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Abstract

Cilia are microscopic microtubule-based projections that emanate from
basal bodies and protrude from the cell membrane of most eukaryotic cells. The
base of the cilium is an evolutionary conserved sub-domain that acts as a gate
to regulate and modulate trafficking of proteins to and from cilia. All proteins
destined for the cilium cross the gating barriers at the base of the cilium in a
tightly regulated manner preventing small polypeptides from entering while
permitting the entrance of large protein complexes, such as the intraflagellar
transport (IFT). Where exactly these gating structures are positioned, where IFT
assembly takes place, and how this process is regulated is still ambiguous.

Based on STORM imaging, | present the first detailed 3D-model that
shows the position of over 30 epitope tags in the IFT, transition zone (TZ), and
basal body. We established Tetrahymena thermophila transgenic lines with C-
and/or N- termini epitope tags of over 18 different proteins. | show that IFT, TZ,
and other ciliary proteins form 9-fold symmetrical rings at the cilia base. | reveal
for the first time the architecture of IFT particles in their docking sites. By using
particle averaging of the radial and axial locations at the N- and C- termini of the
proteins, | was able to determine the orientation of these proteins. | show that in
the radial dimension, IFT-A complex lies outside IFT-B complex. | also reveal
the localisation of the binding sites of cargoes, such as tubulin and outer dynein
arms, at the cilia base. These studies made it possible to generate a 3D model

of the cilia base encompassing crucial components in unprecedented details.

Moreover, | examined the relationship between the apico-basal polarity
determinants, crumbs genes, and the gating mechanisms at the cilia base. |
investigated mutant phenotypes of zebrafish crumbs genes. These mutations
affect cilia length in a subset of tissues, and in some mutants, this is
accompanied by accumulation of other Crumbs proteins and IFT particle
components in the ciliary shaft. These findings reveal crumbs-dependent
mechanisms that regulate the localisation of ciliary proteins at the cilia base,
including Crumbs proteins themselves, and show that crumbs genes modulate
intraflagellar transport and cilia elongation possibly acting as a component of a

gating mechanism.
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“INTRODUCTION”



1.1. What are cilia?

Cilia are microscopic finger-like protrusions on the plasma membrane of
most eukaryotic cells. Motile cilia (Fig. 1.1A-A’) propel sperms, regulate
embryonic left-right patterning, clear airway mucus, and participate in
cerebrospinal fluid movement (Goetz and Anderson, 2010, Garcia-Gonzalo and
Reiter, 2012). Motile cilia in the lungs beat to perform airway mucociliary
clearance that is necessary for defence against microorganisms inhaled with
breathing (Wanner et al., 1996). Non-motile or primary cilia (Fig. 1.1B) are
antennae-like projections that house a variety of signalling pathways, such as
hedgehog pathway (Shh) and Wnt signalling, which are necessary for
embryonic development, kidney function, vision, and smell (Goetz and

Anderson, 2010, Garcia-Gonzalo and Reiter, 2012, Malicki, 2017 #4955).

Several groups of proteins are involved in maintaining the structure and
the function of the cilium. These proteins contribute to several structures such
as the transition fibres (TF), or distal appendages (DAP), transition zone (TZ),
ciliary membrane (CM), ciliary pocket, and ciliary tip (Fig. 1.1C). The transition
zone and transition fibres are thought to form gating structures at the cilia base,
which control the composition of the cilia (Garcia-Gonzalo et al., 2011, Garcia-
Gonzalo and Reiter, 2012, Shi et al., 2017). The cilium contains an axoneme,
which in turn is composed of 9 microtubule doublets surrounding a central pair
(9+2 arrangement) in almost all motile cilia (Fig. 1.1D, left). This central pair is
missing in primary cilia and so have the “9+0” arrangement (Fig. 1.1D, right)
(Garcia-Gonzalo and Reiter, 2012, Fisch and Dupuis-Williams, 2011, Malicki
and Johnson, 2017). Moreover, motile cilia contain proteins that are involved in
the motility machinery. Dynein arms, radial spokes, and nexins are found in
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motile cilia (Lindemann and Lesich, 2010, Fisch and Dupuis-Williams, 2011).
The diameter of the ciliary axoneme ranges between 200 and 300nm and their
lengths vary between 1 and 30um. For example, very long cilia have been
reported in the cristae of the zebrafish inner ear (Pooranachandran and Malicki,
2015, Hazime and Malicki, 2017). For a cilium to be formed, a set of several

well-organised events take place in a process known as ciliogenesis.

Cili i . ™
C > e Motile cilium
Singlet V4 1 L B-tubule

microtubule |
.- Doublet
microtubules
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membrane T
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ransition links { /
20N€ 1 Ciliary gate \ 3 ; /
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Figure 1.1. Overview of Cilia. (A) A confocal image of primary culture of mouse tracheal
epithelial cells (mTEC) showing hundreds of motile cilia (green) marked with anti-acetylated
tubulin and counterstained with DAPI (blue) to detect nuclei. (A’) Inset in (A). (B) A confocal
image of a 3T3 cell stained with anti-acetylated tubulin (green) to mark the primary cilium,
phalloidin to mark actin (red) and DAPI (blue) to mark nuclei. (C) A schematic of a primary
cilium showing different regions of the cilium (Adapted from (Malicki and Johnson, 2017)). (D)
An illustration showing a cross-section of a primary cilium (left) with “9+0” arrangement of
microtubules versus a motile cilium (right) with an additional microtubule pair in the middle
showing “9+2” arrangement. Motile cilia contain other structures such as outer dynein arms,

inner dynein arms, and radial spokes as indicated.



1.2. Ciliogenesis

Ciliogenesis, or cilia formation, is initiated by the extension of the
axoneme from the mother centriole, the older of the two centrioles inherited
during mitosis (Fig. 1.2). In one scenario, the basal body migrates and docks
directly to the plasma membrane followed by the extension of the ciliary
axoneme (Dawe et al., 2007). In another scenario, the basal body of the cilium
attaches by its distal appendages to a ciliary vesicle. This is followed by the
migration and docking of the “basal body-ciliary vesicle” to the cell membrane.
The docking creates a bud that starts to emerge by bending the membrane. The
bud continues to elongate to form the axoneme that is built and maintained by
the intraflagellar transport (IFT) system. After docking to the cell membrane,
transition fibres (TF) will link the basal body to the ciliary membrane (Sorokin,
1962). The TZ controls what comes in and out of the cilium and the axoneme
extends through IFT dependent manner (Fig. 1.2) (Pedersen and Rosenbaum,

2008, Garcia-Gonzalo and Reiter, 2012).

1.3. The Ciliary Transition Zone

During ciliogenesis, two distinct regions appear at the base of the cilium
to make membrane connections, the transition zone and the transition fibres
(Fig. 1.1C) (Reiter et al., 2012, Garcia-Gonzalo and Reiter, 2012, Williams et al.,
2011). The transition zone is an evolutionary conserved sub-domain of the
cilium (Garcia-Gonzalo and Reiter, 2012). In electron microscopy, the transition
zone is marked by the presence of 9-symmetrical Y-shaped fibres, called Y-

links, that connect the microtubule doublets to the overlying membrane (Garcia-



Gonzalo et al., 2011, Garcia-Gonzalo and Reiter, 2017) (Fig. 1.3A). Moreover,
the transition zone ensures that the cilium is isolated from the neighbouring
membrane and the rest of the cell. Freeze fracture microscopy of the transition
zone revealed little bumps on the ciliary membrane, called the ciliary necklace,
which may correspond to the tips of the Y-links (Fig. 1.3B) (Gilula and Satir,
1972). The length of the necklace may correspond to the length of transition
zone in different cilia of different organisms. For example, there are 2 necklaces
in the transition zone of Tetrahymena (Gilula and Satir, 1972), while 40 were
reported in the connecting cilium of retinal rod cells (Fisch and Dupuis-Williams,

2011, Besharse and Horst, 1990).

Ciliary membrane
1

TFs
Migration Docking/fusion %
l > > <
Plasma membrane le I o | )JI {‘( Tz >
v N =Y
Secondary vesicles -i I Uo > >
| e
Developing 4 l[- ba| \[“ -
12 talp q lp g
* NP
cv N > uﬂ 0 > Mo
\l |, 4 p! Ciliary gate IFT particle-dependent
> formed axoneme extension

Mother N 7 o IFT/BBS proteins

centriole y

~- ©

o Alternative pathway
Direct docking/anchoring
of basal body to membrane
Stages of ciliogenesis Early - Late ’
MKS/MKSR/NPHP protein-dependent FT/BBS protein-dependent

IFT/BBS protein-independent? Ciliary gate function:
MKS/MKSR/NPHP
protein-dependent

Figure 1.2. The process of cilia formation or ciliogenesis. The mother centriole (1) attaches
to the ciliary vesicle. The mother centriole-ciliary vesicle migrates to the cell membrane and the
transition zone starts to develop (2-3). This is followed by the docking and fusion of the mother
centriole to the cell membrane. The transition fibres connect the cilium to the cell membrane (4).
Ciliary gate forms and IFT particles build and maintain the axoneme of the cilium (5-6). In
another scenario, the basal body directly docks to the plasma membrane followed by the

extension of the ciliary axoneme. Adapted from (Reiter et al., 2012).



Figure 1.3. Ciliary transition zone is marked by Y-links. (A) An EM micrograph showing the
Y-links of a photoreceptor connecting cilium. Arrows point to the Y-Links (Adapted from
(Besharse and Horst, 1990)). (B) Freeze-fracture SEM of a rat tracheal cell showing the ciliary
necklace with little bumps (arrows) that may correspond to the tips of Y-links (adapted from
(Gilula and Satir, 1972)). (C) A model of the cilia base showing transition zone proteins of the

MKS module, B9d complex, and transmembrane proteins (adapted from (Chih et al., 2011)).



1.3.1. Modules of the TZ

Numerous biochemical and genetic analyses of the transition zone
revealed a network of interactions between TZ proteins (Garcia-Gonzalo et al.,
2011, Sang et al., 2011, Chih et al., 2011, Pazour et al., 2005). For instance,
genetic analysis in C.elegans lead to the classification of the TZ proteins into
two main modules: “MKS/MKSR” module which includes MKS1, B9d1, B9d2,
TMEMG67 (MKS3), and CC2D2A (MKS6) and “NPHP” module which comprises
NPHP1 and NPHP4 (Williams et al., 2011). These two modules act redundantly
and were found to be necessary for the early steps in ciliogenesis (Williams et
al., 2011). The two modules are functionally linked to each other by another
transition zone component, RPGRIP1L (MKSS5), which controls the localisation
of the proteins in both complexes (Williams et al., 2011). Mutations in NPHP
and MKS modules alone did not affect the architecture of the transition zone,
however, mutating components of both complexes had severe effects on the
formation of the Y-links and thus affected ciliogenesis (Williams et al., 2008,
Williams et al., 2011, Huang et al., 2011, Jensen et al., 2015, Yee et al., 2015).
These genetic analyses reveal the importance of the transition zone
components and their involvement in the structure and function of cilia.
Moreover, proteomic analysis of TZ proteins revealed a network of interactions
between proteins belonging to MKS and NPHP complexes. This network was

divided into NPHP1-4-8, NPHP5-6, and MKS (Sang, et al. 2011).



1.3.2. Functions of the TZ

The transition zone is involved in controlling what is transported in and
out of the cilium, and thus is widely involved in ciliogenesis. Some of the TZ
components are thought to be necessary for the formation of the Y-links (Shi et
al., 2017), others have roles in the vesicular transport machinery and the fusion
of the ciliary vesicle with the plasma membrane to initiate the formation of the
axoneme (Fig. 1.3C) (Williams et al., 2011, Reiter et al., 2012, Awata et al.,
2014, Garcia-Gonzalo et al., 2011). Due to its role in regulating the entry and
exit of ciliary proteins, the transition zone is also thought to act as a ciliary gate
or a diffusion barrier that coordinates and prevents non-specific movements of
proteins into and out of the cilium. It also hypothesized that the TZ modulates
the intraflagellar transport (IFT) proteins to carry cargoes into and out of the
cilium (Nachury et al., 2010, Sang et al.,, 2011, Czarnecki and Shah, 2012,

Garcia-Gonzalo and Reiter, 2012).

Although plenty of efforts have been devoted to characterizing the gating
mechanism and localising individual transition zone proteins at the cilia base
entity, it is still mysterious how some proteins are restricted from entering the
cilium, while others, even large complexes, such as intraflagellar transport
proteins (IFT), still gain access through this barrier. The architecture and
arrangement of the TZ protein has been a very hot topic recently, especially
with the emergence of several super-resolution imaging tools that are suitable
to pinpoint slight differences in the arrangement and distribution of different
proteins at the cilia base. It is very important to reveal the architecture and
orientation of the TZ proteins to elucidate how these proteins are involved in
controlling what comes in and out of the cilium and their relation to diseases.
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l.4. The Transition Fibres

The transition fibres constitute a region that is distinct from the transition
zone. They come nine in number spaced by about 60 nm from each other,
extend from the C-tubule of the basal body, and attach to the ciliary membrane
at the proximal end of the cilia base (Ringo, 1967, Nachury et al., 2010) (Fig.
1.1C). These fibres do not only serve as the first point of attachment of the basal
body to the cell membrane, but also serve as a physical barrier to the transport
of proteins, as their inter-spaces are too small to allow the passage of vesicles
(Buisson et al., 2012, Garcia-Gonzalo and Reiter, 2012, Klionsky et al., 2012,

Reiter et al., 2012, Nachury et al., 2010).

There are at least 5 different proteins that form or regulate the formation
of the transition fibres. These proteins include Cep83, Cep89, Sclt1, FBF1, and
Cep164 (Tanos et al., 2013). The localization of these proteins requires other
proteins, such as OFD1 and c2cd3, where the disruption of OFD1 prevented the
formation of the distal appendages and thus blocked cilia formation (Singla et
al., 2010, Thauvin-Robinet et al., 2014, Ye et al., 2014). Transition fibres have
also been shown to be important recruitment sites for the IFT and transition
zone components at the early stages of ciliogenesis (Deane et al., 2001,
Schmidt et al., 2012). This has been confirmed by the failure of recruitment of
the IFT protein IFT88 to the basal body in the absence of Cep164, one of the
transition fibre components (Wei et al., 2013, Deane et al., 2001). Overall, this
shows that the transition fibres contribute to ciliogenesis by recruiting necessary

proteins to initiate cilia formation.



I.5. Ciliopathies

Defects in the assembly or function of cilia can cause several cilia-related
diseases, collectively known as ciliopathies. Ciliopathies are a group of cilia-
related diseases that affect many organs in the human body including the brain,
lungs, kidney, and limbs (Fig. 1.4) (Pedersen and Rosenbaum, 2008, Chih et al.,
2011, Mitchison and Valente, 2017). Ciliopathies are caused by defects in the
assembly, structure or function of primary or motile cilia. Defects in motile cilia
usually affect cilia function in tissues and organs that contain them, such as the
lungs and brain. Motile cilia diseases arise from mutations in the assembly of
motile ciliary proteins or due to defects in the motility machinery. Proteins
affected in motile cilia disease include dynein arms and radial spokes (Lucas et
al., 2014) (Fig. 1.1D). Dysfunctional motile cilia in the lungs manifest abnormal
clearance of mucus in the respiratory airway, which leads to chronic diseases
such as “primary ciliary dyskinesia” or “PCD” (Lucas et al., 2014, Mitchison and
Valente, 2017). Because of the impaired ciliary clearance, patients with PCD
suffer from recurrent chronic chest infections, sinusitis, and hearing impairment.
Some PCD patients manifest situs inversus, or organ laterality, and are

frequently infertile (Lucas et al., 2014).

On the other hand, defects in primary cilia cause cystic kidney diseases,
Joubert syndrome (JBTS), Bardet-Biedel syndrome (BBS), Meckel-Gruber
syndrome (MKS), and nephronophthisis (NPHP), where MKS is the most lethal
among these ciliopathies (Fisch and Dupuis-Williams, 2011, Klionsky et al.,
Ishikawa and Marshall, 2011, Chih et al., 2011, Garcia-Gonzalo and Reiter,
2012). Many of the proteins causing ciliopathies localise to the transition zone
and/or to the transition fibres of the cilium. For example, mutations in Cep164
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and Cep83 (transition fibre components) cause nephronophthisis (Slaats et al.,
2014, Failler et al., 2014). On the other hand, mutations in transition zone
components, such as Tmem216, Tmem67, CEP290, RPGRIP1L, CC2D2A,
TCTN2, TCTN3, and Tmem231 cause either Joubert syndrome, a ciliopathy
characterized by cerebellar abnormalities and polydactyly (Valente et al., 2014,
Huppke et al., 2015), or MKS, which is characterised by occipital
encephalocele, polycystic kidneys, and polydactyly (Shaheen et al., 2013,
Filges et al., 2014, Valente et al., 2014, Roberson et al., 2015, Shaheen et al.,

2015).

While the genetic disruption of the NPHP complex components Nphp1
and Nphp4 usually cause mild defects that affect certain types of cilia, such as
nephric and photoreceptor connecting cilia (Jiang et al., 2008, Jiang et al.,
2009, Won et al., 2011), mutations in the MKS complex components, cause
severe defects, and mostly are embryonic lethal (Weatherbee et al., 2009, Chih
et al., 2011, Dowdle et al., 2011, Garcia-Gonzalo et al., 2011, Sang et al.,

2011).

1.6. Intraflagellar Transport (IFT)

Intraflagellar transport or IFT is the bidirectional movement of multi-
subunit protein complexes, known as the IFT particles, along the axonemal
microtubules beneath the ciliary membrane. IFT is a highly conserved system
that is required for the maintenance and assembly of cilia in several eukaryotic
organisms. Since no protein synthesis takes place within the cilium, the

extension of the ciliary axoneme is mediated by the intraflagellar transport
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system, which supplies the building blocks of the axoneme (Scholey and
Anderson, 2006, Pedersen and Rosenbaum, 2008, Goetz and Anderson, 2010,
Sang et al., 2011). This transport system is powered by kinesin-Il motor and
cytoplasmic dynein-1b/2 molecules that aid IFT particle to walk along the
microtubules within the ciliary shaft. IFT particles are moved from the base of
the cilium to the tip of the cilium by kinesin-Il proteins on the B-microtubules in a
process known as anterograde transport; whereas, cytoplasmic dynein-1b,
using the A-microtubules, powers IFT particle to exit the cilium in the retrograde

transport (Stepanek and Pigino, 2016)(Fig. .5A).

efects
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infection

- d
Cystogenesis Lot
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Figure L.4. Ciliopathies. An illustration showing the organs affected by mutations in ciliary
proteins causing several ciliopathies. Mutations in many ciliary proteins can cause defects in
organs such as the lungs, kidneys, and brain. These cilia-related diseases are collectively
known as “ciliopathies” (Adapted from (Mclintyre et al., 2013)).

12



1.6.1 IFT complexes and functions

The IFT particle is composed of 22 unique proteins organised in two
complexes called IFT-A (6 proteins) and IFT-B (16 proteins) (Fig. 1.5B)
(Pedersen and Rosenbaum, 2008, Silverman and Leroux, 2009) (Table V.1 in
chapter 1V). IFT-B complex appears to be critically important for anterograde
transport and ciliary assembly as mutations in most IFT-B proteins block cilia
assembly (Tsujikawa and Malicki, 2004, Krock and Perkins, 2008). IFT-A
mutations typically cause less severe defects in ciliary assembly and often
result in accumulation of materials in the cilium, mainly at the ciliary tip,
suggesting that it is important for the retrograde transport (Cole, 2003, Scholey,
2003, Taschner et al., 2011). This does not exclude roles of IFT-A complex in
early steps of ciliogenesis as it was reported that the IFT-A component WDR35
(IFT121) is important for the fusion with Rab8 vesicles and the selectivity of
ciliary membrane cargoes, such as Arl13b (ADP Ribosylation Factor Like
GTPase 13b), INPP5E (Inositol Polyphosphate-5-Phosphatase E), and SSTR3
(Somatostatin receptor 3) (Fu et al., 2016). In addition to that, IFT-B proteins
were shown to be required for the transport of ciliary cargoes (Keady et al.,

2012, Eguether et al., 2014, Huet et al., 2014).

Moreover, another functional subdivision of IFT-B and IFT-A complex
proteins has been recently proposed. IFT-B complex is subdivided into IFT-B1
and IFT-B2 subcomplexes, or core and peripheral, respectively. The core
complex contains 10 IFT-B proteins and the remaining 6 IFT-B proteins belong
to IFT-B2 subcomplex, or the peripheral complex (Fan et al., 2010, Lechtreck et
al., 2009, Wang et al., 2009, Ishikawa et al., 2014). IFT88/IFT52 from IFT-B1
subcomplex bridges with IFT38/57 from IFT-B2 (Taschner et al., 2016). Similar
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functional subdivision is used for the IFT-A complex that is also divided into 2

subcomplexes termed “core” and “non-core” proteins (Mukhopadhyay et al.,

2010) (Fig. 1.5B).
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Figure L.5. Intraflagellar transport and BBsome. (A) A schematic depicting intraflagellar
transport (IFT) showing the bidirectional movement of IFT particle into the cilium (anterograde)
and out of the cilium (retrograde) (adapted from (Blacque et al., 2008)). (B) IFT-B complex (left)
is subdivided into IFT-B1 (core) or IFT-B2 (peripheral) subcomplexes. IFT-A (right) is also
divided into core and non-core complexes (adapted from (Taschner et al., 2016)). (C) Immuno-
EM micrograph showing the distribution of IFT52 protein near the basal bodies (adapted from

Deane, et al 2001). (D) An illustration of the BBSome octameric complex showing its
components (Jin and Nachury, 2009).

Numerous immunofluorescence studies revealed that many IFT proteins
accumulate at or near the base of the cilium (Zhao and Malicki, 2011, Krock and

Perkins, 2008, Brown et al., 2015). Using immunoelectron microscopy,
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Chlamydomonas IFT52 seemed to assemble at the distal ends of the basal
body, or the transition fibres (Deane et al., 2001) (Fig. I.5C). Other IFT proteins,
such as IFT57, IFT88, and IFT140, were shown to concentrate at that region
too (Sedmak and Wolfrum, 2010, Williams et al., 2011). This shows that the
transition fibres may also be essential for the docking and assembly for many
proteins, mainly the IFT proteins, which in turn are important for cilia formation
and maintenance. The determination of the roles of individual IFT proteins is
quite complex, as in most cases the loss of one IFT protein leads to the
destabilization of the whole complex. It is still unclear where exactly the IFT
proteins dock and assemble to form particles before they gain access to the
cilium. Super-resolution imaging of single IFT proteins may reveal the docking

sites of the IFT proteins at the cilia base.

1.6.2. Protein interactions within the IFT Particle

Many interactions have been reported between the individual subunits of
the B complex and include direct interactions between: “IFT88, IFT52 and
IFT46”; “IFT81 and IFT74”; “IFT70 and IFT46”; and “IFT25 and 27”.
IFT25/IFT27 is required for sonic hedgehog (Shh) signalling (Brazelton et al.,
2001, Deane et al., 2001, Davis and Katsanis, 2012, Liew et al., 2014, Eguether
et al., 2014). In addition to that, studies on interaction of IFT proteins with their
cargoes have been widely investigated. For instance, IFT46 is important in the
transport of outer dynein arms (ODAs) (Qin et al., 2004, Ahmed et al., 2008).
IFT81/74 were reported to be necessary for the transport of tubulin to build the

cilium (Bhogaraju et al., 2013).

15



On the other hand, IFT-A components were shown to indirectly transport
membrane proteins (Mukhopadhyay et al., 2010, Fu et al., 2016) and most likely
interact directly with BBS1, a protein that belongs to the BBSome protein
complex (please see below) (Wei et al., 2012). Finally, no direct interactions
between IFT-A and IFT-B complexes have been reported, with an exception of
the possibility of IFT-B protein IFT74 to link the interaction between IFT-B and
IFT-A complexes (Brown et al., 2015). However, a study suggested a physical
link between IFT-A and IFT-B complexes through the BBSome and that the
BBSome is involved in the assembly of IFT-A and IFT-B at the base of the
cilium before anterograde transport and at the tip during the turnover to initiate

the retrograde transport (Wei et al., 2012).

1.6.3. BBSome

The BBSome is an octameric protein complex composed of BBS1,
BBS2, BBS4, BBS5, BBS6, BBS7, BBS9, and BBIP10 (Nachury et al., 2007,
Loktev et al., 2008) (Fig. 1.5D). The BBSome is required for trafficking
membrane proteins and signaling receptors, such as SSTR3 and rhodopsin (Jin
et al., 2010, Nachury et al., 2010, Berbari et al., 2008, Loktev et al., 2008, Wei
et al., 2012, Liew et al., 2014). Mutations in these proteins cause Bardet Biedel
Syndrome or BBS, which is a ciliopathy characterised by obesity, polydactyly,
and mental retardation (Fliegauf et al., 2007, Zaghloul and Katsanis, 2009). The
BBSome is thought to mediate the turnover of IFT particles at the ciliary tip (Wei
et al., 2012). IFT27, a GTPase that belongs to the IFT-B complex is thought to

detach from the IFT particle inside cilia to mediate the exit of BBSome from cilia

16



(Liew et al., 2014).

I.7. Regulation of Protein Transport at the Cilia Base

Numerous proteins are recruited to the cilium to maintain its structure
and function (Awata et al., 2014, Breslow et al., 2013, Najafi and Calvert, 2012,
Kee et al., 2012). The transport of membrane proteins is thought to be regulated
at the base of the cilium by a diffusion barrier. Proteins move from the cytosol in
vesicles, if these vesicles carry a ciliary membrane protein, they dock at the
base of the cilium to be transported into the cilium. It is not clear how the
interaction of different proteins at the ciliary base occurs to regulate the gating

function.

For soluble proteins, the molecular mass barrier at the transition zone
varies from one type of cell to another. For example, in Xenopus rods, the
monomeric form (27kD), dimeric (54kD), and the trimeric GFP (81kD) could
cross in a similar fashion the photoreceptor connecting cilium (Najafi and
Calvert, 2012). However, dextrans, which have a molecular mass of 40kD,
could not cross the barriers at the cilia base, but smaller dextrans of 10kD mass
or less could enter these cilia (Fig. 1.6A) (Kee et al., 2012, Kee and Verhey,
2013, Najafi and Calvert, 2012). Some studies also showed that the transition
zone acts a size-exclusion filter, where proteins of stoke radii of 8nm or less
could enter the cilium (Lin et al., 2013). So, for soluble cytoplasmic proteins,
transition zone gating might not involve a diffusion barrier such as that proposed
for membrane-associated proteins. For a soluble protein to enter the cilium,

features including the molecular weight and the structural conformation of the
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transport proteins are important to cross the gates at the cilia base (Reiter et al.,

2012, Kee and Verhey, 2013).

1.8. An overview of nucleoporins in cilia

Recent studies suggested similarities between ciliary and nuclear
transport entry (Kee et al., 2012, Diener et al., 2015, Takao and Verhey, 2016).
The nuclear pore excludes proteins greater than 30kD in mass, but allows the
passage of larger proteins if they contain nuclear localisation signals such as
these in importins (Kee et al., 2012). Nucleoporins (Nups) are the main
components of the nuclear pore; they form the structure of the pore and
regulate the entry of cytosolic proteins into the nucleus. The nuclear pore
complex is a large proteinaceous structure composed of more than 30 different
nucleoporins that assemble into complexes (reviewed in (Lim and Fahrenkrog,
2006)). Similar to nuclei, cilia restrict the entry of proteins based on size, but
utilize active transport to allow the entry of large proteins (Kee et al., 2012, Kee
and Verhey, 2013). It was shown that the active transport into the cilium
involves nuclear trafficking components including importins, a Ran-guanosine
triphosphate concentration gradient (Ran-GTP), and nucleoporins (Dishinger et
al., 2010b, Kee et al., 2012). This could indicate that nuclei and cilia share

similar molecular components that regulate import into their compartments.

1.8.1. Where do nucleoporins localise in the ciliary compartment?

Using GFP-fusions to nucleoporins, it was shown that some

nucleoporins, such as Nup37, Nup35, Nup93, and Nup62 localized to the cilia
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base in Odora and hTERT-RPE-1 cells (Fig. 1.6B). Other Nups, such as
POM121, GP210, and NDC1, did not localise to the cilia base (Kee et al., 2012,
Najafi and Calvert, 2012). In addition to that, using mAb414 antibody that
recognizes several FG-containing (phenylalanine-glycine motif) nucleoporins,

including Nup358, Nup214, Nup62, and Nup53, also localized to the cilia base.
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Figure 1.6. Nucleoporins and cilia. (A) Monomeric GFP (27kD), dimeric GFP (54kD), and
trimeric GFP (81kD) can cross both the ciliary gate and nuclear pores. Dextrans of 70kD could
not cross both gates, but 10kDa dextran crossed both gates easily (adapted from (Kee et al.,
2012)). (B) Nucleoporin Nup62 (green) localise to the base of cilium in odora cells (Adapted
from (Kee et al., 2012)). (C) An illustration proposing that nucleoporins form ciliary pore complex
between the Y-Links at the cilia base (adapted from (Takao and Verhey, 2016)). (D) An
illustration showing that Nup188 and Nup93 localize in barrel-like structures around the
centrioles of the basal bodies in Xenopus left-right organizer (Adapted from (Del Viso et al.,
2016)).

Using immunoelectron microscopy on rat tracheal cells with mAb414 and
CEP290 antibodies showed that nucleoporins localise at the transition zone and
basal bodies of motile cilia (Fig. 1.6B’) (Kee et al., 2012). However, recent

studies in xenopus embryos using super-resolution imaging, showed that
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nucleoporins form barrel-like structures near basal bodies (Del Viso et al.,
2016)(Fig. 1.6D); this contradicts the idea that nucleoporins form rings/pores at
the cilia base as was proposed earlier (Fig. 1.6C) (Kee and Verhey, 2013, Takao
and Verhey, 2016). Thus, nucleoporins could hypothetically assemble in
different architectures at the cilia base in different model systems. This,
however, requires much more investigation of the localisation and function of

nucleoporins in cilia of different organisms.

1.8.2. Possible functions of nucleoporins in cilia

The presence of nucleoporins at the base of the cilium is interesting and
suggests an important role of these proteins in ciliogenesis. The disruption of
nucleoporins in NIH3T3 cells affected the entry of the kinesin motor protein
KIF17 (Kee et al., 2012, Dishinger et al., 2010b). In addition to that, the
depletion of Nup188 and Nup93 affected ciliogenesis in the left-right organizer
in xenopus larvae (Del Viso et al., 2016). This reveals that the nucleoporins
might contribute to the gating structures at the cilia base, and thus might be
involved in regulating ciliary protein composition. Therefore, disrupting some

nucleoporins could affect the transport of some ciliary proteins.

