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Abstract of the Dissertation 
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in 
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Stony Brook University 

2017 

 
 Multicilia are microtubule-based cellular projections that provide the motive force to 

propel mucus and debris out of our airways, cerebrospinal fluid in our nervous system, 

and the ovum in the female reproductive tract.  Dysfunctional multicilia have been linked 

to genetic disorders, such as primary ciliary dyskinesia and cystic fibrosis, and been 

implicated in the pathologenesis of chronic respiratory diseases, including emphysema, 

chronic obstructive pulmonary disorder, and asthma.  While multicilia play an absolutely 

essential role in human health, very little is known about how multicilia form and function.  

However, work from primary cilia, which are responsible for cellular signaling, as well as 

mutation analysis from human patients, has shown that a structure at the base of cilia 

termed the transition fiber (or distal appendage) is important.  Therefore, to gain greater 

insight into the function of the transition fiber, I utilized two unique mouse knockout models 

where expression of the two transition fiber proteins Chibby1 and CEP164 was lost.  I 
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employed various imaging modalities, including super-resolution and electron 

microscopy, tissue histology, and primary cell culture techniques to interrogate the 

function of Chibby1 and CEP164 in different stages of multicilia formation.  Interestingly, 

I report that Chibby1 regulates intraflagellar transport, a process responsible for building 

and maintaining ciliary axonemes.  Additionally, my work has determined that CEP164 is 

necessary for mammalian development and multiciliogenesis through the generation and 

characterization of a novel mouse model.  I extend the role of CEP164 in basal body 

docking and ciliary vesicle formation to multicilia formation; however, I also reveal 

intriguing differences in CEP164 function in primary and multiciliogenesis.  In particular, 

CEP164 limits the types of cellular membranes and associated membrane proteins that 

compose multicilia.  These findings provide increased understanding into the 

physiological functions of the transition fiber and shed light on how proteins localizing to 

this critical structure function to build multicilia. 
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Chapter 1: General Introduction 

1.1 Cilia 

1.1a Discovery of cilia 

The invent of the microscope heralded a new era of cell and microbiology.  As 

Anton van Leeuwenhoek peered into his microscope in 1676, he noted protozoa that had 

“diverse incredibly thin little feet, or little legs, which were moved very nimbly” and, in so 

doing, created the first description of cilia (Haimo and Rosenbaum 1981).  While several 

theories persisted as to the nature of these “little feet” for the next almost three centuries, 

the use of an electron microscope elucidated the canonical 9+2 configuration of cilia that 

we now know today (Fawcett and Porter 1954).  However, even with these early 

beginnings, it is only in the last twenty years that the field of ciliary biology has flourished. 

1.1b Types of cilia 

 While the two main classifications of cilia are immotile primary cilia and motile cilia 

(for further discussion, see sections 1.1d Primary cilia and 1.1e Motile and multicilia), their 

diversity reflects a wide range of biological functions (Choksi et al. 2014).  Most, though, 

are variants of a single primary cilium and associated with specific functions.  For 

example, two types of cilia involved in mechanosensation are the cilia of kidney epithelial 

cells as well as of the peripheral region of the ventral embryonic node.  The former project 

into the tubule lumen to sense and regulate urine flow rate (Praetorius and Leipziger 

2013).  The latter are thought to detect the leftward fluid flow in the embryonic node and 

translate this signal into the formation of the left-right axis (Hirokawa et al. 2009).  Cilia 

are also involved in the sensory processes of vision, olfaction, and hearing (Choksi et al. 

2014).  Sensory neurons of the retina epithelium have a specialized cilium with distinct 
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morphology that functions to cluster opsin photoreceptors.  Olfactory neurons project 10-

30 cilia into the mucosal epithelium of the nasal cavity and contain odorant receptors that 

permit the transduction of an odorant signal.  Finally, inner and outer hair cells of the 

organ of Corti in the inner ear possess kinocilia, which arrange with stereocilia to sense 

vibration and fluid movement.  Of the aforementioned cilia that are not associated with a 

specific receptor type, i.e. kidney cilia, nodal cilia on the peripheral cells, and kinocilia, the 

prevailing thought was that Ca2+ influx translated the mechanical stimulation into a cellular 

signal.  However, recently, this has been called into question (Delling et al. 2016); hence, 

the exact mechanism for how mechanosensory cilia transduce the stimulus is currently 

controversial (Norris and Jackson 2016). 

 Beyond mammals, cilia are evolutionarily conserved structures that are found on 

most eukaryotes (Fisch and Dupuis-Williams 2011; Choksi et al. 2014).  The embryonic 

epithelium of Xenopus laevis, for example, is multiciliated (Walentek and Quigley 2017).  

The spermatids and sensory neurons of the chordotonal organ are the only ciliated cell 

types in Drosophila melanogaster while the nematode Caenorhabditis elegans has an 

even more restricted profile of ciliated cell types with solely sensory neurons maintaining 

cilia.  Furthermore, the flagella of the single-celled algae Chlamydomonas reinhardtii has 

been extensively studied and employed as a model system.  Cilia are even found across 

pathogens ranging from Tetrahymena thermophile to Trypanosoma cruzi and T. brucei, 

the latter being causative for African trypanosomiasis (more commonly referred to as 

African sleeping sickness) (Langousis and Hill 2014).  Of note, most of the cilia mentioned 

above have an evolutionarily conserved basal body and axonemal structure, highlighting 
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the importance of cilia to eukaryotic life (Carvalho-Santos et al. 2011; Fisch and Dupuis-

Williams 2011). 

1.1c Ciliary structure 

 The ciliary axoneme is nucleated from either a mother, or mature, centriole or basal 

body (Figure 1.1).  A basal body is roughly 500 nanometers (nm) in length and 200 nm in 

width and composed of nine triplet microtubule bundles named as the A-, B-, and C-tubule 

from interior to exterior (Bettencourt-Dias and Glover 2007; Bettencourt-Dias et al. 2011).  

However, the C-tubule will terminate near the distal end prior to the beginning of the distal 

appendage (Gonczy 2012).  Two centrioles, the mother and the daughter, along with the 

pericentriolar matrix (PCM) form the centrosome in every cell, which serves as the 

microtubule organizing center (MTOC) necessary for cell division (Nigg and Stearns 

2011; Firat-Karalar and Stearns 2014).  Centrioles therefore are replicated once per cell 

cycle and are thought to be templated by a cartwheel structure (Gonczy 2012).  As a 

centriole matures, it acquires several accessory structures, including the subdistal and 

distal appendages, the basal feet, and the rootlet (Bettencourt-Dias and Glover 2007; 

Gonczy 2012).  Importantly, while the basal foot and the subdistal appendage function in 

similar ways, only one or two basal feet are present on the centriole as opposed to nine 

subdistal appendages.  A further discussion of the subdistal and distal appendages can 

be found in section 1.4 Centriolar maturation. 

 Distal to the basal body in the proximal portion of the ciliary axoneme lies the 

transition zone, a structure comprised of nine microtubule doublets with no central pair, 

regardless of whether the cilium is motile, and Y-linkers that extend from the microtubule 

doublet to the ciliary membrane (Figure 1.1) (Czarnecki and Shah 2012).  Additionally, 
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the Y-linkers establish membranous extensions that are referred to as the ciliary necklace 

(Gilula and Satir 1972).  The transition zone is thought to function in maintaining a distinct 

ciliary compartment by limiting access of proteins and membrane to the ciliary axoneme 

(Czarnecki and Shah 2012; Reiter et al. 2012).  While the exact composition of the fibrous 

Y-linkers is unknown, various protein complexes are known to localize to and be the 

functional units of the transition zone, including the NPHP (nephronophthisis)-associated, 

MKS (Meckel-Gruber syndrome)-associated, CEP290, and Inversin protein modules 

(Sang et al. 2011; Williams et al. 2011; Czarnecki and Shah 2012; Li et al. 2016a).  

Several studies have defined hierarchical relationships between these modules and the 

proteins within them; however, MKS-5/Retinitis pigmentosa GTPase regulator interacting 

protein-1-like (RPGrip1L) appears to be the master regulator of the transition zone as it 

is necessary for the proper recruitment of the NPHP, MKS, CEP290, and Inversin 

components (Sang et al. 2011; Williams et al. 2011; Czarnecki and Shah 2012; Jensen 

et al. 2015; Li et al. 2016a). 

 After the termination of the transition zone, the ciliary axoneme is then composed 

of either nine microtubule doublets with, if motile, or without, if immotile, a central pair of 

single microtubules, 9+2 or 9+0, respectively (Figure 1.1) (Bisgrove and Yost 2006).  In 

most cilia, the B-tubule will terminate at some point prior to the ciliary tip (Satir 1968; Sale 

and Satir 1976; Fisch and Dupuis-Williams 2011).  The exact place along the axoneme 

that each B-tubule stops varies amongst ciliary types and can do so even within an 

axoneme.  The region prior to the end of the B-tubule is known as the doublet zone while 

the portion afterwards is referred to as the singlet zone.  The ciliary tip complex is located 

at the most distal portion of the ciliary axoneme (Dentler and Rosenbaum 1977; Sale and 
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Satir 1977; Dentler 1980; Dentler and LeCluyse 1982; Dentler 1984).  While this complex 

is an elusive structure, intraflagellar transport (IFT) and BBSome components, amongst 

others, are known to reside there to facilitate the rearrangement of transport trains 

bringing cargos to and from the ciliary tip (Wei et al. 2012). 

1.1d Primary cilia 

 The primary immotile cilium is structurally relatively simple in comparison with most 

motile cilia as it has a 9+0 microtubule arrangement, lacking a central pair of microtubules 

and the decorations necessary for motility (Mahjoub 2013).  Despite its simplicity, the 

primary cilim has an absolutely necessary function in vertebrate development as a hub 

for hedgehog (Hh) signaling (Goetz and Anderson 2010).  In vertebrates, Hh signaling 

through the primary cilium regulates both early embryonic development and 

organogenesis and has been linked with tumorigenesis.  Hence, understanding how 

primary cilia are formed and function is of great importance. 

 Through a compendium of studies, it is known that, in the absence of Hh, the 

receptor Patched1 localizes to cilia where it is thought to prevent ciliary entry of the 

Smoothened receptor and ciliary accumulation of Gli2 (Rohatgi et al. 2007; Goetz and 

Anderson 2010).  Of note, while three forms of Gli proteins exist in vertebrates, the major 

Gli involved in activated Hh signaling is Gli2 (Ingham et al. 2011).  Upon Hh binding, 

Patched1 translocates out of the cilia, allowing entry of Smoothened (Corbit et al. 2005; 

Rohatgi et al. 2007).  Increased levels of ciliary Smoothened promote ciliary accumulation 

of Gli2 in complex with the negative regulator Suppresor of Fused (SUFU) (Tukachinsky 

et al. 2010; Zeng et al. 2010).  Gli2 then dissociates with SUFU to activate transcription 

of downstream effectors (Humke et al. 2010). 
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 Beyond Hh signaling, several Wnt signaling proteins are also involved in primary 

cilia formation and function as well as multicilia formation and function (Wallingford and 

Mitchell 2011).  Dishevelled proteins, which transduce the Wnt signal in both canonical 

and non-canonical pathways, localize to the base of cilia (Park et al. 2008).  Furthermore, 

Prickle1, a non-canonical Wnt signaling component, has been shown to be important for 

primary cilia formation and mediating cilia-related congenital abnormalities (Gibbs et al. 

2016).  For multicilia formation, the non-canonical, or planar cell polarity (PCP), pathway 

promotes proper docking and polarization of basal bodies at the apical cell surface 

through regulation of the actin cytoskeleton (Park et al. 2006; Park et al. 2008; Mitchell et 

al. 2009; Vladar et al. 2009; Hildebrandt et al. 2011).  Finally, Chibby1 was initially 

identified as a Wnt signaling inhibitor and is necessary for cilia formation (Takemaru et al. 

2003; Voronina et al. 2009; Steere et al. 2012; Lee et al. 2014).  Hence, intriguing 

connections exist between cilia and Wnt signaling; however, the meaning of this 

interconnectedness is still to be elucidated.  

1.1e Motile and multicilia 

 Motile cilia are distinct from primary immotile cilia based on the presence of a 

central pair of microtubules (the 9+2 microtubule arrangement) and axonemal 

components necessary for motility (Bisgrove and Yost 2006).  Surrounding the central 

pair is a membranous inner sheath from which the nine radial spokes extend (Warner and 

Satir 1974; Pigino and Ishikawa 2012).  The radial spokes, which are T-shaped structures 

that attach to the A-tubule with the longer process and to the inner sheath with the wider 

process, are thought to be a means of signal transduction between these elements to 

coordinate movement during ciliary beating.  As the radial spokes connect the outer 
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microtubule doublets to the central pair, the inner and outer dynein arms extend from the 

A-tubule of an outer doublet to connect with the B-tubule of the adjacent doublets and 

coordinate a relative sliding motion of the microtubule doublets to ensure proper ciliary 

beating (Warner and Satir 1974; King 2016).  While distinct sets of heavy, intermediate, 

and light chain dyneins compose the inner and outer dynein arms, it is the heavy chains 

that have ATPase activity and power this process (Porter et al. 1999; Porter and Sale 

2000; Ibanez-Tallon et al. 2003).  Finally, nexin-dynein regulatory complexes associate 

with the inner dynein arms and radial spokes to regulate dynein activity and thus ciliary 

movement (Warner and Satir 1974; Lin et al. 2011; Pigino and Ishikawa 2012; King 2016).  

The consequence of this machinery is a ciliary beat motion that has two phases: the 

effective and the recovery stroke (Brooks and Wallingford 2014).  During the effective 

stroke, the cilium arcs to become perpendicular to the cell body as opposed to the 

recovery stroke, where the cilium is parallel to the cell body as it returns to its initial 

position. 

 Motility is exceptionally important to human health and biology, and, accordingly, 

several different types of motile cilia exist to serve a host of functions.  The largest type 

of motile cilia is multicilia, which line the airway epithelium, the walls of the lateral 

ventricles of the brain, and the fallopian tube epithelium (Ibanez-Tallon et al. 2003; Brooks 

and Wallingford 2014; Spassky and Meunier 2017).  At these distinct locations, multicilia 

propel the mucus and debris from out of our airways, circulate the cerebrospinal fluid in 

our brains, and facilitate the movement of the ovum along the oviduct.  Besides multicilia, 

the sperm flagellum and the nodal cilia are other examples of motile cilia (Choksi et al. 

2014; Linck et al. 2016).  Nodal cilia, which lack a central pair, are unique amongst motile 
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cilia in that they move rotationally, rather than beat, to generate the leftward fluid flow 

across the embryonic node to establish the left-right axis (Lee and Anderson 2008).  

Interestingly, cells with the aforementioned disparate motile cilia types are regulated by 

the same transcriptional cascade (covered further in section 1.1g Transcriptional 

regulation of multiciliogenesis). 

1.1f Ciliogenesis of primary and multicilia 

 Primary or multicilia formation is a complex cellular process that follows a largely 

analogous pathway (Figure 1.2) (Pedersen et al. 2008; Nigg and Raff 2009).  Primary cilia 

arise in a quiescent (G0) cell from the mother centriole, distinguished from the daughter 

by the presence of appendage structures (Bettencourt-Dias and Glover 2007; Gonczy 

2012).  On the other hand, multiciliated cells must produce hundreds of centrioles en 

masse from the two centrioles, the mother and the daughter, that every cell contains 

(Brooks and Wallingford 2014).  To solve this physiological problem, multiciliated cells 

replicate their centrioles via two pathways: 1) the centriolar and 2) the acentriolar 

pathways (Meunier and Spassky 2016).  The centriolar pathway involves direct centriolar 

replication from the pre-existing centrioles (Bettencourt-Dias and Glover 2007; 

Bettencourt-Dias et al. 2011; Gonczy 2012; Meunier and Spassky 2016).  It is thought 

that this pathway utilizes the mother, as opposed to the daughter, centriole as the 

template.  The vast majority of the centrioles produced by a multiciliated cell will arise 

from the acentriolar pathway where fibrogranular structures termed deuterosomes act as 

sites of de novo centriolar generation (Klos Dehring et al. 2013; Zhao et al. 2013).  While 

deuterosomes are understudied structures, recent studies have shed light on two 

proteins, CCDC78 and Deup1, which localize to and are critical for their function (Klos 
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Dehring et al. 2013; Zhao et al. 2013).  Additionally, live imaging studies of cultured 

multiciliated ependymal cells from the subventricular zone (SVZ) of the lateral wall of the 

lateral ventricle of GFP-CETN2 mice suggest that deuterosomes originate from the 

daughter centriole (Jord et al. 2014).  Furthermore, it was proposed from these live 

imaging studies that centriolar duplication on deuterosomes passes through three stages: 

1) the halo stage (where nascent procentrioles are initially nucleated on the 

deuterosome), 2) the flower stage (where centriolar elongation occurs on the 

deuterosome), and 3) the basal body stage (where centrioles are released from the 

deuterosome). 

 After mass replication, centrioles mature by acquiring subdistal and distal 

appendages (Bettencourt-Dias and Glover 2007).  At this point, formation of both primary 

and multicilia proceeds in a similar manner.  Small vesicles are recruited to the distal 

appendage and then coalesce to form the larger ciliary vesicle, which is thought to 

promote docking of the centriole, or basal body, as it is now referred, with the apical cell 

surface via membrane fusion events (Sorokin 1962; Sorokin 1968; Li et al. 2015a).  At 

this point, the axoneme is nucleated from the basal body via an intraciliary trafficking 

mechanism known as IFT (Rosenbaum and Witman 2002; Scholey 2003; Scholey 2008).  

Further discussion of both ciliary membrane biogenesis and IFT can be found in section 

1.3 Ciliary trafficking. 

1.1g Transcriptional regulation of multiciliogenesis 

 Regulation of ciliogenesis in the multiciliated cells of the airway, brain ventricle, 

and fallopian tube epithelium requires a particularly complex transcriptional network 

(Figure 1.3), which is well-conserved amongst the different tissue types (Brooks and 
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Wallingford 2014).  However, the specification of multiciliated cells in each context is 

distinct.  For example, the Hippo-Yap pathway as well as the transcription factor 

Grainyhead-like 2 appear to be critical for establishing the airway mucociliary epithelium 

(Mahoney et al. 2014; Gao et al. 2015) while Hh signaling and Gli3 along with interactions 

between the extracellular matrix (ECM) and ECM receptor dystroglycan are suggested to 

promote commitment of radial glial cells to ependymal cells (McClenahan et al. 2016; 

Kyrousi et al. 2017).  More work is clearly needed to understand these early cell fate 

decisions.  However, the first step to commit to becoming a multiciliated cell in each of 

these contexts is regulated by Notch signaling as Notch inhibits Multicilin (MCIDAS) and 

Gemc1 (Stubbs et al. 2012; Brooks and Wallingford 2014; Ma et al. 2014; Kyrousi et al. 

2015; Zhou et al. 2015; Arbi et al. 2016; Kyrousi et al. 2017).  After being released from 

Notch repression, Multicilin in complex with E2F transcription factors, in particular E2F4 

and E2F5, is sufficient to drive the entire downstream transcriptional cascade that leads 

to multicilia formation (Ma et al. 2014).  Targets of Multicilin/E2F include the transcription 

factors p73, Myb, Rfx2, Rfx3, and FOXJ1, the rest of the transcriptional network regulating 

multiciliogenesis (Stubbs et al. 2012; Didon et al. 2013; Tan et al. 2013; Brooks and 

Wallingford 2014; Chung et al. 2014; Ma et al. 2014; Kistler et al. 2015; Kyrousi et al. 

2015; Gonzalez-Cano et al. 2016; Jackson and Attardi 2016; Marshall et al. 2016; 

Nemajerova et al. 2016; Kyrousi et al. 2017; Quigley and Kintner 2017).  Intriguingly, 

Gemc1 has also been shown to be one of the most upstream transcription factors along 

with Multicilin and can promote transcription of similar targets as the Multicilin/E2F 

complex (Kyrousi et al. 2015; Zhou et al. 2015; Arbi et al. 2016).  However, there is 

conflicting evidence whether Gemc1 is sufficient to initiate the entire transcriptional 
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cascade (Kyrousi et al. 2015; Zhou et al. 2015; Arbi et al. 2016; Kyrousi et al. 2017).  It is 

also noteworthy that TAp73, while downstream of Multicilin/E2F and Gemc1, is suggested 

to control the rest of the multiciliogenic transcriptional cascade, including Myb, Rfx2, Rfx3, 

and FOXJ1 (Gonzalez-Cano et al. 2016; Jackson and Attardi 2016; Marshall et al. 2016; 

Nemajerova et al. 2016).  At the onset of multiciliogenesis, Multicilin/E2F and Myb direct 

expression of genes involved in deuterosome-mediated centriole biogenesis, such as 

Deup1 and CCDC78 (Stubbs et al. 2012; Tan et al. 2013; Ma et al. 2014).  Also, cyclin O 

appears to be involved in the regulation of this process (Funk et al. 2015).  Myb, Rfx2, 

and Rfx3 then fine-tune expression of FOXJ1 (Didon et al. 2013; Tan et al. 2013; Chung 

et al. 2014; Quigley and Kintner 2017), which is the first identified and most specific 

multiciliated cell transcription factor (Lim et al. 1997; Blatt et al. 1999).  Although TAp73, 

Myb, Rfx2, and Rfx3 control expression of several proteins involved in various aspects of 

multiciliogenesis, such as basal body docking and axonemal formation, FOXJ1 is the 

main gene expression driver for proteins involved in multiciliogenesis (Lim et al. 1997; 

Blatt et al. 1999; Brooks and Wallingford 2014). 

 Importantly, this transcriptional network is similar amongst multiciliated epithelia.  

