terminal GFP-tag was not

informative.

6.2.4 Generation of an Cep104 mutant allele, Cep1042!

In order to study the role of Cep104 in vivo, a new mutant allele was generated in Drosophila.
CRISPR genome engineering was used to generate the mutant allele, similar to the genera-
tion of the B9DI12 and CC2D2A* mutant alleles (described in Section 3.2.3). Two gRNAs
(see Table 2.3) were cloned into the pCDF3-dU6:3gRNA vector and microinjected into
Drosophila embryos expressing the Cas9 gene under the Nanos promoter. A 4 bp insertion
at position 151 of the third exon (amino acid 119) was obtained (Figure 6.1), which results
in a frameshift and a premature stop codon at amino acid 120 and will be referred to as

Cepl04°.

6.2.5 Cepl04*'mutant flies are male and female sterile

Flies homozygous for Cepl04*!are viable, but do not produce any offspring (data not

shown). Crossing individual Cepl042!

males and females to 3 wild type flies of the op-
posite sex revealed that both male and female Cepl04*! flies were sterile. Since male
sterility may be due to defects in the sperm flagella, cross sections of sperm flagella were
analysed by TEM. Indeed, there are a variety of ultrastructural defects in the sperm (Figure
6.4 A). The axonemes themselves have abnormal structures (green arrows). Furthermore,
there are defects in the arrangement of the axonemes and the mitochondrial derivatives (or-

ange arrowheads). Finally, the cells appear to fail to individualise properly as some cells

contain multiple axonemes and mitochondrial derivatives. Interestingly, the structure of
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Cep104*'mutant spermatocyte cilia appears to be normal. This is the opposite phenotype
of the MKSI*'mutation, where spermatocyte cilia are strongly perturbed, but the flagella
appear normal and functional (Chapter 4. Together, these results suggest that there are se-
vere defects in spermatogenesis in Cep /04! mutant males. These defects were observed in

multiple samples obtained from multiple flies.

A B

Figure 6.4 Electron micrograph of Cep104*! mutant sperm axonemes. A) Cross-section of ma-
ture sperm in Cepl04*!, some flagella do not have the normal 9-fold symmetry (green arrows).
Furthermore, some mitochondrial derivatives are arranged abnormally (orange arrowheads) and
there are disorganised regions within the cyst. B) Electron tomograms of WT (left panel) and
Cep104®'mutant (right panel) spermatocyte cilia. Scale bars A: 200 nm, B: 100 nm.

Importantly, neither male nor female sterility could be rescued by expressing Cep104-
GFP in the Cepl 042 mutant background. Therefore, no efforts were made to understand
the mechanism of female sterility. While GFP-tagged transgenes do not always rescue the
mutant phenotype, this might also indicate a secondary mutation, a dominant negative ef-
fect of the mutation or another genetic abnormality. Moreover, the mutant phenotype could

not be recapitulated by crossing the Cepl04*/ mutant allele to either of two strains carrying
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different deficiencies that included the Cep 04 gene. Together, these results suggest that the
phenotype described above may not be a true Cepl04 mutant phenotype. Most likely, the
mutation affects either another gene or a gene regulatory region. A potential problem with
CRISPR-Cas9 genome engineering is the risk of inducing off-target DSBs (Fu et al., 2013;
Zhang et al., 2015b). Another potential candidate for a secondary mutation is CG10165.
This gene is located in the same position on the second chromosome on the antisense strand
(see Figure 6.5). There are five isoforms of CG10165, the exons of all isoforms are posi-
tioned between exons 1 and 2. It is possible that the 4 bp insertion in Cepl04 affects either

CG10165 or its regulatory regions.

Cep104
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Figure 6.5 Relative positions of Cep104 and CG10165. Position of Cepl04 (top) and five isoforms
of CG10165 (bottom, CG10165A-E). Exons are labelled in aquamarine, untranslated regions are
labelled in grey.

