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Abstract of the Dissertation

Identification and characterization of the novel BAR-domain containing proteins,

FAM92A and FAM92B, as interacting partners of the ciliary protein Chibby
by
Xingwang Chen
Doctor of Philosophy
In
Molecular and Cellular Pharmacology
Stony Brook University

2015

Cilia are small hair-like projections extending from nearly all eukaryotic cell
surfaces. Cilia are associated with critical cellular functions such as cellular motility as
well as acting as the cellular antennae for signaling pathways and sensory functions. In
recognition of this, there has been intense research to elucidate the molecular
mechanism of ciliary formation and maintenance in order to understand the many and
heterogeneous diseases (cilia-related diseases termed the ciliopathies) resulting from
ciliary defects. Chibby (Cby) is an evolutionarily conserved coiled-coil protein that was
initially isolated as an antagonist of the canonical Wnt/3-catenin signaling pathway.

Generation of CbyKO mice revealed phenotypes characteristic of ciliopathic diseases.



Subsequently, it was revealed that Cby is a critical mediator of cilia formation through its
ability to recruit membranous vesicles to the ciliary base. However, the molecular
mechanism as to how exactly Cby facilitates recruitment and subsequent fusion of small

vesicles to centrioles remains unclear.

In order to gain insight into the role of Cby in vesicle recruitment, | first examined
Cby dynamics at the bases of cilia in order to gain insight into the role Cby plays in
vesicle recruitment. The fluorescence recovery after photobleaching (FRAP) data
indicates that Cby is localized to a region of the cilia that is not readily accessible thru
free diffusion. Second, | compiled a comprehensive list of potential Cby interacting
partners, with a focus on basal body proteins. The tandem affinity purification (TAP)
technology was used to identify the novel Cby interacting partners FAM92A and
FAM92B. Beyond the few studies that suggest that FAM92A plays a role in
embryogenesis, little else is known about the function of the FAM92 family of proteins.
Members of this family contain a putative BAR-domain. BAR-domains are a highly
conserved domain that forms a crescent-shaped homodimer and is found in many

proteins involved in membrane dynamics.

| characterized FAM92A and FAM92B as novel Cby interacting partners that
localized to the base of cilia. The BAR-domain of FAM92A and FAM92B was sufficient
for this interaction as well as the FAM92 proteins ability to homodimerize. In the
absence of Cby, FAM92A and FAM92B localization to the base of cilia was disrupted.
This suggests that Cby acts upstream of the FAM92 proteins, possibly recruiting the
FAMO2 proteins to the basal body. Additionally, sSiRNA mediated knockdown of FAM92A

decreased cilia formation, which implicates the FAM92 proteins involvement in cilia
1\



formation. Furthermore, ectopic expression of FAM92 and Cby induced membrane
tubule-like structures. Overall, | have identified and characterized the BAR-domain
containing proteins, FAM92A and FAM292B, as novel Cby interacting partners. The
BAR-domain properties of FAM92 proteins could provide the crucial link between Cby’s
ability to recruit vesicles and the subsequent membrane fusion necessary for cilia

formation.
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Chapter 1: General Introduction

1.1 Cilia

Cilia structure and function

Cilia are hair-like organelles that project from the surfaces of nearly all eukaryotic
cell types. The structure of cilium comprises a cylindrical microtubule-based
cytoskeleton, called the axoneme, surrounded by the specialized plasma membrane.
Cilia are broadly classified into two main categories according to their axonemal
composition as well as motility. The axoneme of the primary cilia contains a ring of nine
microtubule doublets in a 9+0 arrangement, while that of the motile multi-cilia contains
the nine microtubule doublets plus a central pair of microtubule singles in a 9+2
arrangement (Badano et al., 2006). The primary cilium is present on most mammalian
cell types and was ignored for over a century as a vestigial organelle after discovery.
Recently however, much progress has been made in elucidating the function of the
primary cilium, which is now known to play crucial roles in mechanosensation,
photoreception and intracellular signaling (Fliegauf et al., 2006; Goetz and Anderson,
2010; Steere et al., 2012; Roy, 2009). Motile multi-cilia are mainly found on epithelial
cells that line the airways, reproductive tracts and ependymas. These cilia are important
for generating the physical forces needed for clearing mucus from the airway,
transporting ova from the ovary to the uterus and circulating cerebrospinal fluids in the
brain. This two scheme classification is simplistic and can be misleading, as motile
primary cilia and sensory multi-cilia types exist (Shah et al., 2009). An example of motile
primary cilia is found in the node of vertebrate embryos. Nodal primary cilia has a

classic 9+0 arrangement but also have dynein arms that moves the cilia in a rotational



motion to establish left-right asymmetry (Nonaka et al., 1998a; Wagner and Yost, 2000;

Essner et al., 2002; Nonaka et al., 1998b).

The cilium is a complex structure with over 1200 different proteins identified by
proteomic analysis, many of which are known to associate with the axoneme (Pazour et
al., 2005; Goel et al., 2013; Gherman et al., 2006; Yuan and Sun, 2013; Rolland et al.,
2014). The ciliary structure can be separated into 3 distinct subdomains, each with its
own unique ultrastructure and protein composition. Going from the most proximal to the
distal are the basal body, the transition zone, and the ciliary axoneme (Figure 1). The
basal body and the surrounding pericentriolar material (PCM) serve as the platform on
which cilia are built. In order for proper docking to the plasma membrane to occur, the
mother centriole/basal body forms accessory structures, which include the sub-distal
and distal appendages (Graser et al., 2007; Ishikawa et al., 2005; Avasthi and Marshall,
2012). Amongst the distal appendage proteins, Cep164 is thought to play a major role in
maintaining the structural integrity of the distal appendage as well as the subsequent
recruitment of Rab8-associated vesicles (Kim and Dynlacht, 2013a). Cep164 is also
required for the removal of TTBK2 and CP110 which serve as a cap that must be
removed before cellular differentiation and subsequent ciliogenesis can be initiated
(Tanos et al., 2013). The PCM is the amorphous mass of proteins that surrounds the
two centrioles and is responsible for microtubule nucleation and anchoring.
Pericentriolar proteins such as Cep290 and PCM-1 are required for the efficient
recruitment of Rab8, as depletion of these proteins resulted in a significant decrease in
Rab8 localization at the cilium as well as a decrease in cilium formation (Kim et al.,
2008; Lopes et al., 2011; Dammermann and Merdes, 2002; Craige et al., 2010).
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The region between the basal body and the axoneme is termed the transition
zone, and has been a major focus of research. Marking this region are the Y-link
structures that connect each of the nine microtubule doublets with the ciliary membrane.
Several studies have linked transition zone proteins to roles in regulating ciliary protein
composition. As such, depletion of transition zone proteins such as MKS1, TCTN1-3,
and JBTS results in severely stunted cilia (Awata et al., 2014; Chih et al., 2012). These
studies implicate the transition zone as a ciliary gate, providing a physical and molecular
barrier to regulate protein entry and exit from the cilium (Chih et al., 2012; Craige et al.,

2010; Williams et al., 2011).

The ciliary axoneme comprises of the axoneme which is sheathed by specialized
extensions of the plasma membrane. Primary cilia mediate various signaling pathways
by transporting and regulating signaling components along the axoneme. In maotile cilia,
the axoneme contains the motor proteins and inner and outer dynein arms, which drive
the coordinated beating of cilia to move fluid over the epithelial surface (Satir and
Christensen, 2007). Additionally, the intraflagellar transport (IFT) machinery uses the

microtubule tract of the axoneme to transport ciliary cargo to and from the ciliary tip.

Ciliopathies

Ciliopathies comprise a group of disorders associated with genetic defects that
result in the abnormal function or formation of cilia (Waters and Beales, 2011;
Hildebrandt et al., 2011; Fliegauf et al., 2007a; Brown and Witman, 2014). Because cilia
are present on many cell types, a single underlying genetic defect can affect multiple

tissues. One of the best characterized ciliopathies is primary ciliary dyskinesia (PCD),



which is also known as immotile cilia syndrome. PCD is a devastating inherited disorder
characterized by chronic respiratory disease, male infertility, and situs inversus (Bush
and Ferkol, 2006; Schidlow, 1994). The most frequent cause of PCD is the loss of
function of the outer dynein arms. The outer dyneins arms are found at the outer
microtubule doublets and are responsible for generating ciliary beating using energy
derived from ATP hydrolysis (Pazour et al., 2006; Lee, 2011; Voronina et al., 2009a). As
a result, PCD patients often exhibit chronic bronchitis and sinusitis due to inefficient
mucus clearance by motile cilia in the nasal epithelium. Situs inversus is a condition in
which the positioning of the internal organs are reversed (Pazour and Rosenbaum,
2002). During embryonic development, nodal cilia are responsible for generating the
leftward fluid flow over the embryonic node, a transient embryonic cavity that forms at
the end of the developing notochord, which ultimately determines left-right asymmetry.
In the absence of this fluid flow to dictate orientation, the position of organs is
randomized with an equal chance that the embryo will develop with a left-right or right-
left orientation (Nonaka et al., 1998a; Wagner and Yost, 2000). Other manifestations of
motile cilia dysfunction include embryonic lethality due respiratory dysfunction,
reproductive sterility, and hydrocephalus (Badano et al., 2006; Waters and Beales,

2011).

In contrast, defects of primary ciliary manifest a broad range of phenotypes likely
due to their presence on many different cell types and their role in signal transduction
(Hildebrandt and Zhou, 2007; Fliegauf et al., 2007b; Waters and Beales, 2011;
Hildebrandt et al., 2011). One of the most common phenotypes of primary ciliary
dysfunction is the formation of renal cysts, a condition associated with polycystic kidney
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disease (PKD), Bardet-Biedl syndrome (BBS), Meckel syndrome (MKS), and
nephronophthisis (NPHP) (Hildebrandt and Zhou, 2007; Pedersen et al., 2008; Jin and
Nachury, 2009; Kim and Dynlacht, 2013a). The most prevalent of these disorders, PKD
is amongst the most common life-threatening inheritable diseases, affecting over 12.5
million people worldwide (Brown and Witman, 2014). Primary cilia are thought to
function in the renal epithelium as environmental sensors that regulate cell growth and
differentiation, and their dysfunction results in abnormal cell proliferation and the
consequent production of renal cysts (Badano et al., 2006). NPHP is an autosomal
recessive cystic kidney disease and the most frequent cause of end stage renal failure
in children (Hildebrandt and Zhou, 2007). It is characterized by the formation of
corticomedullary cysts, interstitial fibrosis and renal insufficiency. Mutations in 11
different genes, NPHP1-11, are known to cause NPHP (Hildebrandt and Zhou, 2007;
Wolf and Hildebrandt, 2011). Retinitis pigmentosa is another ciliopathy associated with
primary ciliary defects. Primary cilia of the photoreceptor cells are responsible for
connecting and trafficking of proteins from the inner segment to the outer segment, and
their dysfunction leads to degenerative eyes and eventual blindness (Badano et al.,
2006). Other primary cilia-related ciliopathies include Senior-Loken syndrome, MKS,
BBS, and Joubert syndrome (JBTS), which manifest clinical phenotypes including situs
inversus, polydactyly, deafness, mental retardation, and cysts of the kidney, liver and
pancreases (Gunay-Aygun, 2009; Adams et al., 2007; Tobin and Beales, 2009; Sharma

et al., 2008).

Primary cilia in signal transduction



To understand the cause of a ciliopathy phenotype, it is important to examine the
biological processes at the cellular level that are perturbed under disease conditions.
Located on the ciliary membrane are receptors, ion channels, effector proteins and
transcription factors that mediate extracellular signals to control basic cellular processes
both during embryonic development and adult homeostasis (Lienkamp et al., 2012;
Dafinger et al., 2011; Nusse et al., 2008; Goetz and Anderson, 2010). The significance
of primary cilia in early vertebrate development was first revealed in the a genetic study
that demonstrated that the cilium is critical for survival and fate determination of the
mouse embryo (Goetz and Anderson, 2010). Important developmental signaling
pathways such as the Hh signaling and Wnt/3-catenin signaling pathways have all been
shown to be dependent on cilia (Goetz and Anderson, 2010; Huangfu et al., 2003;
Lienkamp et al., 2012; Jones et al., 2008). Consequently, ciliopathies often manifest in

pathologies that are related to signal transduction pathways.

The Hh pathway is dependent on primary cilia for signaling (Huang and Schier,
2009; Huangfu et al., 2003; Satir and Christensen, 2007). Hh signaling is a highly
conserved and ubiquitous pathway regulates a variety of cellular processes including
cell fate specification and cell proliferation (Waters and Beales, 2011; Jacob and Lum,
2007; Jiang and Hui, 2008). In the unstimulated state Patched (Ptch), a transmembrane
Hh receptor found at the ciliary membrane, represses activation of Smoothened (Smo),
a G-protein coupled receptor found around the base of cilia (Milenkovic et al., 2009).
Upon Hh binding to Ptch, Smo is then able to translocate to the ciliary membrane to
activate Gli2. Gli2, a transcription factor, usually found at the ciliary tip, then translocate
to the nucleus where it activates Hh target gene expression (Milenkovic et al., 2009).
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Genetic studies showed that intraflagellar transport (IFT) proteins are required for Hh
signaling, specifically the translocation of Gli2 from the ciliary tip to the nucleus

(Huangfu et al., 2003; Kim et al., 2010; Ocbina et al., 2009).

The Wnt/B-catenin pathway regulates development, stem cell pluriopotency and
cell fate determination (Klaus and Birchmeier, 2008; Pinto and Clevers, 2005). The Wnt
proteins are a family of 19 highly conserved, secreted glycoproteins that act as ligands
for receptor mediated signaling, most notably in this case for the Frizzled (Fz) family of
G-protein coupled receptors (Angers and Moon, 2009; Nusse et al., 2008). In the
absence of Wnts, cytoplasmic B-catenin is recruited and phosphorylated by a
‘destruction complex’ comprised of the tumor suppressor adenomatous polyposis coli
gene product (APC), Axin, casein kinase 1a (CK1a), and glycogen synthase kinase 3
(GSK3). The phosphorylated B-catenin is rapidly ubiquitylated and targeted for
degradation by the 26S proteasome. The suppressed level of 3-catenin allows the
transcriptional repressor Groucho (Gro) to bind to the T-cell-specific factor/lymphoid
enhancer-binding factor (TCF/LEF) transcription factors, preventing the expression of
Whnt/B-catenin target genes (Behrens et al., 1996). The Wnt/B-catenin pathway is
activated upon Wnt ligand binding to Fz and its co-receptors, low-density lipoprotein
receptor related protein 5 and 6 (LRP5/6) (Angers and Moon, 2009). This binding
recruits Dishevelled (Dvl) and axin proteins via interaction with Fz and LRPs, thereby
preventing the formation of the B-catenin phosphorylating ‘destruction complex’
(Clevers, 2006). B-Catenin accumulates in the cytoplasm and translocates to the
nucleus. Nuclear 3-catenin displaces with Gro from TCF/LEF transcription factors and
activates Wnt target genes (Behrens et al., 1996).

7



There have been substantial interests in the relationship between cilia and Wnt
signaling. Nephrocystin-2, the product of the NPHPZ2/inversin gene, has been shown to
block Dvl’s ability to activate Wnt signaling by targeting it for degradation (Simons et al.,
2005; Lienkamp et al., 2012). Kif3a, an essential component of the anterograde motor
kinesin 2, has been shown to regulate Wnt signaling by restricting CK1a
phosphorylation of Dvl (Corbit et al., 2008). Additionally, it has been reported that the
suppression of BBS4, which encodes a basal body protein that is a core component of
the BBSome complex, led to a disruption in proteasomal targeting with a concomitant
accumulation of cytoplasmic -catenin (Gerdes et al., 2007). Cumulatively, these data
suggest that basal body proteins are important regulators of Wnt signaling (Corbit et al.,

2008; Lienkamp et al., 2012; Gerdes et al., 2007).

