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Abstract

Primary cilia function as specialized sensory antennae for cells to detect signals critical to
proliferation and differentiation. Aberrant ciliary signaling is associated with developmental
disorders commonly known as ciliopathies, as well as tumorigenesis. Understanding the
principles of ciliary signaling is fundamental to developing strategies to treat cilia-related
disorders. Yet, conventional imaging methods cannot sufficiently resolve ciliary signaling events
occurring within a femtoliter volume from the cell body, and genetic or chemical perturbation are
frequently non-specific. In this dissertation, our goal is to engineer molecular tools to illuminate
ciliary signaling mechanisms and how they regulate cellular functions. We first developed a
synthetic system for rapid, chemically-inducible trapping of protein probes in cilia. This system
empowered us to discover a diffusion barrier at the ciliary base which regulates flux between the
cilia and cytosol. We also built a robust series of genetically-encoded cilia-targeted calcium
indicators and pioneered the visualization of ciliary calcium signals upon chemical and
mechanical stimulation. Additionally, we established genetically-encoded actuators to manipulate
phosphoinositides and actin in cilia. Using these tools, we proceeded to deconstruct primary cilia
machinery. We revealed that an absence of phosphatidylinositol-4,5-bisphosphate (PI(4,5)P>)
constitutes a fundamental aspect of primary cilia structural and functional identity. We first
determined that PI(4,5)P» depletion is required for ciliary transduction of Hedgehog signals. Next,
we discovered that PI(4,5)P, re-organization triggers actin polymerization in cilia, which excises
cilia tips as extracellular ciliary vesicles in a process we call cilia decapitation. These
conceptually new findings challenge currently-accepted models of cilia disassembly, and deliver
novel concepts in organelle biogenesis. Moreover, we revealed that cilia decapitation occurs in
quiescent cells, and drives Gy to G transit through Gli transcription factor activation. These

findings propose decapitation-induced mitogenic signaling as a novel molecular link between the

1



ciliary life cycle and cell-division cycle. Overall, we have established a niche in cilia biology
field by specifically focusing on ciliary signaling visualization and manipulation. The molecular
strategies used in our studies are relevant to a broad, interdisciplinary audience. Importantly, the
principles of ciliary signaling we discovered establish a solid ground for understanding disorders

caused by sensory defects of the cellular antennae.
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Chapter 1 Introduction

As embryos grow, cells continuously detect and process environmental signals which instruct
them to survive, function and propagate into specific tissue organization (Perrimon et al., 2012).
To help accomplish these remarkable signaling feats, vertebrates develop primary cilia to
function as specialized sensory antennae on the cell surface (Figure 1-1) (Goetz and Anderson,
2010). In mouse embryos, primary cilia appear as early as embryonic day six in pluripotent
embryonic cells, but are suppressed in cells that give rise to extra-embryonic tissues (Bangs et al.,
2015). Overall embryo patterning requires functional primary cilia (Babu and Roy, 2013; Goetz
and Anderson, 2010). Being present on virtually all cell types in the body (Marshall and Nonaka,
2006), primary cilia also possess specific sensory roles in tissues such as the kidney and retina
(Berbari et al., 2009). Consequently, defects to primary cilia result in diverse forms of
developmental disorders collectively known as ciliopathies (Hildebrandt et al., 2011). In adults,
dysregulation of ciliary signaling is also associated with tumorigenesis (Han et al., 2009; Wong et
al., 2009). Understanding the principles of ciliary signaling is thus pivotal to developing strategies

to treat cilia-related disorders.

1.1 Primary cilia structural and functional architecture

1.1.1 Opverall structure

Primary cilia are solitary hair-like structures that protrude from the plasma membrane into the
extracellular space. Depending on cell type, primary cilia typically range between 1 and 9 um in
length and measure 200nm in diameter (Dummer et al., 2016; Phua et al., 2015). While an
average cell consists of several picoliters in volume, the volume of a single primary cilium lies in
the range of 0.1 femtoliters (Phua et al., 2015). In tubular organs such as the kidney, primary cilia
are generally positioned on the apical surface of polarized epithelial cells and exposed to the
tissue lumina (Zhang et al., 2004). In connective tissues and some epithelial cell types, can harbor

1



primary cilia can be harbored on either the dorsal or ventral surface of non-polarized cells when
adherent in culture (Kukic et al., 2016; Phua et al., 2017). The membrane covering the primary
cilium, known as the ciliary membrane, is continuous with the plasma membrane. Despite the
contiguity, the ciliary membrane is selectively enriched with a complement of receptors, ion
channels and catalytic enzymes that are different from the plasma membrane, signifying discrete
signaling functions (Figure 1-1) (Marshall and Nonaka, 2006; Phua et al., 2015; Singla and
Reiter, 2006). A transition zone located at the proximal ciliary base consists of Y-shaped linkers
between the ciliary membrane and cytoskeleton proposed to restrict lateral diffusion between the
plasma and ciliary membranes (Reiter et al., 2012) (Figure 1-1). The ciliary membrane does not
enclose the organelle, and this creates a passage for soluble flux between the ciliary lumen and
the main cell body. The ciliary cytoskeleton, or axoneme, consists of nine microtubule doublets
emanated from the basal body, which is an adapted mother centriole tethered to the plasma

membrane (Figure 1-1) (Hoey et al., 2012).

1.1.2 Ciliary receptors

Primary cilia are equipped with specialized trafficking machinery that transports a specific
collection of transmembrane receptors to the ciliary membrane (Nachury et al., 2010). Ciliary
receptors fall under three categories, namely the morphogen receptors, G-protein coupled
receptors (GPCRs) and receptor tyrosine kinases (RTKs) (Figure 1-1) (Christensen et al., 2012;
Satir et al., 2010; Singla and Reiter, 2006). The roles of primary cilia in embryogenesis are partly
attributed to the ciliary enrichment of receptors which sense Hedgehog (Hh) and Notch
morphogens during tissue patterning processes (Ezratty et al., 2011; Goetz and Anderson, 2010).
In vertebrates, Hh signaling begins in primary cilia; extracellular Hh ligand binds to cilia-
localized Patchedl (Ptchl) receptor and induces ciliary exit to permit Smoothened (Smo) entry
(Rohatgi et al., 2007). Ciliary accumulation of Smo activates the Hh signaling cascade which

ultimately leads to the processing of the Gli transcription factors into their activator forms. Gli



transcription factors are established regulators of genes related to cell proliferation and
differentiation (Hui and Angers, 2011). Primary cilia are further implicated in cell fate decisions
owing to an enrichment of receptors for various growth factors such as PDGF and IGF
(Christensen et al., 2012; Yeh et al., 2013). In the developing neocortex, IGF-1 signaling in the
primary cilia regulates neuronal differentiation (Yeh et al., 2013). In addition, primary cilia host
GPCRs for hormones, such as serotonin and somatostatin, and regulate the development and
function of neuronal cells (Schou et al., 2015). Orphan GPCRs such as Gprl6l are also
components of primary cilia, and recent studies have elucidated their roles as cilia-specific

Hedgehog signaling regulators (Mukhopadhyay et al., 2013).

1.1.3 Ciliary ion channels

Several Ca®*-permeable channels from the transient receptor potential (TRP) superfamily have
been detected in primary cilia to date, namely TRPC1, TRPP2, TRPP3 and TRPV4 (Figure 1-1)
(Bai et al., 2008; Delling et al., 2013; Kdttgen et al., 2008; Yoder et al., 2002). TRP channels are
generally characterized with polymodal activation properties that implicate them in a broad range
of functions (Table 1-1) (Gees et al., 2010; Zheng, 2013). This is best demonstrated by TRPV4,
which is concomitantly activated by chemical, mechanical and heat stimuli (Vriens et al., 2004).
Similarly, TRPC1 is a mechanosensitive channel that also acts downstream of GPCR- or RTK-
regulated phospholipase C-B/y (Abramowitz et al., 2007; Maroto et al., 2005). Whilst TRPP2 and
TRPP3 display low constitutive levels of channel activity at basal state (Giamarchi and Delmas,
2007; Shimizu et al., 2009), it is thought that TRPP2 could co-assemble with non-pore forming
polycystic kidney disease 1(PKD1) and polycystic kidney disease 1 like 1 (PKDIL1) proteins to
form mechanosensitive ion channel complexes (Nauli et al., 2003; Yoshiba et al., 2012).
Collectively, ciliary localization of these TRP channels could endow primary cilia with
polymodal sensitivity. Moreover, the intrinsic signaling properties of primary cilia could

modulate the activity of resident TRP channels to generate local Ca** signals distinct from the rest
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of the cell body (Phua et al., 2015). The significance of such bi-directional functional regulation
between the ciliary TRP channels and primary cilia is underscored by developmental defects
associated with the TRP channel functional loss (Delling et al., 2013; Field et al., 2011; Yoshiba

et al., 2012; Zhou, 2009). Yet, the nature of ciliary Ca>* signals has remained an elusive subject.

1.1.4 Ciliary phosphoinositide metabolic enzymes

Inpp5Se, Inpp5Sb and OCRL are phosphoinositide 5-phosphatases that reside in primary cilia of a
variety of tissue types (Bielas et al., 2009; Jacoby et al., 2009; Luo et al., 2012, 2013). Depending
on substrate availability, these enzymes are able to catalyze the conversion of PI(3,4,5)P; and
PI(4,5)P; into PI(3,4)P, and PI(4)P respectively (Rudge and Wakelam, 2017). Loss-of-function of
InppSe accelerates cilia disassembly and implicates phosphoinositides in primary cilia stability
(Bielas et al., 2009; Jacoby et al., 2009). In addition, OCRL and Inpp5b have been implicated in
proper cilia formation (Luo et al., 2012, 2013). On the contrary, PIPKIy, a phosphoinositide 5-
kinase isoform which catalyzes the reverse conversion of PI(4)P into PI(4,5)P,, has been recently
reported to reside at the basal body and is entailed in ciliogenesis (Xu et al., 2016). The
association of primary cilia with these phosphoinositide metabolic enzymes suggests that the
ciliary membrane lipid composition could be altered differently from the plasma membrane. Of
note, PI(4,5)P, is a major molecular identifier of the plasma membrane, where it recruits
PI(4,5)P»-binding actin regulators to modulate actin polymerization at the cell cortex required to
drive almost all membrane processes on the cell surface (Saarikangas et al., 2010). As such, the
nature of phosphoinositide metabolism in the ciliary membrane could affect actin polymerization
within primary cilia. This is supported by the general absence of actin filaments in primary cilia
(Francis et al., 2011), in contrast with other F-actin-based membrane protrusions such as filopodia

(Mattila and Lappalainen, 2008). Nevertheless, the phosphoinositide composition in mammalian



ciliary membrane has not been characterized, and it is uncertain how phosphoinositides could

regulate the structure and function of primary cilia.

1.1.5 Ciliary intraflagellar transport

The composition of primary cilia is regulated by a sophisticated microtubule motor system known
as the intraflagellar transport (IFT) (Rosenbaum and Witman, 2002). The IFT system comprises
of two associated large protein complexes IFT-A and IFT-B, of which individual components
possess binding specificity for various ciliary components (Lechtreck, 2015). The microtubule
plus-end kinesin II motor binds with the IFT-B complex, and is responsible for the anterograde
IFT transport into cilia (Rosenbaum and Witman, 2002). In contrast, retrograde IFT transport out
of cilia is achieved by the microtubule minus-end cytoplasmic dynein 2 motor, which associates
with IFT-A (Rosenbaum and Witman, 2002). Hence, the trafficking of IFT-B and IFT-A
complexes along ciliary axoneme are respectively associated with the transport of contents into
and out of primary cilia. Intraflagellar transport helps to regulate and maintain signaling receptors
and effectors in cilia at steady state (Ishikawa and Marshall, 2011). Genetic perturbation to IFT
components upset ciliary composition and growth, thereby resulting in aberrant signaling within

primary cilia (Mourdo et al., 2016).

1.2 The capabilities of primary cilia as sensory antennae

In a tissue environment with fluid movements, such as the lumina of blood vessels or kidney
tubules, fluids slow down or become static on the cell surface due to contact friction with the
plasma membrane (Freund et al., 2012). Such non-uniform motion could result in an uneven
mixing of receptor ligands in proximity with the cell surface. Moreover, the charged membrane
lipids on cell surface as well as the presence of glycocalyx could influence the distribution of

ligands in the immediate fluid environment above the cell surface (Novak, 1997; Reitsma et al.,



2007). Hence, the projection of primary cilia away from the cell surface could equip cells with

more accurate assessment of their local environment (Marshall and Nonaka, 2006).

The cantilever-like structure of primary cilia is also an ideal design to sense flow mechanics
(Hoey et al., 2012). Indeed, primary cilia have been proposed to sense urine flow in the kidney
and the nodal flow in the embryonic node through flow-induced bending (see Section 1.4). The
flexural rigidity of primary cilia of these cells are optimal for detecting changes in flow shear
stress within a physiological range through corresponding changes in flow-induced bending angle
(Hoey et al., 2012; Rydholm et al., 2010; Schwartz et al., 1997; Young et al., 2012). Interestingly,
the flexural rigidity of the kidney primary cilia is also non-uniform along the axoneme, with the
proximal part of the ciliary shaft stiffer than the distal segment (Hoey et al., 2012; Rydholm et al.,
2010; Young et al., 2012). The higher stiffness of the proximal ciliary shaft may be crucial to
keep the kidney primary cilia upright, and sensitize the cantilever-like structure to small
variations in the luminal flow rate. This is in contrast with primary cilia in other cell types such as
fibroblasts and retinal pigment epithelial cells, where the ciliary shafts are generally positioned
more parallel with the cell surface. Interestingly, fluid shear forces on the ciliary membrane is
thought to be sensed by mechanosensitive TRP channels residing in ciliary membrane (Nauli et

al., 2003; Praetorius and Spring, 2001).

Primary cilia also possess a much higher surface area to volume ratio as compared with the
rest of the cell body. This could allow a few number of activated receptors on ciliary membrane
to induce a high local concentration of downstream signaling messengers which regulate
signaling in the periphery (Marshall and Nonaka, 2006), making each primary cilium a highly
robust sensor device. Once diffused into the cytosol, these signaling messengers will encounter a
sharp decrease in their effective concentration (Delling et al., 2013); this may serve as an
effective way to spark off highly localized and acute signaling events in the cilia-centrosome

region without influencing activities in the rest of the cell.



The co-enrichment of receptors and ion channels in the ciliary membrane also establishes a
unique platform for molecular crosstalk (Phua et al., 2015). Whilst TRP proteins generally
assemble into homo-tetrameric ion channels, the co-presence of different TRP sub-families may
promote them to associate into assemblies of novel molecular stoichiometry that possess gating

and regulatory properties distinct from the homomeric channels (Table 1-1).

Finally, the absence of actin cortex in primary cilia (Francis et al., 2011) could modulate
ciliary signaling dynamics differently from the plasma membrane. The actin cortex that underlies
cell membrane plays a fundamental role in organizing transient nanoscale signaling assemblies on
the cell membrane. Several models have been proposed to explain the phenomenon, including
tethering between cortical actin filaments and cytosolic domains of transmembrane proteins and
regulation of membrane lipid clustering through actin binding proteins (Kusumi et al., 2012;
Viola and Gupta, 2007). This actin-dependent membrane organization is proposed to execute
precise control over the strength, kinetics and spatiotemporal localization of cell membrane
signals (Grecco et al., 2011). The lack of actin cortex underlying the ciliary membrane thereby
suggests that the receptor and ion channel organization could be discrete from that of the
surrounding plasma membrane. This could be reinforced by the enrichment of various
phosphoinositide metabolic enzymes in primary cilia which could result in a distinct ciliary
membrane composition (Jacoby et al., 2009; Luo et al., 2013; Xu et al., 2016). Altogether, we
may expect divergent signaling outputs from these two separate compartments, despite utilizing

the same ion channel or receptor.

1.3 Coupling between the cilia life cycle and the cell-division cycle

Ciliary signaling that regulates cell proliferation and differentiation could act at the level of cell
cycle control. Genetic studies have revealed a connection between cilia stability and cell cycle
progression; unstable primary cilia are associated with shorter G;-S transit time (Jacoby et al.,

2009), and the reverse has been observed in cells with longer cilia (Kim et al., 2011). The
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assembly and disassembly processes of primary cilia are also tightly coupled with the cell cycle;
cilia assemble in non-dividing cells of Go/G; phases, and disassemble prior to mitotic entry
(Ishikawa and Marshall, 2011; Plotnikova et al., 2009). Indeed, the cilia life cycle and cell-
division cycle are two tightly enmeshed processes, and this emphasizes the relevance to
determine the underlying molecular mechanism. While much is known about ciliogenesis
(Ishikawa and Marshall, 2011), current literature does not explain how the steady-state ciliary
structure is insulated from contiguous dynamic membrane processes occurring on the cell surface,
such as endo/exocytosis and membrane ruffling, to function as a stable signal transduction

apparatus.

Primary cilia disassemble via gradual resorption of ciliary material into the cell body
(Plotnikova et al., 2009). Aurora A kinase (AurA), a master regulator of cilia disassembly,
induces cilia resorption partly via histone deacetylase 6 (HDACG6)-dependent deacetylation of
ciliary microtubules, which destabilizes the axoneme (Pugacheva et al., 2007). The dynamics of
cilia disassembly process, however, has not been visualized in detail. Interestingly,
Chlamydomonas flagella has been shown to disassemble via excision and release into the
extracellular environment, in response to environmental stress such as high acidity (Pan et al.,
2004). Recent reports suggest that vertebrate primary cilia could possess similar capacity in
releasing vesicles into the extracellular environment (Dubreuil et al., 2007; Wood and
Rosenbaum, 2015). While monitoring primary cilia of cycling kidney fibroblasts, Paridaen et al.
occasionally observed release of vesicular structures from distal cilia (Paridaen et al., 2013).
Active release of ciliary contents was also observed in retinal pigment epithelial cells over-
expressing a CEP162 mutant (Wang et al., 2013). Furthermore, extracellular vesicles were closely
apposed with tip-dilated primary cilia in cystic kidneys of InppSe mutant mice (Jacoby et al.,
2009), suggesting a connection between phosphoinositides and extracellular vesicle formation.

Together, these evidence supports the notion that primary cilia undergo vesicle release under



specific conditions, and this process could be involved in cilia disassembly during cell cycle

entry.

1.4 Developmental roles of primary cilia

The effects of ciliary signaling at the single cell level scale up to regulate tissue morphogenesis in
the developing embryo (Goetz and Anderson, 2010). Left-right determination in the mammalian
early embryo is initiated at the embryonic node, a pit-like structure where a leftward fluid flow
generated by motile cilia of the central nodal cells elicits left-right asymmetric gene expression in
lateral crown cells surrounding the embryonic node (Nakamura and Hamada, 2012; Nonaka et al.,
2002). One long-standing model proposes that the primary cilia of crown cells could serve as
mechanical flow sensors to the nodal flow (Babu and Roy, 2013). Interestingly, TRPP2 ion
channel residing in crown cell primary cilia is also required to establish asymmetric gene
expression at the embryonic node (Yoshiba et al., 2012). This has led to a compelling hypothesis
that TRPP2 could constitute part of a molecular mechanosensory complex which detects flow-
induced primary cilia deformation to activate calcium-dependent asymmetric gene expression
(Yoshiba et al., 2012). Similar roles have also been ascribed for primary cilia and TRPP2 in the
kidney. Urine flow within the kidney occurs with periodic oscillation in flow rates proposed to be
regulated by the tubuloglomerular feedback mechanism (Kang et al., 2006; Rosivall et al., 2006).
TRPP2 and PKDI1 have been proposed to form a mechanosensory ion channel complex in kidney
primary cilia, and activation of this ion channel complex could result in downstream calcium
signals which regulate cell proliferation and/or the plane of cell division for normal kidney tubule
development (Zhou, 2009). The apparent role of ciliary TRPP2 channels in these developmental

systems stresses the relevance to understand calcium signals originating from primary cilia.

Primary cilia also serve as chemosensory antennae in the dorsal-ventral patterning of the
neural tube, which gives rise to the vertebrate brain and spinal cord (Goetz and Anderson, 2010).

Ventral specification of the neural tube depends on the Sonic Hedgehog (Shh) protein; the
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notochord positioned at the ventral side of the neural tube secretes Shh ligand into the external
environment to establish a morphogen concentration gradient that is the strongest at the ventral
floor plate of the neural tube (Gilbert, 2000) Neural progenitor cells at this development stage
possess primary cilia which help to sense the local Shh concentration depending on their position
in the neural tube (Sasai and Briscoe, 2012). Depending on the strength of Shh signals, specific
combinations of transcription factors gets induced, which specifies the neural cell identity
(Gilbert, 2000). Primary cilia similarly serve as specialized Shh-sensory antennae in vertebrate

limb development (Goetz and Anderson, 2010).

Besides organizing the body plan, primary cilia is also involved in epidermal differentiation
during skin development by hosting Notch receptor signaling (Ezratty et al., 2011). By regulating
the balance between canonical and non-canonical Wnt signaling, primary cilia also have
suggested roles in planar cell polarity (Lancaster et al., 2011). Overall, primary cilia serve as

nexuses for signaling pathways during development.

1.5 Ciliopathies and cancer

Due to the ubiquitous presence of primary cilia in vertebrate tissues, genetic defects of ciliary
components manifest as multi-system developmental disorders collectively known as ciliopathies
(Hildebrandt et al., 2011; Tobin and Beales, 2009). Depending on the function of the ciliary
component in question and the type of mutation, each form of ciliopathy could include a
combination of the following defects, namely situs inversus (laterality defect), polydactyly,
corpus callosum agenesis (brain deformation), encephalocoele (a lethal neural tube defect in
which the brain protrudes through the skull), cystic kidneys, hepatobiliary disease, retinal
degeneration, anosmia, obesity and skeletal bone defects (Hildebrandt et al., 2011; Tobin and
Beales, 2009). While laterality defects highlight the role of cilia in defining left-right body
organization (Babu and Roy, 2013; Nakamura and Hamada, 2012), polydactyly and brain

deformation frequently co-exist in ciliopathies due to the common role of ciliary Hh signaling in
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limb and brain development (Goetz and Anderson, 2010; Tobin and Beales, 2009). For instance,
mutations in the cilia-enriched Inpp5e result in the Joubert syndrome that could encompass an
abnormal number of digits and mid-brain malformation which display a molar tooth-like

morphology, suggesting a role for Inpp5e in regulating Hh signaling (Travaglini et al., 2013).

Cyst formation in the kidney is one of the most prominent features of ciliopathies, which
highlights the essentiality of ciliary signaling in the kidney (Tobin and Beales, 2009). Autosomal
dominant polycystic kidney disease, which affects 1 in 1000 in the population, is caused by
genetic mutations of TRPP2 and PKD1, which are commonly implicated in tubular formation and
maintenance through a yet-determined mechanism in primary cilia (Hildebrandt et al., 2011;
Torres et al., 2007). Primary cilia specialization in the photoreceptors (connecting cilia) and
olfactory neurons (sensory cilia) have also led to vision and smell defects as features of

ciliopathies (Hildebrandt et al., 2011; Tobin and Beales, 2009).

Besides developmental disorders, aberrant primary cilia and ciliary signaling are linked with
tumorigenesis in adults (Hassounah et al., 2012; Seeger-Nukpezah et al., 2013). Hh signals acts as
a potent mitogen in several tissue types in our body through expression of genes that drive cell
proliferation (Roy and Ingham, 2002). Though Hh signals are sensed by the primary cilia,
primary cilia serve opposing roles in downstream Hh signaling, as they are required for the
formation of Gli activators as well as repressors which respectively promote or suppress
expression of Hh target genes (Han et al., 2009; Toftgard, 2009; Wong et al., 2009). Thus,
primary cilia are predominantly present in Hh signal-dependent cancers such as basal cell
carcinoma, but are absent in other types of cancer where the presence of cilia would restrict the
abnormal activation of mitogenic Hh signaling (Hassounah et al., 2012; Toftgard, 2009). In
addition, the link between cilia stability and cell cycle dynamics suggests that tumorigenic roles
of primary cilia could be further attributed to other forms of ciliary signaling (e.g. RTK signaling)

that could modulate the balance between cell proliferation and differentiation. Understanding the
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regulatory crosstalk between primary cilia and cell cycle thus holds much physiological and

clinical significance.