Furthermore, it is possible that alternative splicing may result in a (partially) active
Cep104 protein. Further experiments, such as rescue experiments with CG10165, sequenc-
ing of the genes most likely to affected by off-target DSBs and analysis of Cep104 at the

protein level by western blot or IF will be required to fully characterise the Cep104*/ allele.
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6.3 Discussion

In vitro studies had previously suggested that human Cep104 interacts with microtubules
through the TOG domain. Other proteins with a TOG domain include ch-TOG and CLASP,
which are both important regulators of cytoplasmic microtubules (Al-Bassam et al., 2007;
Al-Bassam and Chang, 2011; Slep and Vale, 2007). Recently, a novel TOG domain contain-
ing protein family was identified (Das et al., 2015). This family of proteins, Crescerins, is
highly conserved and the TOG domain of mammalian Crescerinl also binds microtubules
and promotes microtubule polymerisation in vitro. In C. elegans, the Crescerin family is
required for the development of sensory cilia, linking TOG domain containing proteins to
ciliogenesis. In addition to the TOG domain, Cep104 also contains an APC10-like domain
and a ZNF. Futhermore, a putative coiled-coil domain was identified. In order to study the
role of these domains in vivo, progressively trimmed back, GFP-labelled versions of Cep104
were injected into living Drosophila embryos. This is a rapid way of studying the effects
of deleting domains on the localisation of a protein. Centrosomal localisation was much re-
duced in full length GFP-Cep104 compared to full length Cep104-GFP. Furthermore, delet-
ing the APC10-like domain at the far N-terminus also resulted in a reduction of Cep104 at
the centrosome. Together, these results suggest that an intact and accessible APC10-like
domain are important for the centrosomal localisation of Cep104. Interestingly, removing
the TOG domain as well, thus leaving only the ZNF intact, means the protein is no longer
enriched at the centrosome and instead seems to bind to the mitotic spindle. Interestingly,
this part of the protein interacts with CP110 (Jiang et al., 2012; Rezabkova et al., 2016).
CP110 localises to the centrioles (Franz et al., 2013; Schmidt et al., 2009; Spektor et al.,
2007; Tsang et al., 2006). The localisation of this construct to the microtubules is therefore
perhaps surprising. However, in human Cep104, the EB binding SxIP motif is also found

in this part of the protein (Jiang et al., 2012; Rezabkova et al., 2016). Although no SxIP
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motif was found in the Drosophila sequence, it is possible that a similar EB binding motif
is present at the C-terminus of Drosophila Cep104, which could explain the localisation of
the Cep104 ZNF to the spindle microtubules. It is important to realise that the constructs
were injected into WT embryos. Therefore, it is possible that mutant Cep104 forms a com-
plex with WT Cep104 and may thus be able to translocate by "piggybacking" on the WT
protein. In spermatocyte cilia, Cep104-GFP forms a punctate rod immediately distal to the
basal body. The protein localises to the center of the cilium, suggesting that it may associate
closely with the microtubules. Cep104 is also found in flagella, where it forms an elongated
structure distal to the basal body. It is not known how the protein localises to these structures

and what its role might be.

In order to study the role of Cepl04 in vivo, a Cep104 mutant allele (Cepl042') was
generated using CRISPR genome engineering. Sequencing suggests that a 4 bp insertion
results in scrambled code and a premature stop codon at the start of the third exon. The
Cep104*' mutation is associated with sterility in both male and female flies. Male sterility
seems to be the result of aberrant flagellar assembly. The axonemes of Cepl04*/ mutant
spermatids appear unstable and there is a high degree of disorganisation in the spermatid
cyst. However, neither male sterility nor female sterility can be rescued by expressing
Cepl104-GFP in the mutant background. Furthermore, neither the male or female steril-
ity phenotypes can be recapitulated when the Cepl04*'allele is made hemizygous with
either of two separate deficiency lines that lack the Cepl04 gene. Cepl104 has a large in-
tron between the first and second exon, and an uncharacterised gene, CG10165, is present
within this intron on the antisense strand. It is possible that the Cepl04*/mutation dis-
rupts CG10165 or its regulatory regions, thus explaining why Cep104-GFP does not rescue
the Cep104*!phenotype. This does however not explain why the phenotype of the Cep104
deficiency is not comparable to the Cep 04/ phenotype. Furthermore, without a clear mu-