In addition, formation of nodal cilia and sperm flagella requires FOXJ1, suggesting that 

this transcription factor provides for expression of motility factors, such as dynein heavy, 

intermediate, and light chains (Blatt et al. 1999).  Intriguingly, Rfx2 also appears to have 

a particularly important role in regulating spermiogenesis (Kistler et al. 2015; Shawlot et 

al. 2015; Wu et al. 2016).  Moreover, Rfx factors not only promote multiciliogenesis but 

also support primary ciliogenesis, indicating conservation amongst the transcription units 

that control cilia formation.  Support for this notion comes from the presence of DAF-19, 
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an ortholog of the Rfx proteins, in C. elegans (Swoboda et al. 2000).  In summary, cilia 

are diverse organelles that have complex structure, function, and regulatory modules. 

 

1.2 Cilia in disease 

1.2a Ciliopathies 

 Only until recently, the underlying molecular and cellular basis of a wide spectrum 

of genetic disorders with extremely pleiotropic phenotypes puzzled clinicians and 

scientists (Hildebrandt et al. 2011).  With the understanding that ciliary dysfunction was 

at the core of their pathology, a new disease class was coined as the ciliopathies.  As 

mentioned above, ciliopathies exhibit a broad scope of symptoms, such as infertility, 

intellectual deficits, airway abnormalities, skeletal abnormalities, and cystic liver, kidneys, 

and pancreas, reflecting the diverse types and functions of cilia in human biology.  In this 

continually expanding disease class, a few examples include: nephronophthisis (NPHP), 

polycystic kidney disease (PKD), Bardet-Biedl syndrome (BBS), Joubert syndrome, and 

Meckel-Gruber syndrome (MKS) (Waters and Beales 2011).  Specifically, autosomal 

dominant PKD is a potentially lethal disease that causes end-stage renal disease later in 

adulthood (normally between the ages of 55 and 70) and is due to a mutation in either 

the PKD1 or PKD2 genes that encode for polcystin-1 or polycystin-2, respectively (Kim 

and Walz 2007; Torres and Harris 2007; Torres et al. 2007).  Autosomal recessive PKD 

results in bilateral cystic kidneys early in life that may progress to end-stage renal disease 

at any point in life from the neonatal period to adulthood depending on the causative 

genetic mutation in the PKHD1 gene that encodes for fibrocystin (Adeva et al. 2006).  

Interestingly, all three proteins associated with these two disorders are not essential for 
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cilia formation; however, since they are found to localize to primary cilia, these disorders 

are designated as ciliopathies (Igarashi and Somlo 2002; Pazour et al. 2002b; Yoder et 

al. 2002; Watnick and Germino 2003).  NPHP, from which the transition zone proteins 

derive their names, also leads to end-stage renal disease, of which it is the most frequent 

genetic cause in individuals under 30 (Hildebrandt et al. 2009).  Frequently associated 

with NPHP, Joubert syndrome causes intellectual deficits and ataxia and is strongly 

associated with the “molar-tooth” radiologic finding (Gleeson et al. 2004; Valente et al. 

2005).  Additionally, BBS and MKS are both multi-organ disorders.   BBS, which arises 

from mutations in BBS genes, is a genetic obesity disorder characterized by diabetes 

mellitus, infertility, urinary tract malformation, cystic kidneys, a degenerative retina, 

cognitive deficits, and postaxial polydactyly (Ansley et al. 2003).  MKS is one of the most 

devastating ciliopathies, which results in perinatal death (Salonen 1984; Paavola et al. 

1997; Salonen and Paavola 1998).  Its symptoms include situs inversus, bile-duct 

dilatation, lung hypoplasia, microphthalmia, occipital meningoencephalocele, cystic or 

malformed kidneys, and postaxial polydactyly.  Clearly, ciliary dysfunction has wide-

reaching effects on human health and disease that include and extend beyond the above 

diseases.  Of note, many ciliopathies are caused by mutations in genes encoding 

transition zone proteins, suggesting that the transition zone is particularly important to 

ciliary function (van Reeuwijk et al. 2011).  Furthermore, intense efforts are underway to 

identify novel mutations in ciliary genes associated with developmental defects and 

ciliopathies to further appreciate the role cilia play in human health. 
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1.2b Primary ciliary dyskinesia 

 Primary ciliary dyskinesia, also known as Kartagener’s syndrome, was initially 

described in 1933 by Kartagener in a case report describing a patient with the classic 

triad of chronic sinusitis, bronchiectasis, and situs inversus (Knowles et al. 2013).  In 1976 

and then again in 1977, Afzelius and colleagues demonstrated that the symptoms 

associated with Kartagener’s were due to ultrastructural defects of motile cilia, leading to 

the designation the “immotile cilia syndrome” (Afzelius 1976; Eliasson et al. 1977).  

However, upon recognition that these ultrastructural defects created ineffective beat 

patterns that did not prevent motility, the syndrome was again renamed to primary ciliary 

dyskinesia (PCD) to reflect this. 

PCD is a genetic disorder of motile cilia characterized by chronic sinusitis that often 

develops to bronchiectasis, chronic otitis and rhinitis, recurrent lower respiratory tract 

infection, transient hearing loss and speech delays, situs inversus (in ~50% of cases due 

random organ placement from loss of rotational motility of nodal cilia), and male infertility 

(Escudier et al. 2009; Boon et al. 2013; Hosie et al. 2014).  Hydrocephalus, or 

enlargement of the fluid-filled brain ventricles, often also associates with PCD.  These 

manifestations are often a result of structural defects in the motility apparatus, including 

the inner and outer (more common) dynein arms, radial spokes, and the central pair 

apparatus (Leigh et al. 2009a; Mitchison et al. 2012; Onoufriadis et al. 2013; Zhang et al. 

2014; Olcese et al. 2017).  Accordingly, the genetic mutations linked to PCD have mainly 

been found in genes encoding for outer dynein arm heavy chain (e.g. DNAH5, DNAH9, 

DNAH11), intermediate chain (e.g. DNAI1, DNAI2), light chain (e.g. DNAL1), dynein 

assembly (e.g. DNAAF1, DNAAF3, CCDC39, CCDC40, DRC1, HEATR2), radial spoke 
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(e.g. RSPH1, RSPH4A, RSPH9), or central pair proteins (e.g. HYDIN, SPAG1, SPAG17) 

(Tilley et al. 2014).  As such, genetic testing is now a more common mechanism for 

confirming a PCD diagnosis.  However, the gold standard is examination by electron 

microscopy (EM) of airway cilia for defects in axonemal structure (Leigh et al. 2009b; 

Rugina et al. 2014).  Besides genetic testing and EM, immunofluorescence (IF) analysis 

for DNAH5 is another diagnostic test used as PCD patients with outer dynein arm defects 

have been found to have altered localization patterns of DNAH5 in the ciliary axoneme 

(Fliegauf et al. 2005).  Finally, nasal nitric oxide testing has also become a useful 

screening test for PCD as patients demonstrate a substantially reduced level of nitric 

oxide production (Chodhari et al. 2004).  Therapy is unfortunately mainly focused on 

symptom management with many treatment mechanisms being extrapolated from studies 

on cystic fibrosis patients (Knowles et al. 2013).  A final note about PCD is that, while it 

is a genetic disorder of motile cilia and the genetics reflect this, it is also recognized that 

mutations in genes for ciliary proteins that are not involved in motility may affect primary 

cilia as well as motile cilia and cause combinatorial disorders, such as polycystic kidney 

disease with PCD (Fliegauf et al. 2007; Waters and Beales 2011).  Hence, it is necessary 

to understand both primary and motile cilia as well as their differences to enable enhanced 

treatment of PCD as well as other ciliary disorders. 

1.2c Motile and multicilia in human disease and disorder 

 While PCD is the prototypical disorder of motile cilia, defective motile and multicilia 

are an integral component of the pathogenesis of several genetic and non-genetic 

respiratory disorders (Tilley et al. 2014).  For example, cystic fibrosis (CF) is a genetic 

disorder that results in abnormally thick mucus and mucus plugging due to mutations in 
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the CFTR gene, which lead to recurrent infections, bronchiectasis, and chronic lung 

disease (Riordan et al. 1989; Boucher 2004).  The defective CFTR chloride ion channel 

causes dehydration of the airway epithelium and altered mucus composition, which 

hinders mucociliary transport (Boucher 2007; Rubin 2007).  While ciliary dysfunction is 

not the primary cause of the pathology, loss of cilia or cilia with altered axonemal structure 

or ciliary membrane are seen in progressing and advanced CF (Boucher 2004; Ehre et 

al. 2014).  In addition to CF, smoking has been shown to cause a shortening and loss of 

cilia, which reduce mucociliary clearance (Leopold et al. 2009; Hessel et al. 2014).  As 

smoking has also been linked to reduced expression of ciliary proteins, it is postulated 

that this delays the regeneration of cilia after they are lost, further enhancing this 

phenotype (Tilley et al. 2014).  With compromised cilia in healthy smokers (Leopold et al. 

2009), it is not surprising that ciliary defects exacerbate the disease course of individuals 

with chronic obstructive pulmonary disorder (COPD) as cilia in COPD patients are even 

shorter than healthy smokers (Camner et al. 1973; Hessel et al. 2014).  Interestingly, one 

suggested mechanism for the shorter cilia in COPD patients is smoke-induced ciliophagy, 

an autophagic process by which cilia are rescinded and that might prove therapeutically 

useful (Lam et al. 2013; Cloonan et al. 2014).  Furthermore, smokers with chronic 

bronchitis also exhibit axonemal structural abnormalities similar to those observed in CF 

patients, which contributes to this pathology (Katz and Holsclaw 1980).  Beyond smoking, 

environmental pollutants lead to ciliary defects and lower ciliary beat frequencies 

(Pedersen 1990; Carson et al. 1994; Riechelmann et al. 1994; Calderon-Garciduenas et 

al. 1998), and biopsies from asthmatics demonstrate that ciliary loss via epithelial 

shedding as well as ciliary structural abnormalities further aggravate problems with 
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mucociliary clearance in these patients (Dunnill 1960; Erle and Sheppard 2014; Tilley et 

al. 2014).  Thus, airway cilia are an important component of human health and contribute 

to a wide array of human diseases. 

 The effects of diseased multicilia and motile cilia can also be seen in conditions 

outside of the airway.  In the brain, the status of ependymal cilia influences the 

progression of and can be a direct cause of hydrocephalus, both congenital and acquired 

(Banizs et al. 2005; Tissir et al. 2010; Ohata et al. 2014; Wang et al. 2016).  Laterality 

defects, including situs inversus and heterotaxy, can result from perturbations in fluid-flow 

across the embryonic node, for which the nodal cilia are responsible (Fliegauf et al. 2007; 

Lee and Anderson 2008).  Finally, male and female infertility may both be affected by 

defects in multicilia and motile cilia as decreased ciliary beating in the fallopian tube can 

play a role in female infertility and defective flagellar beating of the sperm has a marked 

impact on male fertility (Linck et al. 2016).  In conclusion, a surprising multitude of 

disorders have been linked with ciliary dysfunction, highlighting the necessity for future 

studies into how defective cilia contribute to pathology. 

 

1.3 Ciliary trafficking 

1.3a Ciliary membrane biogenesis 

 The recruitment and formation of the ciliary membrane is a complex process that 

was first elucidated by Sergei Sorokin in the 1960’s (Sorokin 1962; Sorokin 1968).  In an 

elegant series of EM studies of neonatal chick and mammalian tissues, Sorokin first 

hinted at the possible importance of ciliary vesicle formation in ciliogenesis.  To establish 

a ciliary vesicle, small vesicles are recruited to the distal appendage (Figure 1.4).  After a 
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series of small vesicles have attached to the distal appendage, they coalesce via 

membrane fusion events to form a larger vesicle known as the ciliary vesicle, which then 

invaginates (Yee and Reiter 2015).  Afterwards, the basal body with the ciliary vesicle 

either begins to extend an axoneme with small vesicles contributing to ciliary membrane 

growth or is transported to the apical surface where the ciliary vesicle will fuse with the 

apical cell membrane (Li et al. 2015a).  Once a basal body has docked with the apical 

cell surface, it is thought that vesicles are then targeted to the periciliary membrane region 

of the apical cell surface to promote ciliary membrane growth via lateral diffusion of 

membrane, a process potentially mediated and regulated by the transition fibers, as the 

distal appendages are referred to after basal body docking (Rohatgi and Snell 2010; 

Reiter et al. 2012; Wei et al. 2015). 

1.3b Molecular mechanisms of ciliary membrane recruitment and formation 

 The molecular events controlling membrane recruitment to the centriole and basal 

body are an area of intense study in the field.  Rab proteins are a superfamily of Ras-like 

GTPases that regulate membrane trafficking between cellular compartments (Zerial and 

McBride 2001).  With greater than 60 Rab proteins in mammals, they are well-poised to 

orchestrate membrane trafficking events as their ability to be activated and deactivated 

by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), 

respectively, provides tight spatiotemporal control over their activity (Grosshans et al. 

2006; Stenmark 2009). 

To initiate ciliary membrane formation and small vesicle recruitment to the distal 

appendage, Rab11 is known to be trafficked from the trans-Golgi network to the centriole 

via its association with the appendage proteins Odf2 and centriolin to promote Rabin8 
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centriolar recruitment (Wu et al. 2005; Knodler et al. 2010; Westlake et al. 2011; Hehnly 

et al. 2012; Vetter et al. 2015).  Rabin8 is the Rab8 GEF, which recruits and activates 

Rab8 to the centriole (Nachury et al. 2007; Yoshimura et al. 2007; Westlake et al. 2011; 

Feng et al. 2012).  Rab8 then promotes recruitment of small vesicles, presumably post-

Golgi in origin, as Rab8 localizes to the trans-Golgi network, to the distal appendage and, 

after basal body docking, will continue to facilitate membrane recruitment to the basal 

body (Huber et al. 1993; Nachury et al. 2007; Yoshimura et al. 2007; Feng et al. 2012).  

As Rab8 is an important identifier of ciliary membrane, it is not surprising that its proper 

centriolar and ciliary localization, while dependent mainly on Rabin8, is also controlled by 

the transition zone proteins Ahi1, Cc2d2a, and CEP290 (Kim et al. 2008; Hsiao et al. 

2009; Bachmann-Gagescu et al. 2015).  In addition to Rab11 and Rab8, other Rab 

proteins, such as Rab28 and Rab5, are implicated in ciliogenesis (Yoshimura et al. 2007; 

Stenmark 2009; Boehlke et al. 2010; Jensen et al. 2016).  Rab5 is particularly interesting 

due to its association with endocytic membranes, which provides an enticing link between 

ciliary membranes and endocytosis (Zerial and McBride 2001; Grosshans et al. 2006; 

Stenmark 2009).  Recently, the Eps15 homology domain (EHD) family members EHD1 

and EHD3, which are also involved in endosomal membrane trafficking, were implicated 

in the fusion of small vesicles to form the ciliary vesicle and proposed to act in parallel 

with the Rab11-Rabin8-Rab8 protein cascade (Lu et al. 2015b).  Hence, several lines of 

evidence are starting to pinpoint a role of endocytosis and the endosome recycling 

compartment in ciliogenesis.  Other than endocytosis, both the Rab11-Rabin8-Rab8 

network and Arl13b, another important regulator of ciliary membrane biogenesis, have 

been associated with multiple components of the exocyst complex, which is known to be 
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important for membrane trafficking, tethering, and remodeling events that are prevalent 

throughout ciliogenesis (Wu et al. 2005; Yoshimura et al. 2007; Das and Guo 2011; Feng 

et al. 2012; Hehnly et al. 2012; Seixas et al. 2016).   

ADP-ribosylation factor (Arf) and Arf-like (Arl) small GTPases also function in 

ciliary membrane targeting and formation (Li et al. 2012; Deretic 2013).  Particularly, Arl3, 

Arl6, Arl13b, and Arf4 have been shown to be involved in trafficking of membrane or 

membrane receptors to cilia (Li et al. 2012).  For example, Arl6/BBS3 has a role in the 

trafficking of ciliary membrane receptors as it co-migrates with and appears to regulate 

IFT in the cilium (Jin et al. 2010; Liew et al. 2014).  Of particular note, Arf4 regulates ciliary 

membrane trafficking in complex with Rab11 and a Rab11 effector FIP3, suggesting a 

synergy between Arf/Arl proteins and Rab proteins in ciliary membrane trafficking 

(Mazelova et al. 2009; Wang et al. 2012; Deretic 2013; Sung and Leroux 2013; Vetter et 

al. 2015).  Finally, Arl13b is a well-known ciliary membrane protein that is mutated in 

Joubert syndrome (Cantagrel et al. 2008; Li et al. 2012).  Consistent with this, Arl13b 

knockout (KO) mice display phenotypes similar to those seen in patients with Joubert 

syndrome (Caspary et al. 2007).  Arl13b has been demonstrated to be involved in multiple 

steps of ciliogenesis from regulating ciliary membrane length to the correct transport of 

ciliary membrane receptors (Cevik et al. 2010; Humbert et al. 2012; Cevik et al. 2013; Lu 

et al. 2015a; Seixas et al. 2016).  Clearly, this complex network of membrane trafficking 

that promotes cilia formation is an exciting and understudied area that is critically 

important to understanding ciliogenesis and the progession of ciliopathies. 
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1.3c Intraflagellar transport 

IFT is the bidirectional transport system that moves cargo proteins along the cilium 

(Rosenbaum and Witman 2002; Scholey 2003; Scholey 2008).  First discovered in C. 

reinhardtii, IFT is essential for ciliary growth, structure, and maintenance through the 

delivery of tubulins and other axonemal components to their sites of incorporation within 

the ciliary compartment (Kozminski et al. 1993; Deane et al. 2001; Rosenbaum and 

Witman 2002).  With more than 20 core protein subunits, two major IFT sub-complexes 

have been identified: the (1) IFT-B and (2) IFT-A sub-complexes (Taschner et al. 2012; 

Bhogaraju et al. 2013).  IFT-B is thought to mediate anterograde transport in association 

with kinesin motors while IFT-A is implicated in retrograde transport via dynein motors.  

To prevent collisions between these anterograde and retrograde IFT trains, anterograde 

IFT particles move on the B-tubule while retrograde IFT particles employ the A-tubule for 

transport (Stepanek and Pigino 2016).  Besides the requisite association of IFT proteins 

with kinesin and dynein motors, IFT particles associate and co-migrate with the BBSome 

along cilia (Wei et al. 2012; Zhang et al. 2012; Sung and Leroux 2013; Williams et al. 

2014).  Originally identified as mutated in BBS and through tandem-affinity purification 

experiments with BBS4, the BBSome is an octameric complex that consists of eight 

conserved BBS proteins and has been proposed to regulate the assembly, 

rearrangement, and turnaround of IFT particles at both the ciliary base and tip (Ansley et 

al. 2003; Nachury et al. 2007; Nachury 2008; Jin and Nachury 2009; Zaghloul and 

Katsanis 2009; Wei et al. 2012; Williams et al. 2014).  Interestingly, the BBSome also has 

been shown to interact with Rabin8, which suggests a mechanistic link between ciliary 

membrane biogenesis and IFT (Nachury et al. 2007; Jin et al. 2010).  Taken together, the 
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building of a ciliary axoneme is a complicated cellular trafficking process in which a 

multitude of protein networks must precisely coordinate to ensure faithful ciliogenesis at 

each point. 

 

1.4 Centriolar maturation 

1.4a Subdistal appendage 

 The appendage structures of centrioles are an important marker of centriolar 

maturation (Figure 1.5) (Bettencourt-Dias and Glover 2007; Gonczy 2012).  The more 

proximal of the two appendages is the subdistal appendage, whose main function, despite 

being dispensable for ciliogenesis, is to connect the basal body with the microtubule 

network (Quintyne et al. 1999; Mogensen et al. 2000; Dammermann and Merdes 2002; 

Delgehyr et al. 2005; Guarguaglini et al. 2005; Kunimoto et al. 2012).  While the exact 

composition of the subdistal appendage is a mystery, recent work by Mazo and 

colleagues elucidated two protein groups that make up the subdistal appendage: the 1) 

Odf2 and 2) ninein groups (Mazo et al. 2016).  The Odf2 group consists of Odf2, CEP128, 

and centriolin while the ninein group consists of ninein, CEP170, Kif2a, and the 

p150glued/dynactin complex.  Through CRISPR/Cas9 gene editing techniques in human 

retinal pigment epithelial 1 (RPE1) cells and RNAi-mediated knockdown (KD) in HeLa 

cells, the same group proposed that Odf2, CEP128, centriolin, and ninein are recruited in 

this sequential order and then ninein recruits the rest of its protein group constituents to 

form the subdistal appendage.  Interestingly, several similarities in functionality and 

composition exist between the subdistal appendages and the basal feet; however, nine 

subdistal appendages extend radially from the basal body whereas only one or two basal 
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feet extend from the basal body (Bettencourt-Dias and Glover 2007; Bettencourt-Dias et 

al. 2011; Gonczy 2012).  Moreover, Odf2, a protein common to both subdistal 

appendages and basal feet, appears to function slightly differently in each context as it is 

important for appendage assembly at the subdistal appendage and for proper basal body 

polarization at the basal foot (Ishikawa et al. 2005; Kunimoto et al. 2012).  Thus, although 

recent studies have shed light on the composition and function of the subdistal 

appendage, further work is needed to understand its role in ciliogenesis. 

1.4b Distal appendage 

 In comparison to the subdistal appendage, which is the more proximal appendage 

structure, the distal appendage has been more extensively studied, particularly in primary 

ciliogenesis (Figure 1.5) (Graser et al. 2007; Schmidt et al. 2012; Joo et al. 2013; 

Sillibourne et al. 2013; Tanos et al. 2013; Ye et al. 2014).  Emanating from the B-tubules 

of mature centrioles or basal bodies, the distal appendages, or transition fibers as they 

are known at the ciliary base, are nine fibrous radial extensions that anchor the basal 

body to the apical cell membrane and are indispensable for ciliogenesis (Reiter et al. 