However, other studies have shown that mutants for ciliary genes fail to show the
phenotypes characteristic of Wnt signaling defects. In zebrafish, a mutants deficient in
Ift88 lacks cilia, but shows no apparent defects in Wnt-dependent developmental
processes or in expression of known Wnt target genes (Huang and Schier, 2009).
Another study showed that expression of the Wnt target gene Axin2 and a transgenic
Wnt reporter is normal in mouse embryos lacking ciliary genes such as ift88, ift72, or
kif3a (Ocbina et al., 2009). Interestingly, Cby was initially characterized as a 3-catenin
antagonist and through generation of CbyKO mice, it was found that Cby also has a role
in cilia formation. In airway epithelia and MEFs, mutations of the Cby gene result in mild
up-regulation of Wnt responses (Voronina et al., 2009b). In reconciliation of these two
contrasting analyses, it is possible that the role of cilia in the canonical Wnt pathway
might be cell type-specific and more subtle than its effect on the Hh signaling pathway.
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1.2 Ciliogenesis

Initiation of cilia formation

Centrosomes are non-membrane bound organelles located in close proximity to
the nucleus. The centrosome comprises a mother and a daughter centriole that together
with the PCM forms a microtubule organizing complex (MTOC) to generate the mitotic
spindle pole in dividing cells. The mother centriole is distinguishable from the daughter
centriole by the presence of fibrous distal and subdistal appendages which are crucial
for initiation of cilia formation. Ciliogenesis of both primary and multi-ciliated cells is
thought to largely follow similar pathways with a key difference in how centrioles are
generated (Marshall et al., 2005; Vladar and Stearns, 2007). In primary ciliated cells,
centrioles duplicate using existing centrioles as templates, while multi-ciliated cells must

undergo additional template-independent steps to generate hundreds of centrioles.

Ciliogenesis occurs through an ordered series of steps (Sorokin, 1968; Ishikawa
and Marshall, 2011; Hagiwara et al., 2000). First, the mother centriole acquires various
accessary structures such as distal and subdistal appendages to mature into the basal
body. Distal appendage protein Cep164 triggers ciliogenesis by recruiting TTBK2, which
is required for the removal of centriole capping protein, CP110, and recruitment of IFT
proteins (Cajanek and Nigg, 2014; Graser et al., 2007). The basal body then migrates
towards the cell surface (Tanos et al., 2013; Graser et al., 2007; Joo et al., 2013). The
distal appendages are thought to transform into the transition fibers upon docking to the
apical membrane as revealed by transmission electron microscopy (TEM) (Sorokin,
1968; Graser et al., 2007). During the migration, the distal appendage of the mother

centriole associates with post-Golgi vesicles, which fuse to each other and flatten prior
9



to fusion the plasma membrane (Sorokin, 1962). The removal of the centriolar capping
proteins, CP110 and CPAP, from the distal end of the basal body is a prerequisite for
elongation of the axoneme (Tsang et al., 2008; Tanos et al., 2013; Schmidt et al., 2009).
Next, the basal body nucleates the outgrowth of axonemal microtubules, which protrude
beneath an extension of the plasma membrane giving rise to the mature axoneme. The
delivery of ciliary components from the cytoplasm to the cilium is mediated by members
of the Arf and Rab family of small GTPases (Chavrier and Goud, 1999; Knddler et al.,

2010).

The IFT particles move along the polarized microtubule axoneme from the base
of the cilium towards the ciliary tip and back to the base. The microtubule motor protein
kinesin provides the anterograde movement while the retrograde movement is carried
out by the dynein motor proteins (Pazour and Rosenbaum, 2002; Pedersen and
Rosenbaum, 2008). IFT can be separated into six distinct phases. First, the IFT
machinery and its cargo are assembled at the transition fiber, which links the basal body
and the membrane around the neck of the cilium, to form the IFT particles (Deane et al.,
2001). Second, the IFT-B sub-complex mediates anterograde movements towards the
ciliary tip and alterations in kinesin or IFT-B subunits have been shown to block cilia
formation (Rosenbaum and Witman, 2002). The third and fourth steps involve a
complex series of poorly understood events including the unloading of anterograde
cargos, switching of the anterograde for retrograde transport machinery and loading of
the retrograde cargos to the IFT-A sub complex. Fifth, IFT-A is thought to act in
retrograde movement towards the base of the cilium and perturbations of retrograde
trafficking typically result in short, bulged cilia (Pedersen and Rosenbaum, 2008).

10



Finally, step six is the disassembly of the IFT machinery. The IFT machinery is
important for transporting not only the ciliary components needed for axonemal
assembly, but also for components of the Hh signaling pathway and possibly the Wnt

signaling pathway (Corbit et al., 2008; Pedersen and Rosenbaum, 2008).

Ciliary vesicle trafficking

The delivery of ciliary proteins to the cilia necessitates their sorting and packing
into carrier vesicles, the docking and fusion of vesicles with the base of the cilium and
transport from the ciliary base to the tip (Rosenbaum, 2002). The specificity of
membrane targeting and fusion is critical for proper flow of cargos within the cell. The
Rab family of small GTPases mediate the tethering of vesicle cargos to their targeted
membrane (Zerial and McBride, 2001). Rab8, which has been detected in the ciliary
membrane, functions in trafficking of vesicles from the trans-Golgi network (TGN) to the
base of the cilium (Moritz et al., 2001; Yoshimura et al., 2007). Rab8 is activated by the
guanine nucleotide exchange factor Rabin8, which is activated by another member of
the Rab family, Rab11. The activated form of Rab11 stimulates the GEF activity of

Rabin8 towards Rab8 (Knddler et al., 2010; Wang et al., 2012; Westlake et al., 2011).

The BBSome is an octamer complex of ciliary proteins consisted of seven highly
conserved Bardet-Biedl syndrome (BBS) proteins BBS1, BBS2, BBS4, BBS5, BBS7,
BBS8, BBS9 and BBSome interacting protein of 10 kDa (BBIP10) (Loktev et al., 2008;
Nachury et al., 2007). The BBSome recruited by the Arf-like GTPase Arl6-GTP to form a
BBSome coat complex that can sort the ciliary receptor somatostatin receptor 3 (Sstr3)

to the cilia by using Sstr3’s own ciliary targeting sequence (Jin et al., 2010). Mice
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lacking either BBS2 or BBS4 protein possess seemingly normal primary cilia but the
Sstr3 and melanin-concentrating hormone receptor 1 (Mchr1) fail to localize to cilia
(Berbari et al., 2008a). BBS4 is thought to act as a bridging factor between PCM-1 and
the microtubule motor protein, dynein, to bring proteins to the base of cilia (Nachury et
al., 2007; Kim et al., 2004). BBIP10 has been shown to be required for ciliogenesis and
is thought to stabilize cytoplasmic microtubule polymerization surrounding the basal
body through acetylation (Loktev et al., 2008). Taken together, not only does the
BBSome serves as delivery vehicle of ciliary proteins to the base of the cilia but also
anchors and organizes these BBSome-coated vesicles for transport into the ciliary

axoneme.

Although there is no strong consensus for ciliary targeting sequences found in all
ciliary proteins, some share a ciliary localization sequence. Rhodopsin, polycystin-1 and
polycystin-2 share a “VxPx” motif which when mutated, disrupts their localization to the
basal body (Mazelova et al., 2009). G-protein coupled receptors (GPCRs) that localize
to the ciliary membrane including Sstr3, serotonin receptor 6 (Htr6), and Mchr1 share a
consensus sequence “Ax[S/A]xQ” in the third intracellular loop that may comprise a
ciliary localization sequence. Mutations to the A and Q residues result in a significant
decreases in ciliary localization (Berbari et al., 2008b; a). Furthermore, post-
translational modifications have been shown to be necessary for ciliary membrane
localization. For instance, palmitoylation of a critical cysteine residue in the cytoplasmic
tail of fibrocystin is required for sorting into the ciliary membrane by Rab8a (Follit et al.,

2010). In other cases, post-translational modification of ciliary proteins is necessary for
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the recruitment of other ciliary proteins such as SUMOylation of the small GTPase

Arl13b is required for polycystin-2 entry into the cilium (Li et al., 2012).

The process by which ciliary targeted vesicles fuse with the periciliary membrane
remains poorly understood, although it is likely to be similar to the canonical fusion
events that occur throughout the cell and across species, and uses a number of highly
conserved proteins. These proteins include soluble NSF (N-ethylmaleimide-sensitive
factor) attachment protein receptors (SNARESs), the ATP-driven chaperone
NSF/Sec18p, its partner proteins aSNAP/Sec17p, and the large family of Rab GTPases
and Arl proteins (Chia and Gleeson, 2014). Rab proteins act as a molecular switch
through their GTPase activity, to recruit cytosolic effector molecules required for docking
on the appropriate target membrane (Zerial and McBride, 2001). After the transport
vesicle is tethered to its targeted membrane, the formation of a stable ternary SNARE
complex docks the transport vesicle onto the target membrane (Price et al., 2000). The
binding of highly specific cognate vesicles and target membrane SNAREs is the central
event in docking of membranes before fusion (Hay and Scheller, 1997; Rothman and
Warren, 1994). The docked vesicle then fuses with the target membrane to deliver its
content. Loss of membrane tethers can result in disrupted membrane transport, and can
affect the organization and identity of cellular compartments. Thus the role of membrane
tethers and fusion in bridging membranes is important for understanding ciliary vesicular

trafficking as well as ciliogenesis.

1.3 Chibby (Cby)

Characterization of Cby as a B-catenin interacting protein
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Cby is a highly conserved 15 kDa protein that contains a coiled-coil domain
necessary for homodimerization (Mofunanya et al., 2009). Cby was first identified in a
Ras-recruitment screen in yeast for proteins that directly binds to the C-terminal
activation domain of B-catenin (Takemaru et al., 2003). B-Catenin is a 94 kDa protein,
composed of 12 armadillo repeats flanked by unique N- and C-terminal regions, that
exhibit transcriptional activating activity. B-Catenin is a crucial component of the Wnt/§3-
catenin signaling pathway. Its role in the Wnt/B-catenin pathway is to bind to the DNA-
bound T-cell factor/lymphoid enhancer factor (TCF/LEF) transcriptional factors and to
act as a coactivator to stimulate the downstream expression of Wnt target genes
(Behrens et al., 1996; Brunner et al., 1997). Cby inhibits the Wnt/B-catenin-mediated

transcriptional activation by competing with LEF-1 for binding to B-catenin.

Cby as a shuttling protein

Cby regulates the Wnt/B-catenin pathway and accomplishes this through two
distinct molecular mechanisms: 1) Cby competes with TCF/LEF transcriptional factors
for B-catenin binding in the nucleus thus preventing Wnt target gene expression
(Takemaru et al., 2009). 2) Cby facilitates the nuclear export of -catenin by forming a
stable tripartite complex with 14-3-3 chaperone proteins, thus decreasing the overall
level of nuclear B-catenin proteins (Li et al., 2008). As such, Cby harbors both nuclear
localization signal (NLS) and nuclear export signal (NES) motifs, which allow it to
constitutively shuttle between the nucleus and cytoplasm (Li et al., 2010). Cby’s ability
to form a homodimer is required for its efficient nuclear import, but not its ability to bind

to B-catenin or its ability to translocate to the cytoplasm (Mofunanya et al., 2009).
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Cby in development and disease

Aberrant Wnt signaling has been implicated in several cancer types particularly in
colorectal cancer, as mutations in this pathway can be found in nearly all colorectal
patients (Sebio et al., 2014; Bienz and Clevers, 2000; Giles et al., 2003). As such, it is
of great interest to examine whether Cby functions as a tumor suppressor in colorectal
cancer. One study demonstrated that in a series of 36 colorectal tumors, no mutations
were detected for the Cby promoter region suggesting that Cby’s possible role as a
tumor suppressor is weak at best (Gad et al., 2004). Another study showed that while
no Cby mutations were found in any of the examined colon carcinoma cell lines, Cby
MRNA expression was strongly down-regulated when compared to normal colon
epithelial cells (Schuierer et al., 2006). In contrast to the in vitro data, quantitative RT-
PCR and gene chip analyses of Cby mRNA levels in colorectal carcinoma tumor
samples did not show any significant differences from the adjacent non-cancerous
tissues (Schuierer et al., 2006). While these studies suggest that Cby may not function
as a tumor suppressor in colorectal cancer, it remains possible that Cby may be
involved in the pathogenesis of other cancer types. For example, it was observed that
colon carcinoma cell lines had reduced expression of Cby, and that ectopically
expressed Cby was able to suppress the growth of SW480 colon cancer cells

(Schuierer et al., 2006; Fischer et al., 2012).

Wnt/B-catenin signaling has been shown to be important for cardiomyocyte
development, as the inhibition of this pathway is necessary for cardiomyocyte
differentiation, proliferation and repair (Barandon et al., 2003; Foley and Mercola, 2005).

Cby is ubiquitously expressed in early stages of embryonic stem cell differentiation and
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is upregulated during cardiomyocyte differentiation (Singh et al., 2007). Overexpression
of Cby promotes but its knockdown inhibits cardiac differentiation. Another known effect
of the activated Wnt/B-catenin pathway is the inhibition of adipocyte differentiation in
3T3-L1 pre-adipocyte cells as well as mouse embryonic stem cells. When Cby was
overexpressed, it stimulated adipogenesis, while depletion of Cby by RNAi inhibited
adipocyte differentiation (Li et al., 2007). Taken together, these data suggest that Cby is

critical for development through its activity as a Wnt/B-catenin antagonist.

Cby in ciliogenesis

In order to gain further insight into Cby’s role in development, Cby-knockout mice
were generated (Voronina et al., 2009b). One phenotype that became readily apparent
was that Cby knockout mice were prone to develop rhinitis and sinusitis. Further
investigation revealed that the underlying cause was their inability to clear mucus from
the nasal cavity effectively. Ultrastructural analysis by transmission electron microscope
(TEM) indicated a significant decrease in the number of motile cilia in the nasal
epithelium, likely resulting from defective basal body docking to the apical cell surface
(Love et al., 2010; Voronina et al., 2009a). In addition to its role in motile cilia formation,
Cby is also required for primary cilia formation as Cby knockdown resulted in a
significant decrease in the number of cilia in mammalian cultured cells (Lee et al.,

2014).

Using super-resolution microscopy and immuno-TEM, it was revealed that Cby
clusters as a ring at the transition fibers and the proximal region of the transition zone of

the mature cilia (Burke et al., 2014). In the absence of Cby, there was a marked

16



decrease in the number of ciliary vesicles at the distal appendage of mother centrioles.
The proposed model by which Cby mediates ciliogenesis is that Cby is first recruited to
the distal appendage of the mother centriole by the distal appendage protein Cep164
(Burke et al., 2014). Cby then associates with the membrane trafficking component
Rabin8, a guanine nucleotide exchange factor (GEF) for the small GTPase Rab8, to
promote the recruitment of Rab8 associated vesicles necessary for ciliary assembly
(Burke et al., 2014). How exactly Cby promotes efficient recruitment and subsequent

fusion of small vesicles to form the ciliary vesicles remain poorly understood.

Cby has also been shown to interact with the C-terminal region of polycystin-2
(PKD2), a commonly mutated gene product in polycystic kidney disease patients
(Hidaka et al., 2004). The study also identified the cis-Golgi protein GM130 as another
interacting partner for Cby (Hidaka et al., 2004). Thus, Cby was named as “PIGEA-14"
(polycystin-2-interating Golgi- and endoplasmic reticulum-associated) protein in this
study. Polycystin-2 plays a role in mechanosensation in renal cilia (Nauli and Zhou,
2004; Pazour et al., 2002). Interestingly, co-expression of Cby and polycystin-2 in HeLa
cells resulted in a redistribution of Cby and polycystin-2 to the trans-Golgi network,
which suggests that Cby plays an important role in regulating the intracellular

localization of polycystin-2 and possibly other intracellular proteins.

1.4 BAR-domain proteins

The plastic nature of cellular membranes, such as the ciliary membrane, is
essential for cellular function in secretion, cell signaling, and development (Suetsugu,
2010; Frost et al., 2009; Habermann, 2004). It is therefore important to understand the

mechanism by which flat membranes are transformed into cylindrical and vesicles
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membranes for intracellular cargo trafficking. Membrane curvature is recognized as a
highly regulated event and is not a passive property of the membrane. Lipid bilayer
curvature is aided by protein structures. A prominent example is clathrin, which is
involved in cellular endocytosis and is known to attach to adaptor protein complexes

inducing greater membrane curvature (Daumke et al., 2014; Qualmann et al., 2011).

BAR-domain proteins are a group of proteins that can affect membrane curvature
(Frost et al., 2009; Mim and Unger, 2012). BAR proteins, so named after its founding
protein members, Bin, Amphiphysin, and Rvs, are responsible for both sensing and
inducing membrane curvature. Although BAR proteins lack a characteristic sequence
motif in their primary structure, members of the BAR domain superfamily have a highly
conserved tertiary structure. BAR proteins contain a dimerization motif consisting of
three a-helices of 250-280 amino acids, which form a rigid banana-shaped or crescent-
shaped structure with positively charged residues are distributed along the membrane-
interacting concave face (Habermann, 2004; Peter et al., 2004; Shinozaki-Narikawa et
al., 2006). The formation of homodimers, and in some cases heterodimers, is crucial for
their function. Genetic mutation to key residues that ablate homodimer formation

renders BAR domain non-functional.