1.6 Specific aims

Whilst genetic studies have established a close association between primary cilia and vertebrate
embryo development, knowledge on ciliary signaling molecular mechanisms and how they
regulate cellular functions is still in its infancy. The evolution of vertebrates to confine various
developmental signaling pathways within this tiny organelle is also of much interest to basic
scientists. To enlighten ourselves to these questions, it is of prime importance to understand the
nature of signaling within primary cilia. Specifically, we need to elucidate how the exclusive
antennae-like capabilities of primary cilia (Section 1.2) could tune the dynamic behavior of
signaling entities to produce functions unique from the rest of the cell. This could be especially
applicable to small signaling messengers such as Ca*" ions and PI(4,5)P, phospholipid which
participate in diverse cellular functions depending on their spatiotemporal localization (Clapham,
2007; Gamper and Shapiro, 2007). Indeed, genetics studies have revealed roles of Ca®" and
PI(4,5)P; in the stability and sensory modalities of primary cilia (Jacoby et al., 2009; Nauli et al.,
2003). However, the 10,000-fold volumetric difference between the solitary primary cilium and
the cell body has hampered the use of conventional imaging methods to resolve ciliary signaling
events from the rest of the cell. Moreover, genetic and chemical perturbations act at the whole-
cell level and frequently culminate in non-specific effects which complicate the interpretation of
ciliary functions. Exploiting the live-cell fluorescence imaging and molecular engineering
expertise of the Inoue laboratory, I will develop molecular sensor and actuator technology to
visualize and/or manipulate Ca** and PI(4,5)P, to probe their spatiotemporal dynamics and
functional roles in the primary cilia. This will be divided into two specific aims that are addressed

in Chapters 3 and 4 of this dissertation:
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Specific aim 1: Develop genetically-encoded cilia-targeted calcium indicators for illumination of

calcium signals in primary cilia.

We explore different combinations of ciliary targeting sequences and calcium biosensors to
engineer genetically-encoded cilia-targeted calcium indicators. We then use these molecular

sensors to reveal ciliary calcium signals in response to chemical and mechanical stimulation.

Specific aim 2: Defining the roles of phosphoinositides in the structure and function of primary

cilia.

We first characterize the phosphoinositide composition of primary cilia, and determine a
mechanism for molecular regulation. We use genetic methods and molecular actuators to perturb
the phosphoinositide composition of primary cilia, and reveal their roles in regulating the
structure and signaling properties of cilia. Finally, we develop insight into the roles of ciliary

phosphoinositides in regulating cellular function, specifically in cell cycle progression.
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Figure 1-1. Primary cilia structural and functional architecture.

Primary cilia harbor diverse signaling components to function as polymodal sensory organelles.
The intraflagellar transport (IFT) machinery is a cilia-specific trafficking machinery that regulates
anterograde (IFT-B) and retrograde (IFT-A) transport within the cilium. RTK: receptor tyrosine
kinase (EGFR: epithelial growth factor receptor; PDGFR-aa: platelet-derived growth factor
receptor o homodimer; IGFR: insulin-like growth factor receptor); morphogen receptors (Ptchl:
Patched 1 receptor for Hedgehog ligands; Notch: Notch receptor); GPCR: G-protein coupled
receptor (SHT: serotonin receptor isoform 6; SSTR3: somatostatin receptor isoform 3; Smo:

smoothened); 5-ptase: phosphoinositide 5-phosphatase (Inpp5e: inositol polyphosphate-5-
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phosphatase; OCRL: Lowe oculocerebrorenal syndrome protein); CaM: Calmodulin. Adapted

from (Phua et al., 2015).
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Table 1-1. A non-exhaustive list of gating stimuli and regulators for each cilia-

residing TRP channel.

Reported co-assembly partners for respective TRP channels are also listed in the right column
together with associated function. Note that these are mostly determined via whole cell studies,
and their specific effect within primary cilia requires further elucidation. Adapted from (Phua et

al., 2015).

TRPC1 Direct membrane stretch IPsR TRPP2: Gq-coupled
Intracellular Ca?* store depletion | Phosphorylation by PKC, PKG GPCR/PLCP
Gg-coupled GPCR/PLCPB Ca®" -Calmodulin
RTK/PLCy STIM1
Nitric oxide MARCKS
PI(4,5)P2
TRPP2 Displays some constitutive Microtubule kinesin motors PKD1: Fluid flow
activity Actin-binding proteins PKDILI: Fluid flow
Direct Ca?" activation IP;R
Triptolide EGFR
Voltage (positive potential) PLC-y2
EGF PACS-1-2
Phosphorylation by casein kinase
2, glycogen synthase kinase
(GSK)-3, protein kinase D
[Ca*']
PI(4,5)P2
TRPP3 Displays some constitutive [Ca®] PKDIL1: ATP purinergic
activity Actin-binding proteins signaling; warm
Direct Ca?" activation [H] temperatures; displays
Hypo-osmotic cell swelling RACK1 constitutive activity?
Voltage (repolarization after
depolarization)
Warm temperatures
TRPV4 Hypo-osmotic cell swelling Phosphorylation by PKC, PKA, TRPP2: Fluid flow; warm
Fluid flow Src tyrosine kinase temperatures
Warm temperatures (threshold: Ca?" -Calmodulin TRPC1: Fluid flow
27-35°C) PI(4,5)P2
Phorbol esters MAP7
Arachidonic acids and PACSIN3
metabolites
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Chapter 2 Earlier work

During the pre-candidate phase of my graduate training, I co-developed a synthetic actuator
system based on the rapamycin-dependent FKBP.FRB dimerization system for rapid inducible
trapping of cytoplasmic protein probes in primary cilia. This system empowered us with an
unprecedented ability to measure protein trafficking kinetics in primary cilia of living cells, and
to determine a sieve-like diffusion barrier positioned at the ciliary base which regulates soluble
flux between the cilia and cytosol (Lin et al., 2013). Whilst such chemically inducible synthetic
systems are powerful approaches to dissect complex spatiotemporal signaling in cells,
overexpression of protein actuator probes freely in the cytosol often results in elevated
background activity prior to chemical induction, which perturbs the cellular basal state and
thereby limits their wide application. As a fundamental solution, we rationally designed and
developed a strategy to remove unwanted background activity without compromising the extent
of induced activation. By exploiting interaction between a membrane lipid and its binding
protein, target proteins were translocated from one organelle to another on a time scale of
seconds. We demonstrated that this improved strategy allows for rapid manipulation of small
GTPases under a physiological state, thus enabling fine dissection of sophisticated signaling

processes shaped by these molecules (Phua et al., 2012).
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Chapter 3 Genetically encoded calcium indicator

illuminates calcium dynamics in primary cilia

3.1 Overview

Conventional calcium signal measurement methods encounter limitations when applied to
primary cilia. An electrophysiological method to measure signals in primary cilia has been
previously reported (Kleene and Kleene, 2012), but the sub-micrometer size of this organelle
makes patch-clamping the ciliary membrane difficult. Synthetic Ca** indicator dyes allow the
monitoring of multiple cells but often result in signal saturation of the entire cytosol that
overwhelms local transient Ca®" fluxes in specific subcellular compartments (Figure 3-1). Here
we develop a strategy to specifically target genetically encoded Ca** indicators (GECIs) into
primary cilia to distinguish cilia-specific Ca*" signaling from that of the main cell body (Su et al.,
2013). We then use these molecular sensors to reveal ciliary calcium signals in response to ATP
stimulation and laminar flow stimulation in an enclosed chamber. The successful development of
these cilia-targeted GECIs opens a possibility to understand the significance of calcium signaling

in cilia physiology.

3.2 Results
3.2.1 Construction and characterization of cilia-targeted genetically encoded

calcium indicators

We first evaluated a collection of ciliary targeting sequences (CTSs) (Nachury et al., 2010),
which included two truncated peptides derived from the cytoplasmic tail of fibrocystin (CTS20
and CTS68), full-length 5- hydroxytryptamine (serotonin) receptor isoform 6 (5HTs), a fusion

peptide consisting of the transmembrane domain of integrin B1 and the C-terminal domain of
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Arl13b (integrin-Arl13b; I1A) as well as a SHTs-CTS20 combination. We tagged each CTS with
GFP and evaluated these constructs for targeting efficiencies and effects on cilia morphology
(Figures 3-2 and 3-3). SHTs-GFP and IA-GFP demonstrated high cilia-targeting efficiencies of
87% (131/150 GFP-expressing cells) and 85% (146/172 GFP-expressing cells), respectively
(Figures 3-2A and 3-3E,G). None of the CTSs tested had an obvious effect on ciliation
frequency, indicating that overexpression of CTSs in cells did not adversely affect ciliogenesis
(Figure 3-2B). Expression of SHTs-GFP and IA-GFP, however, caused the average length of
primary cilia to increase approximately twofold, (Figure 3-2C) and correlated with a higher
frequency of morphological deformations (Figures 3-2D and 3-4). Nevertheless, the bulk of
primary cilia expressing these two constructs exhibited regular morphology. Transmission
electron microscopy and immunofluorescence studies of SHTs-expressing primary cilia
demonstrated no obvious defects in cilia ultrastructure as well as normal localization of key

ciliary proteins (Figures 3-5 and 3-6).

We next fused these CTSs with currently available GECls, including intramolecular CFP
and YFP fluorescence resonance energy transfer (FRET) indicators TNXXL (Mank et al., 2008)
and YC3.60 (Horikawa et al., 2010), as well as single fluorescence GFP indicators G-CaMP5G
(Akerboom et al., 2012) and G-GECO1.0 (Zhao et al., 2011) (Table 3-1). We characterized the
cilia-targeting efficiency and signal dynamic range of each CTS-tagged GECI (Figures 3-7, 3-8
and 3-9). SHT«G-GECO1.0 (Figure 3-10A) demonstrated the greatest potential as a cilia-
specific Ca®" indicator and was comparable with SHTe-GFP in cilia-targeting efficiency, ciliation
efficiency and effects on ciliary structure (Figures 3-2, 3-3, 3-4 and 3-10B). At the basal state,
SHT«G-GECOL1.0 displayed weak GFP fluorescence in primary cilia but exhibited an increase of
360.0% £ 62.1% (£ s.e.m., n = 13 cells) in GFP fluorescence when stimulated with 2 uM
ionomycin (Figures 3-9A, 3-10C, and Table 3-1). All subsequent experiments were conducted

with SHT¢-G-GECO1.0.
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3.2.2 Ciliary calcium responses to chemical stimulation

ATP triggers increases in cellular calcium levels via the activation of ATP-gated P2X calcium-
permeable channels and/or G protein—coupled P2Y receptors, which induce the mobilization of
intracellular Ca®>" from inositol 1,4,5-trisphosphate-sensitive stores. We therefore investigated
whether ciliary Ca*" changes could be detected in response to ATP stimulation. Through the co-
expression of cytosolic R-GECO1 (a single red fluorescent GECI (Zhao et al., 2011)) and cilia-
targeted SHT6—G-GECO1.0 in NIH-3T3 cells, we detected a pronounced rise in cytosolic Ca?*
that was accompanied by a comparable increase in ciliary Ca®" in 52.2% (12/23) of cells
stimulated by 10 uM ATP (Figure 3-11A). We observed an average maximum increase of 53.9%
+ 20.4% (+ s.e.m., n = 11 cells) and 54.3% + 10.0% (£ s.e.m., n = 11 cells) in fluorescence
intensity in the cilia and the cytosol, respectively (Figure 3-10A). In contrast, vehicle control did
not generate any Ca®* response in the cytosol and primary cilia (Figures 3-11B and 3-12B). To
determine the source of observed ciliary Ca*" fluxes, we increased our imaging frequency from
0.067 Hz to 0.63 Hz. We observed that spikes in cytosolic Ca®" clearly preceded ciliary Ca**
spikes in 100% (14/14) of cells (Figures 3-11C and 3-12C). The average delay time between the
cytosolic and ciliary Ca** elevation was 6.04 s + 0.98 s (+ s.e.m.; n = 14 cells). Consistent with
this, whenever we detected Ca®" oscillations in the cytosol, we also observed correlated but
delayed calcium spikes in the cilia (Figures 3-11C and 3-12C). Furthermore, ciliary Ca*" fluxes
propagated in a base-to-tip direction in the ciliary lumen in 100% (14/14) of ATP-induced ciliary
Ca*" spikes detected (Figure 3-13). Collectively, these observations suggest that the ciliary Ca*"
flux originates from the calcium stores in the cytosol. However, we cannot exclude other
possibilities such as a contribution of ATP-gated P2X calcium-permeable channels localized at
the base of primary cilia. By further increasing the imaging frequency to 1.5 Hz, we calculated
the linear rate of Ca?" propagation along the ciliary shaft to be 0.83 £ 0.22 um/s (+ s.d.) in cilia

where the Ca?" propagated the entire length of the lumen (n = 11 cells). Of note, these numbers
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could be at least partially affected by buffering effect from overexpressed SHT«G-GECO1.0.
Because GFP-based GECIs are sensitive to changes in pH (Mank and Griesbeck, 2008), we
confirmed that ciliary pH did not change with ATP by using a newly developed ciliary pH

biosensor, SHTs-CFP-Venus(H148G) (Figure 3-14).

3.2.3 Ciliary calcium responses to mechanical stimulation

Finally, we asked whether we could detect Ca*>" dynamics in primary cilia when subjecting them
to a mechanical stimulus. Fluid flow across the apical cell membrane induces bending of the cilia,
and the resultant shear force is commonly believed to activate cilia-localized Ca**-permeable
TRPP2 channels (Nauli et al., 2003). However, the critical step involving the entry of
extracellular Ca** into the ciliary lumen has not been demonstrated. Therefore, we set up a fluid
flow system to subject ciliated mouse inner medullary collecting duct (mIMCD3) cells with
defined laminar flow. To normalize for the anticipated flow-induced movements of cilia, we
transiently expressed SHT¢-mCherry-G-GECO1.0 in cells such that cilia spatial movements could
be visualized by the mCherry fluorescence marker (Figures 3-15A-B). Initiation of fluid flow
(with wall shear stress corresponding to a physiological value of 1 dyne/cm?) induced the
immediate bending of cilia (Figure 3-15C), whereas specific bending behavior of each primary
cilium was dependent on parameters such as spatial orientation and cilium length. Flow initiation
also induced a pronounced increase in ciliary Ca*" which initiated within 15 s of flow induction
on average, and attained peak responses at 1 min after induction of flow (Figures 3-15C and 3-
16A). To validate that the observed changes in GFP fluorescence in primary cilia were indicative
of genuine changes in GECI activity and were not due to ciliary movement, we ascertained that
flow initiation did not induce a significant change in GFP fluorescence in cilia expressing SHT-

mCherry-GFP (P = 0.9545), whereas cilia expressing SHTs—mCherry—G-GECO1.0 exhibited an
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average 1.46-fold increase in GFP fluorescence 1 min after induction of flow (Figures 3-16 and

3-17). Additional work is required to elucidate the source of Ca*" signaling observed.

3.3 Discussion

The intermediate affinity of G-GECO1.0 for Ca** (Kq value of 749 nM (Zhao et al., 2011)) is of
sufficient sensitivity to detect changes in Ca?" concentrations in primary cilia when cells are
stimulated with ATP and mechanical flow. Nevertheless, other forms of signaling stimuli may
induce lower concentration ranges of ciliary Ca** that may not be detectable by G-GECO1.0. For
these applications, it may be necessary to target GECIs with lower Ky values to the primary cilia.
The successful application of the cilia-targeted GECI also serves as a proof of concept to extend

this approach to visualize other signaling molecules in primary cilia.

3.4 Materials and Methods

3.4.1 DNA Construction

All DNA plasmids are available through Addgene.

plint-HaloTag-Arl13b—C-GFP (IA-GFP) expression vector: DNA encoding the human Arl13b
C-terminal region (amino acids 355-428 of Arl13b (Hori et al., 2008)) was amplified using PCR
primers  (5'-cccaagcttaggaaccaccgggtagaacc and  5'-aggtcgactgagatcacatcatgagcatca) and
subcloned into pEGFP-C-CMVS5 (a modified pCMV5 mammalian expression vector encoding C-
terminal GFP-fusion protein). DNA encoding B1Int-HaloTag (Svendsen et al., 2008) was then
subcloned into pEGFP-C-CMV5/Arl13b(355-428) to make the BlInt-HaloTag-Arl13b—C-GFP

expression vector.

Lyn-GFP expression vector: GFP was subcloned into sequence encoding Lyn-YFP (Clontech

pYFP-N1 vector; gift from M. Fivaz) using Agel and BsrGI to replace YFP.
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SHTs-GFP-CTS20 expression vector: DNA encoding SHTe flanked by Agel was amplified by
PCR primers (5'-ctactgaccggtcgecaccatggttccagageccggecctgtcaacag and 5'-
gctgacaccggtectectgegetaccaccageactgttcatgggggaaccaagtgg) from sequence encoding SHT6-GFP
(Berbari et al., 2008) (Clontech pEGFP-N3 vector; gift from A. Seki and T. Meyer), and then
subcloned into the 5’ Agel site of sequence encoding GFP-CTS20 (ref. 20) (Clontech pEGFP-C2
vector; gift from G. Pazour). CTS20 sequence encodes residues 1-20 of the N-terminal

cytoplasmic tail of fibrocystin.

SHTs-YC3.60 expression vector: DNA encoding SHT6 flanked by HindIIl was amplified by PCR
primers (5'-catccgaagcttgccaccatggttccagage and 5'-
gcacctaagctttcctectgegettecteetgegetctttgagattegtcggaacacatgataatag) from sequence encoding
SHTs-GFP (Berbari et al., 2008) (Clontech pEGFP-N3 vector) and then subcloned into a YC3.60

vector (gift from A. Miyawaki).

SHTe-G-GECOI1.0 expression vector: DNA encoding SHT6 flanked by BamHI was amplified by
PCR primers (5'-cattcaggatccgecaccatggttccagage and 5'-gcatctggatcctectectgegetaccacca) from
sequence encoding SHT6-GFP (Berbari et al., 2008) (Clontech pEGFP-N3 vector) and then

subcloned into CMV-G-GECO1.0 vector (obtained from Addgene).

SHT6-G-CaMP expression vector: DNA encoding G-CaMP5G (gift from L. Looger) flanked
with BamHI and HindIII was amplified by PCR primers (5'-
ctactgggatccagtgetggtggtagecgecaggaggaatgggttctcatcatcatcatcatcatgg and 5'-
gcaacatagttaagaataccagtcaatctttcac) and then subcloned into a SHT6-CFP-FKBP vector (Lin et

al., 2013) in replacement of CFP-FKBP.

TNXXL-CTS20 expression vector: First, the stop codon was removed from the 3’ end of the

TNXXL sequence (gift from O. Griesbeck) by site-directed mutagenesis (Stratagene) using PCR
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primers (5'-cgaggactacgaattctgcagatatccatcacactggeggee and 5'-
ggccgecagtgtgatggatatctgeagaattcgtagtectcg). The resulting vector was digested with EcoRI and

ligated to CTS20 digested with EcoRI from a GFP-CTS20 vector.

TNXXL-CTS68 expression vector: The TNXXL vector with no stop codon was digested with

EcoRI and then ligated to CTS68 digested with EcoRI from a GFP-CTS20 vector. CTS68

encodes residues 1-68 of the N-terminal cytoplasmic tail of fibrocystin.

SHTs—mCherry—G-GECO1.0: DNA encoding G-GECO1.0 was digested from CMV-G-GECO1.0
vector using BamHI and EcoRI and subcloned into a sequence encoding SHT6-mCherry

(pmCherry-C1, Clontech) that had been digested with BglIl and EcoRI.

SHTs-mCherry-GFP expression vector: GFP was digested from sequence encoding SHT6-GFP
(pEGFP-N3, Clontech) using Acc651 and BsrGI and subcloned into a sequence encoding SHT6-

mCherry (pmCherry-C1, Clontech) that had been digested with Acc651.

SHT6-CFP-Venus(H148G) expression vector: Sequence encoding SHT6-CFP was first
constructed by subcloning sequence encoding SHT6 into a CFP vector using Nhel and Agel.
Sequence encoding Venus(H148G) flanked with EcoRI and BamHI was then amplified by PCR
primers (5'-catccggaattcgatggtgagcaagggegagg and 5'-gcagtgggatccttacttgtacagetcgtecatgee) and

subcloned into the SHT6-CFP vector.

3.4.2 Cell culture and transfection

NIH-3T3 cells and mIMCD3 cells containing an integrated FRT site in the genome (gift from R.
Reed) were cultured in DMEM (Gibco) supplemented with 10% FBS. For all transient
transfections, cells were transfected with the respective DNA constructs by plating them directly

in a transfection solution containing DNA plasmid and FuGENE HD (Roche). Cells were plated
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on poly(D-lysine)-coated borosilicate glass Lab-Tek 8-well chambers (Thermo Scientific).
Ciliogenesis was induced by serum starvation for 24 h. For flow experiments, transfected cells
were seeded into Microslide VI0.4 channels (ibidi) at a cell suspension density of approximately

1.3 x 106 cells/ml to achieve confluence.

3.4.3 Immunofluorescence

To mark primary cilia, NIH-3T3 cells were fixed with 4% (w/v) paraformaldehyde,
permeabilized with 0.1% (v/v) Triton X-100 and immunostained with mouse monoclonal anti—
acetylated tubulin antibody (Sigma, T7451, 1:2,000 dilution) and secondary anti-mouse antibody
conjugated to Alexa Fluor 568 (Invitrogen, 1:1,000 dilution). For immunostaining of IMCD3
cells, cells were grown on cover slips, transfected with vector encoding SHT6-YFP, cultured for
72 h, washed with phosphate-buffered saline (PBS) and fixed with ice-cold methanol at —20 °C
for 7 min. Fluorescence images were obtained using a LSM710 confocal microscope (Carl Zeiss)
equipped with a Plan Apochromat x100 oil-immersion objective lens (NA 1.4) and processed
using Image] software. The antibodies used include rabbit polyclonal antibodies against
pericentrin (Babco, PRB-432C, 1:250 dilution), NPHP3 (Proteintech, 22026-1-AP, 1:1,000
dilution), IFT88 (Proteintech, 13967-1-AP, 1:750 dilution), Arl13b (Proteintech, 17711-1-AP,
1:1,000 dilution), Cepl64 (Novus, 45330002, 1:4,000 dilution), Cep290 (Bethyl Laboratories,
A301-659A, 1:1,000 dilution), and mouse monoclonal antibodies against acetylated o-tubulin
(Sigma; 6-11B-1, T7451, 1:1000 dilution), y-tubulin (Sigma; GTU-88, T-6557, 1:1000 dilution)
and poly(Glu-tubulin) (Enzo; GT335, ALX-804-885-C100, 1:1,000 dilution). The secondary
antibodies used in this study were Alexa Fluor 568—labeled anti-mouse IgG (Molecular Probes,
1:1,500 dilution) and Alexa Fluor 633-labeled anti-rabbit IgG (Molecular Probes, 1:2,000

dilution).

3.4.4 Transmission electron microscopy
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For the ultrastructural analysis of cilia overexpressing SHT6-GFP or GFP alone, the genes
encoding these proteins were introduced into NIH-3T3 cells using a lentiviral expression system
developed by H. Miyoshi at the RIKEN BioResource Center (Honda et al., 2010). For the
expression of SHT6-GFP, the cDNA was amplified with KOD DNA polymerase and ligated into
the Eco4711I site of CSII-CMV-MCS-IRES2-Bsd. For the expression of GFP alone, the CS-CDF-
CG-PRE was used. These expression constructs were packaged into infectious viral particles
(Honda et al., 2010) and added to the NIH-3T3 culture medium at the multiplicity of infection of
>20. After the viral transduction, cells expressing SHT6-GFP were selected with 30 pM
blasticidin. Expression of SHT6-GFP or GFP alone in most if not all cells was confirmed by
fluorescence microscopy. Preparations of the cells and observation of cilia by transmission
electron microscopy were carried out principally according to the previous study (Narita et al.,
2010) with slight modifications. Briefly, cultured cells were fixed with a half Karnovsky's
solution (2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.5)
supplemented with 1% tannic acid for 30 min at room temperature, followed by rinse with 10%
sucrose in cacodylate buffer (pH 7.5) three times. The cells were post-fixed with 1% osmium
tetroxide for 30 min on ice, followed by extensive irrigation with ice-cold distilled water.
Subsequently, the cells were stained en bloc with 1% uranyl acetate in 50% ethanol for 2 h,
dehydrated with a series of graded concentration of ethanol and embedded in epoxy resin. The
cells in the epoxy block were cut by the LKB2088 ultramicrotome (Stockholm), mounted onto
formvar-reinforced single slot grids, and stained with uranyl acetate and lead citrate. The samples
were observed under the Hitachi H-7500 transmission electron microscope (Tokyo). Images of

ciliary cross-sections were analyzed with ImagelJ to measure the ciliary diameter.

3.4.5 Epi-fluorescence imaging
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Most of the imaging experiments were performed on an Axiovertl35TV epi-fluorescence
microscope (Zeiss) with 63x oil objective (Zeiss), and images were collected by a QIClick
charge-coupled device (CCD) camera (QImaging). For the dual-color epi-fluorescence imaging
under flow conditions, IX-71 (Olympus) microscope was used together with a 40x oil objective
(Olympus) and a CoolSNAP HQ CCD camera (Photometrics). Imaging was driven by
Metamorph 7.5 imaging software (Molecular Devices). All calcium imaging experiments were
performed in Dulbecco's Phosphate-Buffered Saline (Gibco) containing 0.9 mM [Ca2+], except
for the characterization of the cytosolic dynamic range of each CTS-GECI, which was performed
in DMEM with 25 mM HEPES (Gibco). All pH imaging experiments were performed in DMEM
with 25 mM HEPES (Gibco). All imaging experiments were completed at room temperature (21—

23 °C). FRET images were thresholded to remove background before any contrast adjustments.