tant phenotype that can be rescued by expressing Cepl04 in the Cepl04*/mutant back-
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ground, the possibility that a (partially) functional version of the protein is expressed, can
not be ruled out. Without further analysis, it is not possible to be certain whether the de-
fects observed in Drosophila are due to the absence of functional Cep104 or a secondary
effect of the Cepl04*'mutation. Analysis of the Cep04*/ mutant allele could include care-
ful sequencing of both CG10165 and the most likely CRISPR off-target genes. Off-target
mutations on other chromosomes could be crossed out by crossing the Cepl04*!allele to
WT flies several times (backcrossing), while mutations in genes on the same chromosome
(including in CG10165) could be rescued transgenically. In order to determine whether
any functional Cepl04 is still present, western blot or IF with antibodies against Cep104
could be carried out. Ultimately, it may be better to generate another mutant allele that is
a clean deletion of Cepl04. A good possibility would be to delete the entire Cepl04 gene
without affecting CG10165. This could be done replacing the Cepl04 gene region by a
construct with an intact copy of CGI10165 by CRISPR homologous recombination. The
Cep104*!allele, however, is homozygous viable and the Cepl04* mutation over a Cep104
deficiency is even viable. The Cepl04*!allele can therefore be studied in vivo. With a better
understanding of the genetics of Cep104, the Cep104*/allele could become relevant to the
characterisation of Cep104. For example, comparing a future clean deletion of Cep104 with

the Cep 104! frameshift could be informative.

The localisation data in embryos and spermatocytes, in combination with localisation
data in other systems, suggest that Cep104 has a potentially interesting localisation pattern.
The protein is found both in centrosomes, where it localises to the distal end of the centriole,
and in cilia. In RPE-1 cells, Cep104 localises to the tip of both centrioles prior to ciliogen-
esis (Satish Tammana et al., 2013). Once the cell starts to form a cilium, the protein can be
found at the tip of the daughter centriole and at the tip of the growing cilium, but it disap-
pears from the distal end of the mother centriole. Furthermore, Cep104 interacts with Cep97

and CP110, which have been implied in the regulation in ciliogenesis in some systems, al-
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though this remains controversial and likely cell type specific (Franz et al., 2013; Schmidt
et al., 2009; Spektor et al., 2007; Tsang et al., 2006). Together, these results suggest that
Cep104 may have a function in the conversion of the mother centriole into the ciliary basal
body. It will be interesting to investigate where Cep104 localised during ciliogenesis in the
Drosophila pupal notum and whether ciliogenesis in the sensory neurons or spermatocytes

is affected by deletion of Cepl04.
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Chapter 7

General discussion

7.1 General discussion

7.1.1 Establishing the TZ in Drosophila

The ciliary TZ is essential for proper cilia function (Czarnecki and Shah, 2012; Reiter et al.,
2012). Recent studies in worms and mice show that three protein modules, the MKS, NPHP
and Cep290 modules, are required to establish the TZ (Basiri et al., 2014; Schouteden et al.,
2015; Williams et al., 2008; Williams et al., 2011; Yee et al., 2015). All of these modules
require RGRIP1L (also known as MKS5 or NPHPS) to localise to the TZ (Li et al., 2016;
Schouteden et al., 2015; Yang et al., 2015). At the TZ, Cep290 builds a scaffolding structure
that is required for the rest of the TZ to form. (Li et al., 2016; Schouteden et al., 2015). The
MKS and NPHP modules act partly redundantly to form the Y-links (Jensen et al., 2015;
Williams et al., 2011). While six potential members of the MKS module have been identified
in Drosophila, the NPHP module appears to be largely absent (Barker et al., 2014; Basiri
et al., 2014).