Phosphorylation of the BAR domain has been demonstrated to exhibit
autoinhibitory effects, preventing binding, bending and impairing oligomerization (Mim
and Unger, 2012). The phosphorylation of the F-BAR protein Cdc15 causes it to adopt a
“closed” or autoinhibited conformation while dephosphorylation leads to an “open” or
elongated conformation (Roberts-Galbraith and Gould, 2010). The association of the

rigid banana-shaped structures with the phospholipid bilayer through electrostatic
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interactions causes local deformation that will facilitate the binding of additional BAR
proteins, thereby generating a positive-feedback loop for curvature propagation (Frost et

al., 2009).

Some BAR proteins function directly in vesicle formation and membrane bending,
while others act as effectors of small GTPases (Chavrier and Goud, 1999; Habermann,
2004). BAR proteins can be categorized based on their BAR domain structure into N-
BAR, F-BAR and the I-BAR domain proteins. N-BAR domain contains an N-terminal
amphipathic helix, which is used as a ‘wedge’ to induce curvature in the membrane that
is further stabilized by BAR protein binding to the membranes (Gallop et al., 2006). The
N-BAR domain preferentially binds to highly curved membranes and includes proteins
such as amphiphysin, arfaptin, and sorting nexins (Gallop et al., 2006). The F-BAR
domain, like the N-BAR, also contains the N-terminal amphipathic helix but is thought to
function more towards dimer formation than curvature induction (Frost et al., 2008). The
F-BAR domain is present in many proteins involved in membrane trafficking and is
frequently linked to cytoskeletal dynamics (Roberts-Galbraith and Gould, 2010). I-BAR
domains, also known as IRSp53-MIM homology domains, bind phosphoinositide-rich
membranes with high affinity to induce a negative membrane curvature and include

proteins such as IRSp53, MIM, ABBA, and IRTKS (Suetsugu, 2010; Zhao et al., 2011).

Clathrin-mediated endocytosis (CME) illustrates how BAR proteins acting in
conjunction are necessary for a vital cellular process. Endocytosis is the cellular
process by which cells internalize portions of the plasma membrane along with
extracellular materials. This process is known to require specific spatial and temporal

recruitment of BAR proteins. CME is nucleated by the assembly of the F-BAR protein
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FCHO, AP-2 and clathrin at P1(4,5)P2 enriched plasma membranes which are
generated by phosphatidylinositol 4-phosphate 5-kinase type | (PIPKI) (Di Paolo and De
Camilli, 2006). Conversion of PI(4,5)P2 to PI(3,4)P2 by C2a (PI3KC2a) is required to
recruit the PX-domain containing BAR proteins SNX9/18, which further induce curvature
to form a mature clathrin coated pit (CCP). This facilitates constriction of the pit to form
a droplet shape. PI(3,4)P2is then converted to PI(3)P by Pl4-phosphate which recruits
the highly curved BAR domain proteins endophilin and amphiphysin to assemble
around the constricted vesicle neck for further constriction and recruitment of the
GTPase dynamin (Gallop et al., 2006; Peter et al., 2004). The final membrane fission is
accomplished by dynamin GTP hydrolysis located at the neck of the pit (Chi et al., 2014;
Daumke et al., 2014). BAR proteins are recruited to the CME sequentially and is in part
regulated by the membrane composition. An important feature of this pathway is the
ordered recruitment of increasing curved BAR protein to reach the final dynamin-

mediated fission (Mim and Unger, 2012; Qualmann et al., 2011).

Here, | have characterized the BAR-domain containing proteins, FAM92A and
FAMO2B, as basal body proteins that interact with Cby. My work demonstrated a role for
FAMO2A in cilia formation, as well as Cby’s importance in facilitating the FAM92
proteins function. This interaction could provide vital clues as to how Cby is able to
facilitate the membrane vesicle docking and fusion event that is critical for proper cilia

formation.
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Figure 1: The ciliary structure.

The IFT particles carrying ciliary components and signal transduction travel along the
ciliary axoneme. The receptors for the various signaling pathways localized to the ciliary
membrane. The Y-link and the presence of ciliary gate proteins denote the transition
zone. The mother and daughter centrioles are surrounded by the PCM, which is
responsible for microtubule nucleation and anchoring.
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Chapter 2: Cby Dynamics at the Base of the Cilia

2.1 Introduction

The initial steps of primary cilia assembly have been compiled using detailed
TEM analyses of epithelial cells, fibroblasts and other cell types that possess primary
cilia (Dawe et al., 2007; Sorokin, 1968). These steps include the docking of a Golgi-
derived ciliary vesicle (CV) to the distal appendage of the mother centriole, the fusion of
secondary vesicles to form the sheath surrounding the elongating axoneme and finally
the fusion of the axoneme-bound membrane with the plasma membrane (Pedersen et
al., 2008; Seeley and Nachury, 2010; Kim and Dynlacht, 2013b). The importance of
distal appendage proteins (DAPs) such as cenexin/ODF2, Cep164, Cep83, SCLT1,
FBF1, and Cep89 in vesicle docking and fusion events have been highlighted in
numerous studies (Tanos et al., 2013; Graser et al., 2007; Ishikawa et al., 2005). Loss
of these DAPs has been shown to block ciliogenesis at the centriole-to-membrane

docking stage.

In characterizing Cby as a ciliary component, it was determined that Cby is a
DAP that facilitates the efficient docking of Rab8 positive vesicles and is necessary for
the CV formation at the distal appendage of basal bodies (Steere et al., 2012; Voronina
et al., 2009b). Additionally, the continued Cby localization at the base of mature cilia
suggests that Cby is also involved in ciliary maintenance and function. To elucidate
Cby’s role, | examine Cby dynamics at the basal body and whether this dynamics is
responsible for the re-establishment of the basal body after microtubule
depolymerization. Some basal body components such Spag6 exhibited a dynamic

exchange regardless of the basal body assembly status, while others such as Sas6a
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exhibited stable and dynamic exchange during basal body assembly (Pearson et al.,
2009b). It was further suggested that protein localization at distinct basal body structural
domains correlated with specific dynamic properties (Pearson et al., 2009a). Here |
intended to show Cby dynamics at the base of cilia in mature RPE1 cells, and the
existence of a pericentriolar pool of Cby that is likely responsible for the dynamism in a

microtubule-dependent manner.

2.2 Materials and methods

Cell line and culture

hTERT-RPE1 cells (ATCC) and HEK293T cells (ATCC) were used. All cells were
maintained at 37°C in 5% COa. All cells were cultured in complete media, comprising
DMEM (Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco) and 1%
(v/v) penicillin-streptomycin (Gibco). To induce ciliation, confluent cells were placed in
serum-starvation media, comprising DMEM supplemented with 1% (v/v) penicillin-

streptomycin for 18-48 hr.
Plasmids

pEF1a-IRES-EGFP-FLAG-hCby (IRES-EGFP-Flag-hCby) has been previously
described (Burke et al., 2014). The 2" generation lentiviral vector backbone pEF1a-
IRES-EGFP was a gift of Nurit Ballas (Stony Brook University, Stony Brook, NY), and
was originally generated by lhor Lemischka (Mount Sinai Medical Center, New York,

NY).

pLenti-EGFP-hCby was generated by sub-cloning EGFP-hCby into pEF1a-IRES-

EGFP with the original IRES-EGFP cassette removed. hCby was amplified using
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Expand High Fidelity PCR System (Roche) with the following primers:

hCby-Eco-Sfi-5’
5-TCAGGAATTCGGCCATTACGGCCATGCCTTTCTTTGGGAATAC-3’
hCby-Xba-Not-Sfi-3’
5-TCAGTCTAGAGCGGCCGCGGCCGAGGCGGCCTCATTTTCTCTTCCGGCTGA-3

Following amplification, PCR products were purified using Cycle-Pure Kit
(Omega-Bio-Tek). Purified fragments and vectors were digested for 1 hr at 50°C by Sfil
endonuclease (NEB) in NEBuffer 4. Digested fragments and vectors were resolved on a
1% agarose gel and appropriate bands excised, followed by purification using QIAEX |l
Gel Extraction Kit (Qiagen). Ligation reactions were performed with a 3:1 ratio of insert
to vector using T4 ligase (NEB) for 1 hr at 25°C. Ligation products were transformed
into DH5a E. coli competent cells (NEB), plated on LB agar plates containing 150 ug/mL
ampicillin (Sigma) and grown overnight at 37°C. Colonies were grown in liquid culture
for minipreps and sent for sequencing with the following primer that anneals upstream

of the cloning site:
IRES-EGFP-F: 5-TTCTCAAGCCTCAGACAGTG-3’
Lentiviral production and infection

Viral particles were generated by co-transfecting a pEF1a-IRES-EGFP-backbone
transfer vector with ENV, a 2" generation lentiviral envelope plasmid, and PAX, a 2"
generation lentiviral packaging plasmid (gifts from Orlando Scharer, Stony Brook
University, Stony Brook, NY) (1:1:1) into ~70% confluent HEK293T cells and the virus
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containing media were collected at 48 hr, 72 hr, and 96 hr post-transfection. Infections
of ~70% confluent RPE1 cells were performed using a 1:1 mixture of viral media and
complete media overnight. Infection was repeated as needed and immunofluorescence

microscopy was used to visually confirm positive infection based on GFP expression.

Fluorescence recovery after photobleaching (FRAP)

FRAP imaging was performed using Zeiss LSM 510 META NLO Two-Photon
Laser Scanning Confocal Microscope System equipped with a cell chamber system with
temperature and carbon dioxide control (Zeiss). The microscope was fitted with a 100x
[1.4 numerical aperture (NA), oil] objective. RPE1 cells were infected with pLenti-EGFP-
hCby and checked for GFP expression. Infected RPE1 cells were seeded on a 3.5 mm
glass bottom plate (MatTek) and serum-starved for 48 hr for proper localization of
EGFP-hCby proteins. Infected cells were imaged before bleaching (pre-bleach), then
bleached within a region of interest (ROI) at the basal body using a single pulse of the
488 nm laser at 100% for 1 sec. Time-lapse images were recorded immediately post-
bleach at 0 min, 1 min, 5 min, 10 min, 15 min, 20 min, 25 min, and 30 min. Basal body
fluorescence intensities were measured using ImagedJ (NIH) and the background
fluorescence as defined by a ROI at time 0 was subtracted. All fluorescence intensities
were normalized to the pre-bleached level as 100%. Images were captured using the
Zeiss LSM 510 META imaging software and cropped using Adobe Photoshop software.

Microsoft Excel was used for curve fitting analyses.

Cold exposure assays for microtubule depolymerization and repolymerization
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All cells were fixed using 1:1 methanol/acetone mixture for 10 min on ice. RPE1
cells were infected with pEF1a-IRES-EGFP-Flag-hCby lentiviruses, seeded on
coverslips, and incubated for 72 hr for optimal protein expression. Ciliation was induced
for 18 hr. For control, cells were fixed immediately after ciliation. For microtubule
recovery assays, cells were placed on ice for 30 min to depolymerize the microtubule
network (Dafinger et al., 2011). Repolymerization of the microtubules was initiated by

incubating cells in 37°C media and stopped by fixation at the indicated time points.

Antibodies

All antibodies were diluted in antibody diluent (5% BSA and 0.1% Triton X-100 in
PBS). Primary antibodies used were mouse anti-Cby 27-11 (1:100) previously
described (Cyge et al., 2011), rabbit anti-CCDC186 (1:300, Sigma), and mouse anti-
acetylated a-tubulin (1:10,000, Sigma). Secondary antibodies used were DyLight 488 or

549-conjugated goat anti-mouse and anti-rabbit (1:300, Jackson ImmunoResearch).

Immunofluorescence imaging

Fixed samples were washed with PBS prior to blocking in 4% (v/v) goat serum
(Gibco) in antibody diluent for 1 hr at room temperature. The samples were then
incubated with primary antibody overnight at 4°C, and washed with PBS before a
second blocking step with goat serum in diluent for 1 hr at room temperature. The
samples were incubated with fluorescent secondary antibody for 1 hr at room
temperature, washed with PBS and incubated in DAPI (nuclear stain) for 1 min. They
were further washed with PBS before finally mounted on a cover glass with

Fluoromount G (Southern Biotech), an anti-fade medium. Immunofluorescence imaging
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was performed on a Leica DMI6000B microscope equipped with Leica DFC300 FX

camera and LAS AF Version 2.6 software.

2.3 Results

The dynamics of Cby protein were monitored using fluorescence recovery after
photobleaching (FRAP), which has been successfully used to examine both the
dynamics and stable incorporation of centrosomal proteins (Pearson et al., 2009a; Moss
et al., 2007; Varmark et al., 2007; Hirayama et al., 2008). To this end, | generated
lentiviruses expressing EGFP-Cby fusion protein which were used to infect RPE1 cells.
RPE1 cells are commonly used in the study of primary cilia, as they ciliate readily upon
serum-starvation. The benefit of this system was the ability to visually confirm Cby
production based on EGFP expression. The infected cells were then seeded on a glass
bottom plate, grown to confluence and serum-starved to induce ciliation. Live-cell
fluorescence microscopy revealed a single strong punctate signal of EGFP-Cby,
presumably at the basal body (Figure 2A). As FRAP was initiated, | observed a slow
recovery of EGFP-Cby signal intensities, with a maximum recovery intensity of ~60% of
the pre-bleached fluorescence intensity at the 30 min mark with a half-life of ~4.26 min
(Figure 2B). The slow recovery can be explained by Cby localization to the ciliary
transition zone, which is thought to limit the free diffusion of non-ciliary proteins into the

cilium (Chih et al., 2012; Klinger et al., 2014).

IFT20 is a Golgi-associated protein required for ciliary assembly. Strong
reduction of IFT20 levels has been shown to prevent ciliary assembly, whereas
moderate reduction did not block ciliary assembly but did reduce the amount of

polycystin-2 localization to the ciliary membrane (Follit et al., 2006). It has been
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proposed that IFT20 functions in the trafficking of ciliary membrane proteins from the
Golgi apparatus to the cilium (Follit et al., 2006). Interestingly, Cby has been shown to
co-localize extensively with IFT20 in early differentiation stages of tracheal ciliated cells
and these subcellular compartments may represent pools of post-Golgi vesicles
potentially involved in the assembly of centrioles (Burke et al., 2014). To examine
whether the recovery of Cby is derived from the pool of post-Golgi vesicles, | performed
cold exposure assays. The ice-cold condition induces depolymerization of the
microtubule network, an effect that can be readily reversed by placing the cells back in
normal culture media (Cassimeris et al., 1986). By repolymerizing the microtubule
network, we can establish a starting time point and observe the migratory pattern of
ciliary proteins to the basal body along the newly polymerized microtubule tracks
(Dafinger et al., 2011; Lopes et al., 2011). The reassembly of the microtubule network to

pre-treatment level occurred within 20 min post-cold exposure (Cassimeris et al., 1986).

To track the movement of Cby, | generated lentiviruses expressing Flag-tagged-
Cby to infect RPE1 cells. Positive infection was visually confirmed using
immunofluorescence microscopy. Infected cells were grown to confluence, and then
serum-starved to induce ciliation. These cells were then placed on ice to induce
microtubule depolymerization. As the cells recovered post-cold exposure, | observed an
interesting pericentriolar localization pattern for Cby (Figure 3). This pattern is similar to
the localization patterns found for centriolar satellite proteins, which include non-
membranous 70-100 nm granules scattered around the basal body (Kubo et al., 1999;
Barenz et al., 2011). Cep290, a known component of both the centriolar satellite and
basal body, exhibits numerous puncta around the basal body in response to microtubule
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repolymerization after nocodazole treatment (Kim et al., 2008). Taken together, this
raises the possibility that Cby may also be trafficked to the basal body in a microtubule-

dependent manner.

The Golgi apparatus (GA) is important for primary cilia formation, as it is believed
to provide the ciliary components necessary for the maturation of the distal appendage
into a ciliary vesicle. Alterations in the integrity and position of the Golgi apparatus have
been shown to result in ciliary defects (Asante et al., 2013; Hurtado et al., 2011). Just as
important are the microtubule networks, which provide the mechanism for proteins to be
trafficked from the GA to the primary cilium through polarized vesicle trafficking (Hsiao
et al., 2012). To examine whether Cby localization to the basal body is microtubule-
dependent, | performed an immunofluorescence co-staining for Cby and CCDC186, a
Golgi protein marker. At 3 min post-cold exposure, | observed a Cby localization pattern
peripheral to GA, in some instances forming a pattern surrounding the Golgi apparatus
(Figure 3, right panels). Taken together, these results imply Cby is trafficked to the
basal body in a microtubule-dependent manner. Additionally, the disruption of the
microtubule network did not completely ablate the localization of Cby at the base of the
cilium, further suggesting that at least a fraction of Cby localized to a region of the cilium

that is not affected by microtubule depolymerization.