3.4.6 Ciliary and cytoplasmic pH determination

NIH-3T3 cells were transfected with either vector encoding SHT6-CFP-Venus(H148G) for cilia
measurements, or vector encoding CFP plus vector encoding Venus(H148G) for cytoplasmic
measurements. For measurements of fluorescence ratios at known pH, cells were washed once
with DMEM plus HEPES at the chosen pH, then allowed to sit in DMEM plus HEPES at the
known pH containing 5 uM each of the H+ ionophores nigericin and monensin (both Sigma) for 5
min to equilibrate. Approximately 8—10 cilia were analyzed at each chosen pH point. All
fluorescence ratios are normalized to an initial measurement at pH 7.4. For determination of pH
in cilia and cytoplasm, cells were placed in DMEM plus HEPES at the standard pH of 7.4 with no

H+ ionophores and imaged.

3.4.7 Flow system coupled with epi-fluorescence time-lapse imaging
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Syringe pump (Model 230, KD Scientific) was used to provide unidirectional laminar flow when
connected with cell-seeded microchannel slides. DPBS (Gibco) was used as flow perfusate. Using
the Poiseuille equation for rectangular channels, T = 6pQ/bh2 (where t is shear stress, p is
medium viscosity, Q is the flow rate, b is channel width and h is channel height), a flow rate of
0.6 ml/min was provided by the syringe pump to provide a shear stress of approximately 1
dyne/cm? within the microchannel. In these experiments, only upright-positioned cilia were
imaged. Each cilium was imaged at 0.067 Hz for 2 min before flow was initiated for a period of
~7.5 min. Imaging was continued for an additional 4 min after flow was stopped. At each time
point, each primary cilium was imaged in the x-y plane with nine z-stacks (separated by 1 um). A
total of 18 cells from seven independent experiments were imaged and quantified for SHT6—
mCherry—G-GECOL1.0, and a total of nine cells from three independent experiments were imaged
and quantified for SHT6-mCherry-GFP. Notably, the flow-induced calcium response was found
to be sensitive to environmental changes. Each imaging experiment was performed at room
temperature (21-23 °C), and was completed within 1 h after cells were taken out from an
incubator 37 °C. Fluorescence images shown in Figure 3-15C are z-projections of nine
consecutive x-y planes. GFP and corresponding mCherry cilia images have been normalized
against background signal variation. GFP divided by mCherry fluorescence ratio cilia images
were obtained by taking the fluorescence ratio of background-normalized GFP and background-
normalized mCherry signal intensities and represented in pseudocolor scale. These values have
been further subjected to two other steps of normalization, (i) normalization against signal area
variation and (ii) normalization against basal signal intensities (before flow), and presented in
graph plots in Figure 3-16A as normalized measurements of GFP divided by mCherry

fluorescence ratios in response to flow stimulation.

3.4.8 Accession codes
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GenBank, European Molecular Biology Laboratory and DNA Data Bank of Japan: NM 021358
(5HT6), NM_153179.2 (fibrocystin), NM_001174150 (Arl13b) and NM 002211 (B1 integrin

receptor).
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5HT,-GFP X-rhod-1-AM Merge

Figure 3-1. The inability of small molecule dyes to detect increases in ciliary Ca?*.

— lonomycin

+ lonomycin

X-rhod-1 AM fails to detect increase in ciliary Ca?" in mIMCD3 cells after the addition of 1 uM

Ionomycin due to its inability to specifically target the primary cilia.
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Figure 3-2. Targeting efficiency of different CTSs and their effects on ciliation

efficiency, cilia length, and cilia morphology in NIH-3T3 cells.

Columns for (A-C) correspond to the columns in (D) and represent the same construct.

(A)

Targeting efficiency for each construct. Data represent the number of cells in which the GFP is

targeted in the cilia divided by the number of cells with cilia in which GFP is expressed
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anywhere. For every cilium, the ratio of the average ciliary GFP fluorescence to average cytosolic
GFP fluorescence was computed. Any cilium with ratio value greater than 2 was considered to
have the specified construct targeted in the cilia. (n=101, n=19, n= 68, n=57, n=150, n=27,
n=172, and n=102, respectively for GFP, Lyn-GFP, GFP-CTS20, GFP-CTS68, SHT«GFP, SHT¢-
GFP-CTS20, IA-GFP, and 5SHTs-G-GECO1.0.) (B) Ciliation efficiency for each construct. Data
represent the number of GFP-expressing cells which possess a cilium (as determined by staining
for acetylated tubulin) divided by the total number of GFP-expressing cells. (n=259, n=278,
n=185, n=119, n=567, n=179, and n=401, respectively for GFP, Lyn-GFP, GFP-CTS20, GFP-
CTS68, SHTs-GFP, SHTs-GFP-CTS20, IA-GFP, and SHT¢G-GECO1.0.) (C) Average cilia
length for each construct normalized to average cilia length in GFP expressing cells. Constructs
with statistically significant differences as compared to GFP are indicated with an asterisk. N.S.
indicates no statistically significant difference as compared to GFP. Error bars are standard
deviation. (Student's #-test, P=0.49, P=0.0018, P=0.18, P=1.5E-73, P=0.0012, P=2.8E-34, and
P=0.055 respectively for Lyn-GFP, GFP-CTS20, GFP-CTS68, SHT«GFP, SHTsGFP-CTS20,
IA-GFP, and 5HTe-G-GECO1.0; n=147, n=133, n=10, n=400, n=35, n=288, and n=81,
respectively for GFP, Lyn-GFP, GFP-CTS20, GFP-CTS68, SHTsGFP, SHT«-GFP-CTS20, 1A-
GFP, and 5HTsG-GECO1.0.) (D) Cilia morphology associated with each construct. Cilia were
classified in five categories: normal morphology, doubled, branched, proximal bulge, and distal
bulge. For GFP and Lyn-GFP constructs, all cilia in GFP-expressing cells were analyzed. For
the remaining cilia-targeting constructs, only cilia that showed GFP expression were analyzed.
(n=147, n=131, n=10, n=9, n=401, n=35, n=284, and n=81, respectively for GFP, Lyn-GFP,

GFP-CTS20, GFP-CTS68, SHTs-GFP, SHTs-GFP-CTS20, IA-GFP, and SHT¢G-GECO1.0.)
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Figure 3-3. Representative images of NIH-3T3 cells transfected with the various
GFP CTS tagged constructs.

(A) GFP. (B) Lyn-GFP. (C) GFP-CTS20. (D) GFP-CTS68. (E) SHTs-GFP. (F) SHTs-GFP-
CTS20. (G) IA-GFP. (H) 5HTs-G-GECO. Dotted line indicates cell boundary. Scale bar
indicates 10 um. (i) The average ciliary GFP intensity to cytosolic GFP intensity ratio values for
each of the constructs. Constructs with statistically significant differences as compared to GFP
are indicated with an asterisk. N.S. indicates no statistically significant difference as compared to
GFP. Error bars are SEM. (Student's #-test, P=0.16, P=4.2E-6, P=0.011, P=1.2E-11, P=0.36,
P=5.3E-6, and P=3.1E-4 respectively for Lyn-GFP, GFP-CTS20, GFP-CTS68, SHTsGFP, SHTs-
GFP-CTS20, IA-GFP, and SHTs-G-GECO1.0; n=101, n=19, n= 68, n=57, n=150, n=27, n=172,
and n=102, respectively for GFP, Lyn-GFP, GFP-CTS20, GFP-CTS68, SHT«GFP, SHTs-GFP-

CTS20, IA-GFP, and 5SHTs-G-GECO1.0.)
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Figure 3-4. Cilia length versus morphology for SHTs«-GFP, IA-GFP, and SHTsG-

GECOL1.0 constructs.

For this analysis, cilia displaying the doubled, branched, proximal bulge, or distal bulge
morphologies were categorized as irregular. Statistically significant differences, as determined by
a two sample student’s #-test, are indicated with an asterisk. Error bars are standard deviation.
(For SHT6-GFP, n=270 and n=129, for regular and irregular, respectively, with P=4.1E-5. For
IA-GFP, n=156 and n=127, for regular and irregular, respectively, with P=0.0008. For SHTs-G-

GECOL1.0, n=81 and n=22, for regular and irregular, respectively, with P=0.012)
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Figure 3-5. Representative images of mIMCD3 cilia expressing SHTs-YFP

immunostained to reveal the location of various ciliary proteins.

mIMCD3 cells expressing SHTs-YFP were immunostained against various ciliary proteins.
Compared with control cells, no difference in protein localization was observed. Abbreviations:
Nephrocystin-3 (NPHP3), Gamma-tubulin (y-tubulin), Acetylated a-tubulin (Ac-tubulin),
Intraflagellar Transport Protein 88 (IFT88), Poly-Glutamylated-tubulin (GT335), ADP-
ribosylation factor-like protein 13B (Arl13b), Centrosomal Protein of 164 kDa (Cepl64), and

Centrosomal Protein of 290 kDa (Cep290). Scale bars, 2 pm.
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Figure 3-6. Representative TEM images of primary cilia and basal bodies in NIH-
3T3 cells expressing GFP and SHTsGFP.

The ultrastructure of primary cilia and basal bodies in NIH-3T3 cells expressing SHTs-GFP did
not show any obvious changes when compared with that of control cells expressing GFP. Both of
them displayed a typical 9 + 0 axonemal configuration, and their diameters were 266 £ 10 (mean
+ SD, n=10) versus 276 £ 15 (mean + SD, n=10) for GFP expressing and SHTsGFP expressing

cells, respectively (Student’s #-test, P=0.083). Scale bars, 100 nm (cilia); 200 nm (basal bodies).

36



5HT,-YC3.60 5HT,-YC3.60 Anti- Merge
YFP CFP acetylated
I1A-G-GECO1.0 Anti- Merge { ) ¢ ) mbyu"n
acetylated
tubulin
c d
TNXXL-CTS20 TNXXL-CTS20 Anti- Merge 5HT,-GCaMPSG Anti- Merge
(YFP) (CFP) acetylated acetylated
tubulin tubulin

e f
TNXXL-CTS68 TNXXL-CTS68 Anti- Merge n n n

(YFP) (CFP) acetylated 5HT¢-GFP Anti- Merge
tubulin acetylated
tubulin
g

GFP Anti- Merge
acetylated
tubulin

Figure 3-7. The targeting ability of various CTS-tagged GECI.

Only certain CTS-tagged GECI demonstrate primary cilia targeting ability. (A) IA-G-GECO1.0,
(B) 5HTs-YC3.60 and (C) TNXXL-CTS20, in addition to SHTs-G-GECO1.0 (shown in Fig. 1),
were able to successfully target primary cilia in NIH-3T3 cells as determined by the constructs
co-localization with Anti-acetylated tubulin, a primary cilium marker. (D) SHTsG-CaMP5G and
(E) TNXXL-CTS68 failed to target primary cilia in NIH-3T3 cells. SHT¢-GFP and GFP were
used as controls, and as expected SHTs-GFP successfully targeted primary cilia while GFP failed
to target primary cilia, as shown in (F) and (G), respectively. See Table 3-1 for targeting
percentages. Note the bulging morphology in the cilia shown in (A). This morphology was

common among cilia targeted with IA-G-GECO1.0.
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Figure 3-8. The functionality of various CTS-tagged GECI in the cytosol of NIH-

3T3 cells.

All of the CTS-tagged GECI maintained their ability to detect a cytosolic Ca*" increase induced
by 1 uM Ionomycin in NIH-3T3 cells. (A) The response of the various CTS-tagged GECI to 1
uM lonomycin (indicated by black bar). (B-G) are time lapse images showing the increase in
cytosolic Ca?* detected by IA-G-GECOI1.0, 5HTYC3.60, 5HTs-G-CaMP5G, SHT6-G-
GECO1.0, TNXXL-CTS20, and TNXXL-CTS68, respectively, in an individual cell. Scale bar

indicates 10 um. See 3-1 for detailed percentages.
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Figure 3-9. The functionality of SHT¢«G-GECOL1.0, IA-G-GECO1.0, and SHTe-

YC3.60 in cilia of NIH-3T3 cells.
(A) The average normalized GFP fluorescence (F/Fo) SHT¢-G-GECO1.0 in response to 2 uM
Ionomycin (indicated by black bar). Error bars are SEM. (n=13) (B) The average normalized GFP

fluorescence (F/Fo) of IA-G-GECO1.0 in response to 2 pM lonomycin (indicated by black bar).
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Error bars are SEM. (n=9) (C) Timelapse imaging showing the increase in GFP fluorescence in a
single cilia expressing IA-G-GECO1.0 following treatment with 2 uM Ionomycin. Scale bar is 5
pm. (D) The average normalized FRET fluorescence (F/Fo) of SHTs-YC3.60 in response to 2 pM
Ionomycin (indicated by black bar). Error bars are SEM. (n=10) (E) Timelapse imaging showing
the increase in FRET in a single cilium expressing SHTs-YC3.60 following treatment with 2 uM
Ionomycin. Scale bar is 5 um. GFP fluorescence values were normalized to average baseline

values measured prior to lonomycin addition.
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Figure 3-10: SHT+—G-GECO1.0 targets primary cilia and detects changes in ciliary
Ca?,

(A) Schematic of SHT6—G-GECO1.0, containing M13 (a skeletal muscle light-chain kinase), a
circularly permuted GFP (cpGFP) and calmodulin (CaM). (B) A primary cilium from a NIH-3T3
cell expressing SHT6—G-GECO1.0 stained with antibody against acetylated a-tubulin. Scale bar,
3 pum. Insets show magnified cilia. (C) Time-lapse imaging of a NIH-3T3 primary cilium
expressing SHT6—G-GECO1.0 at indicated times relative to addition of ionomycin (+Iono). AFU,

arbitrary fluorescence unit. Scale bar, 5 um.
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Figure 3-11: SHT—G-GECO1.0 detects ciliary Ca* influxes in response to ATP.

(A,B) Fluorescence microscopy images of NIH-3T3 cells expressing the indicated sensors,
showing response to ATP (A) or DMSO (B). Scale bars, 5 um. Time-lapse imaging was initiated

at 0 s, and images were captured at 0.067 Hz. (C) High-speed time lapse imaging (0.63 Hz)
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reveals oscillations in cytosolic and ciliary Ca2+ in response to 10 uM ATP in NIH-3T3 cells
expressing indicated sensors. Scale bar, 10 um. AFU, arbitrary fluorescence unit. Dotted lines

indicate cell boundaries.
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Figure 3-12. SHTs-G-GECO1.0 can detect ciliary Ca?* fluxes due to ATP.

NIH-3T3 cells expressing SHTs-G-GECO1.0 in cilia and R-GECOI in cytosol were treated with
various chemical agonists. (A) An increase in both ciliary and cytosolic Ca*" can be observed
following the addition of 10 uM ATP (indicated by grey bar) and then 1 uM Ionomycin
(indicated by black bar). Error bars are SEM. (rn=11, 3 independent trials) (B) The addition of
DMSO (0.1% v/v, indicated by grey bar) does not cause a detectable increase in ciliary or
cytosolic Ca**. However, subsequent addition of 1 uM Ionomycin (indicated by black bar) does
produce the expected increases in both cytosolic and ciliary Ca*". Error bars are SEM. (n=15, 3
independent trials). Data for (A,B) captured at 0.067 Hz. (C) High speed imaging reveals
oscillations in cytosolic and ciliary Ca?* levels in response to 10 uM ATP (indicated by grey bar).
Increases in cytosolic Ca®" can be seen to precede increases in ciliary Ca®". The black lines
represent the normalized fluorescence equaling 1.05. The average delay time between cytosolic
and ciliary Ca*" increases was computed as the average difference in time between the cytosolic
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and ciliary Ca*" exceeding 1.05. Plot (i) corresponds to the images in Figure 3-11c. Data was

captured at 0.63 Hz.
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Figure 3-13. Ca?" enters from the base of cilia following ATP stimulation.

Line scans of a representative NIH-3T3 cilium show a base to tip increase in ciliary Ca** over
time as detected by SHTs-G-GECO1.0 in response to the addition of 10 uM ATP. GFP
fluorescence was normalized to baseline values as measured at t=0 s. Corresponding images for
the representative cilium are shown on the right. (Time lapse images and data in plot were

captured at 1.5 Hz)
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Figure 3-14. SHTs-CFP-Venus(H148G) detects no change in ciliary pH in response
to ATP.

(A) Schematic of 5HTe-CFP-Venus(H148G), showing the increase/decrease in YFP/Venus
fluorescence in response to an increase/decrease in [H']. (B) A single cilium of a NIH-3T3 cell
transfected with SHTs-CFP-VenusH148G was imaged at different pHs. False color is used to

indicate the ratio of Venus fluorescence to CFP fluorescence. Scale bar is 5 pm. (C) A
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calibration curve of the VenusH148G:CFP fluorescence ratio (normalized to pH 7.4=ratio of 1.0)
was established in cilia using buffers of indicated pH (black diamonds). Fluorescence ratios were
then measured in native cilia (red) and in cytoplasm (blue). Points on curve represent mean +/-
SD, approximately 8-10 cilia per point. (D) Ciliated NIH-3T3 cells expressing SHTs-CFP-
VenusH148G were placed in DMEM plus HEPES at pH 7.4 with no H" ionophores. After
equilibration, either DMSO (0.1% v/v), ATP (10 um), or Ionomycin (1 uM) was added and cells
were observed an additional 10 minutes. Addition of DMSO control (black) or ATP (red) has no
effect on ciliary pH, while stimulation with lonomycin (blue) causes a large increase in ciliary pH
as seen by the change in Venus over CFP fluorescence ratio. Each graph shows the mean +/- SD

for 8-10 cells per experimental condition.
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Figure 3-15. SHTs-mCherry-G-GECO1.0 detects ciliary Ca** fluxes in response to
laminar flow.

(A) Schematic of SHTs-mCherry-G-GECO1.0. In this case only the calcium bound conformation
is represented. (B) An upright positioned primary cilium becomes bent in response to laminar
fluid flow. Each primary cilium was imaged in the xy-plane with nine z-stacks (separated by 1
um). Fluorescence images in (C) are z-projections of the nine consecutive xy- planes. (C) Time

lapse imaging of a primary cilium subjected with laminar flow. SHTs-mCherry-G-GECO1.0 was
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expressed in mIMCD?3 cells. The mCherry marker (left column) illustrates spatial movement of
the cilium. GFP fluorescence intensity changes (middle column) correspond with changes in
calcium signals within the cilium. GFP/mCherry images (right column) are presented in
pseudocolor (scale indicator below). Time points highlighted in blue indicate the presence of

laminar flow. Bar represents 5 um. AFU stands for arbitrary fluorescence unit.
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Figure 3-16. Laminar fluid flow induces dynamic calcium signals in primary cilia.

(A) Fluorescence intensity of GFP divided by that of mCherry before and after (light blue box)
administration of flow. SHTs+mCherry—G-GECO1.0 activity was measured for 18 primary cilia
from 7 independent experiments and SHTs—mCherry—GFP (control) activity was measured in 9
primary cilia from 3 independent experiments. Fluorescence signals were normalized against
baseline fluorescence before induction of flow. Error bars, s.e.m. (n = 18 for SHTs—m-Cherry-G-
GECO1.0 and n = 9 for SHTs—mCherry-GFP). (B) Comparison of relative GFP intensities
between SHTs—mCherry—G-GECO1.0 and SHTs—mCherry—GFP before and after 1 min of flow
induction. Error bars, s.em. (n = 18 for SHTs—mCherry-G-GECO1.0 and n = 9 for SHTs

mCherry-GFP).
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Figure 3-17. Quantification of SHTs-mCherry-G-GECO 1.0 activity in primary cilia
under flow.

(A) Quantification of changes in SHTsmCherry-G-GECO1.0 activity with time. Each line
represents the normalized SHTs-mCherry-G-GECO1.0 activity quantified from a primary cilium
with time, and a total of eighteen cilia from seven independent experiments are represented. (B)
Quantification of changes in GFP fluorescence intensity of SHTs-mCherry-GFP with time. Each
line represents the normalized GFP signal quantified from a primary cilium with time, and a total
of nine cilia from three independent experiments are represented. In both cases, the region
highlighted in light blue indicates time points with flow, and flow rate corresponding to
approximately 1 dyne/cm? wall shear stress was provided during this period. Fluorescence signals
have been normalized against baseline fluorescence before flow induction. Corresponding

averaged responses are shown in Figure 3-16D.
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Genetically
Encoded
Calcium

Indicator

5SHTe-YC3.60

5HTe-GCaMP5G

SHTe-G-

GECO1.0

SHTs-GFP

IA-GECO1.0

GFP

TNXXL-CTS20

TNXXL-CTS68

Targeting

Efficiency

80%

0%

75%

90%

65%

0%

5%

0%

Cytosolic Signal Dynamic

Range

(Maximum Percent Change

in Fluorescence or FRET

[SEM])

58.2% [11.9%]

65.1% [7.9%]

136.1% [42.4%)]

175.6% [42.3%]

69.5% [18.4%]

61.2% [8.2%]

Ciliary Signal Dynamic Range

(Maximum Percent Change in

Fluorescence or FRET [SEM])

74.6% [8.8%]

360.0% [62.1%]

443.1% [39.5%]

Table 3-1. Complete list of all CTS-tagged GECI and characterization of their

targeting ability and functionality in the cytosol and cilia of NIH-3T3 cells.

To determine the targeting efficiency of each CTS-tagged GECI, cells expressing each construct

were serum starved to induce ciliogenesis and stained with anti-acetylated tubulin as a cilia

marker. The targeting efficiency for each CTS-tagged GECI was computed as the percentage of

acetylated tubulin positive cilia expressing co-localization of the given construct. The computed

percentages for each CTS-tagged GECI were based on n>20, from 2 independent trials, for each

construct. To determine the cytosolic signal dynamic range of each CTS-tagged GECI, cells

expressing each construct were treated with 1 pM ionomycin and their response was recorded.
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The average maximum percentage change in fluorescence/FRET in the cytosol of cells was
calculated based on n=7, n=2, n=6, n=6, n=6, and n=4, all from 2 independent trials, for SHT6-
YC3.60, SHT6-GCaMP, 5SHT6-G-GECO1.0, IA-G-GECO1.0, TNXXL-CTS20, and TNXXL-
CTS68, respectively. To determine the ciliary signal dynamic range of each CTS-tagged GECI,
cells expressing each of the selected constructs in cilia were treated with 2 pM lonomycin and
their response was measured. All fluorescence/FRET values were normalized to average baseline
values measured prior to Ionomycin addition. The average maximum percentage change in
fluorescence/FRET in cilia was calculated based on n=10, n=13, and n=9, respectively for SHT¢-

YC3.60, SHTs—G-GECOL1.0, and IA-G-GECOL1.0.

55



Chapter 4 Phosphoinositides dictates function and
structure identity of primary cilia

4.1 Overview

The association of phosphoinositide phosphatases and kinases with primary cilia suggests that
phosphoinositides could play an integral role in cilia physiology. We first determined the
phosphoinositide composition in primary cilia of several mammalian cell types. Whilst PI(4,5)P
is a major molecular identifier of the plasma membrane, we discovered that PI(4,5)P; is strictly
restricted at the proximal base of the ciliary membrane. We found that this sharp PI(4,5)P»
gradient is established by cilia-enriched Inpp5e (Section 4.2.1) (Garcia-Gonzalo et al., 2015). In a
collaborative work with Jeremy Reiter’s laboratory at University of California, San Francisco, we
found that PI(4,5)P, depletion in ciliary membrane is required for proper ciliary transduction of
Hh signals (Section 4.2.2) (Garcia-Gonzalo et al., 2015). Since Inpp5Se has been implicated in
cilia stability and extracellular vesicle formation through genetic studies, we proceed to study the
role of phosphoinositides in regulating ciliary vesicle release and cilia disassembly (Section 4.2.3
onwards). We demonstrate that basal restriction of ciliary structure dynamics is established by the
cilia-enriched phosphoinositide 5-phosphatase, Inpp5e. Growth induction displaces ciliary Inpp5e
and accumulates PI(4,5)P, in distal cilia. This change triggers otherwise-forbidden actin
polymerization in primary cilia, which excises cilia tips in a process we call cilia decapitation.
While cilia disassembly is traditionally thought to occur solely through resorption, we show that
an acute loss of IFT-B through cilia decapitation precedes resorption. Finally, we propose that
cilia decapitation induces mitogenic signaling and constitutes a molecular link between the cilia
life cycle and cell-division cycle. This newly defined ciliary mechanism may find significance in

cell proliferation control during normal development and cancer (Phua et al., 2017). More
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fundamentally, these works demonstrate that phosphoinositides play pivotal roles in defining the

function and structure identity of primary cilia.