1.9. Cilia and Polarity

Cilia emerge from the apical surfaces of most epithelial cells and thus
proteins important for determining the polarity of epithelial tissues may also
have roles in ciliogenesis. The highly conserved apico-basal polarity

determinants, Crumbs proteins, are necessary for the determination of the
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apico-basal polarity in epithelia (Bilder et al., 2003, Tanentzapf and Tepass,
2003, Bachmann et al., 2001). crumbs genes were first discovered in
Drosophila melanogaster where a loss of function of crumbs produced
‘crumby” epithelia (Tepass and Knust, 1990). In humans, there are three
isoforms of crumbs, CRB1, CRB2, and CRB3. Loss-of-function of CRB1 causes
ciliopathies known as retinitis pigmentosa (RP) and Leber congenital amaurosis
(den Hollander et al., 2001, den Hollander et al., 1999). In zebrafish there are 5
crumbs orthologues, named crb1, crb2a (ome), crb2b, crb3a, and crb3b

(Omori and Malicki, 2006) (Fig. 1.7A).

Zebrafish crumbs genes display distinct expression patterns. crb2b, for
example, is highly enriched in the pronephros and in photoreceptor cells (Hsu et
al., 2006, Omori and Malicki, 2006, Zou et al., 2012). crb3a, on the other hand,
is expressed predominantly in the otic vesicle at stages that were investigated
thus far (Omori and Malicki), (Gosens et al., 2008, Omori and Malicki, 2006, van
den Hurk et al., 2005) (Fig. I.7A). Crumbs proteins contain a transmembrane
region (TM), a well-conserved intracellular region (cytoplasmic tail), and an
extracellular domain of varying size (Tepass and Knust, 1990, van den Hurk et
al., 2005, Omori and Malicki, 2006). For example, zebrafish Crb3a and Crb3b
contain a very short extracellular domain compared to Crb1 and Crb2 that
contain very large ones (Fig. .7A).

Crumbs extracellular domains, such as EGF-like repeats and Laminin-G
domains, mediate cell adhesion (Zou et al.,, 2012). On the other hand, the
very-well conserved C-terminal intracellular tail of Crumbs proteins contains
two domains known as FERM (F for 4.1 proteins, E for Ezrin, R for Radixin,

and M for Moesin (Chishti et al., 1998)), and PDZ (P for postsynaptic density
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protein (PSD95), D for Drospophila disc large tumor suppressor (DIg1), and Z
for Zonula Occludens-1 protein (ZO-1) (Kennedy, 1995) binding domains
(PDB) (Fig. I.7A). Both FERM and PDB domains mediate the apico-basal

polarity function of the Crumbs protein (Wodarz et al., 1995).

Crumbs proteins have been also shown to be involved in ciliogenesis.
They localize to cilia in mammalian cells (Fig. 1.7B) (Whiteman et al., 2014,
Szymaniak et al., 2015, Hurd et al., 2003), and the loss of CRB3 activity blocks
cilia formation (Fan et al., 2004). In vivo studies using morpholino knockdown
experiments showed that zebrafish crb3 is essential for the elongation of
kinocilia in the ear (Omori and Malicki, 2006). An indirect interaction between
CRB3 and Kif3a, a component of the kinesin-Il family important for powering
the anterograde transport into cilia, has been postulated (Sfakianos et al.,
2007, Huang et al., 2008) (Fig. 1.7C). However, it has not been investigated
whether crumbs zebrafish mutants would show similar phenotypes to those
shown in in vitro and morpholino knockdown studies. In addition, the role of

crumbs in ciliogenesis in vivo is poorly understood.
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Figure L.7. The relationship between apico-basal polarity determinants, crumbs genes,
and ciliogenesis. (A) An illustration showing the 5 orthologues of crumbs in zebrafish, crb1,
crb2a (ome), crb2b, crb3a, and crb3b. Note that crb3a and crb3b have very short extracellular
domains compared to crb2a, crb2b, and crb1 proteins (adapted from (Omori and Malicki,
2006)). (B) A confocal image of an IMCD3 cell stained with anti-acetylated tubulin to mark cilia
(green) and anti-CRB antibody that recognizes the conserved C-terminus of Crumbs proteins
(red). The cell is counterstained with DAPI (blue) to mark the nucleus. (C) An illustration
depicting an indirect interaction between Crb3a and Kif3a, the motor that powers the movement
of IFT particle into the cilium (Adapted from (Sfakianos et al., 2007)).

1.10. Conventional versus Super-resolution microscopy

Light microscopy is a very powerful and versatile tool in biological and

medical research. Light microscopy is widely used to image biological
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specimens, but the nature of light limits the resolution to about 200-300nm. This
does not make it possible to image complexes, interactions, architectures, and
subcellular structures, which mostly occur at a scale of few tens of nanometres
(Huang et al., 2008, Huang et al., 2010, Schermelleh et al., 2010). Super-
resolution microscopes, such as stimulated emission depletion (STED),
structured illumination microscopy (SIM), and single molecule localization based
microscopy (SMLM): including stochastic optical reconstruction microscopy
(STORM) and photoactivated localization microscopy (PALM), have emerged
as very powerful light microscopy tools that can surpass the diffraction limit of
light and achieve resolutions of about 100nm for SIM (Gustafsson et al., 2008),
50nm for STED (Sieber et al., 2007), and 20nm for STORM (Huang et al.,
2010). Using such advanced imaging techniques, one can improve the
resolution up to 10 times compared to that of conventional light microscopy
(Huang et al., 2010). This allows imaging of protein complexes in
unprecedented details (Huang et al., 2010, Huang et al., 2008), and thus can be
very suitable to image structures and complexes within the ciliary compartment

(Del Viso et al., 2016, Shi et al., 2017).

1.11. Stochastic Optical Reconstruction Microscopy (STORM)

STORM imaging is a form of super-resolution microscopy that relies on
the photoswitching characteristic of the fluorescent dyes used, such as Alexa
Fluor 647 (Rust et al., 2006). Photoswitchable fluorophores rotate between
fluorescent (ON) and dark (OFF) states for several times before they irreversibly

photobleach. These switching events between fluorescent and dark states
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enable bypassing the subdiffraction limit, therefore improving the resolution
((Chozinski et al., 2014)). In order to photoswitch these fluorophores, a
continuous illumination with a red laser (such as 637 laser) is required. This
activates a subset of these fluorophores, excite them (or switch them on), and
keep the remaining fluorophores “off’ (Dempsey et al., 2009, Huang et al.,
2010, Dempsey et al., 2011). For this to be achieved, the buffer conditions must
be optimal so that the fluorophores keep switching between fluorescent “on”
and dark “off’ states (Olivier et al., 2013) before they become irreversibly
photobleached. These buffers usually contain thiol reagents, such as
mercaptoethylamine, and oxygen scavenging reagents, such as catalase and
glucose oxidase. Several buffer conditions have been tested and optimised for
different fluorophores and fluorescent proteins (Olivier et al., 2013, Nahidiazar

et al., 2016).

For a STORM image to be produced, the following steps must take
place: a small subset of fluorophores is switched “on” (excited state), while most
of the remaining fluorophores are still “off” (dark state) (Dempsey et al., 2011),
this is known as “blinking events. This is followed by another subset of
fluorophores switching on stochastically while most fluorophores are off. The
process of switching “on” and “off” is repeated many times and recorded over
thousands of frames, so that most or all the fluorophores will be localized.
Finally, computational analysis with software (such as NIS Elements from
NIKON), or “ThunderSTORM” plug-in available in the FIJI (ImageJ) package,
can be used to process and reconstruct STORM fluorophore localisation data.
Positions of proteins are reconstructed based on the positions of all the

activated fluorophores to produce the super-resolution image (Fig. |.8A).
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1.12. Applications of Super-Resolution Imaging in Cilia Biology

SIM, STED, STORM, and PALM, have emerged as great microscopy
tools to image different ciliary structures including those at the basal body
(Mennella et al., 2012, Lau et al., 2012), the distal appendages (Yang et al.,

2015), and the transition zone (Shi et al., 2017, Lambacher et al., 2016).

For instance, by using 3D-STORM combined with quantitative imaging
analysis, Shi et al., could elucidate some components of the ciliary gating
structures at the cilia base. By analysing different components of the ciliary
transition zone in murine tracheal cells, they showed that RPGRIP1L, B9d1, and
NPHP1 form rings outside the microtubule doublets and are close or at the ciliary
membrane. They proposed that these proteins might be the building blocks of the
arms of the Y-links (Fig. 1.8B) (Shi et al., 2017). Moreover, using STED and
STORM imaging in C.elegans and mammalian cells, it was shown that some
transition zone components are periodically distributed along the axial plane and
either form multiple stacked rings or form spiral orientations along the ciliary
axoneme (Fig. 1.8C). Using STORM, TZ components RPGRIP1L and Tmem67
formed rings at the cilia base. Tmem67 had a diameter that positions it to the
ciliary membrane, whereas, RPGRIP1L seemed to be away from the ciliary

membrane (Fig. 1.8C) (Lambacher et al., 2016).

SIM and STORM imaging combined with quantitative analysis were also
utilised to define the PCM (peri-centriolar material) structure by showing that peri-
centrin like protein (PLP) is positioned at the centriolar wall, and organised in
clusters of nine-fold symmetry (Mennella et al., 2012). The orientation,

architecture, and the relative position of many transition fibre proteins have been
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extensively analysed using STED and STORM imaging. Just recently, it was
shown that the distal appendages show a cone-shaped architecture rather than a
pinwheel shape as was previously proposed (Yang, et al., 2017). Using STORM
imaging, it was shown that cep83, cep89, and cep164, form the backbone of the
distal appendages, while FBF1, is found at the distal regions of the appendages
near the ciliary membrane (Yang, et al., 2017) (Fig. 1.8D). Cep164 was also
shown to form 9-fold symmetric rings using STED imaging in mouse tracheal cells
(Lau et al., 2012). STED microscopy was also used to map proteins at the cilia
base, including those of the transition zone, transition fibre, IFT proteins, and

basal body proteins (Yang et al., 2015).
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Figure 1.8. Applications of super-resolution imaging in cilia biology. (A) An illustration
showing the principle of fluorophore photoswitching during STORM imaging and the
reconstruction process to form a STORM image (adapted from Huang, et al., 2011). (B) A
model proposing the radial distribution of transition zone proteins: Tmem231 (green), Nphp1
(blue), and RPGRIP1L (yellow) on the arms of Y-links (Shi et al., 2017). (C) Using STED and
STORM microscopy in C.elegans and mammalian cells, transition zone proteins seem to form
clusters arranged in rings at the cilia base (Lambacher et al., 2016). (D) A model depicting the
arrangement of several transition fibre proteins as indicated at the cilia base using STORM

imaging (Adapted from Yang et al., 2017).

1.13. Models used in this thesis

In addition to mammalian cell cultures (mainly IMCD3) and primary cell
cultures (normal human bronchial epithelial cells: NHBE and mouse tracheal
epithelial cells: mTECs), Tetrahymena thermophila was the main model used to
generate a super-resolved model of the cilia base using STORM microscopy.
On the other hand, zebrafish was the main model used to analyse the role of

crumbs genes in ciliogenesis and gating mechanisms at the cilia base.

1.13.1. Tetrahymena thermophila

Tetrahymena thermophila are 30 by 50um unicellular eukaryotes that
belong to the kingdom Protista (Orias et al., 2011, Gaertig et al., 2013) (Fig.
I.9A). Each cell differentiates about 500 cilia arranged in about 20 longitudinal
rows. Cilia in Tefrahymena are required for movement, feeding (by
phagocytosis at the oral apparatus), and for mating (Orias et al., 2011, Collins
and Gorovsky, 2005). A Tetrahymena cell contains two nuclei, the germ-line
micronucleus (Mic), which is diploid, transcriptionally inactive and contains 5
pairs of chromosomes, and the somatic macronucleus (Mac), which is

polyploid, transcriptionally active (Collins and Gorovsky, 2005, Gaertig et al.,
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2013) and estimated to contain about 45 copies of each protein coding gene.
They grow relatively fast and divide once each 2-3hr under optimal conditions.
During the vegetative life cycle, Tetrahymena cells divide by binary fission,
during which the micronucleus divides by mitosis, while the macronucleus
divides amitotically (Dave et al., 2009). Therefore, when Tetrahymena cells
undergo vegetative life cycle, it is not possible to deliver the same number of
copies of modified alleles to both macronuclei in daughter cells. This random
allelic distribution in the macronucleus produces cells with slight different allelic
content between each other. By the process of “phenotypic assortment”, it is
possible to select a population of Tefrahymena cells that contains a high copy

number of a particular allele (Merriam and Bruns, 1988).

Tetrahymena thermophila (Fig. 1.9A) has been widely used in the
biological research to answer several scientific questions (Collins and
Gorovsky, 2005), such as the function of catalytic RNA (Herschlag and Cech,
1990), telomeric repeats (Allshire et al., 1988), telomerase (Bryan et al., 1998),
and histone acetylation (Pfeffer et al., 1989). It grows rapidly in axenic media
and share many important biological processes with higher vertebrates,
including humans (Cassidy-Hanley, 2012). There are several reasons that
make Tetrahymena thermophila a very good model to study cilia and
ciliogenesis. Each cell has about 500 cilia, this provides a plenty of cilia to be
examined all at once. The ability to deciliate (remove) cilia and regenerate cilia
facilitates the study of cilia assembly in these organisms (Rosenbaum and
Carlson, 1969). One can also stop cilia assembly by starving cells, which
allows examining cilia after being assembled (Vonderfecht et al., 2011).

Moreover, the genome of Tetrahymena contains many conserved ciliary
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proteins (Eisen et al., 2006) (Table 1.1) and is very suitable for reverse genetics

(Dave et al., 2009).

Many Tetrahymena ciliary proteins are very well conserved with higher
vertebrates, including humans (Table 1.1). However some transition fibre
proteins, such as Cep83 and Sclt1 are not found in the Tefrahymena genome.
In addition to that, the transition zone protein RPGRIP1L has at least 6
homologues in Tetrahymena thermophila, and therefore was difficult to

investigate in this current study.

Finally, through homologous recombination, any region of the
Tetrahymena genome can be targeted (Chalker, 2012). This makes it is
possible to tag genes at their native locus by transforming Tetrahymena cells
with expression vectors containing the tagged genes of interests. The tagged
gene will replace all the wild-type copies of the target gene under antibiotic
selection. In this thesis, we also show that Tetrahymena thermophila is an
excellent model for super-resolution imaging of several protein complexes at
the cilia base. We present here novel approaches on how to image these

proteins using STORM.
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Protein Size of protein Name of Tetrahymena % Positives
Name in humans (aa) protein/size in aa (% ldentities)
TZ
MKS6/ TTHERM_00348780/
CC2D2A 1620 1599 38 (21)
MKS3 TTHERM_01016240
ITmem67 995 /946 43 (24)
MKS1 559 TTHERI\//I4_9020630490 46 (25)
B9D1 204 TTHERI\//I2_1050219110 62 (39)
. TTHERM_00460620
Ahi-1 1196 1820 45 (24)
Tmem231 316 TTHERM_000441849 36 (23)
/295
Tmem216 145 TTHER'\/"1—4090842510 46 (33)
NPHP4 1426 TTHERM_00653970 48 (25)
/1714
IFT
IFT54 691 TTHERI\//I4_5011070330 56 (35)
IFT52 437 TTHERl\//|4_3040648910 59 (42)
IFT46 304 TFHERM/ESS 193580 74 (50)
TTHERM_01013160
IFT81 676 716 52 (27)
IFT27/Rabl4 186 ﬁHERMﬁgé’Z%Slo 55 (35)
IFT122 1241 TTHERMEg?w“S“O 52 (32)
IFT144/ TTHERM_01093530
WDR19 1342 /1387 55 (34)
TTHERM_00220810
IFT140 1462 11207 53 (29)
Kinesin-ll
. TTHERM_00481220
Kif3a 699 1736 57 (41)
IFT adaptor
ODA16 DAW1/415 TTHER'\/"@060762930 75 (60)
BB
TTHERM_00214750
OFD-1 1012 1976 (23)

Table 1.1. Ciliary proteins in Tetrahymena thermophila are well conserved with higher
vertebrates, including humans. A summary of T.thermophila proteins investigated in this

study showing their similarities/identities with human ciliary proteins.
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1.13.2. Danio rerio (Zebrafish)

Zebrafish has emerged an excellent model in the biological and
biomedical research in the past few decades (Fig. 1.9D). It has been widely
used as a model for many ciliary genes (Zhao and Malicki, 2011,
Pooranachandran and Malicki, 2016, Tsujikawa and Malicki, 2004) (Fig. 1.9D).
It has been a very productive model for imaging, and this is because the
zebrafish embryos are transparent and relatively easy to immunostain, they
produce tens to hundreds of fish in one cross. Moreover, the advances in
generation of zebrafish mutants using TALEN nucleases and CRISPRs made it
easy to generate very effective mutants. Here, we used zebrafish mutants to
analyse the role of crumbs proteins in ciliogenesis in several ciliated tissues in
the zebrafish, such as the mechanosensory kinocilia in the ear, nasal cilia,

lateral line cilia, and pronephric cilia.

Figure. 1.9. Model systems used in this thesis. (A) A confocal image of Tetrahymena cell
stained with anti-acetylated tubulin (green) and anti-glutamylated tubulin (red) to mark cilia. (B)
A confocal image of a 3T3 cell stained with anti-acetylated tubulin (green) to mark cilia and
phalloidin (red) to detect actin. (C) Primary culture of nasal epithelial cells stained with anti-
acetylated tubulin to mark cilia (green). All cells in (A), (B), and (C) are counterstained with

DAPI to mark the nuclei. (D) A photograph of an adult zebrafish.
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1.14. Aims of the PhD project(s) and main findings

To reveal the architecture of different protein complexes at the cilia base,
we mainly utilised Tetrahymena thermophila to generate a super-resolved
model of the cilia base. We have characterised the localisation, distribution, and
orientation of at least 18 different ciliary proteins, most of which reside at the
cilia base. These proteins included those that belong to the transition zone (7
proteins), basal body (1 protein), cargo adaptor (1 protein), IFT particle (8
proteins: 5 IFT-B proteins, and 3 IFT-A proteins), and kinesin (1 protein). To
reveal the architecture of these ciliary proteins, radially and axially, we analysed
their localisation using tags at the N- and C- termini. To do so, we generated
transgenic lines (knock-ins) in Tetrahymena thermophila, where we added tags
(HA, V5, or GFP) at either the C- or N- termini at the native locus of the gene
(Gaertig et al., 2013). This enabled us to localise the exact position of the
proteins using antibody staining against the tag. For this purpose, we employed
a combination of different imaging techniques, including confocal microscopy,
TIRF imaging, and mainly STORM imaging. This was followed by computational
quantitative analysis of STORM data using codes written in MATLAB. These
analyses enabled us to determine the radial and axial positions of the C- and N-

termini of the proteins.

Moreover, to confirm our results in other model system, we examined
some of these proteins in either primary cultures derived from human bronchial
epithelial cells or mouse tracheal cells, and mammalian cells, such as IMCD3.
In combination with quantitative and imaging analysis using codes written in
MATLAB, we present here the super-resolved model of the cilia base revealing

the architecture of at least 18 different ciliary protein. Most importantly, this
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model shows the docking sites of the IFT particle and the binding sites of tubulin
and outer dynein complex at the cilia base. It also reveals the position of IFT

proteins with respect to TZ proteins.

Furthermore, we investigated the relationship of Crumbs proteins to
ciliogenesis and their possible roles in the gating mechanisms at the cilia base.
For this purpose, we examined the role of Crumbs proteins in cilia of zebrafish
mutants and mammalian cells. Using TALEN nucleases, we generated several
zebrafish crumbs mutants and analysed them using confocal microscopy and
image analysis. We also used TIRF imaging in IMCD3 cells to elucidate the
effect of the absence of Crumbs proteins on the dynamics of the intraflagellar
transport proteins and ciliogenesis. Our findings show that Crumbs proteins
mediate IFT proteins, and therefore contribute to gating mechanisms at the cilia

base.

Main findings

1. Using STORM combined with image analysis, | show that the ciliary
transition zone proteins display 9-fold radial symmetry and localize to
distinct radial and axial positions. The characterization of the position of the
N- and C-termini of some TZ proteins enabled me to determine their
orientation at the cilia base and eventually generate a super-resolved model

of 10 epitopes in 7 different TZ proteins = CHAPTER IlI

2. Using STORM imaging combined with image analysis, | show for the first
time the arrangement of IFT proteins in their docking sites at the cilia base.

In Tetrahymena thermophila, | characterized the distribution, radial and
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axial positions of 3 IFT-A proteins, 5 IFT-B proteins, one IFT motor protein,
and one cargo adaptor protein. | determined the N- and C- termini
distribution of these proteins at the cilia base. | show that IFT proteins dock
between the transition zone and the basal body and that IFT-A complex lies
to the outside of IFT-B complex in the radial dimension. | show that all IFT
proteins examined are organised in clear 9-fold symmetrical rings at the cilia
base. | reveal the localization of the binding sites of cargoes such as tubulin
and outer dynein arm complex (ODA) at the cilia base. | also show the
arrangement and localization of IFT88 in IMCD3 cells and primary cultures
of mouse tracheal epithelial cells (INTECSs). | present the first super-resolved
model that reveals the architecture of IFT particles in their docking sites and

shows the orientation of IFT proteins at the cilia base @ CHAPTER IV

. The analysis of crumbs genes function in zebrafish mutants revealed that
the absence of some crumbs genes affects cilia length in a subset of
ciliated tissues in the zebrafish, such the cristae in the ear and nasal cilia.
In the absence of one crumbs gene, other crumbs proteins accumulated
massively inside the ciliary compartment accompanied by accumulation of
the IFT particle inside the ciliary shaft of these mutants. On the other hand,
the absence of Crb3 in IMCD3 cells produced relatively shorter cilia with
reduced IFT track lengths, but surprisingly, IFT trains were somewhat
faster in the cilia of knocked-down cells. Since Crumbs proteins affect the
ciliary composition, this implies that crumbs genes may contribute to gating

mechanisms at the cilia base = Chapter V
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Chapter I

“MATERIALS AND METHODS”
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I.1. Tetrahymena thermophila culture

Tetrahymena thermophila were gown, handled and maintained as
previously described (Gaertig et al., 2013). Wild-type cells (Cu428.1) were
grown in SPP medium, containing 1% proteose peptone (Bacto, 211684), 0.2%
glucose (VWR, 101174Y), 0.1% yeast extract (Bacto, 288620), and 0.003% Fe-
EDTA (Sigma, E6760), supplemented with 1% antibiotic-antimycotic mix
(Lonza, 17-745E) at final concentrations of 100U/mL of penicillin, 100pg/mL of
streptomycin, and 0.25ug/mL of amphotericin B. Cells were grown at 30°C with
moderate shaking at 80 rounds per minute (rpm).

To select the transgenic lines examined in this study and promote the
phenotypic assortment, the following antibiotics were used: paromomycin
sulphate (Sigma, P9297), puromycin (LKT labs, P8168), or cycloheximide
(Sigma, C7698). For long-term storage, cells were maintained at RT in 15mL
falcon tubes (Corning, 352097). Cells were checked every other day on a light
microscope, such as Zeiss Axio Lab1, to ensure cells are healthy and have
good morphology. Before experiments, cells were inoculated in SPP medium for
about 24hr before proceeding with experiments. All transgenic lines used in this

study are listed in “Table 11.1”.

I.2. Genomic DNA extraction from Tetrahymena thermophila

Tetrahymena cells were grown in SPP medium at a final density of 3-5 x
10° cells/mL. 25mL of cells were starved in 10mM Tris-HCI (pH 7.4) for 18-24hr.
Cells were then spun at 3000rpm for 5min. The supernatant was removed, and
cells were resuspended in about 0.5mL of Tris-HCI buffer and transferred to a

15 mL Falcon tube. 3.5mL of Urea lysis buffer (42% urea, 0.35M NaCl, 0.01M
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Tris pH 7.5, 0.01M EDTA, and 1% SDS) were added to the cells and gently
mixed for 4min. Next, the lysate was extracted with an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) and spun at 3500rpm for 15min.
The water phase containing genomic DNA was collected and extracted again
with equal volume of phenol:chloroform:isoamyl alcohol (25:24:1). After
centrifugation (as before), the collected water phase was extracted with equal
volume of chloroform:isoamyl alcohol (24:1) and spun again for 15min at
3500rpm. To precipitate the DNA, 1mL of 5M NaCl was added to approximately
3mL of the collected water phase and next DNA was precipitated by the
addition of an equal volume of isopropyl alcohol. The DNA was then spooled
using a glass pipette and transferred to an eppendorf tube, washed with 70%
ethanol and dried out. The pellet was resuspended with 600uL of TE buffer with
6pl of RNase A (10mg/mL, ThermoFischer, EO0381). To solubilize the genomic
DNA, the sample was heated at 55°C O/N. Carbohydrates were removed by
spinning the sample at 31,000g for 45min at 20°C. The yield of the DNA

obtained varied between 100-300pg/mL.

11.3. Protein tagging

Epitope tagging at the native locus of the gene is expected to produce
the natural pattern of expression of all the proteins examined in this study
(Gaertig et al., 2013). The tags used (3HA, 3V5, or GFP) were inserted either at
the C-terminus or the N-terminus of the coding region of the gene of interest in
the macronuclear genome by homologous recombination with the linearized

construct as depicted in the figure below. Note that the map of the construct
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shown in the figure below was used for the epitope tagging at the C-terminus

only.
STOP
1 GOl ~1Kb g g 0.6Kb j cassettey GOI~1Kb
Miul Coding o 1129 S I st Y™® Xnol

Apal

Construct used that allows epitope tagging of the C-terminus at the native locus of the gene.
“GOI”: gene of interest; “3’UTR BTU1”": terminator of beta tubulin 1; cassette: Neomycin,
cycloheximide, or pruromycin; Tag: 3HA, 3V5, or GFP were used in this study. Antibiotic
selection will promote the growth of the transformed Tetfrahymena cells and assortment of the

transgene.

1.4. Alignments

The sequences of the proteins of interest were obtained from
www.uniprot.org of either human, mouse, Chlamydomonas, or C.elegans
proteins. The sequences were then blasted against Tetrahymena thermophila
database (ciliate.org). Examples of alignments for some proteins are shown in
the appendix. Primers for 3UTR, 5UTR and coding regions of the genes of
interest were designed and used to amplify the genes of interests. The lists of
primer sequences used for the amplification of the genes of interest in this study

are summarised in “Table 11.1”.

ll.L5. Preparing constructs for transformation into Tetrahymena
thermophila

The coding and untranslated (UTR) regions of the genes of interest were
amplified using standard PCR protocols. To clone the UTR regions, the PCR
products and the construct to be used for cloning were digested using the
following restriction enzymes: Mlul and BamHI for the coding region, Sacl and
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Pstl for 5’UTR (N-terminal tagging), and Pst1 and Xhol for 3'UTR (C-terminal
tagging). The constructs were incubated for 3hr at RT followed by incubation at
-20°C over night (O/N).

The digests were then run on 1% agarose gels and the DNA was
extracted from the gel using the DNA extraction kit (QlIAquick Gel Extraction Kit,
28704) as recommended by the manufacturer. The extracted insert and
construct were then ligated at RT for 3hr using T4 DNA ligase (NEB, M0202S)
following the manufacturer’s instructions. Plasmids were then transformed into
XL gold E.coli and plated onto LB plates supplemented with ampicillin and
incubated at 37°C O/N. At least 8 colonies from each strain were picked and
inoculated in 2.7mL of LB medium containing ampicillin (Sigma, 108035242001)

for about 16hr shaking at 200rpm to be used for plasmid DNA extraction.

11.6. Plasmid DNA extraction

DNA from the bacterial clones was extracted using the “Dirty Prep
Protocol”: 2mL of the 2.7mL grown cultures were transferred to 2mL round-
bottomed eppendorf tubes (the remaining 0.7ml were used later for mini-preps).
Cell cultures were spun at maximum speed for 1min, the supernatant was
discarded, and the pellet was resuspended in 100ul of “Solution |: 25mM Tris
pH 8 + 10mM EDTA, pH 8 + 50mM glucose + RNaseA”. Resuspended cells
were lysed by adding 200ul of solution containing: 1% SDS + 0.2M NaOH. Cells
were lysed for 4min at RT. Next, 150ul of “Solution Ill: 60% 5M KAc + 11.5%
glacial acetic acid + 28.5% water” were added and mixed, kept on ice for 5min
and then the tubes were spun at maximum speed for 5min at 10°C. The

supernatant was transferred to the new sterile tubes and plasmid DNA was
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precipitated with 550ul of 100% isopropanol. After centrifugation, plasmid DNA
was washed with 500ul of 70% ethanol for 5min at RT. All the ethanol was
removed, and the pellets were kept at RT on the bench to dry out. 40ul of
distilled water were added to each pellet and kept at the bench for 5min. Finally,
the pellet was resuspended in distilled water by pipetting up and down to get the
DNA sample. The correct plasmids were selected based on the analysis with
the restriction enzymes. Plasmid DNA was digested for 2hr at 37°C. The
digestion product was then run on 1% agarose gel to check the correct band
size

Bacteria containing the correct plasmid were inoculated (remaining
0.7mL) into 20mL of LB containing ampicillin and grown O/N at 37°C to be used
for extracting DNA using the mini-prep kit (Biolabs, T1010S) following the
manufacturer’'s recommendations. After extracting the DNA using mini-preps,
(this DNA now contains the cloned UTR region of the genes of interest), 7ug of
the DNA were digested with the appropriate restriction enzymes to clone the
coding region of the genes of interest. The product of digestion was run on 1%
agarose gel and the DNA was extracted from the gel. The same procedure was
applied to clone the coding region of the genes of interest into the same vector,
as done for the UTR regions.

After ensuring that both the UTR and coding regions were inserted
correctly into the vector by restriction digests and running on gels, the DNA was
sent for sequencing to confirm the correct sequences were obtained. Final
plasmids were digested with Sacll and BamHI (N-terminal taging) or Mlul and
Xhol (C-terminal tagging) to separate transgene from the plasmid backbone and

used to transform into Tetrahymena cells by biolistic transformation.
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11.7. Biolistic Transformation and selection of transgenic (knock-in) lines

The biolistic transformation was carried out as described previously
(Dave et al., 2009). Tetrahymena cells were grown in SPP medium to a density
of 2 x 10° cells/mL. Cells were then starved in 10mM Tris-HCI, pH 7.4 O/N
(about 16-20hr) before transformation. To prepare the DNA for shooting, about
10ug of final plasmids was digested with the appropriate restriction enzymes to
separate the targeting fragment from the plasmid, precipitated onto DNAdel
Gold Carrier Particles (Seashell Technology, La Jolla, CA) according to the
manufacturer’s instruction. After digestion, 2-3ul of the digest was run on 1%
agarose gel to ensure that the digestion was successful. If so, the digestion
product was cleaned using QIAquick PCR purification kit (QIAGEN, 28104) and
biolistically transformed into CU428.2 cells (WT cells). For shooting, a circular
Whatmann paper was placed in a 100mm petri dish and made moist with some
10mM Tris-HCI (pH 7.4). Starved cells were then centrifuged at 3000rpm for
3min, and placed on the moist Whatmann paper. Shooting was performed using
the BioRad Gun (PDS-1000) following the manufacturer's recommendation.
After shooting, cells were transferred to 50 mL SPP medium supplied with
antibiotic and kept at 30°C for at least 2hr without shaking. Transformants were
selected for 3-4 days at 30°C on SPP with 2.5ug/ml of Cadium chloride (CdCl,)
and either 100pug/ml paromomycin (BioShop Canada Inc) or 200upg/ml
puromycin (BioShop Canada Inc). The positive clones were grown in media with
decreasing concentrations of CdCl, (to 0.05 — 0.1pg/ml) and increasing
concentration of the drug to promote phenotypic assortment.