2012; Wei et al. 2015).  As a central structure to ciliogenesis, stable isotope labeling by 

amino acids in cell culture (SILAC) mass spectrometry was employed to identify the core 

distal appendage protein module, which includes: 1) CEP83/CCDC41, 2) 

CEP89/CEP123, 3) SCLT1, 4) FBF1, and 5) CEP164 (Tanos et al. 2013).    These 

proteins are sequentially recruited to the distal appendage as CEP83 recruits both SCLT1 

and CEP89 and SCLT1 then recruits FBF1 and CEP164.  Odf2 and C2cd3 are two 

upstream proteins of this core distal appendage protein unit and therefore are required 

for distal appendage assembly (Ishikawa et al. 2005; Ye et al. 2014).  It is particularly 
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interesting that Odf2 is required for both subdistal and distal appendage formation, 

suggesting that it may coordinate the behaviors of the two appendage structures.  

However, more work is needed to discern the exact role of Odf2 in both contexts. 

 The distal appendage plays a crucial role in vesicle docking during ciliogenesis.  

Many constituents of the core protein unit, including CEP83, CEP89, and CEP164, are 

necessary for small vesicle recruitment, ciliary vesicle formation, and basal body docking 

in primary cilia formation (Schmidt et al. 2012; Joo et al. 2013; Sillibourne et al. 2013).  

However, to achieve these and other functions, these distal appendage proteins have 

several downstream effectors, including Tau-tubulin kinase 2 (TTBK2) and Chibby1 

(Cby1) (Wei et al. 2015).  Additionally, distal appendage proteins coordinate with the 

Rab11-Rabin8-Rab8 protein cascade to promote ciliary vesicle formation and basal body 

docking (Reiter et al. 2012). 

The cilium is a privileged domain from the rest of the cellular space; nonetheless, 

trafficking from the cytoplasm to the cilium and vice versa readily occurs.  To both 

maintain the ciliary compartment as distinct from the cytoplasm but ensure ease of 

transport for ciliary proteins, which can be >100 kDa, the existence of a ciliary pore 

complex, very much akin to the nuclear pore complex, has been speculated (Nachury et 

al. 2010; Wei et al. 2015).  As the transition fibers are structures that help to demarcate 

the basal body and axonemal components of cilia, they are proposed to be the ciliary 

pore complex (Reiter et al. 2012; Wei et al. 2015).  Furthermore, the transition fibers in 

conjunction with the transition zone have been suggested to make up a ciliary gate 

complex that helps to select for entry and exit of ciliary proteins.  While certain lines of 

evidence support these notions, such as the discovery of ciliary localization signals 
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(Mazelova et al. 2009), it is still unclear if these functionalities can be ascribed to the 

transition fibers and will be the subject of future investigations. 

1.4c Chibby1, a distal appendage effector protein 

 Chibby1 (Cby1) is a small 15-kDa coiled-coil protein that was originally identified 

in a screen utilizing the yeast Ras recruitment system for cofactors of the C-terminus of 

β-catenin (Takemaru et al. 2003).  This initial report of Cby1 showed that the functional 

consequences of the interaction between Cby1 and β-catenin were to compete with and 

thus block Lef1 binding of β-catenin, preventing β-catenin-mediated transcriptional 

activation.  Additional work has demonstrated that Cby1 regulates β-catenin activity by 

facilitating the nuclear export of β-catenin via interactions with 14-3-3 proteins (Li et al. 

2008; Takemaru et al. 2009; Li et al. 2010; Killoran et al. 2015).  This dual inhibition of β-

catenin by Cby1 results in the promotion of adipocyte differentiation and amelioration of 

the tumorigenic effect of β-catenin (Li et al. 2007; Li et al. 2008; Takemaru et al. 2009; Li 

et al. 2010). 

 While initially discovered as a Wnt/β-catenin antagonist, Cby1 was surprisingly 

found to play a major role in ciliogenesis upon creation of the Cby1 KO mouse (Takemaru 

et al. 2003; Voronina et al. 2009).  Excitingly, Cby1 KO mice displayed chronic sinusitis 

and rhinitis, polycystic kidneys, pancreatic degeneration, sub-fertility, and hydrocephalus 

and polydactyly at low frequency (Voronina et al. 2009; Lee et al. 2014).  It should be 

noted that a portion of Cby1 KO mice die prior to weaning; however, with the use of a 

special diet, Cby1 KO mice can survive to adulthood without gross abnormalities, except 

for polydactyly and hydrocephalus at low frequency.  These phenotypes were found to be 

caused by loss of both primary and motile cilia (Voronina et al. 2009; Steere et al. 2012; 
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Burke et al. 2014; Lee et al. 2014).  Further investigation revealed that Cby1 localized 

solely to the mother centriole, which suggested that it might be an appendage protein 

(Steere et al. 2012). 

 Analysis by transmission EM (TEM) of Cby1 KO trachea uncovered roles for Cby1 

in basal body docking and ciliary vesicle formation (Voronina et al. 2009; Burke et al. 

2014).  Consistent with these roles and the specific localization to the mother centriole, 

super-resolution structured illumination microscopy (SIM) revealed that Cby1 makes a 

ring pattern, characteristic of transition fiber proteins, that is more apical and narrower 

than CEP164 rings (Burke et al. 2014).  Immuno-EM for Cby1 confirmed that it indeed 

does reside at the distal appendages/transition fibers (Burke et al. 2014).  Bolstering the 

notion that Cby1 is a bona fide distal appendage/transition fiber effector protein, Cby1 

binds and is recruited by the distal appendage protein CEP164 (Burke et al. 2014). 

In an effort to further elucidate Cby1 function in ciliogenesis, tandem-affinity 

purification of Cby1 binding partners followed by mass spectrometry was performed and 

identified the membrane-binding BAR-domain containing proteins family with sequence 

similarity 92, members A and B (FAM92A and 92B) as Cby1 interactors (Li et al. 2016b).  

FAM92A and 92B also co-localize with Cby1 in ring structures at the ciliary base upon 

SIM imaging (Li et al. 2016b).  Intriguingly, co-expression of FAM92 proteins and Cby1 

induces Rab8-positive tubules, implying that FAM92A and 92B cooperate with Cby1 to 

remodel Rab8-positive membranes (Li et al. 2016b).  Taken together, this data suggests 

that FAM92A and 92B may also be distal appendage/transition fiber effector proteins that 

could potentially facilitate ciliary vesicle formation through their membrane remodeling 

activities. 
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1.4d CEP164, the first identified genuine distal appendage protein 

 Centrosomal protein of 164 kDa (CEP164) was originally identified as a centriolar 

protein in a proteomic analysis of the human centrosome using mass spectrometry 

(Andersen et al. 2003).  Subsequently, CEP164 was uncovered as a novel regulator of 

primary cilia formation in an small-interfering RNA (siRNA) KD screen of centrosomal 

proteins (Graser et al. 2007).  In the same study, the production of a validated antibody 

against CEP164 as well as immuno-EM analysis indicated that CEP164 is a distal 

appendage protein, making it the first identified distal appendage protein.  Since this initial 

report, SILAC mass spectrometry experiments have confirmed and extended these data 

to indicate that CEP164 is a core distal appendage protein (see section 1.4b Distal 

appendage) (Tanos et al. 2013). 

As the first protein recognized as a distal appendage component, CEP164 was 

also the first appendage protein implicated in small vesicle docking to the basal body in 

serum-starved CEP164 KD RPE1 cells (Schmidt et al. 2012).  To mediate the attachment 

of these small vesicles, the C-terminus of CEP164 is the centriolar localization domain 

and recruits Rabin8 via direct protein-protein interactions (Schmidt et al. 2012).  In line 

with its function in ciliary vesicle formation, Cby1 is then recruited to the basal body by 

CEP164 and stabilizes this CEP164-Rabin8 interaction to promote Rab8 and small 

vesicle recruitment (Burke et al. 2014).  In this manner, CEP164 harnesses the Rab11-

Rabin8-Rab8 pathway to facilitate primary ciliogenesis. 

Highlighting these and other potential roles in cilia formation, mutations in the 

CEP164 gene are linked with two ciliopathies, NPHP and BBS (Chaki et al. 2012; Maria 

et al. 2016).  The initial mutation was discovered through whole-exome resequencing 
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followed by homozygosity mapping of a Saudi family with a child with Leber congenital 

amaurosis, which is linked to genes mutated in NPHP (Chaki et al. 2012).  This patient 

was found to have a homozygous point mutation that removed a termination codon, 

extending the open reading frame by 57 amino acid residues.  Additional sequencing of 

families affected by NPHP identified three recessive point mutations in the CEP164 gene, 

implicating it as a NPHP-associated disease gene and giving it the additional designation 

of NPHP15.  A recent report that performed whole-exome sequencing followed by 

homozygosity mapping of a Pakistani family with a BBS-like disorder described a 

missense mutation in the CEP164 gene, extending the genes associated with BBS to 

further include CEP164 (Maria et al. 2016).  A key point of both studies is the broad clinical 

phenotypes displayed by the patients with CEP164 mutations, indicating its importance 

to human biology and that further mutations in the CEP164 gene are still yet to be found. 

Beyond its role in cilia, CEP164 has also been shown to be important for the DNA 

damage response and G2/M checkpoint (Sivasubramaniam et al. 2008; Schmidt et al. 

2012; Slaats et al. 2014).  Consistent with this, CEP164 KD was associated with cell cycle 

defects, accumulations of DNA lesions, proliferation defects, and increases in apoptosis, 

all of which were proposed to partly underlie NPHP pathogenesis in those patients with 

CEP164 mutations (Sivasubramaniam et al. 2008; Chaki et al. 2012; Slaats et al. 2014).  

However, a recent report of a CEP164 KO cell line has both confirmed a role for CEP164 

in primary ciliogenesis but called into question its role in regulating the DNA damage 

response and the cell cycle (Daly et al. 2016).  Thus, further elucidation is still needed to 

investigate the role of CEP164 in physiology and development to appreciate its cellular 

function and contribution to human pathology. 
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1.4e New roles for the distal appendage proteins CEP164 and Chibby1 

  In the present study, I have discerned novel functions for the distal appendage 

protein CEP164 and its effector and interactor Cby1 in multiciliated cells through the use 

of mouse models.  First, I elucidate a role for Cby1 in the maintenance of ciliary 

morphology and in the regulation of IFT processes through examination of Cby1 KO 

ciliated cells.  Then, I establish a novel conditional mouse model for CEP164, which 

displays phenotypes similar to those observed in PCD, and extend findings from primary 

cilia to multicilia while also detecting unique differences between the two systems.  Of 

importance, CEP164 is known to regulate vesicle docking in primary cilia and maintains 

that role in multicilia, yet it differentially regulates access of ciliary membrane proteins to 

the ciliary membrane compartment.  In summary, the distal appendages, or transition 

fibers, are a critical nexus in both primary and multicilia and only through studies, such as 

the present, can we appreciate their importance to ciliary biology as well as human health 

and disease. 
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Figure 1.1: Ciliary ultrastructure. 
A ciliary axoneme is nucleated from a basal body (BB), which is made of nine microtubule 
triplets.  The transition fibers that emanate radially from the B-tubule attach the basal body 
to the apical cell surface.  Distal to the transition fibers, the transition zone (TZ) contains 
Y-linkers that connect the microtubule doublets of the axoneme to the ciliary membrane.  
The rest of the axoneme is composed of a doublet zone (DZ) and a singlet zone (SZ).  
The doublet zone contains either a 9+0 or 9+2 microtubule doublet arrangement while 
the singlet zone contains either a 9+0 or 9+2 microtubule singlet arrangement.  Shown 
here is a motile cilium as it has a 9+2 microtubule arrangement.  At the distal tip of the 
ciliary axoneme, a capping complex mediates the rearrangement of the intraflagellar 
transport (IFT) trains from the anterograde to retrograde particles. 
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Figure 1.2: Multiciliogenesis. 
Multiciliated cells initially form fibrogranular structures called deuterosomes (step 1) to 
allow for a majority of centriole duplication (step 2a).  A small fraction of centriole 
amplification comes from direct replication of the existing centrioles (step 2b).  After 
centriole duplication occurs, small vesicles, thought to be post-Golgi in origin, will dock to 
the distal appendage (step 3) and then eventually coalesce to form the ciliary vesicle (step 
4).  After ciliary vesicle formation, the basal body, as a centriole is referred to now, then 
migrates to and docks with the apical cell surface (step 5).  Finally, intraflagellar transport 
processes allow axonemal extension to occur (step 6). 
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Figure 1.3: Transcriptional network regulating multiciliogenesis. 
The hierarchy of transcription factors that govern multiciliogenesis is shown to the left of 
the dashed line.  The steps that these transcription factors regulate are shown to the right 
of the dashed line with the individual transcription factors that control each step listed 
below in blue.  GemC1 and Multicilin in complex with E2F transcription factors 
(Multicilin:E2F) control commitment to a multiciliated cell fate and expression of all 
downstream transcription factors.  TAp73 also controls all downstream effectors along 
with the centriole amplification, basal body migration and docking, and axoneme 
elongation steps.  Myb promotes expression of RFX factors and FOXJ1 and primarily 
regulates centriole ampliciation along with cyclin O.  The core unit of TAp73, RFX2/RFX3, 
and FOXJ1 then regulates both basal body migration and docking as well as axoneme 
elongation.  As made clear in this diagram, FOXJ1 is the main driver of all steps of 
multiciliogenesis after centriole duplication events. 
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Figure 1.4: Ciliary vesicle formation. 
(A) A series of electron micrographs of rat lungs that show the recruitment of small 
vesicles to the distal appendage followed by formation of the ciliary vesicle and flattening 
of the ciliary vesicle in primary ciliogenesis.  These images are adapted from (Sorokin 
1968).  (B) Ciliary vesicle formation starts with the recruitment of EHD proteins and the 
small GTPase Rab11 on presumably post-Golgi vesicles, which associate with the distal 
appendage.  Rab11 then recruits and activates the Rab8 GEF Rabin8.  Rabin8 then 
recruits and activates Rab8, which facilitates further small vesicle transport to the distal 
appendage and subsequent ciliary vesicle formation. 
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Figure 1.5: Subdistal and distal appendage formation. 
The subdistal (sDA) and distal (DA) appendages decorate the distal end of a mature 
centriole.  To form the subdistal appendage, Odf2 is recruited first, which, in turn, leads 
to the sequential recruitment of CEP128, centriolin, and ninein.  Odf2, CEP128, and 
centriolin are thought to compose an Odf2 protein module (purple).  After ninein is 
recruited to the subdistal appendage, it will then facilitate transport of CEP170, Kif2a, and 
the p150glued/dynactin complex, which together with ninein compose the ninein protein 
module (magenta).  Distal appendage assembly, on the other hand, starts with CEP83, 
which recruits CEP89 and SCLT1.  The latter then is responsible for FBF1 and CEP164 
recruitment.  CEP83, CEP89, SCLT1, FBF1, and CEP164 make up a core distal 
appendage protein unit.  Downstream effectors that bind and are recruited by CEP164 
include Cby1, FAM92A, FAM92B, and TTBK2. 
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Chapter 2: Chibby1 maintains ciliary morphology through regulation 

of intraflagellar transport particles in airway ciliated cells 

Parts and data of the following chapter have been reproduced from (Siller SS, et al. 2015). 

2.1 Introduction 

Despite a wide range of phenotypes observed in the Cby1 KO mouse, the major 

effects of Cby1 loss are found in the upper airways and lungs (Voronina et al. 2009; Love 

et al. 2010; Burke et al. 2014).  Histological examination of Cby1 KO tissues shows signs 

of sinusitis and otitis media (Voronina et al. 2009).  In agreement with this finding, when 

challenged with Pseudomonas aeruginosa, an infectious pathogen found in CF and PCD 

patients, bacterial debris and mucus are evident in Cby1 KO sinus (Voronina et al. 2009).  

Surprisingly, though, both Cby1 wild type (WT) and KO mice effectively clear the bacteria 

from their lungs.  However, Cby1 KO mice do have perturbed mucociliary transport.  

Furthermore, despite appearing normal at birth, Cby1 KO lungs progressively 

demonstrate enlarged alveolar sacs, as represented by an increased distance between 

alveolar walls, and increased airway luminal area, which are suggestive of certain aspects 

of the morphological changes observed in bronchiectasis (Love et al. 2010).  Collectively, 

these phenotypes reflect many of the pathologies seen in PCD and CF patients, including 

the chronic sinusitis and otitis media, the impaired mucociliary transport, and 

bronchiectasis. 

Analysis via histology, IF, and electron microscopy (EM) of airway tissue and 

primary cultures of mouse tracheal epithelial cells (MTECs) revealed that Cby1 KO mice 

have a dramatic reduction in airway cilia, providing insight into how the absence of Cby1 

leads to PCD phenotypes (Voronina et al. 2009; Love et al. 2010; Steere et al. 2012; 
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Burke et al. 2014).  Importantly, Cby1 function in ciliogenesis is evolutionarily conserved 

as reports in both D. melanogaster and X. laevis find ciliary defects upon Cby1 loss 

(Enjolras et al. 2012; Shi et al. 2014).  To further understand the role of Cby1 in airway 

ciliated cell differentiation, localization studies determined that Cby1 is expressed in 

cytoplasmic foci, similar to that seen for other centriolar proteins, in early differentiation 

stages and in close association with basal bodies during their migration and docking to 

the cell surface in later stages (Love et al. 2010; Burke et al. 2014).  As the axoneme 

extends and is maintained via IFT processes (discussed in section 1.3c Intraflagellar 

transport), Cby1 is then found at the distal transition fibers/proximal transition zone and 

persists at this location after ciliogenesis is complete in fully differentiated ciliated cells 

(Love et al. 2010; Enjolras et al. 2012; Steere et al. 2012; Burke et al. 2014; Lee et al. 

2014; Shi et al. 2014).  The expression of Cby1 during airway ciliated cell differentiation 

is known to facilitate ciliary vesicle formation by stabilizing a CEP164-Rabin8 interaction 

(Burke et al. 2014).  On the other hand, a role for Cby1 during later stages of differentiation 

or in maintenance of airway ciliated cells, when it continues to reside at the ciliary base, 

remains to be elucidated. 

Here, I report that Cby1 functions to maintain proper ciliary structure and 

morphology through the regulation of IFT particle localization along cilia.  Cby1 KO airway 

ciliated cells develop a fraction of cilia with a paddle-like morphology and a dilated ciliary 

tip in vitro.  I show that the IFT-B protein IFT88 accumulates within these tip distortions in 

both primary and multicilia.  Additionally, I demonstrate that the other IFT-B proteins 

IFT20 and IFT57 accumulate with IFT88 at the ciliary tip while the IFT-A protein IFT140 

and the BBSome component BBS5 do not.  These findings indicate that Cby1 plays an 



 

 
 

37 

integral role in the modulation of IFT protein localization and ciliary structure.  Taken 

together with the predominant localization of Cby1 at the ciliary base, I propose that Cby1 

is involved in proper IFT particle assembly at the ciliary base.  Hence, loss of Cby1 would 

affect IFT particle composition, which leads to defects in IFT particle rearrangement at 

the ciliary tip and the abnormal ciliary morphology observed in Cby1 KO airway ciliated 

cells.  These ciliary tip dilations then contribute to the PCD phenotypes observed in Cby1 

KO mice via the hindrance of mucociliary transport. 

 

2.2 Materials and methods 

2.2a Mouse strains 

The generation of Cby1 KO mice has been previously described (Voronina et al. 

2009).  Cby1 WT or KO mice were obtained by intercrossing Cby1 heterozygous mice on 

a mixed C57BL/6J and 129/SvJ background.  Genotyping was conducted with PCR 

analysis using published primer sequences.  For PCR analysis, tails were digested with 

Proteinase K (10 mg/mL) and 10X ThermoPol buffer (New England Biolabs, B9004S) in 

distilled water at 55oC overnight and then heat-inactivated at 95oC.  After digestion, 

genomic tail DNA is then mixed with primer mix (10 pmol/µL for each primer), 2X Taq 

master mix (Promega, M7123), and distilled water.  This mixture is then subjected to 35 

cycles of 1 min at 95oC, 1.5 min at 55oC, and 2 min at 72oC in a thermocycler and held at 

4oC until electrophoresed. 
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2.2b Ethics statement 

All mice were handled in accordance with NIH guidelines, and all protocols were 

approved by the Institutional Animal Care and Use Committee (IACUC) of Stony Brook 

University (#2010-1393). 

2.2c Plasmids and reagents 

The lentiviral expression construct for FLAG-hCby1 has been previously described 

(Burke et al. 2014).  Briefly, a cDNA encoding for FLAG-hCby1 was subcloned into a 2nd 

generation lentiviral transfer vector pEF1α-IRES-EGFP (gift from Dr. I. Lemischka, Mount 

Sinai Medical Center).  All chemicals were purchased from Sigma-Aldrich unless 

otherwise noted. 

2.2d Lenviral production 

Sub-confluent HEK293T cells were transiently transfected with the FLAG-hCby1 

construct, VSV-G envelope plasmid (Addgene), and the pMDLg/pRRE packaging 

plasmid (Addgene) in a 1:1:1 ratio utilizing polyethylenimine (PEI) standard transfection 

protocols.  Viral media was then collected 48, 72, and 96 hours post-transfection and 

sterile filtered. 

2.2e Preparation of primary culture of mouse tracheal epithelial cells 

Primary cultures of mouse tracheal epithelial cells (MTECs) were prepared as 

previously described (Figure 2.1) (You et al. 2002; Vladar and Stearns 2007; Vladar and 

Brody 2013).  6-week- to 6-month-old Cby1 WT or KO mice were euthanized by CO2 

asphyxiation.  Tracheas from these mice were then freshly dissected from the thyroid 

cartilage to the bifurcation of the bronchi, using sterile technique, and placed in ice-cold 

Ham’s F-12 media (Cellgro, 10-080-CV).  These tracheas were cleaned of muscle, fascia, 
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and debris in Ham’s F-12 media in a tissue culture hood, bisected longitudinally, and 

incubated overnight at 4oC with 2 mL/5 tracheas of sterile filtered 1.5 mg/mL pronase 

(Roche, 10165921001) in Ham’s F-12 media plus 100 U/mL penicillin/streptomycin (P/S; 

Corning, 30-002-CI). 