4.2 Results

4.2.1 InppSe regulates ciliary phosphoinositides

To investigate whether specific phosphoinositides localize to cilia, we expressed
phosphoinositide-binding domains fused to fluorescent proteins in ciliated cells (Hammond and
Balla, 2015). Unlike sensors for PI(3)P, PI(5)P, PI(3,4)P», PI(3,5)P, and PI(3,4,5)Ps, a PI(4)P-
specific sensor, EGFP-2xP4M5™ (Hammond et al., 2014), was enriched in cilia (Figure 4-1A
and data not included). EGFP-2xP4M5i™™ was present in 74+4% of IMCD3 cilia. Linescans of ten
such cilia reflect the presence of PI(4)P throughout the ciliary membrane (Figure 4-1B). Whereas
PI(4)P was present along the length of cilia, a PI(4,5)P, sensor (EYFP-PHPX®!) (Stauffer et al.,
1998) localized to the proximal end of NIH 3T3 and IMCD3 cilia (Figures 4-1C,E). EYFP-
PHPLC! fluorescence ceased at a sharp boundary near the ciliary base (Figure 4-1D). To confirm
that EYFP-PHP'®®! fluorescence reflected PI(4,5)P, distribution, we targeted Inp54p, a yeast
enzyme that specifically converts PI(4,5)P» to PI(4)P, to cilia by fusing it to a ciliary GPCR
(Serotonin Receptor 6, SHT¢) (Johnson et al., 2008; Lin et al., 2013; Suh et al., 2006; Tsujishita et
al., 2001). Coexpression of SHT¢-EYFP-Inp54p with a PI(4,5)P, sensor (mCerulean3-PHPL%!)
reduced mCerulean fluorescence at the ciliary base (Figures 4-1E-F). A catalytically inactive
version, SHT6-EYFP-Inp54p(D281A), did not affect mCerulean3-PH™®! localization (Figures
4-1E-F) (Suh et al., 2006). Conversely, targeting PI(4)P 5-kinase, type Iy (PIPK) to cilia by
fusing it to SHTs expanded mCerulean3-PH! localization to the length of the cilium (Figures
4-1E-F) (Suh et al., 2006; Ueno et al., 2011). A catalytically inactive version, SHT¢EYFP-

PIPK(D253A), had no effect on mCerulean3-PH'®! Jocalization (Figures 4-1E-F) (Ueno et al.,
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2011). Together, these data indicate that the ciliary membrane contains PI(4)P along its length,

and PI(4,5)P proximally.

Because InppSe can convert PI(4,5)P, into PI(4)P, we hypothesized that InppSe affects the
relative levels of these lipids in the ciliary membrane. To test this hypothesis, we derived mouse
embryonic fibroblasts (MEFs) from Inpp5e™” and Inpp5e”~ embryos (Jacoby et al., 2009). As
expected, InppSe was present in the cilia of Inpp5e™” but not Inpp5e”~ MEFs (Figure 4-1H). To
assess whether Inpp5Se affects PI(4)P distribution, we examined the localization of the PI(4)P
probe, EGFP-2xP4MSM in Inpp5e™” and Inpp5e””~ MEFs. EGFP-2xP4MS™ [ocalization to
cilia was severely reduced in ImppSe”’~ MEFs, further suggesting that EGFP-2xP4MSidM
distribution accurately reflects PI(4)P distribution and indicating that Inpp5e is important for

generating ciliary PI(4)P (Figures 4-11-J).

As Inpp5e has the ability to remove the 5-phosphate from PI(4,5)P,, we hypothesized that it
regulates ciliary PI(4,5)P, levels. To test this, we expressed mCerulean3-PHPLCo1, a PI(4,5)P,
probe, in Inpp5e™” and InppSe”’~ MEFs. Similar to NIH-3T3 and IMCD3 cells, Inpp5e”~ MEFs
localized mCerulean3-PHPLC31 at the proximal cilium (Figures 4-1K-L). In contrast, npp5e ™~
MEFs localized mCerulean3-PHPLC31 along the entire length of the ciliary membrane (Figures
4-1K-L). Thus, Inpp5e limits ciliary PI(4,5)P, and generates ciliary PI(4)P, consistent with a role

in converting PI(4,5)P, to PI(4)P within cilia.

To test whether the expanded ciliary PI(4,5)P2 in InppSe”’~ MEFs reflects loss of ciliary
PI(4,5)P, 5-phosphatase activity, we examined whether targeting the yeast PI(4,5)P, 5-
phosphatase Inp54p to cilia lacking Inpp5e restored normal ciliary PI(4,5)P, levels. SHT¢«-EYFP-
Inp54p, but not the catalytically inactive SHTeEYFP-Inp54p(D281A), restored the ciliary
exclusion of mCerulean3-PHPLCS1 in Inpp5e”~ MEFs (Figure 4-1M). These results further

suggest that Inpp5e dephosphorylates ciliary PI(4,5)P- to restrict it to the proximal cilium.
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4.2.2 Phosphoinositides regulate ciliary protein trafficking to modulate Hedgehog

signaling

Using the results presented in section 4.2.1, we collaborated with Hh signaling experts, Francesc
Garcia-Gonzalo and Jeremy Reiter at UCSF to study the role of Inpp5e and phosphoinositides in
regulating ciliary transduction of Hh signals. In the absence of Inpp5e, we found that Hh
signaling is disrupted. Inpp5Se limits ciliary levels of the orphan GPCR, Gprl61l, and the
PI(4,5)P>-binding protein, Tulp3, both of which are negative regulators of Hh signaling.
Increasing ciliary PI(4,5)P, levels via (i) Inpp5e genetic ablation or (ii) expressing SHTs-EYFP-
PIPK (which constitutively converts PI(4)P to PI(4,5)P; in ciliary membrane) increases the ciliary
localization of Tulp3. Similarly, conferring the ability to bind PI(4)P on Tulp3 via fusion EGFP-
P4MSI™ promotes the accumulation of Tulp3 in primary cilia. The lower level of Tulp3 in cells
lacking Inpp5e reduces ciliary Gprl161 levels and restores Hh signaling. Overall, a depletion of
PI(4,5)P; in primary cilia is essential for proper ciliary transduction of Hh signals (Figure 4-2),
and this demonstrates a role for phosphoinositides in defining the function identity of primary

cilia. Details of this work are published in (Garcia-Gonzalo et al., 2015).

4.2.3 InppSe loss and growth stimulation promote ciliary vesicle release

Since InppSe is implicated in cilia stability and extracellular vesicle formation (Bielas et al.,

* and InppSe”” mouse

2009; Jacoby et al., 2009), we compared ciliary vesicle release in InppSe
embryonic fibroblasts (MEFs) (Garcia-Gonzalo et al., 2015). Fluorescent protein (FP)-tagged
ciliary membrane markers (SHTs or Arl13b) enabled live-cell visualization of ciliary vesicle
release, and primary cilia were induced by culturing cells in 0-0.1% fetal bovine serum (FBS) for
24-48 hours to attain quiescence. We first looked at NIH/3T3, hTERT RPE-1 and mIMCD-3, and
occasionally observed release of ciliary vesicles from distal cilia of these cell lines (Figures 4-

3A-B and 4-4A). In quiescent Inpp5e™” and Inpp5e” MEFs, the length of InppSe’ cilia was
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shorter than Inpp5e*” cilia and displayed a higher tendency of bulging at ciliary tips (Figures 4-
4B, D-F). The percentage of ciliation was also lower in Inpp5e”~ MEF, which displayed an
accelerated cilia disassembly rate than InppSe” MEF (Figures 4-4B-C, G). Ciliary vesicle
release was observed in quiescent InppSe”” MEF with a low three-hour occurrence of 23.8 +
1.5% (mean £ SEM), while a complete loss of Inpp5e resulted in a higher three-hour occurrence
of 68.3 £ 6.3% (mean = SEM) (Figures 4-3C-D). Released ciliary vesicles frequently associate
with the cell surface and could be traced in fixed cell samples as Arl13b-positive and acetylated
tubulin (Ac tub)-negative particles which were harbored by a higher proportion of Inpp5e”” MEF
than InppSe”” MEF (Figures 4-3E-G, 4-4H). These data demonstrate a role of InppSe in

modulating ciliary vesicle release.

We next assessed the effect of growth stimulation on ciliary vesicle release. A three-hour
10% FBS treatment on Inpp5e”” MEF stimulated ciliary vesicle release in 65.5 + 5.3% of total
cells (mean = SEM), but the same treatment on Inpp5e” MEF did not additionally induce a higher
occurrence of ciliary vesicle release (Figures 4-3C-D). To further demonstrate the effect of
growth signals on extracellular ciliary vesicle release, culture media conditioned for twenty-four
hours with quiescent (0-0.1% FBS) or growth-stimulated (10% FBS) mIMCD-3 cells were
analyzed for ciliary markers (Figure 4-11D). Growth stimulation of mIMCD-3 resulted in
significantly larger amounts of Arl13b detected in conditioned culture media, whereas
extracellular levels of a-tubulin and GADPH were low and unaffected by growth stimulation
(Figures 4-3H-1, 4-41-J). Ciliary vesicle release is thus promoted by Inpp5Se loss and growth
stimulation. Since this process occurs through an excision of primary cilia tips, we hereon refer to

this process as cilia decapitation.

4.2.4 Growth-stimulated cilia decapitation entails ciliary InppSe depletion and

PI1(4,5)P: re-distribution

60



We next investigated growth stimulation-Inpp5e interplay. A four-hour 10% FBS stimulation to
quiescent InppSe” MEF depleted endogenous InppSe in primary cilia (Figures 4-5A-B). To
probe the functional role of Inpp5Se on cilia decapitation, we targeted exogenous InppSe to
primary cilia through fusion with a ciliary membrane marker and assessed the effect on cilia
decapitation. As compared with SHTs-YFP, SHTs-YFP-Inpp5e(WT) reduced the proportion of
Inpp5e*” MEF harboring extracellular YFP-labeled ciliary vesicles over a four-hour 10% FBS
stimulation, while SHTs-YFP-Inpp5e(D477N; phosphatase-dead(PD)) did not exert similar effect
(Figures 4-6A-B). In quiescent Inpp5e”~ MEF, 5HTsYFP-Inpp5e(WT) also exerted a stronger
repressive effect on ciliary vesicle formation than SHTs-YFP-InppSe(PD) (Figures 4-6A-B).

Overall, these results show that Inpp5e functions as a decapitation repressor in primary cilia.

Since AurA is essential for cilia disassembly (Pugacheva et al., 2007), we examined if
inhibition of AurA and its downstream effector, HDACG6, could affect ciliary InppSe. AurA
inhibition using alisertib (Ast) countered growth-stimulated ciliary InppSe depletion, whereas
HDACG6 inhibition using tubacin (Tub) did not (Figures 4-6E-F). In addition, AurA was
responsible for cilia decapitation, with alisertib treatment suppressing growth-stimulated ciliary
vesicle release in InppSe”” MEF (Figure 4-6G). Although HDAC6 does not regulate InppSe
localization, tubacin treatment did exert a mild effect on ciliary vesicle release in Inpp5e'” MEF
(Figure 4-6G), implying that HDAC6-mediated deacetylation of ciliary microtubules could
indirectly affect cilia decapitation. Notably, neither alisertib nor tubacin inhibited ciliary vesicle
release in Inpp5e”” MEF (Figure 4-6G). The concomitant InppSe absence and AurA-independent
cilia decapitation in InppSe” MEF supports that cilia tip excision requires ciliary InppSe
depletion. Thus, growth-stimulated AurA activity drives Inpp5e depletion in primary cilia as well

as cilia decapitation.

A net Inpp5e reduction in primary cilia could result in a lower capacity to deplete P1(4,5)P..

Whilst PI(4,5)P, was confined within the proximal half of cilia in quiescent InppSe*” MEF
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(Figures 4-5C-D and 4-6H (Garcia-Gonzalo et al., 2015)), a 10% FBS stimulation for two hours

" cilia, concomitant with cilia

or more led to PI(4,5)P, accumulation in distal half of Inpp5e”
decapitation (Figures 4-5E-F and 4-6I-K). Decapitation primarily occurred in cilia with
PI(4,5)P, accumulating to the distal half of ciliary length, and the position of cilia excision was
correlated with the maximal ciliary PI(4,5)P, accumulation prior to decapitation (Figures 4-5G-
H). Interestingly, cilia decapitation was often followed by wide oscillations in ciliary PI(4,5)P
accumulation, which suggests bi-directional regulation between PI(4,5)P; and cilia decapitation

(Figures 4-5E-F and 4-6J-K). Thus, growth-stimulated PI(4,5)P; redistribution in primary cilia

could organize signalling events leading to cilia decapitation.

4.2.5 Ciliary PI(4,5)P: induces F-actin in ciliary lumen

Since PI(4,5)P, re-organization could affect ciliary localization of actin regulators, we inspected
F-actin formation in primary cilia of Inpp5e” and Inpp5e”~ MEF using mCerulean3(mCeru3)-
Lifeact biosensor. Of note, an elevated steady state of ciliary PI(4,5)P, in Inpp5e” MEF was
associated with a tenfold increase in the probability of detecting Lifeact-positive structures in
primary cilia of quiescent cells (Figures 4-7A-B). We also performed three-dimensional super-
resolution structured illumination microscopy on cells stained with phalloidin, and detected
similar phalloidin-labelled structures within ciliary lumen that was juxtaposed with the
microtubule axoneme (Figure 4-8A). Direct PI(4,5)P, amplification by targeting constitutively
active PI(4)P 5-kinase Iy (PIPK) to cilia (SHTs-FP-PIPK (Garcia-Gonzalo et al., 2015)) was
similarly associated with a higher frequency of intraciliary F-actin than cilia-targeted kinase-dead
PIPK (5HTs-FP-PIPK (D253A; KD)) (Figures 4-7A-B and 4-8B-C). Therefore, ciliary PI1(4,5)P»
exerts direct control on intraciliary F-actin assembly. A screen for actin regulators further
revealed PI(4,5)P,-dependent ciliary localization of cofilin-1, fascin and Kras small GTPase that

could work together to induce actin polymerization in primary cilia (Figures 4-8B-G).

4.2.6 Intraciliary actin polymerization is required for cilia decapitation
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We investigated F-actin involvement in cilia decapitation. By monitoring Inpp5e”” and Inpp5e™
MEF over two-hour periods during quiescence, or between zero and six hours of growth
stimulation, we detected F-actin assembly at the site of cilia excision (Figures 4-7C-D and 4-9A-
I). These intraciliary actin polymerization events were acute and transient, occurring a few
minutes prior to each decapitation event (Figures 4-7C-D and 4-9H-I). Furthermore, growth-
stimulated Inpp5e” MEF tend to assemble larger intraciliary F-actin foci than quiescent Inpp5e”
MEF and growth-stimulated Inpp5e”~ MEF, suggesting stronger actin polymerization that was

associated with cilia excision occurring at more proximal positions (Figures 4-9B-C).

Next, we determined the essentiality of F-actin in cilia decapitation. Latrunculin A restricted
growth-stimulated ciliary vesicle release in Inpp5e” and Inpp5e”’” MEF, indicating that whole-cell
F-actin turnover affects membrane excision in primary cilia (Figures 4-7E-F). Additionally, we
devised a genetic strategy to suppress intraciliary F-actin by targeting thymosin 4 (Tp4) to
primary cilia, which sequesters G-actin from incorporation into actin filaments (Van Troys et al.,
1996). As compared with SHTs-YFP, SHTs-YFP-TP4(WT) expression robustly suppressed ciliary
vesicle formation in quiescent Inpp5e”” MEF, as well as in Inpp5e” MEF over a four-hour growth
stimulation period (Figures 4-7G-H). In contrast, SHTs-YFP-TP4(KK18,19EE; actin-binding
mutant MT (Van Troys et al., 1996)) expression did not exert similar effect. Thus, intraciliary
actin polymerization is essential for cilia decapitation, and suppression could be achieved via a

genetically-encoded ciliary actin inhibitor.

We then attempted to determine factors that regulate F-actin to promote ciliary membrane
excision. Myosin II Inhibition with blebbistatin suppressed growth-stimulated ciliary vesicle
release in Inpp5e” and Inpp5e”™ MEF (Figures 4-7E-F). We also explored sorting nexin 9
(SNX9), as the molecule was detected in the proteomic profile of ciliary vesicles described in the
following section. Previous reports demonstrate SNX9 as a PI(4,5)P, and PI(3,4)P, binder which

couples actin assembly with membrane remodelling at endocytic sites (Posor et al., 2013; Yarar et
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al., 2007). Accordingly, we observed accumulation of YFP-SNX9 in the vicinity of cilia excision
site, shortly before cilia decapitation occurred in Inpp5e” MEF (23/23; 100% of decapitation
events) (Figures 4-9J-K). These results suggest a role of actomyosin contractility and SNX9-

mediated actin nucleation in cilia decapitation.

4.2.7 Released ciliary vesicles contain IFT-B and related cargoes

We dissected the contents of ciliary vesicles released into the extracellular milieu. Global
proteomic profiling and comparative analyses were performed on culture media conditioned for
twenty-four hours with quiescent (0.1% FBS) and growth-stimulated (10% FBS) wild-type (WT)
or cilia-deficient /ft88-knockout (/ft88-KO) mIMCD-3 (Figures 4-10 and 4-11A-E), and we
identified 1376 proteins that were detected two times or more in conditioned media of at least one
experiment condition (Figure 4-10A; Table 4-1). Within this list, 477 represent proteins that
were extracellularly released with growth stimulation, and 71 are indicative of proteins that were
extracellularly released depending on functional cilia (Figure 4-10A; see legend for details). A
57-protein overlap between these two categories revealed putative ciliary vesicle components,
which consist of a large majority of intraflagellar transport-related proteins, a subset of ciliary
proteins, and Hedgehog signaling effectors (Figure 4-10B; Table 4-1). On average, identified
IFT-B components were ranked higher than [FT-A components in terms of the relative abundance
between growth-stimulated WT and [fi1§8-KO mIMCD-3 culture media pellets (Figures 4-10C-
D; Table 4-2). At the protein level, larger amounts of Arl13b, Ift88 and Ift81 (IFT-B
components) were indeed detected in conditioned media pellets from growth-stimulated WT
mIMCD-3 than from quiescent WT mIMCD-3 or growth-stimulated /fi88-KO mIMCD-3,
whereas Ift122 and Ift140 (IFT-A components) were scarcely detected in conditioned media
pellets from both conditions (Figures 4-10E-F). This confirms that growth-stimulated ciliary
vesicle release removes IFT-B, rather than IFT-A, from primary cilia. We also validated

extracellular accumulation of Sufu and full-length Gli3 (Gli3FL) in conditioned media pellets of
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growth-stimulated WT mIMCD-3, while Gli2 and a truncated form of Gli3 (Gli3R) were hardly

detected (Figures 4-10E-F).

We proceeded to understand the mechanism for relative IFT-B enrichment in released ciliary
vesicles. In quiescent cells, Ift140(IFT-A) and Ift8 1(IFT-B) were detected along ciliary shafts of
Inpp5e™ and Inpp5e’” MEF, with Inpp5e” primary cilia harboring high enrichment of Ift140 as
previously reported (Figures 4-11F-G) (Garcia-Gonzalo et al., 2015). Interestingly, a four-hour
10% FBS stimulation led to increased ciliary Ift81 in Inpp5e* and Inpp5e”~ MEF, while ciliary
Ift140 underwent reduction in both cell types (Figures 4-11F-G). In a mIMCD-3 cell line with
endogenous Ift81 tagged with yellow Nano-lantern (YNL) (Figures 4-11H-J), Ift81-YNL signals
were detected throughout the ciliary shaft at quiescence, with stronger accumulation in proximal
cilia (Figure 4-11K). A four-hour growth stimulation not only elevated the overall Ift81-YNL in
primary cilia, but also slightly shifted Ift81-YNL distribution towards the distal cilia (Figures 4-
11K-0O). Thus, an IFT-B increase with a complementary IFT-A decrease could potentially

account for the selective release of IFT-B from primary cilia upon ciliary vesicle release.
4.2.8 Cilia decapitation is required for cilia disassembly

Cilia decapitation culminates in an acute loss of ciliary proteins that may compromise cilia
stability. Likewise, Inpp5Se loss triggers accelerated cilia instability upon growth stimulation
(Figure 4-4G) (Bielas et al., 2009; Jacoby et al., 2009). We therefore investigated the functional
consequences of decapitation in Inpp5e” and Inpp5e’ MEF ciliary resorption. In growth-
stimulated Inpp5e” MEF expressing SHTs-YFP, the lengths of intact primary cilia were
maintained (Decap- in 10% FBS; Figures 4-12A-B), while decapitated cilia underwent
significant resorption within three hours post-decapitation (Decap+ in 10% FBS; Figures 4-12A-
B). Consistently, growth-stimulated Inpp5e” primary cilia inhibited for decapitation via SHTs-
YFP-TR4(WT) expression were also suppressed for resorption (Decap+ in 10% FBS TB4(WT);

Figures 4-12A-B). Thus, decapitation is necessary for cilia resorption induced by growth
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stimulation. In InppSe absence, growth-stimulated cilia decapitation in InppSe” MEF was
accompanied with a greater extent of cilia resorption as compared with Inpp5e™” counterpart
(Decap+ in 10% FBS; Figures 4-12A-C). Cilia decapitation in quiescent Inpp5e”~ MEF was also
sufficient to activate cilia resorption within three hours post-decapitation, albeit to a smaller
extent than in growth stimulated events (Decap+ in 0% FBS; Figures 4-12A-C). Thus, cilia

resorption post-decapitation was amplified in the absence of Inpp5Se.

We further probed the role of decapitation on the extent of ciliation in Inpp5e™" and InppSe™
MEF expressing SHTs-YFP, SHTs-YFP-TB4(WT) and 5HTs-YFP-TB4(MT) at zero, six and
twenty hours of 10% FBS stimulation. While a similar proportion of cells were ciliated at zero
hour across all three conditions, a larger proportion of SHT¢YFP-TR4(WT)-expressing cells
harbored primary cilia at six and twenty hours of growth stimulation (Figures 4-12D-G). Thus,
ciliary actin inhibition suppressed cilia decapitation that was required for cilia disassembly.
Moreover, the observed role of SHTs. YFP-InppSe(WT) in suppressing growth-stimulated cilia

disassembly underscores how Inpp5e controls the disassembly process (Figures 4-6C-D).
4.2.9 Cilia decapitation ensures timely quiescence exit

Since growth stimulation of quiescent cells would induce cell cycle entry, we determined the
timing of cilia decapitation in relation to cell cycle. Co-expression of Venus-p27K- (a Go marker)
and mCherry-hCdt1(30/120) (a Go/Gi marker) enables cells in Go, G; or S phase to be
respectively labelled with Venus/mCherry, mCherry only, or null nuclear fluorescence (Oki et al.,
2014). Go-G; transit will be manifested as a steep decrease in Venus-p27K", while G;-S transit
will be marked by a subsequent abrupt decrease in mCherry-hCdt1(30/120). By considering the
relative expression ratio of Venus-p27K" and mCherry-hCdt1(30/120), we arbitrarily defined

Venus-p27K /mCherry-hCdt1(30/120) = 0.5 as the mid-point of Go-G; transit.
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We expressed these cell cycle probes in InppSe™ MEF with either SHTs-mCeru3 or SHTs-
mCeru3-TP4(WT), and subjected quiescent cells to a ten-hour growth stimulation. In SHTe-
mCeru3-expressing cells, 20/25 (80%) cells underwent at least a single cilia decapitation event
(Figures 4-13A-B and 4-14A-B). Out of these 20 cells, 19 (95%) of them exhibited the first cilia
decapitation event prior to Go-G; transit, while one cell underwent cilia decapitation during the
transit (Figures 4-13A-B and 4-14A). Thus, growth stimulation at quiescence induces cilia
decapitation in Gy phase. We further compared the time taken by cells with intact or decapitated
primary cilia to reach the Go-G; transit midpoint upon growth stimulation. Within the cell
population which exhibited at least one cilia decapitation event at quiescence, 15/20 (75%) cells
were determined to exit quiescence within ten hours of growth stimulation (i.e. these cells
demonstrated a sharp decrease in Venus-p27K" at some point), and they took an average time of
5.7 = 0.4 hours to reach the Go-G; transit mid-point (Figures 4-13A, B, E and 4-14A). In
contrast, 7/10 (70%) of SHTs-mCeru3-Tp4(WT)-expressing cells suppressed for cilia decapitation
were either not determined for quiescence exit (43% (3/7)), or took a prolonged time of 8.9 + 0.4
hours to reach Go-G; transit mid-point (57% (4/7)) (Figures 4-13C-E and 4-14D). Thus, cilia

decapitation is required by quiescent cells for timely G, entry.
4.2.10 Cilia decapitation modulates Gli transcription factor activity

We speculated that cilia decapitation might promote quiescence exit through mitogenic Hedgehog
(Hh) signaling (Roy and Ingham, 2002). We established an NIH/3T3 cell line stably expressing a
GFP reporter driven by a minimal promoter and 8xGli-Binding-Site (GBS) sequence to measure
Glil/2 (but not Gli3) transcription activity in single cells (Sasaki et al., 1997; Stamataki et al.,
2005). This reporter cell line was transfected with either SHT¢-tagRFP, SHTs-tagRFP-TB4(WT)
or SHTe-tagRFP-TB4(MT) prior to quiescence induction, and Glil/2 activity in these cells was
measured in response to growth stimulation (20% FBS) or Smoothened (Smo)-dependent Hh

activation (SAG; Smo agonist). All three groups of cells similarly expressed a low basal level of
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GFP at quiescence (Figures 4-15A-B). In SAG positive controls, a modest increase in GFP
fluorescence was detected at eight hours post-stimulation across these cells, which robustly
increased by twenty-four hours (Figures 4-15A-B). Remarkably, an eight-hour growth
stimulation induced an intermediate GFP fluorescence increase in SHTs-tagRFP-expressing cells
that was accompanied by an average decrease in cilia length (Figures 4-15A-C). Similar
observations were made for SHTs-tagRFP-TR4(MT)-expressing cells, whereas SHTs-tagRFP-
TB4(WT)-expressing cells, which were suppressed for cilia decapitation, exhibited neither
comparable changes in GFP fluorescence nor cilia length (Figures 4-15A-C). Moreover, Smo
inhibitor, Vismodegib was able to abolish the GFP fluorescence increase in SAG-induced
conditions but not in FBS-treated conditions (Figures 4-15D-E). We also verified that an eight-
hour treatment with 20% FBS did not promote Smo translocation into primary cilia (Figures 4-
15F-G). Overall, these results implied a Smo-independent role of cilia decapitation in growth-
induced Glil/2 activation. To further verify this, we assessed how the expression of general Hh
targets Glil and Ptchl were affected by growth stimulation. Control treatment with SAG induced
a robust increase in Glil and Ptchl gene expression in NIH/3T3 at eight hours. Interestingly, an
approximately two-fold increase in Ptchl gene expression was observed in NIH/3T3 cells at eight
hours post-stimulation with 10% FBS, while no change was observed for Gli/ gene (Figure 4-
15H). Growth-induced Ptchl expression supports an increase in Glil/2 activity. Lastly, a lack of
Glil gene up-regulation suggests that Glil activation upon growth stimulation would likely occur

at the post-transcriptional level.