For lines tagged at the C-terminus using neo4 cassette, 120ug/mL (final

concentration) of the antibiotic paromomycin and 1ug/mL of CdCl, were added
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to the 50mL cell culture. After 2hr, cells were transferred to 96-well plates
(Costar, 3590), 100ul per well using a multi-channel pipette. Plates were placed
in a humidified container at 30°C without shaking for 48-72hr. For lines tagged
at the N-terminus using neoZ2 cassette, 100ug of paromomycin was added to
the cells before spreading on 96-well plates. For lines tagged at the C-terminus
using the cycloheximide cassette, cells were kept in SPP without shaking at
30°C for 6hr before cycloheximide antibiotic was added to the cells at a final
concentration of 7.5ug/mL. And for the lines tagged at the C-terminus using
puromycin cassette, the final concentration of antibiotic added was 200ug/mL.
In all lines, the wells that showed good growth were used for further selection
using increased concentrations of the antibiotics depending on the cassette of
selection that was used.

The cells were checked every day for growth and the antibiotic
concentrations for selection were increased gradually. The maximum
concentration of paromomycin sulfate used was 2mg/mL, 8ug/mL for
cycloheximide, and 200ug/mL for puromycin dihydrochloride. When this was
achieved, the cells were then grown in SPP medium for 24hr; the protein was

then extracted for further analysis.
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11.8. Protein extraction in Tetrahymena thermophila

3 x 10" cells/mL were used for protein extraction. Cells were spun at
3000rpm for 3min, washed with 10mM Tris-HCI, pH 7.4 and spun again at
3000rpm. 2x lysis buffer (1.4M sucrose, 4mM EGTA (Alfa Aesar 67-425), 4mM
EDTA (Sigma Aldrich, 27285) in 20mM Tris buffer, pH 8) was added on the
cells and kept on ice for 1-2min. Cells were then centrifuged at 16000g for
10min at 4°C. The supernatant was discarded, and the cells were washed with
10mM Tris-HCI, pH 7.4 and centrifuged again at full speed for 10min to get the
protein pellet. The pellet was resuspended in about 300ul of 10mM Tris-HCI, pH
7.4 and used for further analysis, or stored at -20°C for later use. The protein

concentration was assessed using the BCA assay (ThermoFischer, 23225).

1.9. SDS-PAGE and Western Blot

50ug of protein were heated at 95°C for 5min in 2x lamelli buffer
containing 4% SDS (Fischer, UN1325) and 20% glycerol (VWR, 444485B), and
0.2M TRIS pH 6.8, bromophenol blue, DTT or -mercaptoethanol. The samples
were loaded on SDS-PAGE gel (concentration of the gel varied between 8 and
12% depending on the size of the protein of interest). The gel was run at 90V
for 10min followed by 120V for at least 1hr. Western blots were performed using
standard protocols. The transfer was done into nitrocellulose membranes (GE,
10600002) at 160mA for 1hr. The blot was blocked in 5% skimmed milk (Oxoid,
LP0031) in TBSTw (TBS with Tween, Sigma, T7949) for 1hr shaking at RT, and
then incubated with the appropriate primary antibody diluted in milk O/N at 4°C
shaking. Primary antibodies used included: mouse monoclonal anti-HA (1:2000;

Covance, MMS-101R); rabbit monoclonal anti-V5 (1:1000; Cell Signalling,
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D3H8Q); mouse anti-GFP antibody (1:5000; Life Technologies, A11122). The
blot was then washed 3x with TBSTw, 10min each, and incubated in the
secondary antibody (1:10,000; goat polyclonal, HRP, Abcam, ab97051) diluted
in 5% milk for 1hr at RT. The blot was washed 3x in TBSTw, 10min each, the
ECL substrate (ThermoFisher, 32106) was added and images of the bots were
collected using the G-box. Lines with successful WBs were then immunostained

for confocal and STORM imaging.

11.10. Deciliation (pH shock method)

Cilia of Tetrahymena thermophila were deciliated as previously described
(Gaertig et al., 2013). Cells were grown in SPP at 30°C with moderate shaking
(80rpm) until they reached a density of 2x10° cells/mL. Cells were then
centrifuged for 3min at 16809 in a swinging rotor centrifuge (Sigma, 3-16 KL).
Cells were then washed with 10mM Tris-HCI, pH 7.4, centrifuged again at
1680g for 3min then resuspended in 20mL of deciliation buffer containing 10mM
Tris-HCI, pH 7.4, 50mM sucrose (Amresco, M117), 10mM Calcium Chloride
(Alfa Aesar, L13191), and protease inhibitors (Complete Roche, 04693159001)
in an Erlenmeyer flask.

To force cells shed their cilia off, 420ul of 0.5M acetic acid (BDH, 200-
580-7) were added to cells drop-wise and the flask was gently swirled for
approximately 45sec. This will drop the pH to 4.3 and cause the cells to shed
their cilia off. Then 360ul of 0.6M KOH (Merck, 1.05033.0500) were added to
the same flask to neutralize the pH again. Cells were gently mixed and checked
under light microscope (Zeiss Axio Lab1) to ensure they stopped moving, but

still have good morphology. The cells tend to shake in their place as they shed
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their cilia off. Deciliated cells were either fixed and immunostained directly, or
left for 30-60min in Tris-HCI (pH 7.4) to allow them to regenerate cilia before

fixing the cells and immunostaining them as explained below.

I.11. Immunostaining for confocal microscopy

Tetrahymena cells were resuspended in fresh SPP medium at 30°C for
16-24hr. 15ul of Tetrahymena cells were added as one drop on coverslips
(VWR, ECN 631-1570), followed by adding 15ul of 0.5-2% Triton X-100 (Sigma,
T8787) prepared in PHEM buffer (60mM PIPES (Fischer Bioreagents, BP2924-
50) + 25mM HEPES (Gibco, 15630-056) + 10mM EGTA (Alfa Aesar, A16086 +
2mM MgCl, (Chemcruz, sc-2031267) pH 6.9). After 45-60 seconds, 15ul of 4%
PFA prepared in PHEM buffer were added on the permeabilised cells.

The whole cell mixture (now ~45ul) was then spread gently all over the
coverslip using a yellow tip. The coverslips were kept at RT or at 30°C to dry
out completely. Cells were then rehydrated and blocked by adding 150-200ul of
the blocking solution (3% BSA + 0.02% Tween in 1x PBS) for 10min at RT.
Cells were then incubated in the primary antibody diluted in the blocking
solution for 1hr at RT or O/N at 4°C. Primary antibodies used in this study are
listed in Table 11.3. Cells were washed with PBS (1X) for 3x, 10min for each
wash, and then incubated in the secondary antibodies diluted in the blocking
solution for 1hr at RT or 4°C O/N in the dark. Secondary antibodies included
goat anti-mouse 488, goat anti-rabbit 488, goat anti-mouse 568, goat anti-
mouse 647, and goat anti-rabbit 647. Cells were washed again with PBS (1X)
for 3x, 10min each and counterstained with DAPI (1pg/mL) to mark nuclei.

Coverslips containing the stained cells were mounted on glass slides (VWR,
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ECN 631-1550) by adding 5ul of ProLong Gold (Life Technologies, P36930)
mounting media and sealed with nail polish. Samples were then imaged on the
Olympus FV1000 confocal system using the 60x/1.42 oil lens.

For IMCD3-IFT88 cells and primary cultures of mouse tracheal cells
(mTEC) or human bronchial epithelial cells (NHBE), the cells were fixed with
4%PFA for 30min at RT and then washed at least 3 x with 1x PBS solution,
10min each. The cells were then permeabilised using 0.5% Triton X-100 in PBS
(1x) for 10min at RT followed by blocking with 3%BSA in PBS for 1hr at RT.
Cells were then incubated in the primary antibody for 90min followed by 5x
washes with PBSTr (0.1%Triton X-100 in 1x PBS). Cells were then incubated
with the secondary antibody for 1hr at RT in the dark. Finally, cells were washed
with PBSTr for at least 3x, counterstained with DAPI to mark nuclei. For primary
cultures, the membranes of the transwells where the cells were growing were
cut using a blade and the stained cells were mounted on glass slides and
covered with coverslips to be imaged on the Olympus FV1000 confocal

microscope using the 60x/1.42 oil lens.

1.12. Immunostaining for STORM imaging

The preparation of the sample for STORM imaging was done the same
as that for confocal imaging, except that the coverslips used here were of high
precision 22 x 22 coverslips (Marienfeld, 0107052) and the secondary antibody
used here was specifically Alexa Flour 647 (1:500; goat anti-mouse,
ThermoFischer, A21235 or goat anti-rabbit, A27040). We also stained most of
Tetrahymena transgenic lines using anti-HA directly conjugated to A647, such

as 1:100; Cell Signalling, 3444 or 1:150, Invitrogen, 26183A647).
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To determine the axial position of the proteins of interest with respect to
Nup50, the samples were incubated with two primary antibodies at once, one to
recognise the protein of interest and another to mark the reference point
(Nup50). Samples were incubated in the primary antibody solution at 4°C O/N.
The samples were washed and incubated in goat anti-rabbit or mouse A647
secondary antibody to detect both primary antibodies. After the incubation with
the secondary antibody, the samples were washed once with PBS (1x) for
10min and in most cases, the samples were postfixed with 4%PFA or 4% PFA
with 0.1% glutaraldehyde (VWR, UN2927) for 10min at RT. Samples were then
washed at least 5x in PBS (1x), 10min each. Finally, the samples were mounted
on depression slides (Marienfeld, 1320002) with 90-100ul of GLOX buffer
containing 100mM glucose + 40ug Catalase from bovine liver (Sigma; C9322) +
100ug glucose oxidase from Aspergillus niger (Sigma; 49180) supplied with
100mM of Cysteamine (MEA, Sigma; M9768). The coverslip was sealed with
nail polish and imaged on the Nikon STORM system using the 100x/1.49 oil
lens. The samples were used in STORM imaging for a maximum of 3hr after
sealing, as the intensity of the signal fades after that, and therefore the

switching process becomes weaker.

11.13. Settings used to process STORM images

Stochastic Optical Reconstruction Microscopy (STORM) imaging was
performed on the NIKON Eclipse Ti inverted Microscope using the Apo TIRF
100x/1.49 NA oil lens equipped with “30mW 405 laser” and “300mW 638 laser”.
Images were acquired at 4.8ms (128 x 128 pixels) or 9.2ms (256 x 256 pixels,

pixel size: 0.157646um) for 20,000-50,000 frames using the ixOn Ultra EMCCD
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camera (Andor Technology) in the TIRF mode with no binning. EM gain was set
at 17 MHz — 16-bit, EM gain multiplier at 300, and conversion gain multiplier at
3. The cells were first detected at a very low laser power (0.5-1% of the 638
laser) and then illuminated with 100% 638nm laser to force fluorophores to
photoswitch. Blinking events could be detected within a few seconds in most of
the cases. When photoswitching reduced, the 405nm laser was used to activate
the remaining A647 fluorophores; this was either controlled manually or by

using the “Auto LP” option provided by the NIS-Elements software.

1.14. Reconstruction and analysis of STORM images

The STORM images were reconstructed using the NIS Elements
Imaging Software, version 4.51.01, provided by Nikon. The acquired raw data
(nd2 files) were run on NIS Elements with following settings: “Auto ROI",
minimum height 2500-3000 and maximum height 65535; Andor Basline was set
to 100, minimum width 200nm, maximum width 400nm, initial fit width 300nm,
maximum axial ratio 1.3, and maximum displacement of 1 pixel. At the end of
the run, a “molecule list” file in a binary format (.bin) was generated and
contained many parameters including the coordinates, intensity, and lateral
localisation accuracy of each frame. The lateral localisation accuracy was
calculated using NIS Elements software (Thompson et al., 2002). The minimal
localisation accuracy was about 2 nm in most of our experiments of all the lines
investigated in this study. The lateral drift in the images was corrected during
the analysis using the automatic drift correction option that is provided in the

NIS Elements software. Using autocorrelation, the entire set of molecules is
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used to track the drift. The coordinates of the molecules after drift correction
were also automatically stored in the molecules list at the end of the analysis.
While all image analysis was carried out using the molecules lists (raw
data), images of the rings in all the figures were displayed as normalised
Gaussians to make them appear as spots or blobs. A normalised Gaussian is a
display method provided by NIS Elements to visualise a molecule’s location,
intensity, and width. The size of the width is scaled to correspond to the
theoretical localisation uncertainty based on the number of photons collected
during imaging (Thompson et al., 2002). The appearance of the images was
also adjusted using the “Advanced Gaussian Rendering” option in the NIS
Elements software. An example of how images look before and after Gaussian

smoothing is depicted in Fig. Il.

I1.15. Estimation of average radial position (MATLAB)

Identifying the centre of the ring: Coordinates of individual fluorophore

blinking events were clustered using “k-means” method with k from 6 to 15. The
optimal number of clusters was evaluated using silhouette criterion (Kaufman &
Rousseeuw, 1990). The clustering was then interactively validated for being
adequate. Two clusters with lowest summarized intensity of fluorophore blinking
events were removed (Fig. 11.1B), to exclude signal coming from the
background noise. The centres of remaining clusters were fit with a circle, and
the centre of this circle was used as a centre of the ring for further analysis.
Only rings with the circular fit of cluster centres with goodness-of-fit R? greater
than 0.9 were used.

Quantification of radius of individual rings: The radial distances of
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individual fluorophore blinking events from identified ring centres were
calculated. Intensities of blinking events were summed at 2nm intervals from the
centre, producing a histogram with radial distribution of signal for each ring. This
histogram was then fitted with either Gaussian distribution. Means of the best-fit
distributions corresponded to radii of individual rings, and standard deviations to
their width. Only the rings where the goodness-of-fit of Gaussian distribution of
0.7-0.8 or more were used for statistical analysis and generation of an averaged
ring (Fig. 1.1A). To generate an averaged ring, radial distribution of individual
rings was summed and normalized to the number of rings. The resulting
distribution was fitted with either Gaussian distribution or circularly convolved
Gaussian distribution to obtain the radius and width of the averaged ring.
Finally, the summed distribution of signal and the profiles of best-fit distribution
were plotted radially from a centre of empty images to create a visual

representation of averaged rings (Fig. Il.1A).
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Figure. Il.1. Graphical representation and estimation of the radial positions of the
proteins using MATLAB. (A) The coordinates of the molecules collected for each ring are
averaged and summed using codes written in MATLAB to produce a summarised fit ring (shown
in red). Examples shown in (A) are from NPHP4-N terminus lines. (B) To exclude signal coming
from background, the code eliminates the 2 clusters with the lowest summarised intensities
(shown with black arrows). Data shown in (B) are obtained from NPHP4-C terminus lines. (B’) A
representation of how Gaussian smoothing is applied to data using NIS Elements software.
Crosses represent the centroids of each molecule and blobs/spots show data after Gaussian
smoothing. Data are for NPHP4-C terminus line. (C) A representation of how the code
measures the angle between adjacent clusters. (C’) Angular distribution of adjacent clusters.
The example shown here represents the angular distribution of NPHP4-C terminus which

clearly shows peaks every 40°, thus confirming the 9-fold symmetry.

I.16. Estimation of axial positions (MATLAB)

To determine the distance between two parallel rings the individual
fluorophore blinking events were split into two clusters. As in this case clusters
are not spherical, individual fluorophore blinking events were fit with a Gaussian
mixture model. Then the clustering was interactively validated for being
adequate. The brighter of two clusters was fit with an ellipse with individual
blinking events being weighted proportionally to their intensity. The centre of
each dataset was calculated as a mean of cluster centres. Then each dataset
was shifted and rotated. Namely, the coordinates of individual blinking events
were shifted so that the new centre of each dataset corresponded to
coordinates of origin, and rotated so that the major axis of the brighter cluster
was aligned with X-axis. Intensities of blinking events were summed at 2nm
intervals along X- and Y-axis, producing histograms of signal distributions along
each axis. Y-axis histogram was used to fit the signal with a sum of two
Gaussian distributions. The distance between means of two distributions

corresponded to the distance between two rings. Only the datasets with the
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goodness-of-fit being 0.6-0.7 or more were used for statistics and to generate a
summarized image. The Y- and X-axes distributions of individual rings were
summed and normalized to the number of datasets. The outer product of
summarized distributions was plotted to produce an image of an averaged
dataset. The summarized Y-axis distribution was fit with a sum of two Gaussian
distributions. The distance between mean of distributions corresponded to the

distance in averaged dataset between two parallel rings (Fig. I.1A).

11.17. Degree of labelling (dol)

For indirect labelling (primary antibodies followed by secondary
antibodies), all the secondary antibodies used in this study were IgG Fc whole
antibodies against the heavy and light chains of the immunogen, with a degree
of labelling that ranged between 3 and 6 fluorophores per a molecule of IgG.
For the direct labelling (primary antibody directly conjugated to the fluorophore),
the HA tag mouse monoclonal antibody conjugated to A647 was used (Table
I1.3). This antibody recognizes the HA tag fused to either the C- or N-termini.
The degree of labelling of these antibodies ranged between 2-6 fluorophores

per an IgG molecule.

11.18. Zebrafish strains and maintenance

sh410 sh346

crb3a mutant alleles crb3a and crb3a were generated using
transcription activator-like effector nucleases (TALENSs) as described previously
(Zu et al., 2013, Pooranachandran and Malicki, 2016). The crb2a™® mutant

allele was described previously in detail (Omori and Malicki, 2006, Malicki et al.,
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1996a, Malicki and Driever, 1999) and the crb2b%37%*2 allele was obtained from
the Sanger Institute TILLING project. Zebrafish were maintained in accordance
with UK Home Office regulations and the UK Animals (Scientific Procedures)
Act 1986. Fish genotypes were determined by fin-clipping adults at 3 months of
age or later followed by DNA isolation, PCR amplification of mutant sites, and
Sanger sequencing. The  following  primers were used: 5'-
TTCTACACTTCTGGCTTCCG-39 and 5-ATTGTGGCCATCGTTGTA-3' for
crb3a®™’’ and crb3a*, and 5-AAACTTCCGACTCCTCTCCG-3' and
5 AAAGATGTCCTACCCAGCTT-3’ for crb2b3"%%*2. During phenotypic analysis,
mutants were compared to phenotypically wild-type siblings or to phenotypically
wild-type animals derived from common ancestral generation. Mutations that do
not cause lethality (crb3a"% crb3a*; and crb2b%?'%%*?) were maintained as
homozygous strains. Consequently, analysis of cilia phenotype was performed

on maternal/ zygotic mutants.

11.19. Photography of adult zebrafish

To record adult phenotypes, zebrafish 6 months old or older more were
placed in weighing boats (7mL, 611-9179; VWR) containing E3 medium with
tricaine (E10521, 0.2mg/ml; Sigma). Photographs were obtained using an iPAD

Pro digital camera, 12MP, F/2.2, 29mm, phase detection autofocus.

1.20. Immunostaining, mounting, and microscopy (zebrafish)

Staining of whole zebrafish at 36 hours postfertilization (hpf), 72hpf, and

5 days postfertilization (dpf) was performed as previously described (Leventea
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et al., 2016). The following primary antibodies and dilutions were used: anti-
acetylated tubulin, 1:500-1:1000 (T6793; Sigma [Sigma Chemical], St. Louis,
MO); anti-CRB (Omori and Malicki), 1:250; anti-Kif17(ab11261; Abcam), 1:500;
anti-IFT88, 1:500; and anti-IFT52, 1:500. Anti-IFT antibodies were kindly
provided by Brian Perkins. Embryos were then counterstained with DAPI to
visualize nuclei. Stained embryos were placed in imprinted wells created by
placing molds onto a liquid 1% agarose layer in 35-mm petri dishes (Leventea
et al., 2016). To examine the cilia of the ear, the nasal pit, the pronephros, and
the lateral line, embryos were positioned on their sides in the imprinted wells
and immobilized by overlaying with 1.5% low-melting point agarose. Images of
whole embryos were collected using an Olympus FV1000 confocal microscope

with either a 40x/0.8 or 60x/0.9 water-dipping lens.

11.21. IMCD3 cell culture and siRNA experiments

Mouse inner medullary collecting duct cells stably expressing IFT88
(IMCD3-IFT88-GFP cells, a gift from Hiroaki Ishikawa) were grown in full
medium containing Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s
F12 nutrient mixture (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS) and 1% Pen/Strep Amphotericin B (1003) (Lonza) at 37°C
in a tissue culture incubator (Sanyo inCu Safe). Cells were seeded in cell

culture flasks (cat no. 156472; Nunc). Medium was changed daily.

ON-TARGET plus SMART pool siRNAs (Dharmacon, GE Healthcare)
against mouse Crb3 were used to transfect IMCD3-IFT88 cells using

Lipofectamine RNAIMAX transfection reagent (Life Technologies) following the
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manufacturer’'s recommendations. The following siRNA target sequences were
used: 5-GCACCGGACCCUUUCCAA-3’, 5-AGGCAAGCAGGAUGGGACU-3’,
5-CAACACCCUCUUUGGGCAA-3, and 5-GAUAGGGACAAUAAAGGUU-3.
As a negative control, we used nontargeting pool directed to the following
sequences: 5-UGGUUUACAUGUCGACUAA-3’, 5-
UGGUUUACAUGUUGUGUGA-3, and 5-UGGUUU ACAUGUUUUCUGA-3,

5’-UGGUUUACAUGUUUUCCUA-3'.

11.22. Immunostaining of IMCD3 cells for confocal imaging

For staining with anti-acetylated tubulin and anti-Crumbs (CRB)
antibodies, cells were rinsed with PBS, fixed with 4% PFA for 10 min at room
temperature (RT), permeabilized with 0.1% Triton X-100 in PBS for 10 min, and
blocked with 3% BSA in PBS (13) for 30 min at RT. Cells were then incubated
with appropriate primary and secondary antibodies using standard protocols.
Cells were counterstained with DAPlI and mounted on glass slides using
ProLong Gold anti-fade reagent (Life Technologies). Imaging was performed on

an Olympus FV1000 confocal microscope using a 603/1.42 Plan Apo N oil lens.

11.23. TIRF imaging of IFT in IMCD3-IFT88 cells

IMCD3 cells were seeded on transwell cups (Costar, Cambridge, MA;
6.5 mm—0.5 mm pore size) at a density of 2-3 x 10° cells/ml| as previously
described (Ott and Lippincott-Schwartz, Ishikawa and Marshall). Upon
reaching 60 - 70% confluency, cells were transfected with siRNAs as above.

48 hr after transfection, cells were serum-starved for an additional 48 hr to
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induce ciliogenesis. The transwell cups were then placed in glass-bottom
dishes (cat. no. 81153; ibidi) and imaged on an Eclipse Ti Microscope (Nikon,
Shinagawa, Tokyo, Japan) supplied with a heating chamber (Oko Touch)
using the Apo TIRF 1003, 1.49 NA 100x oil lens. Images were acquired at
100 msec intervals using the ixOn Ultra EMCCD camera (Andor Technology)
and analyzed using the “KymoResliceWide” Fiji plug-in as previously
described (Ishikawa and Marshall). The lengths of tracks were measured
using the “segmented line tool” in Fiji and expressed as the percentage of

cilia length.

11.24. Cilia length measurements and statistical analysis

Zebrafish cilia were measured on TIFF files of Z-stack projections of
cristae and the nasal pit confocal images using the “segmented line tool” in
Imaged software. At least 10 animals (mutants and wild-types each) from two to
three independent experiments were used. Measurements from each crista
were averaged before performing comparisons. Cilia of IMCD3 cells were
measured on TIFF images of cells stained with anti-acetylated tubulin antibody
by tracing their length using ImageJ/FIJI software as above. Statistical analysis
was carried out using the Student’s t-test, and the Mann—Whitney test included
in GraphPad Prism 7.0 software (http://www. graphpad.com/). Data are
presented as mean + 95% C.| (confidence interval), standard deviation (SD), or
standard error of the mean (SEM) as indicated. Statistical significance is

indicated as follows: * for P, 0.05, ** P, 0.01, ** P, 0.001, and **** P, 0.0001.
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Table I1.1. List of transgenic (Knock-in) lines used in this study

Strain name

Cassette used

Terminus tagged

Cu428.1 (WT)

Transition Zone (TZ)

MKS6-HA Neomycin C
HA-MKS6 Neomycin N
MKS1-HA Neomycin C
Tmem216-HA Neomycin C
Tmem231-HA Neomycin C
NPHP4-HA Neomycin C
HA-NPHP4 Neomycin C
BO9d1-HA Neomycin C
Ahi1-HA Neomycin C
HA-Ahi1 Neomycin N
MKS3-HA Neomycin C
Motor — Kinesin
Kif3a-HA Neomycin C
HA-Kif3a Neomycin N
Cargo Adaptor
ODA16-HA Neomycin C
IFT Particle — IFT-B

IFT52-HA Neomycin C
HA-IFT52 Neomycin N
IFT54-HA Neomycin C
HA-IFT54 Neomycin N
IFT81-HA Neomycin C
HA-IFT81 Neomycin N
HA-IFT46 Neomycin N
IFT46-HA Neomycin C
IFT27-HA Neomycin C

IFT Particle — IFT- A
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IFT122-HA Neomycin C
HA-IFT122 Neomycin N
IFT140-GFP Puromycin C
HA-IFT140 Neomycin N
IFT144-GFP Puromycin C
HA-IFT144 Neomycin N

Basal body
HA-OFD1 Neomycin N
OFD1-V5 Cycloheximide

Table I1.2. List of Primer sequences

LINE
(TERMINUS)

PRIMER SEQUENCE

TRANSITION ZONE

CC2D2A (MKS6)

5 AATT ACGCGTGGTCATGCTATACCTGAAGG 3

CODING (C) 5 AATT GGATCCATCTTCGTATATTACACCTACAAATACC 3’
CC2D2A (MKS6) | 5 TTAA CTGCAGAAAAGCTTAGATATGAAACAATTTAATTATCA 3
3'UTR (C) 5 TTAA CTCGAGAATATAACTCTCATTAGCAGCCA 3’
B9d-1 5 AAAT ACGCGT CTA GCA TGC ATG ATC AGT CAAT 3’
CODING (C) 5 AATT GGATCC TGAGTAACCTTCTCTTTTAAAATTTCTC 3’
B9d-1 5 AAAT CTGCAG GCA AAC AATCGC TTTAGTCTTTTAG 3
3'UTR (C) 5 AATT CTC GAG AAGCTT TGAGCAAATAAAGGTGG 3’
TMEM231 5 AAAT ACGCGT GGA AGG ATA AGA AAA TAG GGT AGC 3’
CODING (C) 5 AATT GGATCC ATCTTATTTATATTTTCCGAACTATCTAAATGC 3’
TMEM231 5 AAAT CTGCAG GTGGTATGCATTCAATCAATTAATCAG 3’
3\UTR (C) 5 AATT CTCGAG ATTGAACTACTCTCCCTCAATTTAG 3
TMEM216 5 AAAT ACGCGT T ATG TCA AGC TCA TAG AAA ATTAGAGATAG 3
CODING (C) 5 AATT GGATCC GTATTATTGCTTTTCAAAGTTTTTAAAAC 3’
TMEM216 5 AAAT CTGCAG TTCTTGTGCTGGTTAAACTTAGAATA 3’
3'UTR (C) 5 AATT CTCGAG TCCTCTTCTACTTCTTCCTACA 3
NPHP4 5 AAAT ACGCGT CCT CAT AGA TAG GTT GTT GAT CAC 3
CODING (C) 5 AATT GGATCC TTTATTGACTGTAAAATGCAATTTAAATAGAA 3’
NPHP4 5 AAAT CTGCAG ATG AAG AGG GAG TTT GTT GG 3’
3'UTR (C) 5 AATT CTCGAG GAGGTGAAAGCTTCTGTTTGCATTAG 3’
MKS1 5 AAAT ACGCGT CTCATAACTAACTTCTGCTTCCC 3’
CODING (C) 5 AATT GGATCC ATTTAATTTCTACGTAGTATATCTTAGTGAAG 3’
MKS1 5 AAAT CTGCAG CAACTAATTAACTAACTAACTAACTTATTCTAT 3’
3'UTR (C) 5 AATT CTCGAG TTGATATCTGCTATTTTCCAACAGTT 3’
AHI1 5 AAAT ACGCGT AAGTTAAGGAGGAGAATTCGAATAA 3’
5 AATTGGATCCATACGTAGTGTAATAGTTATTTTAGTATTATCTATTG
CODING (C) 3
AHI1 5 AAAT CTGCAG GGTCTAAATCATTTTCCTAGCGTT 3
3'UTR (C) 5 AATT CTCGAG TCTATGGGAGTAGTAGAGATTGC 3’
AHI1 5 AATT ACGCGT T ATG AAT AGC AGA GATCGT CTTAA 3’
CODING (N) 5 AATT GGATCC GAATTC CTCTAATTAAGCAATCGCGATC 3’
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AHIM 5 TTAA CCGCGG TAAGGAAAGTTTGTTTTAGTGATGA 3
5'UTR (N) 5 TTAT CTGCAG AATATTGATGGATAAAGATATAGATAGC &
IFT PARTICLE
IFT52 5 AAAT ACGCGT GGAAAGGATGATGAAGAAGATGAAT &
CODING (C) 5 AATT GGATCC GTTATTGAGCTTCTTGAAATTTATCTGT 3’
IFT52 5 AAAT CTGCAG AACAAATCATGCTTCCATTCAA 3
3'UTR (C) 5 AATT CTC GAG AAGCTT CTAATCCTACATGTTATGTCT 3’
IFT52 5 AATT ACGCGT T ATG TCT GGT GAG TAA AAG ATAATT GTC TTC
CODING (N) AAC GCT TCA AAG AAGG 3
5 AATT GGATCC GTACGAGGCGTTGCTTAAAATA S
IFT52 5 TTAA CCGCGG GATATC ATGCAATTCTATATTTGAGGTGAG &
5'UTR (N) 5 TTAATCGGCTAAATGA CTGCAGT &
IFT54 5 AAAT ACGCGT GCT ACAACT CCT GAATTATGCT 3
CODING (C) 5 AATT GGATCC TTTGGTTGAAACAACAGAGTAGAGC 3
IFT54 5 AAAT CTGCAG CATTTGTCTATCTAGCTAATTACAAACGT 3
3'UTR (C) 5 AATT CTCGAG GCACCTTAGAAAGCTTAATTATGC 3
IFT54 5 AATT ACGCGT T ATGGCTGATGATAAATTTTGGGA &
CODING (N) 5 AATT GGATCC GTGGTTCATGCTTTCGATATC &
IFT54 5 TTAA CCGCGG GAATTC CAATCAAGAAGGAGTTGCACTT 3
5'UTR (N) 5 TTAA CTGCAG CGCTTTAAACGTCTCTTTTGC &
IFT81 5 AAAT ACGCGT TCT TGC TTT CAC GTACTG AAG 3’
CODING (C) 5 AATT GGATCCATTAATAGTTAATATATTATAGTCTCCACCAG 3’
IFT81 5 AAAT CTGCAG AATCATAGAATATTTGCATATTTGTTAAAAGCS
3'UTR (C) 5 AATT CTCGAGCCAATCATTCATTTTCAGACGTG 3
IFT81 5 TTAA CCGCGG CGATCTCACTACTATTCTTGAGTGT 3
CODING (N) 5 TTAA CTGCAG GTATTTGACTATGTTAGCGATTATGC 3’
IFT81 5 AATT ACGCGT T ATG AATTATAATAGCTACGGAAATCCG 3
5'UTR (N) 5 CTG CTT TGC GCG AAT CTT A GGATCC AATT &
IFT46 5 AATA ACGCGT AGG TGC TTATAATCC AGC TG 3’
CODING (C) 5 AATTGGATCCATTAATTTGGAGCTGCATCTAATC 3’
IFT46 5 AAAT CTGCAG CACTGTATCAGCTATAATCAGAAAG 3
3'UTR (C) 5 AATTCTCGAGCATCATCTTCCTCTTCACTTTC 3
IFT46 5 AATT ACGCGT T ATG TCA GAT TCA GAC GAT AGG G 3’
CODING (N) 5 AATTGGATCCGGCTTAAGCTTGGCATCTAG 3’
IFT46 5 TTAACCGCGG TC ACACTATTAAGC TTATTAATG TTT AG 3’
5'UTR (N) 5 TTAACTGCAGATTTTGATTTTTGCAACTATTTAGTTTATC 3
IFT122 5 AAAT ACGCGT ACTTACACTGACAATTCAAAATTAATT 3’
CODING (C) 5 AATT GGATCC GAAATCAAAAACATCTTTCTAAGGTCCT &
IFT122 5 AAAT CTGCAG TTCTACTTAAAGACTACCCATAAACT 3
3'UTR (C) 5 AATT CTCGAG GGATTAATTCTGGTGATAGGTAAG 3
IFT122 5 AATT ACGCGT C ATGAAGTGTTCAGAACTATGGAC &
CODING (N) 5 AATT GGATCC TATTCGAGAGCTCTGTTTCTTATT 3’
IFT122 5 TTTT CCGCGGGATATCATAATGCAAATAATGGTGGTTGATAC 3
5'UTR (N) 5 TTAA CTGCAG CCTAAAATTTGCTTTCTATTCTGC &
IFT140 5 AATA ACGCGT GTATTGAGTAATTAGAAACTAAGCTCAA 3
CODING (C) 5 AATT GGATCCTTCTGGGACATCTTCTTCAATG 3’
IFT140 5 AAAT CTGCAG CTTCATAGTAACTGACTACATTTAAAA 3
3'UTR (C) 5 AATT CTCGAGACAAGCCATGCGAAAATG 3’
IFT140 5 AATT ACGCGT TATGAGC TTGTTTTCAGAACTTCC &
CODING (N) 5 AATT GGATCC TGCTTGGGCCTGTCTTA 3
IFT140 5 TTAA CCGCGG GATTTAACTATAAATGATTGTTCCTCAAC 3
5'UTR (N) 5 TTAA CTGCAG TGCTTGAAGTCTCTCTTTCTCT 3’
IFT144 5 AAAT ACGCGT CAG ACC ACT AGC TTACAAGTG 3
CODING (C) 5 AATTGGATCC CTTCTTCTTTTACTCAGAACTTTATCTTGTTGCTC &
IFT144 5 AAAT CTGCAG GTTAGATTCATGCATTAATTATTAGTTCAAAG 3
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3'UTR (C)