2.4 Discussion

Characterizing Cby dynamics is critical for understanding its role Cby in various
aspects of cilia formation and function. Cby acts in the formation of cilia through its
interactions with Cep164 and Rab8-associated vesicles to form the ciliary vesicles

(Burke et al., 2014). However Cby’s role in mature ciliary function is less clear. By using
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super-resolution microscopy, it was determined that Cby localized to the distal
appendage/transition fibers in mature cilia (Burke et al., 2014). This region is referred to
as the ciliary gate as it regulates the flow of proteins into and out of the ciliary axoneme
(Benzing and Schermer, 2011; Craige et al., 2010; Szymanska and Johnson, 2012).
What role Cby plays in the sorting and regulation of membrane vesicles into the ciliary

axoneme remains unclear.

Cby function in ciliary maintenance might be an extension of its ability to facilitate
the recruitment of Rab8 associated vesicles, specifically its ability to shuttle the
necessary ciliary components to the distal appendage or ciliary gate. Here we have
shown a population Cby remains dynamic in ciliated cells, and the likely source of this
active exchange is a pool of Cby localized peripherally to the GA. The peripheral-GA
Cby localization pattern is similar to the localization pattern observed for centriolar
satellite (XPCM-1 positive dots) after nocodazole treatment (Kubo et al., 1999). As the
microtubule repolymerization progresses, there was a concentrating effect of the
centriolar satellite around the centrosome, again similar to what was observed for Cby
cold exposure assays. Centriolar satellite-associated proteins are an excellent
candidate to mediate the dynamic function of basal bodies, a key function of which is
targeting centriolar and pericentriolar materials from the cytoplasm to the basal body
along microtubule tracts (Barenz et al., 2011; Kubo et al., 1999). Investigating the
connection between Cby and the pericentriolar materials may give us a clue as to how

Cby dynamics are important for ciliary maintenance.

In many respects, Cby functions in a pathway similar to the coiled-coil domain

containing 41 (CCDC41) protein. CCDC41 is stably incorporated into the distal end of
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the mother centriole where it co-localizes with Cep164 and reportedly the depletion of
CCDC41 inhibited ciliogenesis at the ciliary vesicle docking step (Joo et al., 2013). In
addition, a pool of CCDC41 localizes to the GA and physically interacts with IFT20 (Joo
et al., 2013). CK®d is another protein that localizes to the centrosome, trans-Golgi
network (TGN), and cytoplasmic vesicles (Behrend et al., 2000; Greer and Rubin,
2011). CK10 functions to coordinate the positioning and activity of multiple ciliary
effectors, such as Rab11a, Rab8a, Cep290, PCM1, and IFT20 to mediate the transport
of polycystin-2 and other membrane cargo from the Golgi to the basal body and the
nascent cilium (Greer et al., 2014). | examined the possibility of Cby localizing to the
GA, by performing immunofluorescence co-staining of Cby with a number of cis, medial,
trans GA protein marker (data not shown). Cby was only localized peripherally to the
GA. This raises the possibility that Cby exists in a region post-GA and serves to sort
and shuttle vesicles containing ciliary components to the ciliary gate, where it delivers
its cargo by fusing with the ciliary membrane. The transient nature of protein trafficking,
as well as the harsh nature of fixative used could explain why we were unable to
observe any pericentriolar Cby localization previously. The microtubule repolymerization
assay might be further explored to optimize the conditions in which endogenous Cby

proteins enrich in sufficient quantity to be detectable by antibodies.

The data above suggest that Cby might be required for the efficient trafficking of
vesicles between the GA and the centrosomal compartments in primary ciliated cells,
which is necessary for ciliary maintenance. While Cby does not have an established
centrosomal targeting sequence like those found in ODF2/cenexin (Huber et al., 2008),
Cby does have a well-characterized function in protein shuttling. The process involves
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Cby physically interacting with 14-3-3 protein forming a stable tripartite complex to
facilitate B-catenin nuclear export, thereby suppressing 3-catenin-mediated
transcriptional activation (Li et al., 2008). Subsequently it was found that Cby contains
both a nuclear localization signal (NLS) and nuclear export signal (NES) motif and
constitutively shuttles between the nucleus and cytoplasm (Li et al., 2010). A clue might
lie in an observation from Cby-/- MTECs, where the initial vesicles are found localized to
the distal appendage but at a much reduced level compared to Cby+/+ MTECs (Burke
et al., 2014). This suggests that while vesicles may be able to localize to the distal
appendage, Cby is required for the subsequent vesicle fusion or stabilization to form the
ciliary vesicle. Additionally, SCLT1 a component of DAP has been shown to interact
with the membrane coat protein clathrin, which raises the possibility that centrioles
might directly associate with clathrin-coated vesicles (Tanos et al., 2013; Liu et al.,

2005)
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Figure 2. Cby dynamics at the base of cilia.

(A) Fluorescence recovery after photobleaching (FRAP) assays were performed for
EGFP-Cby in RPE1 cells. RPE1 cells were infected with lentiviruses expressing EGFP-
Cby, grown to confluence and serum starved to induce ciliation for 18 hr prior to
photobleaching. The left image shows the localization of EGFP-Cby at the basal body.
Images of the boxed area were taken before and after photobleaching at the indicated
time-points. Scale bars, 5 ym.

(B) Kinetic profile of EGFP-Cby fluorescence recovery at the basal body. The
fluorescence recovery intensity at the basal body was measured at the indicated time-
points and normalized to the pre-bleach fluorescence at time -1 min (100%) with
background subtracted.
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Flag-Cby

Flag-Cby Flag-Cby

Figure 3. Cby clusters near the Golgi apparatus after cold exposure.

RPE1 cells were infected with lentiviruses expressing Flag-Cby and serum starved for
18 hr to induce ciliation. Cells were then either fixed (pre-cold exposure) or placed on
ice for 30 min to depolymerize the microtubule network and then allowed to recover for
3 min (3 min post-cold exposure) before fixation. Immunofluorescence staining was
performed using 27-11 Cby antibody (green) and acetylated a-tubulin (Ac-tub) antibody
for cilia (red) or CCDC186 antibody for cis-medial Golgi (red). Nuclei were detected by
DAPI (blue). The arrowheads indicate Cby protein at the basal body. Scale bar, 5 ym.
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Chapter 3: Identification and Characterization of BAR-Domain Containing

Proteins, FAM92A and FAM92B, as Novel Interacting Partners of Cby

3.1 Introduction

Tandem Affinity Purification (TAP)

Using super-resolution microscopy, it was demonstrated that Cby protein
localizes as a ring-like cluster at the proximal region of the transition zone of mature cilia
(Burke et al., 2014). It is thought that this population of Cby is crucial for cilia formation.
Cby promotes efficient recruitment and fusion of Rab8-positive vesicles to form a ciliary
vesicle at the distal end of centrioles, likely by stabilizing the Cep164-Rabin8 complex
(Burke et al., 2014). TEM studies of CbyKO ciliated cells revealed that while Cby is not
essential for vesicle attachment to the distal appendage, it is necessary for efficient
vesicle stabilization and fusion (Burke et al., 2014). However, the precise molecular

function of Cby in ciliogenesis is not fully understood.

Affinity purification was successful in identifying 14-3-3¢ and 14-3-3¢ as Cby
interacting partners (Li et al., 2008). The study used a maltose-binding protein (MBP)-
Cby fusion protein in a pull-down assay from HEK293T cell lysates and was critical for
revealing a second mechanism by which Cby inhibits 3-catenin signaling by physically
shuttling B-catenin out of the nucleus and into the cytoplasmic compartment (Takemaru
et al., 2009; Li et al., 2008). To gain further insight into the molecular function of Cby in
ciliogenesis, | utilized the tandem affinity purification (TAP) technology (Puig et al.,
2001). The TAP strategy was pivotal in the identification and characterization of the
BBSome complex (Nachury, 2008). The TAP technology allows for a rapid purification

of protein complexes from relatively small number of cells, and is often combined with
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mass spectrometry for a comprehensive profile of potential interacting partners. TAP
was first used in yeast in 1997 by Bertrand Seraphin and colleagues and was later
adapted for mammalian cells (Rigaut et al., 1999; Cheeseman and Desai, 2005). The
TAP tag used in my experiment consists of a protein A moiety followed by a TEV
protease cleavage site and a calmodulin-binding peptide (CBP) fused to the N-terminus
of Cby, or to EGFP as negative control (Figure 3A). The TAP tag used in the
identification of the BBSome consisted of GFP followed by a TEV cleavage site and an
S-tag (Cheeseman and Desai, 2005). This highlights the versatility of the technology, as
different tags can be experimented with for the optimal result. The goal of my project in
this chapter is to identify novel Cby interacting partners with a focus on possible basal

body proteins, and explore their function in the formation and maintenance of cilia.

3.2 Materials and methods

Cell line and culture

hTERT-RPE1 (RPE1) cells (ATCC), HEK293T cells (ATCC), COS7 (ATCC), and
Flp-In T-Rex HEK293 cells (Invitrogen) were used. Preparation of mouse tracheal
epithelial cells (MTECs) and mouse embryonic fibroblasts (MEFs) has been previous

described (Burke et al., 2014; Li et al., 2007).

All cells were maintained at 37°C in 5% COa2. All cells were cultured in complete
media, comprising DMEM (Gibco) supplemented with 10% FBS (Gibco) and 1%
penicillin-streptomycin (Gibco). To induce ciliation, ~80% confluent cells were placed in

DMEM and 1% penicillin-streptomycin for 18-48 hr.

Plasmids

37



pcDNAS3-ProtA-TEV-CBP (pcDNA-TAP) is an N-terminally tagged TAP fusion
protein vector and was used to transfect HEK Flp-In T-Rex HEK293 cells together with
the Flp-recombinase expression vector pOG44 (Invitrogen) to establish stable cells
expressing TAP-Cby according to the manufacturer’s instructions. pCS2+Flag-Cby,
pCS2+Flag-CbyC, pCS2+Flag-Cby4A, and pMAL-c2E-MBP-Cby vectors have been
previously described (Burke et al., 2014; Mofunanya et al., 2009; Takemaru et al.,

2003).

All the FAM92 expression constructs below were constructed by PCR-based
cloning using human FAM92A and FAM92B cDNA purchased from Dana

Farber/Harvard Cancer Center (Harvard University, Boston, MA) as template.

HA-FAM92A plasmid was generated by amplifying a FAM92A cDNA with the following
primers and sub-cloning into the BamHI and Xhol restriction sites of pCS2+HA

expression vector.

hFAM92A_Bam5’: 5-TCAGGGATCCATGAGGCGCACCCTGGAAAA-3’

hFAM92A_Xho3': 5-TCAGTCTAGATTACTTAAGAAAATTTTCTTCTTC-3'

HA-FAM92B plasmid was generated by amplifying a FAM92B cDNA with the following
primers and subcloned into the BamHI and Xhol restriction sites of pCS2+ expression

vector.

hFAM92B_Bam5’: 5-TCAGGGATCCATGAACATCGTCTTCTCCAG-3’

hFAM92B_Xho3': 5-TCAGCTCGAGTTAGAGAGAATGTCCTGGAA-3’
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HA-FAM92A-BAR plasmid was generated by amplifying a FAM92A-BAR cDNA
corresponding to the amino acid positions 1-220 with the following primers and

subcloned into the BamHI and Xhol restriction sites of pCS2+HA expression vector.

hFAM92A1-Bam-5": 5-TCAGGGATCCATGAGGCGCACCCTGGAAAA-3’

92A-220-Xho3’: 5-TCAGCTCGAGTTAAACCTCTAAATCTTCATCTT-3’

HA-FAM92B-BAR plasmid was generated by amplifying a FAM92B-BAR cDNA
corresponding to the amino acid positions 1-217 with the following primers and

subcloned into the BamHI and Xhol restriction sites of pCS2+HA expression vector.

hFAM92B_Bam5’: 5-TCAGGGATCCATGAACATCGTCTTCTCCAG-3’

92B-217-Xho3’: 5-TCAGCTCGAGTTACAGTAGATCCCTCTCCAGGT-3’

Flag-FAM92A plasmid was generated by amplifying a FAM92A cDNA with the following
primers and subcloned into the EcoRI and Xhol restriction sites of pCD-BG-Flag

expression vector.

hFAM92A_Eco5’: 5-TCAGGAATTCAATGAGGCGCACCCTGGAAAA-3’

hFAM92A_Xho3’: 5-TCAGTCTAGATTACTTAAGAAAATTTTCTTCTTC-3’

Flag-FAM92B plasmid was generated by amplifying a FAM92B cDNA with the following
primers and subcloned into the EcoRI and Xhol restriction sites of pCD-BG-Flag

expression vector.
hFAM92B Eco5’: 5-TCAGGAATTCAATGAACATCGTCTTCTCCAG-3

hFAM92B_Xho3’: 5-TCAGCTCGAGTTAGAGAGAATGTCCTGGAA-3’
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His-FAM92A plasmid was generated by amplifying a FAM92A cDNA with the following
primers and subcloned into the BamHI and Notl restriction sites of pET28a expression

vector (Novagen).

hFAM92A1-Bam-5": 5-TCAGGGATCCATGAGGCGCACCCTGGAAAA-3’

hFAM92A1-Not-3": 5-TCAGGCGGCCGCTTAGAGAGAATGTCCTGGAA-3’

pEF1a-IRES-EGFP-Flag-FAM92A plasmid was generated by amplifying a Flag-
FAM92A cDNA with the following primers and subcloned into the Sfil restriction sites of

pEF10-IRES-EGFP lentiviral vector:

Sfi1-Flag 5’: 5-GAATTCGGCCATTACGGCCACCATGGATTACAAGGATGA-3’

hFAM92A-Sfi3’: 5'-

GAATTCGGCCGAGGCGGCCTTACTTAAGAAAATTTTCTTCTTC-3’

pEF1a-IRES-EGFP-Flag-FAM92A-BAR plasmid was generated by amplifying a Flag-
FAM92A-BAR cDNA with the following primers and subcloned into the Sfil restriction

sites of pEF1a-IRES-EGFP lentiviral vector:

Sfi1-Flag 5: 5-GAATTCGGCCATTACGGCCACCATGGATTACAAGGATGA-3

hFAM92A-BAR-Sfi3’: 5'-

GAATTCGGCCGAGGCGGCCTTAAACCTCTAAATCTTCATCTT-3’

pEF1a-IRES-EGFP-Flag-FAM92B plasmid was generated by amplifying a Flag-
FAM92B cDNA with the following primers and subcloned into the Sfil restriction sites of

pEF10-IRES-EGFP lentiviral vector:
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Sfi1-Flag 5: 5-GAATTCGGCCATTACGGCCACCATGGATTACAAGGATGA-3

hFAM92A-Sfi3’: 5'-

GAATTCGGCCGAGGCGGCCTTACTTAAGAAAATTTTCTTCTTC-3’

GFP-FAM92A plasmid was generated by amplifying a FAM92A cDNA with the following
primers and subcloned into the BamHI and Xhol restriction sites of pCS2+GFP-BB

expression vector:

hFAM92A1-Bam-5: 5-TCAGGGATCCATGAGGCGCACCCTGGAAAA-3’

hFAM92A1-Xho-3-2": 5-TCAGCTCGAGTTACTTAAGAAAATTTTCTTCTTC-3’

GFP-FAM92B plasmid was generated by amplifying a FAM92B cDNA with the following
primers and subcloned into the BamHI and Xhol restriction sites of pCS2+GFP-BB

expression vector:

hFAM92B_Bam5’: 5-TCAGGGATCCATGAACATCGTCTTCTCCAG-3’

hFAM92B_Xho3': 5-TCAGCTCGAGTTAGAGAGAATGTCCTGGAA-3’

FAMO92A-Flag plasmid was generated by amplifying a FAM92A cDNA with the following
primers and subcloned into the BamHI and Xhol restriction sites of pCS2+C-Flag

expression vector:

hFAM92A-Bam-ACC-5": 5-TCAGGGATCCACCATGAGGCGCACCCTGGAAAA-

92A1-nonstop-Xho3’: 5-TCAGCTCGAGCTTAAGAAAATTTTCTTCTTCTGT-3’
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FAM92B-Flag plasmid was generated by amplifying a FAM92B cDNA with the following
primers and subcloned into the BamHI and Xhol restriction sites of pCS2+C-Flag

expression vector:

h92B-BamACC5’: 5-TCAGGGATCCACCATGAACATCGTCTTCTCCAG-3’

92B-nonstop-Xho3': 5-TCAGCTCGAGGAGAGAATGTCCTGGAAGCA-3’

Molecular cloning was performed as described in Chapter 2: Materials and
Methods following the restriction digest recommended by the manufacturer’s

instructions (NEB).