Drosophila spermatocytes have short cilia of ~ 700 nm. All conserved TZ proteins
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studied in this thesis localise immediately distal to the basal body in this cilium. Cep290
localises to the center of the cilium. Cep290 is required for establishing the TZ (Basiri et
al., 2014). The other proteins, including the MKS module, form a hollow tube that varies in
both length and width, consistent with studies of sub sets of these TZ proteins in different
systems (Lambacher et al., 2015; Lee et al., 2014; Yang et al., 2015). Furthermore, these
results fit with reports that proteins of the MKS module are required to form the Y-links,

together with the NPHP module (Jensen et al., 2015; Williams et al., 2011).

In both MKSI* and B9DI*' mutant cilia, all other proteins of the MKS module appear
to be absent from the TZ, in agreement with findings in C. elegans (Bialas et al., 2009;
Williams et al., 2008). Furthermore, all proteins except Cep290 and Chibby seem to fail
to localise to the TZ in MKSI*. Cep290 and Chibby both appear to localise normally,
suggesting that these proteins are higher up than MKS1 in the hierarchy of ciliogenesis.
Consistent with the localisation defects, there are defects in the ultrastructure of the TZ in
spermatocyte cilia. The axoneme does not extend properly, reducing the length of cilium
from ~ 700 nm to ~ 200 nm. Furthermore, the electron density that can be observed in the
WT TZ membrane is absent in MKSI* mutant cilia. Since fertility appears unaffected in
male MKSI*flies, the axoneme must eventually extend to make a functional flagellum. No
defects were observed in the ultrastructure of MKS/*/mutant sperm flagella in cross section.
Consistent with the hypothesis that a functional TZ forms in MKS/2mutant sperm, the TZ
does form in MKSI*/ mutant sensory neurons. Although the TZ is shorter in MKS/*/mutant
sensory neurons, it appears otherwise morphologically normal. It should be acknowledged,
however, that the fertility assay used here is quite crude, as it may be that a significant drop
in sperm motility or viability does not translate into a significant drop in the number of
progeny generated in this type of mating assay. Furthermore, the EM analysis of the sperm
axoneme may well have missed subtle defects, particularly since the length of the flagellum

was not examined.
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Nevertheless, the data presented in this thesis helps to define a TZ hierarchy as it ap-
pears that sperm flagella and sensory cilia can eventually compensate for the lack of MKS
proteins, while this is not the case for proteins like Cep290, Chibby and Dila, implying
these proteins play a different, more essential part in TZ assembly. An important task for
the future would be to test these mutations (on their own and in combination) at the same
time, in the same lab and in the same assay, as, currently, each mutation has been assayed

in different labs in slightly different ways, making it difficult to draw reliable comparisons.

7.1.2 IFT and cilia function

As described above (Section 7.1.1), cilia on the spermatocytes are dramatically shortened
and many TZ proteins appear to be absent from these shortened cilia in the MKSI*' mutant.
While function of these short spermatocyte cilia is unknown, it appears that the axonemes of
these cilia can be dramatically perturbed without any obvious effect on the fly. It therefore
remains unclear why proteins of the MKS module proteins are highly expressed in testes. It
is possible that these proteins contribute to the formation or function of cilia/flagella function
in cells of the sperm lineage, but that this function is not apparent in the assays described in
this thesis.