5 AATT CTCGAGCTTGAAGACTCAGATCTGGAAATAG 3

IFT144 5 AATT ACGCGT T ATG GCA TCA AGC AAG AAAGTAATACZJ
CODING (N) 5 AATT GGATCC TTAACAATCCTTCATCGTTCCAAT 3’
IFT144 5 TTAA CCGCGG ATGTGTAAGCTTGTGTAATGAAC 3’
5'UTR (N) 5 TTAA CTGCAG GCAGGATATTCAGAAATCAATTATATTTTITT &
ODA16 5 AAAT ACGCGT GAT AAG GTAGTAACAGGT TCATTTG 3
CODING (C) 5 AATT GGATCC ATTTGTAGGAGGTTTATGTAATAACTC 3’
ODA16 5 AAAT CTGCAG GCG ATA TCT AAA CAA AGA CCT AAATAG 3
3'UTR (C) 5 AATT CTCGAG AAGCTTAACATTGAATTGTTGGTTGCT 3’
OFD1 5 AAAT ACGCGT CTCTAGGCTAAGAGTTATGAGTGAAG 3
CODING (C) 5 AATT GGATCCGAAATATTCTAGATCTTCAACGATTTC &
OFD1 5 AAAT CTGCAG AAATCTAAATATAATTAATCAGTCTACTAT 3
3'UTR (C) 5 AATTCTCGAGAAGCTTGAATAACTTGCTCAGAAATGCCC 3’
OFD1 5 AATT ACGCGT T ATG GAA TAA GGA GAA GAT AATAATGATT 3
CODING (N) 5 AATT GGATCC AACCTTCACTTGCTTTATCTTG &
OFD1 5 TTAA CCGCGG AATT CCCTTTATATTTAACAAGATATTCACC 3’
5'UTR (N) 5 TTAA CTGCAG CCTACATTCATTAACTCATTCATATAGC &
NUCLEOPORINS
NUP93 5 AATT ACGCGT TGAATCTGGAAATTCATCCTATGG 3
CODING (C) 5 AATT GGATCC AACTTAATCTGTAACTTAGGCATTGT 3
NUP93 5 TTAA CTGCAG AAGAGGAGAAATAACTTTTAATTTAGGAA 3
3'UTR (C) 5 TTAA CTCGAG GCATCTTCATCTTCATCTTCTACT &
NUP96 5 AATT ACGCGT CAGACTTGATAAACGTCTAAGTTG 3’
CODING (C) 5 AATTGGATCCCATATATTAATTTTATTTTAAAGTTGATAGGATGAG 3
NUP96 5 TTAA CTGCAG CAAACACTTCATCCTCTCTATGC &
3'UTR (C) 5 TTAA CTCGAG GTCTCACATTAGCAGGTCTTG 3’

Table I1.3. List of antibodies used in this thesis

Antibody Detection Dilution Source
Mouse Monoclonal . _ Sigma;
anti-Acetylated tubulin | C'a Marker 1:500 T6793
Rabbit Monoclonal . _ Cell signalling;
anti-acetylated tubulin Cilia marker 1:500 53358
Mouse Monoclonal HA ta 1:1000 / Covance;
anti-HA g 1:2000 MMS-101R
Rabbit Monoclonal _ Cell signalling;
anti-HA HA tag 1:1600 C29F4
Mammalian cells:
Rabbit monoclonal Nucleus _ _
Anti-Nup50 Tetrahymena: 1:250 Abcam; ab137092
basal body?
Mammalian cells:
Rabbit monoclonal Nucleus _ _
Nup153 Tetrahymena: 1:250 Abcam; 171074
Nucleus & basal

61




body?

Mammalian cells:

Santa Cruz
Mouse monoclonal Nucleus 1:950 Biotechnology
Anti-Nup98 Tetral.‘llymena: Sc.74553
cilia?
Mammalian cells: Santa G
Mouse monoclonal Nucleus 1950 Biofencsnolrg;y'
i- Tetrahymena: : ’
Anti-Nup88 Y Sc-365868
basal body?
M [ :
ammalian cells Santa Cruz
Mouse monoclonal Nucleus 1:950 Biotechnology
Anti-Nup93 Tetrahymena: Sc-374339
Nucleus
Mouse anti-HA _ Cell signalling;
conjugated to A647 HA tag 1:100 3444
Mouse anti-HA Invitrogen;
HA t 1:1
conjugated to AG47 2 >0 26183-A647
Rabbit polyclonal _ Proteintech;
Anti-RPGRIP1L RPGRIPIL 1:250 55160-1-AP
Rabbit polyclonal _ Proteintech;
Anti-IFT88 IFT88 1:250 13967-1-AP
Rabbit polyclonal ) Life Technologies;
Anti-GFP GFP tag 1:500 A-11122
Mouse monoclonal _ Sigma-Aldrich;
Anti-V5 Vo tag 1:1000 V8012
Rabbit _ (Makarova et al.,
Anti-CRB3 Crumbs 1:250 2003)
Rabbit _ ,
Anti-IFT88 (Fish) IFT88 1:500 Perkins Lab
Rabbit _ .
Anti-IFT52 (Fish) IFT52 1:500 Perkins lab
Rabbit polyclonal . i .
Anti-Kif17 Kif17 1:250 Abcam; ab11261
Mouse Monoclonal ) - )
Anti-Centrin Basal body 1:500 Millipore; 04-1624
Mouse monoclonal FG-rich 1500 Biolegend;
MAb414 nucleoporins ' MMS-120P
Mouse monoclona
. Cilia and basal _ Sigma-Aldrich;
Anti-Polyglutamylated bodies 1:500 T9822

Tubulin (B3)
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Chapter llI

“STORM Super-Resolution Imaging

of the Ciliary Transition Zone”
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lll.1. Introduction

The transition zone is an evolutionary conserved sub-domain of the
cilium that acts as a ciliary gate to control the entrance and exit of proteins to
form the cilium and maintain its function (reviewed in (Czarnecki and Shah,
2012) and (Szymanska and Johnson, 2012)). All proteins destined for the cilium
cross these gating barriers at the base of the cilium in a regulated manner that
excludes some small polypeptides while permitting the entry of selected large
molecular complexes (Breslow et al., 2013, Kee et al., 2012). The function of
these barriers at the base of the cilium is fascinating and puzzling, and is
influenced, to some extent, by factors such as protein size and shape (Najafi

and Calvert, 2012).

Two main modules comprise the transition zone proteins: the “NPHP
module”, and “MKS module”. NPHP module includes the proteins Nphp1 and
Nphp4, and the MKS module is comprised of the proteins TCTNs, B9 domain
proteins (B9d-1, B9d-2, and MKS1), coiled-coil domain proteins (MKS6), Ahif,
and several transmembrane proteins, such Tmem216, Tmem67 (MKS3), and
Tmem231 (Garcia-Gonzalo et al., 2011, Chih et al., 2011, Dowdle et al., 2011,
Mollet et al., 2005, Arts et al., 2007, Sang et al., 2011, Williams et al., 2011).
RPGRIP1L is upstream the proteins in both modules and seems to have a
crucial role in the assembly of both MKS and NPHP protein complexes (Jensen
et al., 2015, Lambacher et al., 2016, Shi et al., 2017). It also interacts with
Nphp4 (Arts et al., 2007). Mutations in RPGRIP1L in C. elegans affect the
localisation of Nphp1 and Nphp4, and thus RPGRIP1L was shown to be on the
top of the hierarchy of the assembly of TZ proteins at the cilia base (Williams et
al., 2011). Moreover, mutations of human RPGRIP1L were also shown to
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disrupt the localisation of some ciliary membrane proteins, such as smoothened

(Smo) and Arl13b (Shi et al., 2017).

Many studies have reported interactions between transition zone proteins
at the cilia base, which in turns are necessary for the proper function of the
transition zone as a barrier at the cilia base. For instance, immunoprecipitation
experiments have shown that the transmembrane proteins Tmem216 and
Tmem67 (MKS3) interact with each other at the cilia base (Valente et al., 2010).
Moreover, the B9d domain proteins, B9d1and MKS1, are known to bind with
each other, localise to the same area, and bind membrane lipids (Chih et al.,
2011, Dowdle et al., 2011). Defects in the assembly or function of many of the
transition zone proteins have been linked with several cilia-related diseases;
collectively known as ciliopathies (reviewed in (Novarino et al., 2011) (Mitchison

and Valente, 2017)).

The transition zone occupies a small part of the ciliary compartment
ranging between 300-1000nm in length (Serwas et al., 2017) and 250-350nm in
diameter (Yang et al., 2015). In EM images, it is marked by the presence of Y-
links (Besharse et al., 1985, Gilula and Satir, 1972). It functions as a ciliary gate
or a diffusion barrier to regulate the entry and exit of required proteins to build
the cilium (Nachury et al., 2010, Sang et al., 2011, Czarnecki and Shah, 2012,
Garcia-Gonzalo and Reiter, 2012). While plenty of efforts have been dedicated
to reveal the exact localization of individual transition zone proteins at the cilia
base, it is still unclear how some small proteins are restricted from entering the
cilium, while others, even large complexes, such as intraflagellar transport

proteins (IFT), still gain access through this barrier.
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Conventional optical microscopy is limited by about 200-300nm
resolution, which hinders the ability to detect differences in the arrangement of
proteins at the transition zone (Huang et al., 2010). This necessitates the use of
advanced imaging technique that can resolve proteins at the nanometre level.
Super-resolution microscopy, such as stimulated emission depletion microscopy
(STED), structured illumination microscopy (SIM) and stochastic optical
reconstruction microscopy (STORM) overcome the diffraction limit and can
detect subtle differences in position of proteins and protein complexes, and thus
would be very suitable for the analysis of the architecture of proteins at the
transition zone (Mennella et al., 2012, Lambacher et al., 2016, Shi et al., 2017).
Previous immuno-EM studies have localised several proteins at the transition
zone of the cilium, but the sample preparation for EM is challenging, time

consuming, and the outcomes are inaccurate (Craige et al., 2010).

The study of architectural organisation of the ciliary base beyond the
diffraction limit was carried out using STED imaging (Yang et al., 2015). The
best achievable resolution using STED microscopy is about 50nm (Sieber et al.,
2007). However, STORM microscopy can reach up to 20nm of lateral
resolution, so that it is possible to resolve much more details of the protein
complexes at the base of the cilium (Schermelleh et al., 2010, Szymborska et
al., 2013, Shi et al., 2017). Recently, it was shown that the TZ proteins
Tmem231, B9d1, NPHP1, and RPGRIP1L form rings of different diameters at
the cilia base in mouse tracheal cells. The rings were composed of 9 doublets
that could correspond to the arms of the Y-Links. This may suggest that some
TZ proteins could be the structural units involved in building the Y-Link at the

cilia base (Shi et al., 2017). Moreover, the TZ proteins RPGRIP1L and Tmem67
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(MKS3) were shown to be distributed periodically along the axis of the cilium in
C. elegans (Lambacher et al., 2016). Using STORM imaging, RPGRIP1L and
Tmem67 revealed rings of 7, 8, or 9 clusters arranged around rings at the cilia

base (Lambacher et al., 2016).

Based on STORM imaging in the ciliate Tetrahymena thermophila,
combined with computational particle averaging using codes written in
MATLAB, we present a very detailed model of the transition zone at the cilia
base. We established knock-in lines with C- and N- terminal epitope tags of 7
transition zone proteins. These include the transmembrane proteins Tmem216
(MKS2) and Tmem231, two B9 domain proteins MKS1 and B9d1, one coiled-
coil protein CC2D2A (MKS6), a WD-repeat protein Ahi1, and NPHP4. All these
7 TZ proteins were tagged with HA at the C-terminus. Moreover, Ahi1, MKS6,
and NPHP4 were also tagged at the N-terminus. Using antibody staining
against the tags, we show that TZ proteins form rings with varying radii relative
to the centre of the ciliary axoneme. In addition to that, our analysis of
nucleoporins showed that some anti-Nup antibodies produced signals at the
cilia base in Tetrahymena thermophila. For example, anti-Nup50 antibody
seems to form 9-fold symmetrical rings near the basal bodies of Tetrahymena
cilia. We took the advantage of the oval shape of Tetrahymena cells that could
show top views, oblique views, and side views of cilia and used Nup50 as a
reference protein to axially map the 7 transition zone proteins. Computational
averaging of the radial and axial locations at the N- and C- termini of proteins
enabled us to determine their orientation. Our analysis of the examined TZ
proteins shows that the transition zone in Tetrahymena thermophila spans a

region of about 25nm in the radial dimension and a region of 20-30nm along the
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ciliary axis. Our STORM super-resolution analysis of the TZ reveals the

orientation of crucial components at the cilia base in unprecedented detail.

lll.2. Results

lll.2.1 TZ proteins localise to the cilia base in Tetrahymena thermophila

Epitope tagging of the open reading frame (ORF) at the native locus of
the gene produces accurate localisations of the protein (Gaertig et al., 2013).
We tagged the genes of interest at either N- or C- termini with 3-HA tags (as
detailed in the methods part in Ch. lll). MKS6 (CC2D2A), NPHP4 and Ahi1 were
tagged at both termini, whereas, Tmem231, Tmem216, MKS1, and B9d1 were
only tagged at the C-terminus. To initially evaluate the localisation of these
proteins in Tetrahymena, we used anti-HA antibody to detect the protein of
interest and imaged on the FV-1000 Olympus confocal microscope. We also
detected the proteins using western blots to confirm that proteins of the correct
size are tagged. We tested at least 2 clones of each TZ line to ensure the
localisation is correct and that the western blot shows correct size of the protein

in both clones.

Immunostaining analysis revealed that all the transition zone proteins
successfully localised to the base of the cilia (Fig. 1ll.1). MKS6-C terminus
localised to the base of cilia in Tetrahymena thermophila (Fig. 11l.1A-A’ and C).
To confirm that MKS6 is at the transition zone, we immunostained MKS6-line
with anti-centrin antibody that marks the basal bodies, this shows that MKS6 is

located distal to the basal body, i.e. the transition zone (Fig. 111.1B-B’). We also
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show that using antibody against the tag at the N-terminus of MKS6 also
localise it to the cilia base (Fig. III.1C’). Moreover, Tmem216-C terminus (Fig.
l11.1D), B9d1-C (Fig. lll.1E), MKS3-C (Fig. Ill.1F), Tmem231-C (Fig. lll.1G),
MKS1-C (Fig. lll.1H), NPHP4-C terminus (Fig. Ill.1l) and N- terminus (Fig1.
[11.11'), and Ahi1-C terminus (Fig. 111.1J) and N-terminus (Fig. 111.1J’) all localised
to the base of cilia in Tetrahymena thermophila. Using WB analysis, we
detected the expected correct size of the proteins in at least 2 different clones.
For example, WBs of Tmem216 show the expected size of approximately
16kDa, NPHP4: about 190kDA, and Ahi1: about 90kDa (Fig. 1ll.1K). Thus, we
show by using epitope tagging at both termini of the transition zone proteins that

the proteins localise correctly to the cilia base.

11l.2.2. STORM imaging of the TZ components

The resolution achieved by confocal microscopy is limited to about 200-
300nm (Huang et al., 2010); this will restrict the ability to resolve subcellular
structures, as those positioned at the cilia base. For that reason, we sought to
improve the resolution of imaging and reveal the architecture of the proteins at
the cilia base by using stochastic optical reconstruction microscopy (STORM), a
super-resolution imaging technique that can increase the resolution limit for up
to 10 times compared to that of conventional microscopy (20nm) (Huang et al.,
2010, Shi et al., 2017). We used the “NIKON Eclipse Ti microscope” to perform
2D-STORM imaging of the transition zone proteins in Tetrahymena thermophila.
We show that transition zone proteins examined form 9-fold symmetrical rings

at the cilia base (Fig. Ill.2B-B’). An overlay of the images produced by the two
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imaging techniques, conventional versus STORM (Fig. 111.2C-C’), illustrates the

level of detail one can achieve using STORM microscopy. Such detail could not

be seen using conventional fluorescence microscopy.

Tmem216 NPHP4 Ahi1
M wrt 1 2 1 2
.

-—

(
|
|

NPHP4-C NPHP4-N -

Figure. lll.1. Transition zone proteins localise to the cilia base in Tetrahymena
thermophila. (A-A’) Confocal images showing the localisation of MKS6 (CC2D2A) at the cilia
base using anti-HA antibody to detect the tagged protein (TZ, green) and anti-acetylated tubulin
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to mark cilia (red). (B-B’) MKS6 (green) localises just above the basal bodies, detected by
centrin (red) at the cilia base. (C-J’) Confocal images showing localisation of transition zone
proteins tagged at the C- and N-termini: MKS6-C terminus (C), MKS6-N terminus (C’),
Tmem216-C terminus (D), B9d1-C terminus (E), MKS3-C terminus (Tmem67) (F), Tmem231-C
terminus (G), MKS1-C terminus (H), NPHP4-C terminus (l), NPHP4-N terminus (I’), Ahi1-C
terminus (J), and Ahi1-N terminus (J°). All cells were counterstained with DAPI to mark nuclei.
(K) Western blots showing the expected sizes of Tmem216 (~16kDa), NPHP4 (~190kDa), and
Ahi1 (~90kDa). WBs shown are duplicates from two different clones. Protein extracted from WT

Tetrahymena cells was utilised as control. WB from WT cells does not show any band (1* lane).

11l.2.3. TZ proteins form discrete clusters arranged in rings at the cilia base

The transition zone architecture has been under investigation in the past
few vyears, especially after the emergence of several super-resolution
techniques that could resolve subcellular structures at the nanometre level (Shi
et al.,, 2017, Huang et al., 2010, Lambacher et al., 2016). Genetic analyses
have shown that mutations in transition zone proteins disrupt the formation of
the Y-links at the cilia base (Williams et al., 2008, Williams et al., 2011, Huang
et al.,, 2011, Jensen et al.,, 2015, Yee et al.,, 2015), but how these proteins
arrange relative to each other and to other protein complexes at the cilia base,
remained a mystery. Recently, using 3D-STORM imaging combined with
quantitative analysis in mouse tracheal cells, Shi. et al. could show that 4
transition zone proteins: RPGRIP1L, B9d1, Tmem231, and NPHP1 form rings
of doublets with different diameters that could correspond to the arms of Y-links
(Shi et al., 2017). Moreover, RPGRP1L also formed rings at the cilia base of

hTERT-RPE1 cells (Lambacher et al., 2016).

To further determine the organisation and architecture of transition zone
proteins at the cilia base, we used STORM imaging in Tefrahymena

thermophila and primary cultures of human bronchial epithelial cells (NHBE).
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Tetrahymena cells are covered with more than 500 cilia (Orias et al., 2011,
Gaertig et al., 2013). As Tetrahymena cells are oval, one can examine transition
zones that are straight up towards the optical axis of the lens (top views), while
also examining nearby transition zones that are either at an angle or
perpendicular to the optical axis of the lens: oblique views and side views
respectively. Using STORM imaging, we show that the transition zone proteins

form rings at the cilia base.

Figure. 1ll.2. STORM imaging of TZ proteins. (A-A’) Widefield images of Tmem216-C
terminus showing rows of transition zones (A’, inset in A). (B-B’) STORM images of Tmem216-
C terminus showing that TZ components form rings at the cilia base (B’, inset in B). (C-C’) An
overlay of fluorescence and STORM images showing the details that can be achieved using
STORM imaging (C’, inset in C).

Using indirect labelling (primary antibody followed by secondary antibody),
MKS6 tagged at the C-terminus, shows 9-fold symmetrical rings at the cilia

base of Tetrahymena (Fig. II.3A-A’). The N-terminal tagging of the same
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protein also revealed similar clusters distributed in 9-fold symmetrical rings (Fig.
111.3B-B’). MKS1-C terminus (Fig. 111.3C-C’), B9d1-C terminus (Fig. 111.3D-D’),
Ahi1-C terminus (Fig. Ill.3E-E’), Ahi1-N terminus (Fig. Ill.3F-F’), and Tmem231-
C terminus (Fig. Ill.3H-H’) show rings with 9-fold symmetry at the cilia base.
Tmem216-C terminus seems to form more than 9 clusters arranged in thinner
rings (Fig. 11.3G-G”). Using direct labelling (primary antibody directly
conjugated to the fluorophore), all transition zone proteins examined showed
rings with doublets observed in some cases (Fig. III.3A”-H”; arrows). NPHP4 is
also arranged in 9-fold symmetrical rings at the cilia base in almost all the rings
examined. These 9-fold symmetrical rings are observed at the C- and N- termini

of this protein (Fig. IIl.4A-B’).

—— TOP VIEW SIDE View  Low mag. TOP VIEW —— SIDE View

Low mag.

Figure. lIL.3. TZ proteins form rings at the cilia base. STORM images showing the top views
of the arrangement of MKS6-C terminus (A-A’), MKS6-N terminus (B-B’), MKS1-C terminus (C-
C’), B9d1-C terminus (D-D’), Ahi1-C terminus (E-E’), Ahi1-N terminus (F-F’), Tmem216-C
terminus (G-G’), and Tmem231-C terminus (H-H’) at the transition zone using indirect labelling
(1Ab + 2Ab). Images in A”- H” show the arrangement of the TZ proteins using direct labelling
(1Ab-AB47). Arrows in A”- H” show possible doublets. (A”’- H”’) STORM images showing the
side views of the TZ proteins at the cilia base. These images were obtained from cilia that are

perpendicular to the optical axis of the lens.
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Figure. lll.4. NPHP4 forms 9-fold symmetrical rings in the top view and shows 2 layers in
side views. (A-A’) STORM images of the top views of NPHP4 tagged at the C-terminus
showing 9-fold symmetrical rings. (A”’) In side views, NPHP4-C terminus seems to be arranged
in two layers at the TZ of Tetrahymena thermophila. (B-B’) NPHP4 tagged at the N-terminus top

views also shows 9-fold symmetrical rings. (B”’) Side views also show 2 layers.

To assess the side views of the TZ proteins, we looked at cilia that are
perpendicular to the optical axis and thus observing the side views of the
transition zone proteins. All TZ proteins examined, except NPHP4, are arranged
in one-layer of clusters at the cilia base (Fig. 11l.3A™’-H”’). NPHP4 protein,
however, is arranged in clusters with 2 layers. This arrangement was prominent
at both termini of the protein (Fig. I1l.4A” and B”). Therefore, STORM imaging of
transition zone proteins shows that these proteins form discrete clusters
arranged in rings in top views. The side views of cilia show that TZ proteins

form one layer at the cilia base except for NPHP4 with 2 layers observed.
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Figure. lll.5. TZ components form rings of different radii at the cilia base. (A-T’) Indirect
labelling (primary antibody followed by secondary antibody-A647) versus direct labelling
(primary antibody directly conjugated to Alexa Fluor 647) shows differences in the
measurements of the radii of TZ components. MKS6-C terminus: 144.9 £ 7.9 nm, n = 107 rings
(A-A’) versus 141.8 £ 6.4 nm, n = 136 rings (B-B’). MKS1-C terminus: 150.6 + 9 nm, n = 88
rings (C-C’) versus 145.2 £ 6 nm, n = 69 rings (D-D’). B9d1-C terminus: 151.1 £ 8.9 nm, n = 88
rings (E-E’) versus 144.4 £ 5.2 nm, n = 158 rings (F-F’). Tmem231-C terminus: 154.1 £ 6.1, n
= 64 (G-G’) versus 149.1 £ 5 nm, n = 93 (H-H’). Tmem216-C terminus: 159 + 5.9 nm, n = 265
(1) versus 164.1 £ 6 nm, n = 158 (J-J’). MKS6-N terminus: 156.8 + 10.2 nm, n = 34 rings (K-
K’) versus 150 + 6.6 nm, n = 70 rings (L-L’). NPHP4-C terminus: 147.3 + 6 nm, n = 91 rings
(M-M’) versus 141.2 + 6.5 nm, n = 79 rings (N-N’). NPHP4-N terminus: 147.6 + 53 nm, n =
133 (0-0’) versus 148.6 £ 5.4 nm, n = 68 rings (P-P’). Ahi1-N terminus: 158.2 £ 5.3 nm, n =
44 (Q-Q’) versus 148.2 £ 5.7 nm, n = 54 rings (R-R’). Ahi1-C terminus: 148 + 8.9 nm, n = 29
rings (S-S’) versus 144.7 = 7.4 nm, n = 59 rings (T-T’). Data are means + SD. (U) The

distribution of the epitopes of all the TZ proteins examined and their relative position in the

radial direction with respect to the likely position of the ciliary membrane (CM). Data are means
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+ 95% CI (confidence interval). (V) Average radii of all the TZ components using indirect versus
direct labelling. Data are means + 95% CI. Based on Student’s t-tests; * P, 0.05, ** P, 0.01, ***
P, 0.001, and **** P, 0.0001; not significant, ns. All differences were also significant based on

Mann-Whitney test.

I1l.2.4. TZ proteins form rings of different radii at the cilia base

Using quantitative image analysis and codes written in MATLAB (please
refer to methods in Ch. Ill), we measured the radii of at least 10 epitopes in 7
different transition zone proteins. We calculated the radii using both direct and
indirect labelling. Using indirect labelling, out of the 7 transition zone proteins
investigated, Tmem216-C terminus has the largest radius (159 + 5.9nm, Fig.
l11.51-I, U), followed by MKS6-N terminus (156.8 + 10.2nm, Fig. 1ll.5K-K’, U),
Ahi1-N terminus (158.2 + 5.3nm, Fig. l11.5Q-Q’, U), Tmem231-C terminus (154.1
+ 6.1nm, Fig. 111.5G-G’, U), B9d1-C terminus (151.1 + 8.9nm, Fig. lll.5E-E’, U),
MKS1-C terminus (150.6 + 9nm, Fig. lll.5C-C’, U), Ahi1-C terminus (148 +
8.9nm, Fig. IIl.5.S-S, U), NPHP4-N terminus (147.6 + 5.3nm, Fig. 111.50-O’, U),
and NPHP4-C terminus (147.3 + 6nm, Fig. Ill.LSM-M’, U). The smallest radius is

for MKS6-C terminus (144.9 + 7.9nm, Fig. lI.5A-A’, U).

However, when using direct labelling, 7 out of 10 epitopes examined
show significant differences in radii between indirect and direct labelling
procedures (Fig. Ill.5V). For example, the radii of the following proteins are
reduced by: Tmem231-C terminus: 5nm (Fig. lll.5H-H’, compare to G-G’),
MKS1-C: 5.4nm (Fig. II1.5D-D’, compare to C-C’), B9d1-C: 6.7 nm (Fig. Ill.5F-
F’. compare to E-E’), Ahi1-N: 10nm (Fig. [ll.5R-R’, compare to Q-Q’), MKS6-N:
6.8nm (Fig. lll.5L-L’, compare to K-K’), and NPHP4-C: 6.1nm (Fig. [[I.5N-N’,

compare to M-M’). Only the radius of Tmem216-C terminus increased by 4.7nm

76



(Fig. 11.54-J’, compare to I-I'). On the other hand, only NPHP4-N terminus and
Ahi1-C terminus did not show a significant difference when using the two
immunostaining approaches (indirect versus direct) (Fig. lll.5V). NPHP4-N
terminus has a shift of only 1nm (Fig. 11.5P-P’, compare to O-O’) and Ahi1-C

terminus has a shift of only 0.3nm (Fig. lll.5T-T’, compare to S-S’).

In conclusion, using antibodies directly conjugated to Alexa Fluor 647 in
STORM imaging produces more accurate measurements of the radii of the TZ
at the cilia base. 9 out of 10 epitopes examined, revealed smaller radii most
likely because the antibody is closer to the epitope. Direct labelling seems to
produce smaller error. We show that localising the two termini of the same
protein produced different radii for some TZ proteins (Fig. [I.5A’ compare to K,
Fig. 111.5Q’ to S’). Using direct labelling, the N- and C- termini of MKS6, Ahi1,
and NPHP4 produced different radii that were statistically significant (Fig.
l11.5V). The position of each TZ protein using direct or indirect labelling with
respect to the likely location of the ciliary membrane (CM) is shown in Fig.