Transfection

Transfection of HEK293T and COS7 cells: HEK293T cells were directly seeded
in 6-well plates, while COS7 cells were seeded on coverslips in 6-well plates and
transfected at ~70% confluency. Transfection of plasmid DNA was performed using
Expressfect (Denville) according to the manufacturer's recommendation. After overnight
transfection, the cells were either collected for subsequent experiments or replenished

with fresh media and grown for a maximum of 48 hr.

SiIRNA knockdown of FAM92A: RPE1 cells were maintained in complete media
and seeded on coverslips one day before transfection with siRNA using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s protocol and repeated four times
for optimal knockdown effectiveness. Knockdown of FAM92A was performed with
Silencer Select Pre-Designed siRNA FAM92A S225646 (Sigma), while control

knockdown was performed with Silencer Select Negative Control (Sigma).
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Lentiviral production and infection

Lentiviral production and infection were performed as described in Chapter 2:

Materials and Methods.

Antibodies

Immunofluorescence imaging: All antibodies were diluted in antibody diluent (5%
BSA and 0.1% Triton X-100 in PBS). Primary antibodies used were mouse anti-Flag
(1:300, Sigma), mouse anti-Cby 8-2 (1:100, in house) previously described (Cyge et al.,
2011), mouse anti-acetylated a-tubulin (1:10,000, Sigma), rabbit anti-GFP (1:300, in
house), rabbit anti-FAM92A (1:300, Sigma), rabbit anti-FAM92B (1:300, Sigma), and
mouse anti-y-tubulin (1:300, Sigma). Secondary antibodies used were DyLight 488-,
DyLight 549-, and DyLight 649-conjugated anti-rabbit, anti-mouse, anti-mouse 1gG1,

anti-mouse 1gG2a, and anti-mouse 1gG2b (1:300, Jackson ImmunoResearch).

Western blotting: All antibodies were diluted in 5% milk in TBST (60 mM Tris-
HCI, pH 7.4, 150 mM NaCl, 0.1% Tween 20). Primary antibodies used were rabbit anti-
FAMO92A (1:1000, Sigma), mouse anti-GAPDH (1:5000, Meridian), rabbit anti-FAM92B
(1:1000, Sigma), mouse anti-Flag (1:1000, Sigma), rat anti-HA (1:1000, Roche), rabbit
anti-His (1:1000, Santa Cruz), and rabbit anti-Cby3041 (1:300, in house) previously
described (Takemaru et al., 2003). Secondary antibodies used were horseradish
peroxidase (HRP)-conjugated goat anti-rat, goat anti-rabbit, and goat anti-mouse

(1:5000, Jackson ImmunoResearch).

Tandem affinity purification (TAP)
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HEK293 cell lines for inducible expression of TAP-tagged proteins: HEK293 cell
lines expressing TAP-GFP or TAP-Cby were generated using the HEK 293 Flp-In T-Rex
system (Invitrogen). These cells allow rapid generation of stable cell lines expressing a
protein of interest under the control of a tetracycline-inducible promoter. This inducible
system allows for adjustment of protein expression levels similar to physiological
expression levels by titrating tetracycline doses. To generate the cell lines stably
expressing the TAP-tagged proteins, 1 ug TAP plasmid was co-transfected with 9 pg
the pOG44 Flp recombinase plasmid (Invitrogen) into HEK293 Flp-In T-Rex cells. Cells
were selected for about 4 weeks in standard medium containing 200 pg/ml hygromycin
(Invitrogen) and 15 pg/ml blasticidin (Invitrogen), and all colonies were pooled yielding a

polyclonal TAP cell line.

Preparation of cell extracts: TAP-Cby- or TAP-GFP-expressing HEK293 cells

were plated in twenty 15-cm dishes, grown to ~60% confluence and induced with 0.02
pug/mL tetracycline, which yielded expression levels similar to that of the endogenous
protein (data not shown). After 48 hr of induction, cells were washed three times with
ice-cold PBS and resuspended in 10 mL TAP lysis buffer (10% glycerol, 50 mM
HEPES-KOH, pH 8.0, 100 mM KCI, 2 mM EDTA, 0.1% NP-40, 2 mM DTT, Protease
Inhibitor Cocktail (Sigma), 10 mM NaF, 0.25 mM NaOVO3, 5 nM okadaic acid, 5 nM
calyculin A, and 50 mM B-glycerolphosphate). Two cycles of freeze-thaw, alternating
between liquid nitrogen and 37°C water bath, was performed to improve protein
recovery. Cell extracts were cleared by centrifugation at 10,000 rpm for 15 min at 4°C

for subsequent tandem affinity purification.
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Tandem affinity purification: All subsequent steps were performed at 4°C, unless
indicated otherwise, and all centrifugation involving beads was spun at 2,000 rpm for 5
min. The cleared supernatant was mixed with 150 uL IgG Sepharose (Sigma),
previously equilibrated with TAP lysis buffer, and incubated for 4 hr with gentle agitation.
The incubated beads were pelleted and first washed with TAP lysis buffer then washed
with TEV buffer (10 mM HEPES-KOH, pH 8.0, 150 mM NacCl, 0.1% NP-40, 0.5 mM
EDTA, and 1 mM DTT). Next, the beads were resuspended in 300 uL TEV buffer with
addition of 10 yL TEV protease (a gift from Dr. Miguel Garcia-Diaz, Stony Brook
University, Stony Brook, NY) and incubated for 4 hr on a rotator. After centrifugation, the
supernatant containing Cby protein complexes was collected and the beads were
washed with calmodulin-binding buffer (10 mM B-mercaptoethanol, 10 mM HEPES-
KOH, pH 8.0, 125 mM KCI, 1 mM MgOAc, 1 mM imidazole, 0.1% NP-40, and 2 mM
CaCl2) three times, with the supernatant collected each time. The supernatant was
pooled, mixed with 1/250 volume of 1 M CaClz and 150 uL calmodulin beads
(Stratagene), pre-equilibrated with calmodulin-binding buffer, and incubated for 90 min.
The beads were washed with calmodulin-binding buffer, then with calmodulin-rinsing
buffer (50 mM ammonium bicarbonate, 75 mM NaCl, 1 mM MgOAc, 1 mM imidazole,
and 2 mM CaClz). For elution, 100 pL of calmodulin-elution buffer (50 mM ammonium
bicarbonate and 2 mM EGTA) was added and incubated at 37°C for 5 min. The elution

process was repeated two more times for a total elution volume of 300 L.

Silver staining: After SDS-PAGE, the gel was stained using SilverQuest Silver
Staining Kit (Invitrogen) according to the manufacturer’s protocol. Briefly, the gel was
fixed with 100 mL of fixative for 20 min with gentle agitation then washed in 30% ethanol
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for 10 min. The gel was placed in 100 mL in Sensitizing solution for 10 min before a
wash in 30% ethanol then in 100 mL of ultrapure water. Next, the gel was incubated in
100 mL of Staining solution for 15 min then washed with ultrapure water for 30 sec. For
detection, the gel was immersed in 100 mL of Developing solution for 4-8 min. Once the
desired band intensity was reached, 10 mL of Stopper solution was directly applied to
the Developing solution, followed by agitation for 10 min for a complete stop. The gel

was washed with 100 mL of ultrapure water for 10 min and stored at 4°C.

Mass spectrometry analysis: The TAP eluates were loaded on 8% NuPage Tri-
Acetate midi gel (Life Technologies) and run for 10-15 min to ensure that proteins
entered the separating gel. The gel was removed, washed with ultrapure water, and
subjected to silver staining. As soon as a band was visible, Stopper solution was
applied. The gel was placed on a clean sheet of transparencies and cut with a clean
razor blade before placing in a pre-washed centrifuge tube. The gel section was
submitted to the Stony Brook Proteomics Center for protein identification by mass
spectrometry. Matrix assisted laser desorption ionization-time of flight (MALDI-TOF)
mass spectrometer was used. In summary, the mass spectrometer created charged
peptides and then uses the mass-to-charge ratio of the peptides to predict its amino
acid sequence. Based on the amino acid sequence of the peptide, we are able to obtain

the likely identity of the protein.

Protein sequence alignment

FAMO92A and FAM92B amino acid sequences were obtained by searching the

NCBI databases. The alignment algorithms used were CLUSTALW (Thompson et al.,
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1994) and manually adjusted with SeaView (Gouy et al., 2010). Protein sequence

alignments were prepared with Adobe lllustrator for presentation.

Protein expression in bacteria and in vitro pull-down assays

MBP-fusion protein and His-fusion protein were expressed and purified as

previously described (Mofunanya et al., 2009). Briefly, an MBP-Cby expression
construct was transformed into E. coli BL21 cells, while a His-human FAM92A
expression construct was transformed into E. coli BL21 DES3 cells. Bacteria were grown
at 37°C to an optical density of 0.6 at 600 nm as measured by Spectronic-20. Induction
of protein expression was achieved with 0.5 mM isopropyl-1-thio-3-galactopyranoside
(IPTG) (Sigma) for 3 hr at 30°C. MBP fusion proteins were purified using amylose resin
(NEB) and His fusion protein was purified using Ni-NTA His-Bind Resin (Novagen).
Purified proteins were dialyzed with dialysis buffer (20 mM HEPES-KOH, pH 7.9, 100
mM NaCl, 1 mM EDTA 0.1% NP-40 and 10% glycerol). The concentrations of proteins
were estimated visually on SDS-PAGE gels stained with Coomassie Brilliant blue

(Sigma) and compared to protein standards (Invitrogen).

In vitro binding assays were performed as previously described (Mofunanya et
al., 2009). Briefly, equal amounts of MBP or MBP-Cby fusion protein were incubated
with His-FAM92A at 4°C for 1 hr in 30 pL of protein binding buffer (PBB) (20 mM
HEPES pH 7.9, 20% glycerol, 0.5 mM EDTA, 100 mM NaCl, 6 mM MgClz, and 0.1%
NP-40). After incubation, 20 pL of amylose resin pre-equilibrated in PBB was added and
incubated at 4°C for 1 hr. The beads were pelleted and washed with PBB three times

and subjected to SDS-PAGE and western blotting.
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Co-immunoprecipitation and western blotting

Co-immunoprecipitation: Transfected HEK293T cells were washed with PBS and
pelleted at 2,000 rpm for 5 min. The cells were resuspended in IPB Lysis buffer (20 mM
Tris-HCI, pH 8.0,135 mM NaCl, 2.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, and 10%
glycerol, freshly supplemented with Roche complete protease inhibitor cocktail) and
incubated at room temperature for 10 min. The lysates were cleared by centrifugation
using a Microfuge 22R centrifuge (Beckman Coulter) at 12,000 rpm for 30 min at 4°C.
Supernatants were incubated with 2 ug anti-Flag antibody overnight at 4°C with gentle
agitation, followed by 2 hr incubation with Protein A- and Protein G-Sepharose beads
(Roche). Beads were then centrifuged and washed with IPB Lysis buffer. Bound
proteins were eluted from the collected beads by adding an equal volume of 2x SDS
gel-loading buffer (100 mM Tris-HCI, pH 6.8, 4% SDS, 0.2% bromophenol blue, 20%
glycerol, and 200 mM (-mercaptoethanol) and boiling at 95°C for 5 min, and subjected

to SDS-PAGE.

Western blotting: Boiled protein samples were resolved on either a 12% or 15%
SDS -PAGE gel and transferred to nitrocellulose membranes for immunoblotting.
Following incubation with horseradish peroxidase (HRP)-conjugated secondary
antibody, HyGlo chemiluminescent substrates (Denville) were added and HyBlot CL
films (Denville) were used to detect bands. Films were developed by a Konica Medical

Film Processor SRX-101A.

Immunofluorescence imaging
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Immunofluorescence staining was performed as described in the Materials and
Methods section in Chapter 2. Images were acquired using a Leica DMI6000B
research microscope equipped with Leica DFC300 FX camera and LAS AF Version 2.6
software. Confocal imaging was performed on a Zeiss LSM 510 META NLO Laser
Scanning Confocal Microscope with a 100x C-Apochromat objective lens (1.4 NA, oil)
using the Zeiss LSM 510 META imaging software (version 4). Super-resolution imaging
was conducted using a Nikon Structured Illumination Microscopy (N-SIM) equipped with
a CFl SR Apochromat TIRF 100x oil objective (1.49 NA, oil), and 488 and 561 nm
lasers. Images were taken with an EMCCD camera and NIS-Elements software (Nikon).

All images were prepared with Adobe Photoshop and lllustrator.

RT-PCR

Total RNA was extracted from tissue culture cells using QlAshredder (Qiagen)
and RNeasy Plus Kit (Qiagen) according to the manufacturer’s protocols. cDNA was
synthesized from the RNA using High-Capacity cDONA Reverse Transcription Kit
(Applied Biosystems) and used as template for PCR reactions. The PCR products were
visualized by agarose gel electrophoresis. The primer sequences for the indicated

MRNA of interest are listed below.

FAM92A

H92AqPCR_Forward: 5-GCAACACTCACAGCAAGGAA-3’

H92AqPCR_Reverse: 5-ACGACTTGTTCGGCTAGCAT-3’

FAM92B
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H92BqPCR_Forward: 5-CAAGCAGCTCATCGACTTTG-3’

H92BgPCR_Reverse: 5-TAGAGCTTCAGGGGGTTGAC-3’

GAPDH

hGAPDH_Forward: 5-ACCACAGTCCATGCCATCAC-3’

hGAPDH_Reverse: 5-CGCTGTTGAAGTCAGAGGAG-3’

Quantification of Primary Cilia

Primary cilia were scored individually on a given field. The percentage of ciliated
cells was calculated based on the number of ciliated cells divided by the total number of
cells. Independent transfection was performed at least three times and a minimum of
100 cells were counted for each siRNA transfection. Student’s t-test and SEM analysis

was done using Excel (Microsoft).

3.3 Results

Identification of FAM92A as a potential interacting partner for Cby

HEK293 cells were stably transfected with either TAP-Cby or TAP-GFP
tetracycline-inducible expression vectors to create stable cell lines. For optimal
purification, the protein of interest should be expressed at or close to its physiological
levels (Puig et al., 2001). To achieve this, TAP-Cby stable cells were subjected to
different concentrations of tetracycline. We choose a tetracycline concentration of 0.02
pug/mL that induced TAP-Cby at levels closest to endogenous Cby as assessed by

western blotting (data not shown). Several small scale TAP procedures were performed
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to optimize the protocol with different concentration of KCI and different incubation times

with IgG beads.

Silver-staining of TAP-Cby elution showed several unique bands when compared
to the control TAP-GFP lane (Figure 4B). The eluates from both TAP-Cby and TAP-
GFP were run on a Tris-Acetate gel for approximately 10 min, only to ensure that the
proteins had entered the separating gel. The protein bands were visualized by silver-
staining, cut out, and sent for mass spectrometry. Mass spectrometry generated a list of
potential Cby-interacting partners (Table 1). The list includes the 14-3-3 proteins, 14-3-
3¢ and 14-3-3¢, which helps to serve as positive controls, as they are known strong
interactors for Cby (Li et al., 2008). Amongst the Cby-specific interactors, FAM92A
raised a great deal of interest based on literature and database researches. The
literature searches yielded limited yet interesting information about the function of
FAMO92A. One study characterized a Xenopus homologue of FAM92A, xVAP019,
showing that it plays an important role in embryonic development. Interestingly, the
database searches revealed that FAM92A contains a putative BAR-domain. BAR-
domain proteins are known to function in secretory vesicle fusion and signal
transductions (Ren et al., 2006). It is possible that by characterizing FAM92A, and its
potential interaction with Cby, | might be able to provide the molecular mechanism by

which Cby is able to stabilize and mediate vesicle fusion at the base of cilia.

The Bin/Amphiphysin/Rvs (BAR) domain of Family with sequence similarity 92

(FAM92)
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FAM92A belongs to the family with sequence similarity 92 (FAM92) containing
the Bin/Amphiphysin/Rvs (BAR), which has two family members, FAM92A and
FAM92B. The BAR domains are dimerization, lipid binding and curvature sensing
modules found in many different proteins with diverse functions including organelle
biogenesis, membrane trafficking or remodeling, and cell division and migration
(Habermann, 2004; Frost et al., 2009; Mim and Unger, 2012). The functions of BAR-
domain proteins that caught my interest were the organelle biogenesis and membrane
trafficking abilities since Cby has been shown to be involved in these biological
processes. A ClustalW sequence alignment of human FAM92A and FAM92B amino
acids revealed a highly conserved BAR domain region with a short N-terminal region
and a longer C-terminal tail (Figure 5). The highly conserved nature of the BAR domain

suggests that FAM92A and FAM92B might share similar functionality.