Behavioural and electrophysiology tests show no defect in the function of sensory neu-
rons as a result of the MKSI* mutation. If anything, a slight increase in ciliary function was
observed. While neither the quantity or the localisation of the ion channel protein NompC
was not detectably perturbed in MKSI*/mutant sensory neurons, there where some ultra-
structural changes. In addition to the reduced length of the TZ mentioned above (Section
7.1.1), the ratio of an inner membrane surrounded volume to the total cilium volume was
increased in MKS 2 mutant neurons. This internal membrane surrounded volume is in con-
tact with the extracellular environment and appears to be formed by invagination of the

cilia membrane. At present, it is unclear what causes the relative increase in this volume
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in MKSI*' mutant cilia. The lack of axonemal microtubules and the looser organisation

of the ciliary membrane that was observed in developing MKSI*!

mutant cilia may con-
tribute to this increase. The membrane surrounded volume in sensory neurons has not been
previously described and is of unknown function. One intriguing possibility is that this
volume is a reservoir of ions required for the action potential, or it extends the membrane
surface and as such the ion channels in the membrane. Potentially, this may explain why
the amplitude of the action potential and, downstream, the response to stimuli is increased
in MKSI12 mutant flies. However, the differences between the WT and MKS12 mutant flies
are small and may be due to differences in the genetic background of the flies. In addi-
tion to these ultrastructural changes, the localisation and distribution of IFT proteins was
also subtly perturbed. The IFT-B protein NompB signal appears to be more elongated in
MKSI* mutant cilia, while there appears to be less of the IFT-A protein RempA. Since
NompB is also reported to accumulate in RempA mutant flies (Lee et al., 2008). There-
fore, it seems likely that MKSI1 initially affects the localization of RempA, which leads to
the abnormal accumulation of NompB in turn. Interestingly, more extensive electron dense

12 mutant cilia than in WT cilia.

particles were observed at the base of the cilium in MKS
These particles strongly resemble IFT trains, although they localise on the inside of the ax-
oneme, rather than between the axoneme and the membrane as has been reported in other
systems, most notably Chlamydomonas (Rogowski et al., 2013; Stepanek and Pigino, 2016;

Vannuccini et al., 2016). Further analysis, such as immunogold labelling, of these particles

will be required in order to confirm that they are indeed IFT trains.

While the ultrastructure of mature cilia appeared only mildly perturbed, much more
extensive defects were observed in developing cilia. Most strikingly, very few of the mi-
crotubules extend from the basal body into the cilium. This may be due to the increase
in NompB, as another component of the IFT-B complex has been shown to influence cil-

iary microtubule growth by negatively regulating the microtubule stabilising protein MAP4
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(Bizet et al., 2015). Furthermore, the membrane appears relatively loosely organised, espe-
cially at the ciliary tip. Thus, while MKS1 seems to be important for establishing proper
cilia structure, when given enough developmental time, flies appear to be able to build and
maintain a largely normal cilium.

Together with previous studies in flies, the results presented in this thesis support a model
of sequential assembly of the TZ (Basiri et al., 2014; Enjolras et al., 2012; Ma and Jarman,
2011). Through a not fully understood mechanism, the basal body docks at the plasma
membrane and triggers the recruitment of TZ components. No orthologue of RGRIPIL
has been identified in Drosophila, but Cep290 is essential for establishing a functional TZ
(Basiri et al., 2014). Chibby and Dila also play important roles in this process, but do not
appear to be essential (Enjolras et al., 2012; Ma and Jarman, 2011). While cby and dila mu-
tants show reduced mechanosensation and male fertility, no such defects were observed for
MKSI mutant flies, despite extensive abnormalities in the short axoneme present on sper-
matocytes. In C. elegans, the relatively mild defects of mutations in MKS1 are explained
by a redundancy with NPHP (Williams et al., 2008; Williams et al., 2011; Yee et al., 2015).
In flies, most of the NPHP module appears to be lacking (Basiri et al., 2014; Barker et al.,
2014). It is possible there are unidentified functional orthologues of the NPHP module, or
that MKS1 is redundant with another protein. Possible candidates for this redundancy are
Chibby or proteins of the BBSome. Perturbing the BBSome was recently shown to modu-
late the phenotypes of mutations in the Cep290, MKS and NPHP modules in other systems
(Barbelanne et al., 2015; Yee et al., 2015; Zhang et al., 2014). To date, the BBSome is

poorly characterised in flies.