Tracheal epithelial cells were then isolated by adding 10% fetal bovine serum 

(FBS) (Sigma, F2442) to the tracheas and gently inverting the tube with the tracheas 15-

20 times.   Tracheas were transferred to another tube with 4 mL of cold Ham’s F-12 media 

with 10% FBS and 100 U/mL P/S, which was again gently inverted 15-20 times.  This 

process was repeated twice more.  Tracheas were then discarded, and the media was 

pooled and spun at 1,200 rpm for 10 min at 4oC.  Afterwards, the supernantant was 

aspirated, and the pelleted cells were resuspended in 200 µL DNase solution (0.5 mg/mL 

crude pancreatic DNase I [Sigma, DN-25] in Ham’s F-12 plus 100 U/mL P/S and 10 

mg/mL bovine serum albumin [BSA] stock, consisting of BSA [Fisher, BP-1605-100] and 

Hank’s Balanced Salt Solution [HBSS] without Ca2+ and Mg2+ [Sigma, H9394]) to remove 

genomic DNA contamination.  After a 5 min incubation with the DNase solution on ice, 

the cells were spun again at 1,200 rpm for 10 min at 4oC.  The pelleted cells were then 

resuspended with MTEC Basic solution plus 10% FBS and placed at 37oC with 5% CO2 

for 3 to 4 hrs to allow fibroblasts to settle and attach to the Primaria culture dish (Falcon).  

MTEC Basic solution consisted of Dulbecco’s Modified Eagle’s Medium (DMEM)/Ham’s 

F-12 media (Cellgro, 15-090-CM) with 15 mM HEPES (Gibco, 15630-080), 4 mM 

glutamine (Gibco, 25-030-149), 0.03% sodium bicarbonate (Sigma, S8761), 2.5 µg/mL 

fungizone (Gibco, 15290-018), and 100 U/mL P/S. 
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  After 3 to 4 hrs, the media were collected, and the culture dish washed twice with 

MTEC Basic media plus 10% FBS.  The pooled media were spun down at 1,200 rpm for 

10 min at 4oC.  The isolated tracheal epithelial cells from 4 tracheas were then seeded 

onto 12 collagen-coated Transwell permeable membranes made of either polycarbonate 

or polyester (6.5 mm insert, 0.4-µm pore size; Corning-Costar, 3413).  The membranes 

were incubated with filtered collagen coating solution (rat tail collagen, type I [Corning, 

354236] diluted to 50 µg/mL in 0.02 N acetic acid) overnight under ultraviolet light, allowed 

to air-dry for 5 min, and then washed 3X with phosphate-buffered saline (PBS), pH 7.4.  

The number of membranes seeded was changed based on the above ratios depending 

on the initial number of pooled tracheas.  Finally, the seeded cultures were allowed to 

proliferate in MTEC Plus media with 10-8 M retinoic acid (RA) in both the apical and basal 

chambers of the Transwell.  MTEC Plus media consisted of MTEC Basic media with 10 

µg/mL insulin (Sigma, I-6634), 5 µg/mL human transferrin (Sigma, T-1147), 25 ng/mL 

epidermal growth factor (EGF) (BD Biosciences, 354001), 0.1 µg/mL cholera toxin 

(Sigma, C-8052), 30 µg/mL bovine pituitary extract (BPE) (Sigma, P1167), and 5% FBS.  

For lentiviral infection, collected viral media were added with MTEC Plus media 

supplemented with RA at a 1:1 ratio in the apical chamber for the first 48 hrs after seeding.  

Fresh media and virus were provided after the first 24 hrs of infection.  Upon achieving 

confluency, an air-liquid interface (ALI) was established and maintained with 2% 

NuSerum media (MTEC Basic media and NuSerum [BD Biosciences, 355100, or 

Corning, 355500] with RA provided only in the basal chamber of the Transwell.  The day 

that an ALI was created was considered ALI day 0 (ALId0).  In this chapter, MTECs were 

maintained until ALId21  unless otherwise noted with a PBS wash and media change 
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every other day (in Chapter 4, MTECs were maintained until ALId14 unless otherwise 

noted). 

2.2f Preparation of primary cultures of mouse embryonic fibroblasts 

Primary cultures of Cby1 WT and KO mouse embryonic fibroblasts (MEFs) were 

prepared from mouse embryos between embryonic days 12.5 and 14.5, as described 

previously (Li et al. 2007).  Briefly, the uteri of pregnant Cby1 heterozygous females were 

dissected with sterile technique in sterile PBS.  Under a tissue culture hood, embryos 

were isolated in PBS, and the head, heart, and liver removed.  The head was used for 

genotyping analysis.  The remaining embryos were minced and incubated with 0.05% 

trypsin-EDTA (Invitrogen) for 20 min at 37oC in 5% CO2.  The mixture was then passed 

through a syringe and needle to create a single-cell suspension.  MEFs were then 

propagated in DMEM supplemented with 10% FBS (Denville Scientific) and 100 U/mL 

P/S.  To induce ciliogenesis, MEFs seeded on coverslips in a 24-well tissue culture plate 

were serum-starved for 48 hrs after reaching confluency. 

2.2g Western blotting 

Western blotting was performed on Cby1 WT and KO AId21 MTEC lysates as 

previously described (Burke et al. 2014).  Lysates were generated by washing MTEC 

cultures with PBS and lysing with SDS buffer, which consisted of 100 mM Tris-HCl, pH 

6.8, 4% sodium dodecyl sulfate (SDS), 0.2% bromophenol blue, 20% glycerol, and 200 

mM β-mercaptoethanol.  These samples were then boiled at 95°C for 5 min, and SDS 

polyacrylamide gel electrophoresis was performed.  The electrophoresed proteins were 

then transferred to nitrocellulose membranes (Bio-Rad).  These membranes were then 

washed with Tris-buffered saline with 0.1% Tween-20 (TBS-T) 3X for 5 min each and 
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incubated with 5% milk for 1 hr, primary antibodies in milk for 1 hr, and horseradish 

peroxidase (HRP)-conjugated secondary antibodies in milk for 1 hr.  Three 5 min PBS 

washes were performed before and after the secondary antibody incubation.  All 

incubations and washes were at room temperature with agitation.  Protein bands were 

visualized with chemiluminescent substrates and HyBlot CL films (Denville) that were 

developed by a Konica Medical Film Processor SRX-101A.  The primary antibodies used 

were the following: rabbit anti-IFT88 (Proteintech) and mouse anti-GAPDH (Biodesign 

International). 

2.2h Immunofluorescence staining 

ALId21, unless otherwise noted, MTEC membranes or MEFs were washed with 

PBS and fixed with ice-cold methanol-acetone (used 1:1) at 4oC for 20 min.  Membranes 

were then washed 3X for 5 min in PBS, cut into quarters, and stored in PBS with 0.01% 

sodium azide.  Samples were blocked and permeabilized with 5% goat serum in antibody 

solution (PBS with 0.2% Triton X-100 and 5% BSA) for 1 hr at room temperature.  Primary 

antibodies were incubated in antibody solution overnight at 4oC at dilutions specified in 

section 2.2i Antibodies for immunofluorescence staining.  After 3X PBS washes for 5 min 

each at room temperature, samples were blocked and permeabilized again in antibody 

solution for 1 hr at room temperature, followed by secondary antibody incubation for 1 hr 

at room temperature.  All secondary antibodies were diluted with antibody solution and 

used at a dilution of 1:250.  MTEC membranes were then washed with PBS 3X for 5 min 

each at room temperature and counterstained for 2 min with DAPI, followed by two 5 min 

PBS washes and a PBS rinse at room temperature.  Samples were then mounted with 

Fluoromount-G (SouthernBiotech).  
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2.2i Antibodies for immunofluorescence staining 

The primary antibodies used were:  rabbit anti-IFT88 (1:250; Proteintech), mouse 

anti-IFT88 (1:250; Proteintech), rabbit anti-IFT20 (1:250; gift from G. Pazour, University 

of Massachusetts Medical School, Worcester, MA), rabbit anti-IFT57 (1:500; Proteintech), 

rabbit anti-IFT140 (1:500; Proteintech), rabbit anti-BBS4 (1:500; gift from M. Nachury, 

Stanford University, Palo Alto, CA), rabbit anti-BBS5 (1:200; Proteintech), mouse anti-

Cby1 27-11 (1:300; in-house) (Cyge et al. 2011), mouse anti-acetylated α-tubulin (A-tub) 

(1:1000; Sigma-Aldrich).  The secondary antibodies used were: DyLight 488-conjugated 

goat anti-rabbit IgG (Vector Laboratories), DyLight 549-conjugated goat anti-mouse IgG 

(Jackson ImmunoResearch), DyLight 549-conjugated goat anti-rabbit IgG (Vector 

Laboratories), Alexa Fluor 647-conjugated goat anti-mouse IgG2b (Invitrogen), Alexa 

Fluor 488-conjugated goat anti-mouse IgG (Invitrogen). 

2.2j Fluorescence microscopy 

Epifluorescence images of MEFs were taken on a Leica DMI6000B 

epifluorescence microscope with an HCX PL Fluotar 100X/1.3 NA oil objective equipped 

with a DFC300FX camera.  Confocal images were obtained on a Zeiss LSM Meta 510 

laser scanning confocal microscope with a 63X/1.4 NA objective or a Leica SP5 or SP8X 

with a tunable white light laser (WLL) confocal microscope on a HC PL APO 100X/1.4 NA 

oil objective.  For SIM imaging, MTECs were imaged using a Nikon N-SIM with a 

100x/1.49 NA objective equipped with an Andor iXon3 897 EMCCD camera.  All confocal 

and SIM images were analyzed with LSM Image Browser (Carl Zeiss), Leica Application 

Suite X, or Nikon Elements (Nikon) and further processed using Adobe Photoshop and 

Illustrator. 
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2.2k Scanning electron microscopy 

Scanning EM (SEM) was performed as previously described (Voronina et al. 2009; 

Love et al. 2010; Burke et al. 2014).  Briefly, ALId21 MTEC membranes were fixed with 

filtered 2% EM grade paraformaldehyde (PFA) (Sigma) and 2% glutaraldehyde in PBS 

and then dehydrated in a graded ethanol series to 100%.  After dehydration, samples 

were processed through a graded series of ethanol-hexamethyldisilazane (HMDS; 

Electron Microscopy Sciences) to 100% HMDS.  Preparations were then air-dried, 

mounted on scanning EM stubs, and sputter coated with gold prior to imaging with a 

scanning electron microscope (LEO1550; Carl Zeiss).  Images were analyzed and 

processed with Adobe Photoshop and Illustrator as described above. 

2.2l Statistical analysis 

Two-tailed Student’s t-tests were used for quantification analysis as indicated, and 

p<0.05 was considered significant. 

 

2.3 Results 

2.3a Loss of Cby1 leads to dilated distal tips of cilia in airway ciliated cells 

  To investigate the effect of loss of Cby1 on mature airway cilia, I exploited the well-

established MTEC primary culture system (You et al. 2002; Vladar and Stearns 2007; 

Hoh et al. 2012; Vladar and Brody 2013).  To generate primary cultures of MTECs, 

isolated tracheal cells were seeded at low density onto a semipermeable, collagen-coated 

membrane and subsequently allowed to proliferate for ≤7 days (Figure 2.1).  Once 

confluent, an ALI was created to induce multiciliated cell differentiation.  As we reported 

previously (Burke et al. 2014), at 9-14 days post-ALI induction (ALId9-14), a majority of 
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Cby1 WT cells were fully differentiated while Cby1 KO MTECs showed a reduction in the 

number of fully differentiated cells and of cilia per ciliated cell (data not shown). 

We then performed SEM on Cby1 WT and KO- MTECs at ALId21 to assess the 

effects of Cby1 loss on ciliary maintenance and morphology.  Consistent with previous 

findings (Voronina et al. 2009; Love et al. 2010; Burke et al. 2014), the number of cilia in 

Cby1 KO MTECs was reduced when compared to Cby1 WT MTECs.  Surprisingly, in a 

fraction of cilia present on Cby1 KO MTECs, I found abnormalities in ciliary structure at 

the distal end.  These ciliary malformations displayed a characteristic paddle-like 

morphology with a large, distended distal tip structure (Figure 2.2, arrowheads).  The 

dramatic ballooning of the ciliary tip was an infrequent event in MTECs from Cby1 KO 

mice; however, such ciliary structural defects were not observed in MTECs from Cby1 

WT mice.  Thus, despite their low frequency, these dilations of the ciliary tip were specific 

for the loss of Cby1.  These findings suggest that Cby1 is critical for proper ciliary 

architecture in mature airway ciliated cells. 

2.3b The IFT-B subunit IFT88 aggregates in Cby1 KO airway ciliated cells 

The IFT system plays an essential role in the biogenesis and maintenance of cilia 

via trafficking of cargo proteins along axonemal microtubules (Rosenbaum and Witman 

2002; Scholey 2008; Sung and Leroux 2013).  Prior studies have demonstrated that 

mutations in the genes that encode for IFT-A components lead to a ciliary bulge 

morphology, which often contains vesicular accumulation in the dilated distal tips (Pazour 

et al. 1998; Piperno et al. 1998; Huangfu and Anderson 2005; Eggenschwiler and 

Anderson 2007; Tsao and Gorovsky 2008; Iomini et al. 2009; Qin et al. 2011; Liem et al. 

2012; Sung and Leroux 2013).  Specific examples include IFT122 mutants in T. 
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thermophila and mice and IFT144 mutants in C. reinhardtii and mice (Tsao and Gorovsky 

2008; Iomini et al. 2009; Qin et al. 2011; Liem et al. 2012).  Beyond IFT, mutants for the 

motor constituents dynein heavy and light chains and multiple BBSome components in 

C. reinhardtii and mice have also exhibited bulge phenotypes (Pazour et al. 1998; Porter 

et al. 1999; Cole 2003; Shah et al. 2008).  I therefore hypothesized that IFT-associated 

proteins are misregulated in fully differentiated Cby1 KO ciliated cells with paddle-like 

cilia.  To examine this possibility, I performed IF staining of IFT88, an IFT-B subunit 

(Rosenbaum and Witman 2002; Bhogaraju et al. 2013; Sung and Leroux 2013), in ALId21 

Cby1 WT and KO MTECs (Figure 2.3A).  In Cby1 WT MTECs, intense IFT88 signals were 

detectable at the basal body with weak punctate signals also present along the ciliary 

axoneme (Yang et al. 2013).  In contrast, I detected aberrant accumulations of IFT88 in 

Cby1 KO ciliated cells (Figure 2.3A, arrowheads).   IFT88 aggregations were significantly 

more frequently observed in Cby1 KO ciliated cells (18.2±3.5% of ciliated cells) compared 

to Cby1 WT ciliated cells (1.7±0.3% of ciliated cells) (p=0.018; n=4) (Figure 2.3B).  

Interestingly, the numbers of large IFT88 accumulations per ciliated cell were highly 

variable with a range of 1 to 10 bulges.  Next, I assessed IFT88 protein levels in ALId21 

Cby1 WT and KO MTEC lysates by immunoblotting to determine if IFT88 aggregates 

were caused by alterations in protein expression (Figure 2.3C).  No apparent differences 

in IFT88 protein levels were detectable between Cby1 WT and KO MTECs, suggesting 

that the accumulation of IFT88 in Cby1 KO ciliated cells is primarily a localization defect. 

I then attempted to rescue the IFT88 accumulation phenotype with lentivirus-

mediated expression of Flag-tagged full-length human Cby1 (hCby1) (Figure 2.3D).  In 

ALId21 Cby1 KO MTECs, many infected ciliated cells demonstrated normal IFT88 



 

 
 

47 

localization patterns (when compared to Cby1 WT ciliated cells in Figure 2.3A).  However, 

neighboring uninfected Cby1 KO ciliated cells displayed IFT88 accumulations (Figure 

2.3D, arrowheads).  Overall, the frequency of ciliated cells with IFT88 aggregates was 

reduced by ~50% in infected Cby1 KO ciliated cells (data not shown).  These data confirm 

that the IFT88 accumulations are attributable to the loss of Cby1 and suggest that Cby1 

is required for normal distribution of IFT88 along cilia.   

2.3c Loss of Cby1 causes IFT88 mislocalization at the distal tip of primary cilia 

  IFT is a critical process for the generation and maintenance of both primary and 

multicilia (Bisgrove and Yost 2006; Scholey 2008; Goetz and Anderson 2010; Brooks and 

Wallingford 2014).  I therefore examined IFT88 localization in a well-established model 

for primary ciliogenesis: serum-starved MEFs that were derived from Cby1 WT and KO 

embryos between embryonic days 12.5 and 14.5 (Archer and Wheatley 1971; Ocbina 

and Anderson 2008).  Consistent with my findings in multiciliated cells, IFT88 

accumulations were observed at the distal end of primary cilia with a significantly 

increased frequency in Cby1 KO MEFs (42.3±7.9% of ciliated cells) compared to Cby1 

WT MEFs (20.2±3.6% of ciliated cells) (p=0.038; n=3) (Figure 2.4A, arrowheads, and B).  

These data indicate that Cby1 performs a similar function to regulate distribution of IFT-

associated proteins in both primary and multicilia.  

2.3d IFT88 accumulates in the bulge structure at the ciliary tips in Cby1 KO airway 

ciliated cells 

I suspected that the IFT88 accumulations in Cby1 WT MTECs (Figure 2.3A) might 

reflect IFT particle accumulation within the bulged, dilated ciliary tip structures as 

observed by SEM (Figure 2.2).  To resolve the exact location of these IFT88 aggregates, 
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I utilized three-dimensional SIM (3D-SIM) to image ALId21 Cby1 WT and KO MTECs co-

stained with antibodies for IFT88 and A-tub (Fig. 4).  3D-SIM provides two-fold increased 

resolution compared to conventional confocal microscopy in each of the x-, y-, and z-

dimensions, which permits visualization beyond the diffraction limit.  3D-SIM imaging 

easily revealed that the large IFT88 accumulations present in Cby1 KO MTECs were 

enclosed within large, distended circular loops of A-tub-positive ciliary axonemes at the 

distal ends of cilia (Figure 2.5).  Thus, it is likely that defects in IFT or inherent to IFT 

particles result in the accumulation of IFT particles at the ciliary tip and subsequent 

formation of paddle-like cilia. 

In Cby1 KO ciliated cells without large IFT88 masses, I observed a relatively 

normal IFT88 distribution pattern.  However, moderate enrichment in IFT88 signal at the 

ciliary tip in Cby1 KO MTECs was readily apparent upon 3D-SIM imaging (Figure 2.6).  

These moderate IFT88 accumulations were more frequent than the larger aggregates, 

suggesting that they may represent a precursor step to the formation of more pronounced 

paddle-shaped cilia. 

2.3e Cby1 regulates ciliary localization of IFT-B sub-complex members in ciliated 

cells 

  The IFT complex consists of >20 subunits that are grouped into two distinct sub-

complexes: the IFT-B and IFT-A sub-complexes (Bhogaraju et al. 2013; Sung and Leroux 

2013).  As IFT88 is one of the IFT-B complex members, we speculated that other IFT-B 

and IFT-A sub-complex components might also be misregulated and accumulate within 

the bulges in Cby1 KO ciliated cells.  We therefore evaluated the ciliary localization of the 

IFT-B proteins IFT20 and IFT57 and the IFT-A protein IFT140 by IF staining (Figure 2.7, 
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top three rows of panels).  IFT20, IFT57, and IFT140 all demonstrated normal localization 

patterns in ALId21 Cby1 WT MTECs as reported previously (data not shown) (Pazour et 

al. 2002a; Follit et al. 2006; Sedmak and Wolfrum 2010).  In contrast, in ALId21 Cby1 KO 

MTECs, the IFT-B proteins IFT20 and IFT57 showed robust accumulations (Figure 2.7, 

top two rows of panels) that colocalized with the IFT88 aggregates that were found to 

correspond to the bulge structures by 3D-SIM imaging (Figure 2.5).  Interestingly, the IFT-

A subunit IFT140 was not detectable as aggregates with IFT88 (Figure 2.7, dotted line 

enclosures in third row of panels).  Hence, solely the IFT-B, not IFT-A, proteins, and 

presumptively the sub-complex, accumulate at the dilated ciliary tips of Cby1 KO ciliated 

cells. These observations suggest that IFT-B proteins are, most likely, not trafficked out 

of the ciliary compartment efficiently in Cby1 KO ciliated cells despite apparently normal 

trafficking of IFT-A complex members.  Thus, this raises the interesting possibility that 

Cby1 influences the proper rearrangement of IFT particles at the ciliary tip from 

anterograde to retrograde transport. 

  Similar to the bulge phenotype observed in ALId21 Cby1 KO MTECs, mouse 

mutants for the BBSome component BBS1, BBS2, BBS4, or BBS6 develop bulges filled 

with vesicular structures near the distal tips of cilia in airway epithelia (Shah et al. 2008).  

Hence, I hypothesized that Cby1 might be required for the proper localization and function 

of the BBSome.  To address this possibility, I performed IF staining for BBS5 in Cby1 KO 

MTECs at ALId21 (Figure 2.7, bottom row of panels).  Surprisingly, BBS5 did not 

demonstrate aberrant accumulation with IFT88 (Figure 2.7, dotted line enclosures in 

bottom row of panels).  Thus, Cby1 does not appear to regulate BBSome localization 
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although I cannot rule out the possibility that other BBSome components might be 

mislocalized or that the BBSome might be dysfunctional in the absence of Cby1. 

 

2.4 Discussion 

In this chapter, I present evidence that Cby1 is required for normal ciliary 

architecture and IFT localization in ciliated cells of MTEC cultures.  IFT is a bidirectional 

process that requires both IFT-B and IFT-A complexes and anterograde kinesin and 

retrograde dynein motor proteins (Rosenbaum and Witman 2002; Scholey 2008; Sung 

and Leroux 2013).  Based on studies of mutant phenotypes and IFT particle dynamics, it 

has been proposed that a unique complement of both IFT-B and IFT-A transport and 

motor proteins mediates anterograde and retrograde IFT, respectively.  This proposed 

model would necessitate that the anterograde IFT-B complex and kinesins carry 

retrograde IFT-A proteins and dyneins to the ciliary tip as cargo and that the retrograde 

IFT-A complex and dyneins transport the anterograde components back to the cytoplasm.  