4.3 Discussion

Phosphoinositides are principal molecular identifiers in many intracellular compartments
(Shewan et al., 2011). Here, we demonstrate that the function and structure identities of primary
cilia are established by an active depletion of PI(4,5)P,. Inpp5Se establishes a basal restriction of

PI(4,5)P, for a proper distribution of ciliary proteins required to transduce Hedgehog signals
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(Figure 4-2). Concomitantly, PI(4,5)P, restriction suppresses the capacity for primary cilia to
polymerize actin filaments. We demonstrate that growth stimulation offsets this restriction for
actin polymerization to occur in primary cilia. F-actin-powered cilia decapitation not only triggers
resorption of the ciliary structure, but also regulates proliferative signaling which connects the

cilia life cycle and cell division cycle (Figure 4-15I).

The molecular players of cilia decapitation

InppSe and HDAC6 act in complementary pathways downstream of AurA to disassemble the
ciliary structure. Earlier work determined that AurA phosphorylates InppSe to modulate its 5-
phosphatase activity (Plotnikova et al., 2014), and we discovered that AurA also dictates InppSe
re-localization. It is therefore tempting to speculate that phosphorylated InppSe may have altered
affinity against binding partners which coordinate its ciliary localization (Humbert et al., 2012).
Within the primary cilia, Inpp5e functions as a rheostat which tunes PI(4,5)P, required for actin
polymerization. The resultant assembly of F-actin in distal cilia could be attributed to the
presence of a bulky microtubular axoneme which physically obstructs stable F-actin foci
organization in the proximal ciliary lumen. Upon growth stimulation, concomitant HDACG6-
dependent axonemal resorption and InppSe-dependent PI(4,5)P, re-distribution could culminate in
a position in distal cilia that is devoid of microtubules while harboring PI(4,5)P,, permitting
stable actin nucleation at that point. Moreover, the tip region of a primary cilium has been
revealed as a sub-compartment harboring specific signaling molecules(He et al., 2014). The distal
cilia may similarly possess properties promoting actin polymerization, and this is supported by

our observed cofilin-1 enrichment in the tips of PI(4,5)P,-elevated cilia (Figures 4-7B, D).
The functional role of IFT-B elimination in cilia disassembly
Cilia decapitation could function as a ciliary outlet for IFT-B during cilia disassembly. Many

components of IFT-B are associated with cilia growth; Ift81 and Ift74 constitute a tubulin-binding
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module which captures and delivers af-tubulin dimers to the plus end of ciliary axoneme for
elongation (Bhogaraju et al., 2013). During the process of cilia resorption, the large pore size
(7.9-9nm) of a diffusion barrier positioned at the ciliary base would allow rapid diffusion of
resorbed IFT-B constituents from the cytosol back into the ciliary lumen to result in inappropriate
cilia re-growth (Breslow et al., 2013; Lin et al., 2013). Acute removal of IFT-B from primary
cilia through decapitation could limit cilia re-growth, thereby playing an active, facilitating role in
cilia disassembly. Up-regulation of the ciliary IFT-B/IFT-A ratio by growth stimulation could
enhance IFT-B removal from ciliary tips, and could involve the serine/threonine protein kinase
ICK, which is a candidate ciliary vesicle component involved in regulating the ciliary anterograde

motor, Kif3a (Figure 4-10C; Table 4-2) (Chaya et al., 2014).

Cilia decapitation as a driver of quiescence exit

In differentiating neural progenitors, primary cilia dismantling as a result of apical abscission
terminates mitogenic Hh signals for quiescence entry (Das and Storey, 2014). Conversely, we
propose that cilia decapitation enhances Hh signaling to drive quiescence exit. Growth induction
likely activates the mTOR signaling pathway in which S6K1 phosphorylates Glil to release it
from Sufu inhibition (Wang et al., 2012), and active Glil could promote downstream cyclin D2
expression which functions in quiescence exit (Susaki et al., 2007; Yoon et al., 2002). Exploring
cilia decapitation-mTOR signaling crosstalk thus holds exciting potential for understanding
ciliary control of cell cycle, and is motivated by: (i) a role of primary cilia in mTOR signaling
suppression via Lkbl (Boehlke et al., 2010; Orhon et al., 2016) (ii) detection of an mTOR
inhibitor, glycogen synthase kinase-3 beta (GSK3B) in ciliary vesicle proteomics (Figure 4-10C;
Table 4-2) (Inoki et al., 2006). The Smo-independent role of growth stimulation on Glil activity
is distinct from the Hh signaling repression caused by ciliary accumulation of Smo antagonists

with complete Inpp5e loss (Chavez et al., 2015; Garcia-Gonzalo et al., 2015). Future work would
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entail understanding how Inpp5e loss affects Smo-independent Glil regulation, and how growth-

induced changes in ciliary P1(4,5)P; distribution could affect Smo antagonists in primary cilia.
Conclusion

Taken together, our present work describes a cell-autonomous role of cilia decapitation in cell
cycle regulation. Interestingly, earlier proposals characterized ciliary vesicles as signaling devices
in algae and worms (Bergman et al., 1975; Cao et al., 2015; Wang et al., 2014, 2015; Wood and
Rosenbaum, 2015; Wood et al., 2013). In line with these reports, mammalian primary cilia also
associate with extracellular vesicles in vivo (Dubreuil et al., 2007; Hogan et al., 2009; Jacoby et
al., 2009; Wood and Rosenbaum, 2015). Thus, the vesicles generated from cilia decapitation may
engage in signal transmission in a non-cell-autonomous manner, and exhibit potential as

diagnostic readouts in development and cancer.

4.4 Materials and Methods

4.4.1 Cell culture

We derived MEF from littermate E19.5 Inpp5e™  and Inpp5e” embryonic tails using mouse
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of California, San Francisco. Primary MEF were maintained in DMEM, 15% FBS, and

PenStrep, and immortalized by infection with a lentivirus expressing SV40 large T antigen.

Immortalized MEF and NIH/3T3 were cultured in DMEM medium containing 10% FBS.
mIMCD-3 and hTERT RPE-1 cells were cultured in DMEM/F-12 (1:1; Invitrogen) medium
supplemented with 10 % FBS. NIH/3T3-Flp-in: 8xGBS-GFP line was cultured in DMEM
medium containing 10% FBS and 2mM GlutaMAX (Gibco). In all experiments, cells were first
induced for ciliogenesis by attaining quiescent state with following conditions: NIH/3T3 and
MEF were cultured in Opti-MEM® I reduced serum medium (Thermofisher Scientific) with 0%

FBS for 24 hours, NIH/3T3-Flp-in: 8xGBS-GFP line was cultured in DMEM containing 2mM
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GlutaMAX for 48 hours, and mIMCD-3 and hTERT-RPE1 were cultured in DMEM/F-12 (1:1;
Invitrogen) medium containing 0-0.1% FBS for 24 hours. To stimulate growth in quiescent cells,
10-20% FBS were added to respective media depending on cell type. In some experiments, cells
were treated with 200nM Alisertib (MedChem Express) and 2uM Tubacin (Cayman Chemical
Company). For live cell imaging, cells were plated on poly(d-lysine)-coated borosilicate glass

Lab-Tek 8-well chambers (Thermo Scientific).

4.4.2 Transient and stable transfection

For transient transfection, cells were transfected with the respective DNA constructs by plating

them directly in a transfection solution containing DNA plasmids and Xtremegene 9 (Roche).

For Arl13b-GFP stable lines, cells were transfected with Arl13b-pEGFP (Clontech), and stable
clones were selected in culture media containing 750 mg/ml G418. The plasmids were transfected

using FuGENE HD transfection reagents (Promega) following the manufacturer’s instructions.

4.4.3 DNA plasmid construction

Construction of 5HTs-YFP/mCeru3, 5SHTs-YFP/mCeru3-PIPK, SHTs-YFP/mCeru3-PIPK(KD)
were previously reported (Garcia-Gonzalo et al., 2015). To construct SHTs-YFP/mCeru3/tagRFP-
TR4(WT), full-length thymosinf4 cDNA was amplified from NIH/3T3 total cDNA using fwd: 5’-
TTGG GAATTCGATGTCTGACAAACCCGAT-3’ and rev: 5’-
CCAAGGATCCCGATTCGCCAGCTTGCTT-3>  primers, and inserted into SHTs-
YFP/mCeru3/tagRFP using 5’ EcoRI and 3’ BamHI sites. Thymosin4 KKI18,19EE mutant
(TB4(MT)) was subsequently constructed via site-directed mutagenesis using fwd: 5’-
TCGATAAGTCGAAGTTGGAGGAAACAGAAACGCAAGAG-3’ and rev: 5’-
CTCTTGCGTTTCTGTTTC-CTCCAACTTCGACTTATCGA-3" primers. For 5SHTsYFP-
InppSe(WT), the human InppSe CaaX domain was first abolished using a C641A mutation to

make InppS5e non-membrane bound, and the catalytic domain was amplified using fwd: 5°-
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TTGGGAATTCGCGGATCTTGCAGACTACAAGCTC-3’ and rev: 5’-
AACCGGATCCTCAAGAAACGGAGGCGATGGTGC-3’ primers and inserted into SHTs-YFP
using 5° EcoRI and 3° BamHI sites. InppSe D477N mutant was constructed via site-directed
mutagenesis using fwd: 5’-AGGTGTTCTGGTTTGGAAACTTCAACTTCCGCCTGAG-3’ and
rev: 5’- CTCAGGCGGAAGTTGAAGTTTCCAAACCAGAACACCT-3’ primers. PMXs-IP-
mVenus-p27K"~ and pCSII-EF-mCherry-hCdt1(30/120) plasmids were kind gifts from Toshio

Kitamura and Atsushi Miyawaki respectively.

4.4.4 Generation of Ift88-KO mIMCD-3

Ift88-KO mIMCD-3 was generated with a CRISPR/CAS9-based genome editing technique.
mIMCD-3 cells were transfected transiently by an all-in-one plasmid harboring CAS9, GFP, and
guide RNA, which was available from Sigma-Aldrich. The target sequence of guide RNA was 5’-
GGAGGTCTTCTGCCATGAC-3’. Cells expressing CAS9 was sorted next day with a
fluorescence-activated cell sorter, ARIA (BD). The sorted cells were cloned in 96-well plate.
Screening was performed with western blot analyses. Cells absent for Ift88 protein signals were

further verified by analyzing target site DNA sequence in the genome.

4.4.5 Generation of Ift8§1:YNL knock-in mIMCD-3

Ift81:YNL knock-in mIMCD-3 cell line was generated using CRISPR/CAS9-based genome
editing technique. mIMCD-3 cells were co-transfected with an all-in-one plasmid harboring
CAS9, GFP, and guide RNA, and a plasmid vector harboring the left arm (834 bp), YNL
(1614bp), and right arm (715 bp). The target sequence of gRNA was selected by using an
algorism provided by Broad Institute (http://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design). The target sequence of guide RNA was 5’-
ACAGGGCTCAGAGAACCAGC-3’. Cells expressing CAS9 were sorted next day with a

fluorescence-activated cell sorter, ARIA (BD). The sorted cells were cloned in 96-well plate.
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Initial screening was performed by PCR with primers: 5’-
CAGTTGGCAGTTAAGAAACGGAG-3’; 5’-GTAGTCCACATGGAACAGAGGC-3’.

Expression of Ift81-YNL was verified using Western blot analyses with anti-GFP antibody

(Medical & Biological Laboratories, Nagoya, Japan).

4.4.6 Generation of NIH/3T3-Flp-In: 8xGBS-GFP and reporter assay

A minimal promoter and 8xGLI-binding-site (GBS) sequences were inserted upstream of GFP
within a pRRL.sin-18.PPT.GFP.pre lentiviral plasmid vector (Monje et al., 2011), and prepared
lentiviruses were used to infect NIH/3T3-Flp-In cells (Life Technologies) in the presence of 4
ug/ml polybrene (Sigma). Cells were grown to confluence prior to serum starvation in the
presence of 200nM SAG (Enzo Life Sciences) for 24 hours. GFP-expressing cells were single
cell sorted into a 96-well plate using FACSAria II (BD Biosciences), and multiple single cell-
derived clones were analyzed for SAG-induced GFP expression. For all reporter assay
experiments, a specific clone with low basal GFP expression and high SAG-induced GFP
expression was used. 40000 cells were seeded into one well of Lab-Tek 8-well chamber (Thermo
Scientific), and cells were induced for quiescent state by culturing in serum starvation media
(DMEM containing 2mM GlutaMAX) for 48 hours. Afterwards, cells were treated with serum
starvation media containing 20% FBS or 200nM SAG (Enzo Life Sciences), in the presence or
absence of 1uM Vismodegib (LC labs) for 8 hours or 24 hours. Cells were then fixed with 4%

paraformaldehyde at room temperature for 10 mins prior to imaging of reporter GFP expression.

4.4.7 Immunofluorescence

For most experiments, cells were fixed with 4% (v/v) paraformaldehyde at room temperature for
10 min, permeabilized with 0.1% (v/v) Triton-X100 for 5 min, blocked with 2% bovine serum
albumin for 1 hour. Antibodies used are as follows: rabbit anti-Inpp5Se (1:500; a kind gift from

Stéphane Schurmans), rabbit anti-Smo (1:500; as reported in (Rohatgi et al., 2007)) rabbit anti-
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Arl13b (1:500; Proteintech 17711-1-AP), mouse anti-acetylated tubulin (1:1000; Sigma, T7451),
mouse anti-gamma tubulin (1:1000; Sigma T6557). For immunofluorescence with rabbit anti-
Ift81 (1:250; Proteintech,11744-1-AP), cells were fixed with 4% (v/v) paraformaldehyde for 10
min, prior to -20°C methanol fixation for 3 min. For immunofluorescence with rabbit anti-Ift140
(1:100; Proteintech, 17460-1-AP), cells were fixed with -20°C methanol for 3 min. F-actin probe,

Alexa Fluor 488 Phalloidin (ThermoFisher Scientific) was also used.

4.4.8 Epi-fluorescence imaging

Live-cell imaging experiments were mostly performed using an IX-71 (Olympus) microscope
with a 63x oil objective (Olympus) (with additional 1.6x optical zoom) and a Cool-SNAP HQ
charge-coupled device camera (Photometrics) or an ORCA-Flash4.0 LT Digital CMOS camera
(Hamamatsu). Time-lapse imaging experiments were performed with either 2-min or 5-min
intervals, and between 3 and 11 0.5-um z-stacks were taken at each time point. Images shown
were mostly maximum intensity projection. Micrographs were taken and analyzed using

MetaMorph 7.5 imaging software (Molecular Devices).

4.4.9 Confocal imaging

Confocal live cell imaging of NIH/3T3 cilia decapitation was performed on FV1000 (Olympus,
Japan) equipped with a stage top incubator (Tokai Hit, Japan). Confocal imaging of
Arl13b+Actub- particles and live cell imaging of mIMCD-3 and hTERT RPE-1 cilia decapitation
were performed using a LSM710 confocal microscope (Carl Zeiss microscopy) equipped with a
Plan Aprochromat 63X oil immersion objective lens (NA 1.4) and processed using Zeiss Zen
software. mIMCD-3 ciliary Ift81-YNL signals were visualized via direct 488-nm laser excitation
of Venus on SP8 confocal microscope (Leica), and 3D image reconstruction were performed

through volume rendering in 3D View software equipped in LAS X (Leica).

4.4.10 Structured illumination microscopy imaging
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3D-SIM imaging was performed on an ELYRA S.1 microscope (Carl Zeiss microscopy)
equipped with an Andor iXon 885 EMCCD camera, a 100X/1.40 NA oil-immersion objective
and four laser beams (405, 488, 561, 642 nm). Serial z-stack sectioning was carried out at 101 nm
intervals. Z-stacks were recorded with 3 phase-changes and 5 grating rotations for each section.
The microscope was routinely calibrated with 100 nm fluorescent beads to calculate both lateral
and axial limits of image resolution. Images were reconstituted with Zeiss Zen software. 3D
rendering was produced by using Imaris 7.4.2 (Bitplane). Images were extracted from Imaris and

then used to obtain the final images and movies used in the figures.

4.4.11 Quantitative image analyses

InppSe, Ift81 and Ift140 ciliary signals were quantified via subtraction of ciliary fluorescence
signals from vicinity background signals; the boundary of ciliary axoneme was defined by Actub
immunofluorescence, while ytub immunofluorescence enables distinguishing between ciliary
base and tip. For ciliary Ift81-YNL measurements, each cilium was divided into 10 equal
compartments along cilia length. YNL fluorescence intensities along cilia length was obtained
using a line scan spanning from base to tip of each primary cilium, and mean YNL fluorescence
intensity in each compartment was obtained by averaging across entire sample. Total YNL
fluorescence intensity in cilium was calculated by integrating fluorescence intensities across all
10 compartments. Mean YNL fluorescence intensity distribution along cilia length was obtained
by expressing mean YNL fluorescence intensity in each compartment as a percentage of Total

YNL fluorescence intensity in cilium.

For relative ciliary PH(PLCS) and small GTPase accumulation measurements, cilia length
was measured by tracing a line along the ciliary marker signal, and PH(PLCS)/small GTPase
signal length was measured analogously and expressed as a ratio to cilia length. Probes were
scored as cilia-localized if probe fluorescence signals were co-localized with SHTs or Arll13b

fluorescence signals in xX-, y- and z- planes. Cell-associated ciliary vesicles were either defined as
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Arl13b+Actub- particles (on fixed cells) or SHT¢/Arl13b-YFP-positive particles that were
associated with cell surface. To determine mid-point of Go-G; transit, 10-hour time series of
nuclear Venus-p27K"~ and mCherry-hCdt1(30/120) fluorescence signals were subtracted with
background signals, divided to obtain Venus-p27K/mCherry-hCdt1(30/120) signal ratio values,
and further normalized with basal ratio values at T=0. 8xGBS-GFP Gli activity reporter
measurements were based on quantification of average nuclear GFP signals in best-focused z-

plane of each cell under specified conditions.

It is of note that we occasionally observed primary cilia of fibroblasts extending from the
ventral cell surface and adhering to underlying substratum. Subsequent cellular movements could
result in mechanical pulling and breaking of primary cilia (Figure 4-4K). Care was taken to

exclude instances of passive cilia breaking throughout all experiments.

4.4.12 Ciliary vesicle collection

FBS used for vesicle collection was pre-depleted via overnight centrifugation at 100,000 xg to
remove FBS-intrinsic tiny vesicles, exosomes and ectosomes. Wild-type or /f{8§8-KO mIMCD-3
cells were subjected to serum starvation by reducing FBS concentration to 0-0.1% for 12-24
hours after reaching confluence. Culture media were then replaced by fresh media containing 0-
0.1% or 10% pre-depleted FBS. Conditioned culture media were collected 24 to 30 hours later.
Small vesicles released from cultured cells into media were collected through a three-step
centrifugation. Culture media were first centrifuged at 1,500 xg for 20 min to remove large cell
debris. The supernatant of the first centrifuge was further centrifuged at 10,000 xg for 20 min.
The supernatant of the second centrifuge was centrifuged at 100,000 xg for 3 hr with MLA-55
angle rotor (Beckman). Pellets were rinsed once with PBS, and then subjected to western blotting

or proteomics.

4.4.13 Western blotting
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Collected small vesicles were resolved in 1.5x SDS sample buffer. Cultured cells were also lysed
with the same buffer. Extracted proteins were denatured at 95 °C for 5 min. Proteins were
separated with SDS-PAGE, and transferred to PVDF membrane (Milipore). The membrane was
blocked with 10% goat serum or 5% bovine serum albumin. The blocked membrane was
incubated with primary antibodies in the blocking solution at 4 °C overnight. Primary antibodies
used were as follows: anti-Ift88 (1:2000; ProteinTech, 13967-1-AP); anti-Kif3A (1:2000; BD
Transduction, 611508); anti-Gli3 (1:200; R&D Systems, AF3690); anti-Gli2 (1:1000; Abcam,
ab26056); anti-Sufu (1:2500; as reported in (Humke et al., 2010)); anti-Arl13b (1:1000;
ProteinTech, 17711-1-AP); anti-actin (1:2000; Sigma, A2066); anti-Ift122 (1:2000; ProteinTech,
19304-1-AP); anti-Ift140 (1:2000; ProteinTech, 17460-1-AP); anti-y-tubulin (1:10000; Sigma,
T9026). The primary antibodies were labeled with horseradish peroxidase-conjugated secondary
antibodies (Jackson Immuno Lab). Signals were developed with enhanced chemiluminescent
substrate (GE) and detected with a cooled CCD camera system, LAS-3000 mini (Fuji film). Band

intensities were quantified with free software, Imagel.

4.4.14 LC-MS/MS of proteins in pelleted conditioned culture media

Collected vesicles were lysed in 50 mM Tris, pH 8.0, containing 1.5% Triton X-100 with
vigorous vortexing. Detergent and salt were removed with 2-D Clean-Up kit (GE Healthcare),
and with cold acetone if further removal of detergent was required. Protein pellets were resolved
in 50 mM NH4HCO; with vigorous vortexing. The proteins were subjected to reductive alkylation
of sulfur group with iodoacetamide (ThermoFisher), and then digested with trypsin
(ThermoFisher) at 37 °C overnight. Digested peptides were desalted by means of C-18 column
(ThermoFisher) with 5% acetonitrile/0.5% trifluoroacetic acid used as wash buffer, and eluted
with 70% acetonitrile. The acetonitrile was evaporated with a Speed-Vac concentrator (Tomy),

and the eluted peptides were resolved in 0.1% formic acid.
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The peptides were analyzed with a Q Exactive-Orbitrap mass spectrometer (ThermoFisher)
connected to EASY-nLC liquid chromatography (ThermoFisher). Peptides were loaded into a
micro capillary column (NTCC-360; Nikkyo Technos, Japan) of 75 pm inner diameter, and
separated with a linear gradient of acetonitrile from 0 to 35% in 0.1% formic acid at a flow rate of
325 nL/min. Separated peptides were ionized with Nanospray Flex Ion Source, NSI
(ThermoFisher) at spray voltage of 2.0 kV. Full mass spectra were acquired with a resolution of
70,000, a maximum injection time of 60 msec, and a scan range between m/z 350 to 1800, at
positive ion mode. dd-MS? was acquired with a resolution of 17,500, a maximum injection time
of 60 msec,and an isolation window of 2.0 m/z. All processes were operated with software

Xcalibur™ (ThermoFisher).

4.4.15 Proteomic analyses

Data acquired with LC-MS/MS were analyzed with Proteome Discoverer 1.4 software
(ThermoFisher). All parameters for Spectrum Selector were set to default values. Identification of
peptide/protein was carried out by means of MASCOT (MatrixScience) with Swiss-Prot used as
database. Mass tolerances were 10 ppm for precursor mass and 0.02 Da for fragment mass. A
miscleavage was allowed. Obtained peptide lists were validated by Percolator (Kall et al., 2007)
based on g-values with a stringent threshold of target false discovery rate (FDR) of 1% using
reverse decoy database (Elias and Gygi, 2007). The label-free semi-quantification was performed

by using the precursor ions area detector (PIAD) node mounted in Proteome Discoverer 1.4.