11.5U.

111.2.5. TZ proteins form rings in NHBE cells

To ensure that the transition zone components also form rings at the
base of cilia in other model systems, we stained primary cultures of normal
human bronchial epithelial cells (NHBE) and nasal cells (Cells were kindly
provided by Robert Hirst at the PCD diagnostic centre in Leicester Royal
Infirmary, UK) with antibodies against RPGRIP1L and IFT88. These primary
cultures are composed of cells that contain hundreds of motile cilia important for

clearing mucus and debris from the respiratory epithelium. Confocal images
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show that IFT88 localises to the ciliary shaft (Fig. IlI.6A-A”). RPGRIP1L
localises to the base of cilia in these cells (Fig. 111.6B-B”). We then used
STORM imaging to assess the arrangement of RPGRIP1L at the cilia base.
RPGRIP1L is arranged in rings of separate clusters (Fig. [lI.6C-C’). The
average diameter of 15 rings is 236.8 + 6.39nm (Fig. lll.6C”), in agreement to
what was previously published (Lambacher et al., 2016), but inconsistent with
the diameter of RPGRIPL1L observed in mouse tracheal cells, where the
diameter of this protein exceeds 270nm (Shi et al., 2017). Overall, the
arrangement of the TZ proteins at the cilia base seem to be quite consistent and
well conserved in various organisms, and most of the TZ components form

rings of discrete clusters at the cilia base.
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Figure. 11l.6. TZ proteins form rings in NHBE cells. (A-A”’) Confocal images showing motile
cilia in primary cultures of nasal epithelial cells stained with anti-acetylated tubulin (green) to
mark cilia, anti-IFT88 (red), and counterstained with DAPI to mark the nucleus (blue). Image
shows numerous cilia (hundreds) per cell. (B-B”’) Confocal images of the nasal cells stained
with anti-RPGRIP1L to mark the transition zone and anti-acetylated tubulin to mark cilia. (C-C’)
STORM images of primary cultures of normal human bronchial epithelial cells (NHBE) stained
with anti- RPGRIP1L followed by secondary antibody conjugated with Alexa fluor647. Images
show that RPGRIP1L forms discrete clusters arranged around rings. (C’’) Averaging 15 rings
using codes written in MATLAB shows that RPGRIP1L forms a ring of 236.8 + 6.39 nm in

diameter. Data are mean + SD.

111.2.6. Nucleoporins may localise to the cilia base in T. thermophila

Nucleoporins have arisen to be strong candidates involved in the gating
mechanisms at the cilia base (Kee et al., 2012, Del Viso et al., 2016, Kee and
Verhey, 2013, Takao and Verhey, 2016, Takao et al., 2017). Some
nucleoporins localise to the cilia base in odora cells (Kee et al., 2012). Others
have shown that nucleoporins, such as Nup93 and Nup188, localise at the
basal bodies (Del Viso et al., 2016). Possible roles for nucleoporins in
ciliogenesis have been reported in several studies. Kif17, a kinesin Il motor,
entry to cilia was shown to be dependent on Nup62 (Takao et al., 2014), and
studies in xenopus revealed the importance of Nup188 in cilia formation of the

left-right organiser (Del Viso et al., 2016).

For that reason, we investigated the localisation of some nucleoporins at
the cilia base in Tetrahymena thermophila. To do so, we used two approaches,
in the first we used commercially available anti-Nup antibodies that have been
tested mainly on human and mouse cells (Table I1.3). In the second approach,
we generated knock-in lines by epitope tagging at the native locus of the gene

in Tetrahymena thermophila for some of the nucleoporins, such as Nup96 and
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Nup93 as previously described (Gaertig et al., 2013). Using the first approach,
some of the antibodies against nucleoporins produced clear signal at the cilia
base. For example, anti-mab414, an antibody that recognises FG
(Phenylalanine and glycine motif) rich nucleoporins, produced prominent
localisation at the cilia base, but not in the nucleus as one would expect (Fig.
[l1.7A). We also used mammalian anti-Nup50 in MKS6 transgenic line. Anti-
Nup50 localised proximal to MKS6 at the cilia base (Fig. 111.7B-B’), which
suggests that it is located near the basal bodies. In some cases, we could also
detect a weak signal in the nucleus when we used anti-Nup50 (Fig. Ill.7B). We
also observed a signal at the cilia base when using anti-Nup88 and anti-
Nup153, with the latter also showing a clear signal in the nucleus (Fig. IIl.7C
and F, respectively). Anti-Nup93 antibodies did not detect anything in cilia but
had an obvious signal in the nucleus (Fig. IlIl.7D). Surprisingly, anti-nup98
stained the ciliary shaft, except for the tips (Fig. lll.7E). Finally, using the second
approach, neither Nup96 nor Nup93 localise to the cilia base in the knock-in
lines using anti-HA antibody. In both lines, the signal was however observed in

the nucleus (Fig. Ill.7G and H).

We next performed STORM imaging using some of the anti-Nup
antibodies. Anti-Nup50 in Tefrahymena revealed 9-fold symmetrical rings (Fig.
[11.71-1), similar to the arrangement of the TZ components at the cilia base. We
then double stained MKS6 transgenic line tagged with triple HA at the C-
terminus with two primary antibodies: anti-HA antibody, and anti-Nup153 or
Nup50. This step was followed by using secondary antibodies conjugated to
Alexa Fluor 647 to detect both primary antibodies, therefore, both proteins are

detected in the same channel. Using this double labelling procedure, we could
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detect side views, oblique views, and top views of the two proteins. In side
views, anti-Nup153 seems to localise as “rod-like” structures at the cilia base,
and the top view shows that anti-Nup153 is at the centre of MKS6 ring (Fig.
[11.7J-J’). Interestingly, MKS6-C terminus and Nup50 both form rings that appear

to be in the same register and separated by about 200nm (Fig. IIl.7K-K’).

Nup153

Figure. lll.7. Nucleoporins may localise to the cilia base in Tetrahymena thermophila. (A)
A confocal image of a Tetrahymena cell stained with anti-acetylated tubulin (green) and anti-
mab414 (red) that marks FG-rich nucleoporins. Anti-mab414 seems to produce a signal at the
cilia base in Tetrahymena thermophila. (B-B’) Confocal images showing the localisation of
MSK6 (TZ-red) using anti-HA antibody and anti-Nup50 (green). B’, inset in B. (C) Confocal
image using anti-Nup88 at the cilia base (green) and anti-Nup93 (green) (D). (E) Using anti-
Nup98, the protein seems to localise to the ciliary shaft. (F) A confocal image showing a
Tetrahymena cell stained with anti-acetylated tubulin (red) and anti-Nup153 (green). Anti-
Nup153 is detected in cilia base and nucleus. (G and H) Antibody staining against the tag in
Nups knock-in lines (Nup96 and Nup93) reveals a clear signal in the nucleus, but not at the cilia
base. (I-') STORM images of anti-Nup50 in Tetrahymena thermophila showing 9-fold
symmetrical rings at the cilia base. (J-J’) STORM images produced by double staining with anti-
HA (MKS6) and anti-Nup153. Nup153 seems to form “rod-like” structure that extends below the
transition zone, J’ shows top and side views of the two proteins as indicated. (K-K’) STORM
images of double staining cells with anti-Nup50 and anti-HA (MKS6) showing oblique views of
MKS6 and Nup50 in the axial direction. Nup50 seems to localise below the TZ and near the

basal body.
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In conclusion, our analysis of anti-nucleoporin antibodies in Tetrahymena
thermophila suggests that the staining patterns may not correspond
to nucleoporins. The signals observed at the cilia base are not accompanied
with a signal in the nucleus. Moreover, no ciliary localisation was observed in
epitope tagged Nup93 or Nup96 transgenic lines. Therefore, our data does not
allow us to reliably claim that we localised nucleoporins. However, we took
advantage of the fact that anti-Nup50 antibody forms rings below the transition
zone and we used it to determine the axial positions of the TZ components

relative to Nup50.

111.2.7. Axial positions of TZ proteins

To determine the axial position (along the ciliary axis) of the transition
zone proteins, we took advantage of Tetrahymena thermophila’s cilia ability to
show the side views of the proteins. As mentioned above, anti-Nup50 forms 9-
fold symmetrical rings at the cilia base, near the basal body. We used Nup50 as
the reference marker relative to which the transition zone proteins were mapped
axially. We could localise the axial positions of 10 epitopes in 7 different
transition zone proteins. When localising both termini of the same protein, we

could determine the way the protein orients at the cilia base.

To measure the distance between Nup50 and transition zone proteins,
we first extracted the “molecule list” of side views using the software provided
by NIKON: “NIS Elements” (please refer to methods in Chapter Ill). Side views
that only show parallel localisation of both proteins (TZ and Nup50) were

selected for MATLAB analysis (Fig. Ill.8A). The molecule list of the side views
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was then run on a code written in MATLAB that measures the distance between
the two proteins (Fig. 11l.8A). Using this approach, we show that Tmem231-C
terminus is the furthest from the reference protein: 209.3 + 2.9nm (Fig. 111.8C-C’
and J), followed by MKS6-C terminus: 205.5 + 4.3 nm (Fig. lll.8H-H and J),
MKS1-C terminus: 200.2 + 3nm (Fig. IIl.8F-F" and J), Ahi1-N terminus: 200 +
2.9nm (Fig. 111.8D-D” and J), MKS6-N terminus: 199.3 + 4.4nm (Fig. 111.8I-I" and
J), B9d1-C terminus: 198.8 + 3.7nm (Fig. lll.8G-G’ and J), Tmem216-C
terminus: 198.4 + 2.9nm (Fig. 11l.8B-B” and J), and Ahi1-C terminus is the
closest to the reference protein with 193.8 + 5.4nm (Fig. 111.8C-C’ and J). In
some instances, an oblique orientation of the two proteins is also observed (Fig.

111.8B" and D’).

Tmem216-C Tmem231-C

Figure. lIl.8. Axial positions of TZ proteins. (A) A representation showing parallel localisation
between TZ and Nup50 side views. These localisations were used to measure the distance
between the TZ protein (red) and Nup50 (green) using codes written in MATLAB. (B-B”)
STORM images showing the side views of Tmem216-C terminus and Nup50. B’ shows an
oblique orientation of the two proteins. B’ shows side-views for the two proteins that can be
utilised for measuring the distance between the proteins as shown in A. Tmem216-C terminus
is 198.4 + 2.9 nm; Tmem231-C terminus: 209.3 + 2.9nm (C-C’); Ahi1-N terminus: 200 + 2.9nm
(D-D’’); Ahi1-C terminus: 193.8 + 5.4nm; (E-E’); MKS1-C terminus: 200.2 + 3nm (F-F’); B9d1-C
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terminus: 198.8 + 3.7nm (G-G’); MKS6-C terminus: 205.5 +4.3nm (H-H’); and MKS6-N
terminus: 199.3 + 4.4nm (I-I’) away from Nup50. Data are mean + SEM. (J) Mean distance

between transition zone protein and Nup50. Data are mean + 95% confidence interval (Cl).

On the other hand, NPHP4 manifested different distribution from other
TZ proteins in the axial direction. This was expected, since we showed earlier
that NPHP4 was the only TZ protein to show 2 layers in the side-views of the
protein (Fig. Ill.4A” and B”). The analysis of the axial position of NPHP4 relative
to Nup50 revealed 2 different conformations. The N-terminus localised at two
positions, one at about 201nm and another at 318nm away from Nup50 (Fig.
[11.9A-A” and C). The C-terminus also localised at 2 positions as well, with one
at about 180nm and another at about 313nm away from Nup50. However, since
we used 1-colour STORM imaging, we cannot confirm that both NPHP4
localisations are distal to Nup50 without further analysis with additional
antibodies. Therefore, using these immunostaining procedures, we show that
the examined TZ proteins are confined to 20-30nm along the ciliary axis

(excluding the far axial localisation for NPHP4).
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Figure. lll.9. Axial positions of NPHP4. (A-A”’). STORM images showing the side views of
NPHP4-N terminus with respect to Nup50. Arrows show the two layers of NPHP4 in A’. (B-B”)
STORM images showing the side-views of NPHP4-C terminus with respect to Nup50. Arrows
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show the two layers of the protein. (C) Mean distance between NPHP4 (C- and N- termini) and
Nup50. The images are split into 2 groups, the first included all showing distances below 300nm
between NPHP4-N or NPHP4-C and the other group included the distances above 300nm
(NPHP4-N’ and NPHP4-C’). Data are mean + 95% CI.

11.3. Discussion

Just a few years ago, imaging biological samples was limited by the
resolution of light microscopy, which roughly corresponds to the diameter of the
cilium and thus incapable of visualising the fine structure of protein complexes
at the base of the cilium (Huang et al., 2010). STED microscopy was utilised to
generate super-resolved images and overlapping them with representative
electron microscopy images to define the architecture of some proteins at the
cilia base (Yang et al., 2015). Albeit being a super-resolution technique, STED
microscopy is still limited to a resolution of about 50nm (Sieber et al., 2007).
This is not sufficient to detect very subtle differences between localisation of
different proteins at the cilia base. Thus, using STORM super-resolution
microscopy, which improves the resolution to 20nm in the lateral dimension,
one could localise features of cilia roughly equal to 20nm in size (Schermelleh
et al.,, 2010, Szymborska et al., 2013, Shi et al., 2017). Using 3D-STORM
imaging and quantitative analysis, it was shown that some TZ proteins could
possibly be structural components of the Y-Links of the TZ (Shi et al., 2017).
STORM imaging of RPGRIP1L in hTERT-RPE1 cells showed that this protein is
arranged in rings formed of 7, 8, or 9 clusters (Lambacher et al., 2016). Still
others have localised several ciliary base proteins, such as Tmem237, Ahi1,

Cyb1, and OFD1 using STED imaging and showed that these proteins form
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rings at the cilia base (Lau et al., 2012).

To reveal the architecture of transition zone proteins at the cilia base and
to show how selected TZ proteins are oriented at the cilia base, we utilised
STORM imaging in the ciliate model Tetrahymena thermophila of N- and C-
tagged transition zone proteins. Tetrahymena thermophila is of a great
advantage in these studies. Its entire surface is covered with hundreds of cilia
(Orias et al., 2011). Many genes, such as those encoding proteins that localise
to the basal body and those involved in cilia motility are evolutionarily well
conserved with higher vertebrates (Kilburn et al., 2007, Bayless et al., 2015,
Gaertig et al., 2013). Consequently, a Tetrahymena cell does not have to be
positioned in any particular way for imaging, an advantage compared to
mammalian cells. Its oval shape also provides an excellent model to look at the
proteins from various angles, and thus one can image the top-views, oblique
views, and side-views of the same protein. To facilitate imaging the transition
zone, Tetrahymena cilia can be easily removed by pH shock (Gaertig et al.,
2013). Tetrahymena are also amenable to genetic analysis. For example, we
have added HA-tag at the native locus of at least 7 TZ proteins and 2
nucleoporins. This method of tagging at the native locus of the gene is expected
to give the native pattern of expression (Gaertig et al., 2013). Moreover, the fact
that one Tetrahymena cell possesses numerous cilia is very useful. This makes
it possible to collect plenty of data, which is not feasible when using mammalian
cell culture. These data can be aligned and averaged using codes written in
MATLAB to obtain average diameters (for radial dimensions) and distances (for

axial dimension).

We used two different methods to analyse the localisation, architecture
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and arrangement of TZ proteins at the cilia base. HA epitope tag was detected
by antibody staining using both Alexa Fluor 647-conjugated secondary
antibodies (indirect labelling), or directly Alexa Fluor 647-conjugated primary
antibody (direct labelling) to evaluate the localisation and determine the radial
positions of TZ proteins. Using both immunostaining procedures, we show that

transition zone proteins form rings of varying radii relative to the ciliary axis.

Several factors could affect the quality of localisation of the protein when
using STORM imaging. These factors include the labelling density, antibody
affinity, number of frames collected when acquiring the data, and the choice of
software to analyse the data. One important factor is the size of the IgG
antibody itself. An IgG antibody is about 12nm long (Lee et al., 2006, Saphire et
al., 2001). Fluorophores are conjugated to lysines on IgGs and lysines are
distributed on both light and heavy chains of the IgG molecule (Wang et al.,
2005). This makes it difficult to estimate how far the fluorophores are from the

epitope.

Moreover, antibodies we used in our study (whether for indirect or direct
labelling) had a variable degree of labelling (DOL) that ranged between 3 and 6
(3-6 fluorophores per IgG molecule). This implies that multiple fluorophores can
bind to a single IgG molecule. Therefore, to estimate the localisation error in our
experiments, we compared measurements based on these two labelling
procedures. The comparison of at least 10 epitopes in 7 TZ proteins showed
differences that ranged from 0.3nm to 10nm, 4.85nm in average, which
provides an estimate of error related to antibody size. This also agrees with
previous reports on microtubule antibody staining where the error introduced by
using antibody labelling was about 5nm (Pengo, et al., 2015).
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Another source of error is the way the antibody binds to the epitope in
different TZ lines. Antibodies may bind to their epitopes at different angles
relative to the optical axis: parallel, perpendicular, or flexible. Interestingly, our
comparison between direct and indirect labelling enabled us to predict the way
the antibody binds to its epitope in different TZ proteins. When the difference in
the measurement between the direct and indirect labelling is below 5nm, the
antibody binds largely parallel to the optical axis. In other cases where the
difference between the two labelling procedures is more than 5nm, the angle at
which the antibody binds to its epitope is perpendicular or close to

perpendicular relative to the optical axis.

Using the immunostaining procedures mentioned above, we show that
TZ proteins form rings of varying radii with respect to the ciliary axis. In some
cases, we observed doublets when using direct conjugation (Fig. [ll.3).
However, a very accurate quantitative analysis and high sample size is required
to confirm that the TZ proteins form rings of 9 doublets. Among the 7 TZ
proteins investigated, we show that Tmem216-C terminus is the farthest from
the microtubule doublets. NPHP4-C terminus and MKS6-C terminus are the

nearest to the microtubule doublets (Fig. Il1.5.U-V and II1.10C).

To evaluate the position of the ciliary membrane, we tagged the C-
terminus of Tmem216. Tmem216 was shown to form a complex with a known
transmembrane protein, Tmem67 (MKS3) wusing immunoprecipitation
experiments (Valente et al., 2010). STORM localisation of Tmem216-C
terminus generated a ring with a radius of 164nm. The analysis of Tmem®67 in
Tetrahymena thermophila using STORM also formed a ring of comparable
diameter. The radii of Tmem67-C terminus and Tmem216-C terminus are very
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close and are not statistically significant (Fig. 111.5U and IIl.10A). Although there
are no reported data on the diameter of the transition zone in Tetrahymena
thermophila, based on Tmem216 topology, the radial position of Tmem216

suggests its close location to the ciliary membrane (Fig. 111.5U and I11.10C).

On the other hand, Tmem231, a TZ protein that belongs to the MKS
module (Chih et al., 2011, Dowdle et al., 2011, Roberson et al., 2015), was
shown using super-resolution imaging that it forms rings adjacent to the ciliary
membrane which allowed to speculate that it localises to the membrane (Chih et
al., 2011). The antibody used to localise Tmem231 in this study was raised
against the last 15 amino acids of the protein (C-terminus) (Chih et al., 2011).
This, however, does not agree with our findings about Tmem231. Our analysis
shows that the radius of Tmem231-C is about 15nm smaller than that of
Tmem216-C terminus, or the membrane (Fig. II1.5.U-V and IIl.10A-C). The radii
of Tmem231 and Tmem216-C termini are significantly different (Fig. 11l.10A),

suggesting that Tmem231-C terminus is not near the ciliary membrane.

In addition to that, Tmem231 and B9d1 are known to interact with each
other at the cilia base and to function in the transport of ciliary membrane
proteins, such as Arl13b and Smoothened (Smo) (Chih et al., 2011, Dowdle et
al., 2011). Our analysis shows that B9d1-C terminus is about 5nm away from
Tmem231-C terminus and their radii seem to be significantly different (Fig.
[11.5U and 1ll.10A). The diameters of both Tmem231 and B9d1 were recently
investigated using STORM imaging in mouse tracheal cells (Shi et al., 2017).
Our radial measurement of B9d1 agrees with that obtained by Shi et al., but our
radial measurements of Tmem231-C terminus produced a smaller diameter. Shi
et al. utilised antibodies against the endogenous proteins, while our studies
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relied on using antibodies against the tag at the two termini of the proteins in
knock-in lines, which may account for this difference. Moreover, the error
introduced by using antibody staining (as explained earlier ~5nm), should be
taken into consideration and could account for the difference obtained for the
radii of Tmem231 and B9d1. If true, then our analysis agrees with what was
previously shown about the measurements of the diameters of B9d1 and
Tmem231 (Shi et al., 2017) and also agrees with previous findings that B9d1

and Tmem231 interact at the cilia base (Chih et al., 2011, Dowdle et al., 2011).

Furthermore, B9d1 and MKS1, along with B9d2 proteins form a complex
known as the “B9d complex”. This complex is necessary for ciliogenesis (Zhao
and Malicki, 2011) and functions as a barrier for transmembrane proteins at the
cilia base (Chih et al., 2011, Dowdle et al., 2011). Our STORM analysis shows
that B9d1 and MKS1 are almost in the same radial position with a difference of
less than 1nm between their radii (Fig. I11.5U and Il1l.10A). This is consistent the
fact that these two proteins belong to the same complex and physically interact
with each other (Chih et al., 2011, Dowdle et al., 2011). However, our data
argue against the possibility that both MKS1-C terminus and B9d1-C terminus
interact with the ciliary membrane. This is because both proteins localise to the
same area of about 20nm away from the transmembrane proteins Tmem216

and Tmem67 (MKS3), or the membrane (Fig. Ill.5U and I1I.10A).

Apart from TZ proteins that function in the gating mechanisms,
nucleoporins have emerged to possibly be involved in the gating mechanisms at
the cilia base (Kee et al., 2012, Diener et al., 2015, Takao and Verhey, 2016).
Our analysis of nucleoporins in Tetrahymena thermophila is somehow puzzling.
We followed two approaches to investigate the localisation of nucleoporins. In
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the first, we generated knock-in lines as previously described (Gaertig et al.,
2013). We added triple HA tags at the C-terminus of 2 nucleoporins Nup93 and
Nup96. In the second approach, we used anti-nucleoporin antibodies
commercially available (Table 11.3). Using antibody staining against HA in the
knock-in lines we could detect nuclear signal, but no observable signal at the
cilia base (Fig. 11.7.G and H). On the other hand, the analysis of anti-Nup
antibodies in Tetrahymena thermophila produced signals in several different
regions of Tetrahymena cilia and ciliary basal bodies. Importantly, some
antibodies such as anti-mab414, anti-Nup50, and anti-Nup153 produced signals
at the cilia base (Fig. Ill.7.A, B, and F respectively). Others had either
localisation in the nucleus only, such as anti-Nup93 (Fig. Ill.7D) or inside the

ciliary shaft, such as anti-Nup98 (Fig. lll.7E).

The staining patterns we observed using anti-nucleoporin antibodies may
not correspond to nucleoporins. In most cases, the signal observed at the cilia
base was not accompanied by a signal in the nucleus, as it would be expected
from nucleoporins. This is supported by the fact that in knock-in lines, Nup93
and Nup96 localised to the nucleus only. In conclusion, our data does not allow
us to affirm that we localised nucleoporins. Consequently, this requires further
investigation such as immunoprecipitation experiments followed by mass
spectrometry to reveal the identity of the proteins recognised by these
antibodies in Tetrahymena thermophila. Although we cannot confirm that we
localised nucleoporins, the analysis of these antibodies was useful. We took
advantage of the fact that anti-Nup50 antibody localises to the cilia base. In

STORM, anti-Nup50 forms 9-fold symmetrical rings. Therefore, we used this
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antibody as a reference protein to determine the axial positions of the TZ

components.
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Figure. lll.10. Model of the TZ. (A) Mean radii showing the significance of differences between
TZ proteins. (B) A chart showing the distribution of TZ proteins at the cilia base. The X-axis
shows the radial positions and the Y-axis shows the proximo-distal positions of TZ proteins. (C)
A super-resolved model of TZ proteins showing their orientation and position at the cilia base.
The model shows the orientation of MKS6, Ahi1, and NPHP4. It also shows the radial and axial
positions for the C-termini of Tmem216, Tmem231, MKS1, B9d1, and MKS3.

Our analysis of the axial positions of TZ components is also of interest.
To determine the axial positions of TZ proteins with respect to Nup50, we

performed double labelling using anti-HA: to recognise the protein of interest
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(TZ in this case), and anti-Nup50 as a reference point. After staining with the
primary antibody, the samples were stained with only 1 secondary antibody
conjugated to Alexa Fluor 647 that recognises both primary antibodies. Using
one secondary antibody is also beneficial, as this does not require 2-colour
STORM imaging. If 2-colour STORM imaging is to be used, then other factors
must be taken into consideration, such as using a suitable pair of secondary
antibodies (Shi et al., 2017) and images should be corrected for chromatic

aberration (Erdelyi et al., 2013).

Using the labelling approach mentioned above, we obtained side views
of both proteins (TZ and Nup50) in 10 TZ epitopes. Using codes written in
MATLAB, we estimated the distance between the transition zone proteins and
Nup50. Again in this case, when analysing the 2 termini of the same protein
using this strategy, we could determine the way the protein is oriented at the
cilia base. For example, the axial position of the C-terminus of MKS6 was
somewhat higher than that of the N-terminus, this is also applied to Ahi1, where
the N-terminus is higher than its C-terminus. Thus, these proteins seem to be
oriented obliquely at the cilia base (Fig. I11.10B, C). In conclusion, we present
here a super-resolved model showing the radial and axial position of transition
zone proteins in unprecedented detail focusing on the orientation of some TZ
proteins depending on data collected from the radial and axial positions of the

N- and C- termini of the TZ proteins (Fig. Ill.10B, C).
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Chapter IV

“STORM Imaging Unveils the
Architecture of the IFT particle in its

Docking Site”
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IV.1. Introduction

Intraflagellar transport or IFT is a well-conserved system involved in the
movement of proteins required to build and maintain cilia in most eukaryotic
organisms (reviewed in (Taschner et al., 2016, Scholey and Anderson, 2006,
Prevo et al., 2017)). As cilia do not contain protein synthesis machineries,
necessary proteins are transported from the cytoplasm to the cilary
compartment by the anterograde IFT, which is powered by kinesin-Il motors
(Kozminski et al., 1995, Snow et al., 2004). Proteins leave the cilium back to the
cytoplasm by the retrograde IFT powered by cytoplasmic dynein-1b/2 motors
(Pazour et al., 1999,Hou, 2004 #4962,)Yi, 2017 #4963). The anterograde
transport is mediated by the IFT-B complex composed of 16 different IFT
proteins, while the retrograde transport is accomplished by the IFT-A complex
which is composed of 6 different IFT proteins (Cole et al., 1998, Hirano et al.,

2017) (Table IV.1).

IFT-B proteins are important for cilia assembly, as mutations in the IFT-B
components ceased cilia formation (Taschner et al., 2011, Brazelton et al.,
2001, Krock and Perkins, 2008, Tsujikawa and Malicki, 2004). On the other
hand, mutations in IFT-A proteins usually lead to the accumulation of ciliary
proteins at the cilia tip, and therefore are important for the retrograde transport
(Tsao and Gorovsky, 2008, Zhu et al., 2017, Taschner et al., 2011). Still some
studies reported roles of IFT-B in the exit of ciliary cargoes (Eguether et al.,
2014, Huet et al., 2014), and IFT-A in transporting ciliary membrane proteins
(Fu et al., 2016). The IFT particle transports ciliary proteins ranging from tubulin,
the most abundant ciliary component (Bhogaraju et al., 2013), structural
components such as outer dynein arms (ODAs) to power cilia motility in motile
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cilia (Hou et al., 2007, Ahmed and Mitchell, 2005, Chevrette et al., 2000,
Taschner et al., 2017), and signalling proteins, such as components of

hedgehog (HH) and Wnt (Mourao et al., 2016).

Based on immunoelectron microscopy, Chlamydomonas IFT52 was
shown to localise at the transition fibres (Deane et al., 2001). Moreover, other
IFT proteins, such as IFT57, IFT88, and IFT140, were shown to localise at the
region of the basal body too (Sedmak and Wolfrum, 2010, Williams et al.,
2011). The docking sites for many IFT proteins and the exact positions where
IFT proteins interact with their cargo at the cilia base remained, however, a
mystery. Interestingly, the IFT particle with its cargo and motors comprise a
megadalton protein complex that must cross the transition zone, a well-
organised gate at the cilium base that controls the composition of the cilium
depending on several factors including the molecular weight and the structural
conformation of the proteins (reviewed in (Reiter et al., 2012)) and (Kee and
Verhey, 2013)). Before entering the cilium, the IFT particle, IFT motors, and
cargoes are thought to assemble at the cilia base. It is unclear how this
megadalton complex crosses the barriers at the cilia base. It is also not known
where exactly IFT proteins dock and assemble at the cilia base before they

enter the cilium.

Previous attempts to show interactions and ultrastructural details of IFT
proteins were based on electron tomographic analysis of IFT trains in
Chlamydomonas reinhardtii (Pigino et al., 2009) and crystallographic analyses
of some IFT proteins (Bhogaraju et al.,, 2013, Bhogaraju, 2011 #4973,
Taschner, 2014 #4974). For instance, using crystallographic studies, the crystal
structure of the IFT52/IFT46 C-termini in Tetrahymena was resolved at 2.3A
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(Taschner et al., 2014). The ultrastructure of IFT trains in Chlamydomonas
reinhardti was analysed using cryo-electron microscopy and electron

tomography (Pigino et al., 2009).

Interactions between IFT and their cargoes were also reported. IFT46-N
terminus binds with the N-terminus of the adaptor protein ODA16, which is
important for the transport of the outer dynein arm complex (ODA) (Ahmed and
Mitchell, 2005, Taschner et al., 2017, Hou and Witman, 2017). The transport of
tubulin occurs by binding to the N-termini of IFT81/74 (Bhogaraju et al., 2013).
Recently, by using STORM imaging, it was shown that IFT88, an IFT-B
component, localised to the distal appendages (Shi et al., 2017) and specifically
at the gaps between the blades of distal appendages (Yang et. al, 2017). The

exact site where other IFT proteins dock at the cilia base remains unclear.

Using STORM imaging combined with quantitative image analysis, we
show for the first time the arrangement of several IFT proteins at their “docking
sites”. Radially, IFT docking sites span a region between about 140nm and
165nm from the centre of the axoneme. Kif3a, a microtubule-dependant motor,
localises more centrally, compared to IFT proteins. Axially, the IFT docking sites
localise between the transition zone and the basal body and occupy a region of
about 30nm and are at least 50nm proximal to the transition zone. IFT-A
complex is located to the outside of IFT-B complex relative to the cilium axis. In
the axial dimension, Kif3a, docks slightly distal to IFT proteins suggesting a
likely independent docking site for IFT motors. Our STORM analysis also
reveals the localisation of the binding sites of cargoes such as tubulin and outer
dynein arm (ODA) complex at the cilia base. All these data combined enabled
us to present the first super-resolved model of the architecture of the IFT
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particles in their docking sites. The model shows the orientation of IFT proteins

and their position relative to other proteins at the cilia base.