To examine whether the BAR domain of FAM92A and FAM92B is conserved
across species, we performed an alignment of FAM92A and FAM92B homologues from
a variety of organisms (Figures 6 and 7). The BAR domain region was highly conserved
across species, although interestingly FAM92B homologues were found only in
vertebrates (Figure 7). To further investigate if FAM92A and Cby interactions play a role
in cilia formation, we asked if a correlation exists between the presence of FAM92A and
Cby genes and cilia. Reciprocal BLASTP analysis was performed using FAM92A amino
acid sequences from ciliated/flagellated multicellular and unicellular eukaryotes. To
summarize the data, we generated a simple phylogenetic tree containing
ciliated/flagellated representatives of the metazoa, fungi, plants, and excavata (Figure
8). Interestingly, both FAM92A and Cby were absent in C. elegans, a model organism
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often used for sensory cilia research but lacks the motile cilia (Bae and Barr, 2008;
Inglis et al., 2007). FAM92A and Cby homologues co-exist in many animals containing
motile cilia, except for the bikonts Selaginella moellendorffii and Trichomonas vaginalis,

in which FAM92A homologues were absent.

Physical interaction between Cby and FAM92 proteins

Interactions between FAM92 proteins and Cby were examined using co-
immunoprecipitation assays (Figure 9B). Briefly, Flag-tagged Cby was co-transfected
with HA-tagged FAM92 proteins, the lysate were immunoprecipitated with Flag antibody
then immunoblotted with HA antibody. Both HA-tagged FAM92A and HA-tagged
FAMO92B were shown to co-immunoprecipitate with Flag-tagged Cby. To further refine
this, | sought to determine which region or domain of these proteins is responsible for
their interactions. The BAR domain of FAM92A and FAM92B was tested for its ability to
interact with Cby (Figure 9A and C). HA-tagged FAM92A-BAR and HA-tagged
FAM92B-BAR were shown to co-immunoprecipitate with Flag-tagged Cby. | also
examined the region of Cby responsible for its interaction with FAM92A-BAR by using
two different Cby mutants (Figure 9D). The hCbyC mutant contains the C-terminal half
of Cby (aa 64-126) harboring its coiled-coil domain that is responsible for its
dimerization and basal body localization (Hidaka et al., 2004; Burke et al., 2014;
Mofunanya et al., 2009). The hCby4A mutant contains the leucine to alanine point
mutations at residues 77, 84, 91, and 98 within the coiled-coil motif that is defective in
homodimerization as well as its ability to localize to the basal body (Burke et al., 2014;
Mofunanya et al., 2009). HA-tagged FAM92A-BAR was shown to co-immunoprecipitate

with the Flag-tagged Cby4A mutant, but not with the hCbyC mutant. A third hCby
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mutant that encodes the N-terminal residues (1-63) was tested but | was unable to
detect its expression in the cell lysate (data not shown). To examine whether FAM92A
and Cby interaction was direct, a MBP pull-down assay using bacterially expressed and
purified FAM92A and Cby proteins showed that the interaction between FAM92A and
Cby was direct. Overall these results suggest that the BAR-domain of FAM92A and
FAMO92B is sufficient for its interaction with Cby. The N-terminal portion of Cby might be

required for its direct interaction with FAM92A-BAR.

FAM92A and FAM92B homodimerize via their BAR domain but do not

heterodimerize

On the basis of structural studies of the BAR-domain containing proteins,
Arfaptin-2 and Amphiphysin, dimerization is thought to be critical for the function of BAR
proteins (Habermann, 2004). Amphiphysin dimerization is thought to be necessary for
its ability to sense and/or induce membrane bending (Peter et al., 2004). Arfaptin-2
forms a homodimer, which is a prerequisite for its binding to small GTPases that is
critical for its functions (Tarricone et al., 2001). Heterodimers are mostly formed
between closely related family members, such as Amphiphysin | and Il as well as
APPL1 and 2 (Habermann, 2004; Ramjaun et al., 1999; Miaczynska et al., 2004). The
F-BAR family of proteins, srGAP1, srGAP2, and srGAP3, have been shown to
heterodimerize (Coutinho-Budd et al., 2012). Heterodimerization is also possible in
some distant members of the BAR-domain family. Amphiphysin Il heterodimerizes with
Snx4, an interaction thought to be linked to the early steps of endocytosis to intracellular

transport (Leprince, 2003).
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To examine whether FAM92A and FAM92B have the ability to homodimerize
and/or heterodimerize, different forms of tagged FAM92A and FAM92B were subjected
to co-immunoprecipitation assays. Flag-tagged FAM92A was able to co-
immunoprecipitate with HA-tagged FAM92A, as did Flag-tagged FAM92B with HA-
tagged FAM92B (Figure 10A). However, HA-tagged FAM92A was not able to co-
immunoprecipitate with Flag-tagged FAM92B. Next, | wanted to determine if the BAR-
domain was sufficient for its dimerization ability. Flag-tagged FAM92A co-
immunoprecipitate with HA-tagged FAM92A-BAR, as did Flag-tagged FAM92B with HA-
tagged FAM92B-BAR (Figure 10B). Taken together, these results indicates that
FAM92A and FAM92B can homodimerize via their BAR-domain, but do not appear to

heterodimerize.

FAM92A and FAM92B co-localize with Cby at the basal body

The Human Protein Atlas (HPA) database indicated FAM92A protein expression
is found in most tissues, usually with moderate to strong cytoplasmic positivity with a
granular staining pattern (http://www.proteinatlas.org/ENSG00000188343-
FAMO92A1/tissue). Renal glomeruli, glial cells, and smooth and skeletal muscle cells
were weakly stained or negative. The HPA database indicates that FAM92B protein
expression was found at the basal part of cilia in respiratory epithelia as well as oviduct,
while other normal tissues were negative for FAM92B expression

(http://www.proteinatlas.org/ENSG00000 153789-FAM92B/tissue).

Based on the specific interaction of FAM92A and FAM92B with Cby, it raised the

interesting possibility of FAM92A and FAM92B as potential basal body proteins. The
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RPE1 cell line is often used in studies of ciliary proteins, as they ciliate readily by serum
starvation. To examine FAM92A and FAM92B localization, | infected RPE1 cells with
lentiviruses expressing Flag-tagged FAM92 proteins. Both Flag-tagged FAM92A and
FAMO92B co-localize with Cby at the centrioles in cycling RPE1 cells (Figure 11).
Interestingly, they appear to localize to only one of the two centrioles, similar to Cby.
Cby is known to localize to the distal end of the mother centriole (Lee et al., 2014;
Steere et al., 2012), which suggests that both FAM92 proteins are also mother centriole
proteins. In ciliated RPE1 cells, Flag-tagged FAM92A and FAM92B co-localized with
Cby at the base of cilia. Since the BAR-domain of FAM92A is sufficient for its interaction
with Cby, | sought to determine whether the BAR-domain is also sufficient for its
localization. Flag-tagged FAM92A was able to co-localize with Cby at the base of cilia

(Figure 11).

Expression of endogenous FAM92A and FAM92B mRNA in both cycling and
ciliated RPE1 cells was examined using RT-PCR (Figure 12A). The levels of FAM92B
mMRNA were lower compared to FAM92A, as it required more PCR cycles for the
FAMO92B PCR products to be detectable. One concern | had with using the
commercially available antibodies for FAM92A and FAM92B is potential cross-reactivity.
The antigen sequence used for generating the FAM92A and FAM92B antibody was
found within the BAR-domain, where the FAM92 proteins shared significant homology.
To evaluate this, HEK293T cells were transfected with N-terminally Flag-tagged
FAM92A and FAM92B. Antibodies were specific to their target protein (Figure 12B).
This was repeated using C-terminally Flag-tagged FAM92A and FAM92B to the ensure
location of the tag did not interfere with antibody recognition. Finally, immuno-staining
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for FAM92A and FAM92B was performed in ciliated RPE1 cells. The results confirmed
co-localization of FAM92A with Cby at the base of cilia (Figure 12C). The FAM92B
antibody did not show any significant signals at the centrosome (data not shown). It is
possible that FAM92B expression is tissue-specific, or its expression is below the

detection threshold for the antibody.

To examine whether FAM92A and FAM92B localization pattern is similar in multi-
ciliated cells, we isolated and infected mouse tracheal epithelial cells (MTECs) with
Flag-tagged FAM92 lentiviruses at the time of seeding, followed by differentiation of
MTECs at the air-liquid interface (ALI). Immuno-staining showed that both Flag-tagged
FAM92A and FAM92B co-localize with Cby (Figure 13A). Following the establishment of
the ALI, MTECs will simultaneously generate hundreds of centrioles that will serve as
the basal body of the motile cilia (Vladar and Brody, 2013). Accordingly, genes
important for centriole biogenesis and cilia formation are upregulated. To examine
whether FAM92 expressions were upregulated, RT-PCR was performed on mRNA
taken from MTECs at ALIdO, 4, and 14. The results indicate that FAM92A and FAM92B
gene expression remains constant throughout MTEC differentiation (Figure 13B). Finally
immuno-staining was performed for endogenous FAM92A and FAM92B in fully ciliated
MTECs. Both FAM92A and FAM92B co-localize with Cby in multi-ciliated cells in MTEC

cultures (Figure 13C).

These findings suggest that FAM92A is expressed in both primary ciliated and
multi-ciliated cells and co-localizes with Cby at the basal body. FAM92B expression is
either tissue specific as it is expressed in multi-ciliated MTECs but not in primary ciliated

RPE1 cells, or its expression is below detection threshold. Overall these localization
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studies, along with the Cby interaction studies, indicate FAM92A and FAM92B as novel

basal body proteins.

Super-resolution fluorescence microscopy reveals that FAM92A localizes in a

ring pattern with Cby at the ciliary base

Conventional light microscopy has been useful in providing an approximate
localization of centrosomal proteins, but the dimensions of centrioles are close to the
optical resolution limit of 200 nm (Schermelleh et al., 2010; Sonnen et al., 2012). This
made gathering information about the spatial organization of centrosomal components
difficult. The recent development of super-resolution fluorescence microscopy
techniques has made it possible to resolve beyond the optical resolution of 200 nm.
Structure lllumination Microscopy (SIM) can improve the resolution obtained by
conventional confocal microscopy by a factor of 2, which can provide structural
information at a resolution of ~200 nm in both X and Y axes (Gustafsson et al., 2008;

Jost and Heintzmann, 2013).

In order to understand FAM92A’s localization at the base of cilia in relation to
Cby, immuno-staining images of endogenous Cby and FAM92A were taken with SIM.
For these images, MTECs was induced to differentiation by establishing the ALI. Cells
were fully differentiated at ALId14. The SIM images revealed that FAM92A co-localizes
with Cby in a ring-like pattern (Figure 14A). The axial cross-section image indicated that
both FAM92A and Cby localize to the same plane. As Cby was shown to localize to the
transition fibers, this suggest that FAM92A also localizes to the transition fibers (Figure

14B).
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FAM92A and FAM92B localization to the basal body is disrupted in the absence of

Cby

Cby is recruited to the distal appendages by the distal appendage protein
Cep164 (Burke et al., 2014). To examine whether FAM92 proteins act upstream or
downstream of Cby, we used mouse embryonic fibroblasts (MEFs) isolated from both
CbyWT and CbyKO embryos. These MEFs, like RPE1 cells, can be induced to ciliate
through serum starvation. Endogenous FAM92A and FAM92B mRNA expression in
both cycling and ciliated MEFs was confirmed using RT-PCR. The mRNA levels of
FAM92A and FAM92B remained constant in both CoyWT and CbyKO MEFs in cycling
and ciliated states (Figure 15A). In serum-starved CbyKO MEFs, the localization of
FAMO2A to the y-tubulin-positive basal body was undetectable (Figure 15B). To confirm
this in multi-ciliated cells, immunofluorescence staining of MTECs was performed.
FAMO2A and FAM92B localization at the basal body was severely reduced in multi-
ciliated cells in the absence of Cby (Figure 15C). This suggests that Cby acts upstream

of FAM92 proteins and is most likely to recruit FAM92 proteins to the basal body.

FAM92A knockdown results in a decrease in the level of ciliation

The characterization of FAM92A as a novel basal body protein and its interaction
with Cby raises the question of whether FAM92A is required for cilia formation. To
examine this, | proceeded to knockdown FAM92A expression in RPE1 cells using
siRNA-mediated gene silencing. Briefly, RPE1 cells were subjected to 4 rounds of
siRNA transfection over the course of 4 days. These cells were then serum-starved to

induce ciliation. Cell lysates were then collected for western blot analysis. The FAM92A
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siRNA-treated cells had significantly lower levels of FAM92A protein compared to the
scrambled siRNA-treated negative control (Figure 16B). By counting the number of cilia,
as denoted by acetylated a-tubulin staining, over the number of basal body, as denoted
by y-tubulin staining, in a given field | was able to determine the level of ciliation.
Knockdown of FAM92A decreased the overall levels of ciliation in RPE1 cells (Figure
16A). Over 85% of cells were ciliated in the scramble siRNA group, while only 68% of
cells were ciliated in FAM92A siRNA group (Figure 16C). This represented a significant

decrease in ciliation suggests that FAM92A does play a role in cilia formation.

Ectopic expression of FAM92 and Cby induces membrane tubule-like structures

The universal and minimal BAR domain is a dimerization, membrane-binding,
and curvature-sensing module (Peter et al., 2004). The BAR-domain dimer, with its
crescent-shaped that contains positively charged residues distributed along its concave
face, binds preferentially to curved membrane thus able to act as a sensor of membrane
curvature (Peter et al., 2004; Habermann, 2004; Mim and Unger, 2012; Gallop et al.,
2006). Some BAR-domain proteins contains additional domains that will induce
membrane curvature (Ramjaun et al., 1999). Ectopic expression of BAR domain
proteins are able to drive membrane curvature to form a higher ordered helical arrays of
membrane to form membrane tubules and vesicles (Shinozaki-Narikawa et al., 2006;
van Weering et al., 2010). Amphiphysin-1 has been shown to tubulate membranes
when overexpressed in COS cells (Yin et al., 2009; Zhao et al., 2013). Endophilin A,
which is involved in the clathrin pathway, has also been shown to tubulate membrane

(Renard et al., 2015; Boucrot et al., 2015; Gallop et al., 2006).
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Accordingly, BAR domain are classified by the degree of curvature that they can
sense and/or induce. N-BAR domain are BAR domains with an N-terminal amphipathic
helix that can insert itself into the phosopholipids of the membrane to act as a wedge to
drive membrane curvature, tubulate and form vesicles (Peter et al., 2004; Gallop et al.,
2006; van Weering et al., 2010). F-BAR domain dimers are less curved than N-BAR
domains, however they are involved in driving and/or sensing extremely positive
membrane curvatures and can form either broad or narrow membrane tubules (Roberts-
Galbraith and Gould, 2010; Dharmalingam et al., 2009; Suetsugu, 2010). I-BAR domain
dimers are relatively flat and instead of inducing positive curvature, will induce negative
curvature in membranes (Millard et al., 2005; Mattila et al., 2007). I-BAR domain
proteins induce plasma membrane protrusions rather than invagination and can
stabilize tubules by binding to the inner surface of the membranes (Mattila et al., 2007;

Millard et al., 2005; Suetsugu, 2010)

To examine whether FAM92 proteins share this ability to tubulate membranes,
GFP-tagged FAM92A and FAM92B were expressed in COS7 cells. Diffuse cytoplasmic
staining was observed in both of the FAM92A and FAM92B expressing cells (Figure
17). However when FAM92A was co-expressed with Cby, | observed strong FAM92A
accumulation in puncta surrounded by a ring of Cby. When FAM92B was co-expressed
with Cby, | observed the formation of membrane tubulation. This suggests that FAM92B

is able to tubulate membrane but only in the presence of Cby.

3.4 Discussion

Identification of FAM92 proteins as novel Cby interacting partners.
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In characterizing the FAM92 proteins as Cby-interacting partners, | found that the
BAR-domain was sufficient for their interactions with Cby. The C-terminal portion of Cby
did not immunoprecipitate with the BAR-domain of FAM92A, but the Cby mutant lacking
the homodimerization ability did. Cby exists predominantly as a homodimer, which is
required for its efficient nuclear import (Mofunanya et al., 2009). Additionally, Cby
contains a nuclear localization signal in its C-terminal portion (Li et al., 2010). This
suggests that FAM92A-BAR domain interaction with Cby is dependent on the N-

terminal portion of Cby.