Hence, massive rearrangement of the IFT particle and its associated proteins, including 

kinesins and dyneins, must take place at the ciliary tip for proper ciliary extension and 

maintenance (Qin et al. 2004; Wei et al. 2015).  Thus, a failure to rearrange the IFT 

particle at the ciliary tip, as documented in IFT-A or BBSome mutants, leads to the 

formation of bulge structures (Piperno et al. 1998; Huangfu and Anderson 2005; Shah et 

al. 2008; Tsao and Gorovsky 2008; Iomini et al. 2009; Qin et al. 2011; Liem et al. 2012).  

In the absence of Cby1, the IFT-B component IFT88 accumulates within the bulged, 

dilated ciliary tips of both Cby1 KO primary cilia and multicilia (Figures 2.2-5).  In 

agreement with this observation, the D. melanogaster IFT88 homolog is found to 
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accumulate in the embryonic chordotonal cilia of the Cby1 mutant fly (Enjolras et al. 

2012), indicating that the function of Cby1 as an IFT regulator is evolutionarily conserved.  

Interestingly, solely other IFT-B sub-complex members amass with IFT88 in Cby1 KO 

ciliated cells (Figure 2.7), suggesting that anterograde IFT occurs normally in Cby1 KO 

ciliated cells while IFT-B components are either not properly loaded as cargos onto the 

retrograde IFT complex or unable to effectively exit the ciliary compartment.  Coupled 

with the normal localization pattern of IFT-A proteins and BBSome members, we 

speculate that Cby1 is important for a switch from anterograde to retrograde IFT at the 

ciliary tip. 

  The BBSome has been shown to be a critical effector of IFT and proposed to be 

involved in IFT particle turnaround at the ciliary tip (Wei et al. 2012; Zhang et al. 2012; 

Williams et al. 2014).  Furthermore, several BBS mouse mutants display bulge 

phenotypes in airway ciliated cells strikingly similar to those in Cby1 KO MTECs (Shah et 

al. 2008).  Hence, it is particularly surprising that BBS5 demonstrated relatively normal 

distribution patterns in Cby1 KO MTECs (Figure 2.7).  However, the possibility remains 

that other BBSome components may show altered distribution or that the BBSome may 

be dysfunctional in Cby1 KO ciliated cells.  Thus, a potential connection between the 

BBSome complex and Cby1 is clearly an intriguing area of potential future exploration. 

  How might Cby1 regulate IFT rearrangement at the ciliary tip?  An attractive model 

is that Cby1 localizes to the ciliary compartment along cilia, travels with the IFT particle, 

and directly impacts IFT particle rearrangement at the ciliary tip.  I attempted with the use 

of several methodologies to detect Cby1 in the ciliary compartment in MTECs by IF 

staining.  Intense Cby1 signal was observed at the base of cilia, consistent with previous 
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reports (Love et al. 2010; Enjolras et al. 2012; Steere et al. 2012; Burke et al. 2014; Lee 

et al. 2014; Shi et al. 2014); however, Cby1 was not clearly detectable in the ciliary 

compartment (data not shown).  While it remains possible that the levels of Cby1 in the 

ciliary compartment are beyond the detection limit of our current methods, a more likely 

scenario is that Cby1 influences IFT particle assembly from its position at the ciliary base.  

Several lines of evidence support this proposal.  Cby1 predominantly clusters around the 

transition fibers in mature ciliated cells (Love et al. 2010; Enjolras et al. 2012; Steere et 

al. 2012; Burke et al. 2014; Lee et al. 2014; Shi et al. 2014), which are known to be the 

sites critical for IFT particle assembly, docking, and entry into the ciliary compartment 

(Deane et al. 2001; Reiter et al. 2012; Daly et al. 2016).   Interestingly, other transition 

fiber proteins, such as CEP164 and FBF1 (Schmidt et al. 2012; Wei et al. 2013; Cajanek 

and Nigg 2014; Oda et al. 2014), have also been shown to regulate IFT particle formation 

and ciliary entry, implying that particularly complex regulation of IFT processes may occur 

at the transition fibers.  Thus, Cby1 may modulate recruitment of IFT components, 

assembly of IFT-motor complexes, and their efficient entry into the ciliary compartment at 

the ciliary base.  

  The trapping of IFT-B components at the ciliary tip is most likely a rate-limiting 

process, which accounts for the ~18% frequency with which we observe the more 

dramatic IFT88 accumulations (Figure 2.3B).  Furthermore, the accumulation of IFT88 in 

only a subset of cilia implies a considerable heterogeneity in IFT among individual cilia 

and, hence, an explanation why not all cilia display overt morphological deficits at any 

given time.  However, the more abundant presence of smaller IFT88 accumulations 

detectable with 3D-SIM imaging suggests an interesting model for bulge formation at the 
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ciliary tip (Figure 2.6).  I propose that, subsequent to axonemal extension in Cby1 KO 

ciliated cells, IFT-B components accumulate at the ciliary tip due to defective retrograde 

trafficking of these IFT-B proteins.  Thus, small accumulations of IFT-B proteins begin to 

form as a precursor state to the formation of larger accumulations of these IFT-B proteins, 

which cause bulge formation and paddle-like cilia.  In support of this model, the frequency 

of large IFT88-positive bulges at the ciliary tips increased as Cby1 KO MTEC cultures 

were maintained for longer periods of time (data not shown).  However, it is also 

conceivable that these bulges form during the early phases of ciliogenesis before cilia 

fully elongate.  On the other hand, small versus large IFT88 accumulations may reflect 

the severity of the deregulation of IFT particle assembly and rearrangement.  Recently, a 

novel mechanism for the release of ciliary G-protein coupled receptors (GPCRs) as well 

as IFT-B particles was uncovered in primary cilia as two reports demonstrated the 

capacity of primary cilia to produce extracellular vesicles from their tip.  In both studies, 

the accumulation of GPCRs or IFT-B proteins preceded ciliary vesicle release, similar to 

what was observed for a portion of primary cilia in Cby1 WT MEFs (Figure 2.4B).  Thus, 

it is reasonable to speculate that Cby1 might effect these membrane remodeling 

processes at the ciliary tip and influence the capacity and frequency of this event.  Indeed, 

many predictions exist as the molecular underpinnings of how paddle-like cilia 

phenotypes develop are unclear. 

  Despite over twenty years elapsing since the discovery of IFT (Kozminski et al. 

1993; Rosenbaum and Witman 2002), its complex regulation is still an area of much active 

research.  Here, I propose that Cby1 is a regulator of IFT processes, including IFT particle 

assembly and rearrangement as its loss causes both mislocalization of IFT components 
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and alterations in ciliary structure.  However, the exact molecular basis by which Cby1 

regulates IFT processes warrants further investigation to provide novel insight into where 

Cby1 fits into a larger IFT regulatory network.  Additionally, further examination of the 

underlying mechanism by which loss of Cby1 results in the formation of paddle-like cilia 

may help us to understand both how cilia are formed and maintained, how IFT 

misregulation leads to defects in ciliary structure, and how those morphological defects 

contribute to PCD phenotypes, particularly in the Cby1 KO mice. 
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Figure 2.1: Generation of primary cultures of mouse tracheal epithelial cells 
(MTECs). 
To establish primary cultures of mouse tracheal epithelial cells, tracheas from adult mice 
are dissected, cleaned of excess tissue and fascia, and allowed to incubate in pronase 
overnight to promote the dissociation of tracheal epithelial cells from the tissue.  The 
following day the tracheal epithelial cells are isolated from fibroblasts and seeded onto 
collagen-coated Transwell membranes.  These cultures are provided MTEC Plus media 
with RA that contains serum and essential growth factors in both the apical and basal 
chambers of the Transwell until confluent, which usually occurs within 7 days of seeding.  
After confluency is reached, the tracheal epithelial cells are provided 2% NuSerum in 
MTEC Basic media with RA in solely the basal chamber, establishing an air-liquid 
interface (ALI), to promote differentiation of the cultures.  This differentiation phase 
normally requires 14 days until the cultures resemble the native tracheal epithelium.  This 
figure was adapted from You et al. 2002.  
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Figure 2.2: Ciliated cells of Cby1 KO airways display a bulge morphology at the 
ciliary tip. 
Shown are scanning electron micrographs of ALId21 MTECs (In vitro) from adult Cby1 
WT (left column) and KO (middle and right columns) tracheas.  Cby1 KO MTECs 
demonstrated a paddle-like ciliary morphology with dilated distal tips (arrowheads).  In 
addition to cilia, the apical surface of ciliated cells contains numerous microvilli. Scale 
bars, 1 µm.  
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Figure 2.3: IFT88, a subunit of the IFT-B sub-complex, accumulates in Cby1 KO 
tracheal ciliated cells. 
(A) Confocal images of Cby1 WT and KO MTECs at ALId21 colabeled for IFT88 (green) 
and the basal body/axonemal marker acetylated α-tubulin (A-tub) (red). Arrowheads 
indicate IFT88 accumulations in Cby1 KO ciliated cells. Scale bar, 20 µm.  (B) 
Quantification of frequency of ciliated cells with IFT88 accumulations in ALId21 Cby1 WT 
and KO MTECs.  Greater than 250 ciliated cells were counted from each of four individual 
MTEC preparations.  Data presented as means ± SEM.  *, p<0.05.  (C) Western blot 
analysis of IFT88 and GAPDH (loading control) from ALId21 Cby1 WT and KO MTEC 
lysates.  No differences in IFT88 protein expression were observed.  (D) Confocal images 
show ALId21 Cby1 KO MTECs that were infected with lentiviruses that express Flag-
tagged full-length human Cby1 (hCby1) and were immunostained for IFT88 (green), Flag-
hCby1 (red), and A-tub (magenta).  Uninfected Cby1 KO ciliated cells displayed IFT88 
accumulations (arrowheads) while lentivirus-mediated expression of Flag-hCby rescued 
such accumulations.  Scale bar, 20 µm.  
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Figure 2.4: IFT88 aggregates at the distal tip of primary cilia are present in Cby1 
KO MEFs. 
(A)  Confocal images of Cby1 WT and KO MEFs that were serum-starved for 48 hrs and 
stained for IFT88 (green) and A-tub (red).  Accumulations of IFT88 (arrowheads) were 
found at the distal end of primary cilia in Cby1 KO MEFs.  Scale bar, 5 µm.  (B) 
Quantification of frequency of ciliated cells with IFT88 accumulations in serum-starved 
Cby1 WT and KO MEFs.  Greater than 198 cells with primary cilia were counted from 
each of three individual MEF preparations.  Data presented as means ± SEM.  *, p<0.05.  
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Figure 2.5: IFT88 accumulations are contained within the bulge structures at the 
dilated ciliary tips of Cby1 KO tracheal ciliated cells. 
(A) Super-resolution 3D-SIM images of ALId21 Cby1 WT and KO MTECs colabeled for 
IFT88 (green) and A-tub (red).  Scale bar: 5 µm.  (B) Magnified images of the boxed area 
in (A) clearly demonstrate that IFT88 accumulations occurred within dilated A-tub-positive 
enclosures at the ciliary tip.  Single channel images for IFT88 and A-tub staining are 
shown in grayscale.  Ciliary axonemes, which harbor IFT88 accumulations, are indicated 
by arrowheads.  Scale bar, 1 µm.  
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Figure 2.6: Small IFT88 accumulations were observed in at the ciliary distal ends in 
Cby1 KO tracheal ciliated cells. 
3D-SIM images of cilia in Cby1 WT and KO MTECs at ALId21 colabeled for IFT88 (green) 
and A-tub (red).  Moderate IFT88 accumulations at the ciliary tip were frequently found in 
Cby1 KO ciliated cells.  Note that IFT88 accumulations, large or small, were not seen in 
Cby1 WT cilia.  Scale bar, 1 µm.  
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Figure 2.7: IFT-B, but not IFT-A or BBSome, consistuents exhibit localization 
patterns similar to IFT88 in Cby1 KO tracheal ciliated cells. 
Shown are immunofluorescence confocal images of ALId21 Cby1 KO MTECs 
immunostained for IFT88 (green) and either IFT-B sub-complex members IFT20 or IFT57, 
IFT-A sub-complex member IFT140, or BBSome member BBS5 (red), as indicated.  
IFT20 and IFT57 localized in patterns similar to IFT88 while IFT140 and BBS5 did not 
accumulate with IFT88.  Dashed enclosures correspond to the areas positive for IFT88 
accumulations.  Scale bars, 5 µm.  
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Chapter 3: CEP164 is essential for mammalian development and 

multiciliated tissues 

In combination with Chapter 4, the data and text of this chapter are part of a current 

manuscript being prepared for submission (Siller SS, et al). 

3.1 Introduction 

The distal appendage and its core protein constituents are necessary for 

ciliogenesis based upon several studies conducted in mammalian cell culture systems 

(Graser et al. 2007; Joo et al. 2013; Sillibourne et al. 2013; Tanos et al. 2013).  Though, 

the physiological function of the distal appendage and its components remain undefined 

as few animal models for the distal appendage proteins exist.  Furthermore, due to the 

lack of animal models, the roles of the distal appendage and its associated proteins have 

not been interrogated in motile cilia and multicilia. 

The first identified core distal appendage protein was CEP164, which has since 

been shown to be critical for primary cilia formation in KD and KO experiments using 

mammalian cell culture systems (Graser et al. 2007; Chaki et al. 2012; Schmidt et al. 

2012; Cajanek and Nigg 2014; Daly et al. 2016).  Furthermore, mutations in the CEP164 

gene have been associated with NPHP and BBS disorders (Chaki et al. 2012; Maria et 

al. 2016).  Based on its essential role in primary ciliogenesis and disease associations, it 

is surprising that, thus far, the only animal data on CEP164 function comes from 

morpholino KD experiments in zebrafish.  Two separate reports demonstrate that 

CEP164 KD in zebrafish causes cell death, a shortened and curved body axis, abnormal 

heart looping, pronephric tubule cysts, brain developmental abnormalities, and retinal 

dysplasia, many of which are reminiscent of ciliopathy phenotypes (Chaki et al. 2012; 
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Slaats et al. 2014).  Hence, with such dramatic phenotypes in KD experiments, it is 

necessary to generate new animal KO models to further determine CEP164 function. 

In this chapter, I report the first mouse model for CEP164.  As all prior work had 

studied CEP164 in primary ciliogenesis and as protein function in motile cilia and multicilia 

can only be analyzed using animal model systems, I specifically aimed to generate a 

novel conditional KO mouse model in which CEP164 is deleted from multiciliated cells.  

To create these mice, a CEP164 KO-first mouse from the European Conditional Mouse 

Mutagenesis (EUCOMM) Program was utilized.  Interestingly, mice homozygous for the 

CEP164 KO-first allele were embryonically lethal prior to embryonic day (E) 12.5 and 

demonstrated holoprosencephaly, cardiac defects, and a shortened posterior trunk.  

Further analysis of MEFs from these homozygous mice revealed that CEP164 was lost 

at the mother centriole, suggesting that these mice had no CEP164 expression.  On the 

other hand, the conditional KO mouse model was viable to adulthood with only ~20% 

lethality around weaning age due to profound hydrocephalus.  These mice showed a 

severe reduction in the number of airway, ependymal, and oviduct cilia with concomitant 

defective spermiogenesis.  Consistent with these abnormalities, all adult conditional mice 

had hydrocephalus, and the males were found to be infertile.  Therefore, this mouse 

model with CEP164 removed from multiciliated cells proves to be a powerful tool for 

further interrogation of CEP164 function in mammals and in multiciliogenesis. 
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3.2 Materials and methods 

3.2a Generation of FOXJ1-Cre;CEP164fl/fl mice   

CEP164 KO-first mice, which contain the promoter-driven Tm1a allele, were 

purchased from the EUCOMM program (Skarnes et al. 2011; Bradley et al. 2012).  

CEP164 KO-first mice were crossed with the flippase (Flp) deleter mouse line B6(C3)-

Tg(Pgk1-FLPo)10Sykr/J (The Jackson Laboratory, #011065) to generate CEP164fl/fl mice 

(Rodriguez et al. 2000).  Removal of the neomycin-resistance and lacZ cassettes was 

confirmed by polymerase chain reaction (PCR) genotyping analysis and subsequent 

electrophoresis as described in section 2.2a Statistical analysis.  Subsequently, 

CEP164fl/fl mice were crossed with FOXJ1-Cre mice to generate FOXJ1-Cre;CEP164fl/fl 

mice lacking CEP164 in multiciliated cells and the testis (Zhang et al. 2007).  A colony of 

CEP164 KO-first mice was maintained by intercrossing heterozygous mice while FOXJ1-

Cre;CEP164fl/fl mice were generated by breeding FOXJ1-Cre;CEP164fl/+ with CEP164fl/fl 

mice.  Primers for genotyping were: WT allele for CEP164 KO-first, 5’-

CCATCTGTCCAGTACCATTAAAAA-3’ and 5’-CCCAGAATACAACATGGGAGA-3’ (215 

bp); KO allele for CEP164 KO-first, 5’-CCATCTGTCCAGTACCATTAAAAA-3’ and 5’-

GAACTTCGGAATAGGAACTTCG-3’ (148 bp); CEP164 floxed allele, 5’-

CCATCTGTCCAGTACCATTAAAAA-3’ and 5’-CCCAGAATACAACATGGGAGA-3’ (WT 

allele, 215 bp; floxed allele, 415 bp); FOXJ1-Cre, 5’-CGTATAGCCGAAATTGCCAGG-3’ 

and  5’-CTGACCAGAGTCATCCTTAGC-3’ (327 bp).  For statement of protocols and 

guidelines regarding animal husbandry, see section 2.2b Ethics statement. 
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3.2b Histology and X-gal staining 

Trachea, testis, and oviduct were dissected from adult mice euthanized via CO2 

asphyxiation.  Samples were then fixed with 4% PFA in PBS overnight at 4oC, paraffin-

embedded, sectioned at 5 µm, stained with hematoxylin and eosin using standard 

protocols, and mounted with Permount (Fischer Scientific).  For X-gal staining, testes from 

control WT or CEP164 KO-first heterozygous mice were fixed with 2% PFA and 0.25% 

glutaraldehyde in PBS overnight at 4oC, embedded in the Optimal Cutting Temperature 

(OCT) compound (Fisher Scientific), and snap-frozen in liquid nitrogen-cooled 2-

methylbutane.  The tissues were then sectioned at 5 µm, washed twice for 5 min each in 

wash buffer (0.01% sodium deoxycholate, 2 mM MgCl2, and 0.02% NP-40 in PBS), 

incubated with X-gal (1 mg/ml) in wash buffer and cyanide solution (100 mM potassium 

ferricyanide and 100 mM potassium ferrocyanide in water) for 48 hours at room 

temperature, washed twice for 5 minutes in wash buffer, and mounted with Permount. 

3.2c Immunofluorescence staining and imaging 

MEFs were prepared from E8.5 embryos as described in section 2.2f Preparation 

of primary cultures of mouse embryonic fibroblasts, and IF was performed as outlined 

above in section 2.2h Immunofluorescence staining.  For IF analysis of oviducts, paraffin 

sections were subjected to antigen retrieval with citrate buffer (pH 6.0), blocked with 

normal horse serum, and incubated with primary and secondary antibodies, followed by 

mounting with Prolong Gold with DAPI (Invitrogen).  Epifluorescence images, as well as 

images of tissue histology, were taken on a Leica DMI6000B epifluorescence microscope 

with an HCX PL Fluotar 100X/1.3 NA oil objective equipped with a DFC300FX camera 
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and handled on Leica Application Suite X software.  All images were further processed 

with Adobe Photoshop and Illustrator. 

3.2d Subventricular zone whole mount dissection and analysis 

SVZ whole mounts were dissected as described previously (McClenahan et al. 

2016).  Briefly, adult mice were anesthetized and decapitated.  After brain removal, the 

lateral wall of the lateral ventricle was dissected and fixed in 4% PFA in PBS for 30 min 

on ice.  Whole mounts were washed with PBS, blocked in blocking solution (10% donkey 

serum with 0.1% Triton X-100 in PBS), and incubated with primary antibody for 24 hours 

at 4°C and secondary antibody for 2 hours at room temperature in blocking solution.  

Whole mount fields were randomly selected for imaging with a Leica SP8X with a tunable 

WLL confocal microscope on a HC PL APO 100X/1.4 NA oil objective from the anterior-

dorsal region of the SVZ. 

Images were processed and quantified using the FIJI/ImageJ software as 

previously described (McClenahan et al. 2016).  Outlines of the apical borders of cells 

and the borders of basal body patches were traced manually in ImageJ.  Absolute areas 

were directly calculated and reported whereas fractional areas were calculated by dividing 

the basal body patch area by the apical cell surface area.  The centroid of each area was 

calculated in FIJI/ImageJ, and the vector from the center of the cell and center of the 

basal body patch was then calculated based on those values.  Basal body patch 

displacement was calculated by taking the magnitude of this vector.  Fractional 

displacement was calculated by dividing the magnitude of the vector running from the 

center of the cell to the center of the basal body patch by the magnitude of a manually 
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drawn vector running from the center of the cell through the center of the basal body and 

terminating at the cell border. 

3.2e Antibodies for immunofluorescence staining 

The primary antibodies used were: rabbit anti-CEP164 (1:200; Sigma), rabbit anti-

Cby1 1418P (1:250; in-house) (Voronina et al. 2009), rabbit anti-FAM92A (1:200; 

Proteintech), mouse β-catenin (1:500; BD Transduction), rabbit anti-γ-tubulin (G-tub; 

1:1000; Sigma), mouse anti-A-tub (1:1000; Sigma), and mouse anti-γ-tubulin (1:200; 

Sigma).  The secondary antibodies used were: DyLight 488-conjugated goat anti-rabbit 

IgG (Vector Laboratories), DyLight 549-conjugated horse anti-mouse IgG (Vector 

Laboratories), and DyLight 488-conjugated horse anti-mouse IgG (Vector Laboratories). 

 

Descriptions of statistical analyses used in this chapter can be found in section 2.2l 

Statistical analysis. 