Proteins that were detected at least two times in 9 independent experiments for serum-
stimulated wild-type or [f#88-KO mIMCD-3 cells or 6 independent experiments for serum-starved
wild-type mIMCD-3 cells were selected. The protein list and area values were exported as a table
for further analyses in Microsoft Excel. Zero area values were replaced with one tenth of minimal
area value of each sample for calculating fold changes. Ratio of mean area values were calculated

for serum-stimulated wild type versus [fi88-KO cells (WT/Ift88-KO) and for serum-stimulated

79



versus serum-starved wild-type cells (10%/0.1%). Ratios were converted to logarithm to the base

2 (logy), and Z-scores were calculated.

4.4.16 Quantitative real-time PCR

NIH/3T3 cells were seeded in OptiMEM (Thermo Fisher Scientific) for 24 hours to induce
ciliogenesis at quiescent state. Cells were subsequently treated with DMEM containing 10% FBS
for 0, 1, 2, 4, and 8 hr prior to sample collection. As a positive control, cells were also treated
with 200 nM SAG (Cayman Chemicals) for 8hr. Cells were lysed with Buffer RLT, and RNA
samples were isolated with the RNeasy Mini Kit with DNase I digestion (Qiagen). Samples were
reverse transcribed using the iScript cDNA synthesis kit (BioRad). Glil (F: 5’-
GGATGAAGAAGCAGTTGGGA-3’; R: 5’-ATTGGATTGAACATGGCGTC-3") and Ptchl (F:
5’-CTCTGGAGCAGATTTCCAAGG-3’; R: 5’-TGCCGCAGTTCTTTTGAATG-3’) primers
were used to test for Hedgehog signaling activation. Ubc primers (F: 5’-
TCCAGAAAGAGTCCACCCTG-3’; R: 5-GACGTCCAAGGTGATGGTCT-3") were used to
normalize Glil and Ptchl transcript levels. Transcripts were quantified using SYBR-GreenER

(Thermo Fisher Scientific) on a 7900HT Fast Real-Time PCR system (Thermo Fisher Scientific).

4.4.17 Quantification and statistical analysis

Statistical parameters including the definitions and exact values of n (number of cells and
experiments), distributions and deviations are reported in figures and corresponding legends.
Most data are represented as mean + SEM using two-tailed Student’s T tests. Probability data in
Figures 4-5 and 4-6 were analyzed using statistical risk ratio analyses. Mass spectrometry signal
area ratios were presented with Z-scores in Table 4-2. Z-scores in Figure 4-12D were analyzed
using Mann-Whitney U-test. Quantitative real-time PCR assays in Figure 4-15H were analyzed
using one-way ANOVA. Statistical analyses were performed in Microsoft Excel, MedCalc or

GraphPadPrism.
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Figure 4-1. PI(4)P and PI(4,5)P: are present in distinct ciliary compartments

regulated by InppSe.

(A)

B

©

(D)

(E)

(F)

(G)

(H)

IMCD3 cells transfected with EGFP-2xP4MS™_ a PI(4)P sensor, were stained with
antibodies against the ciliary protein Arl13b (red) and EGFP (green). Nuclei were marked by
DAPI (blue).

Normalized EGFP-2xP4M3M intensity for ten IMCD3 cilia was plotted against normalized
distance along the cilium. The black dotted line is the linear regression of all cilia.

Cilia of live NIH 3T3 cells were visualized by SHT¢CFP fluorescence (false-colored red).
PHPLCL_EYFP, a PI(4,5)P, sensor, accumulated in the proximal ciliary region (false-colored
green).

Normalized EYFP-PH®! intensity for 11 NIH 3T3 cilia was plotted against normalized
distance along the cilium, and the data were fitted to sigmoidal curves. The black dotted line
is the average of all curves.

XZ optical section of live IMCD3 cells expressing SHTs-CFP (red) and EYFP-PHPLCS1
(green).

Live imaging of NIH-3T3 cells cotransfected with plasmids expressing the PI(4,5)P, sensor
mCerulean3-PHPLCS1 (green) and the indicated ciliary fusion proteins (red) containing the
catalytically active and inactive forms of Inp54p, a yeast P1(4,5)P, 5-phosphatase, and PIPK,
a mouse PI(4)P 5-kinase.

Quantitation of the extension of the mCerulean3-PHPLCS1 flurorescence relative to ciliary
length. The catalytically active phosphatase and kinase decreased and increased,
respectively, the extent of ciliary mCerulean3-PHPLCd1 fluorescence.

+/—

MEFs derived from littermate Inpp5e” and Inpp5e”” embryos were stained for TubAc

(red), InppSe (green), y-Tub (cyan) and DNA (blue).
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)

(K)

L)

M)

Inpp5e”™ and Inpp5e”~ MEFs expressing the PI(4)P sensor EGFP-2xP4M5™ were stained
for Arl13b (red) and EGFP (green). Nuclei were marked by DAPI (blue).
Quantitation of the proportion of Inpp5e” and Inpp5e”~ MEF cilia that display ciliary

localization of EGFP-2xP4M3idM,

+~ -

Cilia of live Inpp5e™ and Impp5e”~ MEFs were visualized by 5SHTsYFP fluorescence
(false-colored red). The PI(4,5)P, sensor PHPLCd1-mCerulean3 (false-colored green)
localized to a restricted proximal domain of cilia of Inpp5e”™ MEFs but localized throughout
cilia of Inpp5e” MEFs.

Quantitation of the extent of the ciliary PHPLCS1-mCerulean3 fluorescence (PI(4,5)P;
length) relative to the extent of SHTsYFP fluorescence (cilium length) in Inpp5e” and
Inpp5e”” MEFs.

Live imaging of InppSe”

MEFs co-transfected with plasmids expressing the PI(4,5)P»
sensor mCerulean3-PHPLCS1 (green) and the indicated ciliary fusion proteins (red) of
catalytically inactive (D281A) or wild type Inp54p. Scale bars, Sum. Quantitation of the
extent of ciliary mCerulean3-PHPLCS1 fluorescence (PI1(4,5)P: length) relative to the cilium

length in Inpp5e” MEFs.

In (G), (J), (L), (M), Data are shown as means = SEM. * < 0.05 =p < 0.01 in unpaired t tests.

Scale bars, 5 pm.
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Without phosphoinositide
5-phosphatase
Inpp5e

Wild type
primary cilium

Figure 4-2. Model of the role of ciliary phosphoinositides in Hh signaling.

Inpp5Se restricts P1(4,5)P; levels in the ciliary membrane. The ability of Tulp3 to interact
with PI(4,5)P> but not PI(4)P is critical for limiting its accumulation and that of its
interactors IFT-A and Gprl61 within the cilium. In the absence of InppS5e, ciliary
P1(4,5)P; levels increase, increasing the amount of negative regulators of Hh signaling,
Tulp3, IFT-A, and Gprl61, within the cilium and restricting the ability of the cilium to

transduce Hh signals.
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Figure 4-3. Growth stimulation induces ciliary vesicle release regulated by InppSe.

(A) Time-lapse images of a NIH/3T3 primary cilium expressing SHT¢-mCherry and y-tub-GFP at
quiescent state. Arrow: ciliary membrane thinning prior to excision. Arrowheads: excised
cilium tip.

(B) Time-lapse images of an hTERT RPE-1 primary cilium expressing Arl13b-GFP at quiescent
state. Note ciliary tip bulging prior to excision (yellow arrowheads).

"~ and Inpp5e” MEF primary cilia expressing SHTs-YFP at

(C) Time-lapse images of Inpp5e”
quiescent or growth-stimulated states. Red arrows: cilia. Yellow arrows: excised cilia tips.
Orange arrow: YFP+ particles present from beginning.

(D) Scoring % of cells displaying ciliary vesicle release over 3 hours, as in (C). (n=51, 49, 28, 34
cells from left to right; 3-5 experiments)

(E) Maximum intensity projection of Arl13b immunofluorescence and GFP in Inpp5e” MEF.
Middle and right panels are 3D reconstructions of confocal image on left panel. Insets are
magnifications of dotted regions. Arrows: cilia. Arrowheads: Arl13b+ particles residing on
cell surface.

(F) Arl13b/Ac tub immunofluorescence and nuclear staining (DAPI) of quiescent InppSe*” and
Inpp5e”” MEF. Arrowheads: Arl13b+Ac tub- particles.

(G) Scoring % of cells with associated Arl13b+Actub- particles, as in (F). (n= 344, 376 cells from
left to right; 3 experiments)

(H) Representative Western blots in cell lysates and conditioned culture media pellets from
mIMCD-3 cells treated with 0.1% or 10% FBS for 24 hours.

(D Quantification of band signal intensities in (H). (n = 4 experiments for Arl13b, n = 3

experiments for a-tubulin and GAPDH)
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Data are shown as mean + SEM; Student’s T-tests were performed with p values indicated. Time
in min:sec for (A) and (B), and hr:min for (C). Scale bars: Sum in (A), (B), (C) and (E), and

10pum in (F).
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Figure 4-4. Characterization of cilia decapitation and Inpp5¢™ and Inpp5e”- MEF.

(A) Time-lapse images of a mIMCD-3 primary cilium expressing Arl13b-GFP at quiescent state
(0% FBS). Blue arrows indicate membrane thinning prior to excision. Yellow arrowheads
indicate excised cilium tip.

(B) Representative confocal images of Arl13b and Ac-tub immunofluorescence in InppSe”” MEF
and Inpp5e”” MEF at quiescent state. Nuclei labeled with DAPI.

(C) Quantification of % ciliation in quiescent InppSe™” and Inpp5e”” MEF. A primary cilium is
defined by positive labeling with Arl13b and Ac tub immunofluorescence. Data are
represented as mean + SEM. A two-tailed Student’s T-test was performed with p values
indicated. (n=323, 374 cells; 3 experiments)

(D) Quantification of Arl13b-labeled cilia lengths in quiescent InppSe*” and Inpp5e”” MEF. Data
are represented as mean = SEM. A two-tailed Student’s T-test was performed with p values
indicated. (n=271, 353 cells; 3 experiments)

(E) Confocal and SR-SIM images of Arl13b and Ac-tub immunofluorescence in InppS5e’” MEF
and Inpp5e” MEF. Insets are magnified images of respective cilia. White arrowhead
indicates bulged ciliary tip in Inpp5e” MEF.

(F) Quantification of % cells displaying bulged ciliary tips as in (E). Data are represented as
mean + SEM. A two-tailed Student’s T-test was performed with p values indicated. (n=323,
374 cells; 3 experiments as in (B))

(G) Quantification of % ciliation in InppSe™” and Inpp5e” MEF at indicated time points post-
stimulation with 10% FBS. Data are represented as mean + SEM. (n=271, 353 cells; 3
experiments)

(H) Z-series of SR-SIM images of an Arl13b+ and Ac tub particle.
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(I) Representative Western blots of Arl13b, a-tubulin and GAPDH proteins in collected cell
lysates and pelleted conditioned culture media from mIMCD-3 cells treated with 0% or 10%
FBS for 12 hours. Related to Figure 1H.

(J) Quantification of respective band signal intensities in (I). Data were shown as mean + SEM.
A two-tailed Student’s T-test was performed with p values indicated. (n = 4 experiments)

(K) Representative time-lapse images of a ventral-positioned InppSe”” MEF primary cilium
passively breaking as a result of non-specific adhesion and immobilization to underlying
substratum. Cell was expressed with SHTs.YFP. Arrowheads indicate cilia tip. Red dotted
line marks position of immobilization. See also Methods under “Quantitative image
analyses”.

Time in min:sec in (A), hr:min in (K). Scale bars indicate 5 um in (A) and (K), 10um in (E) left

panel, lum in (E) right panel, 1pum in (H) left panel and 0.2 pm in (H) right panel.
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Figure 4-5. Growth stimulation regulates ciliary InppSe and PI1(4,5)P2 localization.

(A) Ac tub/InppSe immunofluorescence and nuclear staining (DAPI) of InppSe*” MEF treated
with 0% FBS or 10% FBS for 4 hours. Images of each wavelength are scaled to same
intensity range. Arrowheads mark cilia positions.

(B) Inpp5e immunofluorescence signal intensity measurements in primary cilia, as in (A). Data
shown as mean = SEM. Student’s T-test was performed with p values indicated. (n= 131, 148
cells from left to right; 2 experiments)

(C) Time-lapse images of Inpp5e"” MEF primary cilium expressing SHT¢-mCeru3 and YFP-
PH(PLC9) (a PI(4,5)P, sensor) at quiescent state. Arrows marks PH(PLCS) at proximal cilia.

(D) Time-lapse measurements of PH(PLCS) proximal-distal accumulation in cilium in (C), given
as relative ratio of cilium length.

(E) Time-lapse images of InppSe”” MEF primary cilium expressing SHTs-mCeru3 and YFP-
PH(PLC?9) at 4-6 hours of 10% FBS stimulation. Arrows marks ciliary PH(PLCS).

(F) Time-lapse measurements of PH(PLCS) accumulation in cilium in (E), given as relative ratio
of cilium length. Red diamond marks cilia decapitation time point.

(G) Classifying ciliary PH(PLCd) accumulation with cilia decapitation. “Distal” or “proximal”
indicates PH(PLCd) accumulating to distal or proximal half of ciliary length. “Decap+” or
“Decap-" indicates presence or absence of cilia decapitation over 2-hour imaging periods. (n=
7,12 cells from left to right; 2-3 experiments)

(H) Correlation plot of ciliary PH(PLCS) accumulation with site of excision, each given as a
relative ratio of ciliary length. In each case, the maximal ciliary PH(PLCJ) accumulation
value within ten minutes prior to excision is shown. Light blue box highlights distal location
of ciliary PH(PLCd) accumulation and site of cilia excision. Linear regression is drawn in
dashed line, with Pearson correlation coefficient R value indicated. (n=9 cells from 10% FBS

data in (Q))
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Time in hr:min for (C) and (E). Scale bars: Spm.
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Figure 4-6. AurA-dependent ciliary InppSe depletion re-organizes ciliary PI1(4,5)P2.

(A) Live fluorescence images of InppSe” MEF or Inpp5e” MEF expressing SHTs-YFP, SHTs-
YFP-Inpp5e(WT) or 5HTs-YFP-Inpp5e(CD) with cytosolic mCeru3 respectively after 4
hours of 10% FBS stimulation or at quiescent state (0% FBS). White dashed lines delineate
cells. White arrowheads indicate cell-associated YFP+ particles that were likely vesicles
released from primary cilia.

(B) Quantification of % cells with associated extracellular YFP+ particles under indicated
conditions, as in (A). Color coding as in panel above. Data are represented as mean = SEM.
Two-tailed Student’s T-tests were performed with p values indicated. (n= 111, 73, 92, 94, 88,
74 cells for respective data from left to right; 4 experiments)

(C) Quantification of % ciliation in InppSe”~ MEF expressing SHTs-YFP, SHTsYFP-
Inpp5e(WT) or SHT6-YFP-Inpp5e(CD) with cytosolic mCeru3 at 0 hour and 6 hours of 10%
FBS stimulation. Color coding as in panel above. Data are represented as mean + SEM. Two-
tailed Student’s T-tests were performed with respect to each SHTs-YFP condition, p values
indicated. (n=88, 54, 49, 66, 35, 44 cells for respective data from left to right; 2 experiments)

(D) Quantification of % ciliation in Inpp5e”” MEF expressing SHTs-YFP (control), SHTs-YFP-
InppSe(WT) or SHTs-YFP-InppS5e(CD) with cytosolic mCeru3 at 0 hour and 6 hours of 10%
FBS stimulation. Color coding as in panel above. Data are represented as mean £ SEM. Two-
tailed Student’s T-tests were performed with respect to each SHTs-YFP condition, p values
indicated. (n=94, 49, 57, 100, 55, 70 cells for respective data from left to right; 3
experiments)

(E) Ac tub and Inpp5e immunofluorescence of Inpp5e”” MEF treated with 0% FBS, 10% FBS,
10% FBS +200nM Alisertib (Ast), or 10% FBS + 2uM Tubacin (Tub) for 4 hours. Images
within Ac tub and InppSe image panels are scaled to same intensity range, while Ac tub

signals are adjusted in Merge to visualize axoneme. Arrowheads indicate cilia.
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(F) Signal intensity measurements of Inpp5e immunofluorescence in primary cilia (cilia - vicinity
background) under indicated conditions, as in (E). Color coding as in panel on the right. Data
are represented as mean + SEM. A two-tailed Student’s T-test was performed with p values
indicated. (n= 190, 169, 173, 106 cells for respective data from left to right; 3 experiments)

(G) Quantification of % cells with associated extracellular YFP+ particles in Inpp5e*” MEF and
Inpp5e”™ MEF expressing SHT-YFP with cytosolic mCeru3 after 4 hours in 0% FBS, 10%
FBS, 10% FBS + 200nM Ast, or 10% FBS + 2uM Tub. Color coding as in panel on the right.
Data are represented as mean = SEM. A two-tailed Student’s T-test was performed with p
values indicated. (n= 124, 131, 112, 121, 48, 54, 47, 37 cells for respective data from left to
right; 2-3 experiments)

(H-I) Time-lapse measurements of ciliary PH(PLCS) accumulation in Inpp5e” MEF at (H)
quiescent state (as shown in Figure 2D) or (I) growth-stimulated state (as shown in Figure
2F). Horizontal axes indicate time(min); vertical axes indicate ciliary PH(PLCS)
accumulation expressed as a ratio of cilium length. Color coding as used in Figure 2G.
Dotted line divide proximal half (0-0.5) and distal half (0.5-1.0) of cilium. “X” indicates end
of imaging period. Data for (I) were between 2hrs and 4hrs, or 4hrs and 6hrs post-

stimulation with 10% FBS.

() An example of growth-stimulated primary cilia exhibiting PI(4,5)P, oscillation post-
decapitation. White arrowheads indicate ciliary PH(PLCS).
(J) Time-lapse measurements of PH(PLCJ) accumulation in cilium in (C), expressed as relative

ratio of cilium length. Red diamond marks time point of decapitation.

Time in hr:min. Scale bars indicate Sum.
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Figure 4-7. Ciliary PI(4,5)P: induces intraciliary F-actin assembly which executes

cilia decapitation.

(A) Live fluorescence images of (two leftmost columns) InppSe”” and Inpp5e” MEF primary
cilia expressing SHTs-YFP and mCeru3-Lifeact, and (two rightmost columns) NIH/3T3
primary cilia expressing SHTsYFP-PIPK or 5HTsYFP-PIPK(KD) and mCeru3-Lifeact.
Insets are magnifications of respective cilia. Arrowheads mark ciliary Lifeact signals.

(B) Relative risk ratio analyses on the effect of ciliary PI(4,5)P» in influencing intraciliary F-actin
incidence, as in (A).

(C) Time-lapse images of a primary cilium from Inpp5e” MEF expressing SHTs-YFP and
mCeru3-Lifeact at 4-6 hours of 10% FBS stimulation. Arrowheads mark F-actin at site of
cilia excision.

(D) Time-lapse images of primary cilium from Inpp5e” MEF expressing SHTs-YFP and mCeru3-
Lifeact at 0-2 hours of 10% FBS stimulation. Arrowheads mark F-actin at site of cilia
excision. Note that F-actin first appeared in bulged cilia tip before expanding to proximal
cilia region. F-actin was also detected in excised cilia tip.

(E) Live fluorescence images of Inpp5e™” and Inpp5e”” MEF expressing SHT-YFP with mCeru3
after 3 hours in 0% FBS, 10% FBS, 10% FBS + 200nM latrunculin A (LatA), or 10% FBS +
50uM blebbistatin (Blebb). Arrowheads indicate cell-associated YFP+ particles that were
likely vesicles released from primary cilia, and insets are respective magnified images.

(F) Quantification of % cells with associated extracellular YFP+ particles, as in (E). (n=99, 82,
70, 62,75, 69, 73, 67 cells from left to right; 2 experiments)

(G) Live fluorescence images of InppSe” MEF and InppSe” MEF expressing SHTs-YFP
(control), SHTs-YFP-TB4(WT) or SHTs-YFP-TB4(MT) with mCeru3 respectively after 3
hours of 10% FBS stimulation or at quiescence (0% FBS). Arrowheads indicate cell-

associated YFP+ particles, and insets are respective magnified images.
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(H) Quantification of % cells with associated extracellular YFP+ particles, as in (G). (n=83, 88,
96, 69, 95, 76 cells from left to right; 2 experiments)

Data shown as mean + SEM. Student’s T-tests were performed with respect to (E) each 10% FBS

condition and (F) each control condition, p values indicated. Time in hr:min for (A) and (B).

Scale bars: Spm.
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Figure 4-8. PI(4,5)P: regulates ciliary localization of F-actin, actin regulatory

proteins and small GTPases.

(A) SR-SIM images of Arl13b, Ac tub and phalloidin immunofluorescence in normal and bulged
cilia of Inpp5e”” MEF. Rightmost panel are IMARIS 3D reconstructions of “Merge” images.
Arrowhead indicates ciliary phalloidin signals.

(B) Live fluorescence images of NIH/3T3 expressing SHTs-mCeru3-PIPK or 5HTemCeru3-
PIPK(KD) and respective YFP-tagged F-actin sensor (F-tractin) or actin regulatory proteins.
White arrowheads indicate ciliary localization of respective proteins. Cofilin-1 was generally
observed to accumulate at ciliary tip, while fascin was detected along ciliary length.

(C) Relative risk ratio analyses on the effect of differential ciliary PI(4,5)P, in influencing
intraciliary F-actin or actin regulatory protein incidence, for corresponding horizontal image
rows in (A).

(D) Live fluorescence images of InppSe™ and InppSe” MEF expressing SHTs-mCeru3 and
cofilinl-YFP. White arrowhead indicates tip accumulation of cofilin-1.

(E) Relative risk ratio analyses on the effect of differential ciliary PI(4,5)P; in influencing
intraciliary cofilin-1 incidence, as in (C).

(F) Live fluorescence images of NIH/3T3 expressing SHTs-mCeru3-PIPK or SHTs-mCeru3-
PIPK(KD) and respective YFP-tagged (top) phosphoinositide-binding Kras small GTPase,
(middle) Kras tail anchor harboring phosphoinositide-binding module, or (bottom) non-
phosphoinositide-binding Hras small GTPase. White arrowheads indicate ciliary localization.
While Kras was restricted to the proximal cilia in SHT¢FP-PIPK(KD)-expressing cells,
SHTeFP-PIPK expression was sufficient to accumulate Kras into distal cilia. In contrast,
Hras accumulated to distal cilia regardless of ciliary PI(4,5)P..

(G) Quantification of small GTPase or tail anchor accumulation in cilia, expressed as a relative

ratio of cilium length. Data are represented as mean + SEM. Two-tailed Student’s T-tests
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were performed with respect to each PIPK (KD) condition, p values indicated. (n=12, 20, 71,
84, 25, 24 cells; 2-3 experiments)

Scale bars indicate 1pum in (A) and Spum in (B), (D) and (G).
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Figure 4-9. F-actin and SNX9 localize in primary cilia prior to decapitation.

(A) Correlation plot of intraciliary F-actin position with excision position, each expressed as
relative ratio of cilia length. Color coding as in panel above. Position of F-actin was measured
at estimated centroid position of F-actin foci prior to excision. In each case, linear regression
is drawn in dashed line, with Pearson correlation coefficient R value indicated. (n=7, 8§, 6
cells from left to right; 2-3 experiments from (D) and (E))

(B) Quantification of actin foci longitudinal length just prior to excision. Color coding as in panel
above. Data shown as mean + SEM. Student’s T-tests were performed with respect to InppSe”
~10% FBS condition, p values indicated. (n= 7, 8, 6 cells from left to right; 2-3 experiments
from (D) and (E))

(C) Quantification of relative position of cilia excision and F-actin. Color coding as in panel
above. Data shown as mean + SEM. Student’s T-test was performed with p value indicated.
(n=17, 8, 6 cells from left to right; 2-3 experiments from (D) and (E))

(D) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in
Inpp5e”” MEF expressing SHT¢-YFP and mCeru3-Lifeact between 0-2, 2-4 and 4-6 hours of
10% FBS stimulation, related to Figure 3C. Of note, the transient nature of intraciliary F-actin
could render inefficient capturing by the two-minute experimental imaging intervals, and a
high F-actin marker intensity in the cell body could also limit visualization of specific signals
in primary cilia; also applies to (E-G). Color coding as in panel above. (n=6 ,5, 4 cells; 2-3
experiments (D) and (E))

(E) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in
Inpp5e”” MEF 5SHTs-YFP and mCeru3-Lifeact between 0 and 2 hours in 0% FBS, or between
0-2, 2-4 and 4-6 hours of 10% FBS stimulation, related to Figure 3D. Color coding as in

panel above. (n=13, 5, 5, 7 cells; 2-3 experiments)
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(F) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in
Inpp5e*” MEF expressing SHTs-mCeru3 and alternative F-actin sensor, F-tractin-Citrine, at
respective time periods of 10% FBS stimulation, see (H) below. Color coding as in panel
above. (n=2, 4, 2 cells; 2 experiments)

(G) Percentage of cilia decapitation events with or without co-observed intraciliary F-actin in
Inpp5e*” MEF expressing Lifeact-mCeru3 and alternative ciliary membrane marker, Arl13b-
YFP, at respective time periods of 10% FBS stimulation, see (I) below. Color coding as in
panel above. (n=4, 4, 4 cells; 2 experiments)

(H) Time-lapse images of Inpp5e”” MEF expressing SHTs-mCeru3 and F-tractin-citrine between
Ohrs and 2hrs post-stimulation with 10% FBS, as in (F). White arrowheads indicate F-actin
assembly at site of cilia excision.