Many BAR-domain proteins have shown the ability to homodimerize
(Habermann, 2004). Some closely related BAR-domain family members have also
shown the ability to heterodimerize (Habermann, 2004). Given the homology between
the two FAM92 proteins their ability to heterodimerize was a surprise. The molecular
basis for why some BAR domains can only homodimerize while other BAR domains can
also heterodimerize is unclear. One study suggests compatibility issues based on
different amino acid residues at the dimer interface (Dislich et al., 2011). SNX33 forms
homodimers but not heterodimers with its closets homologs SNX9 and SNX18.
However mutating some key amino acids in SNX9, it allowed SNX9 to heterodimerize
with SNX33 (Dislich et al., 2011). The inability to heterodimerize could indicate different
cellular function for the two FAM92 proteins. Further work would be needed to identify

the key amino acid residues in the FAM92 dimer interfaces.

FAM92 proteins in ciliogenesis

Based on my findings above, Cby recruits FAM92A and FAM92B to the base of
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cilia. Cby itself is recruited to the distal appendage by Cep164 (Burke et al., 2014).
There, Cby interacts with Rabin8, the GEF for Rab8, which serves to recruit Rab8-
positive vesicles to the maturing ciliary vesicle (Burke et al., 2014). It is possible that
FAMO2A and FAM92B are recruited to the basal body as a component of the Rab8-
positive vesicles, and that in the absence of Cby, the vesicles containing the FAM92 are

not recruited to the base of cilia.

BAR-domain proteins have been implicated in ciliary function. The ArfGAP with
SH3 domain, ankyrin repeat and PH domain 1 (ASAP1) is a BAR-domain protein with a
crucial role in rhodopsin transport. Rhodopsin, the light sensitive receptor protein, is
sorted at the trans-Golgi network (TGN) into the membrane enclosed rhodopsin
transport carriers (RTC), and delivered to the primary cilia and cilia-derived sensory
organelles (Deretic and Wang, 2012a). The formation of the rhodopsin-Arf-ASAP1
complex at the TGN results in membrane deformation and release of the RTC (Deretic
and Wang, 2012b). ASAP1 likely mediates membrane deformation through its BAR
domain while mediating GTP-hydrolysis on Arf4, which then dissociates from the TGN
(Wang et al., 2012; Nie and Randazzo, 2006; Nie et al., 2006). Another example is the
F-BAR domain protein syndapin |. Syndapin | is a lipid binding and membrane
curvature-sensing spatial organizer that is thought to associate with membrane areas
prone to cilia formation (Qualmann and Kelly, 2000). Syndapin | recruits Cobl which
contains three Wiskott-Aldrich homology 2 (WHZ2) domains for actin-binding and
nucleation (Ahuja et al., 2007). Together, the syndapin I/Cobl complex is thought to

prime the location for formation of cilia through local changes in membrane topology.
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Based on the function of ASAP1, it raises the interesting possibility that FAM92
proteins also act at the TGN to serve the link and free the vesicles for delivery to the
ciliary compartment. In this model, FAM92 would be sorted with Rab8, Rab11, IFT20,
and other ciliary components into vesicles that are then trafficked to the base of cilia

(Figure 18). There, FAM92A binds Cby and stabilizes the vesicle for subsequent fusion.

The knockdown of FAM92A did yield a significant decrease in ciliation, although
the effect was only moderate. This could be explained by genetic redundancy, that in
the absence of FAM92A, FAM92B or possibly other proteins are able to substitute for
FAMO2A. It is also possible that FAM92A is required for the early stages of cilia
formation, and that perhaps its effect is more significant at earlier time points. The
duration of serum starvation has been known to have a significant impact on ciliation in
CbyKO MEFs. At 24 hr, CbyWT MEFs ciliated at 45%, while CbyKO MEFs ciliated at
5%. However, at the 72 hr mark, CbyKO MEFs were able to ciliate up to 30% compared

to CbyWT 55% ciliated (Lee et al., 2014).

Formation of membrane tubule-like structures by FAM92 and Cby proteins

The ability to tubulate membrane is a known characteristic of BAR-domain
proteins (Peter et al., 2004; Zhao et al., 2013; Shinozaki-Narikawa et al., 2006). Under
normal physiological conditions, membrane tubulation does not occur. The deformation
of membrane is an energetically prohibitive process but when there is a high
concentration of BAR-domain proteins, usually ectopically expressed, this barrier
becomes surmountable (Wang et al., 2009; Gallop and McMahon, 2005). The proposed

model by which BAR domain tubulates membrane is the binding of one BAR-domain
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protein produces a local curvature, which attracts another BAR-domain protein and so
on (van Weering et al., 2010), until the BAR-domain polymerizes into a helical coat that
is held together by lateral and tip-to-tip interactions (Frost et al., 2008). Using Cryo-EM
reconstructions, it revealed that the BAR proteins are arranged in a lattice of spiral rows

(Frost et al., 2009; Yin et al., 2009).

FAM92A and FAM92B appear to only contain the putative BAR domain. Some
BAR-domain proteins contain an N-terminal, amphipathic helices that act as a wedge to
induce membrane curvature, while others induce curvature through electrostatic and
intermolecular interactions (Wang et al., 2009). FAM92A and FAM92B by themselves
were unable to induce membrane tubulation. Only with the addition of Cby was
tubulation possible. This could suggest that Cby stabilizes the polymerization of FAM92
dimers needed to form the higher ordered lattice structure. Cby could be responsible for
accumulating enough FAM92 proteins so that a critical mass is reach for membrane
tubulation to occur spontaneous. Overall the membrane tubulation assay confirms the

FAM92 as BAR-domain proteins.
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Figure 4. Tandem affinity purification of novel Cby-binding partners.

(A) Schematic representation of the tandem affinity purification (TAP) protocol. The TAP
tag consists of three components: a protein A moiety acting as an immunoglobulin G
(IgG)-binding domain, a tobacco etch virus (TEV) protease cleavage site, and a
calmodulin (CaM)-binding peptide (CBP). TAP-Cby and TAP-GFP expressed in HEK
293 cells were purified using IgG agarose beads (Step 1), followed by the cleavage of
the protein A moiety by TEV protease (Step 2). Next, the remaining multi-protein
complexes were further purified using CaM Sepharose beads (Step 3). Finally, CBP-
Cby and specific Cby-binding partners were eluted with EGTA (Step 4).

(B) The final TAP elutions were resolved on a 4-20% gradient SDS-PAGE gel and
visualized by silver staining. TAP-GFP was used as negative purification control. The
positions of molecular weight marker bands are indicated on the left. The arrows
indicate bands for CBP-GFP in lane 1 and CBP-Cby in lane 2. The samples were
analyzed by tandem mass spectrometry (LC-MS/MS) and identified proteins are listed in
Table 1.
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Figure 5. Alignment of human FAM92A and FAM92B amino acid sequences.
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Amino acid sequence alignment of human FAM92A and FAM92B was performed using
ClustalW. The highly conserved BAR domains are highlighted in red. Amino acids
residues that are identical in both FAM92 family member are marked with an asterisks,
conserved and semi-conserved substitution are marked with a colon and period,
respectively.
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Figure 6. Evolutionary conservation of FAM92A proteins across species.

FAMO2A protein sequences were aligned using ClustalW and manually adjusted using
SeaView. The conserved BAR domain is indicated by the black bar. Each of the eight
classes of amino acids is represented by a distinct color. Note that only a partial
sequence was available for Saccoglossus kowalevskii.
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Figure 7. Evolutionary conservation of FAM92B proteins across species.

FAMO92B protein sequences were aligned using ClustalW and manually adjusted using
SeaView. The conserved BAR domain is indicated by the black bar. Each of the eight
classes of amino acids is represented by a distinct color. Note that FAM92B
homologues are found only in vertebrates.
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Figure 8. Phylogenetic analysis of FAM92A and Cby.

Cby and FAM92A homologues are found in many animals containing motile cilia (black
circles). Interestingly, both are present in Drosophila melanogaster but absent in
Caenorabditis elegans (white circle). A probable Cby homologue is found Selaginella
moellendorffii (gray circle). Monosiga brevicollis has a Cby homologue as well as a
protein containing a BAR domain with weak homology to the BAR domain of FAM92A
proteins. FAM92A and Cby co-exist in many species except for the bikonts Selaginella
moellendorffii and Trichomonas vaginalis in which FAM92A homologues are missing.
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Figure 9. Physical interaction between Cby and FAM92 proteins.

(A) Schematic representation of human FAM92A and FAM92B proteins. The numbers
indicate the amino acid position of the BAR domain.

(B) HEK293T cells were transiently transfected with the indicated combinations of
expression plasmids for Flag-Cby and HA-tagged FAM92A or FAM92B. Total cell
lysates were immunoprecipitated with anti-Flag antibody and detected with anti-HA
antibody. Total cell lysates were also probed with either anti-HA or anti-Flag antibody to
determine levels of protein expression. Cby interacts with both FAM92A (lane 2) and
FAM92B (lane 4).

(C) HEK293T cells were transiently transfected with the indicated combinations of
expression plasmids for Flag-Cby and HA-tagged BAR domain of FAM92A or that of
FAMO2B. Total cell lysates were immunoprecipitated with anti-Flag antibody and
detected with anti-HA antibody. Total cell lysates were also probed with either anti-HA
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or anti-Flag antibody to examine protein expression levels. The BAR domain of
FAMO2A (lane 2) and FAM92B (lane 4) is sufficient for Cby binding.

(D) HEK293T cells were co-transfected with expression plasmids for HA-FAM92A-BAR
and Flag-tagged full-length Cby (Cby-FL), C-terminal half of Cby (CbyC), or Cby4A
mutant (Cby4A) with leucine to alanine point-mutations at residues 77, 84, 91, and 98
which ablates Cby homodimerization. Total cell lysates were immunoprecipitated with
anti-Flag antibody and detected with anti-HA antibody. Total cell lysates were also
detected with either anti-HA or anti-Cby antibody to assess levels of protein expression.
The BAR domain of FAM92A interacts with Cby4A (lane 4), but not with C-terminal
portion of Cby (lane 3), suggesting that the N-terminal region of Cby might be involved
in the interaction with FAM92A.

(E) MBP pull-down assays were performed using bacterially expressed and purified
proteins to test their direct interaction in vitro. His-FAM92A was pulled down with MBP-
Cby but not with MBP alone, indicating that FAM92A directly interacts with Cby.
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Figure 10. FAM92A and FAM92B homodimerize via their BAR domain but do not
heterodimerize.

(A) HEK293T cells were transiently transfected with the indicated combination of
expression plasmids for Flag- and HA-tagged FAM92 proteins. Total cell lysates were
immunoprecipitated with anti-Flag antibody and detected with anti-HA antibody. Total
cell lysates were also probed with either anti-HA or anti-Flag antibody to determine
levels of protein expression. FAM92A (lane 2) and FAM92B (lane 6) showed ability to
form homodimers but not heterodimer (lane 4).

(B) HEK293T cells were transiently transfected with the indicated combination of
expression plasmids for Flag-tagged FAM92 proteins and HA-tagged FAM92-BAR
proteins. Total cell lysates were immunoprecipitated with anti-Flag antibody and
detected with anti-HA antibody. Total cell lysates were also probed with either anti-HA
or anti-Flag antibody to determine levels of protein expression. BAR domain of FAM92A
(lane 2) and FAM92B (lane 6) is sufficient for homodimer formation. No heterodimer
was detected (lane 4).
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Figure 11. Ectopic FAM92 proteins co-localize with Cby at the mother centriole in
cycling cells and at the base of cilia in cells with primary cilia.

RPE1 cells were infected with the indicated Flag-FAM92 lentiviruses and either fixed as
cycling cells at low confluency or serum-starved for 18 hr to induce ciliation.
Immunofluorescence staining was performed with antibodies against Flag tag for
FAMO2 (green), Cby (red), and acetylated a-tubulin (Ac-tub) for cilia (purple). Nuclei
were detected by DAPI (blue). Both FAM92A and FAM92B were detected at the mother
centriole with Cby in cycling cell and at the base of cilia in ciliated cells. The FAM92A-
BAR domain also co-localized to the mother centriole. Scale bar, 5 ym.
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Figure 12. Endogenous FAM92A co-localize with Cby at the base of cilia.

(A) Expression of FAM92A and FAM92B was analyzed by RT-PCR in cycling and
ciliated RPE1 cells. GAPDH was used as an internal control. FAM92B PCR products
were detectable at higher PCR cycle numbers, suggesting that its mMRNA expression
level is low.

(B) FAM92A and FAM92B antibodies were evaluated their specificity and cross-
reactivity using western blotting. Lysates were collected from HEK293T cells expressing
either N-terminally tagged Flag-FAM92A (lane 1) or Flag-FAM92B (lane 2), or C-
terminally tagged FAM92A-Flag (lane 3) or FAM92B-Flag (lane 4), followed by western
blotting using anti-Flag, anti-FAM92A, or anti-FAM92B antibody.
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(C) Ciliated RPE1 cells were immuno-stained for FAM92A (green), Cby (red), and
acetylated a-tubulin (Ac-tub) for cilia (purple). Nuclei were detected by DAPI (blue).
Endogenous FAM92A protein was detected with Cby at the base of the cilia. FAM92B
was undetectable by immunofluorescence staining (data not shown). Scale bar, 5 ym.
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Figure 13. FAM92A and FAM92B co-localize with Cby at the basal body in tracheal
multi-ciliated cells.

(A) Mouse tracheal epithelial cells (MTECs) were isolated and infected with the
indicated lentiviruses for Flag-tagged FAM92A or FAM92B. MTECs were grown to
confluence and differentiation was induced by the creation of the ALI.
Immunofluorescence staining was performed on fully differentiated ALId 14 MTECs with
antibodies against Flag tag for FAM92 proteins (green), and Cby (red). Ectopically
expressed FAM92A and FAM92B proteins localized to the basal body with Cby. Scale
bar, 5 um.

(B) Expression of FAM92A and FAM92B mRNAs were analyzed by RT-PCR at ALIdO,
4, and 14 during MTEC differentiation. GAPDH was used as an internal control. Both
FAM92A and FAM92B are expressed throughout differentiation of MTECs. Both
FAM92A and FAM92B are expressed throughout differentiation of MTECs. Note that
FAM92B mRNA expression was detectable at higher PCR cycle numbers

(C) MTECs were fixed at ALId14 and immunofluorescence staining was performed for
endogenous FAM92 proteins (green) and Cby (red). Endogenous FAM92A and
FAMO2B proteins co-localize with Cby at the ciliary base in multi-ciliated cells. Scale
bar, 5 um.
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Figure 14. FAM92A localizes in a ring pattern with Cby at the base of cilia in multi-
ciliated cell.

(A) MTECs were fixed at ALId 14 and immunofluorescence staining was performed with
antibodies against FAM92A (green) and Cby (red). Images taken by super-resolution
3D-SIM are shown with top-down (x-y; main panel) and side (y-z on the right and x-z on
the bottom; maximum projections) views. The boxed area is shown in higher
magnification at the bottom right corner. Scale bar, 0.5 pm.

(B) Proposed model of FAM92A localization with Cby at the transition fibers.
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Figure 15. Cby recruits FAM92 to the basal body.

(A) Expression of FAM92A and FAM92B mRNAs was analyzed by RT-PCR in CoyWT
and CbyKO mouse embryonic fibroblasts (MEFs) in both the cycling and the ciliated
state. GAPDH was used as an internal control.

(B) CbyWT and CbyKO MEFs were serum-starved to induce ciliation and immuno-
stained for endogenous FAM92A (green) and y-tubulin (y-tub) for centrioles (red).
Nuclei were detected by DAPI (blue). In the absence of Cby, FAM92A localization to the
mother centriole (white arrow) is disrupted. FAM92B protein was not clearly detectable
by immunofluorescence staining (data not shown). Scale bar, 5 um.

(C) CbyWT and CbyKO MTECs were fixed at ALId 14 and immuno-staining was
performed for FAM92 proteins (green) and y-tubulin (y-tub) for centrioles (red).
Localization of FAM92A and FAM92B at the basal body is disrupted in CbyKO multi-
ciliated cells (encircled). Scale bar, 5 ym.
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Figure 16. FAM92A functions in ciliogenesis.