IV.2. Results

IV.2.1. IFT proteins localise to the cilia base in T. thermophila

To determine the localisation of different IFT proteins in Tetrahymena
thermophila, we used epitope tagging at either the N- or/and C- termini of the
coding region of the gene in the macronuclear genome (Gaertig et al., 2013).
Tags used in this study included triple HA, single GFP, or triple V5 tags. We first
analysed the localisation of IFT proteins using anti-HA, anti-GFP, or anti-V5
antibodies on the Olympus FV1000 confocal microscope. To ensure that
tagging was performed correctly, we also assessed the molecular weight of the

tagged IFT proteins by western blots.

Surprisingly, all the IFT proteins examined in our study localised to the
cilia base (Fig. IV.1). Using antibody staining against the tag at both termini of
the proteins (N- and C-), IFT-A complex components IFT40 (Fig. IV.1A-A’),
IFT144 (Fig. IV.1B-B’), and IFT122 (Fig. IV.1C-C’) localised to the cilia base in
Tetrahymena thermophila. Similarly, IFT-B complex components IFT46 (Fig.
IV.1D-D’), IFT52 (Fig. IV.1E-E’), IFT27 (Fig. IV.1F), IFT54 (Fig. IV.1G-G’), and
IFT81 (Fig. IV.1H-H’) localised to the cilia base in Tetrahymena thermophila.
Using western blot analysis, we show that using antibody against the tag
revealed the expected sizes of the proteins (Fig. IV.1G). In conclusion, we show

that IFT proteins localise to the base of cilia. These studies suggest the
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locations where IFT proteins dock at the cilia base before they gain access to

enter the cilium.
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Figure IV.1. IFT proteins localise to the cilia base in Tetrahymena thermophila. (A-C’)
Confocal images showing the localisation of IFT-A proteins at the cilia base using anti-HA
antibody (green) to detect the N-terminus or C-terminus of the proteins. IFT140-N terminus (A),
IFT140-C terminus (A’), IFT144-N terminus (B), IFT144-C terminus (B’), IFT122-N terminus (C),
and IFT122-C terminus (C’) all localised to the cilia base. We used anti-HA to recognise all
epitopes except for IFT140-C terminus and IFT144-C terminus, where we used anti-GFP
antibody (A’ and B’). IFT-B complex proteins also localised to the cilia base whether the
antibody staining was used against the tag at the C-terminus or the N-terminus of the protein
(D-F). The localisation of IFT46 (D-D’), IFT52 (E-E’), IFT27-C terminus only (F), IFT54 (G-G’),
and IFT81 (H-H’) are shown as indicated. (I) Western blot analysis of IFT81, IFT52 from the
IFT-B complex and IFT144 and IFT140 from the IFT-A complex shows the expected size of

each protein as indicated. Data in “I” are shown as duplicates.

IV.2.2. STORM imaging of IFT proteins in ciliated and de-ciliated

T.thermophila

STORM imaging of IFT proteins was recently reported by imaging IFT88,
an IFT-B complex component in mammalian cells (Shi et al., 2017) Yang et al.,

2017). However, these studies did not reveal the arrangement of different IFT
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proteins at the cilia base. Since we showed using confocal imaging that IFT
proteins localise to the cilia base in Tetrahymena thermophila, it was very
enticing to examine these proteins using super-resolution microscopy, such as
STORM. Strikingly, STORM imaging of IFT54, for example, showed that IFT
proteins form well-defined 9-fold symmetrical rings at the cilia base (Fig. IV.2A-
A’). This 9-fold symmetry of IFT proteins was interesting, however, it did not
seem consistent with previous studies of the localisation of IFT proteins which
showed that IFT particle components localise to the cilia base and the ciliary
shaft (Shi et al., 2017, Yang et al., 2015) Yang et al., 2017). The localisation of
IFT proteins is likely to change when rapid cilia growth is required. Therefore,
we took advantage of the ability to deciliate (decapitate cilia) Tetrahymena
thermophila’s by pH shock (Gaertig et al., 2013) to examine the localisation of
IFT proteins. We deciliated the IFT54-C terminus lines and waited for 30-60min
to allow cells to rebuild cilia, then fixed and immunostained the cells and imaged
them on STORM. Interestingly, IFT localised mainly inside the ciliary shaft of
Tetrahymena cells (Fig. IV.2B-C). We could also observe that while IFT proteins
are re-building cilia again, the IFT localisation at the cilia base in some cases
was still observable (Fig. IV.2B, yellow arrows). In other cases, the IFT
localisation was only seen inside cilia without observable localisation at the cilia
base (Fig. IV.2B, red arrow). This may indicate that IFT proteins in Tefrahymena
cells dock at the cilia in a “standby mode” until needed for the cilia formation

and maintenance.
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Figure IV.2. IFT proteins are arranged in 9-fold symmetrical rings at the cilia base and
move rapidly into cilia following deciliation. (A) STORM image of IFT54-C terminus using
anti-HA antibody followed by secondary antibody conjugated to Alexa Fluor 647. STORM
images show that IFT54-C form rings of 9-fold symmetry at the cilia base (A’). (B) Tetrahymena
cells were deciliated (removed cilia) by pH shock. After 30-60 minutes, cells were fixed and
imaged on STORM. STORM images reveal that IFT54-C terminus localises throughout the
whole ciliary shaft while regenerating cilia. It noteworthy that the docking sites of IFT-54, even
with deformed arrangement, remained in most cilia (yellow arrows). Still, some cilia showed
IFT54 inside cilia with no observable docking sites (red arrows). (C) Another example of one
cilium after 30 minutes of deciliation with the docking site clearly seen at the cilia base (yellow

arrow) and the IFT localisation well noticed inside cilia as indicated.
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IV.2.3. IFT-B complex proteins form 9-fold symmetrical rings with different

radii at the cilia base

To elucidate the radial distribution of IFT-B complex proteins at the cilia
base, we utilised STORM image combined with quantitative imaging analysis
using codes written in MATLAB to determine the radii of IFT-B proteins with
respect to the ciliary axis. Again in this case, we used indirect and direct
labelling procedures, as that performed on TZ strains (please refer to methods
for more details), using antibodies against the tag at the C- and N- termini of the
proteins. Using both labelling procedures, we show that all IFT-B proteins form
clear 9-fold symmetrical rings with different radii at the cilia base (Fig. I1V.3A-

R”).

Using indirect labelling, we show that IFT81-N terminus has the largest
radius of 161.9 + 5 nm (Fig. IV.30-0”) and IFT52-N terminus having the
smallest radius of 140.6 + 7nm (Fig. IV.3C-C”). On the other hand, the radius
of IFT52-C terminus was much larger from that of the N-terminus with a radius
of 158.4 + 7.3nm (Fig. IV.3A-A” and S, p<0.0001). The significant difference in
the radii between the N- and C- termini of the same protein was also observed
in IFT54, IFT46, and IFT81. IFT54-C terminus has a radius of 150.5 + 6nm (Fig.
IV.3E-E”, S) while its N-terminus was 141 + 8.6 nm (Fig. IV.3G-G”, S). IFT46-C
terminus had a radius of 158.9 + 5.7nm (Fig. IV.3Il-I”, S) compared to a radius
of 143.5 + 4.8nm for the N-terminus (Fig. IV.3K-K”, S). IFT81-C terminus was of
157.8 + 5.4 nm (Fig. IV.3M-M”, S) compared to 161.9 + 5nm for the N-terminus
of the protein (Fig. IV.30-O”, S). Finally, IFT27-C terminus had a radius of
157.2 + 4.2nm at the cilia base (Fig. 1V.3Q-Q”, S). Therefore, using indirect
labelling, IFT-B proteins that we analysed thus far span about 20nm in the radial
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Figure IV.3. IFT-B proteins form 9-fold symmetrical rings with different radii at the cilia
base. The radii of different IFT-B proteins using both indirect labelling versus direct labelling
procedures are shown as indicated. (A-B”’) IFT52-C: 158.2 + 7.3 nm (59 rings) versus 156.1 +
7.3 nm (92 rings). (C-D”’) IFT52-N terminus: 140.6 + 7 nm (73 rings) versus 139 + 6.2 nm (83
rings). (E-F”’) IFT54-C terminus: 150.5 + 6 nm (50 rings) versus 148.3 + 5 nm (60 rings). (G-H”’)
IFT54-N terminus 141 + 8.6 nm (109 rings) versus 136.3 + 5.3 nm (51 rings). (I-J”’) IFT46-C
terminus: 158.9 + 5.7 nm (61 rings) versus 154.2 + 6.5 nm (50 rings). (K-L”) 143.5 + 4.8 nm (66
rings) versus 143.5 + 5.3 nm (50 rings). (M-N"’) IFT81-C terminus: 157.8 + 5.4 nm (61 rings)
versus 151.7 + 5.5 nm (64 rings). (O-P”’) IFT81-N terminus 161.9 + 5 nm (41 rings) versus
157.2 + 5.6 nm (64 rings). (Q-R”’) IFT27-C terminus: 157.2 + 4.2 nm (58 rings) versus 155.3 +
7.2 nm (57 rings). Data are means + SD. (S) The radial distribution of the means + 95%
Confidence interval (Cl) for IFT-B epitopes using indirect versus direct labelling. IF52-C, IFT54-
C, IFT46-N, and IFT27-C did not show significant difference in the measurement of the radii
using both immunostaining procedures. IFT52, IFT54, IFT46, and IFT81 showed difference in
the measurements of the radii of both termini. (A’-R’) show insets in (A-R). Based on Student’s
t-tests; * P, 0.05, ** P, 0.01, *** P, 0.001, and **** P, 0.0001; not significant, ns. All differences

were also significant based on Mann—Whitney test.

Interestingly, 4 out of 9 IFT epitopes had no significant difference in the
measurement of the radius when using the two immunostaining procedures
(Fig. IV.3S). IFT52-C terminus (Fig. IV.3B-B”), IFT54-C terminus (Fig. IV.3F-
F”), IFT46-N terminus (Fig. IV.3L-L”), and IFT27-C terminus (Fig. IV.3R-R”) did
not show a significant difference in the measurement of the radius between
indirect and direct labelling procedures. A low significant difference was
observed for the IFT52-N terminus (Fig. IV.3S and D-D”). IFT54-N terminus
(Fig. IV.3H-H"), IFT46-C terminus (Fig. IV.3J-J”), IFT81-C terminus (Fig. IV.3N-
N”), and IFT81-N terminus (Fig. IV.3P-P”) all showed a very significant
difference in the measurement of the radii between direct and indirect labelling
procedures (Fig. IV.3S). When comparing the radii of N- and C- termini of the
same protein, we observed a high statistical significance for IFT52, |IFT54,

IFT46, and IFT81 (Fig. IV.3S). Using direct labelling, IFT-B proteins still span
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about 20nm in the radial dimension, very similar to that using indirect labelling.
In conclusion, our STORM analysis of IFT-B proteins reveals their they form
rings of 9-fold symmetry with different radii at the cilia base. Using both
immunostaining procedures, we show that IFT-B proteins investigated in this

study span about 20nm in the radial dimension.
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Figure IV.4. IFT-A complex proteins form 9-fold symmetrical rings at the cilia base. Using
indirect versus direct labelling, the radii of IFT-A proteins are indicated. (A-B”’) IFT122-C
terminus: 162.9 + 7.23 nm (92 rings) versus 163.2 + 7.87 nm (24 rings). (C-D’) IFT122-N
terminus: 164.9 + 9.3 nm (39 rings) versus 166.1 + 8.23 nm (49 rings). (E-F”’) IFT140-N
terminus: 16.3 + 10.4 nm (45 rings) versus 159.9 + 6.4 nm (26 rings). (G-H”) IFT144-N
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terminus: 160.1 + 6.2 nm (70 rings) versus 161.8 + 5.22 nm (34 rings). (I-I’) IFT144-C terminus:
162.8 + 7.64 nm (70 rings). Data are means + SD. (J) The radial distribution of the means +
95% Confidence interval (Cl) for all IFT-A epitopes using indirect versus direct labelling. All
epitopes examined using indirect versus direct labelling did not show a significant difference in
the measurement of the radii. Note that the N- and C-termini of IFT122 did not show a
significant difference in the radii, but it was significant for IFT144. Based on Student’s t-tests; *
P, 0.05, ** P, 0.01, *** P, 0.001, and **** P, 0.0001; not significant, ns. All differences were

also significant based on Mann—Whitney test.

IV.2.4. IFT-A complex localises outside IFT-B complex

We followed the same approach to localise three IFT-A complex
proteins: IFT122, IFT140, and IFT144 (Table IV.1). The 3 IFT-A complex
proteins display radii that are clearly larger than those in all IFT-B proteins.
Using indirect labelling, we show that IFT122-N terminus had the largest radius
of 164.9 + 9.3 nm (Fig. IV.4C-C”, J) followed by the C-terminus of IFT122 with a
radius of 162.9 + 7.23 nm (Fig. IV.4A-A”, J). The radii of C- and N-termini of
IFT122 were not significantly different (Fig. IV.4J). IFT144 did not show a
significant difference in the measurement of the radii of the C- and N- termini
either (Fig. IV.4J). The C-terminus of IFT144 has a radius of 162.8 + 7.64 nm
(Fig. IV.4l-1") and the N-terminus had a radius of 160.1 + 6.2 nm (Fig. IV.4G-
G”). Finally, we determined the radius of the N-terminus of IFT140 to be 160.3
+ 10.3nm (Fig. IV.4E-E”), but we could not detect clear rings to be used for
measurements for the C-terminus of IFT140. Therefore, IFT-A proteins

characterised in this study span only about 5nm in the radial dimension.

Using direct labelling, none of the radii of IFT-A complex proteins showed
a significant difference when compared to indirect labelling (Fig. 1V.4J). IFT122-

C terminus (Fig. IV.4B-B”), IFT122-N terminus (Fig. IV.4D-D”), IFT140-N

106



terminus (Fig. IV.4F-F”), and IFT-144-N terminus (Fig. IV.4H-H") all had radii
with slight differences compared to those obtained when using indirect labelling
but were not statistically significant (Fig. IV.4J). It is worthy to mention that when
using direct labelling, all IFT-A complex proteins had radii of about 160nm or
higher (Fig. IV.4), while none of IFT-B complex proteins had a radius higher
than 160nm, i.e. no overlap in the radii of the two complexes was detected.
Thus, we conclude that IFT-A complex proteins form rings of different radii at
the cilia base and that IFT-A complex seems to lie outside the IFT-B complex in

the radial dimension.

IMCD3-IFT88

Figure IV.5. STORM images of IFT88 shows rings at the cilia base in mTECs and IMCD3
cells. (A-B’) IMCD3 stably expressing IFT88-GFP were stained with anti-GFP antibody followed
by a secondary antibody conjugated to Alexa Fluor 647 and imaged on STORM. STORM
images show that IFT88 localised to ciliary shaft and shows ring-shaped structures at the cilia
base (red arrow). (A’) shows that IFT88 localises in ring-like structures at the cilia base of the
cell shown in (A). Note the gap (green bracket) between the localisations at the cilia base and
ciliary shaft. (B-B’) Another example of IMCD3 cells showing IFT88 localisation in side-views
(red arrow, and B’). A gap is also seen between the ring-structure and ciliary shaft (green
bracket). (C-C’’) IFT88 also localises to the ciliary shaft and forms a ring-shaped structure at the
cilia base using antibody against endogenous IFT88 in primary cultures of mouse tracheal

epithelial cells (mTECs). (C’) inset in (C). (C’’) shows another example of another cilium in (C).
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IV.2.5. IFT88 forms “ring-like structures” in mTECs and IMCD3 cells

IFT88, an IFT-B complex component, was shown to localise to the distal
appendages (Shi et al., 2017) by using STORM in mammalian cells, it was
shown that IFT88 localised in the gaps between the distal appendages (Yang et
al., 2017). We show here by using STORM and quantitative image analysis that
IFT88 forms ring-like structures at the cilia base in primary cultures of mouse
tracheal epithelial cells (nTECs) (supplied by Dr. Colin Bingle from the Medical
School at the University of Sheffield) and in mammalian inner medullary
collecting duct cells (IMCD3) cells stably expressing IFT88-GFP (a gift from

Hiroaki Ishikawa).

Using antibody staining against GFP followed by secondary antibody
conjugated to Alexa Fluor 647 in IMCD3 cell line stably expressing an IFT88-
GFP fusion (Ishikawa and Marshall, 2015), we showed using STORM imaging
that IFT88 localises to the cilia base and the ciliary shaft (Fig. IV.5A and B).
IFT88 appears to form ring-like structures at the cilia base (Fig. IV.5A-A’). We
also observed side-views of the protein in some cells which clearly shows
discrete clusters (Fig. IV.5B-B’). A gap was also apparent between IFT88
localisation at the cilia base and the ciliary shift, this gap may correspond to the
transition zone (Fig. IV.5A’ and B). Moreover, we also used antibody staining
against the endogenous IFT88 in primary cultures of mMTECs and also showed
similar distribution of IFT88 at the cilia base and inside the ciliary shaft (Fig.
IV.5C-C”). IFT88 proteins are arranged in ring-like structures at the cilia base in
most of the cilia examined. Therefore, we show that in other model systems,

such as mouse cells, IFT proteins also form rings at the cilia base, similar to
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those seen in Tetrahymena cells. These rings may correspond to the site where

IFT proteins dock and possibly assemble before they travel into cilia.

IV.2.6. IFT proteins dock between the transition zone and the basal body

IFT moves proteins from the cilia base to the ciliary tip through the
anterograde transport and returns proteins to the cilia base through the
retrograde transport (Cole et al., 1998, Hirano et al., 2017, Katoh et al., 2016).
Limited data are available about the exact localisation of IFT proteins at the cilia
base, i.e. the docking sites of the IFT particle. Immuno-EM studies showed that
Chlamydomonas IFT52 localised near the basal bodies (Deane et al., 2001)
and 3D-STORM imaging of IFT88 revealed that this protein is localised about
110nm proximal to the transition zone (Shi et al., 2017). However, the exact
location of many IFT proteins and their relative position to the transition zone

and basal body in the axial dimension remained obscure.

While the radial positions of IFT proteins revealed that they are arranged
in rings with different radii at the cilia base, the determination of the axial
positions of IFT proteins is quite important. Both dimensions (radial and axial)
can then provide information about the exact locations of IFT proteins in their
docking sites at the cilia base. To map IFT proteins axially and reveal IFT
particle, we used staining with mammalian anti-Nup50 antibody (please refer to
methods and introduction chapter for details) as a reference. To this end, we
used antibody staining against tagged protein in parallel with an antibody to
Nup50 to mark the basal body followed by secondary antibody conjugated to

Alexa Fluor 647 that will recognise both primary antibodies in the same channel
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(refer to methods) and then imaged on STORM. This was followed by image
analysis using codes written in MATLAB to measure the distances between IFT
proteins and Nup50 (similar to the analysis performed on TZ proteins). This
enabled us to unveil, for the first time, the axial positions of several IFT proteins
at the cilia base. The axial positions combined with radial positions of IFT

proteins allowed us to predict the orientation of IFT proteins at the cilia base.
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Figure 1V.6. Axial positions of IFT-B proteins. Double labelling of IFT-B transgenic lines with
anti-HA/GFP to detect IFT proteins, and Nup50 to detect the basal body. (A-A’’) Side-views of
IFT52-C and Nup50 show the position of IFT52-C with respect to Nup50 as indicated by red
arrows in A’. IFT track is obvious as well (A’). (A”’) shows another example of IFT52-C terminus
side-view localisation with respect to Nup50. (A’) and (A’’) show insets in (A) and (A”)
respectively. Using quantitative image analysis and codes written in MATLAB, the
measurements of the distances between IFT-B proteins and Nup50 are as follows: 116.4 +
3.8nm (n = 11) for IFT52-C terminus (A-A’”), 118.8 + 2.8nm (n = 18) for IFT52-N terminus (I-I’),
103.3 + 3nm (n = 11) for IFT54-C terminus (B-B’), 119.2 + 4.2nm (n = 16) for IFT54-N terminus
(C-C’), 130.4 + 3.4nm (n = 18) for IFT81-N terminus (D-D’), 127.1 + 4.2nm (n = 11) for IFT81-C
terminus (E-E’), 113.5 + 2.5nm (n = 16) for IFT46-C terminus (F-F’), 107.5 + 2.2nm (n = 18) for
IFT46-N terminus (G-G’), and 126 + 4nm for IFT27-C terminus (n = 20). Data are mean + SEM.
Based on Student’s t-tests; * P, 0.05, ** P, 0.01, *** P, 0.001, and **** P , 0.0001; not

significant, ns. All differences were also significant based on Mann—Whitney test.

Using this double labelling approach, we show that IFT proteins localised
distal to Nup50 (Fig. IV.6A-A’). Among IFT-B complex proteins investigated,
IFT81 was the farthest from Nup50: its C-terminus is 130.4 + 3.4nm (Fig. IV.6D-
D’ and 7E) and its N-terminus is 127.1 + 4.2nm (Fig. IV.6E-E’ and 7E) from
Nup50. IFT27-C terminus is 126 + 4nm away from Nup50 (Fig. IV.6H-H" and
7E). IFT52 N- and C- termini seem to be positioned in the same axial position,
with the C-terminus being 116.4 + 3.8nm and the N-terminus 118.4 + 2.8nm
away from Nup50 (Fig. IV.6A-A”, I-I', and 7E). On the other hand, IFT54-N
terminus seems to be higher than that of the N-terminus, where the N-terminus
is 119.2 + 4.3nm (Fig. IV.6C-C’ and 7E) and the C-terminus is 103.3 + 3nm
away from Nup50 (Fig. IV.6B-B’ and 7E). The C-terminus of IFT46: 113.5 +
3.5nm (Fig. IV.6F-F' and 7E) is higher than that of the N-terminus: 106.5 +

5.3nm (Fig. IV.6G-G’ and 7E).
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Figure IV.7. Axial positions of IFT-A proteins. (A-A”) IFT122-C terminus is 131.1 + 3.1nm (n
= 18) away from Nup50. (B-B’) IFT122-N terminus is 135.2 + 4.9nm (n = 11). (C-C’) IFT144-C
terminus is 112.9 + 2.2nm (n = 16). (D-D’) IFT144-N terminus is125 + 3.6 nm (n = 14) away
from Nup50. Data are mean + SEM. (E) Mean distance between IFT-A and IFT-B proteins and
Nup50 as a reference protein. Data are mean + 95% CI. Note that IFT144 and IFT54 had
significant difference in the distances between the two termini. Based on Student’s t-tests; * P,
0.05, ** P, 0.01, *** P, 0.001, and **** P, 0.0001; not significant, ns. All differences were also

significant based on Mann—Whitney test.

Moreover, we determined the axial positions of two IFT-A complex

proteins. IFT122-N terminus is the farthest from Nup50 with a distance of 135.2
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+ 4.85nm (Fig. IV.7B-B’ and E) and its C-terminus is just below the N-terminus
with a distance of 131.1 + 4.1nm (Fig. IV.7A-A’ and E). However, the N-
terminus of IFT144 seemed to be much higher compared to the C-terminus,
with the former having a distance of 125 + 3.6nm (Fig. IV.7D-D’ and E) and the
latter a distance of 112.9 + 2.2nm (Fig. IV.7C-C’ and E). In conclusion, we show
that IFT proteins dock below the transition zone and distal to the basal body and
occupy about 30nm in the axial dimension. With a higher sample size, the
significance of the measurements of the radial and axial positions of IFT
proteins will most likely improve. However, among IFT proteins examined so far,
the C- and N-termini of IFT144 from the IFT-A complex and IFT54 from the IFT-
B complex showed significant difference in their axial position revealing their

oblique orientation relative to the cilium axis (Fig. IV.7E).

IV.2.7. STORM imaging of the IFT motor Kif3a

Kif3 is a heterotrimeric kinesin-Il motor that has important roles in cilia
formation in many cells and was also shown to be required for the docking of
basal bodies to the apical surface in zebrafish photoreceptors (Zhao et al.,
2012, Prevo et al., 2015, Pooranachandran and Malicki, 2015, Scholey, 2013).
Kif3a is responsible for powering the anterograde transport (Kozminski et al.,
1995, Snow et al., 2004). Thus, it is intriguing to determine where Kif3a would

localise with respect to IFT proteins.

As previously, we tagged the N- and C- termini of Kif3a and by using
antibody against the tag we show that both termini localise to the cilia base (Fig.

IV.8A and E). STORM imaging shows that Kif3a is arranged in 9-fold
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symmetrical rings at the cilia base when using N-terminal epitope tags (Fig.
IV.8B-B’ and C-C’) or the C-terminus (Fig. IV.8F-F" and G-G’). The radius of the
C-terminus was much larger than the radius of the N-terminus. Kif3a-C terminus
has a radius of 130.4 + 5.8nm using indirect labelling (Fig. IV.8F-F" and T) and
132.2 + 5.4nm using direct labelling (Fig. IV.8G-G’ and T). The two
measurements were not statistically different (Fig. IV.8T). The radius of Kif3a-N
terminus was 121.1 + 6.8nm using indirect labelling (Fig. IV.8B-B’ and T) and
119.9 + 5.2nm using direct labelling (Fig. IV.8C-C’ and T). In agreement with
kinesin function, using direct or indirect labelling procedures, the radius of Kif3a-

N terminus is close to microtubule doublets.

To determine the axial position of Kif3a, we followed the double staining
procedures as previously explained in Kif3a transgenic lines. The C-terminus is
more than 6nm higher than the N-terminus: the C-terminus is 136.8 + 5.6nm
(Fig. IV.8H) and the N-terminus is 130.5 + 5.3nm away from Nup50 (Fig. 1V.8D).
Although there is a difference of about 6nm between both the C- and N- termini,
this difference is not statistically significant (Fig. IV.8U). Consequently, Kif3a
seems to be positioned perpendicular to the microtubule doublets based on
data generated so far. Increasing the sample size for both termini could improve
the significance and may show an oblique orientation of Kif3a at the cilia base.
In all cases, Kif3a is positioned more distal than most IFT-B and IFT-A
examined. In conclusion, we show that Kif3a docking sites form 9-fold
symmetrical rings just distal to the IFT particle. We also reveal that the N-
terminus of Kif3a is very close to the microtubule doublets and the C-terminus is

near IFT-B proteins.
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Figure IV.8. STORM analysis of other ciliary proteins. (A-H) Using antibody against the tag
in both termini of Kif3a, we show that Kif3a localises to the cilia base. (A and E) Confocal
images of Kif3a-N and Kif3a-C terminus respectively showing the localisation of Kif3a (green) at
the cilia base and counterstained with DAPI to mark the nuclei. STORM analysis of the radial
distribution of Kif3a shows that it forms 9-fold symmetrical rings at both termini, with Kif3a-C
terminus having a radius of 130.9 + 5.8nm (61 rings) when using indirect labelling (F-F’) and
132.3 + 5.4nm (54 rings) when using direct labelling (G-G’). Kif3a-N terminus has a much
smaller radius with 121.1 + 6.9nm (57 rings) when using indirect labelling (B-B’) and 119.9 +
5.2nm (59 rings) when using direct labelling (C-C’). Data are mean + SD. Axial analysis of Kif3a
shows that its N-terminus is 130.5 + 5.2nm (n = 23) and its C-terminus if 136.8 + 5.6nm (n = 19)
away from Nup50 (D and H). Data are mean distance + SEM. (I-K’) Confocal and STORM

115



imaging of ODA16-C terminus. ODA16-C terminus localises to the cilia base in Tetrahymena
thermophila (I). STORM images show that it forms 9-fold symmetrical rings at the cilia base (J-
K’), with a radius of 139.3 + 5nm (92 rings) when using indirect labelling (J-J’) and 137 + 6.9nm
(51 rings) when using direct labelling (K-K’). Axially, ODA16-C is 110.1 + 6nm away from
Nup50 (L). (M-S) OFD1 localises at the cilia base as well. Confocal images of OFD1-N terminus
(M), and OFD1-C terminus (Q) using antibody against HA and V5 tags respectively. STORM
analysis of OFD1 shows that it forms 9-fold symmetrical rings with a radius of 139.3 + 5.1nm
(48 rings) (N-N’) for the N-terminus when using indirect labelling and 139.2 + 4.5nm (89 rings)
(0-0’) when using direct labelling. However, OFD1-C terminus has a larger radius of 156.6 +
4.6nm (50 rings) (R-R’). Axially, OFD1-N terminus was 94.75 + 3nm (P) and its C-terminus was
86.7 + 5.2nm (S). For radial positions, data are mean + SD, while for axial positions, data are
mean + SEM. (T) The radial distribution of the means + 95% Confidence interval (Cl) for the
proteins using indirect versus direct labelling. (U) Mean distance of Kif3a, ODA16, and OFD1
proteins with respect to Nup50 as a reference protein. Data are mean = 95% CI. Based on
Student’s t-tests; * P, 0.05, ** P, 0.01, *** P, 0.001, and *** P, 0.0001; not significant, ns. All

differences were also significant based on Mann-Whitney test.

IV.2.8. STORM imaging of other ciliary proteins at the cilia base

Outer dynein arm adaptor 16 (ODA16) is a small adaptor protein that
interacts with IFT-B protein IFT46 (Ahmed and Mitchell, 2005, Hou and Witman,
2017, Taschner et al., 2017). The N-terminus of ODA16 interacts with the N-
terminus of IFT46, while the C-terminus of ODA16 provides a binding site for
dynein arm complex components necessary for the formation and function of
motile cilia (Taschner et al., 2017). Its localisation in the IFT particle has not
been established. We thus decided to characterise the axial and radial position
of ODA16-C terminus and show that ODA16 form nice rows at the cilia base
(Fig. IV.8l) and by using STORM imaging we show that ODA16-C terminus
forms 9-fold symmetrical rings at the cilia base (Fig. IV.8J-K" and T). It has a
radius of 139.3 + 5nm using indirect labelling (Fig. 1V.8J-J’), and 137 + 6.9nm
using direct labelling (Fig. IV.8K-K’). There is no significant difference in the

radial measurement of ODA16 when using direct versus indirect labelling (Fig.
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IV.8T). To determine the axial position of ODA16, we followed the previously
described double labelling procedure and show that ODA16-C terminus lies at a
distance of 110.1 + 6nm distal to Nup50 (Fig. IV.8L and U). The axial position of
ODA16-C terminus is likely to indicate the site where ODA complex binds at the

cilia base.