(I) Time-lapse images of InppSe”” MEF expressing Arl13b-YFP and Lifeact-mCeru3 between
4hrs and 6hrs post-stimulation with 10% FBS, as in (G). White arrowheads indicate F-actin
assembly at site of cilia excision.

(J) Time-lapse images of InppSe”” MEF expressing SHTs-mCeru3 and YFP-SNX9 between 4hrs
and 6hrs post-stimulation with 10% FBS. Arrowheads indicate SNX9 propagation from
proximal cilia to distal site of cilia excision.

(K) Correlation plot of SNX9 intraciliary position with position of excision, each expressed as
relative ratio of cilia length. Position of SNX9 was measured at estimated centroid position of
SNX9 foci just prior to excision. Linear regression is drawn in dashed line with Pearson
correlation coefficient R value indicated. (n=23 cells; 2 experiments)

Time in hr:min. Scale bars indicate Spm.
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Figure 4-10. Global proteomic profiling of conditioned culture media reveals

growth-stimulated extracellular release of IFT-B dependent on primary cilia.

(A) Venn diagram classification of proteins detected in conditioned culture media under indicated
conditions, with a threshold of false discovery rate=0.01. “10%/0.1% >10": 477 proteins with
mass spectrometry signal areas >10 fold higher in 10% FBS condition than in 0.1% FBS
condition, in WT mIMCD-3 (growth stimulation-dependent). “WT/Ift§§KO >10": 71
proteins with mass spectrometry signal areas >10 fold higher in WT mIMCD-3 than /f#88-KO
mIMCD-3, in 10% FBS condition (cilia-dependent). There is a 57-protein (purple) overlap,
i.e. both cilia- and growth stimulation- dependent.

(B) Classification of ciliary proteins amongst the 57 proteins highlighted in (A).

(C) Comparative analyses of proteins extracellularly released in cilia-dependent manner
(WT/Ift88KO). Mass spectrometry signal area ratios for respective proteins are represented as
logarithm to the base 2 (logy), and ranked in descending order of Z-scores. Only top 1.2% of
proteins with Z-scores higher than 2.25 are shown. The mean (p) log, ratios of area values is -
0.57, and standard deviation (o) is 1.87. Color coding as in (B).

(D) Z-score comparison between IFT-B and IFT-A components identified from proteomic
analysis, as in (C). Ift88 is excluded from IFT-B group, since a high WT/Ift88KO ratio would
occur with /ft§8-KO. Bars indicate mean of Z-scores. A Mann-Whitney U-test was performed
with p values indicated.

(E) Representative Western blot analyses in total cell lysates and conditioned culture media
pellets.

(F) Quantification of respective band signal intensities in (E). Data shown as mean + SEM. (n=3

experiments)
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Figure 4-11. Experimental scheme for ciliary vesicle proteomic profiling and

analyses of ciliary IFT distribution.

(A) Generation of [fi88KO mIMCD-3 cell line using CRISPR/CAS9-based genome editing
technique. The target sequence of guide-RNA (gRNA) used was placed on the minus strand
of the genome corresponding to the exon 3 of [ft88. Generated [ft88KO mIMCD-3 cell line
had bi-allelic frameshift insertion at the CAS9-cleaved site.

(B) Loss of Ift88 expression was verified using Western blot analysis with an anti-Ift88 antibody.

(C) Ac tub immunofluorescence revealed that /ft88KO mIMCD-3 cells lack primary cilia.

(D) Schematic illustrating the collection and processing of conditioned culture media under
indicated conditions. Culture media were first pelleted at low centrifugal force to remove
large cell debris, followed by higher centrifugal forces to concentrate smaller ciliary vesicles
and exosomes.

(E) Representative SDS-PAGE of 100k xg pelleted conditioned media under conditions
illustrated in (D), as visualized by SyproRuby staining.

(F) Actub/ytub and Ift81/Ift140 immunofluorescence of InppSe™” and Inpp5e”” MEF treated with
0% FBS or 10% FBS for 4 hours. Images within Ac tub/ytub and Ift81/Ift140 image panels in
each column group are scaled to same intensity range. Brackets indicate axoneme, while
arrows mark centrioles.

(G) Signal intensity measurements of Ift81 or Ift140 immunofluorescence in primary cilia (cilia -
vicinity background) under indicated conditions, as in (F). Data are represented as mean +
SEM. Two-tailed Student’s T-tests were performed with respect to each 0% FBS condition, p
values indicated. (n= 114, 118, 90, 88, 14, 113, 87, 79 cells for respective data from left to
right; 3 experiments)

(H) Schematic illustration of yellow Nano-lantern (YNL) knock-in into 3’-end of [ft§1 to

generate Ift81:YNL knock-in mIMCD-3 cell line.
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(I) Ift81-YNL co-localizes with Arl13b immunofluorescence in Ift81:YNL knock-in mIMCD-3
cell line.

(J) Western blot detection of YNL-tagged endogenous Ift81 (arrowhead) using anti-GFP
polyclonal antibody in total cell lysates or particle-enriched 100k-g culture media pellets of
WT or Ift81:YNL knock-in mIMCD-3 after a 24-hour stimulation with either 0.1% FBS or
10% FBS.

(K) Fluorescence images of Ift81-YNL with Arl13b and ytub immunofluorescence upon 4-hour
0.01% FBS or 10% FBS stimulation of Ift81: YNL knock-in mIMCD-3.

(L) Schematic illustration of cilia length compartmentalization used for ciliary Ift81 analyses in
(M)-(0O). For each primary cilium, YNL fluorescence intensities along cilia length was first
obtained using a line scan spanning from base to tip of cilium (middle), and total fluorescence
intensity within each compartment was derived via signal integration (bottom).

(M)Quantification of mean Ift81-YNL fluorescence intensities along cilia length of primary cilia
subjected to 4-hour stimulation with 0.01% FBS or 10% FBS. (n = 60 for 0.01% FBS; n =53
for 10% FBS)

(N) Quantification of total Ift81-YNL fluorescence signals of primary cilia subjected to 4-hour
stimulation of either 0.01% FBS or 10% FBS. Total Ift8§1-YNL Ievel in each cilium was
calculated via integration of fluorescence signals across all compartments described in (L).
Data are shown as median £+ quartile (box) and 90 percentile (bars). Mann-Whitney U-test
was performed with p values indicated. (n = 60 for 0.01% FBS; n = 53 for 10% FBS)

(O) Quantification of mean Ift81-YNL fluorescence signal distribution along cilia length,
expressed as a percentage of total Ift81-YNL fluorescence signals as in (N).

Scale bars indicate 10pm in (C), 2 pm in (F), Sum in (I) and 1 pm in (K).
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Figure 4-12. Inhibition of cilia decapitation suppresses growth-stimulated cilia

disassembly.

(A) Schematic illustrating the time points when respective cilia lengths, indicated by double-
headed arrows, were measured over a 3-hour live imaging period. Color coding for arrows
applies to (B) and (C).

(B) Quantification of Inpp5e"” MEF cilia lengths over 3-hour imaging period. Cilia are classified
according to occurrence of cilia decapitation, and cilia lengths are given as a ratio to cilia
length at T=0. Only a single cell was available for analysis under the category of “Decap+;
10% FBS TP4(WT)” due to high efficacy of SHTs-YFP-TB4(WT) in inhibiting cilia
decapitation. “0” indicates complete disassembly. Data in left and middle panels were derived
from data in Figure 1D. (n=26,11,19,22,9,1 cells; 1-5 experiments)

(C) Quantification of InppSe”” MEF cilia lengths over 3-hour imaging period, with similar data
representation as in (B). Data in left and middle panels were derived from data in Figure 1D.
(n=8,16,8,20,11,3 cells; 2-5 experiments)

(D) Live fluorescence images of Inpp5e”” MEF under indicated conditions at 0 and 20 hours of
10% FBS stimulation. Arrows mark cilia.

(E) Quantification of % cells possessing primary cilia, as in (D). (n=167, 182, 162, 157, 153, 164,
176, 131, 139 cells from left to right; 3 experiments)

(F) Live fluorescence images of Inpp5e”” MEF under indicated conditions at 0 and 20 hours of
10% FBS stimulation. Arrows mark cilia.

(G) Quantification of % cells possessing primary cilia, as in (F). (n=165, 155, 112, 156, 107, 123,
14, 136, 144 cells from left to right; 3 experiments)

Data shown as mean £ SEM; Student’s T-tests were performed with p values indicated. In (B-C),

Student’s T-tests were performed on absolute cilia lengths. Scale bars: Sum.
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Figure 4-13. Cilia decapitation occurs in Go and regulates G1 phase entry.

(A) Representative time-lapse images of prompt G; entry that occurs with cilia decapitation in
Inpp5e*” MEF expressing SHTs-mCeru3. Venus-p27K~ was abruptly degraded at
approximately 5 hours post-FBS stimulation, and rapid mCherry-hCdt1(30/120) depletion
ensued by approximately 8 hours post-growth stimulation, indicating transit into G; and S
phase respectively. Images of each panel are scaled to same intensity range.

(B) Quantification of basal-normalized nuclear Venus-p27K-/mCherry-hCdtl ratio (pseudo-
colored in (A)) over 10 hours. Upper panel: plot for cell in (A). Red diamonds indicate cilia
decapitation time points. Open circle marks beginning of mCherry-hCdt1(30/120)
degradation. Lower panel: plot for all 15 cells that were determined for quiescence exit within
the 10-hour period (i.e. these cells demonstrated a sharp decrease in Venus-p27K™ at some
point). Cilia decapitation events not denoted here; refer to Figure S6A for individual plots.
Open circle marks beginning of mCherry-hCdt1(30/120) degradation. Crosses mark end of
imaging period.

(C) Representative time-lapse images of prolonged G; entry that occurs with suppressed cilia
decapitation in InppSe”” MEF expressing SHTs-mceru3-Tp4(WT). Note gradual Venus-
p27K" degradation which indicates delayed G; entry. Images of each panel are scaled to same
intensity range.

(D) Quantification of basal-normalized nuclear Venus-p27K/mCherry-hCdtl ratio (pseudo-
colored in (C)) over 10 hours. Upper panel: plot for cell in (C). No cilia decapitation was
observed over the 10-hour imaging period. Lower panel: plot for all 4 cells that were
determined to exit quiescence; refer to Figure S6D for individual plots.

(E) Quantification of time duration to reach Go-G; transit mid-point, derived from time points

when basal-normalized p27K/hCdt1=0.5. Only cells that reached ratio value <0.5 by 10
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hours were considered here. Data shown as mean + SEM. Student’s T-tests were performed
with p values indicated. (n=2, 15, 4, 2 cells; 3-7 experiments)

Time in hr:min. Scale bars: 10um.
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Time-lapse measurements of nuclear Venus-p27K/mCherry-hCdt1(30/120) signal intensity ratios

in:

(A) Decap+ InppSe"” MEF expressing SHTs-mCeru3;

(B) Decap- InppSe*” MEF expressing SHTs-mCeru3;

(C) Decap+ InppSe™” MEF expressing SHTs-mCeru3-Tp4(WT);
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(D) Decap- InppSe” MEF expressing SHTs-mCeru3-Tp4(WT).

Horizontal axes indicate time (min); vertical axes indicate basal normalized ratios of Venus-
p27K/mCherry-hCdtl. Black dashed lines indicate arbitrary Go-G; transit mid-point. Red
diamonds mark time points of cilia decapitation events. Open circles indicate beginning of
mCherry-hCdt1(30/120) signal decrease (signifying start of S-phase transit). Crosses indicate end
of imaging period. Responses plotted in grey were cells which maintained ratio values >0.5
throughout the 10-hour imaging period (these cells did not demonstrate a sharp decrease in
Venus-p27K" i.e. not determined for quiescence exit), and were excluded from time

measurements in Figure 4-13E.
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Figure 4-15. Growth-induced Gli activation is dependent on cilia decapitation.

(A) Representative fluorescence images of NIH/3T3: 8xGBS-GFP reporter line under indicated
conditions. GFP fluorescence intensities of the same column group are scaled to the same
intensity ranges indicated above each group.

(B) GFP fluorescence intensity measurements, as in (A). (n= 70, 89, 72, 64, 73, 70, 61, 77, 61,
39, 56 and 59 cells from left to right; 4 experiments)

(C) Cilia length measurements in response to indicated stimuli and cilia-targeted probes; data
derived from same experiments in (B).

(D) Representative fluorescence images of NIH/3T3: 8xGBS-GFP reporter line at 8 hours under
indicated conditions. GFP fluorescence intensities are scaled to the same intensity range.

(E) GFP fluorescence intensity measurements, as in (D). (n= 39, 54, 48, 49, 43 and 44 cells from
left to right; 3 experiments)

(F) y-tub and Smoothened (Smo) immunofluorescence on NIH/3T3: 8xGBS-GFP reporter line
upon 8 hours with indicated conditions. Insets are magnifications of dotted regions. Arrows
indicate centrioles. Red bracket indicates ciliary Smo signals.

(G) Scoring % cells with ciliary Smo signals, as in (F). (n=249, 206, 239 cells from left to right; 3
experiments)

(H) Quantitative real-time PCR assay for Ptchl and Glil gene expression performed on NIH/3T3
post-stimulation with 10% FBS. An 8-hour 200nM SAG positive control for Smo-dependent
Hedgehog signaling activation was included. Ubc was used to normalize Ptchl and Glil
transcript levels. Data shown as mean + SD; one-way ANOVA were performed to compare
0-hour 10% FBS samples with all other samples. ** p< 0.01; **** p< 0.0001 (n= 8
experiments)

(I) Summary model of cilia decapitation during quiescence exit. (Left panel) Two meshing gears

represent the mutual dependency between cell division cycle and primary cilium life cycle.
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As known, growth induction (counterclockwise rotation of the bottom gear) promotes cilia
disassembly (clockwise rotation of the top gear). The present study characterizes cilia
decapitation as one of the key gear teeth enmeshing the two biological cycles. Cilia
decapitation stimulates disassembly of cilia, and also modulates cell proliferation by inducing
G entry. (Right panel) Growth-stimulated cilia decapitation occurs through four major steps:
(1) InppSe re-localization (2) PI(4,5)P, elevation (3) Actin polymerization (4) Cilia tip
excision.

In (B), (C), (E), (G), data are shown as mean + SEM; Student’s T-tests were performed between

indicated sample pairs (horizontal p values), or with respect to each SHTs-tagRFP condition

(vertical p values). Scale bars indicate Spum in (A) and (D), 20um and 2um in (F) and (F) insets

respectively.
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Table 4-1. List of protein candidates detected twice or more in at least one

experimental condition, Related to Figures 4-10A and B.

Green, IFT-B components including related motor proteins; orange, IFT-A components; yellow,

hedgehog signaling proteins; cyan, known ciliary proteins. Only the 57 proteins highlighted in

Figure 4A are presented here. For a complete list of proteins, please refer to (Phua et al., 2017).

Times Detected Ratio of
Average Peak
Area
Protein Protein Name WT Ift88KO WT WT_10/ | WT_10/
D 10%FBS | 10%FBS | 0.1%FBS | KO_10 | WT_0.1
(WT_10) | (KO_10) | (WT_0.1)
P15247 Interleukin-9 OS=Mus musculus 2 0 0 195.40 331.77
GN=I19 PE=1 SV=1 - [IL9 MOUSE]
Q5SYDO | Unconventional myosin-Id OS=Mus 2 2 0 178.43 7187.72
musculus GN=Myold PE=1 SV=I -
[MYOID MOUSE]

A6X935 Inter alpha-trypsin inhibitor, heavy 4 0 0 95.30 161.80
chain 4 OS=Mus musculus GN=Itih4
PE=1 SV=2 - [ITTH4 MOUSE]

Q61838 Alpha-2-macroglobulin OS=Mus 2 0 0 80.31 136.35

musculus GN=A2m PE=1 SV=3 -
[A2M MOUSE]
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Q3TYG6 | Protein FAM179A OS=Mus musculus | 3 0 0 71.69 121.71
GN=Fam179a PE=2 SV=1 -
[F179A MOUSE]

070503 Estradiol 17-beta-dehydrogenase 12 3 0 0 69.12 117.36
OS=Mus musculus GN=Hsd17b12
PE=2 SV=1 - [DHB12 MOUSE]
P54775 268 protease regulatory subunit 6B 3 0 0 68.27 115.91
0OS=Mus musculus GN=Psmc4 PE=1
SV=2 - [PRS6B MOUSE]

P48722 Heat shock 70 kDa protein 4L 3 0 0 65.57 111.32
OS=Mus musculus GN=Hspa4l PE=1
SV=2 - [HS74L MOUSE]

Q61602 Transcriptional activator GLI3 7 0 0 60.28 102.35
OS=Mus musculus GN=Gli3 PE=1
SV=2 - [GLI3_MOUSE]

Q9Z0P7 Suppressor of fused homolog
OS=Mus musculus GN=Sufu PE=1
SV=1 - [SUFU MOUSE]

Q9QUIJ7 | Long-chain-fatty-acid--CoA ligase 4
OS=Mus musculus GN=Acsl4 PE=2

Q8CGC6 | RNA-binding protein 28 OS=Mus 2 0 0 34.29 58.22
musculus GN=Rbm28 PE=1 SV=4 -
[RBM28 MOUSE]

Q80YV3 | Transformation/transcription domain- | 2 0 0 33.88 57.53
associated protein OS=Mus musculus
GN=Trrap PE=1 SV=2 -
[TRRAP_MOUSE]
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P54227

Stathmin OS=Mus musculus
GN=Stmnl PE=1 SV=2 -
[STMNI MOUSE]

29.57

50.20

088379

Bromodomain adjacent to zinc finger
domain protein 1A OS=Mus musculus
GN=Bazla PE=1 SV=3 -

[BAZ1A_MOUSE]

28.43

48.27

Q8CFI7

QY1VH2

DNA-directed RNA polymerase II
subunit RPB2 OS=Mus musculus
GN=Polr2b PE=2 SV=2 -

[RPB2 MOUSE]

Sorting nexin-9 OS=Mus musculus
GN=Snx9 PE=1 SV=I -
[SNX9 MOUSE]

26.40

23.55

44.82

39.99

QIWV60

Glycogen synthase kinase-3 beta
0OS=Mus musculus GN=Gsk3b PE=1
SV=2 - [GSK3B_MOUSE]

22.13

37.57

QYD2R0

Acetoacetyl-CoA synthetase OS=Mus
musculus GN=Aacs PE=2 SV=I -
[AACS MOUSE]

22.12

37.56

Q80X41

Serine/threonine-protein kinase VRK1
OS=Mus musculus GN=Vrkl PE=1
SV=2 - [VRK1 MOUSE]

21.88

37.14

Q8R5K4

P00375

Nucleolar protein 6 OS=Mus
musculus GN=Nol6 PE=2 SV=2 -
[NOL6 MOUSE]

Dihydrofolate reductase OS=Mus
musculus GN=Dhfr PE=1 SV=3 -

[DYR MOUSE]

20.51

19.79

34.83

33.60

QYDBS5

Ribosomal RNA-processing protein 8
OS=Mus musculus GN=Rrp8 PE=1
SV=I1 - [RRP§_MOUSE]

19.09

32.40

Q80X82

Q64282

Symplekin OS=Mus musculus
GN=Sympk PE=1 SV=1 -
[SYMPK MOUSE]

Interferon-induced protein with
tetratricopeptide repeats 1 OS=Mus
musculus GN=Ifit] PE=1 SV=2 -

[IFIT1_MOUSE]

18.62

31.62

P30285 Cyclin-dependent kinase 4 OS=Mus 16.61 28.20
musculus GN=Cdk4 PE=1 SV=1 -
[CDK4 MOUSE]

Q9EP97 Sentrin-specific protease 3 OS=Mus 15.09 25.61
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musculus GN=Senp3 PE=1 SV=1 -
[SENP3 MOUSE]

Q5SSW2 | Proteasome activator complex subunit | 3 0 0 14.38 24.42
4 OS=Mus musculus GN=Psme4
PE=1 SV=1 - [PSME4 MOUSE]

QI9DIMO | Protein SEC13 homolog OS=Mus 4 3 1 13.90 291.65
musculus GN=Sec13 PE=2 SV=3 -
[SEC13 MOUSE]

G5ES870 E3 ubiquitin-protein ligase TRIP12
OS=Mus musculus GN=Trip12 PE=1
SV=I - [TRIPC_ MOUSE]

Q99LL5 Periodic tryptophan protein 1 2 1 0 11.84 62.32
homolog OS=Mus musculus
GN=Pwpl PE=1 SV=1 -
[PWP1 _MOUSE]

P42225 Signal transducer and activator of 3 1 0 11.36 54.39
transcription 1 OS=Mus musculus
GN=Statl PE=1 SV=1 -

[STAT1 MOUSE]
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Table 4-2. List of protein candidates detected twice or more in growth-stimulated
WT or Ift88-KO mIMCD-3 conditioned culture media, Related to Figures 4-10 C

and D.

Proteins were ranked according to Logy[ WT/Ifi88KO] and corresponding Z-scores. Color coding
as in Table 4-1. Only protein hits with Z-scores >1.960 are presented here. For a complete list of

proteins, please refer to (Phua et al., 2017).