 

3.3 Results 

3.3a CEP164 is indispensable for early mouse embryogenesis 

  CEP164 is composed of 1460 amino acids and contains a WW domain along with 

three coiled-coil domains (Figure 3.1A).  To elucidate the physiological function of 

CEP164 in mammals, the CEP164 KO-first mouse line from the EUCOMM Program was 

obtained (Figure 3.1B) (Skarnes et al. 2011; Bradley et al. 2012; Cevik et al. 2013).  This 

mouse line contains the promoter-driven Tm1a allele that carries the neomycin-resistance 

and lacZ gene cassettes.  As I initially expanded our CEP164 KO-first mouse colony, I 

noted that mice heterozygous for the KO-first allele appeared healthy and fertile while no 



 

 
 

68 

homozygous mice were born, suggesting embryonic lethality.  To address this possibility, 

I examined embryos from heterozygous intercrosses at various stages of gestation.  At 

E7.5 (Figure 3.2), CEP164 KO-first homozygous embryos showed no obvious 

morphological abnormalities; however, at E9.5 (Figure 3.2) and E10.5 (data not shown), 

homozygous embryos exhibited holoprosencephaly, cardiac looping defects, an 

edematous pericardial sac, and a truncated posterior trunk.  Resorptions were 

consistently observed at E12.5 and all later stages examined.  These data demonstrate 

that CEP164 is necessary for mammalian embryogenesis. 

  CEP164 has been shown to be essential for primary ciliogenesis in mammalian 

cultured cells and zebrafish embryos (Graser et al. 2007; Schmidt et al. 2012; Cajanek 

and Nigg 2014; Slaats et al. 2014; Daly et al. 2016).  To confirm the lack of CEP164 

protein expression in homozygous CEP164 KO-first embryos and the critical role of 

CEP164 in primary ciliogenesis, I utilized primary cultures of MEFs, which are established 

model systems for the study of primary cilia (Archer and Wheatley 1971; Ocbina and 

Anderson 2008).  MEFs were prepared from E8.5 embryos due to the lethality of 

homozygous CEP164 KO-first embryos, grown to confluence, and serum-starved for 48 

hours to induce ciliogenesis (Figure 3.3).  IF staining revealed that CEP164 localized at 

the base of cilia in control MEFs, whereas no CEP164 was found at the centrioles of 

homozygous MEFs.  Consistent with prior reports and the dramatic embryonic 

phenotypes, MEFs homozygous for the CEP164 KO-first allele failed to ciliate upon 

serum starvation (Figure 3.3).   

  Using siRNA-mediated KD experiments in human RPE1 cells, it has been 

previously shown that CEP164 recruits both Cby1 and FAM92A to the ciliary base to 
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facilitate primary ciliogenesis (Burke et al. 2014; Li et al. 2016b).  Indeed, in contrast to 

control MEFs, neither Cby1 nor FAM92A were detected at the centrioles of homozygous 

MEFs for the CEP164 KO-first allele (Figure 3.3).  Thus, my results validate previous data 

suggesting a fundamental role for CEP164 in primary ciliogenesis and the recruitment of 

Cby1 and FAM92A to basal bodies.  Additionally, the lack of primary cilia in these 

homozygous MEFs indicates that CEP164 regulates mammalian embryogenesis, at least 

in part, through its function in primary ciliogenesis. 

3.3b Loss of CEP164 in FOXJ1-positive tissues in mice leads to defective 

multiciliogenesis 

  CEP164 plays an essential role in primary ciliogenesis (Schmidt et al. 2012; 

Cajanek and Nigg 2014; Daly et al. 2016); however, the role of CEP164 in 

multiciliogenesis had not been elucidated, and no CEP164-KO animal models were 

available to investigate its physiological functions in vivo.  I therefore employed the 

CEP164 KO-first mouse line to generate a mouse model that lacks CEP164 in 

multiciliated cells (Figure 3.1B).  To this end, a heterozygous CEP164 KO-first mouse 

was crossed with a Flp deleter mouse to remove both the lacZ and neomycin-resistance 

cassettes (Rodriguez et al. 2000).  The resultant mouse (CEP164fl/fl) has two loxP sites 

flanking exon 4 of the CEP164 gene, which encodes a part of the WW domain (Figure 

3.1A).  FOXJ1 is a forkhead transcription factor expressed in multiciliated cells in the 

airways, brain ventricles, and oviducts as well as in the testis (Blatt et al. 1999; Brody et 

al. 2000).  Thus, I bred the CEP164fl/fl mouse with a FOXJ1-Cre transgenic mouse that 

expresses Cre recombinase under the control of the FOXJ1 promoter to remove CEP164 

expression from multiciliated cells and the testis (Zhang et al. 2007).  Cre-mediated 
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recombination results in the excision of exon 4 and a frameshift, leading to a truncation 

at amino acid position 65 (Figure 3.1A).  Correct recombination was verified by PCR 

genotyping (Figure 3.1C and D).  A majority of FOXJ1-Cre;CEP164fl/fl mice lived to 

adulthood without gross abnormalities, except for 19.0% that succumbed to death due to 

severe hydrocephalus around weaning and another 24.1% that exhibited mild 

hydrocephalus, which resolved itself later. 

  Histological assessment of the trachea (Figure 3.4) and sinus (data not shown) 

from FOXJ1-Cre;CEP164fl/fl adult mice showed a marked decrease in the number of 

airway cilia in comparison to control specimens from CEP164fl/fl mice.  Indicative of 

impaired mucociliary clearance from reduced airway cilia, these mice frequently produced 

coughing- or sneezing-like noises.  As noted above, 19.0% of FOXJ1-Cre;CEP164fl/fl mice 

displayed severe hydrocephalus with a prominently domed head around weaning (Figure 

3.5A, left panels); however, all FOXJ1-Cre;CEP164fl/fl adult mice examined showed 

substantial ventricular enlargement (middle panels).  The high penetrance of 

hydrocephalus prompted me to examine the status of ependymal cilia by IF staining of 

whole mounts of the SVZ.  As expected, IF staining for the ciliary marker acetylated α-

tubulin (A-tub) demonstrated a clear reduction in the number of ependymal cilia in FOXJ1-

Cre;CEP164fl/fl SVZ whole mounts compared to control CEP164fl/fl samples (Figure 3.5A, 

right panels).  Consistent with this, quantification of basal body locations, based on γ-

tubulin staining (G-tub; Figure 3.5B), on the apical surface of ependymal cells in FOXJ1-

Cre;CEP164fl/fl mice revealed significant perturbations in the patch area and displacement 

(Figure 3.5C and D), indicating that basal bodies are fewer and mispositioned spatially at 
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the apical surface of ependymal cells.  Thus, CEP164 is critical for multiciliogenesis in 

both mammalian airways and ependymal cells lining the brain ventricles. 

3.3c CEP164 is important for normal differentiation of male and female 

reproductive tissues 

  As FOXJ1 is highly expressed in the ciliated cells of the oviduct epithelium as well 

as in the testis (Blatt et al. 1999; Brody et al. 2000), I next examined reproductive tissues 

in FOXJ1-Cre;CEP164fl/fl mice.  In the oviduct of adult FOXJ1-Cre;CEP164fl/fl mice, cilia 

were reduced in number as evaluated by both histology (Figure 3.6A) and IF staining for 

A-tub (Figure 3.6B) compared to control CEP164fl/fl tissues.  Surprisingly, however, 

FOXJ1-Cre;CEP164fl/fl females were fertile, suggesting that the remaining cilia are 

sufficient to sustain normal function.  In stark contrast, FOXJ1-Cre;CEP164fl/fl males were 

completely infertile.  Histological analysis revealed variable degrees of degenerative 

changes in the seminiferous tubules of FOXJ1-Cre;CEP164fl/fl adult testes.  In general, I 

noticed a significant reduction in the number of late-stage germ cells (Figure 3.7A).  In a 

subset of seminiferous tubules, germ cells were entirely depleted with solely Sertoli cells 

present (Figure 3.7A, asterisk).  Additionally, no mature sperms were present in the 

epididymis of FOXJ1-Cre;CEP164fl/fl mice.  In support of these extensive phenotypes, X-

gal staining of testis sections from heterozygous CEP164 KO-first mice carrying a lacZ 

reporter showed broad CEP164 expression with particularly intense staining in 

differentiating spermatids (Figure 3.7B).  Overall, these results demonstrate that FOXJ1-

Cre;CEP164fl/fl mice exhibit phenotypes consistent with impaired multiciliogenesis and 

provide a useful model system to study the mechanisms of multiciliogenesis and its 

associated diseases. 
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3.4 Discussion 

  Despite the clear importance of the distal appendage for ciliogenesis, no 

mammalian model for investigating distal appendage protein function exists.  In this 

chapter, I report the first mouse model of a distal appendage/transition fiber protein where 

CEP164 is removed in FOXJ1-positive cells of the airways, brain, oviduct, and testis 

(Figure 3.1).  In the process of generating this conditional mouse model, I observed that 

the homozygous mouse from the initially-obtained CEP164 KO-first line exhibits early 

embryonic lethality prior to E12.5 as well as holoprosencephaly, an edematous cardiac 

sac, cardiac looping defects, and a truncated posterior trunk at E9.5 (Figure 3.2).  

Furthermore, I determined that MEFs homozygous for the CEP164 KO-first allele had no 

centriolar CEP164 and were unable to form cilia (Figure 3.3), indicating that the loss of 

primary cilia may be causative, in part, for the phenotypes observed. 

The defects in the homozygous CEP164 KO-first embryos are similar to those in 

seen upon CEP164-KD in zebrafish (Chaki et al. 2012; Slaats et al. 2014), underscoring 

the importance of CEP164 in vertebrate and, now, mammalian development.  

Additionally, the homozygous CEP164 KO-first embryos bear a striking resemblance to 

the mouse mutants for the ciliary genes Kif3a (Marszalek et al. 1999; Takeda et al. 1999), 

Kif3b (Nonaka et al. 1998), and polaris (Murcia et al. 2000), emphasizing the critical role 

cilia play in mammalian development and the essential functions of certain ciliary genes 

and the proteins they encode.  While much focus has been placed on transition zone 

proteins because of the numerous disease mutations found in the genes that encode 

them (van Reeuwijk et al. 2011), my data coupled with that from other ciliary mouse 
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mutants suggest that a subset of ciliary genes are an absolute requisite for mammalian 

development.  It will be necessary to further interrogate ciliary gene function in 

mammalian development through the use of mouse models, and, to this end, the 

homozygous CEP164 KO-first mouse model should facilitate these studies.  Of note, 

however, these results do not preclude the possibility that CEP164 may serve other cilia-

independent functions during embryogenesis.  Further work will be needed to fully 

appreciate CEP164 function during mammalian development.  To this end, it will be 

interesting to cross the KO-first allele with a germline Cre mouse to create a true whole-

body KO for CEP164 to tease out its functionality during mammalian development. 

  In spite of the large portion of the population affected by genetic and/or chronic 

disorders involving multicilia, few mouse models to interrogate the mechanisms of their 

formation and physiology exist.  Thus, I generated a conditional mouse model that lacks 

CEP164 in FOXJ1-positive multiciliated tissues and the testis.  Most of these mice live to 

adulthood, except for 19.0% who die due to substantial hydrocephalus.  Furthermore, 

CEP164 removal in these tissues results in hydrocephalus as well as a profound loss of 

airway and ependymal cilia (Figure 3.4 and 3.5).  In light of these phenotypes, the FOXJ1-

Cre;CEP164fl/fl mouse should serve as a powerful tool to study diseases of multicilia, such 

as PCD, and further understand how defective multicilia contribute to the pathology of 

chronic respiratory diseases, such as cystic fibrosis, asthma, and COPD.  Though, one 

caveat to this mouse model is the use of the FOXJ1 promoter to drive Cre expression.  

FOXJ1 is one of the most specific transcription factors for ciliated cells but turns on later 

in multiciliated cell differentiation (see section 1.1g Transcriptional regulation of 

multiciliogenesis) (Lim et al. 1997; Blatt et al. 1999; Brody et al. 2000).  Thus, in the future, 



 

 
 

74 

the use of upstream transcriptional regulators of multiciliogenesis to drive Cre expression 

in this mouse model may provide greater insights into the pathogenesis of PCD and 

multicilia-related disorders. 

  Besides airway and brain phenotypes, I also observed defects in both the female 

(Figure 3.6) and male (Figure 3.7) reproductive tracts when CEP164 expression is lost, 

suggesting that CEP164 regulates reproductive development.  Interestingly, CEP164 loss 

has disparate effects on the male and female reproductive tracts, particularly, as FOXJ1-

Cre;CEP164fl/fl male mice are infertile while FOXJ1-Cre;CEP164fl/fl female mice appear 

to be fertile.  Furthermore, CEP164 is widely expressed during sperm differentiation, and 

its loss results in a substantially thinner seminiferous epithelium and, in some cases, 

complete loss of germ cells.  As the first data to implicate CEP164 in sperm development, 

future investigation is warranted into the biological mechanisms for how CEP164 controls 

sperm differentiation.  CEP164 though is now amongst a host of proteins, including RFX2 

(Kistler et al. 2015; Shawlot et al. 2015; Wu et al. 2016), TAp73 (Holembowski et al. 2014; 

Marshall et al. 2016; Nemajerova et al. 2016), IFT20 (Follit et al. 2006; Zhang et al. 2016), 

and SPAG6 (Li et al. 2015b), with crucial roles in both ciliogenesis and sperm 

development. 

  The CEP164fl/fl mouse will prove to be an invaluable resource to investigate 

CEP164 function in other tissue- and organ-specific contexts.  For example, the current 

conditional KO mouse model displays a robust hydrocephalus phenotype and 

corresponding defects in basal body patch size and displacement, which reflect changes 

in the number and spatial positioning of basal bodies at the apical surface of ependymal 

cells (Figure 3.5).  These differences may be unique to CEP164 function in ependymal 
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cells, as opposed to airway ciliated cells, and should be the subject of future inquiries.  In 

addition, very few mouse models exist to tease out the relationship between defective 

cilia and the pathogenesis of hydrocephalus, for which the FOXJ1-Cre;CEP164fl/fl mouse 

may serve useful.  Finally, could CEP164 have cilia-dependent or -independent actions 

in other parts of the brain or in other tissues?  By crossing the CEP164fl/fl mouse with 

various Cre lines, questions such as these can be addressed. 
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Figure 3.1: Generation of FOXJ1-Cre;CEP164fl/fl mice. 
(A) Schematic diagram of CEP164 protein structure illustrating the WW domain and the 
three coiled-coiled (CC) domains.  The N-terminal portion of the protein, encoded by exon 
4 (ex4), which was removed upon Cre-mediated recombination, is depicted.  The 
numbers indicate amino acid positions.  (B) Shown are the original CEP164 KO-first 
allele, the floxed (fl) allele after removal of lacZ and neomycin cassettes upon crossing 
with flippase (Flp) deleter mice, and the final allele with exon 4 excised after Cre-mediated 
recombination driven by the FOXJ1 promoter.  (C) PCR genotyping analysis confirming 
the generation of the CEP164fl/fl mouse.  The locations for genotyping primers (P1 and 
P2) for detection of the floxed allele (415 bp) and wild-type (WT) allele (215 bp) are 
indicated by green arrows in (B).  (D) PCR genotyping analysis using tail genomic DNA 
confirming the generation of the FOXJ1-Cre;CEP164fl/fl mouse.  
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Figure 3.2: CEP164 is essential for early embryonic development. 
Comparison of control (WT or heterozygous) embryos with CEP164-knockout (KO) 
littermates at E7.5 (A) and E9.5 (B).  At E7.5, KO embryos were indistinguishable from 
control littermates.  In contrast, E9.5 KO embryos displayed holoprosencephaly (arrow), 
an edematous pericardial sac (white arrowhead), cardiac looping defects (blue 
arrowhead), and a truncated posterior trunk (blue asterisk).  
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Figure 3.3: CEP164 is essential for primary ciliogenesis. 
Epifluorescence images of serum-starved mouse embryonic fibroblasts (MEFs) derived 
from E8.5 control or KO embryos.  Control MEFs were either WT or heterozygous.  MEFs 
were double-labeled for CEP164, Cby1, or FAM92A (green) and A-tub or the basal body 
marker γ-tubulin (G-tub) (red) as indicated.  Nuclei were visualized by DAPI (blue).  The 
boxed regions are enlarged in the insets, highlighting the loss of CEP164, Cby1, and 
FAM92A centriolar localization in CEP164-KO MEFs.  Arrows point to primary cilia.  Scale 
bars, 20 µm.  
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Figure 3.4: Loss of CEP164 results in reduced airway cilia. 
Hematoxylin and eosin (H&E)-stained tracheal sections from control CEP164fl/fl and 
FOXJ1-Cre;CEP164fl/fl adult mice.  Scale bar, 20 µm. 
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Figure 3.5: Ablation of CEP164 in the FOXJ1-positive tissues of the brain results in 
loss of ependymal cilia and hydrocephalus. 
(A) Shown are lateral views of pre-weaning mice (left panels), coronal sections of adult 
brains (middle panels), and IF staining for A-tub (green) and β-catenin (red) in whole 
mounts of the adult subventricular zone (SVZ) (right panels).  Asterisks denote enlarged 
lateral ventricular spaces indicative of hydrocephalus.  Scale bar, 25 µm.  (B) SVZ whole 
mount preparations from CEP164fl/fl or FOXJ1-Cre;CEP164fl/fl adult mice were 
immunostained for γ-tubulin (G-tub) (white) and β-catenin (red).  β-catenin demarcates 
the cell boundaries, and γ-tubulin labels basal bodies that are found in patches in 
ependymal ciliated cells.  Scale bar, 25 μm.  (C) Quantification of basal body patch areas.  
Basal body patch areas relative to total apical cell surface are significantly reduced in 
CEP164-KO ependymal ciliated cells.  (D) Quantification of the displacement of basal 
body patches.  The displacement of the basal body patches from the cell center relative 
to the radius of the apical cell surface is significantly increased in the absence of CEP164.  
For quantification in (C) and (D), n=3.  Error bars represent ±SEM.  *, p<0.05.  **, p<0.005.  
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Figure 3.6: CEP164 removal leads to loss of oviduct cilia in the female reproductive 
tract. 
(A) H&E staining of oviduct sections from CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl adult 
mice.  Scale bar, 10 µm.  (B) IF staining of oviduct sections for A-tub (green) and DAPI 
(blue).  Scale bar, 50 µm.  
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Figure 3.7: CEP164 plays an important role in proper development of female and 
male reproductive systems. 
(A) H&E staining of both testis and epididymis from 3-month-old CEP164fl/fl and FOXJ1-
Cre;CEP164fl/fl mice.  Asterisk denotes seminiferous tubule lacking germ cells.  Scale 
bars, 100 μm for low magnification and 40 μm for high magnification.  (B) X-gal staining 
of testis sections from a control WT mouse and a mouse heterozygous for the CEP164 
KO-first allele that contains a lacZ reporter.  Scale bar, 40 μm. 
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Chapter 4: CEP164 plays multiple roles in airway ciliogenesis 

In combination with Chapter 3, the data and text of this chapter are part of a current 

manuscript being prepared for submission (Siller SS, et al). 

4.1 Introduction 

CEP164 is an essential regulator of primary ciliogenesis in both mammalian cell 

culture and zebrafish models (Graser et al. 2007; Chaki et al. 2012; Schmidt et al. 2012; 

Cajanek and Nigg 2014; Oda et al. 2014; Slaats et al. 2014; Daly et al. 2016).  As a distal 

appendage protein, a main action of CEP164 in primary ciliogenesis is the recruitment of 

small vesicles to the distal end of the mother centriole to permit ciliary vesicle formation 

and subsequent basal body docking events (Schmidt et al. 2012).  On a molecular level, 

the C-terminus of CEP164, which is responsible for its centriolar localization, interacts 

with Rabin8 to promote Rab8 recruitment and activation to the mother centriole and ciliary 

membrane (Schmidt et al. 2012).  Furthermore, Cby1, which is recruited by the C-

terminus of CEP164, stabilizes this CEP164-Rabin8 interaction to facilitate ciliary 

membrane biogenesis (Burke et al. 2014). 

While the C-terminus of CEP164 has important functionality in localizing CEP164 

to the centriole and interacting with Rabin8, over-expressing solely the C-terminus leads 

to an inhibition of primary ciliogenesis (Schmidt et al. 2012).  Explaining this peculiar 

finding, the N-terminus of CEP164 interacts with TTBK2, a kinase that is responsible for 

the phosphorylation of and subsequent removal of the centriolar capping protein CP110 

(Goetz et al. 2012; Cajanek and Nigg 2014; Oda et al. 2014).  By facilitating CP110 

removal from the mother centriole, CEP164 allows primary ciliogenesis to proceed 

(Cajanek and Nigg 2014; Oda et al. 2014; Yadav et al. 2016).  Intriguingly, CP110 has 
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been shown to prevent Rab8 centriolar and ciliary localization, a function attributed to an 

interaction between CP110 and CEP290 (Tsang et al. 2008).  However, taken together, 

these data suggest that the mediator between CP110 and Rab8 is, in part, CEP164. 

Besides vesicular docking and TTBK2 recruitment, CEP164 has also been shown 

to interact with and promote centriolar and ciliary localization of the lipid phosphatase 

inositol polyphosphate-5-phosphatase E (INPP5E) (Humbert et al. 2012), which converts 

PtdIns(3,4,5)P3 and PtdIns(4,5)P2 to PtdIns(3,4)P2 and PtdIns(4)P, respectively (Dyson 

et al. 2016).  Recent studies have highlighted a delicate balance in phosphoinositol lipid 

composition of centriole-associated membrane and ciliary membrane (Chavez et al. 

2015; Garcia-Gonzalo et al. 2015).  At the ciliary base, PtdIns(4,5)P2 predominates 

whereas the ciliary membrane contains mainly PtdIns(4)P (Nakatsu 2015).  When 

INPP5E function is perturbed, this balance is altered, which results in ciliogenesis defects 

(Bielas et al. 2009; Jacoby et al. 2009; Luo et al. 2012; Dyson et al. 2016; Xu et al. 2016).  