7.2 Future perspectives

At the outset of this project, the aim was to establish flies as a useful model to study TZ

assembly. In one sense, the mild phenotypes of the mutations described here might be con-
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sidered disappointing. The more extensive defects observed in human ciliopathies may be
explained both by defects in cilia dependent Hh signalling, which does not occur in flies,
and by the fact that flies are relatively simple organisms with few cilia and may therefore be
resistant to a less efficient mode of TZ assembly and ciliogenesis in a way that higher eu-
karyotes are not. On the other hand, this could be considered a major advantage. Although
it will be time consuming, it should be possible to analyse the phenotypes described here
to establish how they arise. For example, it will be interesting to determine why there are
fewer axonemal microtubules in MKSI* mutant cilia at early time points and whether this
is related to the increase in the membrane surrounded volume. There may be subtle, but
potentially informative, differences between the phenotypes caused by mutations in differ-
ent TZ genes that could be worth exploring. The fact that the MKSI*/ mutation affects the
formation of structures of which the function is unknown, such as the spermatocyte cilium
and the hitherto undescribed membrane surrounded volume within the sensory cilium could
provide clues to the formation and function of these structures in the future. The relatively
normal development of flies with TZ mutations will make it much easier to try to answer
these questions. Moreover, it must be recognised that some of the assays of cilia function
that used here are relatively crude. It seems likely that more sensitive assays will reveal
subtle defects that can be studied. One possible explanation for the relatively mild defects
observed in mature cilia/flagella, in contrast to developing cilia, is redundancy of MKSI
with another protein, possibly Chibby, the BBSome or a yet unidentified component of
the NPHP module. This hypothesis is worth exploring further and analysing combinations
of mutations will potentially help to refine the hierarchy and redundancy of TZ assembly.
Finally, it will be interesting to further investigate whether the small increase in ciliary func-
tion is indeed an effect of the MKSI2  mutation, rather than an effect of differences in the
genetic background of the flies. If the amplitude of the action potential is indeed increased

as a direct effect of mutations in MKS1, it will be interesting to see the short and long term
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effects on the sensory neurons. Hyperexcitability has been linked to neurodegeneration in
diseases such as Alzheimer’s disease and amyotrophic lateral sclerosis (ALS), although this
connection is not fully understood (Bae et al., 2013; Leroy et al., 2014; Siskova et al., 2014).
Some interesting new features were identified in WT sensory cilia, including non-axonemal
ciliary microtubules, the membrane surrounded volume that is connected to the extracellular
environment and electron dense particles on the luminal side of the axonemal microtubules
that resemble IFT trains. In future studies, it will be important to study the origin and func-
tion of these structures. Perhaps the first step would be to address whether these particles
are IFT trains. Since cilia are now widely studied in a range of model systems, it seems
likely that more information will emerge about the species and cell type differences in cilia
in general. For example, in MKS/ mutant mice, cilia in the node and kidney are sparser
and shorter, while cilia in the lung and bile duct appear to be unaffected (Weatherbee et
al., 2009). Adding further complexity, fibroblasts derived from patients with MKS1-related
JBTS have been reported to be longer than control fibroblasts, as have cilia in the kidneys
of MKSI mutant rats (Slaats et al., 2015; Tammachote et al., 2009). Although significant
advances have been made in understanding ciliogenesis over the past decade, it is clear that
challenges remain to fully understand the process and the implications of defects in cilio-
genesis in ciliopathies and acquired diseases that have a link to cilia, such as cancer. Clearly,
not all of these can be studied in Drosophila, but studies in flies may help to bridge the gap

between ex vivo studies in mammalian cells and defects observed in ciliopathy patients.
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