Average Ratios
Peak Area
Protein Protein Name WT Ift88KO | WT/Ift88KO | Log: Z-
ID 10%FBS | 10%FBS score
P15247 Interleukin-9 OS=Mus musculus 2.4E7 1.2E5 195.4 7.61 | 437
GN=I19 PE=1 SV=1 - [IL9 MOUSE]
Q5SYDO | Unconventional myosin-Id OS=Mus 5.1E8 2.9E6 178.4 7.48 | 4.30
musculus GN=Myold PE=1 SV=I -
[MYOID MOUSE]

A6X935 Inter alpha-trypsin inhibitor, heavy
chain 4 OS=Mus musculus GN=Itih4
PE=1 SV=2 - [ITIH4 MOUSE]

Q61838 Alpha-2-macroglobulin OS=Mus 9.7E6 1.2E5 80.3 633 | 3.68
musculus GN=A2m PE=1 SV=3 -

[A2M MOUSE]
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Q3TYG6

Protein FAM179A OS=Mus musculus
GN=Faml79a PE=2 SV=1 -
[F179A MOUSE]

8.7E6

1.2E5

71.7

6.16

3.60

070503

Estradiol 17-beta-dehydrogenase 12
OS=Mus musculus GN=Hsd17b12
PE=2 SV=1 - [DHB12 MOUSE]

8.3E6

1.2E5

69.1

3.57

P54775

268 protease regulatory subunit 6B
OS=Mus musculus GN=Psmc4 PE=1
SV=2 - [PRS6B_MOUSE]

8.2E6

1.2E5

68.3

6.09

3.56

P48722

Q61602

Heat shock 70 kDa protein 4L OS=Mus
musculus GN=Hspa4l PE=1 SV=2 -
[HS74L MOUSE]

Transcriptional activator GLI3
OS=Mus musculus GN=Gli3 PE=1
SV=2 - [GLI3 MOUSE]

7.9E6

7.3E6

1.2E5

1.2E5

65.6

60.3

6.03

3.53

3.46

Q9Z0P7 Suppressor of fused homolog OS=Mus | 6.6E6 1.2E5 54.5 5.77 | 3.39
musculus GN=Sufu PE=1 SV=1 -
[SUFU_MOUSE]

Q9Z2N8 | Actin-like protein 6A OS=Mus 6.5E6 1.2E5 53.6 5.74 | 3.37

Q9WUL7

QoQUJ7

musculus GN=Actl6a PE=1 SV=2 -
[ACL6A MOUSE]

ADP-ribosylation factor-like protein 3
OS=Mus musculus GN=Arl3 PE=1
SV=I1 - [ARL3 MOUSE

Long-chain-fatty-acid--CoA ligase 4
OS=Mus musculus GN=Acsl4 PE=2
SV=2 - [ACSL4 MOUSE

5.4E6

1.2E5

44.9

5.49

3.24

associated protein OS=Mus musculus
GN=Trrap PE=1 SV=2 -
[TRRAP_MOUSE]
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Q8CGC6 | RNA-binding protein 28 OS=Mus 4.1E6 1.2E5 343 5.10 | 3.03
musculus GN=Rbm28 PE=1 SV=4 -
[RBM28 MOUSE]

Q80YV3 | Transformation/transcription domain- 4.1E6 1.2E5 33.9 5.08 | 3.02




Q8R143

Q80UG5

Pituitary tumor-transforming gene 1
protein-interacting protein OS=Mus
musculus GN=Pttglip PE=1 SV=1 -
[PTTG MOUSE]

Septin-9 OS=Mus musculus GN=Sept9
PE=1 SV=1 - [SEPT9 MOUSE]

3.8E6

3.6E6

1.2E5

1.2E5

31.6

30.0

4.98

491

2.97

2.93

P54227

Stathmin OS=Mus musculus
GN=Stmnl PE=1 SV=2 -
[STMNI MOUSE]

3.6E6

1.2E5

29.6

4.89

291

088379

Bromodomain adjacent to zinc finger
domain protein 1A OS=Mus musculus
GN=Bazla PE=1 SV=3 -

[BAZ1A MOUSE]

3.4E6

1.2E5

284

4.83

2.88

QIWUK2

Eukaryotic translation initiation factor
4H OS=Mus musculus GN=Eif4h
PE=1 SV=3 - [IF4H_MOUSE]

3.3E6

1.2E5

27.7

4.79

2.86

Q8CFI7

QY1VH2

DNA-directed RNA polymerase II
subunit RPB2 OS=Mus musculus
GN=Polr2b PE=2 SV=2 -

[RPB2 MOUSE]

Sorting nexin-9 OS=Mus musculus
GN=Snx9 PE=1 SV=1 -
[SNX9 MOUSE]

3.2E6

2.8E6

1.2E5

1.2E5

26.4

23.6

4.72

4.56

2.83

2.74

P01887

Beta-2-microglobulin OS=Mus
musculus GN=B2m PE=1 SV=2 -
[B2MG_MOUSE]

2.8E6

1.2E5

235

4.56

2.74

QIWV60

Glycogen synthase kinase-3 beta
OS=Mus musculus GN=Gsk3b PE=1
SV=2 - [GSK3B MOUSE]

2.7E6

1.2E5

22.1

4.47

2.69

QYD2R0

Acetoacetyl-CoA synthetase OS=Mus
musculus GN=Aacs PE=2 SV=1 -
[AACS MOUSE]

2.7E6

1.2E5

22.1

4.47

2.69

Q80X41

Serine/threonine-protein kinase VRK1
OS=Mus musculus GN=Vrkl PE=1
SV=2 - [VRK1 MOUSE]

2.6E6

1.2E5

21.9

4.45

2.68

Q8R5K4

P00375

Nucleolar protein 6 OS=Mus musculus
GN=Nol6 PE=2 SV=2 -
[NOL6 MOUSE]

Dihydrofolate reductase OS=Mus
musculus GN=Dhfr PE=1 SV=3 -
[DYR_MOUSE]

2.5E6

2.4E6

1.2E5

1.2E5

20.5

19.8

436

431

2.63

2.61

QYR118

Serine protease HTRA1 OS=Mus
musculus GN=Htral PE=1 SV=2 -
[HTRA1 MOUSE]

2.3E6

1.2E5

19.1

4.26

2.58

Q9DBS85

Ribosomal RNA-processing protein 8
OS=Mus musculus GN=Rrp8 PE=1
SV=I1 - [RRP§ MOUSE]

2.3E6

1.2E5

19.1

425

2.58
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Q61249

Immunoglobulin-binding protein 1
OS=Mus musculus GN=Igbp1 PE=1
SV=1 - [IGBP1 _MOUSE]

2.3E6

1.2E5

18.8

2.57

Q80X82

Q64282

Symplekin OS=Mus musculus
GN=Sympk PE=1 SV=1 -
[SYMPK_MOUSE]

Interferon-induced protein with
tetratricopeptide repeats 1 OS=Mus
musculus GN=Ifit] PE=1 SV=2 -
[IFIT]_MOUSE]

2.2E6

1.2E5

1.2E5

18.6

17.9

4.16

2.56

2.53

P62627

Dynein light chain roadblock-type 1
OS=Mus musculus GN=Dynlrb1 PE=1
SV=3 - [DLRB1_MOUSE]

2.1E6

1.2E5

17.5

4.13

2.51

P30285

Cyclin-dependent kinase 4 OS=Mus
musculus GN=Cdk4 PE=1 SV=1 -

[CDK4 MOUSE]

2.0E6

1.2E5

16.6

QOEP97

Q5SSW2

Sentrin-specific protease 3 OS=Mus
musculus GN=Senp3 PE=1 SV=1 -
[SENP3 MOUSE]

Proteasome activator complex subunit 4
OS=Mus musculus GN=Psme4 PE=1
SV=1 - [PSME4 MOUSE]

1.8E6

1.7E6

1.2E5

1.2E5

15.1

14.4

3.92

3.85

2.36

QYDIMO

Protein SEC13 homolog OS=Mus
musculus GN=Sec13 PE=2 SV=3 -
[SEC13 MOUSE]

1.3E8

9.2E6

13.9

3.80

2.33

070591

G5E870

Prefoldin subunit 2 OS=Mus musculus
GN=Pfdn2 PE=2 SV=2 -

[PFD2 MOUSE]

E3 ubiquitin-protein ligase TRIP12
OS=Mus musculus GN=Trip12 PE=1
SV=I1 - [TRIPC_MOUSE]

1.6E6

1.5E6

1.2E5

1.2E5

135

12.5

3.75

3.64

231

Q99LL5

Periodic tryptophan protein 1 homolog
OS=Mus musculus GN=Pwpl PE=1
Sv=I - [PWP1_MOUSE]

4.4E6

3.7E5

11.8

3.57

P42225

Signal transducer and activator of
transcription 1 OS=Mus musculus
GN=Statl PE=1 SV=1 -

[STAT1 MOUSE]

3.9E6

3.4E5

11.4

3.51

2.18

QYCX86

Heterogeneous nuclear
ribonucleoprotein A0 OS=Mus
musculus GN=Hnrnpa0 PE=1 SV=1 -
[ROAO0_MOUSE]

6.0E6

5.6E5

10.6

3.41

2.12

Q8VE37

Regulator of chromosome condensation
OS=Mus musculus GN=Rccl PE=1
SV=I - [RCC1 MOUSE]

1.2E6

1.2E5

103

3.36

2.10

Q06335

Amyloid-like protein 2 OS=Mus
musculus GN=Aplp2 PE=1 SV=4 -
[APLP2 MOUSE]

1.2E6

1.2E5

3.26

QIWV70

Nucleolar complex protein 2 homolog
OS=Mus musculus GN=Noc2] PE=1
SV=2 - [NOC2L_MOUSE]

1.2E6

1.2E5

3.26

2.04
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P54276 DNA mismatch repair protein Msh6 4.1E6 4.5E5 9.0 3.18 | 2.00
OS=Mus musculus GN=Msh6 PE=1
SV=3 - [MSH6 MOUSE]

P21995 Embigin OS=Mus musculus GN=Emb 1.1E6 1.2ES 9.0 3.17 | 2.00

PE=1 SV=2 - [EMB_MOUSE]
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Chapter 5 Overall Conclusion and Outlook

By designing and building molecular tools to visualize and manipulate signaling in primary cilia,
we have achieved both technological and mechanistic advancements in cilia biology. The
molecular strategies used in these studies are relevant to a broad, interdisciplinary audience in the
fields of cell and developmental biology, genetics, and technology development. Targeting
various probes to the ciliary membrane has been an effective strategy to actuate specific
properties in primary cilia e.g. phosphoinositide metabolism and actin polymerization. This could
be attributed to the femto-scale volume of the primary cilia which allow a few number of
molecules achieve a high local concentration. Hence, it is possible to extend this strategy to other

signaling modules in primary cilia, or even other organelles in the cell.

We have elucidated pivotal roles of PI(4,5)P; in dictating the function and structure identity
of primary cilia. By recruiting Inpp5e as a rheostat, primary cilia tune the dynamics of
phosphoinositides to perform unique functions (Garcia-Gonzalo et al., 2015; Phua et al., 2017). In
contrast with most organelles whose identities depend on the presence of certain
phosphoinositides to recruit organelle-specific proteins or modulate specific organellar protein
function (Shewan et al., 2011), primary cilia entail a strict depletion of PI(4,5)P; in the ciliary
membrane. The absence of PI(4,5)P, empowers primary cilia with an identity distinct from the
surrounding plasma membrane, thereby ensuring a proper ciliary distribution of signaling proteins

and cilia stability.

InppSe also neatly connects ciliary signaling with cell cycle progression through
phosphoinositides and extracellular vesicles (Phua et al., 2017). Recently, InppSe has been
reported to suppress mTOR-dependent cystogenesis in the kidney through the inhibition of
PI(3,4,5)P; (Hakim et al., 2016). Interestingly, we have also determined a role of Inpp5e in

suppressing cilia decapitation which could regulate mTOR-dependent Glil activation and
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quiescence exit (Phua et al., 2017). The related conclusions from these works suggest that renal
cystogenesis may entail extracellular vesicle signaling, and this is corroborated by the observation
of increased urinary exosome formation in certain forms of polycystic kidney disease (Hogan et
al., 2009). The same signaling pathway could also be involved in tumorigenesis since elevated
PI3K and PI(3,4,5)P; are well-defined indicators of cancers (Bunney and Katan, 2010). On the
other hand, it is pertinent to determine how cancerous cells may alter the membrane lipid
composition and the function of primary cilia to promote survival and proliferative signaling.
Therefore, phosphoinositide metabolism in primary cilia has far-reaching consequences on cell
function, and it is imperative to understand the roles of other cilia-associated lipid kinases and

phosphatases such as OCRL.

The launch of genetically-encoded cilia-targeted calcium indicators allows us to visualize
Ca”*signals in the cilia for the first time (Su et al., 2013). The next step is to understand how the
TRP channels in cilia function, such as the nature of the channel gating stimuli. Unfortunately,
progress in this area has been afflicted with contradictory reports. While many reports have
commonly propose primary cilia mechano-transduction of fluid flow through Ca®" signals,
Delling et al. recently reported an absence of ciliary Ca*" signals in a variety of cellular systems,
including dissected kidney tubules and embryonic node ex vivo culture, upon fluid flow induction
(Delling et al., 2016). However, interpretation of ciliary Ca®* signals requires much precaution.
The small volume of the primary cilia makes it especially susceptible to poor signal-to-noise
ratios; it is thus challenging to detect reliable intraciliary Ca?* signals which can be very acute and
transient in nature. In addition, the proximal ciliary base permits Ca** ions to diffuse freely from
cytosol into cilia (Delling et al., 2013; Lin et al., 2013), and it is pertinent to dissect and resolve
ciliary membrane Ca®* influx from cytosolic Ca®* propagation, albeit both could perform
meaningful functions in primary cilia. Moreover, many proposed functions of ciliary TRP

channels occur in the context of embryonic development which may not be sufficiently
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recapitulated using in vitro cultures. In conclusion, it would be the most ideal to visualize ciliary
Ca* dynamics in vivo, as primary cilia movement dynamics in live intact kidney has already been

visualized (O’Connor et al., 2013).

To ascertain the significance of ciliary Ca®" signals, one strategy is to determine the factors
that can regulate it. Using the cilia-targeted Ca*" indicators we developed, we determined initial
results that the basal [Ca®'] in InppSe”” MEF primary cilia could be higher than that of Inpp5e™”
MEF (Figure 5-1). This suggests that augmented PI(4,5)P, (and/or lower PI(4)P) in ciliary
membrane could increase the open probability of TRP channels in cilia. PI(4,5)P, is an
established regulator of the TRP channels through indirect and direct mechanisms (Rohacs,
2009). By acting as a substrate of phospholipase C-p/y, PI(4,5)P, is broken down into IP; and
DAG, which regulates the canonical sub-family of TRP channels including TRPC1 (Abramowitz
et al., 2007; Shi et al., 2014). Direct binding of TRPC1 and TRPV4 with PI(4,5)P, induces
conformational changes that prime them for channel opening (Garcia-Elias et al., 2013; Shi et al.,
2014). In contrast, Ma et al. reported that TRPP2 is inhibited by high levels of PI(4,5)P; in the
membrane (Ma et al., 2005). It is plausible that the ciliary membrane density of PI(4,5)P> could
modulate TRP channel function in primary cilia. To further pursue this direction, we propose to
knock down specific TRP channel expression in /npp5e” MEF and measure the resultant ciliary

[Ca®"].

Furthermore, we determined a role of Inpp5Se in regulating the localization of calmodulin
(CaM). CaM interacts with pericentriolar proteins and localizes around the centrosome (Moisoi et
al., 2002; Willingham et al., 1983). Whereas over-expressed CaM often displays pericentriolar
localization in Inpp5e™ MEF, we found that a complete loss of Inpp5e significantly reduces the
occurrence of this localization (Figure 5-1). It is tempting to speculate that the higher basal
ciliary [Ca®'] in Inpp5e” cells could deliver Ca®" ions to the ciliary base and regulate the binding

of CaM with pericentriolar proteins. Nonetheless, more work is needed to concretely form a link
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between these results, such as expressing cilia-targeted PIPK/Inp54p to directly test the
involvement of ciliary PI(4,5)P./PI(4)P. Importantly, several proteins associated with primary
cilia are regulated by Ca?"/ CaM action. The proximal segment of primary cilium is organized by
a highly conserved protein known as inversin (Shiba et al., 2009). Loss of function of inversin is
associated with left-right determination defects and renal cysts (Otto et al., 2003). Interestingly,
inversin contains two 1Q domains (IQ1 and 1Q2). In vitro studies have not only demonstrated
direct CaM binding by these IQ domains, but also revealed that CaM-binding with IQ2 domain is
negatively regulated by Ca?* (Yasuhiko et al., 2001). Since CaM has also been reported in
primary cilia of several cell types (Eley et al., 2004; Otto et al., 2005; Shiba et al., 2009), one
could speculate that the InppSe-dependent changes in CaM pericentriolar localization could
regulate inversin-CaM interaction within the primary cilia. Moreover, several ciliary TRP
channels possess CaM interaction sites which modulate channel activity (Singh et al., 2002;
Strotmann et al., 2003). Deciphering the functional interaction between inversin, CaM and ciliary
TRP channels could reveal their role in mediating embryonic patterning and kidney
morphogenesis. Moreover, the master controller of cilia disassembly, Aurora A kinase, localizes
at the centrosome and exhibits Ca?"/CaM-dependent activity (Plotnikova et al., 2012). There is
hence likelihood that ciliary Ca®* dynamics is involved in cilia stability. These results encourage
future studies of how the ciliary [Ca*"] regulates the localization and activities of these ciliary

effectors.

Extracellular vesicles could represent a common modus operandi for cilia-localized
developmental signaling pathways, and could potentially explain why they are housed within the
primary cilia. Hedgehog, Wnt and Notch are principal morphogens sensed by primary cilia which
are released externally in the form of exosomes (Gross et al., 2012; Panakova et al., 2005;
Sheldon et al., 2010). The reason why these morphogens are tethered on vesicles are not well

understood, but one reason could be that the additional ligands presented on the surface of these
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vesicles could act as co-modulators in these morphogen signaling pathways (Vyas et al., 2014).
Regardless, primary cilia could possess specialized features which promote the detection of these
morphogen-loaded extracellular vesicles. Structurally, the projection of primary cilia away from
the planar cell surface provides a higher surface area and hence probability for encountering these
vesicles (see Section 1.2). There could also be adhesive proteins on the surface of ciliary
membrane that bind with these vesicles. Indeed, cilia-cilia contacts have been observed in kidney
cells through a glycoprotein-dependent mechanism (Ott et al., 2012). In Chapter 4, we revealed
that primary cilia could be a source of extracellular vesicles through growth-stimulated cilia
decapitation (Phua et al., 2017). Signaling proteins such as Hedgehog regulators were detected
within the resultant ciliary vesicles, and it would be interesting to assess the effect on cells which
internalize these vesicles. This prospect is supported by our observation that the MEF ciliary
vesicles tend to be sticky and associate with the cell surface upon release. Since cilia decapitation
is a growth signal-dependent process, it is also worth to see if growth factor receptors can be
detected in the ciliary vesicles. Accordingly, another group has recently proposed ciliary vesicle
release as a specialized outlet for activated ciliary GPCRs (Nager et al.,, 2017). Moreover,
polycystic kidney disease is associated with an exaggerated occurrence of urinary exosomes
which tend to associate with the kidney primary cilia (Hogan et al., 2009). These exosomes are
found to be enriched with PKD2 proteins, which suggest that they could be originally released
from the primary cilia. Overall, primary cilia could dually serve as a transmitter and receiver of
extracellular vesicles that are crucial for the proper execution of developmental signaling
pathways (Wood and Rosenbaum, 2015). This function could be reinforced by the presence of a
sophisticated intraflagellar transport system in primary cilia which may be exploited to customize

the contents of ciliary vesicles (Mourdo et al., 2016).

In conclusion, primary cilia exemplify a perfect model to study the cause and effect of

spatiotemporal signaling. The novel principles of ciliary signaling we discovered through these
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series of studies construct a solid ground for understanding the role of primary cilia in vertebrate

development, as well as the disorders caused by sensory defects of the cellular antennae.
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Figure 5-1. Effect of InppSe on basal cellular and ciliary [Ca2+] and pericentriolar

localization of calmodulin.

(A)

(B)

©

(D)

(E)

(F)

Representative live fluorescence images of quiescent InppSe” and InppSe” MEF
expressing GFP-R GECO 1.0 for measurement of cytosolic [Ca®>"] based on RFP
fluorescence intensity (see Chapter 3). Images of each wavelength are scaled to the same
intensity range.

Comparison of relative cytosolic [Ca>'] in quiescent InppSe™” and Inpp5e”” MEF based on
R GECO 1.0 inensity/ GFP ineensity. The cytosolic calcium indicator revealed that the basal
cytosolic [Ca®'] in these cells are comparable. (n= 15, 17 from left to right; 2-3
experiments).

Representative live fluorescence images of quiescent InppSe” and InppSe” MEF
expressing SHT¢-mCherry-G GECO 1.0 for measurement of ciliary [Ca®'] based on GFP
fluorescence intensity (see Chapter 3). Arrowheads mark cilia. Images of each wavelength
are scaled to the same intensity range.

Comparison of relative ciliary [Ca?'] in quiescent InppSe™ and InppSe”” MEF based on G
GECO 1.0 intensity/ GFP ineensity- The cilia-targeted calcium indicator revealed that the basal
ciliary [Ca®'] in Inpp5e”” MEF is significantly higher than that in InppS5e™ MEF. (n= 65, 63
from left to right; 2-3 experiments)

Representative live fluorescence images of quiescent InppSe” and Inpp5e” MEF
expressing SHTe-mCeru3 and Venus-calmodulin (CaM). Arrowheads mark the
pericentriolar region.

Quantification of percentage of quiescent ImppSe” and InppSe” MEF displaying
pericentriolar localization of Venus-CaM. Complete loss of Inpp5e reduces the occurrence

of calmodulin pericentriolar localization. (n= 62, 69 from left to right; 2-3 experiments)
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2007-2008 Lal? of Peter R. Preiser, Nanyang Technological
University

2005-2007 Lab of Jackie Y. Ying, Institute of Bioengineering &
Nanotechnology

National Science Scholarship! A*STAR Singapore

A*STAR Pre-Graduate Scholarship? A*STAR Singapore

President Research Scholarship?

Tan Teo Scholarship*

Nanyang Technological
University

Nanyang Technological
University
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U A highly competitive five-year government fellowship that supports the top 1% science
students in Singapore for overseas graduate training at leading institutions. This fellowship is
administered by the Agency for Science, Technology and Research (A*STAR), and covers
tuition fees, insurance, local and overseas stipends as well as scientific conferences, with total
support culminating to 600,000 USD. Awardees are selected based on scholastic excellence and
potential to become leading scientists/engineers to drive R&D in Singapore.

2 A two-year academic fellowship supporting top 5% of local university science/engineering
undergraduates in their junior and senior years.

3 A one-year research scholarship sponsoring top 5% of undergraduates for research training
within the university.

* Founded by Google pioneer Chade-Meng Tan, this scholarship awards undergraduates based
on their academic and extracurricular performance, creativity strength and concern for
humanity.

Awards & Honors

Fred Hutchinson Cancer

2017 Harold M. Weintraub Graduate Student Award Research Center
Johns Hopkins School of

2016 The Lewis Travel Award Medicine

2016 The Hans J. Prochaska Research Award John§ Hopkms School of
Medicine

2010 Bachelor of Science, First Class Honors Napyang Technological
University

2009 Dean’s List (Top 5% of cohort) Napyang Technological
University

2008 Dean’s List (Top 5% of cohort) Nanyang Technological
University

2007 Dean’s List (Top 5% of cohort) Napyang Technological
University
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Peer-Reviewed Publications

Phua S.C.** Chiba S., Suzuki M., Su E., Roberson E.C., Pusapati G.V., Setou M., Rohatgi R.,
Reiter J.F., Ikegami K.*, Inoue T.” Dynamic remodeling of membrane composition drives cell
cycle through primary cilia excision. Cell 2017; 168(1-2), 264-279. (*first author;
*corresponding authors)

Garcia-Gonzalo F.R.*, Phua S.C.*, Roberson E.C., Garcia III G., Abedin M., Schurmans S.,
Inoue T., Reiter J.F. Ciliary phosphoinositides modulate Hedgehog signaling. Developmental
Cell 2015; 34(4), 400-409. PMCID: PMC4557815. (*co-first authors)

Phua S.C.** Lin Y.C., Inoue T?. An intelligent nano-antenna: Primary cilium harnesses TRP
channels to decode polymodal stimuli. Cell Calcium 2015; 58(4), 415-422. PMCID:
PMC4564334. (*first author; “corresponding authors)

Su S.*, Phua S.C.*, DeRose R., Chiba S., Narita K., Kalugin P.N., Katada T., Kontani K.,
Takeda S., and Inoue T. Genetically encoded calcium indicator illuminates calcium dynamics in
primary cilia. Nature Methods 2013; 10(11), 1105-1107. PMCID: PMC3860264. (*co-first
authors)

Lin Y.C.,, Phua S.C., Lin B., and Inoue T. Visualizing molecular diffusion through passive
permeability barriers in cells: conventional and novel approaches. Current Opinion in
Chemical Biology 2013; 17(4), 663-671. PMCID: PMC3860267.

Lin Y.C., Niewiadomski P.*, Lin B.*, Nakamura H.*, Phua S.C., Jiao J., Levchenko A., Inoue
T., Rohatgi R., Inoue T. Chemically-inducible diffusion trap reveals molecular sieve-like barrier
at primary cilia. Nature Chemical Biology 2013; 9(7), 437-443. PMCID: PMC3870470. (*co-
second authors)

Phua S.C.*, Pohlmeyer C., Inoue T. Rapidly relocating molecules between organelles to
manipulate small GTPase activity. ACS Chemical Biology 2012; 7(12): 1950-1955. PMCID:
PMC3528809. (*first author)

Lai F.P.L., Mutalif R.A., Phua S.C., Stewart C.L. Informatics-based analysis of
mechanosignaling in the laminopathies. Methods in Cell Biology 2010; 98(C): 323-335.

Schumacher K.M., Phua S.C., Schumacher A., Ying J.Y. Controlled formation of biological
tubule systems in extracellular matrix gels in vitro. Kidney International 2008; 73(10): 1187—
1192.

Phua S.C.*, Parisa S., Preiser P.R. Acquisition of immunity to variant antigens on the surface
of the malaria infected erythrocyte. Proceedings of the URECA@NTU 2007-08; 821 — 826.
(*first author)
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Posters and Oral Presentations

Phua S.C., Inoue T. Ciliary PI(4,5)P; dictates fall of primary cilia and rise of cell cycle. ASCB
Annual Meeting, Minisymposium 16: Dark matters in signaling and differentiation, San
Francisco, CA, December 2016.

Phua S.C., Chiba S., Suzuki M., Su E., Roberson E.C., Pusapati G.V., Setou M., Rohatgi R.,
Reiter J.F., Ikegami K., Inoue T. Ciliary PI(4,5)P, dictates fall of primary cilia and rise of cell
cycle. ASCB Annual Meeting, Poster abstract, San Francisco, CA, December 2016.

Phua S.C. Discovering novel principles of primary cilia signaling. Young Investigators’ Day
Lecture, Johns Hopkins University School of Medicine, Baltimore, MD, April 2016.

Phua S.C., Chiba S., Reiter J.F., Inoue T. Primary cilia PI(4,5)P, levels orchestrate ciliary F-
actin assembly and cilia shaft separation. FASEB SRC: The Biology of Cilia and Flagella,
Poster abstract, Snowmass, CO, July 2015.

Phua S.C., Su S., Inoue T. Genetically encoded calcium indicator illuminates calcium
dynamics in primary cilia. Keystone Symposia: Cilia, Development and Disease, Poster
abstract, Tahoe City, CA, March 2014.

Service and leadership

2015 Teaching Assistant for Scientific Foundation of Medicine- Cell Physiology
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