Thus, in this third mechanism, CEP164 regulates primary ciliogenesis.  However, whether 

these actions of CEP164 are conserved or whether new roles for CEP164 exist in 

multiciliogenesis has never been assessed, in part, because no animal models existed. 

In this chapter, I employ the conditional mouse model developed in Chapter 3 to 

elucidate CEP164 function in multiciliogenesis.  I find that CEP164 is important for proper 

multiciliogenesis by regulating small vesicle recruitment, ciliary vesicle formation, and 

basal body docking.  Experiments using the MTEC system reveal that CEP164 is required 

for the normal basal body localization of Cby1 and its interactors FAM92A and 92B.  

Moreover, I provide evidence that CEP164 has unique functions in primary versus 

multicilia and plays a novel role in differentially controlling the trafficking of ciliary 
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membrane proteins in multiciliated cells.  Altogether, this study harnesses a powerful new 

mouse model to shed light on multiple indispensable roles of CEP164 in airway ciliated 

cell differentiation.  

 

4.2 Materials and methods 

4.2a Transmission electron microscopy 

Samples used for TEM were processed using standard techniques (Love et al. 

2010; Burke et al. 2014).  Briefly, MTEC membranes and adult tracheas were fixed by 

immersion in filtered 2.5% PFA, EM grade, (Sigma) and 2% glutaraldehyde in PBS 

overnight at 4oC.  After fixation, samples were washed in PBS, placed in 2% osmium 

tetroxide in PBS, dehydrated in a graded series of ethanol, and embedded in Embed812 

resin (Electron Microscopy Sciences).  Ultrathin sections of 80 nm were cut with a Leica 

EM UC7 ultramicrotome and placed on Formvar-coated slot copper grids.  Sections were 

then counterstained with uranyl acetate and lead citrate and viewed with a FEI Tecnai12 

BioTwinG2 electron microscope.  Digital images were acquired with an XR-60 CCD digital 

camera system (Advanced Microscopy Techniques) and further processed with Adobe 

Photoshop and Illustrator. 

4.2b Tracheal culture and quantification of centrioles bound to vesicles 

Centrioles in tracheal ciliated cells were analyzed for the presence or absence of 

docked vesicles as previously described (Burke et al. 2014).  In brief, tracheas were 

dissected from P8 mice and cultured for 16 hours in a 5% CO2 at 37oC in DMEM 

supplemented with 10% FBS, 100 U/ml penicillin/streptomycin, 1 µg/ml insulin, and 300 
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ng/ml dexamethasone in the presence of 1 µM paclitaxel.  Tracheas were then processed 

for TEM as described above in section 4.2a Transmission electron microscopy. 

4.2cPurification of NPHP1 antibody 

The antibody was raised against the C-terminal coiled-coil domain and SH3 

domain of human NPHP1 at Open Biosystems.  To purify this antibody, the C-terminal 

domain of NPHP1 was expressed in BL21 E. coli.  After lysing the cells with 0.5% NP-40 

in PBS, sonicating, and spinning, the supernatant was applied to GST-Bind Resin 

(Novagen) in a Bio-Rad column.  The C-terminal fragment was then covalently cross-

linked to the beads with 40 mM dimethyl pimelimidate (DMP) for 1 hr at 4oC.  This reaction 

was then quenched with 40 mM ethanolamine for 45 min at 4oC.  After subsequent 

washes with 0.2 M glycine-HCl, pH 2.5, and 1 M dipotassium phosphate, the serum from 

the terminal bleed was then incubated with the beads overnight at 4oC.  The antibody was 

then eluted with 0.2 M glycine-HCl, pH 2.5, in seven fractions, which were neutralized 

with 1 M dipotassium phosphate.  The first three and second three fractions were pooled 

and dialyzed with PBS overnight at 4oC.  Glycerol was then added to each antibody 

aliquot to 50%. 

4.2d Antibodies for immunofluorescence staining 

The primary antibodies used were: rabbit anti-CEP164 (1:200; Sigma), rabbit anti-

Cby1 1418P (1:250; in-house) (Voronina et al. 2009), rabbit anti-FAM92A (1:200; 

Proteintech), rabbit anti-FAM92B (1:200; Proteintech), rabbit anti-IFT88 (1:250; 

Proteintech), rabbit anti-IFT20 (1:250; gift from G. Pazour, University of Massachusetts 

Medical School, Worcester, MA), rabbit anti-CP110 (1:200; Proteintech), rabbit anti-

TTBK2 (1:100; Proteintech), rabbit anti-Rab8a (1:200; Proteintech), rabbit anti-Rab11a 
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(1:200; Proteintech), rabbit anti-Arl13b (1:200; Proteintech), rabbit anti-INPP5E (1:100; 

Proteintech), rabbit anti-NPHP1 (1:200; in-house), rabbit anti-CCDC92 (1:200; 

Proteintech), mouse anti-FOXJ1 (1:200; gift from S. Brody, Washington University, St. 

Louis, MO), and mouse anti-A-tub (1:1000; Sigma).  The secondary antibodies used 

were: DyLight 488-conjugated goat anti-rabbit IgG (Vector Laboratories), DyLight 549-

conjugated horse anti-mouse IgG (Vector Laboratories), DyLight 488-conjugated horse 

anti-mouse IgG (Vector Laboratories), and DyLight 549-conjugated goat anti-rabbit IgG 

(Vector Laboratories). 

 

Descriptions of additional methods used in this chapter can be found in sections 

3.2a Generation of FOXJ1-Cre;CEP164fl/fl mice, 2.2e Preparation of primary culture of 

mouse tracheal epithelial cells, 2.2h Immunofluorescence staining, 2.2j Fluorescence 

microscopy, and 2.2l Statistical analysis. 

 

4.3 Results 

4.3a CEP164 is critical for multiciliogenesis during differentiation of airway ciliated 

cells  

To gain insight into the molecular basis of the defective multiciliogenesis in the 

absence of CEP164 observed in Chapter 3, I again employed primary cultures of MTECs, 

a well-characterized in vitro model for airway differentiation and ciliogenesis (You et al. 

2002; Vladar and Stearns 2007; Hoh et al. 2012; Vladar and Brody 2013).  As described 

above, MTEC cultures are created by seeding isolated tracheal epithelial cells at low 

density onto a semipermeable, collagen-coated membrane and permitting them to 
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proliferate until confluent for ≤7 days (Figure 2.1).  Differentiation then proceeds in a semi-

synchronous manner after an ALI is established with low-serum media.  At ALId14, the 

cultures contain both ciliated and non-ciliated cells and resemble the native tracheal 

epithelium.  

  Using the MTEC system and the conditional mouse model generated in Chapter 

3, I first sought to determine the efficiency of FOXJ1-Cre-mediated CEP164 removal as 

well as whether it has any impact on the ciliated cell lineage.  Hence, I performed IF 

staining of ALId14 MTECs for CEP164 and FOXJ1.  While intense CEP164 signals were 

detectable at the ciliary base of FOXJ1-positive ciliated cells in CEP164fl/fl MTEC cultures 

at ALId14, CEP164 expression was lost or greatly reduced in ~90% of FOXJ1-positive 

ciliated cells in FOXJ1-Cre;CEP164fl/fl MTEC cultures, revealing highly efficient Cre-

mediated recombination (Figure 4.1A).  Interestingly, there was a modest decrease in the 

number of FOXJ1-positive cells present in FOXJ1-Cre;CEP164fl/fl (32.1%) vs. CEP164fl/fl 

(41.7%) MTEC cultures (Figure 4.1B).  These data suggest that CEP164 may play some 

role in the maintenance and/or survival of ciliated cells.  Clearly, this requires further 

detailed investigation in the future. 

  Next, I assessed the extent of ciliogenesis in ALId14 MTECs from CEP164fl/fl and 

FOXJ1-Cre;CEP164fl/fl mice by IF staining for CEP164 and A-tub (Figure 4.3A).  As 

expected, CEP164-KO ciliated cells showed profound defects in ciliogenesis.  To my 

surprise, however, CEP164-KO ciliated cells were able to extend cilia, albeit short and 

sparse (Figure 4.3A, zoomed image), in sharp contrast to its absolute requirement for 

primary ciliogenesis (Graser et al. 2007; Schmidt et al. 2012).  To precisely quantify the 

percentages of ciliated cells at different stages of ciliogenesis as described (unciliated; 
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stage I: presence of an elongated primary cilium and foci of centrosomal/ciliary proteins; 

stage II: centriolar duplication stage with centrioles clustered to one side in the cytoplasm; 

stage III: basal body docking stage with apically located and evenly distributed basal 

bodies that an lack elongated axoneme; stage IV: axoneme elongation stage) (Figure 4.2) 

(Vladar and Stearns 2007), I fixed CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl MTECs at 

ALId5, d7, and d14 and conducted IF staining for A-tub.  As shown in Figure 4.3B, 

impaired ciliogenesis in FOXJ1-Cre;CEP164fl/fl MTEC cultures was evident at ALId5 and 

more pronounced at ALId14 with a large decrease in the number of stage IV ciliated cells 

and concomitant increases in the numbers of stage II and III cells.  The increased number 

of non-ciliated cells at ALId14 was in line with the decrease in FOXJ1-positive cells seen 

in ALId14 FOXJ1-Cre;CEP164fl/fl MTECs (Figure 4.1B).  Moreover, a vast majority of 

stage IV ciliated cells in FOXJ1-Cre;CEP164fl/fl MTEC cultures extended only short and 

scarce cilia (Figure 4.3C).  Corroborating this observation, CEP164fl/fl MTEC cultures had 

46.5±1.4% of total cells that were fully ciliated with abundant cilia, whereas only 4.9±1.1% 

of cells in FOXJ1-Cre;CEP164fl/fl MTEC cultures appeared fully ciliated, which most likely 

corresponds to CEP164-positive ciliated cells that escaped Cre-mediated recombination.  

Collectively, these data indicate that loss of CEP164 in airway ciliated cells results in 

defective ciliogenesis and ciliated cell differentiation. 

4.3b CEP164 is required for ciliary vesicle formation and basal body docking during 

airway ciliated cell differentiation 

  The dramatic increase in the number of stage III ciliated cells in ALId14 FOXJ1-

Cre;CEP164fl/fl MTEC cultures (Figure 4.3B) suggested that CEP164 regulates docking 

of basal bodies to the apical cell surface (Vladar and Stearns 2007).  To investigate this 
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possibility, I performed TEM on both CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl adult 

tracheas.  In control CEP164fl/fl ciliated cells, basal bodies were properly docked to the 

apical cell surface with cilia extending into the lumen (Figure 4.4A).  In contrast, many 

basal bodies were found undocked in the cytoplasm of FOXJ1-Cre;CEP164fl/fl ciliated 

cells with only a few cilia.   In agreement with the IF staining of MTECs (Figure 4.3A), I 

frequently noted shortened cilia in FOXJ1-Cre;CEP164fl/fl adult tracheas (Figure 4.5A).  I 

also confirmed the presence of many undocked, cytoplasmic basal bodies in ALId14 

MTECs from FOXJ1-Cre;CEP164fl/fl mice using TEM (data not shown).  Furthermore,  I 

found that the transition fibers as well as the Y-linkers of the transition zone were present 

in the absence of CEP164 (Figure 4.5B and C), suggesting that CEP164 is not an 

essential structural component of the transition fibers. 

  Basal body docking defects often result from the inability of distal appendages to 

recruit small vesicles in order to assemble ciliary vesicles (Li et al. 2015a; Wei et al. 2015).  

CEP164 has been shown to be responsible for the recruitment of small vesicles to distal 

appendages during early stages of primary ciliogenesis in RPE1 cells (Schmidt et al. 

2012).  To test if this is the case in multiciliated cells, P8 tracheas were cultured ex vivo 

in the presence of the microtubule-stabilizing agent taxol and subjected to TEM analysis.  

Taxol has previously been shown to block apical migration of basal bodies and enrich for 

basal bodies bound to vesicles (Boisvieux-Ulrich et al. 1989).  In control CEP164fl/fl 

tracheas, 67% of cytoplasmic basal bodies were associated with vesicles, whereas only 

34% of basal bodies in FOXJ1-Cre;CEP164fl/fl tracheas were attached to vesicles (Figure 

4.4B and C).  Worthy of note, many of the vesicles bound to the cytoplasmic basal bodies 

in FOXJ1-Cre;CEP164fl/fl tracheas were smaller and had not coalesced to form ciliary 



 

 
 

91 

vesicles.  Collectively, the TEM data support the notion that CEP164 plays key roles in 

small vesicle recruitment and ciliary vesicle formation during multiciliogenesis. 

4.3c CEP164 recruits Chibby1, FAM92A, and FAM92B to basal bodies in 

multiciliated cells 

  It has been previously reported that Cby1 is important for ciliary vesicle formation 

and basal body docking in airway ciliated cells (Burke et al. 2014).  During primary 

ciliogenesis, CEP164 is essential for Cby1 recruitment to the distal appendages of mother 

centrioles via protein-protein interactions.  Cby1 then recruits the membrane-binding BAR 

domain-containing proteins FAM92A and 92B to basal bodies to facilitate primary 

ciliogenesis (Li et al. 2016b).  IF staining of ALId14 MTECs revealed that Cby1 recruitment 

to basal bodies was substantially reduced in CEP164-KO ciliated cells (Figure 4.6A).  

Similarly, the basal body recruitment of both FAM92A and 92B was severely diminished 

in CEP164-KO compared to control ciliated cells (Figure 4.6B and C).  These data clearly 

indicate that CEP164 lies upstream of Cby1, FAM92A, and FAM92B and recruits them to 

the distal appendages/transition fibers to regulate ciliary vesicle formation, basal body 

docking, and ciliated cell differentiation. 

4.3d The loss of CEP164 in multiciliated cells does not influence the basal body 

localization of IFT components and CP110  

  It was demonstrated that CEP164-KD leads to a significant reduction in the levels 

of IFT components at the base of primary cilia in RPE1 cells (Schmidt et al. 2012; Cajanek 

and Nigg 2014).  I therefore examined the effects of CEP164 loss on localization of the 

IFT components IFT88 and IFT20 in multiciliated cells (Figure 4.7).  Surprisingly, in 

contrast to primary cilia, both IFT proteins were clearly detectable at basal bodies in 
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CEP164-KO ciliated cells at similar levels to control ciliated cells.  Consistent with this as 

IFT carries tubulins and other cargos to build the axoneme, the axonemal 9+2 microtubule 

structure was found to be intact in CEP164-KO ciliated cells upon TEM analysis (Figure 

4.5D).  During primary ciliogenesis, CEP164 recruits TTBK2 to mother centrioles 

(Cajanek and Nigg 2014; Oda et al. 2014).  TTBK2 in turn promotes removal of the distal 

end-capping protein CP110 and recruitment of IFT proteins to initiate ciliogenesis .  Thus, 

CEP164-KD RPE1 cells fail to remove CP110 from the mother centriole, thereby 

preventing ciliogenesis from procedding upon serum starvation (Cajanek and Nigg 2014; 

Oda et al. 2014).  In contrast, I found that, in multiciliated cells, CP110 was constitutively 

present at nascent centrioles (data not shown) as well as at the basal bodies of elongating 

and mature cilia (Figure 4.8A).  The basal body localization of CP110 was not overtly 

affected in CEP164-KO ciliated cells.  TTBK2 was mainly detectable at the tip of a subset 

of cilia at comparable levels in both control and CEP164-KO ciliated cells (Figure 4.8B).  

These findings suggest that CEP164 is dispensable for the proper localization of IFT 

particles and CP110 to centrioles/basal bodies in multiciliated cells and highlight potential 

differences between primary and multiciliogenesis. 

4.3e Distribution of ciliary membrane proteins is perturbed in CEP164-KO ciliated 

cells  

  During primary ciliogenesis, Rab11 recruits Rabin8, which in turn recruits and 

activates Rab8 at centrosomes (Nachury et al. 2007; Knodler et al. 2010; Feng et al. 

2012; Vetter et al. 2015).  Rab8 then promotes membrane trafficking to the base of cilia 

to facilitate ciliary membrane assembly (Sorokin 1962; Sorokin 1968; Nachury et al. 

2007).  As mentioned above, CEP164 is known to bind Rabin8 and mediate Rab8 
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recruitment and activation (Schmidt et al. 2012).  Furthermore, Cby1 binds CEP164 to 

facilitate the CEP164-Rabin8 interaction and Rab8 activation, thereby promoting ciliary 

vesicle formation and subsequent basal body docking in airway ciliated cell differentiation 

(Burke et al. 2014).  I therefore hypothesized that CEP164 might affect the Rab11-

Rabin8-Rab8 cascade in multiciliated cells and immunostained ALId14 MTECs from 

CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl mice with antibodies for Rab8 and Rab11 (Figure 

4.9).  Utilizing super-resolution 3D-SIM, I found that the ciliary and basal body localization 

of both Rab8 and Rab11 was substantially reduced in CEP164-KO ciliated cells 

compared to control ciliated cells.  Of particular note, Rab11 has been reported to 

predominantly localize to a pericentrosomal compartment in cycling cells or a peri-basal 

body compartment in quiescent cells with primary cilia (Knodler et al. 2010).  In contrast, 

Rab11 localization extended to a proximal region of multicilia, again highlighting 

differences between primary and multicilia.  These data point to potential alterations in 

the trafficking and formation of ciliary membranes in CEP164-KO ciliated cells.  

  Next, I sought to determine if other ciliary membrane proteins exhibited altered 

localization patterns upon loss of CEP164.  The ciliary protein Arl13b specifically 

associates with the ciliary membrane via palmitoylation and functions in vesicle and ciliary 

trafficking as well as multiple other cellular processes (Cevik et al. 2010; Larkins et al. 

2011; Cevik et al. 2013; Lu et al. 2015a; Seixas et al. 2016).  Additionally, Arl13b forms a 

functional complex with CEP164 to target INPP5E to the primary cilium (Humbert et al. 

2012), which is important for primary ciliogenesis and maintaining proper ciliary 

membrane lipid composition (Bielas et al. 2009; Jacoby et al. 2009; Luo et al. 2012; 

Chavez et al. 2015; Garcia-Gonzalo et al. 2015; Dyson et al. 2016; Xu et al. 2016).  
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Furthermore, genetic mutations in Arl13b and INPP5E are linked to the ciliopathy Joubert 

syndrome (Cantagrel et al. 2008; Bielas et al. 2009).  Hence, I investigated whether the 

loss of CEP164 has any effect on the ciliary localization of Arl13b and INPP5E.  

Intriguingly, 3D-SIM imaging revealed that, in CEP164-KO ciliated cells, Arl13b robustly 

accumulated in short cilia and that the ciliary localization of INPP5E was modestly, yet 

consistently, increased along the entire length of the short cilia (Figure 4.10).  These 

results, combined with the diminished ciliary recruitment of Rabs in CEP164-KO ciliated 

cells, implicate that CEP164 is involved in the trafficking and formation of ciliary 

membranes in multiciliated cells. 

  CEP164 has been shown to directly interact with the NPHP protein module of the 

transition zone (Chaki et al. 2012).  As the transition zone with the transition fibers is 

thought to form the ciliary gate that controls protein localization in and outside the ciliary 

compartment, I determined if CEP164 loss effected NPHP protein localization in a similar 

manner as to Arl13b and INPP5E in ALId14 MTECs.  Indeed, although intense signals 

tightly localized to the ciliary base in CEP164-WT ciliated cells, NPHP1 had reduced 

signal at the ciliary base, but more diffuse staining along cilia in CEP164-KO ciliated cells 

(Figure 4.11).  In the same study that uncovered the interaction between CEP164 and the 

NPHP protein module, the mother centriole-specific protein CCDC92 was also identified 

as an interactor (Chaki et al. 2012).  Thus, I stained ALId14 MTECs for CCDC92 and 

demonstrated that, CCDC92 signal was modestly decreased in CEP164-KO ciliated cells 

(Figure 4.12).  Taken together, CEP164 differentially regulates ciliary protein localization 

and the recruitment of ciliary membranes during airway multiciliogenesis. 
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4.4 Discussion 

  CEP164-KD experiments in mammalian cell culture experiments provided the first 

insights that CEP164 is critical for proper basal body docking and ciliary vesicle formation 

(Schmidt et al. 2012).  Here, I validate and extend these findings to multiciliogenesis 

(Figure 4.4).  One caveat to this data is the use of the promoter region of the FOXJ1 

transcription factor to drive Cre expression.  FOXJ1 is one of the most specific, but also 

most downstream, transcription factors for multiciliated cell differentiation (Figure 1.3) 

(Blatt et al. 1999; Brody et al. 2000; Brooks and Wallingford 2014); hence, by employing 

an earlier transcription factor to drive Cre expression, different phenotypes might be 

found, including roles for CEP164 in centriole duplication.  On the other hand, by utilizing 

a tamoxifen-inducible Cre expression system, roles of CEP164 in ciliary maintenance  in 

multiciliated cells could be explored in the future. 

  By harnessing a conditional KO mouse model for CEP164 and the MTEC system, 

I provide evidence that CEP164 is dispensable for the proper structure of the distal 

appendage/transition fiber (Figure 4.5B).  These data suggest that the distal 

appendage/transition fiber is not solely a structural docking site for small vesicles and 

subsequent ciliary vesicle formation; rather, certain proteins of the distal 

appendage/transition fiber are, in part, the key actors.  As CEP164 appears dispensable 

for distal appendage/transition fiber structure, but not function, what could be the 

organizer of this distal appendage/transition fiber structure?  Possible candidates are the 

other four core proteins, particularly CEP83 and CEP89, both of which play roles in basal 

body docking and ciliary vesicle formation and are proposed to lie upstream of CEP164 

(Joo et al. 2013; Sillibourne et al. 2013; Tanos et al. 2013).  Further upstream of CEP83 



 

 
 

96 

and CEP89 though are C2cd3 and Odf2/Cenexin (Ishikawa et al. 2005; Ye et al. 2014).  