Finally, we characterised OFD1, a component of the basal body involved
in the determination of centriole lengths and recruits IFT88 to the cilia base
(Singla et al., 2010). Using the same approach applied to IFT proteins, we
tagged the C-terminus of OFD1 with 3-V5 tag and the N-terminus with 3-HA tag
as previously described (Gaertig et al., 2013). We then used antibody against
the tag (V5 or HA) and we show that OFD1 localises to the cilia base in
Tetrahymena thermophila (Fig. IV.8M and Q). STORM imaging of OFD1
revealed 9-fold symmetrical distribution of OFD1 at the cilia base with the radius
of the C-terminus: 156.6 + 4.6nm (Fig. IV.8R-R’ and T) being much larger than
that of the N-terminus: indirect labelling of 139.3 + 5.1nm (Fig. IV.8N-N" and T)
and direct labelling of 139.2 + 4.5nm (Fig. IV.80-O" and T). Axially, the N-
terminus of OFD1 is located at 94.8 + 3nm (Fig. IV.8P and U), and the C-
terminus at 86.7 + 5.2nm (Fig. IV.8S and U). Consistent with previous analysis,
OFD1 localises proximal to IFT proteins, presumably to the apical side of the
basal body. The differences axial positions of the C- and N-termini of OFD1 are
statistically significant (Fig. IV.8U) and therefore the orientation of OFD1 is

oblique at the cilia base.
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IV.3. Discussion

Our data reveal for the first time the architecture of IFT particle in their
docking sites at the cilia base. In Tetrahymena thermophila, we characterised
the radial and axial positions of 3 IFT-A proteins, 5 IFT-B proteins, one IFT-
motor, and one cargo adaptor protein. We determined the positions of the N-
and C- termini of these proteins and show that IFT proteins dock at least 50nm
below the transition zone. We found that IFT-A complex lies to the outside of
IFT-B complex in the radial dimension. All the IFT proteins examined localised
to clear 9 distinct sites arranged in rings at the cilia base. These distinct sites

are most likely the “docking sites” of IFT proteins at the cilia base.

Moreover, we revealed the localisation of the binding sites of tubulin and
outer dynein arms at the cilia base. We show the distribution and localisation of
the IFT motor Kif3a, the basal body protein OFD1, and the cargo adaptor
ODAA16. Interestingly, we show that the C-terminus of Kif3a is positioned near
IFT-B proteins while the N-terminus is very close to the microtubule doublets. In
addition to that, we examined the arrangement and localization of IFT88 in
mammalian IMCD3 cells and primary cultures of mouse tracheal epithelial cells
(mTECs). IFT88 localises to the cilia base in “ring-like” structures and to the
ciliary shaft in the cilia of these cells. We present here the first super-resolved
model of the architecture of IFT particles in their docking site, showing the
orientation of several IFT proteins and their position relative to transition zone

and other basal body proteins at the cilia base.

Previous attempts to reveal the localisation of IFT proteins were based

on a combination of transmission electron microscopy and cryo-electron
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tomographic analysis of IFT trains in Chlamydomonas reinhardtii (Pigino et al.,
2009). In addition to that, crystallographic analyses of IFT components and their
interactions, such as those between IFT27 and IFT25 (Bhogaraju et al., 2011),
IFT81 and IFT74 N-termini interaction with tubulin (Bhogaraju et al., 2013), and
the interaction of IFT52-C terminus with that of IFT46-C terminus (Taschner et
al., 2014) were reported. Moreover, studies about the interactions between IFT
and its cargoes were mainly limited to those between IFT46 and the outer
dynein arm complex cargo adaptor (ODA16), which is important for the
transport of the outer dynein arm complex (ODA) (Ahmed and Mitchell, 2005,
Prevo et al., 2017, Taschner et al., 2017). Recently, using STORM imaging, it
was shown that IFT88 localises to the distal appendages (Shi et al., 2017) and
specifically at the gaps between the distal appendage blades (Yang et al.,

2017).

Our determination of the radial locations of the IFT proteins uncovered
the way the IFT proteins are arranged relative to the ciliary axis at the cilia base.
Strikingly, depending on the data collected from direct labelling (primary
antibody directly conjugated to the fluorophore), IFT-B proteins occupy a space
between about 140 and 160nm (Fig. 1V.3) relative to the ciliary axis, while IFT-A
proteins span a region between about 160 and165 nm (Fig. 1V.4) in the radial
dimension. This shows that none of the IFT-B proteins overlap with any of the
IFT-A proteins in the radial dimension. This suggests that IFT-A complex lies
outside IFT-B complex (Fig. 1V.9). These findings prompted us to examine the
localisation of the IFT motor, Kif3a, relative to the IFT particle. Our STORM
analysis of the radial localisation of Kif3a revealed that the C-terminus is very

close to IFT-B proteins (Fig. IV.8 and 1V.9) and that the N-terminus is very close
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to the microtubule doublets. Moreover, Kif3a forms 9-fold symmetrical rings at
the cilia base (Fig. 1V.8), very similar to those formed by all IFT proteins.
Therefore, our STORM analysis shows that the IFT particle, including Kif3a,

spans 40-50nm in the radial dimension at the cilia base.

In the axial dimension, IFT122-N terminus is the farthest from Nup50
(reference protein) (Fig. IV.7B-B’ and E), while IFT54-C terminus is the closest
to it (Fig. IV.6B-B’). This means that the IFT particle spans about 20-30nm in
the axial dimension (Fig. IV.7E and IV.9.B). The distance between the most
distal IFT epitope: IFT122-N terminus and the most proximal transition zone
epitope: NPHP4-C terminus, is about 50nm. While, the distance between the
most proximal IFT epitope: IFT54-C terminus and the most distal transition zone
epitope: Tmem231-C is about 110nm. Therefore, the IFT particle is at least
50nm and maximum 110nm away from transition zone (Fig. I1V.9.B). The latter
distance is consistent with previous conclusion that IFT88 is 110nm proximal to
the transition zone (Shi et al., 2017). Kif3a, on the other hand, appears to be
more distal compared to the docking sites of the IFT particle (Fig. IV.9B). This is
interesting and suggests that Kif3a may dock independently from the IFT
particle. The IFT proteins may assemble first before they bind to their motors to
power their journey inside the ciliary shaft. It is also probable that the IFT
particle is triggered by unknown factor to initiate its movement and only then

binds to kinesin motor to gain access to the ciliary shaft.

Furthermore, IFT particles are known to transport cargoes to cilia. For
example, tubulin which is the most abundant component of cilia, is transported
by binding to the N-termini of IFT74 and IFT81 (Bhogaraju et al., 2013). Our
STORM analysis reveals that IFT81-N terminus localises to the external
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periphery of the IFT particle (Fig. 1V.9), implying that this is where tubulin cargo
binds. It was also proposed that the N-terminus of IFT54 also binds tubulin. If
this is the case, then our data reveal that this is an entirely different binding site
for tubulin, independent of that performed by IFT81-N terminus. On the other
hand, outer dynein arms binding site appears to attach to the IFT particle close

to the microtubule side as indicated by ODA16-C terminus (Fig. IV.9).

Additionally, crystallographic studies have shown that the interaction
between the C-terminus of IFT46 and the C-terminus of IFT52 is only 1.78nm
away from each other (Taschner et al., 2014). Our STORM analysis of the
radial positions of the C-termini of IFT52 and IFT46 revealed that the two
termini are 1.9nm away from each other (Fig. IV.3S and 1V.9.B), which strikingly
agrees with crystal studies of these proteins (Taschner et al., 2014) and
therefore highlights the accuracy and significance of our analysis. In addition to
that, the analysis of the radial dimensions of IFT-B proteins revealed that IFT52
extends about 17nm (Fig. IV.3A-D”, S and IV.9.B). This in fact is very
interesting, as IFT52 is very important for the B-complex and lies at the heart of
this complex. It interacts directly with at least four IFT-B proteins: IFT46, IFT70,
IFT88, and IFT81 (Taschner et al., 2011). This stretched structure of IFT52 is
consistent with its ability to bind to the other proteins within the IFT particle.
Finally, cryo-electron microscopy studies estimate radial dimensions of IFT
particle to be 25nm (Pigino et al., 2009). Our analysis, however, shows a radial
distance of over 40nm between Kif3a-N and IFT81 tubulin binding site. This
may indicate that the IFT particle has a different conformation at their docking
sites, most likely more open, which may facilitate the binding of cargoes and

other proteins before moving into cilia.
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We also examined a protein that is known to localise to the basal body of
cilia. OFD1 localises to the distal ends of the centrioles and is important for the
formation of distal appendages and the recruitment of IFT88 to the base of the
cilium, which highlights its importance in ciliogenesis (Singla et al., 2010). Our
analysis of the radial position of OFD1 reveals that it is located just proximal to
the IFT particles, with its N-terminus being very close to IFT proteins, in
agreement with functions of OFD1 in recruiting IFT88 at the cilia base (Singla et
al., 2010). The axial positions of the C- and N- termini revealed its oblique
orientation at the cilia base and suggests it localises at the apical surface of the

basal body.

Our STORM analysis of IFT and other ciliary proteins show that our data
are accurate and significant. In fact, we noticed that 8 out of 13 epitopes
examined using both direct and indirect labelling procedures did not show a
significant difference in the measurement of the radii (Fig. IV.3S, 9T and IV.9A).
The maximum difference in the radial measurement for IFT proteins is for
IFT81-C terminus: 6.1nm (Fig. 1V.3S). This may correspond to the way the
antibody binds to the epitope and that when using direct labelling, an error of

about 5nm due to the size of the IgG antibody (Ries et al., 2012).
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Figure 1V.9. Model of the radial and axial distribution of IFT proteins. (A) A graph showing
the radial and proximo-distal of IFT-B and IFT-A components showing their orientation in their

docking sites at the cilia base. (B) A super-resolved model showing the relative position of the

IFT particle proteins at the cilia base. IFT-A seems to lie outside IFT-B. The binding sites of
tubulin (IFT81-N) and the ODA complex (ODA16-C) are also indicated (not to scale). OFD1 is
located proximal to the IFT particle. Kif3a-C terminus is near the IFT-B complex and Kif3a-N

terminus is just near the microtubule doublets.

Therefore, by using the data collected for the radial and axial locations of

IFT and other ciliary proteins, we demonstrate for the first time the architecture
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of IFT proteins in their docking sites at the cilia base. We reveal their position
relative to each other and to the IFT motor Kif3a, cargo adaptor ODA16, and the
basal body protein OFD1. Importantly, this model unveils the binding sites of
tubulin and outer dynein arm and also reveals the way the IFT proteins are

oriented in their docking sites at the cilia base (Fig. IV.9B).
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Table IV.1. The IFT particle. Two complexes comprise the IFT particle: IFT-B and IFT-A
complexes. IFT-B complex is subdivided into IFT-B1 (core) which includes 10 proteins and IFT-
B2 (peripheral) which includes 6 proteins. IFT-A complex contains 6 proteins subdivided into 3
core and 3 noncore proteins. IFT proteins in purple colour in the table are characterised in this

study.
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Chapter V

“Apico-basal Polarity Determinants

Encoded by crumbs Genes Affect

Ciliary Shaft Protein Composition,

IFT Movement Dynamics, and Cilia
Length”
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V.1. Introduction

Cilia are finger-like cell surface protrusions that house components of
many signal transduction cascades (Schou et al., 2015, Mourao et al., 2016,
Malicki and Johnson, 2017). The detection of photons by photoreceptors and
chemicals by olfactory sensory neurons is mediated by signal transduction
mechanisms inside the ciliary shaft (Jenkins et al., 2009, Kennedy and Malicki,
2009). Vertebrate hedgehog signaling requires cilia and wnt, the platelet-
derived growth factor and mTOR pathways are modulated by them (reviewed in
(Schou et al.,, 2015, Mourao et al., 2016, Malicki and Johnson, 2017)). In
addition to signaling functions, cilia have a hydrodynamic role: their movement
drives the flow of fluid in ducts and vesicles, such as the pronephric duct in
zebrafish or the embryonic node in the mouse (Kramer-Zucker et al., 2005,
Hirokawa et al., 2012). They also propel cells, such as sperm cells. In cells that
display apico-basal polarity, almost without exception, cilia form at the apical
surface. Consequently, the ciliary membrane is an apical surface
subcompartment, characterized by a unique protein and lipid content (Craige et
al., 2010, Hu et al., 2010, Mukhopadhyay et al., 2010, Chih et al., 2011).
Ciliated cells of epithelial sheets thus feature two cell membrane subdivisions:
the one that separates the apical and basolateral domains and another one that
separates the ciliary membrane from the rest of the apical surface. crumbs
genes were initially discovered as essential regulators of the apico-basal cell
membrane subdivision in fly embryonic epithelia (Jurgens et al., 1984, Tepass
and Knust, 1990, Wodarz et al., 1995). They encode transmembrane (TM)
proteins that localize to the vicinity of epithelial cell junctions, feature a short

cytoplasmic tail and an extracellular domain of varying size (Tepass and Knust,
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1990, van den Hurk et al., 2005, Omori and Malicki, 2006). Loss of crumbs
function in the fly disrupts the cell junction belt at the boundary of the apical and
the baso-lateral surface, and crumbs overexpression expands apical membrane
size (Wodarz et al., 1995, Grawe et al., 1996). A similar function of crumbs
genes has been observed in vertebrates; mutations in one of the zebrafish
crumbs loci, oko meduzy, and the locus encoding a related apico-basal polarity
determinant, nagie oko, a fly stardust homolog, cause loss of apical-basal
polarity in the eye neuroepithelium and a severe neuronal patterning defect in
the retina (Omori and Malicki, 2006, Wei and Malicki, 2002, Malicki and Driever,
1999, Malicki et al., 1996b). A related crumbs function in apico-basal polarity is
also evident in fly and zebrafish photoreceptor cells (Hsu et al., 2006, Omori
and Malicki, 2006, Pellikka et al., 2002). Finally, while the apico-basal polarity
function is mostly mediated by its intracellular tail (Wodarz et al., 1995), Crumbs
extracellular domains mediate cell adhesion in the zebrafish photoreceptor cell
layer (Zou et al., 2012) and human CRB1 mutations cause severe, early-onset
retinal degeneration (den Hollander et al., 1999).

Vertebrate Crumbs and related apico-basal polarity determinants also
affect cilia formation. While one crumbs gene exists in the fly, the human and
zebrafish genomes contains three and five crumbs genes, respectively (Gosens
et al., 2008, Omori and Malicki, 2006, van den Hurk et al., 2005). Zebrafish
crumbs genes display distinct expression patterns. crb2b, for example, is highly
enriched in the pronephros and in photoreceptor cells (Hsu et al., 2006, Omori
and Malicki, 2006, Zou et al., 2012). crb3a, on the other hand, is expressed
predominantly in the otic vesicle at stages that were investigated thus far

(Omori and Malicki). Consistent with these expression patterns, antisense
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morpholino knockdown of zebrafish crb2b and crb3a reduces cilia size in the
pronephros and the ear, respectively (Omori and Malicki). An even stronger
crumbs phenotype has been reported in tissue culture; small interfering RNA
(siRNA) knockdown of the crumbs 3 gene in Madin Darby canine kidney
(MDCK) cells eliminates cilia entirely (Fan et al., 2004). In agreement with
crumbs cilia phenotype, downregulation of other apico-basal polarity
determinants, aPKC, Par6, and Par3, also leads to cilia loss (Fan et al., 2004,
Sfakianos et al., 2007). To explain these observations in mechanistic terms, it
has been postulated that Par proteins bridge transmembrane Crumbs 3 with a
subunit of the main ciliary kinesin, Kif3a (Sfakianos et al., 2007).

In the kinocilia of the wild type zebrafish hair cells, Crumbs proteins
localised to the cilia base (Omori and Malicki), this suggests that Crumbs
proteins may be involved in the gating mechanisms that regulate the entry of
some ciliary proteins into the ciliary shaft. In addition to that, the Crumbs 3
isoform that ends with the C-terminal sequence CLPI (CRB3-CLPI) was shown
to interact with importin B-1 (Fan et al.,, 2007). Importin B-2 was shown to
localise near the basal body and to the proximal region of the ciliary axoneme
and was suggested to mediate the entry of Kif17, an IFT kinesin, (Dishinger et
al., 2010a). As Crumbs proteins mainly localise to the cilia base in kinocilia of
the hair cells in zebrafish (Omori and Malicki) and interact with importins, they
may affect the entry or exit of ciliary proteins. In this scenario, Crumbs proteins

would facilitate gating functions at the cilia base.

As morpholino knockdown results are frequently difficult to interpret (Kok
et al.,, 2015), we chose to analyze the role of crumbs in ciliogenesis using

mutants of several zebrafish crumbs genes. We found that mutant alleles of oko
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meduzy (crb2a), crb2b, and crb3a, cause changes in cilia length. This is
accompanied by a massive accumulation of other Crumbs proteins and
intraflagellar transport (IFT) particle components in the ciliary compartment of
ome and ome;crb3a mutants. Such accumulation of IFT proteins inside cilia is
mediated by Crumbs proteins and suggest a role of Crumbs proteins in the
gating mechanisms at the cilia base. In addition, Crb3 knockdown in
mammalian inner medullary collecting duct cells (IMCD3) cells affects the
dynamics of IFT particle movement. These studies reveal crumbs-dependent
mechanisms that affect the subcellular localization of Crumbs proteins and
show that crumbs genes affect ciliary protein composition and modulate

intraflagellar transport.

V.2. Results

V.2.1. crb3a affects cilia length in vestibular system cristae

Knockdown of the CRB3 gene in MDCK cells was shown to block cilia
formation (Fan et al., 2004). Similar phenotypes were seen following
knockdowns of other apico-basal polarity determinants: aPKC, Par6, and Par3
(Fan et al., 2004, Sfakianos et al., 2007). Moreover, morpholino knockdown of
crb3a in zebrafish was shown to reduce cilia length (Omori and Malicki);
however, these ciliary phenotypes have not been investigated in mutants. To
address this deficiency, we generated several crb3a mutant alleles using
TALEN nucleases as previously described (Zu et al., 2013). Two alleles were

analyzed in this study, crb3a*"’ and crb3a*>*. The former introduces a
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deletion of 13-bp, causing a frameshift between the TM and FERM domains
(Fig. V.1A, red arrow and Fig. V.1C’). The latter contains a 1-bp deletion that
also causes a frameshift at another site between the TM and FERM domains
(Fig. V.1A, blue arrow and Fig. V.1D’). Homozygous carriers of either allele do
not display any external abnormalities, survive to adulthood, and are fertile (Fig.
V.1.B-D). This is also true for homozygous animals that originate from
homozygous mothers and thus did not receive maternal contribution during
embryogenesis. However, thorough measurements of cilia length in vestibular
system cristae revealed that crb3a mutant cilia are somewhat longer compared
to those of the wild type (Fig. V.2P). These observations lead to the conclusion

that crb3a function contributes to cilia length.
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Figure V.1. crb3a mutant phenotype. (A) Schematic of Crb3a protein domain structure. Signal
peptide (SP); transmembrane domain (TM); FERM-binding motif (FBM); and PDZ-binding

domain (PBD) are indicated. Red arrow indicates the start of the frameshift in crb3a-/-"1°

M348 allele. (B-D) External

mutant allele; blue arrow, the start of frameshift in crb3a-/-
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sh410

phenotypes of wild-type (WT) (B), crb3a-/- homozygous mutant (C), and crb3a-/-""**

homozygous mutant (D) adult zebrafish. (B’- D’) Sequences of wild-type (B’), and two mutant

alleles: crb3a-/-""""° (C’), and crb3a-/-""** (D’). Deletions in crb3a-/-~"*"° (red line) and crb3a-/-

sn346 (blue line) mutants are indicated in (B’). (E-N’) Images of wild-type and crb3a-/- mutant

embryos stained with anti-acetylated tubulin antibody (in green) and counterstained with DAPI
(in blue) at 5 days postfertilization: olfactory placode (E and F); anterior macula (G and H);
posterior macula (I and J); lateral crista (K and L); and pronephros (M and N). (M’ and N’) are

enlarged images of pronepbhric cilia shown in (M and N).

V.2.2. oko meduzy (ome) mutations affect ciliogenesis

ome (crb2a) functions in the apico-basal polarity of the eye
neuroepithelium and retinal neurogenesis. ome mutants are characterized by
abnormal body axis curvature, edema, non-uniform eye pigmentation, grossly
disorganized retinal neurons, and lethality by 7 dpf (Malicki and Driever, 1999,
Malicki et al., 1996a, Omori and Malicki, 2006). Previous studies did not
evaluate ome function in cilia. To investigate the cilia phenotype, we analyzed
vestibular cristae in ome mutants and found that cilia are shortened by 30%
(Fig. V.2B, quantified in Fig. V.2P). To test functional relationship between
crb3a and ome, we examined cilia of ome;crb3a double mutants. This analysis
revealed that cilia of double mutants display similar length reduction to ome
cristae, revealing that ome is epistatic to crb3a. Similarly, nose cilia are
significantly shorter in both ome homozygotes and crb3a;,ome double mutants
when compared to those of the wild-type or crb3a homozygotes, (Fig. V.2M-0,
quantified in Fig. V.2Q). Moreover, olfactory placode cilia of crb3a,ome double
mutants are significantly shorter than those of ome mutants (Fig. V.2Q). Cilia in
kidney (Fig. V.2K and L, compare to Fig. V.2J) and maculae (Fig. V.2, E, F, H,

and | compare to Fig. V.2, D and G) are not obviously affected in ome or double
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mutants. These observations reveal that ome/crb2a and crb3a are necessary
for proper cilia formation and control their lengths in a subset of tissues. It

appears that ome functions downstream or in parallel to crb3a in cristae. These

two genes also display some functional redundancy in nasal cilia.

e e e e

Nose Cilia (um)
)
H

Figure V.2. oko meduzy and crb3a genes modulate cilia length. (A-O) Whole-mount
immunostaining of wild-type (WT), ome-/~, and ome-/-;3a-/- double mutant cilia in several
tissues at 5 days postfertilization. (A-C) lateral crista, (D—F) anterior macula, (G-l) posterior
macula, (J-L) pronephros, and (M-0) nasal pits. Zebrafish larvae were immunostained using
anti-acetylated tubulin antibody (in green) and counter-stained with DAPI (in blue) to visualize
nuclei. (P) Graph of cilia length in the cristae of WT and crumbs mutants as indicated. Each dot
represents the average length of all cilia in one crista. (Q) Graph of cilia length in the olfactory
placodes of WT and crumbs mutants as indicated. In (P and Q), data were collected from at
least two independent experiments using at least five animals per experiment. The mean and
95% C.I. are indicated. Based on Student’s t-tests; ** significant. P, 0.01, *** P, 0.001, and ****

P, 0.0001; not significant, ns. All differences were also based on Mann—Whitney test.

V.2.3. Crumbs proteins accumulate in cilia of oko meduzy mutants

Crumbs 3 localizes to cilia in mammalian cell culture and is enriched at
the base of cilia in zebrafish (Omori and Malicki, 2006, Fan et al., 2004). To

investigate how crumbs mutations affect Crumbs protein localization, we
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immunostained embryos with anti-acetylated tubulin and anti-Crumbs anti-
bodies. The anti-Crumbs antibody used in these experiments is directed to the
cytoplasmic tail and recognizes all zebrafish Crumbs proteins on western blots

of Crumbs-GST fusions (Omori and Malicki, 2006, Hsu et al., 2006).

— 36hpf MACULA — — T72hpf MACULA - — 72hpf CRISTA — — T72hpf NOSE

AcTub CRB DAPI
Figure V.3. Crumbs expression in crb3a mutants at early stages of development. Confocal

images of whole-mount cilia staining with anti-acetylated tubulin (AcTub) (green) and anti-CRB
antibody (red). (A—C’) Staining of the otic vesicle at 36 h postfertilization (hpf). Crumbs proteins
localize to the cilia base in the wild-type (WT) (A and A’) and ome-/- mutants (C and C’), but
are absent in crb3a-/- mutant homozygotes (B and B’). At 72 hpf, Crumbs proteins still localize
to the cilia base in maculae of WT animals (D and D’) and ome-/~- mutants (F and F’), but very
little signal is seen in crb3a-/- mutants (E and E’). No obvious differences are found in the
localization of Crumbs proteins in the cristae of ome-/- (I and I’), crb3a-/- (H and H’), and WT
individuals (G and G’). The localization patterns of Crumbs proteins in nasal pits of WT (J and
J’), crb3a-/- mutant (K and K’), and ome-/- mutant (L and L’) animals do not show any obvious
differences either. All samples were counterstained with DAPI to visualize nuclei. Arrows point

to Crumbs signal at the apical surface of hair cells.

In the wild-type, Crumbs proteins are found at the base of hair cell
kinocilia in ear maculae at 36 and 72 hpf (Fig. V.3, A, A’, D, and D’). This is no
longer the case in crb3a mutant homozygotes (Fig. V.3, B, B’, E, and E’).
However, in contrast to crb3a mutants, Crumbs localization in ome mutants is
not affected (Fig. V.3, C, C’, F, and F’). These observations are in agreement

with our previous report that crb3a, but not other crumbs genes, is strongly
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transcribed in the otic vesicle between 24 and 72 hpf (Omori and Malicki, Hsu et
al., 2006). Crumbs proteins are also present at the apical surface of cells in
olfactory placodes (Fig. V.3, J and J’). The apical localization is not obviously

affected in either crb3a or ome mutants (Fig. V.3, K-L’).

In contrast to ear maculae, hair cells of semicircular canals contain
normal levels of Crumbs in crb3a and ome mutant homozygotes at 3 dpf (Fig.
V.3, H-I' compare to Fig. V.3, G and G’). This is also the case for crb3a mutants
at 5 dpf (Fig. V.4, E-G”, compare to Fig. V.4, A-C”). However, we did observe
strong enrichment of Crumbs proteins in olfactory placode cilia of these mutants
(Fig. V.4, H-H”, compare to Fig. V.4, D-D”, 10/10 olfactory placodes).
Interestingly, in ome mutant homozygotes, Crumbs proteins are mislocalized
into cilia of both ear cristae and olfactory placodes (Fig. V.4, I-K”, 23/23 cristae
and Fig. V.4, L-L”, 11/14 olfactory placodes). These findings reveal that ome,
and to a lesser extent crb3a, strongly affect the subcellular localization of other
Crumbs proteins. An enrichment of Crumbs proteins is also found in ome;crb3a
double mutants both in cristae and olfactory placodes (Fig. V.4, M—-O” 33/33
cristae and Fig. V.4, P—P” 6/6 olfactory placodes). While Crumbs staining forms
puncta in ome mutant cilia, ome;crb3a double mutants display a uniform
Crumbs signal along most of the ciliary axoneme, with the exception of the
proximal region (Fig. V.4, I-K”, compare to Fig. V.4, M-O”"). These findings

reveal regulatory relationships between crumbs genes.
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CRISTA

AcTub CRB DAPI

Figure V.4. Crumbs proteins accumulate in cilia of ome mutants at 5 days
postfertilization (dpf). Confocal images of whole-mount cilia staining with anti-acetylated
tubulin antibody (AcTub) (green) and anti-CRB antibody (red) at 5 dpf. Shown are cristae and
olfactory placodes of wild-types (WT), crb3a-/-, ome-/-, and ome-/-;crb3a-/- mutants as
indicated. No obvious difference is seen in the localization of Crumbs proteins in cristae cilia of
crb3a-/- mutants (E-G”’) when compared to WT (A-C”’). Crumbs proteins are strongly enriched
in the cilia of nasal pits in crb3a-/- mutants (H-H’’) when compared to the WT (D-D”’). ome-/-
and ome-/-;crb3a-/- double mutants show massive accumulation of Crumbs proteins inside cilia
of cristae (I-K” and M-0”’) and nasal pits (L-L”” and P-P”’). All samples were counterstained

with DAPI to visualize nuclei (in blue).

V.2.4. IFT proteins are highly enriched in cilia of ome;crb3a double

mutants

Par3, a key regulator of apico-basal cell polarity, is required for
ciliogenesis in cell culture conditions (Sfakianos et al., 2007). Furthermore, the
Par3 C-terminal region binds directly to Kif3a, the main anterograde motor of
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IFT particles (Nishimura et al., 2004). This led to the hypothesis that the
Par3/Par6/aPKC complex bridges Crumbs proteins and Kif3a (Sfakianos et al.,
2007) (Fig. 1.7C). If true, Crumbs proteins could affect IFT by competing for the
Kif3A motor. To test whether the loss of ome and/or crb3a function and the
accompanying accumulation of Crumbs proteins in cilia affects IFT, we stained
ome mutants and ome;crb3a double mutants with antibodies to IFT particle

components: IFT88, IFT52, and Kif17.

AcTub IFT88 DAPI AcTub IFT52 DAPI AcTub Kif17 DAPI  AcTub IFT52 DAPI

" \ .

4
CRISTA

Figure V.5. Intraflagellar transport (IFT) particle components accumulate in the ciliary
compartment of crumbs mutants. Confocal images of whole-mount cilia staining with
antibodies to acetylated tubulin (AcTub) (green), and to IFT proteins (in red): IFT88, IFT52, and
Kif17 at 5 days postfertilization. Shown are cristae and olfactory placodes of wild-type (WT),
ome-/-, crb3a-/-, and ome-/-;crb3a-/- double mutants as indicated. IFT proteins are not detected
in the ciliary shaft of WT cristae using this staining method (A-C’) and a low amount of IFT52 is
found in WT olfactory cilia (D—-D’). Similarly, in crb3a-/- mutants, IFT proteins are not detected in
cilia (E-H”). Low levels of some IFT proteins are found in cristae cilia of ome-/- mutants (I-K’).
Compared to WT, IFT52 localization is not affected in olfactory placode cilia of ome-/- mutants

(L-L”). In contrast to that, IFT proteins, including Kif17, strongly accumulate in cilia of ome-/-
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;crb3a-/- double mutants (M-P’’). All samples were counterstained with DAPI to visualize nuclei

(in blue). Brackets in (D’, H’, L’, and P’) indicate nasal cilia.

In the WT embryos, IFT88 localises slightly to the ciliary axoneme as
expected (Fig. V.5, A-A’). IFT52 localised mainly at the cilia base in the cristae
mechanosensory cilia (Fig V.5, B-B’). In the olfactory placode, IFT52 is detected
at the base and tips of nasal cilia (Fig. V.5, D’-D”). In crb3a mutants, IFT protein
localization in cilia is largely unchanged when compared to WT embryos (Fig.
V.5, E-H”, compare to Fig. V.5, A-D”). However, a prominent accumulation of
IFT proteins is observed in cristae cilia of ome mutants (Fig. V.5, I-K’). The
olfactory cilia in both crb3a and ome single mutants do not show obvious
differences in IFT distribution when compared to the wild type (Fig. V.5, H-H"
and L-L”). Strikingly, in ome;crb3a double mutants, IFT proteins massively
accumulate inside cilia of ear cristae (Fig. V.5, M—0O’) and the olfactory placode
(Fig. V.5, P—P”). In a control experiment, we have not observed any enrichment
of y-tubulin in ome;crb3a double mutants (data not shown). These observations
indicate that ome and crb3a genes function redundantly in the ciliary localization

of IFT proteins.

V.2.5. CRB3 affects IFT train dynamics in IMCD3 cells

To further the understanding of the relationship between Crumbs
proteins and intraflagellar transport, we decided to test whether IFT train
movement is affected by crumbs genes. Imaging of IFT movement is difficult in
zebrafish but can be efficiently performed in mammalian cells (Jin et al., 2014,

Ishikawa and Marshall, 2015). To this end, we knocked down CRB3 in an
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IMCD3 cell line stably expressing an I|IFT88-GFP fusion (Ishikawa and
Marshall). As reported previously, CRB3-knockdown cells display fewer and
shorter cilia compared to controls (Fig. V.6, A-D) and the level of CRB3
proteins is reduced (Fig. V.6, C’ and D’). Imaging of IFT particle movement
using IFT88 fluorescence (Fig. V.6, E and F) revealed that IFT particle speed is
somewhat faster in knock-down cells, compared to controls (Fig. V.6G).
Moreover, when adjusted for cilia length, IFT tracks are 25% shorter in
knockdown cells when compared to control cells (Fig. V.6H). These

observations are consistent with the idea that Crumbs affects IFT processivity

and speed.
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Figure V.6. CRB3 knockdown in mammalian cells affects intraflagellar transport (IFT)
dynamics. (A and B) Maximum projections of total internal reflection fluorescence (TIRF) time-
lapse recordings of IMCD3 cells grown on transwells and transfected with scrambled CTRL-
small interfering RNA (siRNA) (A) or CRB3-siRNA (B). These cells are stably transfected with
an IFT88-GFP construct to visualize intraflagellar transport (green signal). (C-D’) Confocal
images of control (CTRL) siRNA- (C and C’) and CRB3 siRNA-treated (D and D’) IMCD3 cells.