(A) RPE1 cells were transfected with scramble siRNA or FAM92A siRNA and serum
starved for 18 hr to induce ciliation. Immunofluorescence staining was performed with
antibodies against acetylated a-tubulin (Ac-tub) for cilia (green) and y-tubulin (y-tub) for
centrioles (red). Nuclei were detected by DAPI (blue). Scale bar, 25 pym.
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(B) Western blotting demonstrating efficient depletion of FAM92A by siRNA.

(C) Effects of FAM92A depletion on primary cilia formation. FAM92A knockdown led to
a significant decrease in the number of cilia in RPE1. Data represent mean £s.d. from 6
independent experiment (n=200/experiment). Student’s t-test, *P<0.001.
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Figure 17: Ectopic expression of FAM92 and Cby induces membrane tubule-like
structures.

COS7 cells were transiently transfected with GFP-FAM92A, GFP-FAM92B, and Flag-
Cby individually or co-transfected in combination as indicated. Immuno-staining was
performed for Flag tag for Cby (red). Nuclei was detected by DAPI (blue). Arrows point
to potential membrane structures in the cytoplasm, containing both FAM92 and Cby.
Scale bar, 5 ym.
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Figure 18: Proposed model of FAM92A and FAM92B function.

FAM92A and FAM92B is recruited to the base of cilia by Cby. There, FAM92A and
FAM92B act recruiters for the incoming vesicles. Cby interacts with the Rabin8, while
the BAR domain of FAM92 protein sense incoming vesicle and act to stabilize it for the
subsequent fusion event. FAM92 might play a role in the subsequent fusion event by
creating membrane deformation to trigger membrane fusion. In absence of Cby,
FAMO2A and FAM92B is not recruited to the base of cilia. Incoming vesicles cannot
dock effectively and cilia formation is severely reduced.
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unique

protein k coverage |TAP-Cby | TAP-GFP
peptides

sp|P04264|K2C1_HUMAN Keratin, type Il cytoskeletal 1 78 72.00% 555 639
sp|P13645|K1C10_HUMAN Keratin, type | cytoskeletal 10 56 67.10% 440 489
SW_TRYP_PIG 37 64.90% 432 433
sp|P07437[TBB5_HUMAN Tubulin beta chain (TUBB) 41 77.00% 416 30
sp|P35908|K22E_HUMAN Keratin, type |l cytoskeletal 2 epidermal 62 80.80% 320 420
sp|P68363[TBA1B_HUMAN Tubulin alpha-1B chain (TUBA1B) 29 70.30% 254 31
sp|P35527|K1C9_HUMAN Keratin, type | cytoskeletal 9 47 67.30% 227 327
splQ9Y3M2|CBY1_HUMAN Protein chibby homolog 1 27 82.50% 217 0
sp|P08107|HSP71_HUMAN Heat shock 70 kDa protein 1A/1B 32 56.50% 181 31
sp|P11142HSP7C_HUMAN Heat shock cognate 71 kDa protein 31 41.50% 102 23
sp|P62258|1433E_HUMAN 14-3-3 protein epsilon 22 54.10% 80 0
sp|P13647|K2C5_HUMAN Keratin, type Il cytoskeletal 5 26 39.50% 78 96
sp|P02533|K1C14_HUMAN Keratin, type | cytoskeletal 14 25 47.70% 68 95
sp|P02538|K2C6A_HUMAN Keratin, type Il cytoskeletal 6A 19 31.90% 57 47
sp|P27708|PYR1_HUMAN CAD protein 17 9.80% 52 0
sp|P05787|K2C8_HUMAN Keratin, type Il cytoskeletal 8 16 35.60% 45 13
sp|P68371[TBB2C_HUMAN Tubulin beta-2C chain 6 15.50% 43 2
sp|P61981|1433G_HUMAN 14-3-3 protein gamma 11 35.20% 42 0
TEV_protease 8 40.30% 36 27
sp|P68104|EF1A1_HUMAN Elongation factor 1-alpha 1 6 14.70% 34 3
sp|Q7Z794|K2C1B_HUMAN Keratin, type Il cytoskeletal 1b 14 26.50% 33 3
sp|014654|RS4_HUMAN Insulin receptor substrate 4 12 11.60% 27 0
sp|P31946|1433B_HUMAN 14-3-3 protein beta/alpha 5 25.60% 27 0
sp|P08779IK1C16_HUMAN Keratin, type | cytoskeletal 16 11 31.90% 22 31
sp|Q04917|1433F_HUMAN 14-3-3 protein eta 8 38.20% 21 0
sp|P81605|DCD_HUMAN Dermcidin 2 20.00% 19 12
sp|P08670|VIME_HUMAN Vimentin 8 18.70% 19 0
sp|P05783]K1C18_HUMAN Keratin, type | cytoskeletal 18 9 20.00% 18 1
splP31689IDNJA1_HUMAN DnaJ homolog subfamily A member 1 3 12.80% 17 0
sp|POCG48|UBC_HUMAN Polyubiguitin-C 4 6.90% 15 0
sp|QYH1R3MYLK2_HUMAN Myosin light chain kinase 2, skeletal/cardiac muscle 2 1.80% 14 4
sp|P62829|RL23_HUMAN 60S ribosomal protein L23 4 32.10% 14 0
sp|P63104|1433Z_HUMAN 14-3-3 protein zeta/delta 3 17.10% 13 0
sp|P02768JALBU_HUMAN Serum albumin 3 5.60% 12 7
sp|QO04695|K1C17_HUMAN Keratin, type | cytoskeletal 17 4 9.50% 12 7
sp|P05109|S10A8_HUMAN Protein S100-A8 3 32.30% 12 4
sp|P60709]ACTB_HUMAN Actin, cytoplasmic 1 4 11.20% 12 4
sp|P06702|S10A9_HUMAN Protein S100-A9 4 40.40% 12 0
sp|P08727|K1C19_HUMAN Keratin, type | cytoskeletal 19 6 16.00% 12 0
sp|P53621|COPA_HUMAN Coatomer subunit alpha 4 4.30% 12 0
sp|O60884|DNJA2_HUMAN DnaJ homolog subfamily A member 2 3 8.70% 11 0
sp|Q13263|TIF1B_HUMAN Transcription intermediary factor 1-beta 7 9.70% 11 0
sp|Q5D862|FILA2_HUMAN Filaggrin-2 3 1.80% 10 14
sp|QYBUF5[TBB6_HUMAN Tubulin beta-6 chain 6 12.30% 10 0
sp|A1XBS5|F92A1_HUMAN Protein FAM92A1 4 15.90% 9 0
sp|Q9Y230|RUVB2_HUMAN RuvB-like 2 5 12.30% 9 0
sp|Q13885[TBB2A_HUMAN Tubulin beta-2A chain 4 8.10% 8 0
sp|P15924|DESP_HUMAN Desmoplakin 10 3.50% 7 13
17PM_#2_PHS2_RABIT 2 2.40% 7 0
sp|095071|UBR5_HUMAN E3 ubiguitin-protein ligase UBR5 6 2.70% 7 0
sp|P11021|GRP78_HUMAN 78 kDa glucose-regulated protein 3 5.00% 7 0
sp|P23396|RS3_HUMAN 40S ribosomal protein S3 4 18.90% 7 0
splQ13748[TBA3C_HUMAN Tubulin alpha-3C/D chain 2 6.00% 7 0
sp|Q86YZ3|HORN_HUMAN Hornerin 6 4.00% 6 13
sp|Q9Y265RUVB 1_HUMAN RuvB-like 1 - 11.80% 6 0
sp|Q14CN4|K2C72_HUMAN Keratin, type Il cytoskeletal 72 2 4.70% 5 1
sp|QOULX6E|AKP8L_HUMAN A-kinase anchor protein 8-like 2 3.40% 5 0
sp|P04259|K2C6B_HUMAN Keratin, type Il cytoskeletal 6B 3 6.40% 4 11
sp|P83731|RL24_HUMAN 60S ribosomal protein L24 2 13.40% 2 0
sp|Q86YF9|DZIP1_HUMAN Zinc finger protein DZIP1 2 3.10% 2 0
sp|P08238HS90B_HUMAN Heat shock protein HSP 90-beta 3 5.00% 3 0
sp|Q14683|SMC1A HUMAN Structural maintenance of chromosomes protein 1A 3 2.70% 3 0
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. unique
protein peptides coverage | TAP-Cby | TAP-GFP
sp|QOUNF1|MAGD2_HUMAN Melanoma-associated antigen D2 2 5.30% 3 0
sp|Q02413|DSG1_HUMAN Desmoglein-1 9 12.50% 2 15
sp|Q5T749|KPRP_HUMAN Keratinocyte proline-rich protein 5 6.90% 2 8
sp|P35030[TRY3_HUMAN Trypsin-3 4 15.80% 2 6
sp|Q8TAQ2|SMRC2_HUMAN SWVISNF complex subunit SMARCC2 2 3.00% 2 1
17PM_#14_MYG_HORSE 2 17.00% 2 0
splO75190|DNJB6_HUMAN DnaJ homolog subfamily B member 6 2 7.10% 2 0
sp|P42677|RS27_HUMAN 40S ribosomal protein S27 2 28.60% 2 0
sp|Q14204|DYHC1_HUMAN Cytoplasmic dynein 1 heavy chain 1 2 0.50% 2
sp|Q9UBS4|DJB11_HUMAN DnaJ homolog subfamily B member 11 2 7.50% 2 0
sp|P14923|PLAK_HUMAN Junction plakoglobin 3 5.90% 1 6
splQ8N1N4|K2C78_HUMAN Keratin, type Il cytoskeletal 78 4 9.00% 1 4
sp|QEKBE6|K2C80_HUMAN Keratin, type Il cytoskeletal 80 2 5.10% 1 3
sp|P04406|G3P_HUMAN Glyceraldehyde-3-phosphate dehydrogenase 2 8.70% 1 2
splQ99456|K1C12_HUMAN Keratin, type | cytoskeletal 12 3 3.80% 1 2
sp|PO5089]ARGI1_HUMAN Arginase-1 2 5.90% 1 1
sp|P62158|CALM_HUMAN Calmedulin 11 69.10% 0 38
sp|Q96PE3|SPB12_HUMAN Serpin B12 3 6.70% 0 3

Table 1: Protein composition of tandem affinity purified TAP-Cby and TAP-GFP.

Summary of mass spectrometry analysis of the TAP-Cby and TAP-GFP. Proteins
labeled in red are specific to Cby, while the ones labeled in black are common to both.

The black box indicates FAM92A.
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Chapter 4: Conclusions and Future Directions

Cilia are present on almost every cell of the human body. The motile cilia is
responsible for clearing mucus from the airway, transporting o from the ovary to uterus
and circulating the cerebrospinal fluids in the brain (Roy, 2009). After centuries of being
ignored as a vestigial organ, the primary cilium has emerged as a prominent player in
numerous physiological and development processes (Eggenschwiler and Anderson,
2007; Shah et al., 2009). The primary cilia act as ‘antennae’ playing crucial role in
mechanosensation, photoreception and intracellular signaling (Fliegauf et al., 2007b;
Goetz and Anderson, 2010). To accomplish these diverse roles, the cilia has over 1200
different proteins, many of which are known to associate with the axoneme (Pazour et

al., 2005).

Ciliopathies are a genetic disorders of the cilia or basal body that result in defective
ciliary function or formation. One of the best characterized ciliopathies is primary ciliary
dyskinesia (PCD), a disorder in which the motile cilia of the body have defective motors.
The clinical manifestation include chronic respiratory disease, male infertility and situs
inversus (Bush and Ferkol, 2006; Schidlow, 1994). Upon characterization of our CoyKO
mice, it was found that many of the CbyKO phenotypes bear striking resemblance to
ciliopathic phenotypes. Subsequent investigation have concluded that Cby plays a
major role in cilia formation. This dissertation isolated and characterized novel Cby
interacting partners, FAM92A and FAM92B, and presented a possible link by which Cby

mediate its function as a mediator of vesicle docking and fusion.

Here, | demonstrated the Cby dynamics at the base of cilia. The slow recovery of

Cby from the FRAP data suggest that Cby is localized to a region of cilium that is not
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readily accessible, as Cby is known to localize to the ciliary gate/transition fiber region
of the ciliary axoneme (Lee et al., 2014; Burke et al., 2014). Using the microtubule
depolymerization assay, | was able to visualize a subpopulation of pericentriolar Cby.
This pericentriolar Cby is highly similar to PCM-1 staining in response nocodazole
treatment (Lopes et al., 2011). In a co-staining with a Golgi protein marker, it was found
that Cby localizes peripherally to the Golgi, which is consistent with the observation that
Cby localizes with IFT20 in a pool of post-Golgi vesicles. Questions as what role this
subpopulation plays remain to be answered. The fact that this subpopulation of Cby
mobilize in response to microtubule depolymerization could suggest that it plays a
shuttling role, delivering vital ciliary components necessary for continued ciliary function.
Cby has been characterized as a shuttling protein in its role as a Wnt/3-catenin

antagonist (Li et al., 2008; Takemaru et al., 2009).

Using the TAP technology, | was able to generate a list of potential Cby
interacting partners. This system was used to purify and identify the BBSome complex
of the basal body (Wei et al., 2012). The list included the 14-3-3¢ and 14-3-3( protein,
which is consistent with previous affinity purification (Li et al., 2008). New to the list of
Cby interacting partner was the FAM92A protein. The FAM92A protein is largely
uncharacterized, with a few paper that characterized its Xenopus homology as being
important for organogenesis. Much of the project was focus on characterizing FAM92A
and its related family member FAM92B, and what this interaction might mean for cilia

formation.

Sequence alignment of the two FAM92 members showed homology, especially

BAR domain region. The conserved nature of the BAR domain suggest shared function,
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as they both interact with Cby and localize to the base of cilia in both cycling and ciliated
cells. Beyond that putative BAR-domain, the FAM92 proteins gave no clue as to
possible function. | demonstrated the homodimerization ability of the FAM92 bar domain
proteins. Heterodimerization was suggested to be possible for two closely related BAR
domain, however it was not the case for the FAM92 proteins. One interesting question
is whether or not heterodimerization can be forced through point mutations of the dimer

interface, as demonstrated in SNX33 and SNX9 proteins (Dislich et al., 2011).

Although FAM92A knockdown did produce a significant reduction in ciliation, the
effect was moderate. Other BAR-domain proteins have been implicated in either cilia
formation or maintenance. The F-BAR protein syndapin | associate with membrane
areas prone to cilia formation, where it recruits Cobl which has actin binding and
nucleation properties (Qualmann and Kelly, 2000). The BAR domain protein ASAP1 is
thought to cause membrane deformation at the TGN that allows the release of the RTC
to be trafficked to the ciliary base (Wang et al., 2012). This suggests that BAR-domain
proteins could function by inducing fission. The knockdown data of FAM92A protein
confirmed FAM92A as basal body protein. Future work should focus on knocking down
both FAM92A and FAM92B, to minimize any genetic redundancy effect. Generating
FAMO92A and FAM92B knockdown will be pivotal in understand the functions of

FAM92A and FAM92B.

FAM92B showed the ability to tubulate membrane, however only in the presence
of Cby. FAM92B alone was not able to tubulate membranes. FAM92A when co-
expressed with Cby exhibited strong puncta with a ring of Cby. Some BAR domain form

vesicles instead of tubules (Boucrot et al., 2012). Depending on the physical structure of
95



the BAR domain, shallow hydrophobic insertions are predicted to be sufficient for
vesicle formation, drive membrane fission, whereas crescent-like protein scaffolds are
predicted to support the formation of continuous membrane tubules. Future work should
be focused on obtaining an X-ray crystallography structure to examine the curvature of
the FAM92 dimers. Additional it would be interesting to examine whether
overexpression of FAM92A would have any effect on FAM92B. In conclusion, this study
characterized novel basal body proteins FAM92A and FAM92B. Their BAR-domains
interact with Cby and have been shown to localize to the base of cilia. Taken together,
this could provide the link for the question of how Cby is able to mediate the membrane

docking and fusion event so pivotal for cilia formation.

Future work should be focus on exploring the other potential Cby interacting
partners listed on Table 1. One of the earliest candidate of interest were the a-tubulin
and B-tubulins. The aB-tubulin heterodimers form the basic unit of microtubule, which is
the major component of the cytoskeleton providing the platform for intracellular transport
and forming the core of the ciliary axoneme. This leads to the potential question of
whether Cby’s potential interaction with these tubulins might be involved in cilia
formation. Other interesting potential include the coatomer subunit alpha, which is a
component of the coatmer complex, required for budding from Golgi membrane and is
essential for retrograde Golgi-to-ER transport of dilysine-tagged proteins. Cyoplasmic

dynein 1, which is a motor protein involved in retrograde transport.
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