Additional studies are needed to elucidate the exact structural composition of the distal 

appendage/transition fibers as well as the necessary proteins to organize these structural 

components. 

  Cby1, FAM92A, and FAM92B are all recruited to basal bodies in airway ciliated 

cells by CEP164 (Figure 4.6).  Interestingly, I observed a small amount of Cby1 present 

at the basal bodies in CEP164-KO ciliated cells.  CEP164 may therefore not be the sole 

protein responsible for Cby1 recruitment to the basal bodies.  It has been previously 

reported that Odf2/Cenexin binds to Cby1 and localizes to the basal body in a Cby1-

independent manner (Steere et al. 2012).  It is then tempting to speculate that Odf2 may 

facilitate Cby1 recruitment to the basal bodies, especially as Odf2 is upstream of distal 

appendage formation (Ishikawa et al. 2005).  My findings do align with previous data that 

CEP164 is necessary for FAM92A localization to the mother centriole in RPE1 cells (Li et 

al. 2016b).  FAM92A and 92B are BAR-domain containing proteins, a class of proteins 

involved in membrane remodeling processes (Ren et al. 2006).  An attractive hypothesis 

is that FAM92A and 92B facilitate ciliary vesicle formation by promoting vesicle fusion at 

the basal body after small vesicle docking to the distal appendage.  Furthermore, as 

FAM92A and 92B remain at the basal body during and after axonemal extension 

(unpublished data), they are well-positioned to potentially regulate ciliary membrane 

formation after the ciliary vesicle is established. 

  Despite clear similarities between primary and multicilia, few studies have 

analyzed the differences.  Two well-established distinctions between the two systems are 

the mode of centriole generation as well as the transcriptional control of multiciliogenesis 



 

 
 

97 

(Bettencourt-Dias and Glover 2007; Brooks and Wallingford 2014; Meunier and Spassky 

2016).  This work highlights though specific unique roles for CEP164 in primary versus 

multicilia.  While CEP164 is necessary for IFT88 recruitment to the basal body in primary 

cilia (Schmidt et al. 2012; Cajanek and Nigg 2014), both IFT88 and IFT20 localize to the 

basal body despite CEP164 removal in differentiating airway ciliated cells (Figure 4.7).  

Furthermore, CEP164 interacts with TTBK2 to promote CP110 removal and initiate 

primary ciliogenesis (Cajanek and Nigg 2014; Oda et al. 2014).  However, CP110 

recruitment to basal bodies during airway ciliated cell differentiation is maintained in a 

CEP164-independent manner (Figure 4.8).  These data are consistent with prior studies 

that localize CP110 adjacent to basal bodies and suggest that CP110 may have unique 

functions in basal body apical transport and ciliary adhesion complex formation during 

multiciliated cell differentiation (Walentek et al. 2016).  Hence, it will be important to define 

in the future the similar and distinct mechanisms by which proteins act to promote or 

inhibit primary versus multiciliogenesis. 

  A particularly surprising finding was the differential regulation of ciliary membrane 

proteins.  I uncovered decreases in both the ciliary localization of Rab8 and Rab11 (Figure 

4.9).  Previously, CEP164 has been shown to interact with the Rab8 GEF Rabin8 and 

recruit Rab8 to primary cilia (Schmidt et al. 2012).  My data supports a parallel role in 

multicilia for CEP164 in Rab8 ciliary recruitment.  However, it was noted that CEP164 

had no effect on Rab11 (Schmidt et al. 2012).  Here, I not only observe novel Rab11 

localization to the proximal portion of multicilia, but also show that this localization is 

dependent on CEP164.  I speculate that this Rab11 domain in multicilia may act similarly 

to the pericentrosomal material where ciliary proteins are often first recruited in primary 
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cilia.  On the other hand, I observed overt increases in ciliary Arl13b and INPP5E (Figure 

4.10).  CEP164 has been shown to be important for Arl13b and INPP5E trafficking to 

primary cilia (Humbert et al. 2012).  Additionally, INPP5E has been shown to physically 

interact with both CEP164 and Arl13b; however, an interaction between CEP164 and 

Arl13b has not been tested.  Hence, it is unclear whether CEP164 interacts with INPP5E 

to recruit Arl13b or vice versa.  Though, based on these data, I propose that CEP164 can 

recognize and control access of distinct vesicle types carrying unique cargos to the cilium 

in multiciliated cells.  In so doing, CEP164 recruits Rab-positive vesicles/membranes and 

limits the proportion of Arl13b- and INPP5E-containing vesicles/membranes, which I view 

as trafficking in tandem.  This idea is also consistent with the notion that the transition 

fiber acts as a ciliary gate that regulates entry and exist of proteins into the cilium (Reiter 

et al. 2012; Wei et al. 2015).  Recently, another distal appendage/transition fiber protein 

FBF1 has been shown to regulate the entry of IFT particles into the cilium (Wei et al. 

2013).  Hence, CEP164 may be functioning in an analogous manner to FBF1 for ciliary 

membranes and ciliary membrane proteins.  In support of this idea, the mislocalization of 

the transition zone protein NPHP1 to the short ciliary axonemes in CEP164-KO ciliated 

cells suggests a defective ciliary gate apparatus (Figure 4.11).  An alternative, but not 

mutually exclusive, possibility is that CEP164 maintains proper Arl13b and INPP5E levels 

at basal bodies during airway ciliated cell differentiation to regulate ciliary membrane 

phosphoinositide levels (Chavez et al. 2015; Garcia-Gonzalo et al. 2015; Nakatsu 2015).  

The Arf4 GAP ASAP1 is a BAR-domain containing protein that acts as a scaffold for the 

Rab11-Rabin8-Rab8 complex and is activated, in part, by PtdIns(4,5)P2 (Deretic 2013).  

Hence, normal distribution of INPP5E along cilia may be necessary for proper 
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PtdIns(4,5)P2 levels at the basal body to recruit and activate ASAP1 and the Rab11-

Rabin8-Rab8 protein cascade.  Furthermore, PtdIns(4)P has been suggested to regulate 

the CEP164-TTBK2 interaction, implying that CEP164 may be the central hub, 

coordinating multiple steps during ciliogenesis (Xu et al. 2016). 

  Overall, my data supports a critical role of CEP164 in multiciliogenesis.  In my 

model for CEP164 function in multiciliogenesis, CEP164 first recruits both the Rab11-

Rab8 protein axis along with Cby1, FAM92A, and FAM92B to the basal body to allow for 

ciliary vesicle formation and subsequent basal body docking.  Small Rab8-positive 

vesicles destined to become ciliary membrane continue to be recruited by CEP164 to the 

proximal Rab11 portion of the nascent cilium.  However, CEP164 tightly controls the 

amount of Arl13b- and INPP5E-positive membranes that are brought to the cilium, most 

likely to control ciliary membrane lipid composition in multicilia.  While several 

unanswered questions about CEP164 function in primary and multicilia remain, I 

anticipate that this mouse model will provide the basis for future investigations into the 

mechanisms of multiciliogenesis as well as for the ability to probe CEP164 function in 

other physiological contexts.  
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Figure 4.1: Efficient removal of CEP164 by FOXJ1-Cre-mediated recombination in 
ciliated cells in MTEC cultures. 
(A) MTECs were prepared from CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl mice, fixed at 
ALId14, and immunostained for FOXJ1 (green) and CEP164 (red).  Nuclei were stained 
using DAPI (blue).  ~90% of ciliated cells in MTEC cultures from FOXJ1-Cre;CEP164fl/fl 
mice lost CEP164 expression after Cre-mediated recombination.  Scale bar, 25 μm. (B) 
Quantification of FOXJ1-positive ciliated cells.  The percent of FOXJ1-positive cells in 
FOXJ1-Cre;CEP164fl/fl MTECs was moderately reduced (~10%) in comparison to 
CEP164fl/fl MTECs.  >800 cells were counted per genotype.   
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Figure 4.2: Stages of multiciliated cell differentiation. 
Prior to initating multiciliogenesis, unciliated cells have a primary cilium that extends from 
the mother, or mature, centriole.  After multiciliogenesis begins, an elongated primary 
cilium is observed as well as multiple foci of centriolar proteins in the cell cytoplasm (Stage 
I).  Centriole duplication then begins as newly made centrioles cluster to one side of the 
cell (Stage II).  Following centriolar amplification, centrioles disperse evenly in the 
cytoplasm and apically migrate (Stage III).  Finally, after basal bodies dock to the apical 
cell surface, axonemal extension occurs (Stage IV).  
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Figure 4.3: CEP164 deletion results in defective airway multiciliogenesis. 
(A) ALId14 MTECs were stained for CEP164 (green) and A-tub (red).  Nuclei were stained 
with DAPI (blue).  Arrowheads denote CEP164-KO ciliated cells with sparse, stubby cilia.  
Zoomed views of cilia are shown for the squared areas.  Arrows indicate a ciliated cell 
with CEP164 expression that escaped Cre-mediated recombination in FOXJ1-
Cre;CEP164fl/fl MTEC cultures. Scale bars, 10 μm and 5 μm for zoomed images.  (B) 
Quantification of ciliated cells at different stages (I-IV) of ciliogenesis.  MTECs from 
CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl were fixed at ALId5, d7, and d14 and 
immunostained for A-tub.  >225 cells were counted per genotype per ALI day.  (C) 
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Quantification of fully ciliated cells.  MTECs from CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl 
were fixed at ALId14 and immunostained for A-tub.  Percentages were calculated by 
dividing the number of fully ciliated cells with abundant cilia by total cell number.  >250 
total cells per genotype were counted.  n=3.  Error bars represent ±SEM.  **, p<0.005.  
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Figure 4.4: CEP164 regulates basal body docking and ciliary vesicle formation. 
(A) Electron micrographs of ciliated cells from CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl adult 
tracheas.  Asterisks depict multiple cytoplasmic basal bodies in FOXJ1-Cre; CEP164fl/fl 
trachea.  Scale bars, 500 nm.  (B) Electron micrographs of CEP164fl/fl and FOXJ1-
Cre;CEP164fl/fl P8 tracheas subjected to ex vivo culture in the presence of taxol to block 
apical migration of basal bodies and permit visualization of vesicle docking events.  
Arrows denote ciliary vesicle attached to the distal end of the cytoplasmic centriole, 
whereas the arrowhead signifies an undocked vesicle.  (C) Quantification of the percent 
of centrioles with docked vesicles in taxol-treated P8 tracheas.  >30 cytoplasmic 
centrioles were counted per condition.  
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Figure 4.5: Transmission electron microscopy reveals short cilia as well as intact 
transition fibers and transition zone in the absence of CEP164. 
(A) Elongated cilia were abundant in cross-sections of tracheas from CEP164fl/fl adult 
mice while short cilia were frequently found in tracheas from FOXJ1;CEP164fl/fl adult 
mice.  Scale bar, 500 nm.  (B) Nine transition fibers emanating from the microtubule 
triplets of the basal body were present in cross-sections of cilia in ALId14 MTEC cultures 
from both CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl mice.  Scale bars, 100 nm.  (C) Y-linkers 
within the transition zone were visible in cross-sections of cilia in ALId14 MTEC cultures 
from both CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl mice.  Scale bars, 100 nm.  (D) 
Axonemal cross-sections display a 9+2 microtubule arrangement in ALId14 MTEC 
cultures from both CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl mice.  Scale bars, 100 nm.  
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Figure 4.6: CEP164 recruits Cby1 and FAM92 proteins to basal bodies in ciliated 
cells. 
ALId14 MTECs from CEP164fl/fl or FOXJ1-Cre;CEP164fl/fl mice were immunostained for 
Cby1 (A), FAM92A (B), or FAM92B (C) (green) and A-tub (red).  DAPI staining (blue) 
marks nuclei in merged images.  Arrowheads indicate individual CEP164-KO ciliated 
cells.  Scale bars, 10 μm.  
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Figure 4.7: CEP164 is dispensable for the basal body localization of IFT proteins 
IFT88 and IFT20 in ciliated cells. 
ALId14 MTECs from CEP164fl/fl or FOXJ1-Cre;CEP164fl/fl mice were immunostained for 
IFT88 (A) or IFT20 (B) (green) and A-tub (red).  Nuclei were detected with DAPI (blue).  
All ciliated cells were at early stage IV.  The insets show zoomed views of the squared 
areas.  Scale bars, 10 μm.  
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Figure 4.8: CEP164 is dispensable for the basal body localization of CP110 and 
TTBK2 in ciliated cells. 
ALId14 MTECs from CEP164fl/fl or FOXJ1-Cre;CEP164fl/fl mice were immunostained for 
CP110 (A) or TTBK2 (B) (green) and A-tub (red).  Nuclei were detected with DAPI (blue).  
All ciliated cells were at early stage IV except for the fully differentiated cell (Fully ciliated) 
imaged to show the clear basal body localization of CP110.  The insets show zoomed 
views of the squared areas.  Scale bars, 10 μm.  
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Figure 4.9: CEP164 is required for the proper targeting of Rab proteins in ciliated 
cells. 
CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl MTECs at ALId14 were immunostained for Rab8 
(A) or Rab11 (B) (green) and A-tub (red) and subjected to super-resolution SIM imaging.  
Arrowheads point to individual CEP164-KO ciliated cells.   Scale bar, 5 μm.  
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Figure 4.10: CEP164 is required for the proper ciliary targeting of Arl13b and 
INNP5E in ciliated cells. 
ALId14 MTECs from CEP164fl/fl and FOXJ1-Cre;CEP164fl/fl mice were immunostained for 
Arl13b or INPP5E (green) and A-tub (red) and imaged by SIM.  Arrowheads indicate 
individual CEP164-KO ciliated cells. Scale bar, 5 μm. 
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Figure 4.11: CEP164 is necessary for normal localization of the transition zone 
protein NPHP1. 
ALId14 MTECs from CEP164fl/fl or FOXJ1-Cre;CEP164fl/fl mice were immunostained for 
NPHP1 (green) and A-tub (red).  DAPI staining (blue) marks nuclei in merged images.  
Arrowheads point to CEP164-KO individual ciliated cells.  Scale bars, 10 μm.  
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Figure 4.12: CEP164 is important for the centriolar localization of ccdc92. 
ALId14 MTECs from CEP164fl/fl or FOXJ1-Cre;CEP164fl/fl mice were immunostained for 
ccdc92 (green) and A-tub (red).  DAPI staining (blue) marks nuclei in merged images.  
Arrowheads indicate individual CEP164-KO ciliated cells.  Scale bars, 10 μm.  
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Chapter 5: General Discussion 

Cilia play a diverse set of functions in eukaryotic, and, in particular, mammalian, 

development and homeostasis (Eggenschwiler and Anderson 2007), as exemplified by 

the wide range of clinical phenotypes observed in patients with ciliopathies (Fliegauf et 

al. 2007).  Motile multicilia are specifically responsible for the clearing of mucus and debris 

from the airway, circulating cerebrospinal fluid, and transporting the ovum through the 

oviduct (Ibanez-Tallon et al. 2003).  Unfortunately, genetic, such as PCD and CF, and 

non-genetic, such as COPD and asthma, disorders that affect multicilia have an 

enormous impact on human health (Tilley et al. 2014); though, our knowledge of and tools 

to study multicilia are limited. 

Essential structures for ciliogenesis to proceed normally are the distal 

appendages, or transition fibers, as referred at the base of cilia (Reiter et al. 2012; Wei et 

al. 2015).  In primary cilia formation, they are signatures of a mature centriole, regulate 

the initiation of primary ciliogenesis, coordinate multiple vesicular docking events and the 

formation of the ciliary membrane, and are sites of entry and exit of the privileged ciliary 

compartment.  To achieve all this, a core unit of proteins composes the distal appendage 

(Tanos et al. 2013); however, several upstream effectors modulate their function while 

many downstream effectors facilitate this function (Wei et al. 2015).  Highlighting the 

importance of the distal appendages and their associated protein network, multiple 

disease mutations are found in a host of genes that encode for distal appendage or distal 

appendage-associated proteins (van Reeuwijk et al. 2011).  Despite their vast 

consequence on human health and biology, very little is known about these proteins 
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physiological function.  Furthermore, even less is known about their roles in multicilia 

formation. 

In this dissertation, I interrogate the functions of a core distal appendage protein 

CEP164 and a downstream distal appendage effector Cby1 in multicilia.  First, I identify 

a novel role for Cby1 in regulating ciliary morphology and the IFT processes that are 

responsible for transporting cargos along the cilium.  Then, I establish and characterize 

a novel conditional KO mouse model where CEP164 is deleted in multiciliated cells and 

the testis.  In so doing, I elucidate a clear requirement for CEP164 in multiliogenesis.  

These mice have hydrocephalus and male infertility along with a dramatic loss of airway, 

ependymal, and oviduct cilia.  Furthermore, CEP164 promotes vesicular docking, ciliary 

vesicle formation, and basal body docking in airway ciliated cells, similar to that seen in 

primary ciliogenesis.  However, the present study emphasizes important differences 

between primary and multicilia formation, which should shape interpretation of data 

generated in these two systems going forward.  My data also suggests that CEP164 

engages the Rab11-Rabin8-Rab8 protein cascade as well as a Cby1-FAM92 protein axis 

to facilitate ciliary membrane biogenesis while tightly controlling the amount of Arl13b and 

INPP5E in the cilium.  Importantly, this is the first report of differential regulation of ciliary 

membrane protein trafficking as seen with these two sets of membrane proteins in airway 

ciliated cells, which should be therefore the subject of future investigations.  

  Based on these findings, I propose a model (Figure 5.1) for CEP164 and Cby1 

function in airway ciliated cells where CEP164, working in concert with Cby1, promotes 

Rab-positive vesicular membranes to dock to the distal appendage.  Additionally, CEP164 

either directly recruits to the centriole or adjusts the amount at the centriole of Arl13b- and 
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INPP5E-positive membranes.  Then, through remodeling events, these vesicular 

membranes fuse to create the ciliary vesicle and promote basal body docking.  At this 

point, Cby1, potentially with another distal appendage protein FBF1 (Wei et al. 2013), 

engages IFT processes to build the cilium.  In parallel, CEP164 continues to recruit Rab-

positive membranes and modulate the amount of Arl13b- and INPP5E-positive 

membrane that enters the ciliary compartment.  This additionally provides tight control 

over the lipid composition of the ciliary membrane.  Finally, working in concert, CEP164 

and Cby1 form and maintain the airway cilia. 

While speculative, this model leaves many unanswered questions.  For example, 

after vesicular recruitment, how do the membrane remodeling processes occur to form 

the ciliary vesicle and to incorporate new membrane into the growing cilium?  This is a 

critical point for the airway ciliated cell that must traffic a substantial amount of membrane 

to hundreds of growing cilia.  Obvious targets are the BAR-domain containing proteins 

FAM92A and 92B, which are effectors of Cby1 that localize to the ciliary base (Li et al. 

2016b).  BAR-domain containing proteins are known to function in membrane deforming 

and remodeling events (Ren et al. 2006).  Thus, these are likely candidates for this role; 

however, no KO mice for either protein exist in order to test this hypothesis in airway 

ciliated cells.  In addition, both FAM92A and 92B persist at the ciliary base of mature 

airway cilia.  Thus, it is tempting to think that these two proteins may either play a similar 

role to Cby1 in the maintenance of cilia or, on the other hand, might possibly be important 

for the incorporation of new membrane that is trafficked to maintain ciliary membrane 

integrity.  Very little is known about the latter process; however, as multicilia play a vital 

role in chronic respiratory diseases, this should be a focus of future work. 
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The Rab11-Rabin8-Rab8 protein network is clearly a critical nexus of ciliary 

membrane trafficking for both primary and multicilia formation that is highly regulated, in 

particular, by CEP164 (Schmidt et al. 2012; Deretic 2013).  Of great interest, several 

proteins that are linked to this protein cascade also regulate each other, including Ahi1, 

CEP290, Cby1, CEP164, FAM92A, FAM92B, EHD1, and EHD3 (Kim et al. 2008; Hsiao 

et al. 2009; Burke et al. 2014; Lu et al. 2015b; Li et al. 2016b).  These regulatory 

relationships suggest the presence of a larger protein network whose function is to 

regulate the Rab11-Rabin8-Rab8 cascade.  Additionally, as the BBSome has been shown 

to be a coatomer complex and to regulate the Rab11-Rabin8-Rab8 cascade, this provides 

additional interesting links to IFT processes (Jin et al. 2010).  While we have some 

glimpses into how this large network interacts, it should be of the utmost importance to 

tease apart these relationships.  This is of particular importance as, despite the 

importance of Rab8 to ciliary membrane formation, it appears to be dispensable for 

ciliogenesis, implying that the Rab11-Rabin8-Rab8 cascade working together with its 

larger associated protein module properly regulates ciliogenesis. 

 Finally, CEP164 and Cby1 are only two proteins of the several that are 

contained within or associated with the distal appendage (Reiter et al. 2012; Tanos et al. 

2013; Tony Yang et al. 2015; Wei et al. 2015).  While it is clear from my studies that 

complex regulatory processes occur at these appendage structures, further work is 

needed to interrogate the mechanisms, for example, of how CEP164 differentially 

regulates two different pools of ciliary membrane proteins.  Moreover, the actions of the 

other distal appendage or distal appendage-associated proteins must be elucidated 

through more detailed animal studies.  This is hopefully only the first of many reports on 
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mouse models of distal appendage proteins.  Only through other studies, such as this, 

can we fully grasp the functions of the distal appendage in health and disease.  
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Figure 5.1: A model for CEP164 function in multiciliogenesis. 
In CEP164 WT ciliated cells, pools of Rab8- and Rab11-positive vesicles and Arl13b- and 
INPP5E-positive vesicles are captured by CEP164 for docking with the distal appendage 
to form the ciliary vesicle and for integration into the ciliary membrane at specified levels.  
Greater amounts of Rab8- and Rab11-positive vesicles are recruited by CEP164.  In the 
absence of CEP164, basal bodies cannot recruit small vesicles to dock at centrioles, 
causing cytoplasmic basal bodies, and increased levels of Arl13b- and INPP5E-positive 
vesicles are recruited, leading to changes in ciliary membrane composition and short cilia. 
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