Cilia are stained with antibodies to acetylated tubulin (AcTub) (green) and Crumbs (red).
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Samples are counterstained with DAPI to mark nuclei (in blue). (E and F) Kymographs of IFT
movement in an IMCD3-IFT88 cell line transfected with CTRL or CRB3 siRNA as indicated. (G)
Graph showing the speed of IFT particle movement in cilia of IFT88-GFP IMCD3 cells. Date
collected from three independent experiments. (H) Lengths of IFT tracks in CTRL siRNA- and
CRB3 siRNA-transfected cells expressed as percentages of total cilia length. Data are collected
from two independent experiments. In (G and H), the mean and 95% C.I. are indicated. P, 10%
based on Student’s t-tests. Bar, 10um (A and B) and 5um (C-D’).

V.2.6. crb2b mutation increases cilia length in a subset of tissues

Morpholino knockdown studies of crb2b revealed that this gene is
necessary for the elongation and maotility of pronephric cilia (Omori and Malicki).
To gain further insight into crb2b function in cilia formation, we analysed
homozygous carriers of the crb2b*'%%*? allele. The zebrafish crb2b gene
encodes two polypeptides that share most of the amino acid sequence. The
shorter polypeptide does not include 11 N-terminal fibroblast growth factor-like
repeats present in the long form and features a separate signal sequence (Zou
et al., 2012). The crb2b%'%%*2 allele that we chose to use contains a stop codon
at amino acid 10 of the long form, and thus is likely to eliminate the function of
the long form (red arrow in Fig. V.7, A and B’-C’). A possible use of an
alternative initiation codon at position 19 of the open reading frame could lead
to protein expression, but it would eliminate most of the signal sequence
rendering the long form of Crb2b dysfunctional. crb2b%'%%*? homozygotes have
normal external appearance and are fertile (Fig. V.7, B and C). This is also true

for the offspring of homozygous mothers.

To analyze cilia morphology in these mutants, we stained them using
anti-acetylated tubulin antibody as above. No gross abnormalities were seen in

the cilia of most tissues, including the inner ear (Fig. V.7E’, compare to 7D’), the
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olfactory placode (Fig. V.7G’, compare to 7F’), and the lateral line (Fig. V.7I’,
compare to 7H’). Similarly, contrary to the phenotype observed following
morpholino knockdown (Omori and Malicki) (Table V.1), pronephric cilia were
not obviously affected in crb2b mutants when compared to the wild type (Fig.
V.7, Kand K’, compare to 7J and J’). Staining of mutant homozygotes with anti-
CRB antibody did not reveal differences in Crumbs protein localization in cristae
(Fig. V.7E, compare to 7D), olfactory placodes (Fig. V.7G, compare to 7F), the
lateral line (Fig. V.71, compare to 7H), and the pronephros (Fig. V.7K”, compare
to 7J”). However, a statistically significant difference of cilia length was
observed between crb2b mutants and the wild-type in cristae and the olfactory

placode (Fig. V.7, L and M).

Contrary to cilia shortening seen in ome and ome;crb3a double mutants,
and similar to the crb3a cilia phenotype (Fig. V.2P), cilia of crb2b mutant
homozygotes are longer than those of their wild-type siblings. To test whether
IFT protein localization is affected in these mutants, we immunostained
homozygous crb2b mutant embryos for IFT88 at 5 dpf. No detectable difference
was seen in the localization of IFT88 between crb2b mutants and the wild-type
in inner ear cilia (Fig. V.70, compare to 7N) and the nose (Fig. V.7Q, compare
to 7P). These results further confirm that crumbs genes modulate cilia lengths in

bsa 18042

several tissues. In contrast to ome mutants, crb2 mutant homozygotes

do not display crumbs upregulation in cristae cilia.
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Figure V.7. crb2b affects cilia length. (A) Schematic of Crb2b protein domain structure (not to
scale). Indicated are the signal peptide (SP), EGF-like repeats (E), Laminin G domains (L),
transmembrane domain (TM), FERM-binding motif (FBM), and PDZ-binding do-main (PBD).

Red arrow shows the position of mutation in the crb2b-/-2"8%#

mutant allele. (B and C)
Phenotypes of wild-type (WT) (B) and crb2b-/-5218%42 (C) homozygous mutant adult zebrafish. (B’
and C’) Sequences of WT and crb2b-/-"%"*? mutant alleles. (D-I’) Whole-mount staining of WT
and crb2b-/-"%* mutants using anti-acetylated tubulin (AcTub) (green), and anti-CRB (red)
antibodies at 5 days postfertilization. Samples were counterstained with DAPI to visualize nuclei
(in blue). Crumbs proteins are not detected in the cilia of cristae (D-E’) and the lateral (LAT.)
line (H-I’) of crb2b-/-"%* mutants or their WT siblings. No differences in Crumbs signal are
found between WT and mutants in the cilia of olfactory placodes (F-G’) and the pronephric duct
(J-K”). (L) Graph of cilia length in WT and crb2b-/-"2"®"*” mutants. Each dot represents the
average length of all cilia in one crista. Data were collected from three independent experiments
using at least five animals per experiment. (M) Graph of cilia length in olfactory placodes of WT
and crb2b-/-"%* mutants. (N-O’) IFT proteins are not detected in the cristae cilia of WT (N
and N') and crb2b-/-?"%"*? mutants (O and 0’). (P-Q’) IFT88 localization is not obviously
different in nasal pit cilia of WT (P and P’) and crb2b-/-"%* mutant (Q and Q’) animals.
Brackets in (F, G, P, and Q) indicate nasal cilia. In (L and M), the mean and 95% C.I. are

indicated. P, 0.001 based on Student’s t-test and Mann—Whitney test.
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V.3. Discussion

Our studies reveal that crumbs genes function in three inter-connected
aspects of ciliogenesis: the regulation of protein composition in the ciliary shaft,
IFT movement dynamics, and cilia length determination (summarized in Table
V.1). The absence of some crumbs genes, either singly and/or in double
mutants, results in a massive accumulation of other Crumbs proteins and IFT
particle components inside the ciliary shaft in some tissues. In a subset of cilia,
the increase in ciliary Crumbs localization correlates with a decrease of cilia
length. Interestingly, IFT dynamics is affected following Crb3 knock-down in
mammalian cells; IFT trains are somewhat faster and IFT tracks are markedly
shorter. As discussed below, this may be related to a global role of Crumbs

proteins in the morphogenesis of the apical surface of the cell.

crb3a™'° mutant allele investigated in this study was generated using
TALEN nucleases (Zu et al., 2013) and introduces a deletion of 13-bp, causing
a frameshift between the TM and FERM domains (Fig. V.1A, red arrow and Fig.
V.1C’). The homozygote animals survived to adulthood (Fig. V.1.B-D).
crb2b%2'8%42 (obtained from SANGER) homozygotes also manifest normal
external appearance and are fertile (Fig. V.7, B and C). crb2b%'%%4? allele
contains a stop codon at amino acid 10 of the long form, and thus is likely to
eliminate the function of the long form (red arrow in Fig. V.7, A and B'-C’). Our
sequencing data of crb3a reveals a frameshift mutation between the TM and
FERM domains and the sequencing data of crb2b allele shows a stop codon at
amino acid number 10 (Fig. V.1C’ and Fig. V.7C’). These sequencing results

indicate that crb3a and crb2b are most likely dysfunctional.
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To further investigate whether these mutant alleles are dysfunctional, we
performed western blots using anti-CRB antibody on embryos at different
developmental stages (3 dpf, 4dpf, and 5dpf). Our results show that western
blotting with anti-Crumbs antibodies is difficult. Hsu et al. reported that their
antibody recognized a band of 150 kDa as expected (Hsu et al., 2006). Zou et
al. observed much higher molecular weight band that did not correspond to
predicted protein sizes. They suggested that this is due to posttranslational
modifications (Zou et al., 2012). Our attempts at western blotting produced
results similar to these of Zou et al.; the antibody that we use detects bands that
have different molecular weights from predicted ones and we do not see

consistent differences between wild-type and mutant strains.

An increase in ciliary Crumbs content in ome mutants is counterintuitive
and reveals that crumbs genes or their protein products may negatively regulate
each other. Such regulation could occur at the level of transcript or protein
expression. It could also be mediated by protein degradation pathways.
Previous studies suggested that crumbs expression may be regulated post-
transcriptionally. The zebrafish Crb3a protein is enriched in mechanosensory
hair cells while its transcript is uniformly expressed throughout the otic vesicle,
suggesting a regulatory mechanism that affects translation or protein stability
(Omori and Malicki). Since mouse studies of the retina did not detect changes in
the transcriptome of the Crb2 mutant during development, cross talk between
crumbs genes on the level of transcriptional regulation appears less likely
(Alves et al., 2013). Consistent with the above, zebrafish studies did not reveal
compensatory Crumbs protein upregulation in ome mutants and similarly did not

detect transcriptional upregulation of Crb2b in the same mutants (Hsu et al.,
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2006). Alternatively, as discussed below, changes in Crumbs protein level in
cilia may reflect the function of this group of genes in gating mechanisms at the

cilia base.

Equally unexpected is the enrichment of IFT proteins in the cilia of
crumbs mutants. It could be partially explained by the trapping of the
heterotrimeric IFT kinesin by the mislocalized Crumbs in the ciliary shaft (see
below). In addition, the regulation of IFT protein content by Crumbs could occur
at the level of gating mechanisms that regulate trafficking into the ciliary
compartment. This is suggested by observations that a Crumbs 3 isoform
interacts with Importin -1 in a RAN-regulated manner (Fan et al., 2007). A
related importin, importin -2 localizes to the proximal region of the ciliary
axoneme and was proposed to mediate the ciliary entry of kif17, one of the two
IFT kinesins, also in a RAN-regulated fashion (Dishinger et al., 2010b). It is thus
possible that Crumbs mutations affect RAN-Importin-mediated gating
mechanisms at the cilia base that regulate IFT entry into the ciliary
compartment. This possibility is also supported by observations that Crumbs is
enriched at the base hair cell kinocilia, where it could function in regulating cilia-

directed traffic (Omori and Malicki).

crumbs mutants display cilia abnormalities only in some organs. One
possible reason is that crumbs genes, crb2b and crb3a in particular, are
expressed in a subset of tissues. Another and perhaps more intriguing
possibility is that the crumbs cilia phenotype varies across tissues due to
intrinsic differences in cilia assembly mechanisms. Cristae cilia in particular are
genetically different from most other cilia. The most striking indication of their
unique genetic characteristics is that they are unaffected in mutants of kif3b, a

144



subunit of the major ciliary kinesin, while most other cilia, including kinocilia of
ear maculae, are absent in kif3b mutants (Zhao et al., 2012). Similarly, the kif3a
mutant phenotype of cristae cilia differs from that of other cilia. Short-cristae
cilia form in the absence of kif3a function and, in contrast to maculae for
example, IFT88 protein persists at the base of these cilia in kif3a mutants
(Pooranachandran and Malicki, 2016). Although morphological abnormalities of
cilia in crumbs mutants are fairly subtle, the accumulation of Crumbs and IFT
proteins in the ciliary shaft may have profound functional consequences, such
as malfunction of cilia-mediated signal transduction cascades. This may
account for the severity of the oko meduzy phenotype in many organs including
the central nervous system, the cardiovascular system, and the pronephros

(Malicki and Driever, Omori and Malicki).

What mechanism could account for the role of Crumbs in cilia
elongation? It was previously reported that the C-terminus of Par3, a key
regulator of apico-basal polarity, binds directly to the C-terminal coiled coil
region of Kif3a, the main anterograde motor of IFT particles (Nishimura et al.,
2004). This, combined with observations that Crb3 and Par3 function in
ciliogenesis, led to the idea that the Par3/ Par6/aPKC complex bridges Crumbs
proteins to Kif3a (Fan et al., 2004, Sfakianos et al., 2007) (Fig. I.7C). A genetic
interaction between crumbs and kinesin-1 was also reported in the fly eye
(League and Nam, 2011). It is then tempting to hypothesize that Crumbs
proteins compete for the Kif3a motor and, as a consequence, slow down IFT. In
this model, cilia shortening in ome mutants is explained by the accumulation of

other Crumbs proteins in cilia.
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The results of crumbs function analysis in tissue culture are difficult to
reconcile with cilia elongation in the zebrafish model. In contrast to fish
phenotypes, RNAi knockdown in tissue culture has the opposite effect and
causes cilia loss. This could be due to a global role of crumbs in cell polarity.
Although cell junctions are largely intact in Crb3 siRNA knockdown cells and in
Crb3 mutant mice, analysis of epithelia in Crb3 mouse mutants reveals
substantial abnormalities, such as the appearance of prominent blebs on the
apical surface of lung cells and a shortening and fusion of apical villi in the
intestine (Fan et al., 2004, Whiteman et al., 2014). These defects reveal a role
of Crb3 in apical surface morphogenesis, which could account for cilia loss in
tissue culture studies. Nonetheless, the Crb3 mouse mutant phenotype is
inconsistent with tissue culture studies as it does not affect cilia morphology

(Whiteman et al., 2014).

crb3 mutant phenotypes also differ between fish and mice; the mouse
knockout phenotype is lethal whereas the zebrafish crb3a phenotype is not
(Whiteman et al., 2014). This is most likely due to the duplication of the crb3
gene in the zebrafish genome. It has been argued for quite a while now that
gene duplication frequently leads to a subfunctionalization of duplicates relative
to the ancestral gene (Force et al., 1999, Braasch et al., 2016). This is likely to
have happened in the case of crb3 genes: zebrafish crb3a is mainly expressed
in the otic vesicle and only weakly in the digestive system, while the crb3b
transcript is found strongly expressed in the digestive system and not at all in
the ear (Omori and Malicki). It is thus likely that zebrafish crb3a mutants are
viable because, in contrast to mouse Crb3 mutants, they do not affect essential

digestive organ functions.
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Differences between the outcome of tissue culture studies and genetic
analysis in animal models are not uncommon and are frequently difficult to
explain. Although HDAC6 and Rab8 appear to function as potent regulators of
ciliogenesis in tissue culture studies (Nachury et al., 2007, Pugacheva et al.,
2007), mice mutant for these genes do not display cilia defects (Zhang et al.,
2008, Sato et al., 2014, Ying et al., 2016). Similarly, substantial differences are
frequently seen between morphant and mutant phenotypes in zebrafish (Kok et
al.,, 2015). In our study of crumbs mutants, we also found phenotypic
differences in comparison to morpholino knock-downs performed previously
(Omori and Malicki) (summarized in Table V.1). Such differences could be
explained by compensatory mechanisms that become active in mutants, such
as the upregulation of paralogous genes. Increased presence of Crumbs
proteins in the cilia of crumbs mutants may represent such a compensatory
mechanism. Such mechanisms may account for some of the differences seen
between tissue culture, morphant, and mutant analyses. Taken together, our
data show that some crumbs genes affect the subcellular localization of protein
products expressed by other crumbs genes, either through direct regulatory
relationships or indirectly by affecting the function of gating mechanisms at the
cilia base. crumbs genes function in multiple interrelated aspects of ciliogenesis,
including intraflagellar transport, the determination of cilia length, and the

protein composition of the ciliary shaft.
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Table V.1. Summary of mutant and morphant crumbs phenotypes in cilia

(V]
o . - Crumbs Crumbs
o Tissue Cilia Length . .. ..
9 Examined Phenotvpe Localisation Localisation
g ® (3dpf) (sdpf)
Ear macula — Cilia base Cilia base
] Ear cristae — Cilia base Cilia base
= Weak in ciliar
= Nasal placode — Cilia base y
S shaft
= Cilia
= Kidney — base/apical n.d.
surface (36 hpf)
Ear macula n.d. Absent Cilia base
S . Ear cristae Longer Cilia base Cilia base
o 5 o
G Nasal placode No change Cilia base i) Gl
shaft
g (@] Reduced
g S Ear macula Shorter 2 dpf)? n.d.
Ear macula n.d. Cilia base Cilia base
() Cilia base,
€< Ear cristae Shorter Cilia base puncta
o in ciliary shaft
Nasal placode Shorter Cilia base Ciliary shaft
1o Cilia base, ciliary
o Ear cristae Shorter n.d. shaft,
© £ weaker proximally
g ° Nasal placode Shorter n.d ierg eleny;
- P ¢ shaft
Ear cristae Longer n.d. Cilia base
e Weak in ciliary
% K] Nasal placode Longer n.d. shaft
o Kidney No obvious | cilia base/apical nd.
change surface
ﬁ (@) Shorter and
g s Kidney disorganized® reduced (1 dpf) n.d.

dpf, days postfertilization

IFT, intraflagellar transport

n.d., not determined

?, weak signal comparable to background

hpf, hours postfertilization;
MO, morpholino;
#Omori and Malicki (2006)
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IFT in Cilia
(5 dpf)

n.d
None

?
n.d.

n.d.
None

n.d.

n.d.
Weak
Cilia base
Strong

Ciliary shaft

None
?

n.d.

n.d.



Chapter Vi

“Conclusions and Future

Directions”
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The aim of my main PhD project was to reveal the architecture of gating
mechanism, focusing mainly on transition zone and IFT proteins using a
combination of STORM imaging and quantitative image analysis. Furthermore, |
investigated the relationship of the apico-basal polarity determinants, crumbs
genes, to ciliary gating. For this purpose, | used several model systems
including Tetrahymena thermophila, Danio rerio (zebrafish), mammalian cell
lines, and primary cultures of human and mouse cells. | used a broad range of
molecular biology, genetics, and imaging techniques such as confocal
microscopy, “TIRF imaging, and “Stochastic Optical Reconstruction Microscopy”
(STORM). This was followed by a thorough quantitative image analysis. In this
chapter, | discuss the main findings and comment on the significance of my

work in the future.

VI.1. Conclusions

V1.1.1. STORM analysis reveals the IFT docking sites and the architecture

of TZ proteins at the cilia base

Our STORM analysis of many ciliary proteins revealed their orientation
and relative position to each other at the cilia base. We show that transition
zone proteins, IFT proteins, and other ciliary proteins are arranged in rings with
different radial and axial positions at the cilia base (Fig. VI.1 and Table VI.1).

Our STORM analysis of the ciliary proteins led to important findings:
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Figure VI.1. Radial and Axial Positions of the proteins characterised in this study. (A)
Radial distribution of the mean + 95% confidence interval (Cl) of the proteins examined this
study. All data shown in this graph are obtained by direct labelling except for IFT144-C terminus
and OFD1-C terminus, which were characterised using indirect labelling (denoted by *). (B) The
axial positions were determined by mapping all the proteins with respect to Nup50 that seems to
localise to the basal bodies in Tetrahymena thermophila. TZ proteins are the farthest from
Nup50 and OFD1, is the closest to Nup50. Note that IFT docking sites are just distal to OFD1
and are at least 50 nm below the TZ proteins. TZ: transition zone; IFT: Intra-flagellar transport;
BB: basal body.

1. We reveal for the first time the architecture of IFT proteins in their docking

151



sites at the cilia base.

2. IFT-A complex is located outside IFT-B complex in the radial dimension (Fig.
VI.1.A).

3. Kif3a-C terminus is close to IFT-B proteins and Kif3a-N terminus to very
close to the microtubule doublets (Fig. VI.1.A).

4. The transition zone proteins localise about 50nm distal to the IFT particle
(Fig. VI.1B and Table VI.1).

5. We reveal the locations of the binding site of tubulin and the outer dynein

arm at the cilia base (Fig. VI.2 and 3D).

All these data combined enabled us to generate a detailed super-
resolved model showing the orientation of several IFT proteins and their relative

position with respect to TZ and basal body proteins (Fig. V1.2 and 3).

VI1.1.2. crumbs genes affect ciliogenesis and may be part of the ciliary

gating structures at the cilia base

Our analysis of crumbs genes showed that they affect ciliogenesis in a
subset of tissues in zebrafish. Surprisingly, when some crumbs were depleted,
other crumbs accumulated massively inside the ciliary compartment. This was
also accompanied by accumulation of IFT proteins inside the ciliary shaft of
these mutants. This finding is of interest as it may indicate roles of Crumbs
proteins in the modulation of IFT proteins and therefore, Crumbs proteins may
be involved in the gating mechanisms at the cilia base (Fig. VI.4). The absence
of Crb3 in IMCD3 cells produced relatively shorter cilia with reduced IFT track

lengths, and IFT trains were somewhat faster in the cilia of knocked-down
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cells, indicating a possible role of Crumbs proteins in IFT movement into cilia.
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Figure VI.2. The orientation of the proteins examined in this study. A graph showing the
radial and proximo-distal positions of the proteins investigated in this study. The X-axis
represents the radial position and the Y-axis shows the proximo-distal, or axial, position of each
protein. Data are mean + SEM.
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Figure VI.3. 3D model of the cilia base. (A) Super-resolved model of the IFT particle. (B)
Super-resolved model of the TZ. (C) Super-resolved model of the proteins analysed in this
study showing the relative position of TZ, IFT, and BB proteins at the cilia base. (D) A zoomed
image of the IFT particle focusing on the positions where tubulin binds to the N-terminus of
IFT81 (blue) and the outer dynein arm complex (ODA) binds to the C-terminus of the adaptor
ODA16 (orange).
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Figure VI.4. Crumbs proteins affect ciliogenesis and may contribute to gatiﬁé

mechanisms at the cilia base. (A) Crumbs proteins are localised to the cilia base in wild-type
cilia. (B) In the absence of crb3a and crb2a (ome), cilia are shorter and other Crumbs proteins
entered the cilium (See also Figure V.4). Surprisingly, IFT protein were highly enriched inside
the ciliary shaft of these mutants suggesting a possible role of Crumbs proteins in gating IFT

entry into cilia.
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VI.2. Future Directions

Our analysis of architecture of ciliary proteins at the cilia base in addition
to revealing for the first time the docking sites of IFT proteins provides a
foundation for a plethora of experiments in the future. Our imaging approaches
can be applied to localise many other ciliary proteins and address many more
questions. In addition, our analysis of crumbs genes uncovered possible roles
of these genes in the gating mechanisms at the cilia base. | outline here some
approaches that can be used in the future to extend studies presented in this

thesis.

V1.2.1. Nanobodies and photoactivatable fluorescent proteins

Our analysis of many ciliary proteins whether using indirect or direct
labelling procedures depended on using antibodies. Antibodies mainly rely on
conventional 1IgG molecules, which are about 12nm long (Lee et al., 2006,
Saphire et al., 2001). Although we could detect statistical differences in
measurements of the radii when using indirect versus direct immunostaining,
other staining procedures could probably reduce the error introduced by using
antibody staining. For example, nanobodies are only 2.5 x 4 nm antigen-binding
fragments obtained from camelid antibodies that lack light chains (Pleiner et al.,
2015, Yan et al., 2015). Since nanobodies are only 2.5 by 4nm, it is expected
that using them in STORM imaging will introduce smaller error when compared

to using conventional antibody staining.

On the other hand, genetically encoded photoconvertible fluorescent
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proteins such as mEos and Dronpa, which have been developed and tested to
be compatible for STORM imaging (Habuchi et al., 2005, Wiedenmann et al.,
2004, McKinney et al., 2009), can be also used to localise TZ and IFT proteins
with high precision. In this case, there will be no need to use antibodies and
therefore, this procedure is expected to localise the epitopes with the least error
possible. Imaging proteins fused to photoconvertible fluorescent proteins can be
performed using “PhotoActivatable Light Microscopy or PALM” (Betzig et al.,
2006, Hess et al., 2006). However, it is worthy to mention that photoconvertible
fluorescent proteins are not as bright as organic dyes and therefore, this would

affect the localisation precision as well (Huang et al, 2011).

VI1.2.2. Analysis of double transgenic lines and mutants

Our STORM analysis of protein architecture at the cilia base has proven
to be very useful and produced remarkable set of data that enabled us to
generate a super-resolved model of the cilia base (Fig. VI.3). Many important

questions arise from our findings and here | list some of them.

1. How many IFT protein complexes are in one docking site? To tackle this,
generation of double transgenic lines by tagging 2 different IFT proteins,
such as IFT52 and IFT54, with different tags: IFT52-HA and IFT54-GFP,
could be utilised to detect the number of IFT proteins in one docking site.

2. How would missing one IFT protein affect the localization of other IFT
proteins and the stability of the whole IFT particle? For example, it would be
interesting to know what happens to IFT-B proteins in the absence of IFT-A

proteins or vice versa. These experiments, of course, are demanding, as
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they require the generation of transgenic lines in mutant backgrounds, which
might be technically difficult. This could be also applied for TZ proteins to
determine the hierarchy of localisation of different transition zone proteins at
the cilia base.

. How stable are IFT proteins in their docking sites? One way to test the
stability of IFT proteins at their docking sites is to perform FRAP
experiments on IFT strains tagged with GFP for example. The determination
of the time required for IFT proteins to return to their docking sites by
measuring the duration required to recover fluorescence is an indication of
their stability. In addition, IFT strains can be deciliated followed by FRAP
imaging at different time points. In this case, it would be possible to examine
how IFT proteins behave in their docking sites when cilia are regenerated

following deciliation.

VI1.2.3. STORM imaging of other proteins

Our imaging analysis could be applied to determine the orientation and

location of other important ciliary proteins. For example, BBS proteins are

thought to be necessary for the turnover of proteins at the cilia tip to initiate the

retrograde transport (Jin et al., 2010, Wei et al., 2012). BBS7 has been shown

to be required to stabilise the IFT particle (Ou et al., 2005) and the

BBS regulator LZTFL1 was shown to mediate interaction of IFT particle to the

BBSome (Eguether et al., 2014). IFT27, an IFT-B protein, is thought to mediate

the exit of the BBSome from the cilium (Liew et al., 2014). Since we showed

that IFT27 forms 9-fold symmetrical rings at the cilia base and localised its
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radial and axial distribution too, it would be interesting to determine how BBS

proteins fit in our current model.

We've characterised in this study the radial and axial position of Kif3a,
the kinesin-Il motor that powers anterograde IFT. On the other hand, it would be
very interesting to investigate where cytoplasmic dynein 2, motors of retrograde
transport, localise to the cilia base using STORM imaging. Dyneins form very
large protein complexes composed of many subunits and therefore it may be

challenging to localise all components of this complex (Pazour et al., 1999).

VI1.2.4. Immuno-electron Microscopy and correlation of STORM with EM

Electron microscopy (EM) has always been widely used to reveal
ultrastructural details of several organelles, including cilia and flagella
(Rogowski et al., 2013). EM alone does not reveal details about specific
proteins and their subcellular localisation. However, immuno-electron
microscopy can detect and localise specific proteins in biological samples using
primary antibodies conjugated with gold particles (Berryman and Rodewald,
1990). Immuno-EM has been widely used to pinpoint specific localisation of
many ciliary proteins in several model systems. For example, Chlamydomonas
IFT52, was shown to localise to the distal appendages of the basal bodies
(Deane et al., 2001). Many other IFT proteins were also localised using
Immuno-EM in retinal cells (Sedmak and Wolfrum, 2010). Transition zone
proteins Cep290/NPHP6 (Craige et al., 2010) and NPHP4 (Awata et al., 2014)
were also localised using Immuno-EM. Therefore, Immuno-EM could be used in

the future on the lines we generated in Tetrahymena thermophila to reinforce
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our findings obtained by STORM imaging. Finally, several protocols have been
developed to correlate STORM with EM images to better understand protein

complexes as described in (Kim et al., 2015).

V1.2.5. Analysis of Crumbs proteins in Knock-in lines followed by STORM

imaging

Our analysis of crumbs genes suggested a role in the trafficking of some
ciliary proteins at the cilia base, so more investigation about the exact location
of crumbs proteins is required. It has been postulated that Crb3 indirectly
interacts with Kif3a through Par3/Par6/aPKC (Sfakianos et al., 2007). Future
experiments would focus on determining possible interactions between Crumbs
and other ciliary proteins at the cilia base. This could be achieved by performing
immunoprecipitation and co-localisation experiments. In addition to that, super-
resolution microscopy can be used to localise the exact position of Crumbs
proteins in mammalian cells or thin sections/cryo-sections of zebrafish ciliated
tissues. Crumbs localisation can be analysed using knock-in lines in zebrafish
by epitope tagging of endogenous Crumbs proteins as previously described
(Hoshijima et al., 2016). These lines, if successful, can be excellent tools to
reveal how Crumbs proteins behave at the cilia base and inside the ciliary shaft.
These lines could be also used to prepare sections to be imaged on STORM

microscopy.

160



Table VI.1. Ciliary proteins analysed for the STORM study

Line Radial dimension Axial dimension
(Terminus) + SD (nm) + SEM (nm)
Indirect | Direct
TRANSITION ZONE (TZ)
MKS6-C 145 + 8 142+ 6 205.5+4.3
MKS6-N 157 £ 10 150 £ 7 199.3+4.4
Ahi1-C 148 + 9 1457 193.8+54
Ahi1-N 158 £ 5 148 £ 6 200+ 2.9
NPHP4-C 147 £ 6 1416 313+1&
180 + 2
NPHP4-N 148 £ 5 149+ 5 319+ 2 &
201+ 3
MKS1-C 1519 145+ 6 200.2+3
B9d1-C 151+ 9 144 + 5 198.8 + 3.7
Tmem216- | 1596 164 £ 6 1984+ 29
C
Tmem231-| 154 +6 149+ 5 209.3+29
C
INTRAFLAGELLAR TRANSPORT (IFT)
IFT52-C | 158 +7 156 + 7 116 + 4
IFT52-N 141 +7 139 + 6 118 + 3
IFT54-C | 150+ 6 148 + 5 103 + 3
IFT54-N 141 +9 136 + 5 119 +4
IFT81-C | 158 +5 152 + 5 130 + 3
IFT81-N 162+ 5 157 + 6 127 + 4
IFT46-C | 159+ 6 154 + 6 113+ 3
IFT46-N 143 +5 143 + 5 106 + 5
IFT27-C | 157 +4 155 +7 126 + 4
IFT122-C | 163 +7 163 + 8 131 +4
IFT122-N | 165+ 9 166 + 8 135+ 5
IFT144-C | 163 + 8 162 + 8 113+ 2
IFT144-N | 160 + 6 162 + 5 125 +4
IFT140-N | 160 + 10 160 + 6 NA
Kif3a-C 130 + 6 132+ 5 137 + 6
Kif3a-N 121 +7 120 + 5 130 + 5
ODA16-C 139 + 5 137 +7 110 + 6
BB
OFD1-C 157 + 5 NA 87+5
OFD1-N 139 + 5 139 + 4 95+ 3
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APPENDIX - Examples of alignments for some proteins using serial
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